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INTRODUCTION 

The phenomenon called tissue engineering 
has been known since the early 1980s. It was a re-
sponse to the challenges associated with research 
on bacteria, cells, implantology and transplantol-
ogy. It combines knowledge from various areas 
of science, including biology, genetics, biochem-
istry, chemistry, medicine, materials engineering, 
and technology. One of the primary goals of tis-
sue engineering is to develop three-dimensional, 
porous structures called scaffolds, which are in-
tended to provide an appropriate environment for 
the regeneration of damaged tissues or organs 
and are utilized in in-vitro research. These scaf-
folds are intended to simulate extracellular matrix 

(ECM) and should be identical or like that found 
in living organisms, providing support for cells, 
and regulating regenerative processes. After prep-
aration of in vitro exploration, e.g. in bioreactors, 
tissue substitutes can be implanted in the place 
of damaged tissue or organ, where they continue 
the regeneration process in vivo [1]. ECM has to 
perform a lot of features, both at the cellular, tis-
sue and organ levels. The appropriate design of 
the scaffold and adapting its properties to specific 
needs is a significant issue so as to deliver the tis-
sue to the defect site as well as provide an ap-
propriate environment for the reconstruction of a 
given tissue [2, 3].

The use of 3D additive manufacturing technol-
ogy for the production of lab-on-a-chip systems is 
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not a widespread [4] and is still under develop-
ment. A dynamic advance of this relatively new 
production technology opens up new fields for its 
use [5, 6]. An increase of number of publications 
has demonstrated the usefulness of 3D printing as 
a method for manufacturing microbioreactors [7, 
8, 9, 10]. This method is characterized by a high 
ability to create complex structures precisely and 
automatically on a small scale. 3D printing en-
ables manufacturing micro-bioreactors with com-
plex shapes and structures, which is crucial for 
ensuring optimal environmental conditions for 
cell cultures or microorganisms. Additionally, the 
ability for rapid prototyping and customization of 
designs to specific needs makes this technology 
an attractive option in the production of structures 
and cultivation bioreactors.

It is worth noting that the use of 3D printing 
in the production of micro-bioreactors may con-
tribute to the development of other new technolo-
gies in the field of biotechnology, enabling more 
precise experiments and the production of small 
batches of drugs or biological substances.

Furthermore, this technology brings about 
numerous advantages, such as reduction of the 
production costs [11], simplified course of some 
methodologies [12] (FDM, lamination, SL), and 
also allows for designing empty spaces inside 
the material, which is practically impossible with 
standard production methods. Currently, com-
mercial 3D printing devices already offer printing 
resolution of 1–200 µm and may use biocompat-
ible materials. This spikes a growing interest in 
the use of these methods in the production of sys-
tems utilized in tissue engineering, such as micro 
bioreactors [13, 14, 15]. 

In this work, one of the 3D printing technolo-
gies called SLS (Selective Laser Sintering) was 
used to produce porous structures [16, 17, 18]. 
It is one of the fundamental methods of rapid 
prototyping, belonging to the group of Powder 
Bed technologies, characterized by the selective 
bonding of successive layers of powder from a 
given polymeric material. In the method, a laser 
fuses particles of powdered thermoplastic mate-
rial, joining them into successive layers. The SLS 
technology finds wide application, both in pro-
totyping and in small-scale production of func-
tional parts made of plastics with good mechani-
cal properties. Currently, among all available 3D 
printing technologies, it is the most commonly 
used method in small-scale production of final 
parts of machines and technical devices [19, 20, 

21]. An undeniable advantage of this technology 
is the great freedom in design, high accuracy of 
produced elements, and production of parts with 
mechanical properties comparable to the proper-
ties of elements manufactured conventionally. It 
also offers possibilities for producing complex 
porous structures [22, 23, 24, 25, 26].  

The material most often used in this tech-
nology is polyamide. These materials constitute 
a whole family of different varieties intended 
mainly for machine construction due to their good 
mechanical properties. Polyamides are also char-
acterized by moisture absorption. From the point 
of view of processing methods and use, this is an 
unfavorable feature. However, in the case under 
consideration, moisture absorption is an added 
value. In the SLS technology, it is used in the form 
of powder. Polyamides are characterized by good 
temperature resistance and biocompatibility [27]. 

