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Abstract

There is a growing trend in the engineering of biomate-
rials, focusing on surface modifications of biomaterials to 
improve their mechanical strength, corrosion resistance, and 
biological properties. Cold plasma treatment may improve 
biological properties of biomaterials for biomedical applica-
tions by enhancing their integration with host tissue. This 
study investigated the influence of different cold plasma 
treatments on the surface properties of a polysaccharides-
-based biomaterial to improve cell adhesion to its surface. 
The samples were subjected to plasma treatment using 
three different reactors operating at atmospheric pressure: 
gliding arc discharge (GAD) reactor, dielectric barrier dis-
charge (DBD) plasma jet, and DBD surface reactor. Next, 
surface chemistry of the biomaterial after plasma treatment 
was determined by ATR-FTIR analysis. Furthermore,  
a cell adhesion assay on the samples was carried out using 
normal human skin fibroblasts (BJ cell line). The attenuated 
total reflection Fourier transform infrared analysis (ATR-
-FTIR) showed that new potential functional groups could 
be formed on the material surface after plasma treatment. 
However, plasma treatment of the samples did not enhance 
cell adhesion to the surface of the polysaccharides-based 
biomaterial. Thus, the obtained results indicate that plasma 
treatment using GAD reactor, DBD plasma jet, and DBD 
surface reactor was not effective for surface modification 
and cell responses.

Keywords: curdlan, agarose, gliding arc discharge reactor, 
dielectric barrier discharge plasma jet, dielectric barrier 
discharge surface reactor, surface modification

Introduction

Nowadays, there is a growing trend in the engineering 
of biomaterials that focuses on surface modifications to 
improve mechanical strength, corrosion resistance, and 
biological properties of the implants, e.g. to increase cell 
adhesion and proliferation and reduce the risk of infection 
after implantation [1,2]. Surface roughness, wettability, 
surface chemistry, and charge are among the factors that 
influence cell adhesion [2,3]. Moreover, strong adhesion is 
crucial for rapid cell proliferation and migration on the sur-
face of biomaterials used as potential implants [3]. It was 
proven that polar and positively charged surfaces provide 
the most effective adsorption of protein to the surface of 
biomaterials, allowing good cell adhesion. For instance, 
Keselowsky et al. reported that the adhesion of cells to 
surfaces with differently chargeable functional groups fol-
lowed the trend: OH > COOH = NH2 > CH3, by modulating 
fibronectin adsorption and direct integrin binding of cells to 
the fibronectin [3,4]. Plasma techniques are well-established 
technologies commonly used to modify the chemistry and 
topography of the biomaterials for different applications to 
improve their biocompatibility and interactions with tissues. 
Plasma techniques may be classified into two main classes: 
thermal plasma that is used mainly as a surface coating 
technology and low-temperature plasma that is used to 
directly treat living tissues [1,2]. Electric plasmas depending 
on the used substrate gas, allow formation of highly reac-
tive species, such as ions, electrons, photons, free radicals, 
etc., which may further react with the treated material [5,6].

The aim of this work was to evaluate the impact of dif-
ferent cold plasma treatments, using 3 reactors operating 
at atmospheric pressure: gliding arc discharge (GAD) 
reactor, dielectric barrier discharge (DBD) plasma jet, and 
DBD surface reactor, on the improvement of the surface 
of biomaterials to increase cell adhesion. In the study,  
a polysaccharides-based biomaterial containing curdlan 
and agarose was used, whose surface has previously been 
proven to be unsupportive to cell adhesion [7]. After the 
plasma treatment, the surface chemistry of the biomaterial 
was assessed by ATR-FTIR. Moreover, the evaluation of 
cell viability and adhesion to the surface of plasma-treated 
biomaterial was performed. 

Materials and Methods
Preparation of biomaterial

The biomaterial composition was previously optimized to 
achieve the most desired microstructural and physicochemi-
cal properties. The resultant curdlan/agarose biomaterial 
and method for its production were claimed in the Polish Pat-
ent no. 236367 (2021). Briefly, the biomaterial was prepared 
by suspending 2% (w/v) curdlan (Wako Pure Chemicals 
Industries, Japan) and 2% (w/v) agarose (Sigma-Aldrich 
Chemicals, Poland) in deionized water. The suspension was 
then transferred to round-shaped flat molds, which were 
placed in a water bath at a temperature of 95°C for 20 min, 
and then the resultant biomaterials were cooled and frozen 
at -80°C for 24 hours. The frozen samples were lyophilized 
for 18 h under medium vacuum of 6 x 10-2 mbar (LYO GT2-
Basic, SRK Systemtechnik GmbH, Riedstadt, Germany). 

https://creativecommons.org/licenses/by/4.0
https://doi.org/10.34821/eng.biomat.165.2022.2-6
https://orcid.org/0000-0002-3947-9552
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Plasma generator and plasma treatment 
of the surface of biomaterials

The plasma treatment was performed using three reac-
tors operating at atmospheric pressure: gliding arc discharge 
(GAD) reactor, dielectric barrier discharge (DBD) plasma 
jet, and DBD surface reactor. Their operating parameters 
are summarized in TABLE 1, and the discharge geometry is 
presented in FIG. 1. For each reactor, 3 series of repetitions 
were performed for the treatment times of 30, 120 and 300 s.  
The treatment time and distance were selected as the most 
promising on the basis of the former research work using 
DBD and GAD reactors [5,8].

Surface chemistry analysis of biomaterial 
after plasma treatment 

In the ATR-FTIR study on the identification of bonds 
after plasma treatment, a FT-IR-4200 type A (Jasco, Tokyo, 
Japan) spectrometer with ATR PRO ONE (Jasco, Tokyo, 
Japan) single reflection attachment with ZnSe crystal was 
used. The measurements were taken immediately after the 
treatment, using a set screw with a torque limiter.

Evaluation of cell viability and adhesion to the 
surface of biomaterials after plasma treatment 

Cell culture experiments were performed using normal 
human skin fibroblasts (BJ cell line) obtained from the 
American Type Culture Collection (ATCC-LGC Standards).  
The BJ cells were incubated at 37°C in a humidified atmos-
phere (95%) with 5% carbon dioxide content and maintained 
in Eagle’s Minimum Essential Medium (EMEM, ATCC-LGC 
Standards, Teddington, UK) with 10% fetal bovine serum 
(Pan-Biotech GmbH, Aidenbach, Bavaria, Germany), and 
1% penicillin-streptomycin solution (Sigma-Aldrich Chemi-
cals, Poland).

Before the experiment, the cube-shaped biomaterials 
(3 mm x 3 mm x 3 mm) were placed in 48-well plates and 
preincubated overnight in 300 µl of the EMEM complete 
culture medium. Then, 1 x 105 BJ cells (at passage 6) were 
seeded on the biomaterials in the 500 µl culture medium and 
cultured at 37°C for 48 hours. To evaluate cell viability and 
adhesion to the surface of biomaterials, the BJ cells were 
stained using Live/Dead Double Staining Kit (Sigma-Aldrich 
Chemicals, Poland) and visualized using a confocal laser 
scanning microscope (CLSM, Olympus Fluoview equipped 
with FV1000, Olympus, Japan).

Type Max. 
voltage

Mean 
power

Frequency Working gas Geometry

GAD 3.7 kV 40 W 50 Hz Forced nitrogen flow 
(440 lph)

Sample placed perpendicular to the gas 
stream, 2 cm from the electrodes.

Surface 
DBD

3.7 kV 10 W 17 kHz Air Sample placed at a distance of 2 cm 
from the electrode, in a 37 dm3 

glass cubic container.
DBD 

plasma jet
3.7 kV 6 W 17 kHz Forced flow of a mixture 

containing helium (100 lph) 
and nitrogen (1 lph)

Sample placed perpendicular to the gas 
stream, 3 cm from the end 

of ceramic tube

TABLE 1. Characteristics of plasma reactors.

FIG. 1. Schematic diagrams of the atmospheric plasma treatment systems: (a) GAD reactor; (b) DBD plasma jet;  
(c) surface DBD.
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Results and Discussions

Physicochemical analysis of the surface 
of biomaterials after plasma treatment 

The ATR-FTIR analysis was carried out for car-
bon and nitrogen bond matching. The presented 
results were characterized by a low value of the 
signal to noise ratio, which, combined with the 
presence of many other peaks in the studied areas, 
did not allow to clearly indicate the exact forma-
tion of permanent bonds. The noticeable changes 
caused by plasma treatment were best seen for 
the band in the range from 1300 to 1900 cm-1,  
where peaks characteristic for ketones (bands 
1710-1720, 1680-1700, 1715-1810 cm-1) and nitro 
compounds (bands 1500-1600, 1300-1390 cm-1)  
were observed (FIG. 2). Peaks associated to 
C=O stretching (potentially of ketones or amides) 
around 1640 and 1680 cm-1; N-H bending of amines 
around 1650 and 1340 cm-1 and some peaks as-
sociated with both symmetrical and asymmetrical 
N-O stretching around 1583 and 1350 cm-1 could be 
noticed. The measurements were carried out just 
after the plasma treatment and changes in spectra 
appeared for all the tested cases, including reac-
tors and treatment times (FIG. 2), in comparison 
to the untreated material. As expected, the absorb-
ance value increased with the treatment time. The 
highest absorbance values indicating potential 
formation of new functional groups, which might 
improve biocompatibility of plasma treated mate-
rial were obtained for the materials treated with the 
surface DBD reactor. The absorbance value for 
the mentioned peaks was on average 58% higher 
than the GAD reactor and 157% higher than the 
DBD plasma jet. Unfortunately, such high absorb-
ance did not find reflection during the evaluation 
of cell viability and adhesion to the surface, which 
may suggest that the 300 s treatment time was too 
short to allow the formation of permanent bonds. 
Moreover, some secondary reactions could take 
place during the transportation and preservation 
of samples, which effected in further regrouping, 
leading to the loss of surface functionalization. 
Thus, further investigations employing changing of 
plasma treatment parameters are planned. 

Evaluation of cell viability and adhesion 
to the surface of biomaterials after plasma 
treatment 

Polysaccharides are often used in various tis-
sue engineering applications for the production 
of implants or artificial organs. Natural polymers, 
such as curdlan (linear bacterial β-1,3-glucan) and 
agarose, are characterized by high biocompatibil-
ity, biodegradability, and wide availability making 
them widely used in biomaterials engineering [9].  
In our previous research [7], a curdlan/agarose bio-
material was developed which was characterized 
by non-cytotoxicity and a foam-like structure with 
superabsorbent ability. Moreover, the surface of the 
fabricated biomaterial was unfavourable for cell ad-
hesion. In this study, the cold plasma treatment of the 
developed biomaterial using different reactors was 
performed to improve cell adhesion to its surface.  
As shown in FIG. 3, the plasma treatments of the 
surface of polysaccharides-based biomaterial did 
not improve cell adhesion.

