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Abstract: Three-dimensional bioprinting and especially extrusion-based printing as a most frequently
employed method in this field is constantly evolving as a discipline in regenerative medicine and
tissue engineering. However, the lack of relevant standardized analytics does not yet allow an easy
comparison and transfer of knowledge between laboratories regarding newly developed bioinks
and printing processes. This work revolves around the establishment of a standardized method,
which enables the comparability of printed structures by controlling for the extrusion rate based
on the specific flow behavior of each bioink. Furthermore, printing performance was evaluated
by image-processing tools to verify the printing accuracy for lines, circles, and angles. In addition,
and complementary to the accuracy metrics, a dead/live staining of embedded cells was performed
to investigate the effect of the process on cell viability. Two bioinks, based on alginate and gelatin
methacryloyl, which differed in 1 % (w/v) alginate content, were tested for printing performance. The
automated image processing tool reduced the analytical time while increasing reproducibility and
objectivity during the identification of printed objects. During evaluation of the processing effect of
the mixing of cell viability, NIH 3T3 fibroblasts were stained and analyzed after the mixing procedure
and after the extrusion process using a flow cytometer, which evaluated a high number of cells. It
could be observed that the small increase in alginate content made little difference in the printing
accuracy but had a considerable strong effect on cell viability after both processing steps.

Keywords: alginate; bioprinting; bioink; biomaterials; fibroblasts; GelMA; printability; flow cytometry

1. Introduction

Artificially generated scaffolds loaded with cellular material in the field of tissue
engineering find their application as implants to replace damaged tissue and as models
to study diseases or the effect of active compounds [1,2]. In this context, hydrogels are
commonly employed, as these biomaterials form a highly swollen network in the aqueous
phase resembling the physical structure of the extracellular matrix [3]. The biochemical
composition of such tissue analog can be formulated according to the specific applica-
tion. Therefore, naturally derived polymers, such as polysaccharides, e.g., alginate and
hyaluronic acid, as well as proteins, e.g., collagen and gelatin, are suitable components [4].
Biofabrication methods, such as three-dimensional (3D) bioprinting, have gained attention
in this field, as a wide range of material compositions can be used, and the method is
relatively easy to scale-up [5]. So-called bioinks are produced for this purpose, which
comprise polymer solutions with embedded cells [6]. Extrusion-based bioprinting (EBB)
processes have to fulfill several requirements for the layer-by-layer generation of 3D struc-
tures intended for the application as tissue analogs. From the structural point of view,
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predefined geometries, which can be traced back to a series of simple structures that are
stacked on top of each other, have to be produced accurately. In the final stages, the bioinks
should retain the fabricated shape. During and after the printing process, high cell viability
has to be maintained as the cells undergo mechanical stress during the process. The created
network must support both vascularization and metabolic activities during cell culture.
Meeting the structural and biological requirements has been accepted as a compromise.
This is because parameters that increase the stability of printed scaffolds have a negative
impact on cell viability, as those increase shear stress [2,7,8]. Although the rheological
characterization of bioinks is a standard in bioprinting, the gained information is rarely
exploited in the settings of printing parameters [9-11]. The common systematics of print-
ability studies relies on a constant pneumatic pressure and/or printing speed while using
different bioink compositions [9,12,13], and no relationship between those parameters is
presented. Other studies simply set the printing parameters for each tested bioink in a
rather arbitrary manner [11,14]. Furthermore, the aforementioned approaches may result
in unequal amounts of extruded material since the rheological properties of the bioinks
depend on the polymer content and the type of polymer. Therefore, such methodologies
do not allow an adequate comparison of the structural characteristics from the printed
scaffolds based solely on the material properties. This issue was addressed in the review
by Gillispie et al. [15]. Furthermore, methodologies for the evaluation of printed structures
are lacking standards as well. Methods in that field consist of the manual extraction of the
metrics of the produced structures [16-20]. Such methods are prone to observer-dependent
errors and are not reproducible. One possible post-printing analysis method circumvent-
ing this drawback is automated image analysis. This method shows the advantages of
automation, leading to higher reproducibility as well as objectivity. In addition, images
and extracted data undergo long-time storage. These methods are well established for
quality control in production processes [21,22]. There have been advances in the image
analysis field, but workflows still include several manual observer-dependent steps [18].
The determination of cellular viability mostly consists of evaluation of images acquired by
microscopy. On the one hand, specific characteristics, such as the morphology and size of
the cells can be extracted from the images, but on the other hand, the images represent only
a small portion of the printed structure. Studies in the field are limited to a low number of
cells in the range of hundreds of cells [23,24]. The reproducibility as well as the significance
of the results regarding cell viability can be increased by the implementation of automated
image processing workflows, as well [25,26]. A further option to quantify several thousand
cells is flow cytometry as already tested in a few studies in the field [27,28]. The lack
of standardized printing methodologies as well as techniques for the evaluation of the
printing performance of bioinks presents a limitation in the development of formulations
as a comparison within and between laboratories.

