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Abstract
3D bioprinting is a technology that supports fabrication of biomimetic tissues with complex architecture. It has
application in drug discovery, tissue development, and regenerative medicine. The aim of this study was to create a
blood vessel model correlating properties of collagen-hyaluronic acid hydrogel with bioprinter parameters such as
speed rate, pressure, number of layers, nozzle diameter, and temperature. The blood vessel model was created using
BioCAD software and bioprinted by extrusion technology using collagen-hyaluronic acid hydrogel. We analyzed the
water uptake, enzymatic degradation and morphology by scanning electron microscopy and after staining with
Hematoxylin and Eosin (H&E) and Trichromic Masson dyes. The results showed that the blood vessel constructs have
2.46 mm (±0.41) mean diameter, 1.4 mm (±0.10) mean thick wall, and 2.8 mm (±0.05) mean height which is
appropriate with the model created in the BioCAD software. The optimal parameters for these constructs were: 1.1 bar
pressure, 1mm/sec speed rate, 18°C temperature, 0.2 mm nozzle diameter, and 10 numbers of layers. Increasing
hydrogel weight by 22% at 2 hours after immersion in PBS suggesting that is hydrophilic. Furthermore, decreasing by
up to 47.2% in the presence of collagenase (50 μg/ml) shows that is biodegradable. H&E and Trichromic Masson
staining showed that collagen-hyaluronic acid hydrogel organized in a network with pores dimension that could
support cells growth and differentiation. In conclusion, our scaffold mimics the blood vessel structure, further
experiment will be addressed for study the biocompatibility of these scaffold with mesenchymal stem cells.
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various fields such as stem cell biology, tissue
engineering, engineering, and biomaterials
science to create an ideal model. An ideal
scaffold should be biocompatible, non-toxic,
anti-thrombotic,
non-immunogenic,
with
vasoactive properties, and should allow
remodeling of the post-implant host tissue. To
create such a scaffold, physicochemical
parameters such as surface properties,
geometry, pore size, adhesion, degradation and
biocompatibility should be analyzed (Chua et
al., 2015; Datta et al., 2017). While there is a
wide variety of materials, including hydrogels,
extracellular
matrix,
cell
aggregates,
microcarrier structures, and fibrillated polymers,
several aspects have to be considered for
obtaining structures similar to the desired tissue.
First of all, an important aspect is compatibility
with the different types of printing. Extrusion
printing is the most flexible method due to its

INTRODUCTION
3D Bioprinting uses 3D printing techniques for
manufacture tissues, and organs that mimic the
architecture of natural tissues. This technique
combines different types of cells, growth factors
and biomaterials to create a micro medium in
which cells grow and differentiate into tissuelike structures. In 3D bioprinting, biomaterials
are printed layer by layer to produce structures
similar to a desired organ or tissue. The first
patent for this technology was proposed in the
United States in 2003 and granted in 2006
(Thomas, 2016). Bioprinting involves several
steps including: (i) biomaterial selection, (ii)
designing a bioprinting pattern using BioCAM
software, (iii) bioprinting, and (iv) examining
bioprinting constructions. In 3D bioprinting an
exhaustive information and methodology
approach is needed using knowledge from
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mechanism and larger diameters of printheads.
Drop or laser printing is only used for
hydrogels. The second aspect is the
bioprintability of scaffolds. In this case, the
bioprinting of hydrogels is superior to other
bioinks. The third aspect is replicability, the
constructs should be as close as possible to the
desired tissue. Scaffold degradation, cell
interactions and proliferation are important for
tissue formation. The fourth aspect is related to
the bioprinting resolution, which depends on
bioprinting type as well as on bioink. Laser
bioprinting of hydrogels has a resolution of 5.6
± 2.5 μm, while the drop or extrusion
bioprinting between 50-100 μm. The fifth aspect
is accessibility. Matrigel ™, fibrin and collagen
hydrogels are expensive compared to synthetic
polymers. In a scaffold, hundreds of millions of
cells are needed so that obtaining them could be
intensive, costly and time-consuming. Other
aspects involve: degradability, practicality,
scalability, mechanical and structural integrity,
commercial availability, immunogenicity and
applicability. Despite the multitude of
biomaterials that appear daily, relatively little
research has been devoted to the development
of biomaterials for the bioprinting process
(Iordache, 2019). Bioprinting blood vessels is
important in order to replace synthetic
prosthesis, the size of these blood vessels is
directly proportionate to the quantity of
transported blood (Tuns et al., 2013).
MATERIALS AND METHODS
1. Determining optimal 3D printing
parameters and creating vascular structure.
Establishment of the vascular model was
performed using the BioCAD software
(RegenHu, Switzerland). A 10-layer vascular
construct having a diameter of 3 mm and a
height of 2.5 mm was bioprinted. After each
layer, the polymerization module was
inserted.
A
collagen/hyaluronic
acid/polyethylene glycol gel was used for
printing. The hydrogel polymerization was
performed by exposure to UV for 5 seconds
/layer. Working pressure has been
established according to the physicochemical
properties of the printed hydrogel. The
optimal pressure was 1.1-1.2 bar. Printhead
speed is a very important parameter for

