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Controlling Shear Stress in 3D Bioprinting is a Key Factor
to Balance Printing Resolution and Stem Cell Integrity

Andreas Blaeser, Daniela Filipa Duarte Campos, Uta Puster, Walter Richtering,

Molly M. Stevens, and Horst Fischer*

Bioprinting is an emerging tissue engineering (TE)!~ dis-
cipline that pursues the goal of generating viable tissue con-
structs using additive manufacturing technologies. Cell-laden
hydrogels are printed layer-by-layer according to a predefined,
3D model.P7) The hydrogel-cell suspension is usually printed
as a liquid solution (sol-state) and undergoes gelling, chemi-
cally or physically triggered, after the dispensing process. While
traditional TE techniques, such as hydrogel casting,® involve
three key elements—cells, scaffolds, and growth factors®—
the dispensing process in bioprinting represents a fourth.
According to the latter, most bioprinting technologies can be
classified into three categories(®: robotic dispensing,'-'4 laser-
based bioprinting (e.g., LIFT),[’>7) and inkjet printing.[18-22
LIFT and inkjet represent contactless printing techniques
where discrete drops are dispensed one-by-one. In contrast,
robotic dispensing techniques deposit continuous lines of
hydrogel alongside a distinct pathway. The potential to deposit
different cell types and biomaterials with high spatial resolu-
tion is both a blessing and a curse. It enables the generation
of complex, multicellular tissue structures (e.g., vascularized
tissue constructs)22324 that cannot be created otherwise. On
the other hand, the dispensing process involves mechanical
stress, thermal stress, or a combination of both and ultimately
affects cell behavior.2>-28]

Shear stress is of special interest in bioprinting. It is inevi-
table in any dispensing process and therefore has to be consid-
ered in all printing methods. The level of shear stress is directly
influenced by different printing parameters, such as nozzle
diameter, printing pressure, and viscosity of the dispensing
medium.*>?% Moreover, shear stress plays a decisive role
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in cell biology,?*3% e.g., in cell signaling and protein expres-
sion.?1331 For instance, it is reported that shear stress pro-
motes maturation of megakaryocytes.*l Moderate shear stress
was found to have an influence on stem cell differentiation.l*”)
Excessive shear stress, in contrast, even dispatches cells by
disrupting the membrane. These phenomena are even more
crucial in bioprinting processes, where hydrogels of high vis-
cosity and small nozzles are applied in an attempt to improve
the final printing resolution. Here, we show that both hydrogel
viscosity and nozzle size directly affect shear stress. To prevent
adverse cell response and printing-related cell death, it is essen-
tial to control the shear stress level, identify its most important
drivers, and study the cell response upon different stress levels.
We hypothesize that regulating shear stress and elucidating its
impact would be of great use in balancing cell integrity and
printing resolution.

We present a microvalve-based bioprinting system for the
manufacturing of high resolution, multi-material 3D struc-
tures (Scheme 1A). Applying a straightforward fluid-dynamics
model, we were able to precisely control shear stress at the
nozzle site, which could be adjusted by varying the printing
pressure, hydrogel viscosity, and the nozzle diameter. Using
this system, we conducted a broad study on how cell viability
and proliferation potential are affected by different levels of
shear stress (Scheme 1B). Generating complex, multi-material
3D-structures, we demonstrate that high-resolution printing
at moderate, cell-friendly nozzle shear stress are not mutually
exclusive.

