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Abstract: The use of bioprinting allows the creation of complex three-dimensional cell laden grafts
with spatial placements of different cell lines. However, a major challenge is insufficient nutrient
transfer, especially with the increased size of the graft causing necrosis and reduced proliferation. A
possibility to improve nutrient support is the integration of tubular structures for reducing diffusion
paths. In this study the influence of prevascularization in full-thickness grafts on cell growth with
a variation of cultivation style and cellular composition was investigated. To perform this, the
rheological properties of the used gelatin-alginate hydrogel as well as possibilities to improve
growth conditions in the hydrogel were assessed. Prevascularized grafts were manufactured using a
pneumatic extrusion-based bioprinter with a coaxial extrusion tool. The prevascularized grafts were
statically and dynamically cultured with a monoculture of HepG2 cells. Additionally, a co-culture of
HepG2 cells, fibroblasts and HUVEC-TERT2 was created while HUVEC-TERT2s were concentrically
placed around the hollow channels. A static culture of prevascularized grafts showed short-term
improvements in cell proliferation compared to avascular grafts, while a perfusion-based culture
showed improvements in mid-term cultivation times. The cultivation of the co-culture indicated the
formation of vascular structures from the hollow channels toward avascular areas. According to these
results, the integration of prevascular structures show beneficial effects for the in vitro cultivation of
bioprinted grafts for which its impact can be increased in larger grafts.

Keywords: bioprinting; gelatin-alginate hydrogel; prevascularization; co-culture; rheological
characterization; coaxial extrusion

1. Introduction

For medical, pharmaceutical and cosmetical purposes, it is necessary to develop
organ-near cell constructs of complex natures. For several years, this was performed
by means of two-dimensional structures, providing the possibility to substitute animal
tests [1–3]. However, it was shown in the last years that two-dimensional (2D) structures are
in most cases too far from in vivo conditions of the human body/organs. It is well known
that cells, which grow in traditional two-dimensional (2D) cell culture monolayers, lack
physiologically relevant environmental conditions. They mostly exhibit drastic differences
of their physical and biochemical properties in comparison to intact biological systems.
Therefore, much effort was placed into the development of three-dimensional structures [4]
in order to image complex behavior in reality. It was unfortunately shown that the usability
of such constructs is limited also in this case mainly due to structural limitations abd also
due to the limited lifetime of such constructs [5,6]. A major cause is the decline in diffusion
with increasing distance to the surrounding nutrient medium in 3D-constructs, leading to a
shortage of oxygen and acidification [7]. Bioprinting is a powerful tool to create layer-by-
layer generated three-dimensional cell-laden constructs from a computer-generated file.
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This allows the creation of distinct 3D structures with a spatial arrangement of different cell
lines. These three-dimensional cell constructs made of cell-laden hydrogels manufactured
via bioprinting offer a promising tool to investigate cellular activity due to its improved
resemblance of in vivo conditions compared to traditional 2D cell culture [8–10]. The
most widespread form of bioprinting is extrusion-based bioprinting that uses pneumatic
driven forces or a stamp to promote material flow [11,12]. Due to the modular design
of many extrusion-based bioprinters, customization according to the desired application
is possible. A versatile bioprinting tool is a coaxial extruder that allows printing two
materials simultaneously in a core/shell manner. Coaxial extrusion has been used for a
coaxial placement of two different cell lines. Taymour et al. created a co-culture with core-
located fibroblasts and shell-located HepG2 cells encapsulated in a alginate-methylcellulose-
based hydrogel [13]. Wang et al. mimicked the glioma microenvironment using coaxial
extrusion. Thereby, they encapsulated GSC23 cells in alginate and located them in the
shell compartment while U118 cells were extruded through the core-nozzle [14]. Another
example of coaxial printing to create spatially defined co-cultures is provided by Li et al.
RSC96 cells were encapsulated in an alginate gel and extruded as the shell while a cell
suspension of NE4C-cells was located at the core [15]. These examples show the possibility
for spatially orientating different cell lines in proximity while enabling the generation
of cell specific environments by extruding different cell-laden materials through each
nozzle. However, another promising application of coaxial extrusion is the formation
of hollow channels. Mostly, hollow channels were created without coaxial extrusion by
printing sacrificial materials that were removed in the post-printing procedure such as
Pluronic F127 [16], gelatin [17] or carbohydrate glasses [18]. Using coaxial extrusion, hollow
channels can be generated with and without sacrificial materials using a crosslinker. Hollow
channel generation without sacrificial material can be achieved using a crosslinker for the
shell-located hydrogel as a core material. A common combination is the usage of alginate
as shell-material and calcium chloride as the crosslinker in the core-section [19,20]. Kim
and Nam generated hollow channels using Pluronic F127 loaded with CaCl2 as sacrificial
core-material while pre-crosslinked alginate was used as the shell. CaCl2-laden Pluronic
F127 caused the post-crosslinking of alginate and was removed later [21]. The insertion of
endothelial cells in the shell-compartment is a promising method for the fast generation of
simplified vessels with an endothelium. Without coaxial extrusion, endothelial cells were
delivered by injecting a cell suspension into the prevascularized network [16,17]. However,
a major drawback of this method is the necessity to make a physical connection to the
hollow channel for cell delivery. While it is appropriate when one complex prevascular
network has to be seeded, it becomes more difficult when several independent channels
are printed, especially when the channel’s diameter is small. This problematic procedure
can be avoided if cell delivery is performed using coaxial extrusion. Gao et al. [22] used
a triple coaxial extruder to produce cell-laden hollow fibers with endothelial cells and
smooth muscle cells that were later implanted in mice. However, only single fibers were
produced without further integration into an in vitro-based surrounding bioprinted graft
that might show the formation of vascular structures. Additionally, the implementation of
these channels into a full-thickness, pore-free graft could provide reduced diffusion paths,
leading to improved nutrient delivery. Traditionally, bioprinted constructs are printed
with artificial pores to reduce diffusion paths and improve cell viability. However, the
gaps cannot be used for any cellular functions and remain unfunctional. Instead, using
embedded hollow strands, the diffusion paths could be reduced in full-thickness constructs,
and different cell lines with unique functionalities can be inserted. To evaluate the versatile
possibilities of coaxially printed hollow strands in prevascularized constructs, mono- and
co-cultures were bioprinted into prevascularized gelatin-alginate based constructs. To
conduct this, a material characterization was performed with subsequent optimization in
crosslinking and post-crosslinking for improving the cellular environment of three cell lines.
After establishing the bioprinting process for prevascularized grafts, HepG2 cells were used
in a monoculture to evaluate the potential for the improvement of the nutrient supply with
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coaxially printed hollow channels due to their high metabolic activity and the consequently
increased need for nutrients. Furthermore, these grafts were additionally cultured in a 3D-
printed reactor for assessing the positive effects of continuous cultivation. Finally, HUVEC
and fibroblasts were added into the prevascularized grafts to evaluate the possibility for
angiogenesis and the endothelialization of hollow tubes at static cultivation conditions.

2. Materials and Methods
2.1. Materials

Cell culture medium DMEM Low Glucose, DMEM F-12, Penicillin/Streptomycin,
geneticin and FBS were obtained from Biowest (Nuaillé, France). Cell culture media MCDB
131 and rhEGF were purchased from PAN Biotech (Aidenbach, Germany). Hydrocortison,
ascorbic acid, DAPI, DPBS, propidium iodide and gelatin type A (300 bloom) were obtained
from Merck (Darmstadt, Germany). Heparin sodium salt was purchased from Serva
(Heidelberg, Germany). Sodium alginate, calcium chloride, tri-sodium citrate-dihydrate,
silicon oil, Roti-Immunoblock and L-glutamine were ordered from Carl Roth (Karlsruhe,
Germany). Bovine pituitary extract was obtained from Thermo Fisher/Life Technologies
(Darmstadt, Germany). Resazurin sodium salt was purchased at Alfa Aesar (War Hill,
GA, USA). CD31 antibody was purchased from Becton Dickinson (Heidelberg, Germany).
Calcein blue AM was purchased from AAT Bioquest (Sunnyvale, CA, USA). Cyclo-Olefin
Copolymer COC 5013 granulat (TOPAS Advanced Polymers GmbH, Frankfurt am Main,
Germany) was a friendly gift from 3D Schilling GmbH. COC slides were purchased from
Microfluidic Chipshop (Jena, Germany). Microbial transglutaminase (mTGM) was obtained
from Ajinomoto (Hamburg, Germany).