FIG. 2. ATR-FTIR spectra of the curdlan/agarose biomaterials 
after different plasma treatment times with (a) the DBD surface 
reactor, (b) the GAD reactor, and (c) the DBD plasma jet reactor. 
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The results obtained with Live/Dead staining of BJ cells 
cultured on the surface of biomaterials after the plasma 
treatment showed that the cells were viable (only green 
fluorescence was detected), but had a round shape, mean-
ing that surfaces of biomaterials did not support cell attach-
ment and adhesion. The extended plasma treatment times 
(from 30 to 300 s) were not effective for improvement of cell 
responses either. Moreover, there were no differences be-
tween the morphology of the cells cultured on the surface of 
the plasma-treated biomaterials and the non-treated control 
biomaterial (Mat. control). 

Conclusions

Plasma treatment is widely used to improve cell interac-
tions with polymer surfaces used in biomedical applications 
[10-12]. In this study, it was proven that the plasma treatment 
of the curdlan/agarose biomaterial using GAD reactor, DBD 
plasma jet, and DBD surface reactor was not effective for 
the surface modification and cell responses. Human fibro-
blasts cultured on the surface of biomaterials after plasma 
treatment had a round shape, indicating that the biomaterial 
surface did not support cell adhesion. Thus, further stud-
ies are needed to find an efficient plasma method that will 
improve cell adhesion to the curdlan/agarose biomaterial.

FIG. 3. Evaluation of cell viability and adhesion to the surface of (a) plasma-treated biomaterials and (b) non-
treated biomaterial (Mat. Control) by Live/Dead double fluorescent staining and confocal laser scanning micro-
scope visualization (PS control – control cells cultured on the surface of polystyrene well of multiwell plate; 
viable cells – green fluorescence; dead cells – red fluorescence; magnification 100x, scale bar = 150 µm).
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Abstract

Currently developing on a large scale, the opportunities 
for 3D printing represent more and more perspective so-
lutions in the area of tissue engineering and personalized 
medicine. Due to their ability to reproduce the natural 
extracellular matrix and unique properties, hydrogels are 
popularly used materials to produce bioinks designated for 
3D printing. Today, solutions based on sodium alginate and 
gelatin are frequently used compositions for this purpose. 
The high viability of the cells incorporated into bioink is the 
key parameter determining the application opportunities 
of printed structures. The parameters of the process used 
for the preparation of hydrogel compositions may have  
a direct impact on the viability of the cells incorporated within 
the printed structure. This study aims to develop a protocol 
for the preparation of hydrogel materials based on alginate 
and gelatin, providing the highest viability of the model 
osteoblast-like cell line Saos-2 incorporated directly into the 
bioink before the 3D bioprinting process. In the scope of this 
study, the analyzed process parameters of the preparation 
of the hydrogel bioinks are the method of combination of  
a polymer solution with biological material, the applied con-
centration, the cross-linking solution, and also the waiting 
time of the prepared hydrogel bioink for the 3D printing 
process. A key aspect of the study is the evaluation of the 
influence of 3D printing on changes in the survival rate  
of biological material directly after the manufacturing pro-
cess and after individual incubation periods of the printouts  
in conditions reflecting the body’s environment. 

Keywords: hydrogel, bioink, 3D bioprinting, sodium alginate,  
gelatin, tissue engineering

Introduction

Regarding the application of hydrogel materials, they rep-
resent a highly versatile group of materials, which currently 
finds a wide range of applications, including biomedicine. 
The beginning of clinical applications of hydrogels came 
in the 60s of the last century, when these materials were 
characterized and described by O. Wichterle and D. Lím 
as materials used for the construction of contact and in-
traocular lenses [1-4]. Literature data show that hydrogels 
represent the first polymer biomaterials designed for clini-
cal applications [4]. According to the definition, a hydrogel 
is described as a network of hydrophilic polymers forming 
a three-dimensional structure. The presence of hydrophilic 
functional groups results in the ability of this group of materi-
als for the reversible process of absorption of vast amounts 
of water. The cross-linking of the hydrogels results in the fact 
that despite the absorption of large amounts of fluids and the 
swelling ability, they maintain their geometry [1,2]. In general, 
hydrogel materials are also characterized by high flexibility, 
porosity, and the possibility of response to external stimuli [5].  
Currently, the literature describes numerous methods of 
hydrogel classification. The most commonly used factors 
that allow for systematic division of this group of materials 
are origin, polymer composition, degree of crystallinity, 
network electrical charge, cross-linking type, macroscopic 
evaluation, and degradation ability [1,2,5,6].

Due to their properties, hydrogel materials can provide 
an extremely beneficial environment for cell cultures in a 3D 
arrangement. Their biocompatibility, high fluid absorption, 
and the possibility of adjusting mechanical properties for the 
requirements of various applications mean that these materi-
als can provide conditions close to the natural extracellular 
matrix [7]. The 3D printing capabilities expanding on a large 
scale create increasingly promising solutions for tissue en-
gineering and personalized medicine. Additive manufactur-
ing methods can be applied to form biomimetic constructs, 
which provide a perspective to design complete tissues 
and organs of the body [8]. We can distinguish several 3D 
printing techniques, among which the most commonly ap-
plied are extrusion-based printing, inkjet, laser printing, and 
stereolithography [9-11]. In general, as inks in 3D bioprinting 
techniques, hydrogel bioinks are used, consisting of polymer 
solution and biological material incorporated in it. Due to 
the possibility of applying a wide range of various polymer 
solutions with different viscosities as well as the application 
of high-density biological material, including cell aggregates, 
the 3D bioprinting technique based on extrusion of bioink 
is currently gaining high popularity [10,11]. Commonly ap-
plied materials for bioink production are hydrogels based 
on sodium alginate. It is a natural anionic polysaccharide 
consisting of linked residues (1-4)-linked β-d-mannuronic 
acid (M) and its C-5 epimer α-1-guluronic acid (G) [11,12]. 
Depending on the contents of G, M, and GM blocks, the 
physical properties of alginate may undergo modulation 
[13]. Due to the presence of G-blocks, the alginate has 
the ability to form gels, whereby through the presence of 
M and GM blocks, this biopolymer is characterized by flex-
ibility [11]. Alginate undergoes ionic cross-linking, during 
which interactions between divalent cations, such as Ca2+, 
Ba2+, Mn2+, Sr2+, Zn2+, and Mg2+, and free carboxyl groups 
occur [14,15]. Alginate hydrogels are characterized by 
high biocompatibility, water and gas permeability, and mild 
conditions of gelation. They undergo limited, frequently un-
controlled degradation processes in the physiological envi-
ronment. Those hydrogels can be modified to obtain desired 
properties designated for particular applications [15,16].  
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An important property of alginate-based hydrogels is the 
possibility of modifying the rheological properties, making 
them attractive materials used to produce hydrogel bioinks 
for tissue engineering. However, alginate hydrogels lack 
groups that stimulate the adhesion and proliferation of the 
cells in their structure, which results in their biological inert-
ness [7,16,17]. To eliminate the disadvantages of alginate 
related to the lack of the biological groups binding cells in 
the hydrogel bioinks, its combination with the addition of 
gelatin is often used. It provides biocompatible, biodegrad-
able protein obtained during the collagen hydrolysis process. 
Gelatin contains in its structure bioactive sequences of RGD 
collagen (arginine–glycine–aspartic acid), which actively 
promotes adhesion and the growth of the cells incorporated 
into the hydrogel [7,17-19]. Gelatin undergoes a sol-gel tran-
sition reaction during cooling in the range of temperatures 
of 20-30°C, which is a kind of thermo-reversible physical 
cross-linking [19]. The rheological properties of alginate- and 
gelatin-based hydrogels at room temperature make these 
materials ideal substrates for bioinks applied in additive 
technologies because they minimize the risk of damage to 
the cells incorporated into the bioink during the bioprinting 
process [7]. In order to achieve high viability and promote 
the proliferation of the cells encapsulated in a hydrogel 
bioink based on the polymer solutions mentioned above, 
it is recommended to apply lower alginate concentrations, 
which can form soft gels [18,20].

Important aspects of printability using a designed hydro-
gel bioink are shape compatibility, resolution, biocompatibil-
ity of the bioink, and the ability for cellular stimulation [13]. 
Designing and selecting appropriate physical properties 
of alginate-based hydrogels for particular applications is 
possible by analyzing available cross-linking methods, ap-
plication of molecules with different chemical structures, or 
by change of cross-linking functionality [21]. The method 
and parameters used in the preparation process of alginate- 
and gelatin-based hydrogel bioinks may directly influence 
the quality of the obtained print and the viability of the 
cells incorporated into its structure. Before the bioprinting 
process, optimizing the individual stages of preparation of 
the hydrogel bioinks designated to be combined with the 
biological material is essential. The high viability of the cells 
incorporated into the volume of the hydrogel bioink and the 
printed structures are the key factors determining the ap-
plication possibilities of the discussed material. 

This study aims to perform an analysis of the influ-
ence of different parameters of the hydrogel preparation 
process of bioinks based on the selected composition of 
sodium alginate and gelatin (2% w/v alginate and 9% w/v 
gelatin) containing model osteoblast-like cell line Saos-2.  
The research conducted aims to develop a protocol of 
alginate-gelatin bioinks preparation, ensuring the highest cell 
viability of the model line contained in the polymer solutions 
directly before the 3D bioprinting process. A key aspect of 
this study is to evaluate the influence of 3D printing on the 
viability of biological material directly after the manufacturing 
process and to analyse the changes in cell survival rate in 
the printouts after individual periods of their incubation under 
conditions reflecting the body environment. 

Materials and Methods

In the present work, the effect of the preparation method 
of hydrogel composition based on sodium alginate (Alg) 
and gelatin (Gel), methods of combining them with bio-
logical material, the type of cross-linking solution based on 
calcium chloride, and its concentration on the survival rate 
of the Saos-2 line cells contained inside the material were 
analysed. The cell survival rate was also assessed as  
a function of the length of waiting time of prepared hydrogel 
bioink for the 3D printing process. The final component of the 
study was to evaluate the effect of the 3D printing process 
on changes in the survival rate of the biological material 
during subsequent incubation periods of the printouts under 
standard conditions, i.e., the temperature of 37ºC, at 100% 
relative humidity, in 5% carbon dioxide and 95% of the air.

Materials 
A hydrogel material composition containing 2% w/v so-

dium salts of alginic acid (Alg) from brown algae (Sigma Al-
drich, USA) and 9% w/v gelatin (Gel) from porcine skin type 
B (Sigma Aldrich, USA) was used in the study. The hydrogel 
solutions were prepared in the McCoy’s 5A culture medium 
(Capricorn Scientific GmbH, Germany) supplemented with 
15% of FBS (Fetal Bovine Serum) (Sigma Aldrich, USA) and 
1% of P/S (Penicillin/Streptomycin Solution) (Capricorn Sci-
entific GmbH, Germany). Each time before the preparation 
process of the hydrogel solutions, appropriate amounts of 
sodium alginate and gelatin powders underwent UV steri-
lization for 1 hour. Calcium chloride (Sigma Aldrich, USA) 
was used for cross-linking the polymer solutions. After the 
cross-linking process, the samples were rinsed with PBS 
buffer (Phosphate-Buffered Saline) (Capricorn Scientific 
GmbH, Germany). Cell survival rate was assessed using 
live/dead staining (Biotium, CA, USA). 

