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A B S T R A C T

The technology of bioprinting is arousing a growing interest in biopharmaceutical research and industry. In order
to accelerate process development in the field of bioprinting, image-based analysis methods are non-invasive,
time- and cost-saving tools which are useable for printer characterization, bioink printability evaluation, and
process optimization. Image processing can also be used for the study of reproducibility, since reliable production
is important in the transition from research to industrial application, and more precisely to clinical studies. This
study revolves around the establishment of an automated and image-based line analysis method for bioprinting
applications which enables an easy comparison of 3D-printed lines. Diverse rheological properties of bioinks and
the printing process affect the geometry of the resulting object. The line represents a simple geometry, where the
influence of the rheological properties and printing parameters is directly apparent. Therefore, a method for line
analysis was developed on the basis of image recognition. At first, the method is tested for several substances such
as Nivea®, pure and colored Kolliphor solutions, and two commercially available hydrogel formulations which
can be used as bioinks. These are Biogelx™-ink-RGD by Biogelx and Cellink® Bioink by Cellink. The examination
of limitations showed that transparent materials such as Kolliphor-based solutions cannot be analyzed with the
developed method whereas opaque materials such as Nivea® and both bioinks can be analyzed. In the course of
process characterization, the method was used to investigate the shrinkage behavior for both bionks. With the
help of the line analysis tool, a shrinkage behavior of both bioinks was demonstrated and thus, process time could
be identified as a critical process parameter.
1. Introduction

In recent developments, bioprinting is arising in the field of regen-
erative medicine (RM) and tissue engineering (TE) [1,2]. The use of
3D-printing technology allows additive manufacturing (AM) of artificial
tissues in a layer-by-layer deposition of materials containing cells [3].
These artificial tissues are promising for patient-specific implants which
can be employed as tissue replacement or as drug delivery systems [4].
Furthermore, tissue models can be used for clinical and pharmaceutical
studies as they are mimicking natural living conditions [5,6]. The lack of
tissue-specific bioinks with suitable properties represents a major issue in
development [7]. On the one hand, bioinks have to be optimized in terms
of printability and shape accuracy. On the other hand, mild conditions
must be guaranteed, as the bioink contains cells and biological material
[8]. Due to their high water content, bioinks mainly consist of hydrogels
which are water-containing but water-insoluble polymers whose mole-
cules are crosslinked to form a three-dimensional network. The network
in Life Sciences, Section IV: Biom
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can be designed for immobilzation of cells and biologic macromolecules,
while enabling diffusion of substrates and products [9,10]. Therefore, it
is important to know and control the width of a printed element to avoid
mass transfer limitations in printed systems containing cells [11]. The
used polymers can be either synthetic, such as polyethylene glycol (PEG),
or of natural origin [12,13]. Natural polymers can be divided into
polymers of polysaccharides (like alginate, chitosan, dextran, and hyal-
uronic acid) and protein-based polymers (like gelatine and collagen)
[14–20]. It is assumed that natural polymers have a good biocompati-
bility and do not trigger an inflammatory reaction of the immune system
[21]. Depending on the application, hydrogels are modified, e.g. by
incorporation of ligands and copolymers. This allows a better control of
the number and size of meshes, biodegradation, and cell adhesion
[22–25]. The different origins and modifications result in diverse optical
properties of the hydrogels from completely transparent like gelatine to
opaque and white [26].

In addition, each specific tissue has different requirements, e.g.,
olecular Separation Engineering, Karlsruhe Institute of Technology (KIT), Fritz-
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Table 1
Printing parameters of the respective materials. Pure and all colored Kolliphor-
based solutions were printed with similar parameters.