In this work, we aim to establish robust and objective methods for the evaluation of
the printing performance of biomaterial inks and bioinks. The rheological properties of
two biomaterial inks were characterized in order to determine the relationship between the
printing speed and pneumatic pressure of each biomaterial ink and, therefore, control the
flow rate within experiments. The assessment of the printing performance considered the
accuracy of printing single-layer structures, i.e., lines, circles, and angles. For this purpose,
automated image processing workflows were developed to extract geometrical features
from the produced structures. The developed tools were used in order to characterize the
effect of the bioink composition as well as the presence of cells on the resulting geometry.
As a second part of the investigation of the printing performance, the viability of cells
embedded in the bioink was determined directly after the mixing step and after bioprinting
via staining and data acquisition by means of flow cytometry.
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2. Materials and Methods
2.1. Cell Culture

NIH 3T3 mouse fibroblasts (CLS Cell Lines Service GmbH, Eppelheim, Germany) were
incubated in Dulbecco’s Modified Eagle Medium (DMEM, high glucose, GlutaMAX™) sup-
plemented with 10 % (w/v) fetal bovine serum (FBS), 50 U mL ™! penicillin, and 50 pg mL ™!
streptomycin. Cell culture media and supplements were acquired from Gibco™(Thermo
Fisher Scientific, Waltham, MA, USA). Fibroblasts were cultured in tissue culture (TC)
flasks at 37 °C in a humidified atmosphere containing 5 % CO,. Cells were passaged upon
reaching 70 % to 80 % confluency.

2.2. Biomaterial Ink and Bioink Preparation

Gelatin methacryloyl (GelMA) was produced from Type A Gelatin (300 bloom strength,
Sigma-Aldrich, St. Louis, MO, USA) according to the method published by Grijalva Garces
et al. [29]. The degree of functionalization of used GelMA was 65 % determined by the
method by Habeeb [30]. Alginic acid sodium salt was obtained from Sigma-Aldrich
(A2033, from brown algae). The adequate quantities of biomaterial were dissolved in
Dulbecco’s Phosphate Buffered Saline (DPBS, without calcium and magnesium, Thermo
Fisher Scientific) and mixed at 3500 rpm for 5min in a SpeedMixer® (Hauschild GmbH &
Co. KG, Hamm, Germany). The biomaterial ink was filled directly to a final volume of 3mL
into 10 mL cartridges (Nordson Corporation, Westlake, OH, USA) for cell-free printing.
Not all formulations employed in this study contained cells, which is why they are referred
to as ‘biomaterial inks’ instead of ‘bioink’ for the sake of clarity. Alginic acid and GelMA
solutions for the cell-containing experiments were prepared as mentioned above. However,
the initial concentration was higher, taking into account the dilution of the biomaterial ink
after the mixing of the cell suspension with the cell-free biomaterial ink. The concentrated
biomaterial ink was transferred to 5 mL syringes (B. Braun SE, Melsungen, Germany). Cells
were harvested from the TC flasks with trypsin/ethyleneaminetetraacetic acid (Gibco™),
centrifuged at 300 rcf for 5 min, and resuspended in 150 pL fresh DPBS. Subsequently, the
cell suspension was transferred into 3mL syringes (B.Braun). The syringe filled with
biomaterial ink and the cell containing syringe were connected via a Luer-Lock adapter and
mixed by pushing five times back and forth between both syringes. The cell-laden bioink
was then loaded into the 10 mL cartridges for printing and sealed with pneumatic pistons
(Nordson Corp.). The first formulation was prepared with 3 % (w/v) alginate and with
3% (w/v) GeMA (A3G3), the second 4 % (w/v) alginate and 3 % (w/v) GeIMA (A4G3). The
final cell count was set to 2 x 10° cells mL ™ for the bioinks. A summary of the formulations
with the respective components is shown in Table 1.

Table 1. Biomaterial ink compositions as employed in this study and abbreviations used throughout
this work. Power law exponent and consistency index according to the Ostwald—de Waele relationship
were determined as mentioned in Section 2.3 and used for the calculation of the specific pneumatic
pressure for printing performance experiments.

Abbr. Alginate GelMA PowerLaw  Consistency = Pneumatic Pressure

(% (wlv)) (% (wlv)) Exponentn Index K (Pas™) (kPa)
A3G3 3 3 0.35 146.39 80.5
A4G3 4 3 0.32 284.09 129.1

2.3. Rheological Characterization

The rheological behavior of the polymer solutions was characterized based on the
shear rate-dependent viscosity. For this purpose, a rotational rheometer Physica MCR301
(Anton Paar GmbH, Graz, Austria) with a cone-plate geometry (diameter 25 mm, cone angle
1°) was used. Additionally, a solvent trap was used to prevent the sample drying during
measurements. The viscosity of both cell-free formulations, i.e., A3G3 and A4G3, was
determined as a function of the shear rate in the range of 1 x 107 !s~ ! to 1 x 1035~ 1. The
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data of the viscous behavior were fitted according to the Ostwald—de Waele relationship,
and the values of the power law exponent 1 and the consistency index K were determined
for this model using Origin 2021 (OriginLab Corporation, Northampton, MA, USA). The
rheological characterization was carried out as three biological replicates (n = 3) with a set
of three technical triplicates (n = 3) each, resulting in data sets of nine replicates. For each
biological replicate, an independently prepared solution was used.