Cell viability assessment through live/dead assay
For the preparation of the hydrogel bioinks model line 

of immortalized Saos-2 osteoblast-like cells (ATCC, USA) 
was used. The cultivation was conducted using complete 
McCoy’s 5A culture medium (Capricorn Scientific GmbH, 
Germany) supplemented with 15% of FBS (Fetal Bovine 
Serum) (Sigma Aldrich, USA) and 1% P/S (Penicillin/Strep-
tomycin Solution) (Capricorn Scientific GmbH, Germany) in 
an incubator under standard conditions. Cell passages were 
performed after 70-80% confluence was achieved.

The analysis of cell viability in bioinks and hydrogel 
printouts was carried out with live/dead staining using the 
mixture of dyes: calcein-AM applied for green labeling  
of live cells and ethidium homodimer (EthD) responsible  
for red labeling of dead cells. The cells incorporated in 
bioinks and hydrogel printouts were imaged using a fluores-
cent microscope (Nikon Eclipse LV100ND, Tokyo, Japan).  
The images of live and dead cells were taken in 10 ran-
domly chosen areas of the analyzed samples. Based on 
the recorded images, the number of live and dead cells was 
calculated using ImageJ (LOCI, University of Wisconsin, 
USA). To determine the viability of the Saos-2 line cells, the 
following relation was used:

The results presented in the following sections show the 
calculated average viability of the cells incorporated into 
bioinks or hydrogel printouts.

Viability [%] =
the number of living cells

∙ 100%
the number of living cells + dead cells
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Hydrogels preparation
Optimization of the cross-linking solution - selection of the 
concentration of the cross-linking solution based on CaCl2 
and the type of solvent used for its preparation 

Sodium alginate and gelatin were dissolved indepen-
dently in McCoy’s 5A culture medium dedicated to Saos-2 
line cells with the addition of 15% FBS and 1% P/S for  
1 hour at a temperature of 37ºC with the speed of 150 rpm to 
obtain solutions with concentrations of 4% w/v Alg and 18% 
w/v Gel. The prepared polymer solutions were combined in 
a 1:1 ratio, obtaining a composition of 2% w/v Alg and 9% 
w/v Gel. The obtained binary polymer solution was combined 
directly with Saos-2 line cell pellet. The biological material 
was stirred with the polymer composition for 1 min using  
a serological pipette with a capacity of 25 ml. The density of 
biological material in the hydrogel solution was 1·106 cells/ml.  
The hydrogel bioink prepared this way was poured onto 
24-well plates forming samples of equal height (FIG. 1).  
The samples were cross-linked with various calcium chloride 
solutions, as shown in TABLE 1. The cross-linking time of 
each of the samples was 10 min. The cross-linking process 
was carried out at room temperature. After the cross-linking 
process, each sample was rinsed with PBS buffer three 
times. The evaluation of cell survival rate in hydrogel bioinks 
directly after the individual processes of cross-linking and 
rinsing of the samples was carried out using the live/dead 
assay. 

 
Optimizing the method of combining alginate-gelatine 
solutions with the cell pellet

Three separate solutions of hydrogels were prepared 
in a volume ratio by mixing alginate and gelatin powders 
simultaneously in McCoy’s 5A culture medium dedicated to 
Saos-2 line cells with the addition of 15% FBS and 1% P/S 
for 1 hour at a temperature of 37°C at a speed of 150 rpm.  

The following methods of combining the cell pellet with 
hydrogel material were analyzed: 
•	 a direct combination of the hydrogel with the cell pellet, 
•	 the initial combination of the cell pellet with 2% of the 

volume of culture medium used to prepare the hydrogel, 
followed by a combination of the cell suspension with the 
hydrogel material,

•	 the initial combination of the cell pellet with 8% of the 
volume of culture medium used to prepare the hydrogel, 
followed by a combination of the cell suspension with 
hydrogel materials.
The obtained binary polymer solutions were combined 

directly with the cell pellet or the corresponding cell sus-
pensions of the Saos-2 line according to the data given in 
TABLE 2. The biological material was stirred for 1 min with 
the alginate-gelatine solution using a serological pipette of 
25 ml capacity. The obtained density of biological material 
in the hydrogel bioink was 1·106 cells/ml. 

The prepared hydrogel bioinks were poured onto 24-well 
plates forming samples of equal height (analogous to FIG. 1).  
Each sample was cross-linked using the 5% CaCl2 solution 
prepared in McCoy’s 5A culture medium. The cross-linking 
time of each of the samples was 10 min. The cross-linking 
process was carried out at room temperature. After the 
cross-linking process, each sample was rinsed in PBS 
buffer three times. Assessment of the cell survival rate in 
hydrogel materials directly after individual cross-linking and 
rinsing processes of the samples was carried out using the 
live/dead assay.

Evaluation of rheological properties of polymer 
solution containing 2%Alg 9%Gel (w/v) intended 
for 3D printing process

According to the results of the preceding studies, which 
have allowed us to select the bioink preparation method 
providing the highest cell survival rate, a polymer solution 
with a final concentration of 2%Alg 9%Gel in a volume 
ratio was prepared by mixing together alginate and gelatin 
powders, initially subtracting 8% of the culture medium from 
the mixture, which finally was added to the cell pellet of the 
Saos-2 line. Polymer solution was mixed at a temperature 
of 37ºC with a speed of 150 rpm for 1 hour. The rheological 
properties of the polymer solution prepared in an optimized 
method were evaluated using an MCR502 rheometer (Anton 
Paar, Graz, Austria). For the measurement, a parallel plate 
geometry with a diameter of 20 mm was used. The viscos-
ity test was conducted at 34ºC, which is analogous to the 
conditions of the 3D bioprinting process. The measurement 
was carried out in the shear rate range of 1-1000 1/s. Before 
the test, the prepared polymer solution was thermostated 
for 10 min to achieve an even temperature of the material 
in the entire volume.

FIG. 1. An example picture of alginate- and gelatin-
-based hydrogel bioinks placed on 24-well plates.

TABLE 1. Compositions and concentrations of 
used cross-linking CaCl2-based solutions.

The solvent used to prepare 
CaCl2 cross-linking solution CaCl2 concentration

Deionized water 0.75%

Deionized water 1.5%

Deionized water 5%

McCoy’s 5A 0.75%

McCoy’s 5A 1.5%

McCoy’s 5A 5%

TABLE 2. Tested methods of combining biological 
material with the polymer solution.

The amount of culture 
medium subtracted initially 
from the prepared hydrogel 

The composition of the 
hydrogel mixture used 

0% 1 g Alg + 4.5 g Gel 
+ 50 ml McCoy’s 5A

2% 1 g Alg + 4.5 g Gel 
+ 49 ml McCoy’s 5A

8% 1 g Alg + 4.5 g Gel 
+ 46 ml McCoy’s 5A
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The effect of bioink waiting time for 3D printing  
and evaluation of the effect of the 3D bioprinting 
process itself on the viability of the cells  
contained in hydrogel printouts

An appropriate amount of the hydrogel providing  
a seeding density equal to 1∙106 cells/ml was added to the 
cell suspension. The biological material was mixed with the 
polymer composition described in the previous section using 
a serological pipette with a capacity of 25 ml. The prepared 
bioink was divided into three parts, which were placed in 
separate sterile syringes with a capacity of 5 ml. Two parts 
of the bioink were subjected to incubation under standard 
conditions for respective time periods - 30 and 45 min  
before the printing process. The bioink not subjected to 
the incubation process was the reference - it was used to 
make the printouts right after combining the hydrogel with 
the biological material. The prepared hydrogel bioinks were 
used for direct printing of tube structures, which were divided 
using a surgical scalpel into identical samples with a length 
of 5 mm and inner diameter of 6 mm (FIG. 2A-C). 

The 3D bioprinting process was performed using an own 
design bioprinter (FIG. 3) in which the material is pneumati-
cally extruded, and the printing takes place on the horizontal 
shaft using the cone nozzle. The set print height refers to 
the final wall thickness of the obtained tubular structure.  
The height of the print layer was set to 250 µm. During the 
3D bioprinting process, the prepared bioink was heated up 
to the temperature of 34ºC.

The printed samples were cross-linked using a 5% 
CaCl2 solution prepared in McCoy’s 5A culture medium.  
The cross-linking time of each of the samples was 10 min. 
The cross-linking process was carried out at room tem-
perature. After the cross-linking process, each sample was 
rinsed with PBS buffer three times. The viability assessment 
of the cells contained in the printouts was carried out using 
the live/dead assay.

The effect of incubation time of 3D printouts  
on the viability of the cells contained in them 

The polymer solution with a final concentration of 2%Alg 
9%Gel was prepared in a volume ratio by mixing together 
sodium alginate and gelatin, initially subtracting 8% of the 
culture medium from the mixture, which subsequently was 
used to suspend the cell pellet. The alginate-gelatin solution 
was mixed at a temperature of 37ºC with a speed of 150 rpm  
for 1 h. The missing amount of McCoy’s 5A medium was 
added to the Saos-2 line cell pellet. An appropriate amount 
of the hydrogel providing a seeding density equal to 1∙106 

cells/ml was added to the cell suspension. The biological 
material was stirred for 1 min with the polymer composition 
using a serological pipette of 25 ml capacity. The prepared 
hydrogel bioink was used for direct printing of structures 
in the form of tubes, which were divided using a surgical 
scalpel into identical samples (analogously to the process of 
preparation of the printouts described in previous section). 
Each sample was cross-linked using the 5% CaCl2 solution 
prepared in McCoy’s 5A culture medium. The cross-linking 
time was 10 min. The cross-linking process was carried 
out at room temperature. After the cross-linking process, 
each sample was rinsed in PBS buffer three times. The 
printouts were placed in 24-well plates supplemented with 
1.5 ml of McCoy’s 5A culture medium + 15% FBS + 1% P/S 
and subjected to respective periods of incubation of 1 and 
3 days under standard conditions. The assessment of the 
viability of the cells contained in printouts directly after the 
manufacturing process and after each incubation period 
was carried out using the live/dead assay.

FIG. 2. A. Schematic of preparation of the hydrogel 
printouts samples; B. Example picture of a single 
hydrogel printout; C. Photo of samples obtained 
by cutting the hydrogel printout.

FIG. 3. A picture of a 3D bioprinter of own design 
which was used to print samples.

A.

B.

C.
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Statistical analysis

Each experiment was carried out in three repetitions for 
each sample. The results of survival rates are presented 
as mean ± standard deviation. Statistical significance was 
assessed using a one-way ANOVA analysis of variance. 
Statistical significance was marked in the graphs with an 
asterisk when p <0.05.