The printer used throughout this study comprised four
microvalve-based print heads, each individually control-
lable and heatable, mounted to a three-axis robotic system
(Figure S1, Supporting Information). A metal stage that could
be lowered into a container filled with a bi-phasic support
liquid—perfluorocarbon (PFC) and an aqueous crosslinker
solution— was used as a printing platform that allowed for
the manufacturing of macroscopic, multi-layered 3D struc-
tures (Figure S1, Supporting Information). The presented
printing system dispenses single drops of cell-hydrogel sus-
pension by jetting using electromagnetic microvalves. Thus,
cells are primarily exposed to mechanical stress in the form
of shear stress. To describe the shear stress condition in the
nozzle of the valve, we developed a fluid dynamics model for
transient flow of non-Newtonian fluids (hydrogels) based on
the Bernoulli equation for unsteady flow: Equation (1), the law
of Hagen—Poisseuille: Equation (2), and the Ostwald—de Waele
relationship (or Power-law): Equation (3).3% Nomenclature of
all symbols appearing in the listed equations can be found in
Table S5 (Supporting Information).
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Scheme 1. A) Concept of the 3D-bioprinting system with bi-phasic support liquid for the manufacturing of thin-walled, multilayered hydrogel struc-
tures. B) Schematic illustration of the velocity and shear stress distribution as well as the stress impinged on cells inside a bioprinter nozzle.
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Equations (1), (2) and (3) can be transformed into a nonlinear,
first-order differential equation, Equation (4), that describes the
hydrogel flow through the microvalve considering wall-friction
and intrinsic shear stress (Supporting Information).
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Solving Equation (4) numerically, we were able to calculate
the average drop speed (w), the drop volume (Vv ) and the shear
stress occurring inside the valve (7) for different nozzle dimen-
sions (diameter d, length s) and hydrogels of different viscosi-
ties (consistency index K, power-law exponent n) at a given
gating time (t), Tables S1-S4 and Figures S2-S5 (Supporting
Information).

We selected alginate, a shear-thinning hydrogel that is widely
used in tissue engineering applications,’*”-*® as model fluid for
the shear stress study. The viscosity as well as the power-law
constants (K and n) of three differently concentrated alginate
solutions (0.5, 1.0, 1.5 wt/v%) were measured using a dynamic
shear rheometer (Figure 1A-C and Table 1). The viscosity was
measured for pure alginate solution (without cells) as well as
for alginate suspended with 1 and 10 million cells per mil-
liliter, respectively. Interestingly, cell-laden alginate solutions
exhibited a lower viscosity than the cell-free one (Figure 1A).
This effect can be attributed to the addition of cell-culture
medium, which influences the pH-value and the ionic-strength
and was not present in the pure alginate sample. However, with

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

increasing cell number (from 1 M to 10 m) the flow consistency
index (K) increased while the flow behavior index (n) dimin-
ished (Table 1). Thus, the presence of cells has an effect on the
rheology of hydrogels. Higher cell numbers increase viscosity
and amplify the shear thinning effect.

To validate the fluid dynamic model, the calculated
drop volume was compared with experimentally derived
values (Figure 1D-F). For a broad range of printing pres-
sures (0.5-1.5 bar), two different nozzle diameters (150 pm
and 300 pm) as well as the tested alginate concentrations
(0.5-1.5 wt/v%) the model closely matched the measured
results. The theoretical drop speed at the nozzle exit was
calculated to be in a range from 1 to 20 m s™! (Table S4, Sup-
porting Information). The minimal speed required to actu-
ally fire a single drop was found to be 3.8 m s™!. For veloci-
ties below the tear-off threshold, hydrogel only accumulated
at the nozzle tip but no single drops could be formed. Both
the estimated drop speed range and the assessed tear-off
speed were in accordance with previously published studies
on drop kinetics of inkjet printers.?*~* The calculated average
shear stress in the nozzle was found to be in a range from
0.7 to 18 kPa. To optimize the printing process in terms of
shear stress and printing resolution, the nozzle shear stress
as well as the drop volume is plotted against the drop speed,
Figure 1G-I. The experimentally derived tear-off speed is
marked by a vertical line. It marks the minimal drop volume
and nozzle shear stress that can be achieved by a specific valve
(150 pm or 300 pm). The results indicate a strong influence of
the nozzle size on both shear stress and drop volume. Using
bigger valves results in lower shear stress, while the drop
volume rises. For instance, reducing the nozzle diameter from
300 to 150 pm, while printing solutions with a relatively low
concentration of alginate (0.5 wt/v%) at a drop speed close
to the tear-off threshold (4 m s7!), resulted in a 2.8-fold gain
in shear stress (from 0.7 to 1.9 kPa). At the same time, drop
volume is three times decreased (from 97 to 32 nlL). Inter-
estingly, the shear stress difference between the two noz-
zles diminishes with increasing hydrogel viscosity while the
gap in the drop volumes rises. For solutions with a relatively
higher concentration of alginate (1.5 wt/v%), the shear stress
rises only by factor 2.0 (from 2.8 to 5.6 kPa), when the nozzle
size is reduced, whereas the drop volume is 3.4 times higher
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Figure 1. A-C) Rheological characterization of differently concentrated alginate hydrogels with and without cells. The humps in the viscosity curves
at low shear rates represent measurement artifacts, which were not considered in the evaluation later on. D—F) Validation of the fluid dynamic model
by comparing the estimated drop volume with experimentally derived values for three different alginate gels, different valve sizes (150 and 300 pm)
and pressures (0.5-1.5 bar). Comparison of shear stress (A) and drop volume (o) of two valve sizes (150 pm and 300 pm) at different drop speeds
(0-25 m s7"). G—I) The minimal speed required to tear the drop off the nozzle (4 m s7'") is indicated with a dotted line.