In order to control the extrusion rate, i.e., the deposited material amount, the Ostwald-
de Waele relationship was coupled with the Hagen-Poiseuille equation for the volumetric
flow rate Q through a cylindrical capillary, see Equation (1), where R and I represent the
capillary radius and length, respectively. The geometric variables of the capillary were
taken according to the nozzle (inner diameter 0.61 mm, length 12.7 mm, Nordson Corp.)
intended for the printing process. For evaluation of the printing accuracy in Section 2.4.1,
the printing speed was set equal to the mean velocity @ during extrusion at 10mms~!,
and the required pneumatic pressure p was calculated. The pneumatic pressures used for
printing of both formulations are given in Table 1.

1/n
o ’ nri R3n+1p
Q=omR _3n+l< 2K1 @

2.4. Printing Performance Evaluation

A key aspect of bioprinting is the reproducibility and accurate fabrication of scaffolds
while maintaining a high viability of the cells within the bioink. Therefore, the character-
ization of the printing performance consists of two parts, namely, the assessment of the
printing accuracy, where the printed structures were compared to the predefined computer-
aided design (CAD) model, and the determination of the living and dead cell counts after
the extrusion process via fluorescent staining.

All printing and extrusion experiments were performed with a BioScaffolder 3.1
bioprinter (GeSiM mbH, Radeberg, Germany). The cartridge with the attached stainless-
steel nozzle (inner diameter 0.61 mm, length 12.7 mm, Nordson Corp.) was placed on the
holder and connected to the air supply. The structures were printed on glass microscopy
slides with a distance of 0.5 mm to the nozzle tip. The applied pneumatic pressures were
calculated as mentioned in Section 2.3. The specific values are listed in Table 1. The
applied pressure was verified beforehand with a barometer Go Direct® (Vernier Software &
Technology, Beaverton, OR, USA), and adjusted, if required.

2.4.1. Printing Accuracy Assessment

The aim of the printing accuracy assessment was to find out how accurately the printed
structure matches the CAD model. Three single-layer structures, namely a line, a circle, and
an object consisting of multiple angles, were printed, imaged, and analyzed. An overview
of the objects with corresponding dimensions is given in Table 2.

Each structure was printed as a set of 3 biological replicates (n = 3) and 8 technical
replicates (n = 8) resulting in total in 24 objects per bioink and biomaterial ink. The
biological replicates of the cell-free experiments consisted of independently prepared
biomaterial inks. For the bioinks, cells were additionally harvested directly prior to the
mixing step from independent TC flasks. Each object was printed on glass microscope
slides. Immediately after printing, each object was individually photographed. For image
acquisition, a monochrome camera (DALSA GENIE NANO-M2420, Stemmer Imaging AG,
Puchheim, Germany) with 52 pixel/mm was used. The object was placed on a slide on a
black background and illuminated with a white light-emitting diode (LED) ring light (CCS
HPR2-150 SW, Stemmer Imaging AG). In order to obtain an objective quantification of the
printed geometries, an image processing workflow was developed using Matlab® R2022a
(TheMathWorks Inc., Natick, MA, USA). In a first step, all images were binarized using
local thresholding algorithms. Therefore, each pixel was replaced by the median value of
the 3-by-3 surrounding pixels. The image processing workflow is shown schematically in
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Figure 1. Subsequently, the binary images were cropped to the region of interest depending
on the structure. From then on, the objects were segmented, and images were evaluated for
the specific structure characteristics.

Table 2. Graphic models of the printing path. Images of the printed objects are taken and analyzed as
a part of the printing accuracy assessment. The dimensions in the line and circle sketches are given in
millimeter (mm), the dimensions in the angle sketch in degrees (°). Each structure was examined for
characteristic parameters, which are shown with the respective formulae for calculation.

Structure Evaluation Parameter Formula/Equation
Line normalized width wy = % )

JL normalized length I, = L 3)

lmodel

Circle normalized width see Equation (2)
« s

ra

normalized radii to midline = 2rri+;01 4)
Angle normalized width see Equation (2)
. . . _ “i+9¢o
normalized angle to midline Ap = g 2 (5)

The parameters extracted based on the image files are also listed in Table 2. The
accuracy of printing all three geometries was evaluated by the normalized width wy, i.e.,
the filament width w divided by the diameter of the nozzle. In the case of the line geometry,
the filament width was calculated as the mean pixel count along the line. The filament
width of the printed circles was measured at 180° from the starting point and 2% of the
circle was evaluated. The line width of the angle composite structure was determined
at five different points along the printed structure. The analysis of the line also included
the normalized length [,. Therefore, the length of the line / was divided by the length
of the CAD model of 30 mm. The assessment of the accuracy of the printed circles and
angle composite structures was performed by including a midline as a reference and
by combining the inner and outer boundaries of the structure into a single parameter.
The midline represents the center of the nozzle, i.e., the axis of movement of the printer
equipment. In the case of the circles, the normalized radii to midline r,, were calculated
as the sum of inner radius ; and outer radius r, detected on the binary image divided by
two times the circle radius, i.e., 15 mm as designed in CAD. The 3 mm diameter circle was
needed solely as a starting point for the image processing workflow. The angle composite
structure was evaluated by the normalized angle «,. This parameter was calculated as
the sum of each inner angle «; and outer angle &, of the boundaries on the binary image
divided by two times the corresponding angle on the CAD file.
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Figure 1. Exemplary representation of the object recognition. The original image (top) is binarized
using local thresholding algorithms (middle), and an overlay with the detected boundaries of the
identified structure on the original image was created as a visual control (bottom).