2.2. Preparation of Hydrogels

Gelatin and sodium alginate powders were weighted and transferred into a tube,
homogenized with PBS and vortexed. Afterward, the gel was heated in a steam cooker for
60 min followed by a repeated homogenization step. The gelatin/alginate gel was cooled
down and stored at room temperature. For bioprinting applications, combinations of 6%
(w/v) gelatin and 2% (w/v) alginate and 6% (w/v) gelatin 4% alginate in PBS and 7% (w/v)
gelatin solved in 100 mM CaCl2 were prepared.

2.3. Rheologic Investigations

For rheological investigations, a rheometer MCR 502 (Anton Paar, Graz, Austria) with
a plate–plate measurement system was used. Before measurement, the temperature was
set to 25 ◦C to achieve consistent conditions for all measurements. To prevent dehydration
of samples during measurement, silicon oil was pipetted on the measurement system after
equilibration of the measurement distance. To determine the influence of the hydrogel
components, a DoE (Design of Experiment) was performed according to a Latin Hypercube
Design with a concentration range of gelatin from 5% (w/v) to 10% (w/v) and alginate from
2% (w/v) to 10% (w/v). Within this DoE, the complex modulus at 25 ◦C with different
deformations at ω = 10/s and the temperature behavior of the gels while heating from
25 to 37 ◦C with a deformation of 1% at ω = 10/s were investigated. In addition, the
time to reach the sol/gel point after cooling down from 37 ◦C to 25 ◦C was determined
with a deformation of 1% atω = 10/s. To evaluate the complex modulus of the hydrogels
used for bioprinting, a deformation-based measurement was performed at temperatures
of 20 ◦C and 30 ◦C, which represented critical temperatures for the bioprinting process.
The behavior of gels during the entire bioprinting process including preprocessing was
investigated by rotational measurements. Thereby, a shear rate of 1/s was used to mark the
relaxation behavior of the gel while a shear rate of 500/s was used to simulate the extrusion.
However, the measurement times for each part were partially reduced compared to the
actual bioprinting process due to the higher surface-volume-ratio in the measurement gap
compared to bulk behavior.
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2.4. Diffusion Behavior

To determine the diffusion behavior of molecules with a size similar to cytokines
with the size of VEGF throughout the hydrogel, FITC-Dextran with a molecular weight
of 20 kDa was used. A 6% (w/v) gelatin/2% (w/v) alginate hydrogel was heated and
casted into a 3D-printed mold with an inserted needle. After cooling down, the needle
was removed, creating a hollow channel. Afterward, the gel was transferred into a well
plate for further crosslinking. Sodium citrate was added to samples, when the removal of
alginate with respect to the diffusion capability was tested. After that, the FITC-dextran
solution (100 µg/mL) was inserted into the channel, and image acquisition using an LSM
710 directly began. For the perfusion based experiment, the FITC-dextran solution was
continuously added with a flow rate of 2.5 µL/min.

2.5. Cell Culture

HepG2 cells (CLS, Eppelheim, Germany) were cultivated using DMEM Low Glucose
medium supplemented with 1% penicillin/streptomycin, 1% L-glutamine and 10% FBS
in an incubator with 5% CO2 at 37 ◦C. Subcultivation was performed every 2–3 days
by washing with PBS/EDTA followed by a five-minute incubation with trypsin/EDTA.
HUVEC-TERT2 cells were obtained from Evercyte (Austria) and cultivated using MCDB
131 as basal medium supplemented with 10% FBS, 10 mM L-glutamine, 15 µg/mL bovine
pituitary extract, 20 µg/mL genetincin, 50 µg/mL ascorbic acid, 0.75 IU/mL heparin
sodium salt, 10 ng/mL rhEGF and 1 µg/mL hydrocortisone. Primary fibroblasts were
isolated from human lung tumor tissue. Briefly, the tissue was mechanically dissected
and agitated in a solution of 150 U/mL collagenase, 0.5 U/mL dispase and 7.5 U/mL
Dnase in DMEM Low Glucose for 180 min at 37 ◦C. The won cell suspension was then
filtered through a 100 µm cell strainer and incubated in an RBC lysis buffer for 5 min
at room temperature prior to the washing and seeding of the cells in collagen-coated
dishes. After several days of growth, the fibroblasts were separated from tumor cells
by short incubation with accutase and subsequent seeded in a new culture dish. All
primary fibroblasts were used with a passage number less than or equal to 10. Culture
was performed using DMEM F-12 as a basal medium supplemented with 5% FBS, 2 mM
l-glutamine and penicillin/streptomycin. Medium exchange for the printed samples
was performed every 2–3 days. Co-Culture experiments were performed with the
medium used for cultivation of HUVEC-TERT2 with a substitution of geneticin with
penicillin/streptomycin.

2.6. Bioprinting Process

Bioprinting was performed using a pneumatic bioprinter BioScaffolder 3.2 (GeSiM,
Radeberg, Germany). It was equipped with heatable cartridge holders for printing
avascular structures. The used 10 cc cartridges (Vieweg, Kranzberg, Germany) were
equipped with a 250 µm cylindrical nozzle (Vieweg, Kranzberg, Germany). In addition,
a holder for the coaxial printing tool was equipped, facilitating the mountable coaxial
printing tool that contains connection points for two cartridges. The coaxial tool was
equipped with a 100 µm core nozzle and a 610 µm shell nozzle. Non-prevascularized
3D constructs were printed using a 6% gelatin 2% alginate hydrogel using a pressure of
60 kPa. Afterward, the samples were firstly crosslinked with a 20 mM CaCl2 solution
for 10 min followed by an addition of 10 U/mL microbial transglutaminase (mTGM) for
60 min. After that, the constructs were rinsed with PBS and filled up with medium. The
bioprinting of prevascularized constructs was performed in a three-step-process. Firstly,
a base layer was printed with a cell-free 6% gelatin 2% alginate hydrogel. Afterward,
the coaxial printing tool was used to print hollow strands. For this, a 6% gelatin 4%
alginate hydrogel was used as shell material, while a CaCl2-laden 7% gelatin was used
as the core material. The instant crosslinked strand was printed on all base layers in
a meander-like pattern. In the last step, a cell-laden 6% gelatin 2% alginate hydrogel
was printed between the coaxial printed strands. After printing, the samples were
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crosslinked with 100 mM CaCl2 for a short time and then mechanically separated by
cutting the continuous printed coaxial strand at the border of the sample via a scalpel.
After crosslinking with 20 mM CaCl2 for 10 min, the samples were stored for 30 min
in cell culture medium in the incubator. This allowed the solubilization of gelatin and
the possibility of its subsequent aspiration from the coaxial-printed channel. Then the
samples were crosslinked with 10 U/mL transglutaminase for 60 min. After crosslinking,
samples were rinsed with PBS and further cultivated in cell culture media. Depending
on the experiment, different cell lines with specific cell concentrations were used. In
general, the concentration of HepG2 was 1 × 107 cells/mL hydrogel, HUVEC-TERT2
had a concentration of 5 × 106 cells/mL hydrogel, and fibroblasts were used with a
concentration of 2.5 × 106 cells/mL. In prevascularized models, different constellations
were prepared. In a HepG2 mono-culture, the shell compartment as well as the gel
between the hollow strands were seeded with 1 × 107 cells/mL each. In co-culture
models, the shell compartment was always filled with HUVEC-TERT2, while the gel
between the hollow strands was either laden with HepG2 or with HepG2 and fibroblasts.
The treatment of the samples with sodium citrate was performed the next day after the
bioprinting process. The parameters for experiments with prevascularized samples were
a concentration of 100 mM sodium citrate and an incubation time of 5 min.

2.7. Manufacture and Set Up of the Bioreactor System

The manufacture of the bioreactor was performed using the high temperature extruder
module of the BioScaffolder 3.2 that was loaded with COC 5013 granulate. Before printing,
the granulate was molten at a cartridge temperature of 220 ◦C and a nozzle temperature of
240 ◦C for 45 min. Directly before printing, a COC slide was added as a printing substrate
to form the base layer of the reactor. Directly before starting the printing and throughout
the printing too, the substrate was heated. The generated G-Code of the CAD data was
slightly modified to improve the printing quality of the chip. After printing, a silicon tube
was added on each side of the connector and bonded with an adhesive to achieve a sealed
connection. For later connections, Luer adapters were plugged on the silicon tubes. To seal
the the reactor chamber, pressure-sensitive adhesive foils were used. For the geometric
adaption of these foils, a laser structure was applied using Keyence ML-Z9520. When
prevascularized constructs were cultured with the bioreactor, the constructs were first
transferred into the chamber that was afterward sealed with pressure-sensitive adhesive
foils followed by a manual filling of the reactor with medium via silicon tubes. The inlet
side of the reactor was connected with a Safeflow-Adapter to the medium bottle. The outlet
was connected with a sterile filter that was also connected with a Safeflow adapter, which
had tubing to the waste bottle. Within this tubing path, a tube for pumping was integrated.
Both reactor and medium bottle were placed into the incubator while the pump and waste
bottle were placed outside. The continuous cultivation was performed at a flowrate of
25 µL/min.