Results and Discussion

Hydrogels preparation 
Results of optimization of the cross-linking solution - selec-
tion of a concentration of CaCl2-based cross-linking solution 
and the type of solvent used for its preparation

The test results of the effect of the concentration of the 
CaCl2-based cross-linking solution and the type of solvent 
used for its preparation are presented in FIG. 4. The study 
showed that the hydrogel samples cross-linked with CaCl2 

solutions prepared in McCoy’s 5A culture medium are 
characterized by a higher survival rate of the Saos-2 line 
cells compared to the hydrogels cross-linked with aqueous 
CaCl2 solutions. The highest cell survival rate, equal to 88.2 
± 2.0%, is observed for hydrogels cross-linked with 0.75% 
CaCl2 solution in culture medium and hydrogels cross-
linked with 5% CaCl2 solution prepared in culture medium 
(88.0 ± 2.1%). The lowest survival rate is observed for the 
samples cross-linked with a 5% aqueous CaCl2 solution, 
for which the cell viability is 76.6 ± 1.4%. According to ISO 
standard 10993 - Part 5 [22], materials that do not demon-
strate cytotoxic effects are considered those for which the 
cell viability reaches the value of ≥ 70%. Thus, for all the 
materials analyzed, biocompatibility was obtained. Calcium 
ions are used in eukaryotic cell culture. They are essential 
for the normal function of vital cells. Literature data indicate 
that the endoplasmic reticulum stores calcium, but a low 
calcium concentration (2 mM) is required in the cytoplasm 
to maintain normal cellular functions [23]. The use of higher 
concentrations of calcium chloride extracellularly can lead 
to osmotic stress, due to disruption of cellular electrolytes, 
resulting in cell membrane damage [23-25]. However, the 
degree of cellular destruction varies, depending on the 
used concentration of calcium ions and the duration of 
exposure of the biological material to their action. Damage 
of cells may preserve their functional activity and prolifera-
tive capacity for regeneration or damage them completely. 
The applied calcium ion concentration should balance the 
osmotic stress. The study conducted by N. Cao’s team 
and collaborators indicated that the rate of cell proliferation 
is higher in hydrogels with high calcium concentrations, 
which may be a result of calcium ion exchange, which is 
an important second transmitter signal in cell metabolism, 
between cells and their extracellular environments [23]. 
Research conducted by the L. Fischer team demonstrated 
that the physiological concentration of calcium ions in the 
hydrogel can increase cell survival after 3D bioprinting, 
because they can improve the ability of cells to overcome 
shear stress-induced deformation and plasma membrane 
damage during the extrusion process [26]. Higher concentra-
tions of the cross-linking solution allow for obtaining a more 
stable structure of the gel by the increased availability of ions 
cross-linking the material. Higher Ca2+ concentrations are 
responsible for the formation of gels with higher cross-linking 
densities. The mechanical properties of alginate hydrogels 
are mainly controlled by the cross-linking density [27].  

The analysis performed in the scope of the present study 
showed that the application of a cross-linking solution based 
on CaCl2 of McCoy’s 5A culture medium as a solvent, analo-
gous to the solvent used to prepare the polymer composition, 
leads to an increase in the viability of the cells incorporated 
into cross-linked hydrogels. This phenomenon may result 
from an interaction of calcium ions with components con-
tained in the culture medium.

With the purpose of obtaining hydrogel structures with  
a higher degree of cross-linking, potentially greater stability, 
and better strength properties, with simultaneous preserva-
tion of a high cell survival rate, for further testing, the cross-
linking solution with the concentration of 5% prepared in 
McCoy’s 5A culture medium was used. 

The results of the live/dead assay given in FIG. 5, pre-
senting images of the cells incorporated inside the cross-
linked hydrogel bioinks, prove that the biological material 
was uniformly distributed in the whole volume of the hydro-
gel. In each of the samples, the cells adapt the spherical 
morphology for all the analyzed variants of cross-linking 
solutions, which is commonly observed for the biological ma-
terial contained inside sodium alginate-based hydrogels [23]. 

Optimization results of the combining method of alginate-
gelatin solutions with the cell pellet

The results of the analysis of the effect of the combina-
tion method of hydrogel materials with Saos-2 line cell pellet 
are shown in FIG. 6. The study showed that the highest 
survival rate of osteoblast cells, equal to 90.9 ± 1.6%, was 
observed in the samples in which cells before combining 
with hydrogel were suspended in an 8% volume of culture 
medium used to prepare the hydrogel and slightly lower in 
those suspended in 2% volume of culture medium used 
to prepare the hydrogel. The lowest survival rate was ob-
served in the samples in which the cell pellet was directly 
combined with the hydrogel material - in this case, the cell 
viability was 71.1 ± 1.5%. The results obtained showed that 
the amount of the culture medium used to prepare the cell 
suspension before its combination with the polymer solu-
tion has a crucial role in ensuring the high survival rate of 
the cells incorporated into the bioink. With the increasing 
volume of the culture medium used for suspension of the 
cell pellet, the viability of the cells in the produced hydrogel 
structures increases. This phenomenon may be caused by 
a reduction of the shearing forces acting on the biological 
material previously placed in the cell suspension during the 
process of its combination with the hydrogel compared to 
the direct mixing of the cell pellet with the polymer solution. 

FIG. 4. Evaluation results of the degree of the 
Saos-2 line cell survival rate depending on the 
cross-linking solution concentration of the CaCl2-
-based hydrogel and the type of solvent used for 
its preparation (H2O, culture medium McCoy’s).
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FIG. 5. Examples of the images obtained in the live/dead survival rate assessment of the Saos-2 line cells for 
the samples after cross-linking with different CaCl2 solutions.

FIG. 6. Evaluation results of the Saos-2 line cells survival rate depending on the combining method of the bio-
logical material with the hydrogel. 
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Results of evaluation of rheological properties of the 
polymer solution containing 2%Alg 9%Gel (w/v) used 
for 3D printing process

The curve of viscosity dependence as a function of shear 
rate, presented in FIG. 7, developed for a polymer solu-
tion containing 2%Alg 9%Gel (w/v) prepared in a method 
optimized during the experiments described in the previ-
ous sections, indicates that the viscosity of the developed 
polymer solution changes as a function of the shear rate. 
The obtained dependence proves that the material is a non-
Newtonian fluid. With increasing shear rate, the viscosity of 
the polymer solution decreases in the range from the initial 
maximum values of 5.2551 Pa·s to 0.4786 Pa·s. The course 
of the curve proves the ability of the material to shear thin-
ning. This is a very important characteristic of the polymer 
solution during 3D bioprinting processes, which makes it 
possible to reduce the force needed to extrude the material 
and decrease the shear stress during the printing process. 
The use of too high shear stresses related to the extrusion 
of the bioink can cause mechanical damage of the biological 
material contained in the printed structures [28,29].

Evaluation results of the effect of the waiting time 
of the bioink for 3D printing and the effect of the 
3D bioprinting process itself on the viability of 
the cells contained in the hydrogel printouts

The results of the analysis of the effect of the 3D direct 
printing process on the survival rate of the cells contained 
in the bioink are presented in FIG. 8. The study showed that 
the 3D bioprinting process does not reduce the cell survival 
rate. Available literature data have also confirmed the non-
destructive character of 3D printing toward biological mate-
rial [20]. For each of the hydrogel bioink variants tested, the 
viability of the Saos-2 line cells in final printouts is higher than 
97%. The results of the live/dead assay (FIG. 9) prove that 
the biological material was uniformly distributed throughout 
the volume of the manufactured structure. The 3D bioprint-
ing process allowed to obtain a higher survival rate of the 
biological material than in the case of the above-described 
studies leading to the production of the samples without us-
ing 3D printing. This phenomenon can be the result of the 
production of the structures with a layer thickness of about 
250 µm during the 3D printing, which was not possible in the 
case of the samples poured on the surface of test plates. 
The high thickness of the samples can significantly limit 
the access of nutrients and gas exchange to the biological 
material incorporated inside the gel, which may result in  
a reduction in its viability [30]. 

FIG. 7. Viscosity curve for a polymer solution con-
taining 2%Alg 9%Gel (w/v) prepared in a method 
optimized during previous experiments that ensu-
res the highest viability of the biological material 
before the 3D bioprinting process.

FIG. 8. Evaluation results of the degree of the 
survival rate of the Saos-2 line cells contained in 
the hydrogel printouts as a function of the waiting 
time of the bioink for the 3D printing process. 

FIG. 9. Examples of the images obtained in the live/dead survival rate assessment of the Saos-2 line cells in the 
hydrogel printouts in relation to the bioink waiting time used for the 3D bioprinting process.
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The analysis also demonstrated that the waiting time of 

the hydrogel bioink for 3D printing, prolonged even up to 
45 min, does not reduce the cell survival rate in the final 
printouts. This observation provides an important aspect of 
the printouts preparation process. Using the manufactur-
ing parameters mentioned earlier, the 45-minute time is 
sufficient for printing the structures with the entire volume 
of the hydrogel bioink placed in a syringe with a capacity of 
5 ml typically applied in bioinks extrusion. One of the key 
parameters responsible for achieving high cell viability in the 
printouts is the incubation temperature of the prepared hy-
drogel bioink. The results of the study conducted by the team 
of L. Ouyang and collaborators indicate that an extended 
3D bioprinting process at temperatures below 30°C for up 
to 40 min results in a significant decrease in the viability of 
cells in the obtained structures [31]. This phenomenon is  
a result of the gelatin sol-gel transition, which is the thermal 
crosslinking at a temperature of approximately 20-30°C.  
Literature data indicate that the melting point of gelatin-
based hydrogels is about 28°C [19]. The use of a lower 
temperature during the 3D bioprinting process results in the 
necessity to increase the shear forces applied to the biologi-
cal material during bioink extrusion. The results obtained 
during our experiment prove that a decrease in cell viability 
inside the hydrogel bioink after its incubation for 45 min  
at 37°C is not observed because the prepared hydrogel 
bioink did not undergo a process of thermal cross-linking 
of gelatin. Previous studies conducted by members of our 
team prove that with increasing temperature, the viscosity 
of the tested hydrogel is lower [32]. The 3D bioprinting pro-
cess carried out in the current experiment was conducted 
at a temperature above the crosslinking of gelatin, which 
did not generate the need to increase the pressure during 
extrusion, and consequently to apply higher shear forces 
acting destructively on the biological material in the printouts.

Evaluation results of the effect of incubation time of 
3D printouts on the viability of the cells contained in 
them 

The analysis of the changes in the viability of the Saos-2 
line cells contained in the hydrogel printouts after individual 
periods of their incubation in McCoy’s 5A culture medium 
presented in FIGs. 10 and 11 demonstrate that together with 
the increasing incubation time of the printouts, cell survival 
rate decreases. However, in all the cases, it was higher 
than 70%. Directly after the 3D bioprinting process, the vi-
ability of the cells in the hydrogel printouts was nearly 97%.  