2.4.2. Effect of Processing on Cell Viability

A high cell viability is essential throughout the manufacturing process of cell-loaded
scaffolds. The effect of processing on the cell viability was determined after a mixing step
and after extrusion. The analytical methodology for the determination of the cell viability
is schematically shown in Figure 2.

The bioink was prepared as mentioned in Section 2.2. Three fractions were collected af-
ter mixing, weighed, and subsequently diluted 20-fold by weight with DPBS. Similarly, the
bioink was extruded as three fractions, which were diluted with DPBS, as well. Fluorescent
stains were added to the diluted bioink to a final concentration of 0.1 uM calcein-AM and
1.5 pM propidium iodide (PI); both stains were purchased from Invitrogen (Thermo Fisher
Scientific). The samples were analyzed after an incubation of 15 min at room temperature.
Data acquisition was performed with a MACSQuant® Analyzer 10 flow cytometer (Mil-
tenyi Biotec B.V. & Co. KG, Bergisch Gladbach, Germany) at 100 mL min~!. The acquired
data were gated using FlowJo (Becton, Dickinson & Company, Ashland, OR, USA). This
step was used to exclude debris and agglomerates. The distinction between live and dead
cells was based on the green and red signals, respectively. Dead cells were gated using a
control sample with fixated and permeabilized cells before staining with PI. For fixation, the
cells were resuspended in a 3.7% (v/v) paraformaldehyde (AppliChem GmbH, Darmstadt,
Germany) in DPBS solution and incubated for 10 min. After a wash step with DPBS, the
cells were permeabilized with a 0.1% (v/v) Triton-X (Sigma-Aldrich) in DPBS solution for
15min. Then, a further wash step was proceeded. Fixation and permeabilization were
performed at room temperature. The experiment to monitor the effect of the extrusion
process on the cells consisted of three biological replicates (1 = 3); therefore, independently
prepared polymer solutions were used. Additionally, cells were harvested directly prior to
the mixing step from a separate TC flask. Each fraction of diluted bioink containing stained
cells (n = 3) was analyzed as technical triplicates (n = 3) resulting in data sets of 27 values.
The processing steps and the subsequent determination of cell viability were completed
before starting a new biological replicate. The cell viability was calculated as the number of
viable cells divided by the total number of cells, i.e., both viable and dead cells present in
a single technical replicate. The analytical methodology for the determination of the cell
viability is schematically shown in Figure 2.
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(A) Effect of processing on cell viability after mixing
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(B) Effect of processing on cell viability after extrusion

Cell suspension in PBS T
—

e U

Hj Collecting in 3 fractions

after extrusion

Q

Viability
determination

Alginate/GelMA in PBS

Figure 2. Schematic of the workflow applied for the determination of the processing effects on
cell viability. A biological replicate consisted of cells harvested independently and mixed with the
biomaterial ink. In (A), the processing ended after mixing the cellular material into the biomaterial
ink, which was collected in three fractions. In (B), the processing of the bioink consisted of mixing it
with the cell suspension and extrusion with the printer. The extruded bioink was collected in three
fractions. Each collected fractions was diluted separately before cellular staining and data acquisition
with a flow cytometer. Three biological replicates of each process were performed; therefore, each
biological replicate was completed before starting the next replicate.

2.5. Data Handling and Statistical Analysis

Data evaluation, image processing, data visualization, and statistical analysis were
performed with Matlab® R2022a (TheMathWorks Inc., Natick, MA, USA). Errors related
to the calculated parameters were determined after the first-order Taylor series method
for uncertainty propagation. The normal distribution of data sets was verified using the
Jarque-Bera test with an a-value set to 0.05. A one-way analysis of variance (ANOVA) was
carried out in order to find significant differences, and a p-value below 0.05 was classified
as statistically significant.

3. Results and Discussion
3.1. Rheological Characterization

The rheological behavior of the bioink has a great influence on the process as the
biomaterial flows through a nozzle and induces stress on the embedded cells. Hence,
the viscosity was determined for the cell-free biomaterial inks A3G3 and A4G3 as a func-
tion of the shear rate in the range of 1 x 10~ 's~! to 1 x 103s~!. Figure 3 provides the
associated results.
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Figure 3. Rheological characterization of biomaterial inks A3G3 and A4G3. Viscosity is shown as a
function of the shear rate. The results are presented as mean values, the shaded areas, the standard
deviation. Each formulation was prepared separately for three times (n = 3), and three technical
replicates were tested (1 = 3) from each batch, resulting in data sets of nine values.