2.8. Viability Analysis

To investigate the time-dependent viability of the cells, calcein-AM and propidium
iodide staining for the visualization of live and dead cells was used. Briefly, cells were
washed for 5 min in HBSS-buffer prior to the staining in calcein AM and PI (each 1 µM)
for 15 min. Afterward, the constructs were washed three times for 5 min in HBSS again
before microscopic imaging with a LSM 710 (Carl Zeiss Microscopy, Jena, Germany). A
resazurin assay was used to quantify the viability over time. For this, a 50 µM solution of
resazurin was added to the cells and incubated for 60 min in the incubator. Measurement
was performed using a SPARK plate reader (TECAN, Männedorf, Switzerland) with a
measurement wavelength of 555 nm and a reference wavelength of 605 nm.
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2.9. Influence of the Crosslinker on Cell Viability

To evaluate the influence of used crosslinkers on cell viability, a DoE with a central
composite design was performed. For this experiment, the hydrogel consisting of 6%
gelatin and 2% alginate was used for all cell lines. In this setup, CaCl2 was added first to the
bioprinted cell laden hydrogel followed by the second crosslinking step with transglutami-
nase. Thereby, the concentration and incubation time of CaCl2 and transglutaminase varied.
The concentration of CaCl2 had a range from 20 mM to 100 mM, while transglumatinase
was used from 1 U/mL to 10 U/mL. The incubation time of CaCl2 varied from 10 min to
60 min. For transglutaminase, incubation times from 1 h to 24 h were used. After crosslink-
ing, sodium citrate was not added. All parameters concerning the bioprinting process and
analysis were the same as before mentioned. The resazurin assay was performed one day
and seven days after printing. The resulting signal difference of each sample was calculated
and analyzed with Ansys OptiSlang (Weimar, Germany).

2.10. Immunofluorescence

Immunohistochemical staining was performed with an initial washing step with PBS
followed by a treatment of Zamboni fixative for two hours. Afterward, three washing
steps with each 20 min was performed. Subsequently, 0.1% Triton X100 was added for
one hour for permeabilization. After repeated washing, the samples were blocked using
a mixture of 2% BSA/10% Roti-Immunoblock. After three-hour incubation, the primary
labeled antibodies were added and incubated overnight. To remove excess antibodies the
next day, the samples were washed three times for one hour each. Afterward, DAPI was
added for 15 min, and unbound DAPI was removed by washing the samples three times
for 20 min each. Afterward, the samples were stored in a mounting medium.

2.11. Statistical Analysis

Statistical Analysis was performed using Origin 2015 (OriginLab, Northampton, MA,
USA). Significance analysis was determined using two-sample t-test including a check of
standard distribution. If the sample showed no standard distribution, the Mann–Whitney
U test was used.

3. Results
3.1. Investigation of Rheological Properties

To investigate the effect of storage modulus at ambient temperature (25 ◦C) and 37 ◦C
as well as the time required for a structure regeneration by cooling down from 37 ◦C to
25 ◦C, the concentration of the hydrogel components was changed. According to Figure 1,
the storage modulus increases with higher concentration of each gel component and is
even higher when the concentrations of both components increased. Additionally, within
the viscoelastic range of hydrogels, tan δ < 1 was observed.

However, at 37 ◦C, only an increase in alginate concentration causes a higher storage
modulus whereby the concentration of gelatin has no effect. Within the viscoelastic range,
all samples at 37 ◦C exhibited tan δ > 1 showing viscous characteristics. The time to reach
the yield point (tan δ = 1) after cooling down from 37 ◦C to 25 ◦C is strongly connected to
the concentration of the hydrogel components. In general, the increase in one hydrogel
component concentration leads to a faster gelation while this effect is intensified with
higher concentrations of both gelatin and alginate. Resulting from these experiments, three
hydrogels (Figure 2) were chosen for the bioprinting process and rheologically characterized
at the relevant process temperatures of 20 ◦C and 30 ◦C.

The first one consisted of a combination of 6% gelatin and 2% alginate that was used
for printing cell-laden gels with a 250 µm nozzle. At 20 ◦C, this hydrogel has a storage
modulus of 960 Pa that decreases to 550 Pa when heated up to 30 ◦C. The loss factor shows
a small increase from 0.23 to 0.24 within the linear viscoelastic range. The shear force
to obtain the yield point at 30 ◦C was measured to be 800 Pa. The second hydrogel has
a combination of 6% gelatin and 4% alginate and was used as shell material for coaxial
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extrusion. Its storage modulus at 20 ◦C is 1100 Pa with a loss factor of 0.4. The temperature
increase to 30 ◦C led to a reduced storage modulus of 560 Pa and a loss factor of 0.54. A
shear force of 1200 Pa is necessary to reach the yield point. For cell laden hydrogels, the
entire bioprinting process including pre-treatment and cooling was simulated with the
rheometer (Figure 3).
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Figure 3. Rheological simulation of the bioprinting process. Section 1 shows the different stages of
the process with varying shear rate and temperatures. Phase I: Preheating of the hydrogel for cell
seeding. T = 37 ◦C,

.
γ = 1 1/s; Phase II: Cooling of the hydrogel. T = 4 ◦C,

.
γ = 1 1/s; Phase III: Preheat

of the hydrogel for printing process. T = 30 ◦C,
.
γ = 1 1/s; Phase IV: Bioprinting Process, T = 30 ◦C,

.
γ = 500 1/s; Phase V: Cooling of the hydrogel on the printing substrate, T = 20 ◦C,

.
γ = 1 1/s. Section 2

shows a more detailed course of the rheology in phase V but with different temperatures. (A): 6%
Gelatin 2% Alginate hydrogel. (B): 6% Gelatin 4% Alginate hydrogel.

The process begins with a heating of the gel to 37 ◦C. This caused a rapid decline in
viscosity and enables cell seeding and homogenization. To prevent cell sedimentation and
for improved process control, gel is cooled down to 4 ◦C, leading to an increase in viscosity
again. Afterward, the gel is heated to a printing temperature of 30 ◦C. The printing process
itself is displayed with a shear rate of 500 1/s and shows a clear reduction in viscosity
for both gels, which regenerates quickly after changing the shear rate back to 1 1/s and
cooling to 20 ◦C. However, since the used hydrogel is strongly temperature dependent, a
change in the printing substrates’ temperature can alter the structure regeneration of the
gel drastically.

In Figure 3, the time dependent course of viscosity after the printing process at different
temperatures is displayed. While the viscosity at 30 ◦C returns to its pre-printing state,
a quick increase can be observed at lower temperatures. However, in the beginning of
the regeneration state, the increase in viscosity at 20 ◦C, 10 ◦C and 4 ◦C is very similar,
which is connected to the temperature equilibration of the Peltier element of the rheometer.
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However, the viscosity at the plateau at 4 ◦C and 10 ◦C is similar and is obtained within
a relative short time while the viscosity at 20 ◦C reduced with a longer period of time
required to reach the plateau. Interestingly, the viscosity of the 6% gelatin 4% alginate
hydrogel lowers after reaching its peak at 4 ◦C and 10 ◦C, leading to values less than the
viscosity at 20 ◦C. However, since the here shown simulation of the bioprinting process was
performed with a rheometer, the surface-to-volume ratio as well as temperature changes
differed from the real bioprinting process. These might influence the liquidation process or
gelation, especially after material extrusion.

3.2. Optimization of Crosslinking

The crosslinking of the 3D printed constructs was performed in a two-step process.
First, CaCl2 was added for a fast crosslinking of the alginate part. Here, concentrations
ranging from 20 mM to 100 mM were used with incubation times from 10 min to 60 min.
Within the tested range, higher concentrations and incubation times showed, as listed
in Table 1, a negative effect on cell viability among all three used cell lines although this
effect can be considered negligible for fibroblasts. The second part of crosslinking was the
addition of microbial transglutaminase with concentrations from 1 U/mL to 10 U/mL while
the incubation time differed from 1 h to 24 h. As stated in Table 1, prolonged incubation
times had a negative effect on cell viability while the effect of increased concentrations
could be considered negligible as well. According to these results, the incubation time
of CaCl2 was chosen to be 10 min with a concentration of 20 mM. Transglutaminase was
added with a concentration of 10 U/mL and incubated for 60 min.