The aim of the undertaken research was the 
motivation and necessity to develop a certain type 
of quasi-spatial and porous structure for cell cul-
ture. Such designs could be used in the future for 
designing and producing bioreactors and lab-on-
a-chip systems for more advanced research. The 
main characteristic feature of the proposed design, 
compared to existing ones, is the random nature 
of the spatial porosity arrangement. As literature 
states, a spatial porous structure is designed at the 
stage of preparing a virtual model, where obtain-
ing a real substrate later may not be achievable. 
In the considered solution, it should therefore be 
acknowledged that the proposed method of creat-
ing the structure seems more realistic and may be 
suitable for cell culture [26, 28, 29, 30, 31].

MATERIALS AND METHODOLOGY

Materials

The PA 2200 polyamide from EOS HmbH 
Electro Optical Systems company was used in the 
research [32, 33, 34]. This is a powder intended 
for use in all SLS printing systems. The recom-
mended layer thickness is 0.1 mm. Unfused pow-
der can be reused. The material properties and 
its form ensure consistent process parameters 
and simultaneously guarantee the production of 
high-quality products. The study did not account 
for variations in the powder grain size. The ma-
terial was utilized in its commercial form with-
out any additional modifications. The process, 
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when applied to the same material under identi-
cal technological parameters, is fully repeatable. 
The consistency and repeatability of the process 
parameters ensure that there are no changes in 
surface roughness. It can also be used for fully 
functional prototypes that easily withstand high 
mechanical and thermal loads [35, 36]. Table 1 
provides the basic properties of the material.

Models made from PA 2200 are characterized 
by chemical resistance, significant strength, and 
stability of material degradation over time. They 
are also described as highly versatile, not only in 
industry but also in medicine. In terms of mechan-
ical strength and flexibility, products made from 
polyamide 2200 are compared to items produced 
by injection molding [37, 38, 39].

Samples manufacture

To prepare samples for surface topography re-
search, a FORMIGA P100 3D printer from EOS 
HmbH Electro Optical Systems was used. This 
is a comprehensive three-dimensional printing 

system utilizing Selective Laser Sintering (SLS) 
technology. It allows for obtaining extremely pre-
cise, accurate, and fully functional models from 
polymer materials in a short time based on 3D 
CAD files. The device allows for selecting (op-
timizing) the appropriate parameters of the laser 
beam to melt or sinter particles of powder in pre-
cisely defined areas.

Model preparation

The model in the form of a disk, which serves 
as the scaffold (Figure 1a and 1b) for the cell cul-
ture base surface, was previously prepared using 
Solid Works 3D software. It was then produced 
by sintering the grains of the batch material and 
its diffusive bonding, which enabled obtaining the 
desired porous structure using SLS technology 
[40]. The whole process starts with a 3D model, 
which is input into the machine’s memory. After 
selecting the parameters of the technological pro-
cess, the printing process is initiated according to 
the scheme presented in Figure 2.

Table 1. Features of PA2200
Material parameters (powder)

Grain size distribution µm 38.8–88.3

Unsintered powder density g/cm3 0.435–0.445

Sintered powder density g/cm3 0.9–0.95

Mechanical properties

Tensile strength MPa 45 ± 3

Elongation at break % 50 ± 5

Charpy impact strength kJ/m2 53 ± 3.8

Ball hardness MPa 77.6 ± 2

Thermal properties

Melting temperature °C 172–180

Softening temperature according to Vicat A/50 °C 181

Softening temperature according to Vicat B/50 °C 163

Figure 1. Culture disc: (a) 3D model of a structure suggested for use in 
tissue engineering, (b) dimensions of the culture disc
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the cell culture base structure, material particles 
were not completely melted, but only partially 
melted on their surface to a degree sufficient to 
bond with adjacent powder grains, thus forming a 
permeable spatially porous structure. 

Due to the random arrangement of PA2200 
grains in each layer, there was no need to design a 
repeatable porous structure at the CAD geometric 
modeling stage.