Parameter Nivea Kolliphor
hydrogels

Cellink
Bioink

Biogelx-ink-
RGD

Pressure [MPa] 0.33 0.13 0.03 0.025
Speed [mm/s] 30 10 10 10
Layer height
[mm]

0.1 0.1 0.1 0.1

Offset [mm] 0.05 0.05 0.05 0.05
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mechanical integrity and stability, and a universal bioink is most likely
not to be found [3]. A general problem is the absence of standardized
analytical methods to simplify the comparability and selection of bioinks.
For bioink characterization, rheological measurements have been
established to determine the printability and behavior during extrusion
[27–30]. However, the exact printing parameters cannot yet be derived
from the rheological properties. Bioprintability is classified by checking
the bioprinted object in comparison to the given computer-aided design
(CAD) model [31,32]. Another rather qualitative approach is to use
overhanging structures to test filament collapse and to compare the de-
gree of strand fusion of parallel printed filaments [33]. These examina-
tions are carried out offline and sometimes take a long time, so that no
high-throughput analysis is possible. Image-based methods offer other
options as they evaluate large data sets automatically. Online monitoring
with a camera system is also conceivable. The analysis of images cannot
only be used for classifying the printability of bioinks, but also for printer
characterization and printing process optimization in a standardized
way. Image processing is widely used for quality inspection in production
processes in several industries such as the printing and packaging in-
dustry and the automotive industry, and also, medical image processing
is used for diagnostic purposes [34,35]. In the field of 3D-printing, image
analysis is already being investigated for characterization of the strands
generated by melt electro writing [36]. The printability and shape ac-
curacy of bioinks is often evaluated by analyzing the shape of an extruded
strand and measuring the widths and angles of extruded objects after
bioprinting [31,37–39]. The measurement takes place individually and
manually by marking the widths in a software [40]. Consequently, these
methods are susceptible to differences when used by different users. Even
simple line width determination is prone to errors as the width can be
influenced by the local measurement point at which it is measured
because not all lines must have constant widths at every position. In the
light of the above and even though we are standing on a new aera of
bioprinting as a production and formulation tool in the fields of regen-
erative medicine (RM) and tissue engineering (TE) [1,2] process ana-
lytics are not present or ready for it. The aim of this study is to establish
an automated image-based line analysis tool which measures line width,
length, and area based on images of extruded bioink strands in a stan-
dardized way, where line width measurements are only possible within a
defined stable area. The intention is to establish a method which can be
used to recognize the impact of changes in bionk formulation, in printer
systems, and on the outcome of printing processes. This PAT-tool was
then used to measure the shrinkage behavior of bioinks to evaluate if the
process time is a critical process parameter as bioinks might dehydrate
over time.

2. Materials and methods

2.1. Bioprint substances and bioink preparation

Syringes including pistons were ordered from Nordson Corporation
(Westlake, USA) and six-well glass bottom plates were purchased from
IBL Baustoff þ Labor GmbH (Gerasdorf, Austria). Conical 25 G nozzles
were obtained from Cellink (Gothenburg, Sweden). As printed sub-
stances, Nivea® Creme by Beiersdorf AG (Hamburg, Germany) and a
solution of 30% (w/w) Kolliphor P 407 (Sigma-Aldrich, USA) dissolved
in ultrapure water (arium® pro VF, Satorius AG, G€ottingen, Germany)
were used. Two commercially available bioinks, namely Cellink® Bioink
(Cellink, Gothenburg, Sweden) and Biogelx™-ink-RGD (Biogelx Ltd,
Newhouse, United Kingdom) were also printed. According to manufac-
turer specification, 149 mg bioink powder were dissolved in 2.25 ml of
the kit’s solution B and were kept in the refrigerator over night at 4 �C.
Then, the solution was mixed with 1.25 ml of Dulbecco’s Modified Ea-
gle’s Medium (DMEM) (ThermoFisher Scientific, Waltham, USA) and
incubated for 2h at 37 �C. 30% (w/w) Kolliphor solution as base and
manufactured as described in the upper section was colored with
different dyes to increase contrast. Therefore, a solution of 2.5% (w/w)
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red powder food coloring (Brauns Heitmann GmbH & Co. KG, Warburg,
Germany), a solution of 2.5% (w/w) red paste-like food coloring (Dr.
August Oetker Nahrungsmittel KG, Bielefeld, Germany), and a solution
with a spike by Sicopharm Cochineal Red (BASF, Ludwigshafen, Ger-
many) were produced.

2.2. Bioprinting process

All 3D-printing experiments were carried out with a pneumatic
extrusion-based bioprinter 3D Discovery™ provided by regenHU com-
pany (Villaz-St-Pierre, Switzerland). With the BioCAD software
(regenHU, Villaz-St-Pierre, Switzerland), 3 cm long lines were designed
and printed in each welll of a six-well plate. The respective printing pa-
rameters of materials are listed in Table 1.