After 24 hours of the printouts incubation, the cell viability 
was equal to 93.0 ± 2.0%, whereby after three days, the vi-
ability was 84.0 ± 0.6% compared to the cell viability of the 
samples that were not subjected to the degradation process. 
The decrease in the viability of the cells incorporated into 
printouts recorded during the study may result from the 
release of calcium ions cross-linking the hydrogel. Sodium 
alginate-based hydrogels cross-linked with calcium ions in 
physiological conditions undergo reactions of the exchange 
of divalent Ca2+ ions to monovalent Na+ ions present in the 
degradation medium [21]. This process leads to a gradual 
de-cross-linking of the hydrogel. The literature data have 
shown that the release of calcium ions from the printouts 
occurring in high amounts during discussed processes 
may demonstrate a cytotoxic effect [33]. The cause of the 
reduction in cell viability may also be the process of gela-
tin release from the hydrogel structures. At temperatures 
above 25°C, gelatin starts to form a liquid, which dissoci-
ates at a temperature of incubation of 37°C. Under such 
conditions, the gelatin not bound to the cross-linked blocks 
of alginate undergoes liquefaction, which in turn leads to 
its gradual washing out from the material [20,33]. Gelatin 
has RGD peptide sequences in its structure, promot-
ing adhesion, migration, and differentiation of the cells.  

FIG. 10. Evaluation results of the degree of the 
Saos-2 line cells survival rate contained in the 
hydrogel printouts right after manufacturing  
(0 h) and after 24 h and 72 h incubation in standard 
conditions.

FIG. 11. Examples of the images obtained in the live/dead survival rate assessment of the Saos-2 
line cells in the hydrogel printouts after individual incubation periods in standard conditions.
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Therefore, as a result of the gelatin release, a reduction in 
the number of biological groups promoting the viability of the 
cells may occur. The survival rate of the cells contained in 
the hydrogel material may also undergo a reduction as an 
effect of the application of overly high concentrations of the 
polymer solutions forming a hydrogel. Higher concentrations 
of bioink components prevent cell migration and nutrient dif-
fusion due to the entangled polymer network, which results 
in a high rigidity of the material [20]. In order to analyze the 
possibilities of improvement of the survival rate of the cells 
contained in the printouts during incubation processes, it is 
necessary to perform further research. It should focus on 
a material composition characterized by reduced structure 
rigidity with a lower content of the alginate, of which the 
rheological properties will enable the 3D bioprinting process.  
It is also essential to try to reduce the thickness of the hy-
drogel print path with the aim to ensure higher permeability 
of the structure for the nutrients contained in the culture 
medium, metabolic product removal, and enhance the  
efficiency of gas exchange [28,34].

Conclusions

The research conducted within the framework of this 
study proves that the 3D bioprinting process itself does not 
affect the cell survival rate. One of the factors determining 
the survival rate of the biological material at the stage of the 
hydrogel bioink preparation is the method of combining the 
biological material with the polymer solution. The analysis 
demonstrated that the preparation of the cell pellet suspen-
sion in the largest possible volume of the culture medium 
directly before the mixing procedure with hydrogel solu-
tion, provides the highest viability of the cells in the bioink.  
The obtained results also indicated that an important pa-
rameter determining the viability of the cells in the hydrogel 
printouts is the solvent used for the preparation of the 
CaCl2 cross-linking solution. It was demonstrated that the 
preparation of the cross-linking solution based on the culture 
medium provides a higher survival rate of the cells in the 
hydrogel printouts with respect to commonly used aqueous 
solutions. In addition, the performed tests confirmed that the 
prolonged 3D printing waiting time of the hydrogel bioink up 
to 45 min does not reduce the cell survival rate in the final 
manufactured structures. 

The selection of the individual manufacturing process pa-
rameters of the alginate- and gelatin-based hydrogel bioinks, 
such as the combining method of the polymer solution with 
the biological material, concentration, and the solvent used 
to prepare the cross-linking solution based on CaCl2, and 
also the waiting time of the prepared hydrogel bioinks for 
the 3D bioprinting process have the critical impact on the 
survival rate of the biological material contained in the hy-
drogel printouts. The results of the experiments performed 
demonstrate that with the application of the most optimal 
process parameters of the hydrogel bioinks preparation 
directly after the 3D printing, the survival rate of the model 
Saos-2 line cells every time reaches values exceeding 96%. 
The observations of the changes in the survival rate of the 
osteoblast-like cells in the hydrogel printouts for individual 
periods of time indicate that with increasing incubation time 
of the samples, the survival rate of the cells undergoes  
a gradual reduction, which may be the result of the release of 
the gelatin and calcium ions from the hydrogel or potentially 
overly high rigidity of the material’s structure.
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Abstract

Materials used in bone implants should not only be non-
-toxic to the surrounding tissues, but also should promote 
osseointegration and minimize the risk of infection. Infec-
tions are a serious problem contributing to implantation 
failure. They are associated with pain, immobilization, and 
the necessity of reoperation. In extreme cases, they can 
lead to significant inflammatory changes in the bones, which,  
in turn, can lead to amputation and even death. After im-
plantation, the surrounding tissues are damaged. In addition, 
implants are susceptible to bacterial colonization due to the 
lack of microcirculation. Therefore, scientists are working on 
antibacterial coatings to prevent the adhesion of bacteria 
before tissue regeneration.

The paper concerns the biological and mechanical pro-
perties of titanium implants with an antibacterial coating.  
The Ti13Zr13Nb alloy samples were coated with hydroxyapa-
tite (HAp) coatings using the electrophoretic deposition 
technique (EPD). Subsequently, the surface of the samples 
was modified with silver, copper, and nickel nanoparticles 
by the immersion method. Different titanium sample types  
(i.e. HAp-only and nanometals-enriched coatings) were 
placed in a bacterial solution for a period of one month. 
Each sample was examined using scanning electron mic-
roscopy (SEM), nanoindentation, nanoscratch, and contact 
angle tests. The significant amount of dead biofilm on the 
surface proves the effectiveness of antibacterial activity. 
The wettability assessment showed that the samples were 
hydrophilic. The conducted tests of mechanical properties 
indicate the heterogeneity of the coatings.

Keywords: nanometals, scanning electron microscopy, 
wettability, nanoindentation, antibacterial properties,  
mechanical properties

Introduction

Infections are a serious problem that contributes to 
implant failure. They are associated with pain, immobiliza-
tion, and also with repeated surgery. In extreme cases, 
they can lead to significant bone inflammation, which,  
in turn, may result in amputation or even death. Sources of 
infectious bacteria include the environment of the operating 
room, surgical equipment, clothing worn by the medical and 
paramedical staff, resident bacteria on the patient’s skin and 
bacteria already residing in the patient’s body [1].

Implants are particularly susceptible to bacterial coloniza-
tion due to damage to the microcirculation. Microcirculation 
plays an important role in the immune system’s defence 
response and antibiotics delivery. Therefore, if bacterial 
adhesion occurs before tissue regeneration, the host’s im-
mune system is often unable to prevent the colonization of 
microorganisms producing a biofilm matrix. The inhibition 
of microbial adhesion is essential to prevent postoperative 
infections [1].

Numerous implant-related infections are caused by 
staphylococci (roughly four out of five), and two single 
staphylococcal species, i.e. Staphylococcus aureus and 
Staphylococcus epidermidis, account for two out of three 
infection isolates. They represent, in absolute, the main 
causative agents in orthopaedics [1]. 

Biofilms are bacterial communities growing together 
embedded in an extracellular matrix which is a fundamental 
structural component of the bacterial community and acts 
as a protective shield [2]. Microorganisms contained in  
a biofilm can demonstrate up to 1000 times greater resist-
ance to antibiotics compared to organisms of the same 
species in the form of plankton. In addition, a biofilm has 
significantly greater resistance to disinfectants ensured by 
a complex, cross-linked, hydrophobic structure with reduced 
gas permeability. The biofilm mode of growth of infecting 
bacteria on an implant surface protects the organisms from 
the host immune system and antibiotic therapy [1-3]. 

Titanium and its alloys belong to the most developed 
metallic biomaterials used for long-term orthopaedic and 
dental implants. Among more than 40 alloys investigated so 
far, the Ti13Zr13Nb alloy has the most suitable mechanical 
properties, as compared to the most popular technical tita-
nium alloys, Ti-6Al-4V and Ti-6Al-7Nb. The advantages of 
the Ti13Zr13Nb alloy include also the absence of potentially 
dangerous elements, such as Al and V, which are presumed 
to develop Alzheimer’s disease and tissue disturbance [4].  
The Ti6Al4V and Ti13Nb13Zr alloys have the elasticity mod-
ulus (114 GPa and 81.6 GPa, respectively [5]) most similar 
(from among metal biomaterials) to that of a human bone  
(18-19 GPa [6]). Moreover, additional modifications of the 
surface of titanium alloys enable appropriate osseointegra-
tion [7]. 

Bioceramics are the ceramic materials used to replace 
or regenerate damaged bone and muscular tissues in the 
human skeletal system. One of the most widely used bioce-
ramics is calcium hydroxyapatite, due to its biocompatibility 
and mechanical properties close to that of a human bone [8]. 
Hydroxyapatite materials are of great interest to scientists. 
Due to their excellent biocompatibility, osteoconductive 
properties and similarity to the inorganic component of hu-
man bone, they are widely used as biomedical materials, 
e.g. as bone fillers, scaffolds in tissue engineering, bioac-
tive coatings, drug, protein, and gene delivery systems [9]. 
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Being a calcium-based ceramic compound, hydroxyapa-

tite exhibits brittleness, a very high compressive strength 
(up to 917 MPa), and a very low tensile property. Young’s 
modulus and Poisson’s ratio of sintered HAp are directly 
proportional to its density (porosity). If density increases by 
100%, Young’s modulus can reach 117 GPa and fracture 
toughness can reach 1 MPa/m2 [8]. Hydroxyapatite coat-
ings can be deposited on titanium substrates using many 
techniques. The most popular technique is electrophoretic 
deposition, in which whole HAp particles dispersed in or-
ganic alcohol achieve the electric charge, allowing them 
to deposit on an electrode as a very thin layer [4]. Other 
methods involve precipitation, the sol-gel method, and the 
hydrothermal method. Hydroxyapatite has also antibacte-
rial properties, affecting both gram-negative bacteria and 
gram-positive bacteria thanks to its ability to penetrate the 
bacterial cell wall through electrostatic action. Hydroxyapa-
tite nanoparticles (nanoHAp) have a wide spectrum of anti-
bacterial activity and can potentially be used in medicine and 
environmental protection [10]. HAp is used in bone tissue 
engineering alone or can be doped with various metallic 
or non-metallic dopants to tailor its properties. Substitution 
enhances the properties of modified HAP depending on the 
properties of a dopant [8]. Despite numerous advantages,  
a noticeable disadvantage of bioceramic coatings (e.g. HAp, 
nanoHAp) deposited on metallic implants is their tendency 
to crack and poor adhesion to the substrate. Modifications 
of the chemical composition of applied coatings can be con-
sidered one of the possibilities to alleviate this problem [11]. 