In vitro tests

The study utilized the WEHI 164 mouse Cell 
Line (Sigma-Aldrich® Solutions), obtained from 
the manufacturer from fibrosarcoma. The cells 
grow to sizes of 20 µm and are relatively uncom-
plicated to incubate. Figure 3 shows an example 
of the fibroblast culture used in the study after 
approximately a week of cultivation in the E. J. 
Brzeziński Biomedical Engineering Laboratory.

During the experiment, the WEHI 164 cells 
were grown in MegaCell™ RPMI-1640 base me-
dium enriched with 2 mM glutamine and 10% 
fetal bovine serum (FBS). The dimensions of 
the culture discs were adjusted to the dimensions 
of the wells on the NUNC cell culture plates, so 
that they fit easily. The frame of the culture disc 
protected the cells from flowing down from the 
culture surface into the well. The cell seeding 
was divided into two steps. The first step was to 
administer 50 µl of RPMI 1640 culture medium 
with the WHI164 cell line to the culture disc. 
Then, after 4 h incubation in the Thermo Fisher 
Scientific Steri-Cycle i160 incubator at 37 °C and 
in the presence of 5% CO2, 250 µl of the prepared 
cell culture medium were added to each well.

During the process, the machine bed is filled 
with a layer of powder of a specific degree of 
fineness and grain shape, which is then spread to 
achieve a uniform layer. The spread material is 
sintered along programmed paths where the laser 
beam moves, solidifying the designed shape. The 
thickness of the solidified paths depends on sev-
eral factors, such as machine accuracy, laser pow-
er, powder morphology, and programmed layer 
height. After sintering a given layer, the printer 
bed was replenished with powder, and the entire 
process was repeated for the next layer [19, 20]. 
Importantly, it should be emphasized that the lay-
ers can be permeable, impermeable, or partially 
permeable. In the considered case, a porous struc-
ture was desired. Therefore, it was necessary to 
choose appropriate laser parameters, which deter-
mine the degree of material sintering. The process 
parameters assumed the laser energy of 16 W at a 
beam sweep speed of 3000 mm/s. The tempera-
ture of the material in the layer space was 175 °C 
with the powder bed temperature of 154 °C. The 
printing resolution in the model increment axis 
was 0.1 mm. Such selection of process parameters 
enabled the creation of a stochastic structure; con-
sequently, each sample prepared for testing had 
its unique surface structure and pore distribution. 
These characteristics were derived from the com-
bination of the model design, its modifications, 
and the material properties of the polyamide used.

The bottom layer of the cell culture base 
structure was sintered twice to ensure imperme-
ability of the layer, while the next 3 layers were 
sintered in a single pass of the laser, thereby cre-
ating a spatially porous structure. Process param-
eters were adjusted so that in the upper layers of 

Figure 2. Diagram of a product manufacturing with SLS method
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In order to prepare the porous material for the 
cell culture, the disc was mechanically cleaned 
after printing in accordance with the manufac-
turer’s recommendations, while maintaining ap-
propriate purity standards. Then, the residue of 
the powder grains and the surface-unbound melt-
ing of the grains were removed during ultrasonic 
washing (2 × 20 minutes) in the EMAG EMMI 4 
ultrasonic cleaner. The cleaned base model was 
then sterilized by repeated rinsing with 70% etha-
nol and autoclaved in NUVE NC 40M vertical 
autoclave at 137 °C for 20 minutes. After that, it 
was transferred to the Thermo Fisher Scientific 
MSC ADVANTAGE 1.2 laminar flow hood, and 

immersed again in 70% ethanol for 30 minutes. 
After drying, the prints were exposed to UV light. 
The prepared structure was placed in a 24 – well 
plate (SPL Life Sciences) (Figure 4).

Five culture disks underwent biocompatibili-
ty tests. They were placed in wells A2 to A6, and 
the A1 well was designated as the reference well, 
with a nonporous surface, typical commercial 
culture vessel (manufactured by for example SPL 
Life Science).

The cell suspension (50 µl, 104 cells/ml) was 
applied to the surfaces of the disks and the ref-
erence well, and the cultures were incubated for 
approximately 4 hours in an incubator. After this 
time, 250 µl of culture medium was poured into 
each well, and they were left for further incuba-
tion. The medium was exchanged every 2 days. 
Microscopic observations were conducted after 
one week of culture incubation.