2.3. Image processing

Images of the printed lines were taken using the microplate reader
Spark® provided by Tecan Group AG (M€annedorf, Switzerland), and
each well was measured using the cell confluence method in the Spark-
Control Software™ (Tecan Group AG, M€annedorf, Switzerland). Two
image files were generated as output files. One has already been analyzed
by the software and one is comparable to a stitched microscope image in
grayscale which was imported into Matlab® R2019a (TheMathWorks,
Natick, USA) for further study. The image processing sequence is shown
schematically in Fig. 1 a).

b) shows exemplarily the image processing: The original image is
converted to binary, the image is segmented, and small objects are
deleted. Then, a histogram is created by counting and converting pixels
per column. Area and length can be determined. Line width is only
determined if a plateau containing a stable area is found.

Before processing the images, the file directory is chosen, the refer-
ence width which is equal to the nozzle diameter and the conversion
factor from pixel to millimeter are imported. The image processing is
shown by an example image in Fig. 1 b). Initially, the original image is
read in and converted into a binary image. Then, the image is segmented
by deleting small objects, clearing the boarders and detecting the object.
As the limitations of the method were also investigated and this is a
critical step, a user query was here introduced. After the user’s confir-
mation of correct line detection, the actual line analysis starts. At first, a
histogram is created by counting white pixels for each column and by
converting them in millimeters. The length is calculated as the number of
white pixel columns and the area is determined as the conversion of the
sum of all white pixels in all columns as described in Euqations 1 and 2.

length¼ number of columns containing white pixels � conversion factor (1)

area¼
X

white pixels � conversion factor2 (2)

In order to measure the width, the corner points in the first and last
third of the histogram are recognized and the distance between the
corner points is isolated as a plateau. This plateau will be further
examined if there is a stable area which is useful for a line width



Fig. 1. Overview of the data and image processing: a) represents a schematic flow chart of data processing. At first, raw image files are filtered and application-specific
parameters are imported. Each file is analyzed individually in a loop in which the user has to confirm or deny correct object detection. In the case of correct object
detection the actual line analysis starts. At the end, all results are saved and exported for each file.
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determination. The plateau is divided into 10 parts and for each section,
the slope, which is ideally 0, is calculated individually. A tolerance cri-
terion was introduced; it is shown in Equation (3).

tol¼
deviation

l

reference width
(3)

The tolerance (tol) is defined as the permitted percentage deviation of
the reference width per the length of 1 mm strand (l). Consequently, the
tolerance is dependent on the nozzle diameter and is higher with a bigger
diameter. A deviation of 3% was used, and the reference width corre-
sponds to the nozzle diameter of 0.26 mm. As long as the slope of the
section was within this tolerance, the section extended constantly to both
sides and the slope was calculated for each extension until the criterion
was no longer met or the edge was reached. If the length was greater than
5 mm, it was determined as a stable area and the line width was calcu-
lated by averaging the values of the section. Otherwise, the line was not
considered constant and a line width determination was not possible.
3

2.4. Shrinkage study

Three cartridges by Cellink® Bioink and Biogelx™-ink-RGD (n ¼ 3)
were prepared on three different days for investigating the drying and
shrinkage behavior of bioinks. Each cartridge was used for printing in
each well of one six-well plate (n ¼ 6) so that in total 18 lines were
printed for each bioink. A schematic representation is shown in Fig. 2.

The plates were analyzed after 0, 2, 5, and 10min as described in
Section 2.3.
2.5. Data analysis and statistical analysis

Data evaluation, image processing, statistical data analysis, and
visualization were done with Matlab® R2019a (TheMathWorks, Natick,
USA). In the case of failed object detection, data were examined for
outliers and these were removed if they deviated from the median by
more than three scaled mean absolute deviations. All results for one
property obtained from one plate were checked for normal distribution



Fig. 2. Schematic process of the shrinkage study: 3 cartridges were prepared as biological replicate (n ¼ 3) and with each cartridge one plate was printed containing 6
lines as technical replicate (n ¼ 6) so that in total 18 lines were printed for Cellink® Bioink and Biogelx™-ink-RGD. The plates were analyzed by the cell confluence
method in the multimode plate reader after 0, 2, 5, and 10min.