(from 34 to 116 nL). To answer the question of whether it is
reasonable to improve printing resolution by accepting higher
shear stress, it is essential to evaluate the impact of shear
stress on living cells. We hypothesized that printing-induced
shear stress does not only have an immediate impact on cell
viability, for instance by damaging the cell membrane, but
in the long run also alters the behavior of cells that survived
the printing process. We analyzed the viability of cells (L929,
mouse fibroblasts) exposed to a wide range of nozzle shear
stress (0.7-18 kPa) immediately after printing (Figure 2A).
According to the applied nozzle shear stress, we classified
the results into three groups (<5 kPa, 5-10 kPa, >10 kPa,
Figure 2B). Viability, and hence the membrane integrity, of
cells exposed to low rates of shear stress (<5 kPa) was almost

unaffected by the printing process (96% cell viability). In
contrast, the average cell viability significantly decreased for the
two higher shear stress groups (91% and 76% cell viability). The
results confirm the hypothesis that printing related cell damage
is directly associated with the applied nozzle shear stress.
Furthermore, the observations indicate that below a critical
shear stress level cells can be dispensed without impairment.
Next, we sought to investigate the short-term and possible
long-term effects of printing induced shear stress on primary
human mesenchymal stem cells (hMSC). We printed hMSC
from five independent donors (n = 5) at three different shear
stress levels (4, 9, and 18 kPa) and recorded cell viability as well
as proliferation potential for up to 7 d after printing (Figure 3).
With increasing shear stress, we found that post-printing cell

Table 1. Rheological characterization of cell-free and cell-laden alginate solutions. The power law constants, flow consistency index (K), and flow
behavior index (1), of differently concentrated alginate solutions are listed.

0.5 wt/v% alginate

1.0 wt/v% alginate 1.5 wt/v% alginate

n K[Pas"] N K [Pas" n K [Pas"
No cells 0.977 0.032 0.895 0.119 0.840 0.346
1% 10° cells mL™ 0.986 0.020 0.963 0.066 0.913 0.158
10 % 10° cells mL™! 0.940 0.029 0.942 0.080 0.910 0.161
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Figure 2. Screening study to investigate the impact of shear stress on
post-printing cell viability using L929 mouse fibroblasts. A) In total
44 experiments with shear stress ranging from 0 to 20 kPa were con-
ducted. B) Cell viability was assessed immediately after printing (day 0)
using live/dead staining assay. The results were summarized in three
groups (<5 kPa, 5-10 kPa, and > 10 kPa). The graphs illustrate mean
+ SD. Significance levels were p < 0.005 (***), p < 0.05 (*). On the right
side, examples of pictures from the microscopic analysis of the post-
printing cell viability are shown (scale bar represents 100 pm).

viability (day zero) significantly decreased from 94% (4 kPa) to
92% (9 kPa), and 86% (18 kPa), respectively, which is in accord-
ance with the findings using mouse fibroblasts (Figure 3A,C,D)
discusses above. After 7 d of culture, cell viability increased to
95%-97% and no significant differences between the printed
groups could be found. However, viability of printed cells was
slightly but significantly lower than in the non-printed control
group. In a second study, we took a closer look to the prolif-
eration potential of printed hMSC using a quantitative cell
proliferation assay (Figure 3B). The number of cells at a given
time point is expressed in relative fluorescence units (RFUs).
Growth of cells exposed to low shear-stress (<5 kPa) did not
seem to be affected by the printing process. Though cell num-
bers were slightly lower than the controls, the differences were
not significant at any time point. In contrast, cell growth was
strongly affected by higher levels of shear-stress (5-10 kPa and
>10 kPa). Cell numbers were significantly lower than in the
control group and after 4 d of incubation even lower than the
first group (<5 kPa). Nonetheless, all samples showed a signifi-
cant gain in the number of cells from day one to day seven.
Furthermore, the proliferation rate, i.e., the ratio between the
numbers of cells measured at day seven and day one, of cells
printed at low (<5 kPa) and medium (5-10 kPa) shear stress
was even higher than the controls. In both printed groups,
the number of cells showed a 2.8-fold increase, while the con-
trol increased by the factor 2.4. Yet, cells printed at high shear
stress (>10 kPa) only proliferated by the factor 1.9. These results