Table 1. Pearson’s coefficient showing the influence of crosslinkers process parameter on cell viability.
A value greater than zero indicates a positive effect on cell viability and vice versa. The range for
the indicator.

Cell Line Concentration
CaCl2

Incubation
Time CaCl2

Concentration
mTGM

Incubation
Time mTGM

HepG2 −0.59 −0.23 0.13 −0.34

HUVEC-TERT2 −0.34 −0.47 0.06 −0.07

Fibroblasts −0.13 −0.05 −0.04 −0.53

3.3. Diffusion Behavior

The diffusion of FITC-dextran throughout the crosslinked cell-free hydrogel was
investigated under three conditions. Firstly, the hydrogel was used after crosslinking
without further treatment. After 30 min, due to the diffusion of FITC-dextran, an expansion
of the fluorescence signal throughout the hydrogel was observed. However, the signal’s
intensity decreased with prolonged distance from the supply channel, as observed in
Figure 4. The second measurement was performed with hydrogels treated with sodium
citrate. Here, the diffusion rate of FITC-dextran approximately doubled compared to non-
treated hydrogels albeit the absolute diffusion rate of hydrogels treated with sodium citrate
shows also a strong decrease with increased distance from the supply channel. The third
method included the treatment of the hydrogels with sodium citrate but with a continuous
addition of FITC-dextran in the channel. Here, the diffusion rate of FITC-dextran was more
than twice as high as the diffusion rate with a single injection. It is also worth mentioning
to consider the fluorescence signal in regions close to the channel. While FITC-dextran was
added per injection, the fluorescence signal close to the channel after an incubation time
of 30 min was lower than at the beginning, while the continuous addition caused a signal
increase in this region. However, with regard to these measurements, one has to consider
that although the image acquisition was started directly after injection of FITC-dextran,
minor diffusion took place before the first micrograph. This could have led to deviations in
determining the diffusion rate.
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Figure 4. Diffusion of FITC-Dextran (20 kDa) throughout the crosslinked 6% gelatin 2% alginate
hydrogel. (A): Mold-casted hydrogel used for diffusion analysis. (B): Fluorescence micrographs
of FITC dextran diffusing through the hydrogel. The border between high and low fluorescence
intensity marks the transition between the hollow channel and the hydrogel. (B1): Fluorescence
directly after injection of FITC-dextran. (B2): FITC-dextran dispersion throughout the hydrogel after
30 min. (C): Calculated diffusion rates for different experiment conditions at defined distances from
the supply channel. (D): Fluorescence signal for all three methods in relation to the channel distance
and incubation time compared to the starting point at the channel wall.

3.4. Effect of Treatment of Hydrogel with Sodium Citrate on Cell Viability

As could be observed in Figure 4, the hydrogels treatment with sodium citrate led to
higher diffusion rates. To validate the effect on cell viability, cell-laden gels with mono-
cultures of all three cell lines were printed and treated with different concentrations of
sodium citrate with an incubation time of five or ten minutes. The conversion of resazurin
was used as an indicator for cell viability. The time-dependent course of resazurin con-
version in Figure 5 showed differences between all used cell lines. HepG2 showed an
initial increase in resazurin conversion after three days of culture. Afterward, a decrease
in cell viability until 14 days of cultivation could be observed. In this time, the level of
resazurin conversion was less than at the start of cultivation. Afterward, a regeneration of
the resazurin conversion could be observed. The treatment of the samples with sodium
citrate led to an increase in cell viability. A significant increase within the entire cultivation
time period could already be observed with a concentration of 25 mM sodium citrate.
However, minor deviations in the significance can be caused by the limited sample size.
An extended incubation time of sodium citrate seems to have a little positive effect with
prolonged incubation time although no significance could be observed. Additionally, a
cultivation of HepG2 in untreated hydrogels showed the formation of smaller spheroids
than in gelatin-alginate hydrogels treated with 100 mM sodium citrate (Figures S2 and S3)
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Figure 5. Cell viability of different mono cultures in a 6% gelatin 2% alginate hydrogel within a
culture time of 14 or 28 days. (A): HepG2 (n = 4). (B): HUVEC-TERT2 (n = 3). (C): Fibroblasts (n = 4).
The cell laden hydrogels were treated with different concentrations and incubation times of sodium
citrate. The cell viability of each day is normalized to the signal on day 1 after bioprinting. Statistical
significance was tested for all samples on each measurement day by comparing the respective
sample without treatment of sodium citrate as well as with samples having the same sodium citrate
concentration but different incubation time (significance level: * p > 0.05, ** p > 0.01, *** p > 0.005).

Cultivation of HUVEC-TERT2 cells, as shown in Figure 5, led to a different effect
compared to HepG2 cells. Within the course of two weeks, HUVEC in hydrogels that
were not treated with sodium citrate had a tremendous loss of cell viability that did
not regenerate within the two weeks of culture. However, even samples treated with
sodium citrate had a reduced resazurin conversion but showed a regeneration and partially
an increase compared to a cultivation start after two weeks of culture. While sodium
citrate concentrations higher than 50 mM showed similar levels of resazurin conversion
after two weeks of cultivation, it was surprising to see that longer incubation times with
sodium citrate led to a lower resazurin conversion. A microscopic analysis of HUVEC-
TERT2 cultured in an untreated hydrogel showed that cells remained circular and isolated
while those cultured in hydrogels treated with 100 mM sodium citrate formed areas of
interconnected cells (Figure S5). Primary fibroblasts (Figure 5) also showed a strong
dependency on the hydrogel’s treatment with sodium citrate. Low concentrations or
no treatment with sodium citrate caused a stagnant and slowly decreasing resazurin
conversion. With high concentrations of sodium citrate, a significant increase in resazurin
conversion could be observed already after three days and was amplified with increasing
cultivation times. The prolonged incubation time with sodium citrate appears to have
a positive effect on cell growth within the hydrogel. However, a significant effect could
only be determined after seven days of culture with a concentration of 50 mM. Here, the
hydrogels treatment also showed morphological changes as with HepG2 and HUVEC-
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TERT2. After cultivation in untreated hydrogel, fibroblasts remained circular and isolated.
When hydrogels were treated with 100 mM sodium citrate, fibroblasts adopted an elongated
morphology that became more pronounced when the incubation time with sodium citrate
increased (Figure S4).

3.5. Printing and Cultivation of Prevascularized Constructs

Prevascularized constructs were printed in a three-step process (Figure 6), starting
with printing of a cell free 6% gelatin 2% alginate basis layer for later fusion of upcoming
cell-laden gels.
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Figure 6. Manufacturing process of prevascularized constructs. In the first step a base layer was
printed (A1) followed by the deposition of the coaxial printed hollow strand in a meander-linked
manner over all base layer of a printing sequence (A2). In the last step, the space between the hollow
channels was filled with another cell-laden gel (A3). A printing sequence created samples with one
continuous hollow strand (B). The hollow strands that are not embedded in the hydrogel substrate
were mechanically separated. The corresponding prevascularized constructs had different distances
between their channels ranging from 1 mm (C1), 1.5 (C2) to 2 mm (C3). The left constructs still
contain the core-located gelatin while the material is aspirated in the right constructs (Scale Bar:
4.5 mm). (D): Time dependent cell viability of prevascularized HepG2-laden constructs. The cell
viability at every time point is normalized to the viability of a non-prevascularized construct serving
as the control. Graphs marked with * show a statistical significance compared to avascular sample
(significance level: * p > 0.005, n = 8).
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During a printing process, different design versions of prevascularized constructs
were printed. For every version, multiple base layers were fabricated. In the next step,
using coaxial extrusion, a core/shell designed strand was continuously printed over the
base layer in a meander like manner. The core-section of the printed strand consisted of
a 7% gelatin supplemented with 100 mM CaCl2 causing an instantaneous crosslinking
of the sheath-located cell-laden 6% gelatin 4% alginate hydrogel. For every design
version, different distances between the were channels created, namely 1 mm, 1.5 mm
and 2 mm. In the last step, the gaps between the coaxial printed strands were filled up
by printing another cell laden 6% gelatin 2% alginate hydrogel. The generation of the
hollow strand was completed after alginate crosslinking with CaCl2 in the incubator.
During this time, the core-located gelatin in the coaxially printed strand liquified and
was able to be aspirated. As shown in Figure 7, the strand could be perfused. In addition,
cells could be located around the core although it was not perfectly homogenized.
The cultivation of prevascularized constructs was found to be superior in terms of
resazurin conversion compared to avascular constructs in the first seven days of culture,
as observed in Figure 6. However, after 14 days of culture, the resazurin conversion of
prevascularized cultures had an approximate level similar to the avascular samples. With
longer cultivation, prevascularized samples with a channel distance of 2 mm appeared
to gain an increasing level of resazurin conversion.
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Figure 7. Manufacture of hollow channels using coaxial extrusion. (A): Principle of hollow
strand formation. CaCl2 in gelatin (inner material, yellow) crosslinks the sheath-based gelatin
(outer material, orange) causing a stable strand. (B): Strand formation using a coaxial extruder.
(C): Visualization of coaxially printed strand hollowness after aspiration of core-based gelatin.
(C1): Before addition of dye. (C2): After addition of dye. (D): CLSM micrographs showing a view
through the coaxially printed strand (D1): View though the hollow strand with coaxially located
HepG2 cells. Visualization of the cells is achieved using live–dead staining. Green: live cells; red:
dead cells. (D2) Visualization of the hollow strand using reflection microscopy using a wavelength
of 405 nm (scale bar: 200 µm).