Table 2
Results of the line detection feasibility study with four bioinks.

Material Correct line detection

Nivea® √
Pure Kolliphor solution �
Kolliphor with food coloring powder �
Kolliphor with food coloring paste �
Kolliphor with Cochineal Red �
Cellink Bioink √
Biogelx-ink-RGD
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using the Anderson-Darling test, and one-way analysis of variance
(ANOVA) was performed. An additional repeated-measures ANOVA was
carried out during the examination of skrinkage behavior. Here, ANOVA
was between the values for eacht point of time with time zero for each
property of each plate. For all ANOVA investigations, α was set to 0.05
and a p-value below 0.05 was classified as statistically significant.

3. Results

3.1. Line analysis tool

In order to simplify the systematic process development in the field of
3D-bioprinting, the line analysis tool was established which enables a
reproducible and automated analysis. At first, the applicability for bio-
inks with different optical properties was examined. It was started using
Nivea® as a model ink with good optical properties, followed by exper-
iments with Cellink Bioink due to its opaque appearance and due to the
fact that it is a real bioink. Then, Biogelx™-ink-RGD was tested as it is
more transparent and finally completely transparent Kolliphor solution
was assessed. The results of Nivea® lines are shown in Fig. 3.

In each well of a six-well plate, a line was printed (n ¼ 6) and was
examined for length, width, and area. This was done for three plates so
that in total, 18 lines were analyzed. Shown is the mean of length, width,
and the area for each plate with standard deviation. The mean length is
29.1 mm ( �0.2 mm), and the mean area is 38.9 mm2 ( �0.3 mm). Both
properties are comparable for all three plates and not statistically sig-
nificant. A statistical significance was found with a p-value of 0.007 for
the width. The mean width of 0.64 mm by plate three differs from the
mean value of 0.61 mm of plate one and plate two. Experiments using the
Fig. 3. Results of the analysis of 3 cm long printed lines with Nivea®. Length (a)), w
printed with six lines each (n ¼ 6) resulting in 18 lines in total and compared as bi
width of the lines (p ¼ 0.007).

4

more opaque Cellink ® Bioink and the more transparent Biogelx™-ink-
RGD also showed a successful line detection and analysis. These two
bioinks have been examined in more detail; the results are shown in
Section 3.2. Kolliphor is a polymer which forms a completely transparent
hydrogel after being dissolved and this hydrogel was also tested. Here,
the object detection failed. In a subsequent approach, the contrast of
Kolliphor solution was increased in three approaches with food coloring
powder, paste, and Cochineal Red. The lines of these three approaches
were also wrongly identified during image processing. The results are
summarized in Table 2. A table showing exemplary pictures of typical
detection and misdetection for the different materials can be found in the
supplementary data.

3.2. Shrinkage study

Hydrogels have a high water content and over time, the water
evaporates. The evaporation becomes visible by the shrinking of the
bioprinted structures. The larger an object, the longer the printing time.
idth (b)), and area (c)) were determined via image processing. Three plates were
ological triplicates. Statistical significance (one-way ANOVA) was found for the
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Hence, it may start to shrink while it is still in production. A shrinkage
study was conducted using the line analysis tool with Cellink® Bioink
and Biogelx™-ink-RGD to assess whether the process time is a critical
process parameter. The bioinks were chosen as both are already
commercially available and are based on different materials. In addition,
the results at time t ¼ 0min were compared to investigate the repro-
ducibility of the printing process. For each bioink, lines were printed in
each well of a six-well plate (n¼ 6) and this was done as triplicate (n¼ 3)
on three different days. In total, 18 lines per ink were printed and
analyzed for t ¼ 0, 2, 5, and 10min. For each point of time, the mean
values for length, width, and area for each plate were calculated. The
analysis of the lines directly after printing is shown in Fig. 4a)–c) and the
results for Biogelx™-ink-RGD are displayed in d)-f). Based on the results,
the reproducibility of the printing process was statistically examined.