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

'a\
M“\m\liir'ﬁ

www.MaterialsViews.com

indicate that moderate levels of shear stress might even stimu-
late cell proliferation, whereas this effect is reversed when a cer-
tain stress threshold is exceeded. Similar findings have already
been published in the past, even though cells were exposed to
much lower doses of shear stress over prolonged periods.[#]
Riddle et al. discovered that moderate shear stress elevates the
intracellular calcium concentration and increases hMSC prolif-
eration.[”] However, to elucidate this phenomenon additional
mechanobiological studies with a focus on intracellular mecha-
nisms in response to shear stress should be conducted.

In order to determine if the phenotype of hMSC was altered
by shear stress we stained for typical mesenchymal markers
by immunocytochemistry (Figure 3E,F). Staining was done for
vimentin, an intermediate filament mesenchymal marker, and
for the endothelial marker CD34, which was expected to be
negative in hMSC. The results indicate that the mesenchymal
phenotype of cells remained unaffected at all tested shear stress
levels for at least 7 d after printing. The findings of our study
show that short-time exposure to high levels of shear stress
does not only affect cell viability immediately after printing but
can also induce long-term alterations in the proliferation poten-
tial of cells that survived the dispensing process. However, even
when exposed to high levels of shear stress, cells did not display
phenotypic alterations. Cells that were exposed to comparably
low levels of shear stress (<5 kPa) exhibited neither short-term
nor long-term impairments. These findings suggest, that below
a specific shear stress threshold, cells can be printed without
side effects. For the tested cell types (L929 and hMSC), we
found this threshold to be around 5 kPa. In comparison, the
physiological shear stress that occurs in blood vessels measures
only a thousandth of that value (7 Pa).®l

As a final step, we demonstrate that high-resolution bio-
printing of viscous materials is possible at a low shear stress
level. Models of arbitrary hollow structures were generated with
computer aided design (CAD) software, transformed into a
multi-layered drop model using a custom designed algorithm
(Figures S6-S8, Supporting Information) and printed, sub-
sequently, in an alginate hydrogel (0.5 wt/v%) and utilizing a
150 pm micro valve (Figure 4A—C). The printing pressure was
adjusted to 0.5 bar resulting in a drop speed of 5.4 m s71, which
was just above the tear-off speed necessary for drop generation.
Thus, both the drop volume (44 nL) as well as the nozzle shear
stress (2.5 kPa) could be reduced to a minimum. Applying
these settings, we were able to print multi-layered, hollow algi-
nate structures with a minimal wall thickness measuring a few
hundred micrometers (Figure 4D-F). The structures, which
measured up to 1.5 cm in height, could be generated in less
than 15 min. To facilitate the manufacturing process, a bi-
phasic support liquid system based on perfluorocarbon (PEC)
and a crosslinker solution (CaCl,) in combination with a solid,
fugitive material composed of gelatin and agarose were applied
(Figure S1, Supporting Information). Besides its advantage in
mechanically stabilizing the printed structure, the supporting
liquid prevents the hydrogel from drying out. The fugitive
material was designed to gel in a thermally reversible manner
and a sol-gel transition was observed at 37 °C. The fugi-
tive material (illustrated as white drops) determined the final
shape of the printed structure and provided mechanical sup-
port. It was removed after printing by incubating the generated
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Figure 3. Short-term and long-term impact of different shear stress levels (<5 kPa, 5-10 kPa, and >10 kPa) on A) human mesenchymal stem cell
viability, B-D) proliferation, and E,F) mesenchymal marker expression. The study was conducted with five independent donors (n=5) for up to 7 d. The
graphs A and B show a strong impact of the level of shear stress on cell viability and proliferation potential. The graphs illustrate mean + SD. Signifi-
cance levels were p < 0.005 (***), p < 0.05 (*). The images C and D depict cell viability and growth over time (scale bar in C and D represent 1 mm,
respectively). E) The mesenchymal marker vimentin stained positive, whereas F) the hematopoetic marker CD34 stained negative, proving that the
MSC phenotype remained unaltered after printing (scale bar in E and F represents 100 pm, respectively).