3.6. Continuous Cultivation of Prevascularized Constructs

The 3D printing of COC 5013 using the high temperature extruder achieved a good
adhesion of the molten plastic on the pre-heated COC substrate. The following layers
also showed good adhesion causing a leak-proof reactor. However, a major problem
of 3D printed parts based on extrusion printing is waviness, which might prevent
the connection of the adhesive foil. However, due to parameter optimization, the
reactors surface around the chamber showed a relative smooth surface that enabled the
adhesion of the sealing foil. The 3D-printed miniaturized bioreactor itself, as observed
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in Figure 8, consisted of two tube plugs connected to an open chamber reserved for
insertion of 3D printed samples. This allows, depending on the size, the insertion
of multiple samples. The performance of the resazurin assay (Figure 8) showed in
comparison with static cultivated prevascularized samples an almost identical signal
within seven days of cultivation. However, after 14 days of continuous cultivation
a higher signal in samples with continuous cultivation could be observed. Among
all samples in the bioreactor, significant differences could be observed after 14 days.
Overall, 1.5 mm samples showed the highest signal while 1 mm samples had the
lowest signal.
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Figure 8. Manufacturing process, set up and resazurin conversion of HepG2 in prevascularized
constructs after continuous cultivation. (A): 3D printed miniaturized bioreactor made of COC printed
on a COC slide. (B): Laser structured adhesive foil on carrier foil (left) and after removal from
carrier foil (right). (C): Printing process of the bioreactor on a heated aluminum-based slide carrier.
(D): Set-up of bioreactors in the incubator connected to the fluidic system. (E): Time-dependent
cell viability of continuously cultured prevascularized HepG2-laden constructs. The cell viability
at every time point is normalized to an equivalent statically cultured construct serving as a control.
Graphs marked with * show a statistical significance compared to their statically cultured equivalent
(significance level: * p > 0.005 n = 6).

3.7. Co-Culture of Prevascularized Constructs

In a first model, HUVECs were located in the shell of the hollow strands while
HepG2 cells were printed between the hollow strands. Resazurin conversion (Figure 9)
showed within two weeks of culture a continuous increase in the signal. However, the
immunofluorescence of HUVEC by CD31 staining showed a population of the hollow
channels surface that is indicated after two weeks of culture and is enhanced after four
weeks. However, in addition to the population of hollow channels, HUVEC remained
in a circular shape, showing no tendency for migration or proliferation. In another co-
culture, HepG2 cells and primary fibroblasts were mixed in one gel and printed between
the hollow channels containing HUVEC. Similarly to the co-culture without fibroblasts, the
resazurin conversion increased until 14 days of culture (Figure 9). However, afterward,
a decline in conversion could be observed. The major difference between the cultures
without fibroblasts is the growth of HUVEC. Here, HUVEC show a sprouting behavior
with a directed growth toward HepG2 and fibroblasts. The growth of typical vascular
structures could be observed after 14 days of culture and was even enhanced after 28 days
of culture.
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Figure 9. Co-Cultures of HUVEC and HepG2 (A–C) and HUVEC, HepG2 and fibroblasts (D,E) in
a prevascularized construct. (A): Cell viability of the co-culture within a culture time of 2 weeks.
(B): Endothelialization of the hollow strand by HUVEC in the co-culture after 2 weeks. (C): Endothe-
lialization of the hollow strand by HUVEC in the co-culture after 4 weeks. Sections 1–3: Maximum
intensity projection of different segments of the hollow strands. 1: lower area; 2: middle area; 3: upper
area. A scheme of the visualized areas can be seen in the Supplementary Materials. (D): Cell viability
of the triplet co-culture within a culture time of 4 weeks. The cell viability of each day is normalized
to the signal on day 1 after bioprinting (also in A). (E1): Formation of vascular structures by HUVEC
in the co-culture after 2 weeks. (E2): Formation of vascular structures by HUVEC in the co-culture
after 4 weeks. Blue: DAPI; Red: CD 31; Scale bar: 100 µm.

4. Discussion
4.1. Hydrogel Characterization

The rheological behavior of hydrogels is one of the main factors determining print-
ability. A major feature of gelatin is its thermo-reversible gelation behavior due the known
helix-coil transition at higher temperatures leading to a liquidation [23]. Alginate shows
also a temperature dependency causing lower viscosity [24], although this effect is much
less drastic than for gelatin. The used temperatures of 25 ◦C and 37 ◦C for the characteri-
zation of different gelatin-alginate hydrogels present the state of the hydrogel before the
bioprinting process and after heating for cell seeding and also two different conditions of
the hydrogel. A temperature dependent loss of the storage modulus could be observed in
the performed DoE by increasing the temperature from 25 ◦C to 37 ◦C. The main reason of
this is the mentioned liquidation of gelatin. However, this loss could also be amplified due
to the hydrogel preparation that was performed in a steam cooker. It is known that higher
processing temperatures lead to reduced mechanical stability [16]. The treatment in the
steam cooker might have enhanced the liquidation process of gelatin at 37 ◦C so that it did
not show any influence in the storage modulus. However, the high temperature treatment
could also have influenced the mechanical stability of alginate, leading into reduced storage



Bioengineering 2022, 9, 242 16 of 25

modulus too. This thermal behavior of the hydrogel blend offered various strategies for
adjusting the bioprinting process. In the pre-bioprinting-process, gel was heated to allow
cell seeding. However, as shown by a study of Dubbin et al. [25], cell sedimentation occurs
in low viscous hydrogels causing an inhomogeneous cell distribution within the hydrogel.
To prevent this, a short-term storage of cell-laden hydrogels at 4 ◦C after the seeding process
was performed. Afterward, the gels were transferred into the bioprinters cartridge heater
to adjust them to a printing temperature of 30 ◦C that showed a rapid and consistent
adjustment of viscosity. Another approach for the pre-bioprinting-process was performed
by Jiang et al. [26]. In their study, the hydrogel was cooled down to 25 ◦C after previously
heating to 32 ◦C and cell seeding. After 50 min of cooling, the time slot for printing was
achieved. However, during this printing time the viscosity showed a continuous increase
that might alter the flow rate when printing with continuous pressure. Instead, heating
from a chilled hydrogel allows controlled energy inputs and a constant viscosity after
a shorter amount of time, as shown in Figure 3. Another approach for the preparation
of the bioprinting process was proposed by Ouyang et al. [27]. Here, they started with
a temperature of 37 ◦C for the preparation of the bioink and cooled the cartridge to a
temperature between 22.5 ◦C to 30 ◦C for investigating the printing process while the graft
was printed into an isolated chamber with a temperature of 22.5 ◦C. Using time-sweep
tests, they showed that the complex modulus increased faster with lower temperature, also
resulting in a higher storage modulus. However, even after extensive measurement times,
an ongoing increase in complex modulus was observed that could alter the printing process
negatively by altering the size of the fabricated structure depending on the timepoint
of fabrication.