Both biomaterial inks showed a similar non-Newtonian behavior at different magni-
tudes. The course of the viscosity functions showed a plateau at the low range of the shear
rate and a shear thinning regime with an increasing shear rate. The viscosity plateaus had
values of about 150 Pa s, and 300 Pa s for biomaterial inks A3G3 and A4G3, respectively.
The shear thinning regime was fitted using the Ostwald—de Waele relationship to better
describe the behavior of the biomaterial inks during extrusion. The power law exponent n
and the consistency index K are listed in Table 1. The increase in viscosity of A4G3 by a
factor of up to 1.9 in comparison to the viscosity of A3G3 can be explained by the higher
content of alginate in solution, as a higher amount of water is bound and the entanglement
of polymers increases with concentration [31]. In order to set an equal flow rate for both
formulations during extrusion, the determined fitting parameters were used to calculate
the required pneumatic pressure according to the Hagen—Poiseuille equation shown in
Equation (1). The results are listed in Table 1. The pressure for the extrusion experiments of
the A3G3 biomaterial ink was 80.5 kPa. A higher pressure with a value of 129.1 kPa was
required for the extrusion of A4G3 due to the higher viscosity of the biomaterial ink.

3.2. Printing Performance
3.2.1. Printing Accuracy Assessment

As part of the printing performance studies, printing accuracy was evaluated as the
deviation from the set printing path, taking into account the 0.61 mm nozzle diameter as
well. Line, circle, and angle structures were printed and characterized by the respective
geometrical features. The printed structures and evaluation parameters are presented in
Table 2. For all results in this section, every structure was printed as a set of 3 biological
replicates (n = 3) and 8 technical replicates (1 = 8), resulting in a total of 24 objects per
biomaterial ink and bioink. The differences between evaluation parameters were examined
for statistical significance. Each bar represents the mean value with the respective standard
deviation for one of the four formulations.

In Figure 4A, the normalized width in relation to the nozzle diameter for each formu-
lation is shown. The highest normalized width was found for A4G3 without cells with a
value of 1.58 + 0.11, the lowest for A3G3 without cells with a value of 1.48 + 0.17. Higher
standard deviations are shown by the bioinks with values of 0.24 and 0.28 for the A3G3 and
A4G3 formulations, respectively. The normalized width of biomaterial inks did not differ
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significantly. Similarly, the difference between cell-containing bioinks was not significant
either. A statistical significance was observed between A3G3 without cells and A4G3 with
cells. All determined values are higher than 1, as the filament thickness increases after
exiting the nozzle, due to the elastic properties of polymer solutions [31]. The distances
between the nozzle tip and printing surface also influence the filament width, as was shown
by Habib et al. [12]. In this study, the distance was set to 0.5 mm in order for the filament
to adhere to the glass surface, thus leading to thicker filaments than nozzle. In general, it
is expected that the increasing viscosity of the bioink leads to thinner filaments as shown
by other studies [12,17,19,32]. The increasing printing pressure is also known to increase
the filament width [12,33]. In the presented study, the printing pressure was calculated
according to the individual viscosity of each formulation in order to control the flow rate.
The comparable normalized widths of both formulations can be attributed to the similar
amount of material deposition. This approach increases the comparability of results, as
printing parameters are objectively set on the basis of rheological data and not determined
according to user-dependent impressions. Further methods to control the flow rate as
performed by Wenger et al. [34] showed increasing reproducibility during extrusion-based
bioprinting. The higher standard deviations shown by the cell-containing bioinks can be
explained by air entrapment when the cells are mixed into the polymer solution between
two syringes. This process is not reproducible, and air bubbles lead to inhomogeneity
within the cartridge, resulting in fluctuations of the filament width. Air bubbles entrapped
after the mixing steps have been addressed in the literature [15,20,26,35]. The mentioned
studies implement strategies by either mixing, using a spatula or centrifuge, the cartridges
or syringes to remove the entrapped air. The first imposes a non-reproducible step, while
the latter can lead to redistribution or even to complete sedimentation of the cells in the
bioink. For future medical applications, it is a basic requirement to develop reproducible
mixing processes [20,36].

(A) Normalized line width (B) Normalized line length

25 T T T T 2

s
o
T

Normalized width
=

—
Normalized length
-
- N ]
HH
—

051 q 0.4

0 . . . .
A3G3w/ocells A4G3wlocells A3G3with cells A4G3 with cells A3G3wlocells A4G3wlocells A3G3with cells A4G3 with cells
Formulation Formulation

Figure 4. Printing accuracy study line structure. In (A), the normalized line width is shown, and in
(B), the normalized line length. For all four formulations, three biological replicates (1 = 3) were
produced, and eight technical replicates (1 = 8) printed for each structure, resulting in a total of
24 objects, of which the mean is shown in a bar with the associated standard deviation. Significant
differences are denoted with an asterisk (p < 0.05).

In Figure 4B, the length of the printed lines normalized to the full length of the planned
structure, i.e., 3mm, is presented for all four formulations. The highest deviation from 1
and the highest standard deviation with a value of 0.95 + 0.29 are shown by the bioink
A4G3 containing cells. The length of the line of this bioink is significantly different than
that of A3G3 without cells and A3G3 with cells. The sample set of printed lines of the A4G3
bioink containing cells includes four interrupted lines, and the cell-laden A3G3 bioink
includes one interrupted structure, while both cell-free formulations could be printed to
the full length. Values higher than 1 can be attributed to post-flow of the formulation
after releasing the air pressure. The printing of non-continuous filaments can be attributed
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to heterogeneities in the printing cartridge that arise during the mixing of cells by the
two-syringe method as air is introduced into and entrapped in the mixture. Exemplary
images of a continuous as well as an interrupted line are depicted in Figure 5.