printing, and is dependent on the
physicochemical properties of the hydrogel.
At high speed the vascular structure does not
close, and at low speed it creates a thick layer
that leads to the formation of a vascular
construct over the desired size. The printing
speed was set at 1 mm/sec using a needle
with 0.2 mm internal diameter. For optimum
printing, the hydrogel was printed at 18ºC,
with the 3D Discovery bioprinter (RegenHu,
Switzerland) which have the possibility to
adjust the printhead temperature.
2. Swelling behavior and enzymatic
degradation under conditions that mimic
biological fluids.
Swelling
assay was
performed
to
demonstrate the hydrogel behavior in the
presence of water and other fluids.
Bioprinting constructs were weighted after
printing, then immersed into PBS and
weighed at 1, 2, 4, and 24 hours. The
absorption rate was calculated according to
the formula:
where: Ww = construct weight after
immersion in the fluid at time t; Wd =
construct weight before immersion
Enzymatic degradation of the constructs was
revealed using type I collagenase. Bioprinted
vascular constructs were introduced into
culture medium (control constructs) and in
collagenase type I medium (10 μg/ml and 50
μg/ml, Merck, New Jersey, USA) and then
weighed at different intervals time (30, 60,
and 90 minutes).
Weight loss was calculated using formula:
where: Wi = construct weight in collagenase
free medium; Wt = construct weight in
collagenase type I medium
3. Morphological characterization using
Hematoxylin & Eosin and Trichromic
Masson staining.
The morphological characterization of
vascular constructs was performed by optical
microscopy after histological preparation and
cryotome sections of vascular constructs. The
sections were stained using Hematoxylin &
Eosin and Trichromic Masson techniques.
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For the cryotome sections, constructs were
fixed with PFA 4%, 30 minutes at room
temperature, then washed with phosphate
buffer (PBS) and passed through 4%, 5%,
10%, 20% and 50% glycerol baths for
cryoprotection. The constructs were covered
with OCT and cut to the cryotome at a
thickness of 5 μm. The sections were then
stained using the classic histological staining
techniques.
4. Scanning electron microscopy
The blood vessels constructs were fixed in
300 l glutaraldehyde (2.5% in PBS) for 1h
15 min at room temperature then washed
with PBS twice. After fixation, there was
performed successive dehydration in ethanol
(60%, 70%, 80%, 90%, 100% for 10
minutes). The micrographs were taken using
scanning electron microscopy (FEI, USA) at
an accelerating voltage of 30 kV. The
samples were coated with gold using
sputtering machine (Edward sputter S1 50B)
for 120 s to minimize charging effects prior
to imaging.

the values are similar to those of 1 hour (18%),
suggesting that the hydrogel is balanced with the
medium within 4 hours (Figure 2).