To determine the cell count and the ratio of live 
cells to the total population in the well – the via-
bility of the culture, a NanoEntek EVE automatic 
cell counter was used. The cells were subjected 
to trypsinization, a process involving the remov-
al of the medium from the culture vessel and its 
replacement with a trypsin solution. Firstly, 1.5 
ml of trypsin solution was added to each well to 
cover the entire culture surface, and then the cul-
ture was placed in an incubator for 15 minutes to 
activate trypsin action at every possible location 
in the structure. A 15 – minute duration was safe 
for the cells and ensured complete detachment 
of the cells from the surface of the structures in 

Figure 3. An illustrative image of a monolayer culture 
of mouse fibroblasts obtained on the NanoEntek 

Digital Bio JuLI FL smart fluorescent cell analyzer

Figure 4. Cell culture in a 24 – well plate. Culture discs prepared for incubation
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the reference well. The cell suspension was trans-
ferred to a 15 ml Falcon tube and centrifuged in 
an AFI MULTILAB CENTRIFUGES 0.6 L Siren 
centrifuge at 3000 rpm for 3 minutes, which al-
lowed the cells to settle at the bottom of the tube. 
After centrifugation, the supernatant above the 
cells was removed and replaced with fresh medi-
um to a volume of 3 ml. Meanwhile, tubes with 
a capacity of containing 20 μl of warmed tryp-
an blue were prepared. The fresh cell suspension 
was pipetted to ensure even distribution of cells 
throughout the liquid volume. Homogeneous 
cell suspension was added to the trypan blue at 
a volume of 20 μl and incubated at 37 °C for 3 
minutes. After 3 minutes, the suspension with 
stained cells was placed in counting chambers at 
a volume of 10 μl per chamber, and cell viability 
testing was conducted. The viability test results 
are presented in Table 2, showing the percentage 
of live, unstained cells out of all counted cells. On 
the basis of this test, it was determined whether 
the produced quasi-porous structure can be used 
as a cultivation substrate for the WEHI 164 cells 
and how it affects their viability and proliferation.

To measure surface roughness, a Keyence 
VHX 950F digital microscope with a Keyence VH-
Z100R lens was used, allowing observations with 
magnifications ranging from x100 to x1000, along 
with dedicated software provided by the manu-
facturer. This software enables the measurement 
of various parameters, including surface rough-
ness, the creation of a three-dimensional surface 
model, and volumetric analysis. The roughness 
measurement was conducted based on a sequence 
of captured images of the tested structure taken at 
different lens heights. The lens step, and therefore 
the difference in the recorded plane, was 0.2 µm. 
Subsequently, based on the captured images, the 
software processed the data to create a three-di-
mensional surface model (Figure 5) and allowed 
for further analysis regarding surface roughness.

The conducted roughness measurement is a 
non-contact method that utilizes light interference 
to determine the distance of an object from the 
lens. The microscope software compares the ref-
erence distance that the light beam should travel 
with the distance traveled by the beam reflected 

from the object. After processing the data collect-
ed from the measurements, the surface roughness 
parameter Sa can be obtained. The advantage of 
this measurement method is the short time re-
quired to perform the measurements, a wide range 
of surface parameters that can be determined 
based on a single recorded image series, and ease 
of measurement compared to commonly used pro-
filometers, due to the lack of necessity to select the 
appropriate tool size for the measured size.

Using the software provided by the manu-
facturer, a series of parameters describing sur-
face roughness was determined. Below is a list 
of the examined parameters along with their brief 
descriptions:
 • Sa – arithmetical mean height – average or 

arithmetic average of the profile height devia-
tions from the mean surface,

 • Sz – maximum height – sum of the largest 
peak height value and the largest pit depth 
value within the definition area,

 • Sq – root means square height – value of ordi-
nate values within the definition area,

 • Ssk – skewness – value representing the de-
gree of bias of the roughness shape (asperity),

 • Sku – kurtosis – value representing the mea-
sure of the sharpness of the roughness profile, 

 • Sp – maximum peak height – height of the 
highest peak within the definition area,

 • Sv – maximum pit height – the absolute value 
of the height of the largest pit within the defi-
nition area.