The means of length, width, and area with standard deviation are
plotted in a separate bar chart. The values were calculated based on the
six lines of each plate at t ¼ 0min and the results of the three plates are
shown side by side for the respective properties. The results are visual-
ized in a)-c) for Cellink® Bioink and in d)-f) for Biogelx™-ink-RGD. The
mean length for Cellink ® Bioink is plotted in a). The maximum length is
28.56 mm and the minimum length is 28.56 mm. The mean width for
Fig. 4. Results of the analysis of 3 cm printed long lines in a)-c) with Cellink® Bioink
via image processing directly after printing (t ¼ 0min). The experiment was run as trip
6) were printed on each plate, resulting in 18 lines in total, and no statistical signifi
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Cellink® Bioink is from maximum 0.95 mm to minimum 0.83 mm. The
maximum mean area is 53.44 mm2 and the minimum is 46.21 mm2. The
values are comparable and during one-way ANOVA, no statistical sig-
nificance was found.

For Biogelx™-ink-RGD, the averages of plates one and two were
calculated based on five lines, because object detection failed for one
line. In d), the length of Biogelx™-ink-RGD is in the range of minimum
28.29 mm to maximum 28.65 mm. The mean width is maximum 0.99
mm and minimum 0.9 mm. The maximum mean area is 6.57 mm2 and
the minimummean area is 50.66 mm2). Both, width and area, are higher
in plate three than in plates one and two. For all three properties, the p-
value was higher than 0.05 and no statistical significance (one-way
ANOVA) was observed. To observe the shrinkage behavior of the bioinks,
the same lines were again analyzed for all three properties using the
identical method after two, five, and 10 min. The results are presented in
Fig. 5 for Bioink and in Fig. 6 for Biogelx™-ink-RGD. For each plate
length, width, and area are plotted as mean values of the six lines with
associated standard deviation for the respective points in time. Here,
each plate is shown in a separate row.

In general, the results shown in Fig. 5 reveal in all properties a
declining trend which means that the size is shrinking with time. The
and in d)-f) with Biogelx™-ink-RGD. Length, width, and area were determined
licate on three different days (n ¼ 3) where one plate was printed. Six lines (n ¼
cance (one-way ANOVA) was found for any property.



Fig. 5. Results of the analysis of 3 cm printed long lines with Cellink® Bioink. Six lines were printed per plate (n ¼ 6) and the experiment was run as triplicate with
three plates (n ¼ 3) printed on three different days resulting in 18 lines in total. Length, width, and area were determined via image processing for different points in
time (t ¼ 0, 2, 5, and 10min). The results for plate one are shown in a)-c), for plate two in d)-f), and for plate three in g)-i). For length, width, and area, a repeated
measures ANOVA analysis of all three plates showed statistical significance with p-values below 0.005.
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standard deviation on plate two is a factor of three times higher in
comparison to the other two plates. A repeated-measures ANOVA was
performed for every property for all plates where mean values of the
points of time were compared to time zero. For all data sets a statistical
significance was found with p-values below 0.005. The statistical sig-
nificance between the data sets is marked with an asterisk in the figure.

In Fig. 6, the length decreases constantly from 28.64 mm ( �0.8 mm)
to 28.44 mm (�0.3 mm) for plate two and from 28.43 mm (�0.9 mm) to
28.35 mm ( �0.9 mm) for plate three. On the first plate, the length of
28.58 mm ( �1 mm) measured after 5 min is higher than that of 27.96
mm ( �1 mm) which was measured after 2 min. The same applies to the
width. The width of plate two decreases from 0.9 mm ( �0.05 mm) to
0.83 mm ( �0.01 mm). The highest mean width was measured for plate
three with a width of 0.99 mm ( �0.07 mm) which drops to 0.94 mm (
�0.08 mm). On plate one, the value of the width measured after 2 min is
0.86 mm ( �0.12 mm) and increases to 0.98 mm ( �0.14 mm) after 5
min. Also, the highest mean area was measured on plate three which
decreased from 56.57 mm2 ( �6 mm2) to 53.27 mm2 ( �5.68 mm2)
within 10 min. The mean area of plate two decreases from 51.02 mm2 (
�3.1 mm2) to 48.47 mm2 ( �3.08 mm2). On plate one, there is again an
6

increase in the mean area after 2 min from 47.81 mm2 ( �8.36 mm2) to
52.71 mm2 ( �10.91 mm2). Except for the length of plate one with a p-
value of 0.437, repeated-measures ANOVA analysis of all three plates
showed a statistical significance between the data sets with p-values
below 0.005. The statistical significance between the data sets is again
marked with an asterisk in the figure.