structures at 37 °C for 12 h in cell culture medium or distilled
water leaving a perfusable alginate shell (Video S1, Supporting
Information).

In summary, we showed that profound knowledge about
fluid-dynamics and shear stress associated with the drop for-
mation process are crucial to optimize both printing resolution
and cell response in drop-on-demand 3D-bioprinting. We iden-
tified three key factors that influence drop formation, namely
printing pressure, hydrogel viscosity, and nozzle size and inves-
tigated their impact on shear stress as well as printing resolu-
tion. We showed that short-time exposure to high levels of shear
stress affects cells immediately and furthermore can induce
long-term alterations in the proliferation potential of the cells
that have survived the dispensing process. Our findings suggest
that below a specific shear stress threshold cells can be printed
without side effects. Finally, we showed that the printing pro-
cess can be tuned to generate multilayered, hydrogel structures

Adv. Healthcare Mater. 2015,
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with high resolution at a low shear stress level. This work pio-
neers the investigation of shear stress-induced cell damage in
3D-bioprinting and might help to comprehend and improve
the outcome of cell-printing studies in the future. Even though
the presented data are specific for microvalve-based bioprinting
and thus cannot be directly applied to other hydrogel precursor
delivery methods, such as microextrusion, the results of the
cell study are of great value for other biofabrication techniques
inasmuch as they give a clue on how cells generally respond to
short-time exposure to moderate and high levels of shear stress.
Furthermore, the mathematical analysis presented in this work
can easily be adapted to the continuous extrusion of hydrogels,
which represents steady flow and hence can be described by a
much simpler fluid dynamics model. However, in valve-based
printing systems, where cells are ejected in a sudden burst,
controlling shear stress is more critical and thus more impor-
tant than in other biofabrication techniques.
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Figure 4. A-C) Thin-walled, multilayered 3D structures were modeled with computer-aided design software, sliced with a custom-designed algorithm,
and finally printed using the 3D-bioprinting system with bi-phasic support liquid (D and E, scale bar represent 5 mm, respectively). A-C) The white
drops define the fugitive material composed of agarose and gelatin. Red and green drops mark the alginate shell. The F) microscopic picture shows a
higher magnification of the 3D structure, which is displayed in E (scale bar represents 500 pm).

Experimental Section

Hydrogel Preparation: We prepared two different types of hydrogels,
alginate, which was used as model gel in all experiments, and
additionally a fugitive material composed of agarose and gelatin, which
was used as a solid support in the 3D bioprinting study. We prepared
five different alginate concentrations (0.5, 1.0, 1.5, 2.0, and 3.0 wt/v%)
by dissolving 0.005, 0.010, 0.015, 0.020, and 0.030 g mL™" alginic acid
sodium salt from brown algae (alginic acid sodium salt from brown
algae, 71238, Sigma, St. Louis, MO, USA) in deionized 0.2 ym sterile-
filtered water. To achieve a homogeneous distribution, the alginate
solution was mixed for 12 h on a rolling mill. All studies related to pure
alginate were conducted with gel derived from the 0.5, 1.0, and 1.5 wt/v%
stock solutions. For the cell studies, alginate stock solutions (1.0, 2.0,
and 3.0 wt/v%) were mixed 1:1 with equal volumes of cells suspended
in culture medium resulting in a final concentration of 0.5, 1.0, and
1.5 wt/v% alginate with 1 x 10% and 10 x 10° cells mL™", respectively. The
fugitive material was composed of 0.5 wt/v% agarose and 5.0 wt/v%
gelatin. Stock solution of 1.0 wt/v% agarose was prepared by mixing
0.01 g mL™" agarose (low gelling agarose A9414; Sigma, St. Louis, MO)
with tap water. The agarose solution was subsequently autoclaved at
121 °C for 15 min. Stock solution of 10.0 wt/v% gelatin was prepared
by mixing 0.10 g mL™" gelatin (gelatin type A, G2500, Sigma, St Louis,
MO, USA) with deionized sterile-filtered water. After swelling for 10 min,
the gelatin was melted in a water bath at 37 °C. Agarose and gelatin
stock solutions were mixed 1:1. For the 3D-bioprinting experiment, both
alginate and fugitive material were stained using 0.1 v/v% of differently
colored phosphorescent dyes (Neon Nights Glow Paint Phosphorescent,
Individual UG, Langenfeld, Germany).