(A) Continuous line (B) Interrupted line

Figure 5. Exemplary raw images of printed lines with bioink A4G3 containing cells. In (A), a
continuous and, in (B), an interrupted line is shown.

The width of the filament in the printed circle was also determined, and was normal-
ized to the nozzle diameter. The results are shown in Figure 6A. The greatest deviation
from 1 was measured for A3G3 without cells with a value of 1.62 + 0.03. A4G3 containing
cells showed the lowest deviation with a value of 1.51 + 0.03. A statistically significance
difference was found between both values. Comparing the normalized width of the bioinks
containing cells, the values did not differ significantly. Similarly, no statistically significant
differences were observed between the cell-free biomaterial inks. Figure 6B presents the
normalized radii to the midline. This parameter offers the advantage of combining two
parameters, namely the inner and outer radii. The midline corresponds to the printing
path, i.e., the radius of the model. In the ideal case, the inner and outer radii of the filament
overlap the path line +/ — half nozzle diameter. Here, the comparability of the deviation is
easier with one output. Similar to the normalized width of the printed circle, the largest
deviation from 1 was measured for A3G3 without cells with a value of 1.02 + 0.0008, and
the lowest, for A4G3 containing cells with a value of 1.01 + 0.0007. The radii normalized to
the midline of both compositions differed significantly, as well.

The lack of differences between the normalized widths of formulations that differ in
alginate content is explained by the selection of the printing pressure to set an equal flow
rate for both biomaterial inks, as previously described. The standard deviations of the
normalized width are smaller compared to the standard deviations of the width of the line
structure. This is due to the fact that the width of the circle is measured at only a small
portion of the filament, namely 2% of the circle at 180° from the starting point and, thus,
measures fewer data points than the line structure, where the width is determined in the
middle third. The higher values of the A3G3 can be explained by the lower viscosity of
the A3G3 biomaterial ink, as bioinks tend to keep flowing after printing, especially as no
crosslinking was performed after printing. All values are higher than 1 due to the elasticity
of the polymer solution [31].

(A) Normalized circle width (B) Circle radii normalized to midline
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Figure 6. Printing accuracy study for the circle structure. In (A), the normalized line width is shown
and, in (B), the normalized radius to the midline. For all four formulations, three biological replicates
(n = 3) were produced and eight technical replicates (n = 8) printed for each structure resulting
in total in 24 objects, of which the mean is shown in a bar with the associated standard deviation.
Significant differences are denoted with an asterisk (p < 0.05).
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As a final part of this study, the accuracy of printed angles was characterized by
means of the normalized filament width and the normalized angle to the midline. The
corresponding data are shown in Figure 7A, B, respectively. The printed structure consisted
of a continuous structure with angles of 30°, 45°, and 60°. Considering the normalized
filament width, the highest deviation from 1 was observed for the A3G3 without cells
with a value of 1.74 + 0.02. The lowest normalized width was produced with A4G3
containing cells with a value of 1.62 + 0.01. No statistically significant differences between
the normalized filament widths were proven between any of the tested formulations. As
previously explained, there are no differences in printing accuracy due to the normalization
of the volumetric flow rate.

(A) Normalized angle width (B) Normalized angle to midline
25 T T T T 14 T
I A3G3 wio cells
[ A4G3 wio cells
12f + [ A3G3 with cells | |
2r b [CT1A4G3 with cells

-

[

&
o
®

o
Y

Normalized width
.

Normalized angle

o
=

0.5
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N

A3G3wl/ocells A4G3 w/ocells A3G3 with cells A4G3 with cells 45 60
Formulation Angle /°

Figure 7. Printing accuracy study for the angle structure. In (A), the normalized line width is shown
and, in (B), the normalized angle to the midline. For all four formulations, three biological replicates
(n = 3) were produced, and eight technical replicates (n = 8) printed for each structure, resulting
in a total of 24 objects, of which the mean is shown in a bar with the associated standard deviation.
Significant differences are denoted with an asterisk (p < 0.05).

Comparing the normalized width of the filament determined in the angle structure
to the normalized width of the simple line structure, it is noteworthy that the standard
deviation of the first is lower than that of the latter. The reason lies in the analytical method
itself since the width of the filament of the angle structure was measured at five points along
the whole structure. This data set is smaller compared to the data set used to determine
the filament width along the line structure at every pixel of the evaluated section of the
image. The quantification along the angle structure is less accurate, but the output serves
as a rough estimate to compare whether the more complex movement of the print head
has an effect on the produced structure. During the angle analysis shown in (B), the inner
and outer angles were again combined together to one parameter; hence, the angles were
normalized to the angle of the trajectory of the print head. The cell-free A4G3 showed
the highest deviation from 1 with a value of 1.07 + 0.03 overall. There were no significant
differences between the normalized angles of all four formulations printed as a 30° angle.
Similarly, no effect of the formulation on the normalized angle was observed while printing
60° angles. By comparing the 45° angle, the values of the biomaterial inks A3G3 and A4GS3,
both without cells, differed significantly. The differences can be explained by the different
alginate concentrations, as the bioinks tend to keep flowing after printing. The analysis of
the printed angles was performed with an automated image processing workflow. There
have been similar studies regarding printing and characterizing angular structures by
He et al. [37] and Naghieh et al. [38]. Both studies state the importance of characterizing
such angular patterns, as these simple patterns build up the bases of printed structures of
higher complexity. However, the studies fail to give precise information on the estimation
of the angles, which is a basic requirement for the standardization of processes.