4. Discussion

In order to simplify the process development for bioprinting, espe-
cially cell based applications where material thickness plays a major role,
the image-based line analysis tool was developed to characterize the
length, width, and area reproducibly. This tool is intended to make the
printing process safer for clinical applications and facilitates the evalu-
ation of printed lines. As automated imaging of 3d-printed objects is not
yet possible with the in house tested commercially available cameras
incorporated into 3d-printers, images were generated offline. For
example one camera is oriented at a certain angle so that an imaging of
objects within a well is not possible. Also, the camera’s focus is fixed to
the needle and it is not possible to take a photo automated after having



Fig. 6. Results of the analysis of 3 cm long printed lines with Biogelx™-ink-RGD (n ¼ 6). Six lines were printed per plate (n ¼ 6) and the experiment was run as
triplicate with three plates (n ¼ 3) printed on three different days resulting in 18 lines in total. Length, width, and area were determined via image processing for
different points in time (t ¼ 0, 2, 5, and 10min). The results for plate one are shown in a)-c), for plate two in d)-f), and for plate three in g)-i). Repeated-measures
ANOVA analysis of all three plates showed statistical significance with p-values below 0.005. Only the length of the first plate shows no statistical significance with a p-
value of 0.437.
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finished the bioprint. Additionally the quality is not high enough for
further image processing. Thus, imaging was done using a multiwell-
plate reader as it easily enables an automated imaging for each well
with the same method under an identical illumination set up. The
developed method is important because it allows the analysis of a simple
structure. Each complex geometry can be traced back to a few simple
geometries and if already the first layer of an 3d-printed object is
defective then this affects the entire 3D structure as the layers no longer
adhere properly to one another. Of course, the line analysis is a first step
but other structures such as circles and angle accuracy should be
analyzed as well. Another possibility is to use the method for the com-
parison and characterization of bioprinting systems which again is
important to increase reproducibility.

At first, the method was tested with model ink Nivea® as used as
standard or control for pretests in 3d-printing processes [41]. Nivea® can
be used for pretests without bioactive molecules as it is lacking
biocompatibility but as Paxton [27] already argued it “is cheap, has a
constant quality and composition, and is an example of a soft colloidal
ink. Amongst other products, Nivea Cr�eme, which has been established
7

by bioprinter manufacturing company RegenHU (Switzerland) as
demonstration ink, shows very good print fidelity."