Rheological Characterization: The viscosity of alginate hydrogels was
characterized using a rotary rheometer (Kinexus, Malvern Instruments,
Worcestershire, UK) with a 4° cone and plate geometry. Shear stress
and viscosity were measured for shear rates from 0.01 to 1500 s~' and
at different temperatures (20 °C, 30 °C, and 40 °C). The power-law
constants (K and n) were derived from the intercept and slope of the
shear stress to shear rate graphs (Figure S3, Supporting Information).

Validation of the Fluid Dynamic Model: A straight-forward fluid dynamics
model describing transient flow of Newtonian and non-Newtonian fluids
through a microvalve was developed based on the Bernoulli equation for
unsteady flow: Equation (1), the law of Hagen—Poisseuille: Equation (2),
and the Ostwald—de Waele relationship (or Power-law): Equation (3).
Based on Equations (1), (2), (3) and the valve geometry, a nonlinear
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first-order differential equation describing the hydrogel flow through the
valve was derived (Equation (4)), Supporting Information). The model
was adapted to the geometry of SMLD 300G microvalves (Fritz Gyger,
Gwatt, Switzerland) and experimentally validated. The valve geometry was
simplified and considered as three pipe sections with different lengths and
different cross-sections (Supporting Information). Valves with two different
nozzle diameters (150 and 300 pm) were tested. Apart from the nozzle, the
valves were identical. To validate the model, we predicted the drop volume
for differently concentrated alginates (0.5-1.5 wt/v%), over a broad range
of printing pressures (0.5-1.5 bar) and both valve types (150 and 300 pm)
at a fixed gating time (500 ps). The calculated results were compared to
experimentally derived values. For each set of printing parameters, 1000
drops were printed into a glass vessel, their weight was measured and
divided by 1000. The average drop volume was calculated using the density
of water (1000 kg m~3). Each experiment was repeated three times.

Isolation of Human Mesenchymal Stem Cells: Human mesenchymal stem
cells (hMSC) were isolated from the femoral heads of five independent
donors as described previously.*”#8l The spongiosa was flushed with
hMSC medium using a 22G-needle. The resulting cell suspension was
centrifuged and seeded in T75 flasks for 24 h. Hematopoietic nonadherent
cells were washed out by the exchange of the hMSC medium. Remaining
cells, which were adherent, were cultured and expanded for two to four
passages in hMSC growth medium (Mesenpan; PAN Biotech, Aidenbach,
Germany) containing 2 v/v% fetal calf serum (FCS) and 1 v/v% penicillin/
streptomycin (Gibco, Life Technologies, Carlsbad, CA, USA).