RESULTS

The assumptions regarding the geometry and 
shape parameters of the model, combined with 
the 3D printing parameters and the batch material 
PSD at a level of 56 µm, resulted in the creation of 
a model with roughness ranging from 60–100 µm. 
On the basis of the assumptions and previously 
acquired knowledge, it was determined that the 
obtained parameters of the structure are optimal 
for conducting WEHI 164 cell cultures. The print 
made using SLS technology with PA2200 powder 
allowed for the creation of a structure characterized 

Table 2. Cell viability in wells
Well A1 A2 A3 A4 A5 A6

Viability 80% 76% 77% 81% 82% 79%
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by both spatial and surface porosity. The porosity 
of the model was intended to enhance the devel-
opment of WEHI 164 mouse fibroblast cultures 
and enable the creation of quasi-spatial cultures. 
To verify the surface and spatial parameters of the 
produced structure, images taken with a Keyence 
VHX-950F digital microscope were used, which 
were then analyzed using the software provided 
with the microscope (Figure 5b, 5c). 

The specific geometry of the model allowed 
for the limitation of the surface area where the 
cell culture was conducted solely to the pro-
duced cultivation disk (Figure 5a). The designed 
frame enabled the pouring of a cell suspension in 
a volume of 50 µl only onto the surface of the 
produced structure and prevented the cells from 
flowing beyond the desired area.

The obtained cell culture base surface disks 
were characterized by a roughness (Sa) at the 
level of 11.65 µm (Table 3), and the pore size 
reached up to 100 µm with an average of 37.5 
µm (Figure 6). In Table 3, the surface parameters 
of the disks obtained from the analysis of images 
taken with a Keyence VHX 950F digital micro-
scope were presented.

Due to the preliminary nature of the presented 
research and the necessity to verify process pa-
rameters and material selection, the assessment of 
the structure influence on the culture was limited 
to monitoring changes in the color of the medium 
and conducting a viability test. The color of the 

cultivation medium changed uniformly in each 
well, both with the examined structures and in 
the reference well (Figure 7a, 7b). A color change 
from pink to yellow - orange was observed ev-
ery other day after medium exchange, indicating 
growth of the culture and consumption of nutri-
ents from the medium. It was impossible to ex-
tract all cells populated in the structures without 
damaging the structures or cells (trypsin exposure 
time without its negative impact). Cells were de-
tached from the substrate using a standard trypsin-
ization protocol. Cells were immersed in trypsin 
and incubated for 2 minutes, then, after decanting 
the trypsin, they were incubated for an additional 
5 minutes. The trypsinization results are shown in 
(Figure 7d), where approximately 1/3 of the cells 
were flushed out from the cultivation disks.

On the basis of the observation of the medium 
color and its comparison between the reference 
well and the wells with the placed cultivation disks, 
it was possible to exclude a negative impact of the 
disks on the development of tissue culture. To sup-
port this observation, a viability test was performed 
using trypan blue. The test results showing similar 
viability of all cultures are presented in Table 2.

DISCUSSION

The use of SLS technology allowed achieving 
the desired porosity of the produced structures. 

Figure 5. (a) photo of the printed culture disc, (b) 3D model of the structure based on 
the micrographs taken at a 500× magnification, obtained with the software included 

with the Keyence VHX 750 microscope, (c) surface roughness analysis
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The designed shape of the structure enabled cell 
culturing only in the area of the cell culture bad 
surface disk. The authors’ previous experiences 
suggested the need to create a structure that would 
allow limiting the culture surface to a strictly con-
trolled area, which is particularly important dur-
ing the initial phase of setting up the culture. In 
the beginning, structures with a flat surface were 
tested, which significantly hindered the proper 
initiation of the culture and its limitation only 

to the investigated surface. The geometry of the 
produced disk facilitated the colonization of the 
structure by cells, and the disk frame prevented 
the cell suspension from spilling beyond the po-
rous structure.