It must be noted that the air pressure acting on the cartridge and the set pressure
of the printing software did not match. The air pressure was, therefore, controlled with
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a pneumatic sensor before printing processes were started. Especially when it comes to
medical applications, it is a basic requirement for the construction of 3D bioprinters that
they work reliably and that the air supply is stable and not affected by the position of the
printhead. There is still great potential on the side of the bioprinter manufacturers that
needs to be improved. The single-layer structures characterized in this study represent the
starting point since later complex geometries can be broken down into them. Characterizing
the first layer is important, as defects in the base layer can prevent all subsequent layers
from adhering to it. Similarly, defects on the layer can lead to the collapsing of the structure,
especially with an increasing amount on layers piling on top of the basis. Future studies
should include the characterization of the effect of the amount of extruded material in top
of the base layer. Additionally, the strategies should be developed for the evaluation of
3D structures using automated image processing. At the moment, image acquisition takes
place externally and not within the bioprinting system online. It would be desirable in the
future to integrate the camera into the bioprinter with a suitable and adaptable illumination
setup, as the transparency of bioinks is an issue during image acquisition that is particularly
important in the choice of lighting and background to reach enough contrast. Regarding
image processing, local thresholding should be preferred so that as little information as
possible is lost. Such an image processing step is of particular interest if even illumination
cannot be performed. Even though there were slight limitations on the imaging methods,
the field of bioprinting can benefit from the application of automated image processing
and analysis. The presented method proved to be robust for printed object evaluation, as it
saves analytical time and reduces observer-dependent errors.

The aim of bioprinting is the production of scaffolds with high accuracy. Simultane-
ously, the printing of bioinks should meet the requirement of maintaining high cell viability
after this process, as shear stress can induce irreversible cell damage.

3.2.2. Effect of Processing on Cell Viability

Besides the printing accuracy, the effect of processing on cell viability after the mixing
process and after the extrusion process was further studied. Here, three biological replicates
for A3G3 with cells and A4G3 with cells were produced and analyzed. Each cartridge
containing bioink was collected in three fractions. Each fraction was diluted with DPBS,
and cells were stained in the resulting suspension. For the detection of fluorescent signals
and, thus, the determination of cell viability, flow cytometry was used. Each diluted fraction
was analyzed in technical triplicate. The respective results are presented in Figure 8. The
bar chart shows the cell viability for both tested bioinks directly after the mixing step and
after the extrusion. process.

The increasing alginate content of the bioinks led to a decreasing cell viability. This
effect was observed after the mixing step as well as after mixing and subsequent extrusion.
The viability of cells mixed into the A3G3 formulation and into the A4G3 formulation
showed a value of 96.3 + 4.9%, and 77.9 + 16.4%, respectively. Both values differed sig-
nificantly. The viability of cells extruded within the A3G3 bioink was slightly reduced to
95.3 + 3.0%. However, the difference was not statistically significant. Considering cells in
the A4G3 formulation, viability decreased in a significant manner to 66.4 + 12.7%. After
mixing and extrusion, the viability of cells contained in the A3G3 formulation differed
significantly from that of cells present in the A4G3 bioink. As cells were harvested directly
prior to both processes and the proceeding analysis, the contact between cells and biomate-
rial was the same for each sample, i.e., effects on cell viability arose from the processing
steps. The decreasing amount of viable cells can be explained by the shear stress during
mixing and extrusion that leads to cell disruption. The shear stress increases with the
viscosity of the polymer solution as well as with increasing pneumatic pressure. The effect
of the alginate concentration and thus the increasing viscosity on decreasing cell viability is
in accordance with similar studies [13,24,39]. Increasing printing pressure leading to lower
cell viability was also demonstrated in further studies [13,24,40,41]. Moreover, the use of
flow cytometry for data acquisition increased the precision of the determined cell viability
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as this value was calculated with larger amounts of counted cells. Other studies in the field
of bioprinting and tissue engineering analyze a low number of microscopy images con-
taining a low number of cells [19,23,24]. Commercially available assays, such as live/dead
staining kits, lactate dehydrogenase assay, and alamar blue staining, are commonly applied
in order to evaluate cell viability [42]. The assays are developed for culture methods where
cells adhere to planar surfaces, i.e., two-dimensional cell culture, or cells are suspended in
cell culture media. The assay components are added to the fluid phase and the molecules
diffuse easily to the cells, and the absorbance or fluorescence are measured in plate readers.
In tissue engineering and biofabrication, cells are embedded within a polymeric network,
and the diffusion of solutes within the structures is limited. This is an issue to be considered
in the application of commercially available kits. The protocols can be adapted to 3D cell
culture substrates by adjusting incubation times or implementing the permeabilization of
the hydrogels. By dilution of the bioink to a low viscosity cell suspension, the fast diffusion
of the used stains is enabled as well as the use of the flow cytometer. Each technical replicate
of this study part of the study regarding the assessment of the processing effects on viability
consists of cell numbers in the range of 450 up to about 10,000. Considering the 20-fold
dilution required for analysis with flow cytometry, the cell count in the bioink is calculated
to be in the range between 9 x 10% cellsmL~! and 0.2 x 10° cellsmL ™!, considerably lower
than the cell count of 2 x 10° cellsmL ™! to be set in the bioink. The amount of cells in each
fraction differed due to the inhomogeneous mixing of the used method, where a syringe
containing the cell suspension is connected to a second syringe containing the polymer
solution, and a mixing effect is produced by transferring the solution back and forth be-
tween both syringes. Even though this method requires significant improvement, it was
applied in the presented study, as it is commonly used in studies [43,44], and it shows the
benefits of low biomaterial loss compared to static mixer components. Additionally, mixing
of cells in this manner can be compliant to good manufacturing practice (GMP) conditions
compared to the mixing of cells in open containers. The reduction in waste of biomaterial
by improvement of the static mixing units was studied by Dani et al. [20] and should be
implemented in further studies. The quantified number of cells did differ in each technical
sample due to inhomogeneous mixing; however, the viability was in a similar range, as
it is the ratio between viable and dead cells. As mentioned in Section 3.2.1, bioprinting
can benefit from standardization of the mixing method as air bubbles are introduced in
the bioink [15,20]. A further benefit is the comparability of data regarding cell viability, as
the mixing method proved to be a critical step. The use of flow cytometry can also reduce
observer-dependent errors while increasing reproducibility, as image acquisition mostly
relies on the manual focusing of the samples during image acquisition. It is noteworthy
that the use of flow cytometry is a destructive method, as the bioink has to be diluted in
order to be analyzed. Microscopy is still required as a supplementary cell analytical method
regarding cell adhesion, morphology, and migration during longer periods of cultivation.