Shear Stress-Related Cell Study: 1929 mouse fibroblasts (CCL-1,
American Type Culture Collection) were cultured in low-glucose DMEM
supplemented with 10 v/v% FCS and 0.4 v/v% gentamycin (10 mg mL™").
Cells were re-suspended in alginate resulting in a final cell density of
1 % 10° cells per milliliter. Drops of 10 pL cell hydrogel suspension were
printed onto a microscopy glass slide at different pressures (0.5-3.0 bar)
using both valve types (150 and 300 um). Cell viability was assessed
immediately after printing applying vital-fluorescence-staining using
an inverted microscope (DMI6000B, Leica Microsystems, Wetzlar,
Germany). The staining solution contained 0.083 mg mL™' propidium
iodide (P4170-10116, Sigma-Aldrich, St. Louis, USA) and 0.083 mg mL!
fluorescein diacetate (F7378-10G, Sigma—Aldrich, St. Louis, MO, USA)
in Ringer's solution. Each experiment was repeated three times. The
number of living and dead cells was counted using Image). Cell viability,
i.e., the ratio between living and dead cells, was plotted against the
shear stress, which was calculated for each set of printing parameters
using the fluid dynamics model.
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Human mesenchymal stem cells were mixed with alginate resulting
in a final cell density of 1 x 10° cells per milliliter. For viability and
immunofluorescence studies, 10 pL of hMSC-laden alginate was printed
drop-by-drop onto circular glass slides inside a 24-well plate resulting in
a seeding density of 5 x 10° cells cm™2. After printing, the alginate-cell
drops were resuspended in cell-culture medium in order to dilute the
alginate and let the cells adhere and grow on the glass slide. Viability of
cells growing on the glass was assessed immediately and 7 d after printing
as described for L929 fibroblasts. For each donor, three independently
printed samples were tested. For the immunofluorescence study, cells
were washed with PBS and fixated with 4 v/v% paraformaldehyde for
15 min. Primary antibodies vimentin (1:200, Sigma, Sigma—Aldrich,
St. Louis, MO, USA) and CD-34 (1:250, Abcam, Cambridge, UK), were
applied for 45 min. Thereafter, secondary antibodies (1:2000 Alexa
Fluor 488/555, rabbit/mouse, Life Technologies, Carlsbad, CA, USA)
were added. The samples were imaged within 24 h after the staining.
To measure the proliferation potential 1.4 pL MSC-laden alginate were
printed on circular glass slides inside a 96-well plate, resuspended with
98 pL medium, and cultured for up to 7 d. For each donor and each time
point (1, 4, and 7 d), six independently printed samples were analyzed.
The growth potential was quantified as described previously*®l using a
proliferation assay (CellTiter-Blue, Promega, Madison, WI, USA). Briefly,
25 microliters of CellTiter-Blue were mixed with 100 pyL medium, added
to each well-plate and incubated at 37 °C for 1 h. The absorbance was
read at 560 nm/590 nm (excitation/emission wavelength) using a plate
reader (InfinitiM200, Tecan, Miannedorf, Switzerland). For all experiments
(viability, immunofluorescence, and proliferation) nonprinted hMSC
cultured on glass slides were used as positive controls.

3D Bioprinting of Multilayered Alginate Structures: All experiments,
including shear stress studies and printing tests, were conducted with
a custom-built 3D-bioprinter (Figure S1, Supporting Information). The
printer comprised four microvalve (Fritz Gyger, Gwatt, Switzerland)-
based print heads, each individually controllable and heatable, mounted
to a three-axis robotic system (Isel, Eichenzell, Germany). The printing
pressure could be varied from 0 to 3 bar. The print head enabled quick
exchange of the attached micro valves to change between the small
(150 pm) and big (300 pm) nozzle. A titan stage that could be lowered
into a container filled with a bi-phasic support liquid— perfluorocarbon
(PFC, Fluorinert Electronic Liquids FC-43, 3M, St. Paul, MN, USA) and
50 mg mL" calcium chloride solution—was used as a printing platform.
Due to the difference in density, the aqueous CaCl, solution floats on the
top of the PFC, building a thin liquid layer, wherein the crosslinking of
the printed alginate occurred. With every successfully printed layer, the
titan stage was lowered into the bi-phasic support liquid. To ensure that
the lastly printed hydrogel layer would not be submerged, stage lowering
was adjusted to the level of the crosslinker solution. For printing of
multilayered alginate structures, the bi-phasic support liquid was
cooled down to 10 °C using a cooling aggregate (TC45-F, Peter Huber
Kaltemaschinenbau, Offenburg, Germany). The print head carrying
the agarose—gelatin fugitive material was heated up to 50 °C and the
printing pressure was set to 1.5 bar. The two print heads carrying the
alginate hydrogel (0.5 wt/v%) worked at room temperature (20 °C) at a
pressure of 0.5 bar. All 3D bioprinting experiments were conducted using
the 150 pm nozzle. After printing the fugitive material was liquefied
by keeping the samples in an incubator at 37 °C for 12 h. The fugitive
material could be flushed out with distilled water or PBS thereafter.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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