The selected hydrogel blends consisting of 6% gelatin 2% alginate as well as 6% gelatin
4% alginate hydrogel showed low viscosities at a printing temperature of 30 ◦C. This
allowed printing relatively low air pressures and preserves cell viability. Gao et al. [28]
performed a printability analysis with gelatin-alginate hydrogels by measuring the complex
modulus. There, they proposed a loss factor ranging from 0.25 < tanδ < 0.45 to achieve
smooth three-dimensional structures. While the 6% gelatin 2% alginate has a loss factor
that is almost within this range, the 6% gelatin 4% alginate hydrogel deviates from this
range at printing temperatures. However, using these hydrogels with their corresponding
tools, functional printing to create full thickness constructs was achieved. However, since
hydrogels with low viscosity are vulnerable for structure loss, a fast gelation process after
the bioprinting process needs to occur. Similarly to that mentioned by Paxton et al. [27], post-
bioprinting temperatures can be altered to regulate rheological behavior of the bioprinted
hydrogels. While the hydrogels show a rapid regeneration of their pre-printing viscosity,
the cooling procedure caused an increase in viscosity depending on the used temperature.
Interestingly, the rheological investigation showed an almost identical course of viscosity
increase and plateau formation at 4 ◦C and 10 ◦C. Since single-printed struts show a high
surface to volume ratio, this thermal-based gelation process should be reproducible in a
real bioprinting process, providing the constructs with relatively high mechanical stability.
Using a low temperature substrate, multi-layered porous structures should be printable.
However, for printing full-thickness constructs, a temperature of 20 ◦C was used. Here, the
gelation process required more time, providing the possibility for the printed structures to
fuse. Eventually, mechanical stability also increases, providing the printed constructs with
sufficient stability.

4.2. Effects on Crosslinking

Crosslinking was performed in a dual-stage process beginning with ionic crosslinking
of alginate followed by enzymatic crosslinking of gelatin. Ionic crosslinking of alginate
using Ca2+ as bi-cation originated from CaCl2, caused the linking of guluronic acid side
groups [29]. Although CaCl2 does not show any toxic effects on cells, increased incubation
time and concentration led to reduced resazurin conversion. This could be caused due to
the advanced complexity of the alginate network limiting diffusion and cell motility inside
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the hydrogel. Especially since alginate shows a bio-inert behavior, advanced crosslinking
of alginate might reduce cellular functionality. In a study of Gudapati et al. [30], a negative
effect of prolonged CaCl2-incubation was also described. This caused the formation of a
thicker alginate membrane, reducing the diffusion of glucose and oxygen and resulting
in reduced cell viability. Since alginate crosslinking is required to achieve the mechanical
stability of the graft at 37 ◦C prior to transglutaminase crosslinking, a low concentration of
20 mM with a short incubation time of 10 min of CaCl2 was used. Regarding the crosslinking
of gelatin with microbial transglutaminase, an increased concentration improved cell
viability while prolonged incubation time had a contrary effect. Transglutaminase forms
iso-peptide bonding based on an acyl-transfer using carboxyl-residues from glutamic acid
and amino residues from lysine. During this reaction, ammonia was formed [31], which is
known to have a harmful effect on cells [32]. Therefore, the incubation time of one hour
was chosen to minimize the contact of cells with ammonia and to minimize harmful effects.
However, the effect of transglutaminase concentration appeared to be very small, which
could indicate that the degree of gelatins crosslinking was sufficient at all concentrations
used. However, a higher concentration of transglutaminase was used to increase mechanical
stability of the cell-laden hydrogel, which is why a concentration of 10 U/mL was used
for later experiments. In addition to the effect on cell viability, crosslinking will also affect
the mechanical stability of the hydrogel. CaCl2 was added first to the hydrogel to achieve
a temperature stable hydrogel for the cultivation of the cell laden grafts at physiological
temperatures in the incubator. A prolonged incubation time and higher concentrations
of CaCl2 would have led to higher mechanical stability. This effect has been found by
Ramdhan et al. [33] that varied the mentioned parameters in the formation of alginate
cuboids. However, they also saw that, after a certain incubation time that depended
on the used concentration, stability remained constant or was slightly decreased due to
rearrangement of the ions in the network. The used parameters for alginate crosslinking
might have an influence on the gelatin crosslinking with transglutaminase. A high-density
network of crosslinked alginate will probably hinder the diffusion of transglutaminase,
causing an uneven crosslinking of gelatin. Therefore, higher incubation times are necessary
to achieve a complete crosslinking of gelatin. However, the mechanical stability of gelatin
crosslinked with transglutaminase depends also on the used concentration and incubation
time. Zhou et al. [34] investigated the gelation kinetics of GelMA at 37 ◦C by assessing
viscosity. They found an increase in gelation rate with increasing concentrations. With
their highest concentration and incubation time used, the viscosity of GelMA appears
to shift into a plateau state. A more extensive characterization of gelatin crosslinked
with transglutaminase has been performed by Cacopardo and Ahluwalia [35]. Here, they
compared the properties of gelatin gels that were crosslinked once for a relative short
time with other specimen that underwent an additional long-term crosslinking step to
assess the influence of prolonged transglutaminase incubation. They determined that
prolonged crosslinking with transglutaminase causes resistance to hydrolytic degradation
but also continuously decreases the hydrogels’ water storage capability. Moreover, they
also observed a higher stiffness with increasing incubation time as well as a lower cell
viability compared to shorter incubation times. The effect of reduced cell viability coincides
with the findings of our work that supports the choice of a shorter incubation time for
crosslinking with transglutaminase.

4.3. Diffusion Behavior of Crosslinked Hydrogels

The diffusion of FITC-dextran with a molecular weight of 20 kDa was performed to
simulate the movement of VEGF inside the cell-free crosslinked hydrogel. Similarly to
native tissue, the diffusion range of FITC-dextran showed a rapid decrease with increasing
distance from the nutrient channel. As stated by Wu et al., this behavior can be explained by
various physical models, including a smaller free volume of hydrogels or longer pathways
caused by additional obstructions [36]. To improve the diffusional behavior, sodium citrate
was added, which is known to remove the ionic crosslinking of alginate [37]. Citrate acts
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as a chelator binding calcium ions from crosslinked guluronic acid side groups, causing
alginates liquidation. Due to higher porosity and less obstructions inside the hydrogel,
diffusion improved. The highest rate of diffusion was observed when adding FITC-dextran
continuously in the channel. Due to the constant addition of material, a high concentration
gradient could be maintained. This caused a faster diffusion of FITC-dextran into regions
that are further away from the channel, leading to a higher signal compared to experiments
with a single injection of FITC-dextran. Due to the continuous mass transfer of the chemical
into the hydrogel, FITC-dextran was enriched in the hydrogel. This could particularly
be detected in approximate regions of the supply channel. Here, the fluorescence signal
increased 30 min after continuous addition of FITC-dextran. In contrast, the signal in this
region decreased after the single material injection. Consequently, a perfused 3D culture
will obtain the best media supply but requires a prevascularization in order to maintain
short diffusion paths. Another extensive study of diffusional behavior was performed by
Nie et al. [38], who used a GelMA hydrogel and two concentrations of FITC-dextran. They
showed that FITC-dextran with a lower molecular weight had a longer diffusion path within
the same time interval. This could indicate that diffusion of small molecules such as glucose
will penetrate more deeply into the hydrogel while cell signaling with larger molecules
is limited to smaller areas. Additionally they determined that a monolayer of HUVEC
on the inside of the channel caused a reduction in FITC-dextran diffusion throughout the
hydrogel, which was also observed by Kolesky et al. [16]. Alhough endothelial cells form a
natural barrier in the endothelium, it also indicates that the cells surrounding the supply
channel might hinder the diffusion of molecules throughout the hydrogel.