To ensure the best properties of the material, scientists 
modify the surface of implants, often using materials in nano-
metric scale. The use of nanomaterials and nanostructures 
has revolutionized many fields of medicine and has led to  
a significant expansion of the list of implantable biomateri-
als and medical devices. Nanometals are often used due 
to their unique properties, including antimicrobial and anti-
inflammatory ones [12]. Postoperative treatment following 
implantation is carried out by administering antibiotics. 
Similar effects can be achieved by the addition of some 
nanometals, operating as biocidal agents, to the coating. 

Silver is usually applied directly to the implant surface 
as a pure metal or nanosilver  [13]. Geissel et al. proved 
the antibacterial properties of silver nanoparticles using  
a scanning electron microscope. They showed that Staphy-
lococcus aureus bacteria grown on pure SiO2 had an intact 
and globally shaped shell, while the samples enriched with 
silver revealed a damaged cell structure of the surface of 
the bacteria attached to the particles [14]. 

The emerging problem of multi-drug resistance and its 
consequences stimulate researchers to search for effective 
alternatives to fight biofilm formation. Although the anti-
bacterial properties of materials such as silver, nickel, and 
copper have been confirmed, it is recommended to create 
synergistic composite materials as bacterial pathogens can 
effectively develop resistance against metal nanophases. 
Therefore, it is very important to improve and maintain their 
antibacterial potential [15]. 

Despite the significant advantages of such approach, 
there is still a danger of negative effects on the human body. 
In an in vitro toxicity study of silver nanoparticles, even low 
exposure to silver nanoparticles induced oxidative stress 
and impaired mitochondrial functions. In vivo studies in 
rats on oral toxicity of nanosilver showed that nanosilver 
accumulated in the liver [16].

Copper is known not only for its high electrical and ther-
mal conductivity but also for its antimicrobial properties.  
It has long been used as an effective antibacterial, antiviral, 
and antifungal agent. Copper nanoparticles are of interest 
for their excellent chemical, physical and optical properties, 
heat transfer, large surface area to volume ratio, as well as 
catalytic, magnetic, and biological properties [17-19].

Studies of antimicrobial activity have shown that copper 
oxide nanoparticles are effective as antimicrobial agents for 
both gram-positive and gram-negative bacteria. Bacteria 
have cell membranes with nanometer-sized pores which 
facilitate the penetration of nanoparticles. This is the cause 
of cytoplasm degradation, which ultimately leads to cell 
death. The antimicrobial mechanism is mainly attributed 
to the strong adsorption of ions to bacterial cells, which 
confers antimicrobial efficacy in a concentration-dependent 
manner [20]. 

Argueta-Figueroa et al. [20] synthesized nanoparticles 
of copper, nickel, and bimetallic Cu-Ni using a chemical 
method. Their antibacterial activity has been tested against 
the commonly used standard human pathogens Staphylo-
coccus aureus (gram negative), Escherichia coli (gram posi-
tive), and additionally Streptococcus mutans. Streptococcus 
mutans is physiologically present in the human mouth and 
contributes to tooth decay. Studies have shown that copper 
nanoparticles exhibit bactericidal activity against S. aureus, 
E. coli, and S. mutans, while nickel nanoparticles and bime-
tallic Cu-Ni nanoparticles only exhibit bacteriostatic activity 
against the same microorganisms [20].

The paper deals with the analysis of hydroxyapatite 
(HAp) coatings (without additives and with nanometals)  
on the titanium alloy. The aim of the study is to compare 
the biological and mechanical properties of the samples. 

Materials and Methods

Preparation of samples
The Ti13Zr13Nb alloy was used as a substrate. The 

surface was prepared by using abrasive paper SiC up to 
grit # 2500. The samples were then rinsed with isopropanol 
and ultrasonically cleaned. 

Electrophoretic deposition of HAp coatings
The Ti13Zr13Nb alloy samples were covered with hy-

droxyapatite coatings by the electrophoretic technique.  
The EPD was carried out in a suspension prepared by 
dispersing 0.1143 g of HAp powder (Sigma-Aldrich) in  
100 ml of ethanol (anhydrous, 99.8% purity). The EPD 
was performed at 8 V for 10 min at room temperature.  
The hydroxyapatite solution was mixed with a magnetic 
stir bar for 4-5 min prior to each sample procedure. Finally,  
the deposited coatings were air dried at room tempera-
ture for 24 h. Subsequently, the samples were sintered in  
a vacuum oven for 2 h at 500°C. 

Immersion method
The surface of the samples was modified with silver, cop-

per, and nickel nanoparticles using the immersion method. 
0.005 g of nanoparticles were dispersed in 50 ml of 99.8% 
anhydrous alcohol. The size of the nanoparticles is shown 
in TABLE 1. 

TABLE 1. Size of nanoparticles. 

Nanoparticles Size [nm]
Ag 40
Cu 10-30
Ni 10-30
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Initiation of bacterial growth

All samples were immersed in a bacterial solution [21] 
for 30 days. The chemical composition of the solution is 
presented in TABLE 2, and the list of the added microorgan-
isms in TABLE 3.

Surface examination
The morphology of the samples was investigated by  

a Schottky field emission scanning electron microscope  
(FEI Quanta FEG 250) with an ET secondary electron de-
tector. The beam accelerating voltage was kept at 10 kV.  
For the purpose of elemental analysis, energy dispersive 
X-ray spectroscopy was performed with the EDAX Genesis 
APEX 2i with the ApolloX SDD spectrometer. 

Measurements of contact angle
Eight samples of titanium alloy with a hydroxyapatite coat-

ing were tested with the Attension Thete Lite goniometer to 
assess the wettability of the materials. A drop of water was 
dropped onto the sample surface. The computer program 
calculated the contact angle (CA) from the shape of the drop 
of water immediately after its contact with the surface of 
the sample, then the measurement was after 5 s and 10 s.  
The surface of the material is considered hydrophilic if the 
measured value is below 90º and hydrophobic above 90o.

Mechanical studies - nanoindentation and 
nanoscratch tests

Nanoindentation tests were performed using the  
NanoTestTM Vantage device. A Berkovich diamond indenter 
with an apex angle of 124.4o was used for the analysis. 
The parameters of the nanoindentation tests are shown in 
TABLE 4. 

The modulus of elasticity was calculated after transform-
ing the formula [7]:

 						      (1) 

where vi is the nanoindenter Poisson’s ratio (accepted as 
0.07) [7], vs is the Poisson’s ratio of the tested materials 
(accepted for HAp as 0.3 [4] and 0.27 for titanium alloy [7]), 
Es is the elastic modulus of the tested samples, Ei is the 
Young’s modulus of the nanoindenter (accepted as 1140 GPa)  
and Er is the reduced modulus of elasticity [7]. The final 
equation from which the reduced Young’s modulus was 
determined is:

 		  		  (2)

Nano-scratch tests were performed with the NanoTest™ 
Vantage (Micro Materials). The scratch tests were carried 
out by increasing the load from 0 mN to 200 mN at a loading 
rate of 1.3 mN/s at a distance of 500 µm. The adhesion of 
the coating was assessed based on the observation of an 
abrupt change in frictional force during the test.

Results and Discussions

Surface examination using a scanning electron 
microscope

Samples of Ti13Zr13Nb titanium alloy coated with hy-
droxyapatite with metal nanoparticles were examined using 
a scanning electron microscope. The received images are 
shown in FIG. 1.

The scanning electron microscope study showed numer-
ous nanoparticles on the surface. The distribution of the 
nanoparticles was heterogeneous in the case of Ag and Cu.  
They also formed numerous agglomerates. The sample 
with nickel nanoparticles was characterized by the highest 
homogeneity of the nanoparticles distribution.

The SEM indicated changes in the topography of the 
implant surface with visible singular bacteria and biofilm 
colonies. The biofilm showed a tendency to capsulate the 
nanoparticles, but the cell structure of the bacteria on the 
surface of the nanoparticles was damaged. This phenom-
enon was also observed in the studies of the antibacterial 
properties of silver nanoparticles on SiO2. Geissel et al. [14] 
detected that samples enriched with silver showed a dam-
aged cell structure of the Staphylococcus aureus bacteria 
attached to the surface of the particles. The significant dead 
biofilm proved the antibacterial properties of the coatings. 
Bartmański et al. [4] presented high magnification SEM im-
ages that demonstrate the porous structure of the nanoHAp 
coatings. For nanoHAp coatings obtained at 0.1 g nanoHAp 
powder in the solution, the coatings roughness decreased 
with the increasing voltage, due to the presence of a smaller 
number of agglomerates on the surface. 

Component Content [g/dm3]
Casein peptone 17

Pepton S 3
NaCl 5

Na2HPO4 2.5
Glucose 2.5

Bacteria Content in liquid [%]
Staphylococcus aureus 20

Staphylococcus epidermidis 20
Enterococcus faecalis 15
Enterobacter cloacae 10

Pseudomonas aeruginosa 35

TABLE 2. Chemical composition of the bacterial 
solution [21].

TABLE 3. List of bacteria added to the solution [21].

Parameter Value
Number of measurements 15

Maximum force [mN] 10
Loading time [s] 10

The dwell period at maximum load [s] 5
Unloading time [s] 10

TABLE 4. The parameters of the nanoindentation 
tests.

1
=

1 – vs
2

+
1 - vi

2

Er Es Ei

Es = Ei Er (1 – vs
2)

Ei - Er (1 – vi
2)
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Measurements of contact angle
TABLE 5 presents the results of the contact angles ob-

tained for the tested materials; the results were averaged 
over 4 measurements. The volume of the drop of water 
was 4 µl. 

The wettability assessment showed that the samples 
were hydrophilic, which is consistent with the literature 
data. The lowest contact angle was observed for the 
sample with the additive-free hydroxyapatite coating (0°) 
and the highest contact angle occurred for the copper 
nanoparticles enriched implant (17.94°). The contact an-
gle values of the hydroxyapatite samples with silver and 
nickel nanoparticles were 8.88° and 3.33°, respectively.  

FIG. 1. Surfaces of the HAp coatings with the nanoparticles after 1 month in the bacterial solution. A) Image of 
the surface of titanium alloy with deposited HAp and silver nanoparticles, visible agglomerates of silver nano-
particles and a living (1) and dead biofilm (2). B) Surface image of titanium alloy with deposited HAp and nickel 
nanoparticles - visible Ni nanoparticles.  C) Surface image of titanium alloy with deposited HAp and copper 
nanoparticles with visible nanoparticles (1) and dead biofilm (2).

The nanoparticles significantly increase the value of the con-
tact angle, which is consistent with the literature data [13].  
Scientists concluded that the presence of silver nanoparti-
cles on the surface may prevent water droplets from pen-
etrating into the nanoHAp coating, resulting in an increase 
in the contact angle [13]. 

The low contact angle values for all specimens may be 
attributed to their porous surface structure. Contact angles 
are measures of wettability; their low values correspond to 
better osseointegration. On the other hand, the best values 
of contact angle for cell attachment were assessed at 55° 
and for bone regeneration at 35° to 80° [13]; these values 
are higher than those obtained in the presented studies. 

TABLE 5. Results of the obtained contact angles for the samples as a function of time. 