Gillespie et al. [15] mentioned the limitation of the lack of control of the extruded
amount of biomaterial. Measured characteristics of printed structures could differ either
due to the mechanical properties of the used bioinks, or due to different amounts of bioinks
deposited during printing. This presented method overcomes the mentioned difficulty by
controlling the volumetric flow rate according to the specific flow behavior of each bioink.
Additionally, the printing speed was set equal to the mean velocity of the biomaterial ink
based on the rheological properties; thus, this parameter is directly related to the pneumatic
pressure. Furthermore, the alginate content of both bioinks differed by 1% (w/v) and,
thus, showed different values of viscosity. By controlling the flow rate, no differences
were observed regarding the printing accuracy between both bioinks. In contrast, the
increasing viscosity led to a significant decrease in cell viability directly after mixing
and after extrusion. Bioinks should enable the accurate production of scaffolds while
maintaining high viability and supporting biological needs. Meeting both requirements is
accepted as a limitation, as increasing the concentration and thus viscosity leads to higher
structural stability but increases the resulting cell disruption [2,7,32]. In this study, the
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bioink with the lower alginate content showed better printing performance overall, as the
method compared the samples printed with a controlled flow rate. The presented methods
show further advantages. The setting of printing parameters did not include the screening
of printability by an observer, which is still commonly used in the bioprinting field. There
are many printing parameters that can be set during a study on printing performance, and
each affects the accuracy of the product in a different magnitude. Therefore, the setting
of printing speed in relation to the pneumatic pressure increases the objectivity of the
study, as only one was chosen arbitrarily and not both of them. The use of automated
image processing to characterize printed structures reduces observer-dependent errors
while saving the time required for image analysis. The presented methods increase the
comparability of data between bioinks and can allow the transfer of gained knowledge
between laboratories.
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Figure 8. Characterization of the effect of processing on cells. The viability was determined after the
mixing step and after the extrusion process. For both bioinks, the mean viability is shown as a bar
with the associated standard deviation. The experiments were performed as biological triplicates
(n = 3). For both bioinks, each biological replicate was divided into three fractions, diluted separately
(n = 3), and analyzed as technical triplicates (n = 3), resulting in data sets consisting of 27 values.
Significant differences are denoted with an asterisk (p < 0.05).

4. Conclusions

Universal methodologies should be developed and applied starting from the bioink
preparation, including process analytical technology (PAT) strategies as well as standard-
ized analytical methodologies. In this study, the focus lies on the development of analytical
methods that enable the comparability of bioprinting processes regarding the metrics
of printed structures as well as the effect on cell viability. First, the used bioinks and
biomaterial inks were printed with the same flow rate, thus enabling the comparison of
structures with the same amount of extruded material. The required pneumatic pressure
was determined and set according to the specific flow behavior of each biomaterial ink
that differed in alginate concentration by 1% (w/v) with a constant GelMA concentration.
Additionally, the printing speed was directly related the pneumatic pressure applied during
printing. This setting of printing parameters enabled the adequate comparison of printed
structures produced with an equal amount of material. Second, image-processing tools
were developed in order to accurately characterize the printed structures in an automated
manner. The application of automated image analysis allowed the time-saving assessment
of printed geometries, while reducing observer-dependent variations, and therefore, the
robustness of the analytical method was enhanced. The study focused on the analysis of
the first layer, as this is the base of any multi-layered structure. In the future, the devel-
oped image processing should be expanded and implemented into the characterization
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