4.4. Mono Cultures of Cell Lines in Avascular 3D Constructs

All three cell lines tested showed a different time-dependent behavior regarding their
resazurin conversion. In general, all cell lines benefited from alginate removal due to
treatment with citric acid. A major beneficial factor is the mentioned improved diffusion
throughout the hydrogel. Yet another factor could be the altered mechanical stability
of the hydrogel after the removal of alginates crosslinking (Figure S1). With regard to
HepG2 cells, higher concentrations of citric acid and potentially a prolonged incubation
time improved cell viability and motility. However, after a short term increase in viability,
a mid-term decrease could be observed followed by long-term regeneration. HepG2s
were originated from a hepatocellular carcinoma originating from the liver that facilitates
high-energy consumption [39]. In conjunction with the relatively high cell concentration
and the pore-free design of the construct, nutrient supplies could be limited throughout
the hydrogel, causing necrosis. Since the signal of the used resazurin assay correlates
with the number of viable cells, it appears that regrowth occurs, which could also be seen
in live–dead staining. In a study of Kang et al. [40], HepG2 showed a different viability
according to their distance in the lumen. While cells remained viable close to the surface or
a lumen, HepG2 in between showed decreased viability. In conclusion, it is possible that
the regrowth of HepG2 in avascular constructs took place primarily in the outer regions.
Sodium citrate treatment of the fibroblast laden hydrogel construct showed similar effects
as for HepG2 cells. Fibroblasts showed an elongated growth and sprouting on treated
hydrogels while they retained a circular shape in untreated hydrogels. The same effect was
observed by Gilette et al. [41] in an alginate–collagen hydrogel when ionic crosslinking
of alginate was dissolved using citric acid. The influence of alginate concentration in
a gelatin-alginate-dialdehyde was investigated by Sarker et al. [42]. They showed that
a higher ratio towards gelatin while reducing the concentration of alginate-dialdehyde
improved proliferation in this gel. In terms of alginate removal with sodium citrate, the
ratio of the hydrogel components is also shifted toward gelatin, which might support
fibroblast growth. Furthermore, in another study, they determined the positive effect
of alginate–dialdehyde crosslinking with gelatin. This caused a porous structure of the
hydrogel, providing fibroblasts with a better possibility for sprouting and proliferation [43].
However, with appropriate citrate treatment, resazurin conversion showed a continuous
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signal increase over two weeks of culture and differs strongly from HepG2 cells. This
might be connected to the reduced cell concentration causing an improved availability of
nutrients. The growth of HUVEC cells in sodium citrate treated hydrogels differs from the
growth of HepG2 cells and fibroblasts. Increasing concentrations until 50 mM of sodium
citrate led to improved cell proliferation, yet prolonged incubation time led to decreased
viability. Sodium citrate has the possibility to reduce cell viability in cancerous cells due to
acidification [44]. However, in this study cells were exposed to sodium citrate for at least
24 h while the maximum incubation time for HUVEC cells was 10 min. Another reason
might be the different requirements for the microenvironment of HUVEC cells compared
to fibroblasts and HepG2 cells. This was also stated by Liu et al. [45] who investigated
the growth of different cell lines in GelMA-hydrogels with different stiffness. Thereby, the
optimal material for growth of HUVEC differed from the other cell lines. After the proper
preparation of the hydrogel by crosslinking both hydrogel components with the subsequent
removal of alginate, HUVEC showed an increase in resazurin conversion after two weeks.
In another study by Benning et al. [46], a gelatin–alginate hydrogel film was prepared
without the crosslinking of gelatin. Here, the growth of HUVEC was not functional, which
might show the necessity to crosslink the gelatin in this hydrogel.

4.5. Fabrication and Cultivation of Prevascularized Constructs

The fabrication of prevascularized constructs was performed in a three-step process
starting with the deposition of an acellular 6% gelatin 2% alginate hydrogel that served as
a substrate for the latter printed structures. The second step included the printing of a pre-
form of hollow channels using coaxial extrusion. The used coaxial extrusion tool consisted
of a core and a shell compartment, which is the most widespread configuration. However,
Pi et al. used a coaxial extruder consisting of three inlets, providing the possibility to
create multilayered hollow channels [47]. Cao et al. used the same coaxial extrusion set-up
to crosslink an alginate hydrogel from inside as well as outside [48]. This double-sided
crosslinking procedure shows beneficial possibilities for creating single hollow tubes since
every site of the strand is crosslinked. Instead, the hollow channels created in this work
were crosslinked from the center, which might lead to a non-crosslinked segment in the
outer part due to insufficient diffusion. However, for the creation of prevascularized full
thickness structures, this outer part can be used for the fusion of the subsequently printed
structures. Nevertheless, the printed structures in this study are additionally crosslinked
directly after printing by the thermal gelation of gelatin due to the temperature of the
well plate holder. The addition of another cell laden gel in between the hollow strands
allows the creation of full thickness constructs. Despite the observed negative effect of
alginate crosslinking with a high concentration of CaCl2, a 100 mM solution was used to
achieve proper fusion. Since the hydrogels were treated with sodium citrate, the negative
effects might be neglected. The use of gelatin as a carrier of CaCl2 for crosslinking the
sheath-located gelatin-alginate hydrogel is beneficial since alginate crosslinking takes place
at 37 ◦C in the incubator, leading to the liquidation of gelatin. This allows an aspiration of
the core-located material, enabling the generation of hollow channels. Another popular
sacrificial material is Pluronic F127, which liquefies at lower temperatures [49]. However,
this would require a placement, e.g., in the refrigerator, causing an additional process
step. The improvement in cell viability using prevascularized constructs compared to
avascular constructs has also been shown by other groups. Bertanossi et al. used MC3T3
cells encapsulated in a GelMA hydrogel that was either formed as a block or a block with
a hollow channel. Cell viability remained higher in the vascular block compared to the
avascular variant within the measured time range of seven days [50]. Gao et al. also
observed improved cell viability in constructs with microchannels compared to hydrogel
constructs without hollow tubes. Here, L929 mouse fibroblasts were cultured in alginate
gels lacking RGD-motifs [19]. The missing adhesion ligands in the hydrogel might be the
reason for the continuous decrease in cell viability within the tested time range. However,
the observed analysis of cell viability was performed for seven days. In this study, the
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beneficial effect of prevascularization was observed too, but it declined after prolonged
culture time. After 14 days of culture, the prevascularized cultures showed the same level
of resazurin conversion similarly to the avascular samples. This might be connected to the
increased cell number after short term culture, which could be sufficiently supported with
nutrients due to shortened diffusion paths. A reduced diffusion speed due to increased cell
numbers has been shown by Cao et al. [48]. Due to this increase in cells in the construct,
more consumer of nutrients and obstacles hinder the diffusion leading to gradients. This
might lead to areas that were not adequately supported with nutrients, leading to necrosis.
The existence of such areas has been shown by the previously mentioned study of Kang
et al. [40]. In long-term cultures, the resazurin conversion of prevascularized structures
showed a small increase in the level of resazurin conversion compared to the avascular
level. Here, the highest level of resazurin conversion appears for samples with a channel
distance of 2 mm. However, the reason for this needs to be further investigated.

4.6. Continuous Cultivation of Prevascularized Constructs

The manufacture of a miniaturized bioreactor using the plastic COC 5013 offers many
advantages such as mechanical stability, low protein adsorption, a chemical resistance
against aqueous solutions or thermal stability, enabling the action of autoclaving the reactor.
The design allows an easy transfer of prevascularized constructs with subsequent sealing
with an adhesive foil. A drawback of this system that was later found is a lack of gas
permeability. The only gas inlet is caused by the buffered culture medium for which
its storage bottle is located in the incubator as well. Another bioreactor was additively
fabricated by Kolesky et al. [16] using silicone to produce a shell for the subsequently
printed cell laden hydrogel. The prevascularized network was directly connected to the
fluidic system, allowing direct perfusion through the hollow channels. Sealing of the chip
was achieved by placing an acrylic lid on the top of the chip. Another approach was
performed by Lee et al. [51] who additively manufactured a chip made of polycaprolactone
and printed cell-laden hydrogels into this shell with different designs. They showed that a
perfusion based culture of hepatocytes led to an increased formation of albumin and urea
compared to static cultivation. The continuous cultivation of the prevascularized samples
in the bioreactor might show two effects. First, up to seven days, the resazurin signal
between static and continuously cultivated samples remained similar, which might show
that the nutrient supply in static cultivated samples is sufficient. Another reason might be
the gas supply in bioreactors. All components for fabrication and sealing were made with
polyolefins that have low gas permeability. Consequently, the only gas inlet is achieved
by media influx, for which its supply vessel is also located in the incubator. This reduced
amount of gas inlet could also lead to reduced growth of cells in the gel. However, after
14 days of cultivation, the continuously cultivated samples showed a significant higher
signal than constructs cultivated with static conditions. At this point, the nutrient support
on continuously cultivated samples might became superior due to limited diffusion in the
statically cultivated constructs. The second effect seen in this cultivation is the position of
the constructs inside the bioreactor. For these experiments, two samples of each design
were transferred into the chip und cultivated. However, the samples of 1 mm distance
were placed more closely to the outlet while the 1.5 mm design was positioned primarily
close to the inlet. The used flowrate of 25 µL/min caused a laminar flow inside the chip,
causing diffusion-based nutrient exchanges. Due to the excess amount of nutrients in the
reactor inlet, samples located to this position are better supplied than at the outlet, causing
a higher cell viability.