Time 
[s] 

CA mean for the sample 
without nanoparticles [°]

CA mean for the sample 
with Ag nanoparticles [°]

CA mean for the sample 
with Cu nanoparticles [°]

CA mean for the sample 
with Ni nanoparticles [°]

0 67.77 ± 32.98 40.42 ± 17.0 24.35 ± 24.56 38.26 ± 4.6

5 29.57 ± 33.46 12.96 ± 8.0 50.44 ± 24.40 13.62 ± 4.92 

10 0 ± 0 8.88 ± 7.3 17.94 ± 22.82 3.33 ± 5.76

A

C

B
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Mechanical studies - nanoindentation and 
nanoscratch tests

FIG. 2 shows one of the nanoindentation load-displace-
ment curve for the examined materials. The nanoindentation 
tests were performed for all HAp coatings with nanometals 
and for the titanium samples only after grinding. The me-
chanical properties - hardness and Young’s modulus - are 
shown in TABLE 6. 15 nanoindentation measurements 
were pursued.

FIG. 2. Nanoindentation load-displacement curve 
obtained for HAp coating with Ni nanoparticles. 

Material Hardness 
[GPa]

Young’s modulus 
[GPa]

HAp with Ag 
nanoparticles 1.95 ± 1.10 74.88 ± 27.15

HAp with Cu 
nanoparticles 0.82 ± 0.34 55.13 ± 13.88

HAp with Ni 
nanoparticles 1.30 ± 1.10 80.66 ± 26.54

TABLE 6. Mechanical properties: hardness and 
Young’s Modulus of samples. 

Measurement
HAp with Ag nanoparticles HAp with Cu nanoparticles HAp with Ni nanoparticles

Distance [µm] Load [mN] Distance [µm] Load [mN] Distance [µm] Load [mN]
1 64 25.6 13 5.2 47 18.8
2 86 34.4 39 15.6 108 43.2
3 82 32.8 68 27.2 100 40
4 80 32 75 30 100 40
5 80 32 68 27.2 119 47.6

average 31.36 ± 3.01 21.04 ± 9.35 37.92 ± 9.96

TABLE 7. Results of nanoscratch tests of the HAp coatings with nanometals. 

The nanoscratch tests were performed for HAp coat-
ing with nanometals. 5 measurements were made for 
each sample. The obtained results are shown in TABLE 7 
based on the diagram of the depth change depending on 
the distance. First, the distance at which the coating was 
delaminated was determined, then the appropriate normal 
force for the distance covered by the tool was determined. 
The graphs of changes in surface topography before and 
after the nanoscratch tests are presented in FIG. 3. 

FIG. 3. Nanoscratch test of HAp coating with Ag nanoparticles. The delamination of the coating is marked in 
the graph (the black line). 
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The conducted tests of mechanical properties indicate 

the heterogeneity of the coatings due to the large stand-
ard deviation of the obtained hardness results, which is 
associated with high surface roughness. The greatest 
heterogeneity was revealed for the hydroxyapatite coating 
with nickel nanoparticles (1.30 ± 1.10 GPa), and the lowest 
for the hydroxyapatite coating with copper nanoparticles 
(0.82 ± 0.34 GPa). The coatings are characterized by 
low hardness; this value depends on the thickness of the 
coating (the greater the thickness, the harder the coating).  
The most advantageous Young’s modulus was observed for 
the hydroxyapatite coating with copper nanoparticles (55.13 ± 
13.88 GPa) and its value was the closest to the Young’s mod-
ulus of bone. Young’s modulus result was the highest for HAp 
with Ni nanoparticles and amounted to 80.66 ± 26.54 GPa.  
Bartmański et al. [11] observed that Ag nanoparticles ad-
dition had negligible influence on the coating’s mechanical 
properties. Still, the presence of Cu nanoparticles, alone 
or with Ag nanoparticles, resulted in the increased value of 
hardness and Young’s modulus. The positive impact of Cu 
nanoparticles may be attributed to somewhat decreasing 
porosity and susceptibility to brittle cracking. 

The adhesion of coatings to the metallic substrate is one 
of the most essential properties determining the quality of 
the coatings. The loose particles in HAp coatings may even 
initiate inflammation process and disappearance of bone in 
its surroundings [4]. The sample with nickel nanoparticles 
had the best coating adhesion, where the force at which 
delamination occurred was 37.92 ± 9.96 mN. The smallest 
force causing delamination of the coating was observed for 
the sample with copper nanoparticles. 

Conclusions

The Ti13Zr13Nb alloy samples were covered with hy-
droxyapatite coatings through the electrophoretic deposi-
tion. The samples surface was modified with silver, copper, 
and nickel nanoparticles. Eight titanium samples (i.e. an 
additive-free hydroxyapatite coating, a silver nanoparticles 
enriched implant, a copper nanoparticles enriched implant 
and a nickel nanoparticles enriched implant), were placed 
in a bacterial solution for a period of one month. Each sam-
ple was examined using a scanning electron microscope. 
Wettability and mechanical properties were also assessed. 

The significant dead biofilm in their vicinity proves the 
effectiveness of antibacterial activity. All of the samples 
had visible high surface roughness, which was confirmed 
in nanohardness tests using the nanoindentation method. 
The coatings were characterized by a low hardness (this 
value depends on the thickness of the coating). The most 
advantageous Young’s modulus was observed in the case 
of the hydroxyapatite coating with copper nanoparticles, as 
its value is most similar to the Young’s modulus of bone. 
The sample with nickel nanoparticles had the best coating 
adhesion. All the samples were hydrophilic, which is asso-
ciated with possible high osteointegration. In addition, the 
nanoparticles increased the contact angle value.
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Abstract

The use of bone cement in procedures such as vertebro-
plasty and kyphoplasty can reduce pain and mechanically 
support the spine. This study aimed to evaluate whether 
air entrapped within bone cement affected its distribution 
in a vertebral body model. The study included 3D printed 
anatomical models of vertebrae together with their internal 
trabecular structure. Aeration was achieved by mixing the 
bone cement using three different altered procedures, 
whilst the control sample was prepared according to the 
manufacturer’s instructions. The further two samples were 
prepared by reducing or increasing the number of cycles 
required to mix the bone cement. A test rig was used to 
administer the prepared bone cement and introduce it into 
the vertebral model. Each time the injection was stopped 
when either the cement started to flow out of the vertebral 
model or when the entire cement volume was administered. 
The computer tomography (CT) scanning was performed to 
evaluate aerification and its influence on the bone cement 
distribution in each of the patient-specific models. The large 
number of small pores visible within the cement, especially 
in the cannula vicinity, indicated that the cement should not 
be treated as a homogenous liquid. These results suggest 
that a high level of aerification can influence the further 
cement distribution.

Keywords: percutaneous vertebroplasty, osteoporotic spi-
nal fractures, spinal cement injection, cement distribution, 
bone cement preparation

Introduction

Osteoporosis causes a decrease in bone mass and a de-
generation of the bone tissue microarchitecture in the spine 
section [1]. Compression and osteoporotic bone fractures 
are characteristic of osteoporosis [2]. Most compression 
and osteoporotic fractures are fixed within several months 
from the first complaint occurrence. During this period, 
conservative healing methods are used, such as massages, 
pharmacological treatments, and limiting movement [3].  
In a situation where the pain caused by osteoporotic com-
pression fractures [4] or vertebral body cancerous changes 
cannot be endured any longer, it is necessary to support the 
spine mechanically with vertebroplasty, kyphoplasty and/or 
by enhancing the spinal column with implants [5].

In mini-invasive enhancing procedures [6] such as ver-
tebroplasty and kyphoplasty, the bone cement is injected 
with a needle into the damaged vertebrae under radiological 
supervision. Polymethylmethacrylate (PMMA) is used most 
frequently for this purpose [7]. A small amount of cement, 
ranging from 2.5 to 4.5 ml, is placed in the vertebrae, which is 
enough to restore its biomechanical parameters, as shown in 
numerous research results [8-9]. To avoid complications, the 
filling procedure is stopped when the cement approaches the 
defect, the anatomical orifice, or when the cement leaks out 
beyond the cortical bone of the vertebra in any direction [10].

Previous investigations [12] show that PMMA-based ce-
ment can be characterized by a variable level of aerification 
[13], which is strictly related to the cement mixing process. 
Aerification and compressibility can change the gen-
eral material flow dynamics, especially the injection speed.  
The cement tenacity grows as a result of the components 
chemical reactions during the polymerization process, which 
increases the flow resistance.

The cement injection into the bone structure should be 
made during its optimal tenacity [14]. When the cement is 
applied at the too low tenacity, it can lead to uncontrollable 
liquefaction. If the cement tenacity is too high, the flow 
resistance can hinder its further propagation in the bone.  
As a result, not only will the intended outcome not be achieved 
[15], but the patient’s health can be at serious risk [17].  
The most common complication that occurs in the procedure 
is the cement leakage, defined as the bone cement escape 
beyond the vertebral body [16-18]. Most leaks are local and 
asymptomatic [19]. Otiz [20] divides complications related to 
the procedure of enhancing the vertebrae with bone cement 
into two groups. The first group covers local complications, 
consisting in damages and changes connected directly to the 
vertebrae surrounding. The second group is systemic com-
plications which influence the systems and organs proper 
functioning. The majority of risks associated with transdermic 
vertebroplasty can be minimalized by actions that prevent 
leaks, such as controlling the medium distribution.

The main objective of these investigations was to ana-
lyze via CT scans the influence of cement aerification on 
its distribution in the vertebral body model developed and 
3D printed by the authors. During the last decade, PMMA-
based cements and their features have been widely dis-
cussed. The research was mainly focused on creating new 
cements and composites, improving mechanical features 
[21], improving biological response [22], rheological and 
mechanical features of cement materials [23-27]. However, 
no research has been reported on the cement injection and 
its distribution in an anatomic model of vertebrae, built with 
the 3D printing technology. This indicates the novelty of 
the subject presented in this work. In order to achieve the 
intended purpose, experimental studies were carried out, 
requiring the preparation of suitable models and the use of 
several sets of biomedical cements.
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Methodology

The conducted investigations composed of four phases. 
In the first phase, a digital reconstruction of the lumbar 
vertebra with osteoporotic changes was prepared by the 
computer microtomography based on anatomic medical 
data. The obtained model was segmented and processed 
digitally in order to be printed in the 3D technology. During 
the second phase, a precise physical model with an inter-
nal structure was printed with the 3D printer (Ultimaker 3, 
manufactured by Ultimaker B.V., The Netherlands). The next 
 phase was to prepare the properly aerified bone cement 
and to inject it into the previously prepared models of verte-
brae. The last phase consisted in an inspection of the bone 
cement distribution in the filled model with the computer 
microtomography.