On three days, one cartridge was prepared and one plate printed so
that the experiment was run as a biological triplicate. An imagewas taken
from each of the six lines of each plate and was imported into Matlab®
and evaluated using the image processing method. During image pro-
cessing, all Nivea® lines were detected correctly as objects. The line
widths showed a statistical significance between the data sets for each
plate, which means that they differ from each other, although all lines
were printed under the same conditions using identical printing param-
eters. All line widths are bigger than the nozzle diameter of 0.26 mm due
to expansion. The deviations are due to changes within the printer sys-
tem. The printer system does not work reprodicibly and differences in
applied pressure, speed, and offset can occur. Line width is a sensitive
parameter in which slight variations are directly visible. Due to the
different compositions of bioinks, they also have different optical prop-
erties. Therefore, the limitations of the method were investigated. In the
following attempts to analyze lines printed with pure and colored Kol-
liphor solutions, object detection failed. The reason is the transparency of
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material which is caused by the high water content of the hydrogel. Light
is reflected on the object surface and creates bright areas. During the
binarization step, these areas are transferred to white pixels so that the
object contour is interrupted and the algorithm recognizes the object
only partially. On the other hand, both bioinks, Bioink and Biogelx™-ink-
RGD, are more opaque and can again be recognized by the algorithm.
They have ingredients that lead to light scattering which prevents light
reflections. As the bioinks have a high water content and the water
evaporates over time, the line analysis tool was then applied to investi-
gate whether the process time is a critical process parameter. A shrinkage
study was conducted where all lines were analyzed directly after printing
and again after 2, 5, and 10min. In addition, all lines were compared at
time t¼ 0min to investigate whether they differ significantly statistically
and to evaluate the reproducibility of the printing process. On two plates,
one Biogelx™-ink-RGD line was detected incorrectly. Biogelx™-ink-RGD
is more transparent than Cellink® Bioink. Thus, again, high transparency
leads to fail detection. By comparing the lines right after printing, there
was no statistical significance found between the mean data sets of each
plate. Especially the lengths of the lines are comparable, as a maximum
mean length for Cellink® Bioink was measured to be 28.56 mm ( �0.31
mm) and a minimum length to be 28.09 mm ( �1.4 mm). The mean
length of Biogelx™-ink-RGD was from maximum 28.65 mm ( �0.5 mm)
to minimum 28.3 mm ( �0.81 mm). The width measured with Cellink®
Bioink ranges from maximum 0.95 mm ( �0.96 mm) to a minimum
width of 0.83 mm ( �0.99 mm). With Biogelx™-ink-RGD the width
varies from maximum 0.99 mm ( �0.06 mm) to minimum 0.91 mm (
�0.11 mm). Also, the area varies in a range from maximum 56.67 mm2 (
�6.99 mm) for plate three with Biogelx™-ink-RGD to a minimum area of
46.22 mm2 ( �3.55 mm2) on plate three for Cellink® Bioink. The widths
and areas are more sensitive to fluctuations within the printer system.
When considering the high water content of hydrogels and the change in
properties over time, the shrinkage of the lines becomes obvious. The
water evaporates and hence the size of the lines changing decreases. For
building up a 3D model, the printing time and the change of the object
height should be considered and can be limiting [42]. If an object is built
with many layers, the height is calculated for each layer. The larger the
object, the longer the printing process. If this takes too long, the object
will start to shrink and the layer height will not be correct after a certain
time. This will cause the object to become faulty. As a result, the process
time is a critical process parameter which poses two problems. Firstly, the
printing time or the CAD model must be optimized or shrinkage can be
prevented by a regulated humidity chamber. Secondly, the analysis of
printed objects must be carried out immediately after printing and as
quickly as possible because the properties already change after a few
minutes. A general disadvantage of the used method is the long imaging
process when using the plate reader because it takes 2min to generate
one picture for one well. It can be assumed that the high water content of
bioinks decreases especially at the beginning. On the other hand, the
constant conditions are advantageous, as the illumination and recording
settings are always the same. For future applications, a set-up has to be
found which enables a fast imaging process with a proper illumination
which allows the analysis of transparent bioinks. The shrinkage behavior
should be evaluated again with a more suitable set-up. The change in size
is also confirmed by the significance in the repeated-measures ANOVA.
Here, the data sets of all points in time were examined for statistical
significance with time zero. The data at different points in time are
differing and are not comparable. One exception is plate one of Bio-
gelx™-ink-RGD. Here, the lines seem to grow in time, but this can be a
detection problem due to the bioink’s transparency.

5. Conclusion

Imaging-based analysis methods are promising PAT-tools for evalu-
ating 3D-printed objects. These can be applied for printer characteriza-
tion, for evaluating the printability of bioinks, and for optimization of
printing processes in a non-invasive way in order to facilitate the
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application of bioprinting in the fields of regenerative medicine (RM) and
tissue engineering (TE) [1,2]. The established method was applied suc-
cessfully for printed-line characterization. A first layer characterization is
important as the printing accuracy for simple structures can be analyzed
and a correct first layer is important to build up a whole object in layers.
Object heights can also be analyzed by image processing. The length,
area, and width can be determined. A new criterion and strategy were
introduced to calculate the width within a stable area, otherwise a wide
variation for width determination is possible. Nevertheless, the method
showed some limitation during pre-tests. At current state, light re-
flections cause a discontinuous object contour for transparent materials
and therefore the objects are detected incorrectly. For future application,
the lighting has to be optimized to achieve an appropriate illumination.
The second limitation is the speed of the imaging process as the image
generation takes 2min in the cell confluence method. Nevertheless, a
shrinkage behavior of bioinks has been demonstrated and should be
considered for planing bioprinting processes. In general, the image pro-
cessing method can be adapted to arbitrary image files and is a progress
becausemultiple images can be analyzed in a completely automated way.
This is a progress for systematic process development and a prerequisite
for the transfer from research to clinical applications and industry. Ad-
vantageous is the high reproducibility and the minimization of variation
as it is independent of the user. At the same time, it is a robust and
time-saving method as the user can analyze all images at once.
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