4.7. Co-Culture of Prevascularized 3D-Cultures

Co-Culture of HUVEC with HepG2 cells showed a progressively endothelialization of
the hollow channel within four weeks of culture. However, HUVEC around the hollow
channel appear quiescent and remain in a circular shape. Although HepG2 express VEGF
in culture, forming a VEGF-gradient towards HUVEC, no sprouting could be observed.
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However, this co-culture already showed the potential of coaxial bioprinting to form
hollow strands with on-site delivery of HUVEC that can later form functional structures.
Furthermore, with the co-culture of fibroblasts and HepG2, sprouting could be observed.
HepG2 are epidermal cells originated from a hepatocellular carcinoma facilitating metabolic
activities but are not directly involved in angiogenesis processes. Instead, fibroblasts are an
essential cell line in the structure of blood vessels, producing the surrounding extracellular
matrix and expressing proangiogenic cytokines. Although HUVEC and fibroblasts were
spatially divided in the prevascularized constructs, the sprouting of HUVEC occurred.
In the micrographs, a directed growth of HUVEC toward the compartment with HepG2
cells and fibroblasts can be anticipated. However, the expression of collagen I inside the
cell-laden hydrogel was proven, as well as the expression of vWF (Figures S6 and S7).

Another endothelialization of a hollow channels has been made by Thomas et al. [52].
Using stereolithography, they created a preform of a vascularized constructs made of
GelMA, using a HUVEC-laden sacrificial hyaluronic acid-based bioink. After 28 days
of culture, HUVEC formed an endothelialized channel. However, since this construct
consisted of HUVEC only, no further growth out of the channel could possibly be observed.
Zhu et al. [53] performed another stereolithography-based approach. In this study, HUVEC
and fibroblasts were printed into the surroundings of a honeycomb-like structure that
remained hollow, forming prevascularized structures. Cells were embedded in a blend of
methacrylated gelatin and hyaluronic acid and formed an endothelial network after one
week of culture. These results as well as our findings suggest that gelatin-based materials
can be used for the formation of endothelial structures. Hong et al. [54] used coaxial
extrusion to print hollow cell laden struts with HUVEC and fibroblasts. They used gelatin
modified with PEG and tyramine loaded with HRP as the outer shell, while a combination
of gelatin, and H2O2 was located in the shell. A fibrin gel surrounded these strands. After
8 days, the formation of an endothelial cell layer inside the vascular channel could be
observed. In agreement with these results, coaxial printing allows the formation of hollow
strands by delivering endothelial cells on-site during the bioprinting process. Additionally
in this study, the outgrowth of HUVEC from the coaxial printed compartment toward
adjacent cell-laden hydrogels has been shown. However, a drawback of this technique
compared to printing a single sacrificial material is the lack of printing a layer that is wisely
connected vascular network. When using a single sacrificial material, junctures for the
hollow vessels can be created layer-wise with a high degree of freedom. Instead, since
coaxial extrusion produces a core that is always surrounded by a shell, continuous extrusion
is necessary in order to form a connected network. To create a multilayer connected vascular
network, it is necessary to continue extrusion when switching to the next layer. This reduces
the possibility of designs, since either the coaxial printed strands will be stacked or, when
overhanging structures are created, no material under these can be printed. However,
printing layer-independent networks is possible and these might connect each other to
vascular networks by angiogenesis processes. Again, a major advantage is the on-site
delivery of cells to the hollow strands, dismissing the necessity for a post-seeding procedure
after the aspiration of the sacrificial material.

5. Conclusions

In this study, the fabrication of prevascularized full-thickness constructs using coaxial
extrusion to produce hollow channels was established using different hydrogels based
on a gelatin and gelatin-alginate-blends. The characterization of the hydrogel compo-
nents and the used hydrogels thermal behavior in terms of its rheological properties
was investigated toward a workflow-focused approach that could be adapted for other
temperature-dependent gelatin-based bioinks. In particular, the possibility for adjusting the
gelation speed of the used gelatin-alginate hydrogels using different substrate temperatures
was shown. The dual-stage crosslinking procedure was optimized to enhance cell viability,
showing that alginate crosslinking should be performed with low concentrations and short
incubation times with CaCl2, while transglutaminase used for gelatin crosslinking should
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be added with high concentrations but shorter exposure times. In addition, the importance
of alginate removal using sodium citrate to improve cell growth has also been shown
for cultivation with HepG2, fibroblasts and HUVEC, causing an increase in cell viability
as well as an alteration of cellular morphology after citrate treatment during prolonged
cultivation times. The impact of alginate removal could also be shown with respect to re-
duced mechanical stiffness according to rheological investigations as well as in an increased
diffusion of FITC-dextran within hydrogels treated with sodium citrate. The manufacture
of prevascularized constructs was possible using coaxial as well as single extrusion tools in
a three-step process. The hollow channels were surrounded by avascular parts for which
their distance to each other can easily be altered. Due to its flexibility and the possibility
to insert different cell laden materials between the channels, it is very well suited for
biological interactions between different spatially divided cell lines in a 3D culture system.
Long-term cultivation of these prevascularized constructs using a monoculture HepG2
showed a short-term beneficial effect that was negated in mid-term cultivation. Using
a perfused culture, cell viability could be improved at mid-term cultivation times. This
was performed by using a resealable 3D-printed miniaturized bioreactor made of plastic
COC 5013 that allowed the insertion of bioprinted samples and easy installation. The
developed prevascularized constructs were further used for studies of co-cultures with
HepG2, fibroblasts and HUVEC, while HUVEC were always localized around the hollow
channels. It was found that co-cultures of different cell lines led to improved resazurin
conversion compared to single culture. The spatial placement of HUVEC around the hollow
channel led to its endothelialization when co-cultured with HepG2, but no sprouting could
be observed. With the addition of fibroblasts, sprouting occurred. These results show
that coaxial extrusion offers a great possibility for the on-site delivery of HUVEC to a
hollow channel offering a good starting point for endothelialization and vascularization.
In addition, the developed prevascularized constructs offer a good base for specific tissue
models such as liver by substituting HUVEC with liver sinusoidal cells. In conclusion,
this development shows that prevascularization of pore-free co-cultures on the example of
HepG2, fibroblasts and HUVEC can lead to enhanced growth and better survival compared
to non-prevascularized mono-cell cultures, providing an important step in the development
of advanced three-dimensional cell cultures models.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/bioengineering9060242/s1, Figure S1: Complex modulus of 6%
gelatin 2% alginate hydrogel at different phases during crosslinking. A: 10 min treatment with 20 mM
CaCl2. B: 60 min treatment with 10 U/mL transglutaminase after CaCl2 treatment. C: 5 min treatment
with 100 mM sodium citrate post-crosslinking, Figure S2: Live–Dead Staining of HepG2 in 6% gelatin
2% alginate hydrogels treated with sodium citrate at various timepoints during cultivation. Green:
live cells (calcein AM). Red: dead cells (propidium iodide). Scale Bar. 100 µm, Figure S3: Live–Dead
Staining of HepG2 in a 6% gelatin 2% alginate hydrogels without treatment of sodium citrate at
various timepoints during cultivation. Green: live cells (calcein AM). Red: dead cells (propidium
iodide). Scale Bar. 100 µm, Figure S4: Live–dead Staining of fibroblasts in 6% gelatin 2% alginate
hydrogels after 14 days of culture in gels with different post-crosslinking treatment. A: No treatment
with sodium citrate. B: 5 min treatment with 100 mM sodium citrate. C: 10 min treatment with
100 mM sodium citrate. Green: live cells (calcein AM). Red: dead cells (propidium iodide). Scale Bar.
100 µm, Figure S5: Immunfluorescence staining of HUVEC in a 6% gelatin 2% alginate hydrogel after
cultivation for two weeks with different post-crosslinking treatment. A: No treatment with sodium
citrate. B: 5 min treatment with 100 mM sodium citrate. Blue: Nucleus (DAPI). Red: CD31. Scale Bar:
100 µm, Figure S6: Immunstaining of van Willebrandt Factor of HUVEC. Blue: Nucleus (DAPI). Red:
vWF. Scale Bar: 100 µm, Figure S7: Immunfluorescence Staining of collagen I in a co-culture of HepG2,
fibroblasts and HUVEC in prevascularized constructs after 4 weeks. Blue: Nucleus (DAPI). Red:
collagen I. Scale Bar: 100 µm, Figure S8: Scheme showing the principal design of the prevascularized
construct with the areas that are displayed in Figure 9B,C.
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