Reconstruction
The anatomic digital data of the lumbar vertebra with os-

teoporotic changes, saved as a DICOM file (Digital Imaging 
and Communications in Medicine) were reconstructed and 
segmented with the Mimics MedicalTM software developed 
by the Materialise company. Next, the data from the seg-
mentation were subjected to digital processing. The model 
mesh was optimized with respect to the scope of the print, 
removing the too fine or loose elements. The back part was 
also removed, as it was irrelevant in the cement distribu-
tion analysis, leaving thus the vertebra alone. The model 
was modified by implementing a mechanical connection 
that ensured the same entry point into the vertebra and  
a repeatable injection point. The prepared 3D digital model 
was exported to a STL file, which allowed it to be imported 
and printed. FIG. 1 shows a view of the model with planes 
indicating its cross-sections, as well as the selected internal 
micro-architecture.

Physical 3D model preparation 
The physical model of vertebrae with their internal struc-

ture was printed with the Ultimaker 3 printer (Ultimaker B.V., 
the Netherlands) in the FDM technology (Fused Deposition 
Modelling) which is one of the most often used additive 
manufacturing technologies of wires made of PLA (poly-
lactic acid).

The vertebra digital model in a STL format was imported 
to the Ultimaker Cura 3D software. The printing parameters 
were selected from available options, such as a layer thick-
ness, a filling structure, and a head speed. Next, the position 
and orientation of the model, which needed some support 
pillars, were fixed. This process was repeated several times 
until the acceptable configuration of the pillars was achieved, 
which would allow the model to be printed with the internal 
structure backed by the supporting material. A Gcode ma-
chine code was generated for the model to allow its printing 
on the 3D printer. The printer was equipped with two printing 
heads to print the model in two types of material. The ele-
ments of the vertebra model were printed in PLA, whereas 
the supporting elements were printed in water-soluble PVA. 
After printing, the elements were immersed in water for 24 h 
to dissolve the supporting material. Then, after rinsing, the 
model was left for 24 h to dry. Next, the prepared models 
were used in further investigations.

Experimental investigations
The test rig, configured for previous investigations where 

it had been verified as accurate and repeatable, was used 
[12]. A scheme of testing is presented in FIG. 2. The whole 
experimental system consisted of four main parts [12].  
The first one, the LegatoTM210 infusion pump, was used 
as a cement flow generator, maintaining a constant given 
speed of the syringe plunger. A 10 cm3 capacity syringe 
made of acrylic glass was fixed in the infusion pump.  
The second part was an acrylic glass cannula connected to 
a pressure transducer via a pressure connector. The third 
piece, a glass cannula, served as a mechanical connec-
tion of the flow channel and the solid 3D vertebra model. 
Both cannulas had the same 3.0 mm internal diameter and 
were connected collinearly to minimize the flow disruption. 
Furthermore, they were transparent so as to observe the 
distribution of the flowing medium and to pinpoint the mo-
ment the cement began to flow into the vertebrae. Both 
cannulas were 72 mm long and the distance between the 
pressure tap and the model was 62 mm.

FIG. 1. View of a vertebra model: a) with planes indicating its cross-sections; b) visualization of the internal 
micro-architecture.
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FIG. 2. Scheme of the test rig for investigations of the injection and distribution of bone cements in the 3D 
vertebra model.

Three models P1, P2, and P3 used in each trial were 
printed under the same conditions, from the same material, 
using the same 3D printer. The models resembled vertebrae 
with a weakened structure which needed to be supported 
by an implant, the bone or the cement, or both. In our case, 
the 3D printing of the bone structure was based on medical 
images, so we could claim that it correctly reproduced the 
porous bone structure in accordance with the Wolf’s law. 
The change in bone density [28] affected the flow resist-
ance of the cement inside the models. At the beginning of 
the tests, the flow channels in the model were filled with 
air. The glass cannula was inserted into a hole drilled in 
the vertebrae model. The tolerance of the cannula position 
was ±1.8 mm horizontally and ±0.6 mm vertically. The depth 
of the hole was 2.8 ± 0.1 mm in each case. To retain the 
connection tightness, the glass tube was pasted with the 
cyan acrylic glue.

According to the instruction provided by the producer, 
the mixing process of the bone cement components was 
maintained until the solid consistency mass was achieved, 
which did not take longer than 60 s. In the first trial, the 
cement was mixed carefully, limiting the number of press 
movements to 12 cycles. In the next trial, the cement was 
mixed at the speed advised by the producer, 24 cycles per 
minute, and in the third trial the number of cycles increased 
up to 32. The bone cement was injected into the vertebral 
body models. The flow speed was set to 1.0 cm3/min on 
the infusion pump (assuming an incompressible medium). 
To minimize the temperature influence on the experiment, 
all the trials were carried out in the laboratory where the 
temperature was 24 ± 1°C. The cement flow was stopped 
in each trial when it started to flow out of the vertebrae 
model or when the entire volume of the prepared cement 
was administered. After the cement hardened, the samples 
were scanned with the CT scanner GE/LfC, with 0.074 mm 
definition. The reconstructed pictures of the vertebral bodies 
were used to evaluate the influence of aerification on the 
bone cement distribution in the specific models.

Results

The results were correlated and depicted in the pressure 
characteristics diagram as seen in FIG. 3. For every meas-
urement, the time equal to 0 s referred to the beginning of 
the pump press movement.

There were characteristic points on each curve. The 
dashed vertical lines shown in the diagram corresponded 
to the moments when the cement crossed the feed channel 
and began to fill the vertebrae models. In all the cases, after 
filling the feed channel, there was the pressure increase 
resulting from the cement propagation in the stem model 
narrow channels (high local speed and increased resistance 
to movement). When the interior of the vertebrae model 
was filled with the reduced density, the pressure increase 
was lower. It can be concluded that this phenomenon was 
related to the vertebrae structure, whose thin structure in the 
center of the stem thickened towards the walls. As a result, 
the flow channels were narrower near the wall, resulting in 
the higher local velocity and the faster increase in pressure.

Despite the same flow rate set on the infusion pump, 
the course of the curves and the resulting cement delivery 
parameters differed on the case-by-case basis. The cement 
volume was also different. According to the indications of 
the infusion pump (for an incompressible fluid), the bone 
cement volume introduced through the system into the 
vertebral models was 7.0, 7.4, and 7.5 cm3, respectively. 
Using the CT data, the segmentation was performed and 
the bone cement volume inside the individual models was 
observed. The results are summarized in TABLE 1.
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Despite the same flow conditions and similar geometric 
conditions, the differences in the cement distribution can 
be seen in the CT scans (FIG. 4). In the first and second 
experiments, the cement filled the central space under the 
top border plate, the middle of the body and flowed into 
the left and right vertebral body walls. To some extent,  
it also filled the left side of the bottom body plate. In the 
third experiment, the cement filled the central space under 
the top boarder plate and the middle of the vertebral body.  
In the last case, the penetration had a much narrower range 
than in the previous two cases. In the third experiment, the 
cement did not fill the space above the top boarder plate. 
In every case, the cement tended to leak out through the 
anatomic foramen of the model back wall.

The transverse plane was used to provide the detailed 
distribution analysis for the five selected planes, according 
to the schemes presented in FIG. 5.

The results of the analysis were presented in a graphic 
form (FIG. 6) for the selected horizontal planes, every 4 mm, 
starting with the supply channel level to finish 3 mm below 
the boarder plate surface. The distribution in the central 
part surrounding the supply channel was rather regular 
for the 3 mm and 7 mm planes under the boarder plate.  
In the middle 11 mm plane, the medium flowed away in the 
direction of the anatomic foramen. For the 15 and 19 mm 
planes, the medium flowed into the front and the left body 
wall, which could be caused by the thinner vertebral body 
structure in this area. 

In the microtomography images (FIG. 7) of the cross-
section of the first sample P1, filled with the cement mixed 
with half the number of cycles, numerous air bubbles were 
observed. Air bubbles were found in the whole cement 
volume filling the vertebral body, as well as in the supply 
channel, where they clearly concentrated in its central area. 
In the second sample P2, filled with cement mixed with the 
number of cycles advised by the manufacturer, the quantity 
of air bubbles was lower in the vertebral body and in the 
supply channel. Air bubbles were smaller than those ob-
served in the P1 sample. In the third sample P3, filled with 
the cement mixed with a higher number of cycles by half, 
large air bubbles were observed. The vertebral body filling 
was homogenous, and the cement filled numerous empty 
spaces in the body. There were longitudinal air bubbles in 
the cement in the supply channel. 

Discussion

There were differences between the volume indications 
of the applied cement read from the infusion pump and the 
measurement results based on the TC scan. The reason for 
these differences was the fact that infusion pumps were to 
work with incompressible fluids, such as liquid medications, 
so they did not have a feedback loop. This phenomenon 
proved that the cement aerification should not be omit-
ted during vertebroplasty procedures or while developing  
a mathematical model for the bone cement. Furthermore, 
the pump showed a given volume, although some cement 
was already lost to fill the supply channel.

The large number of small pores in the cement, especially 
in the cannula vicinity, showed that the cement could not be 
treated as a homogenous liquid. The high level of aerification 
may influence the cement further distribution. The numer-
ous air bubbles in the flowing material may be constantly 
squeezed by pressure. As a result, the volume flow rate 
could significantly reduce in the further part of the channel.

All the above-mentioned differences (flow time, pressure 
characteristics, and a given volume) could stem from the 
three main factors: a random level of cement aerification, 
a difference in viscosity of the 3D printed models depend-
ent on the printing time and precision. An influence of the 
temperature coming from a chemical reaction of cement 
with the 3D model structure should not be excluded either 
(glass transition temperature PLA 60-65°C).

TABLE 1. Cement volume for vertebral bodies 
based on computer tomography. 

Case
Total cement volume 

in the scanned sample 
[mm3]

Cement volume inside 
the vertebral body 

[mm3]

P1 5429.17 4602.41

P2 4877.17 4473.31

P3 2713.52 2525.62

FIG. 3. Pressure characteristics acquired for every experimental case under analysis.



27

FIG. 4. Cement distribution in the sagittal plane through the vertebra center, and transverse plane for the middle 
slice (11 mm) of the vertebrae models for every case P1, P2 and P3 under analysis.
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FIG. 5. Schematic view of the section position in the sagittal plane for evaluating the cement distribution.

FIG. 6. Cement distribution in selected planes of the vertebral body models – the black contour.
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Conclusions

The aerification level of bone cement had an important 
influence on the bone cement distribution in the vertebral 
body model. The low-aerified cement could penetrate well, 
which allowed the vertebral body to be filled evenly. The 
too high level of aerification lowered the penetration extent 
and influenced the homogeneity of the body being filled, 
which could influence its further biomechanical properties. 
The more precise interpretation requires further research in 
the field of aerification and the influence of its level on the 
medium distribution

The tested models proved the 3D printing technique use-
ful in the preparation of anatomical vertebral body models. 
However, the question remains whether the FDM resolution 
is sufficient or the SLA technology would be a better solu-
tion. The three-dimensional vertebral body models used in 
the experiments are easily accessible and inexpensive in 
comparison to the man-made unconsolidated preparations 
which are limited. Additional body models can be quickly 
replicated, which will enable further experiments to be 
conducted under comparable conditions.
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