To separate the cells from the structure, 
trypsinization was conducted. For research pur-
poses, the trypsinization time was extended to 
the longest possible duration that was safe for the 
cells, which was 2 minutes. As a result of trypsin-
ization, approximately 1/3 of the expected num-
ber of cells exited the pores of the disk (Figure 
7d). This likely resulted from cells occupying 
pores from which it was difficult or impossible 
to extract despite rinsing the structure. Staining 
live cells within the pores of the structure should 
confirm the assumptions about the “comfort” 
of the structure for the cells. For such staining, 
MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphen-
yltetrazolium bromide] can be utilized [21, 22]. 
Nevertheless, observing the color change of the 
medium before and after trypsinization is suffi-
cient to confirm the usefulness of employing SLS 
technology for producing in vitro systems and 
cell culture substrates. However, it is important 
to consider the limitations associated with this 

Figure 6. Analysis of the surface structure with marked size of sample pores. The analysis was carried out on 
images captured at a 500× magnification using the software included with the Keyence VHX 750 microscope

Table 3. Parameters characterizing the obtained 
surface structure. The micrographs were captured 
at a 500× magnification and then analyzed using the 
Keyence VHX 750 microscope

Parameter Value

Sa 11.65 µm

Sz 96.33 µm

Sq 14.76 µm

Ssk -0.18

Sku 3.30

Sp 40.85 µm

Sv 55.48 µm

Area size 1730729.08 µm2
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Figure 7. (a) samples in wells A2 and A3, (b) reference well, (c) reference well, magnification 200×, 
(d) detached cells in the A4 well with dead cells stained in dark blue, magnification 200×

technology. One of the more significant limita-
tions is the ability to use only batch materials that 
absorb the laser beams light, which translates to 
the inability to use transparent materials. These 
materials are desired for observing cell cultures, 
but this limitation does not make it impossible. To 
mitigate this constraint, a 3D printer using SLS 
technology should be equipped with a laser of a 
wavelength outside the visible light range, e.g., a 
CO2 laser [41]. Unfortunately, due to the sinter-
ing of transparent powder, a transparent structure 
cannot be obtained. This limitation necessitates 
the use of reflected/incident light microscopes, 
rather than transmitted light microscopes.

Furthermore, further research will allow for 
determining specific porosity parameters, and 
consequently, defining the optimal geometric 
characteristics of porous structures conducive to 
cell colonization.

CONCLUSIONS

Polyamide powders are primarily used in 
SLS technology for 3D printing. At this stage 
of research, the authors have been working ex-
clusively with PA2200 polyamide, but are plan-
ning to conduct similar studies and tests on other 
materials. 

PA2200 is characterized by excellent me-
chanical, chemical, and thermal properties, mak-
ing it an ideal choice for a wide range of applica-
tions, from prototyping to the production of final 
parts. Additionally, this material was chosen for 
its biocompatibility after processing, a feature not 
commonly found in other materials used in this 
technology. The manufacturing technology that 
utilizes the sintering of PA2200 powders with a 

laser beam offers new possibilities in the field of 
tissue engineering substrate production. The abil-
ity to design and produce specific geometries of 
such constructs, both in terms of spatial charac-
teristics and within a limited range of porosity, 
represents an unconventional solution that has 
been previously overlooked in this area. Control-
ling process parameters allows for the creation 
of structures characterized by spatial and surface 
porosity without the need to design the internal 
geometry of the construct.

During the conducted research, the authors 
focused on analyzing the impact of printing the 
process parameters on the properties of the final 
product. Future planned studies on other materials 
will allow understanding their specific character-
istics and potential applications in SLS technolo-
gy. This will enable to optimize printing processes 
for various polymer powders, which is crucial for 
expanding the range of applications for this tech-
nology. Extending the conducted research to other 
materials will provide comprehensive knowledge 
about their behavior during the SLS process, ul-
timately enabling to better tailor printing param-
eters to the specific requirements of different in-
dustrial applications. Proper process control will 
enable the production of semi-permeable mem-
branes or scaffolds for tissue cultivation. This 
assumption of biocompatibility of the produced 
porous structure made from PA2200 powders us-
ing SLS technology has been confirmed based on 
micro- and macroscopic research and observa-
tions. Therefore, it can be stated that the applied 
3D printing technology combined with the cho-
sen material offers a wide range of possibilities 
for future applications in tissue engineering, both 
in terms of manufacturing culture substrates and 
entire systems for tissue cultivation.
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