Figure 2. Hydration of bioprinted vascular constructs in
saline phosphate buffer

Enzymatic degradation results showed a
36.4% and 47% weight loss respectively at
90 minutes after exposure to 10 μg/ml and 50
μg/ml collagenase I suggesting that the
hydrogel is biodegradable (Figure 3).

RESULTS AND DISCUSSIONS
After optimization the parameters from
BioCAD software we obtained vascular
constructs with a diameter of 2.46 mm
(± 0.41), wall thickness of 1.4 mm (± 0.10)
and a height of 2.79 mm (± 0.05) (Figure 1).
These results show that the hydrogel can be
used for vascular constructs and meet the
desired requirements reproducing with
accuracy the model created in the BioCAD.
Figure 3. Weight loss of bioprinted vascular
constructs as a result of enzymatic degradation
using type I collagenase

The bioprinted vascular constructs exhibit a
tubular, uniform structure, resistant to
subsequent histological procedures, which
suggests good resistance and elasticity
(Figure 4A). Optical microscope imaging of
the sections shows a relatively uniform
network structure, which would allow the
attachment of cells and the exchange of
nutrients and gases (Figure 4B). By
histological staining of the sections, was
revealed the network structure of collagenhyaluronic acid hydrogel (Figure 4C, D).

Figure 1. Measurements of bioprinting vascular
constructs after optimization of 3D Discovery bioprinter
parameters

Swelling assay showed that the hydrogel
absorbs maximum of PBS at 2 hours after
immersion, having a weight gain of 22.32%
against the control construct. At 4 and 24 hours
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B

Figure 4. Macroscopic and microscopic morphology of
bioprinting vascular constructs. (A) Macroscopic
structure of bioprinted vascular construct; (B) Histology
sections of vascular constructs; (C) H&E staining and
(D) Trichrome Masson of bioprinted of vascular
construct

Figure 5. Representative micrograph captured by
scanning electron microscopy on the surface (A) and
through a cross section (B) of collagen-hyaluronic acid
hydrogel

Scanning electron microscopy revealed that
collagen-hyaluronic acid hydrogel has a
porous structure. The 3D architecture is
organized with pore size diameter range
between 75-150 m (Figure 5). Collagen has
a fibrous microarchitecture not appropriate
for inkjet bioprinting. Fibrin-collagen bioink
embedded with MSCs or amniotic stem cells,
were bioprinted using a valve-based
bioprinter as a scaffold that can be used for
the treatment for skin burns (Skardal et al.,
2012). Chen et al. (2012) examine the role of
three collagen-based scaffolds (collagen,
collagen-elastin and collagen-chondroitin-4sulfate) in terms of microstructures,
mechanical properties, and bioactivities in
the presence of cardiosphere-derived cells.
He observed that the pore sizes for all the
scaffolds varied between 100 and 200 μm,
being sufficient for nutrients, oxygen, and
cell attachment. The presence of elastin
increased the pore sizes of the scaffolds
because elastin does not form continuous
sheets as collagen does, it only embedded in
the collagen sheets in the form of short rods.
The incorporation of chondroitin-4-sulfate
decreased the pore sizes due to the collagenchondroitin-4-sulfate coprecipitation effect in
the suspension, which reduced the viscosity.

Low viscosity causes a higher freezing rate,
producing smaller ice crystals and, therefore,
smaller pores in the scaffolds. Elastin and
GAGs have a much lower stiffness than
collagen, consequently, the moduli values are
lower compared to collagen (Chen et al.,
2012). Gosline et al. (2002) reported a Young
modulus of B1 GPa for collagen and B1 MPa
for elastin. Scaffolds formed by 50% collagen
and 50% condroitin-4-sulfate had a lower
attachment of cells; the explanation being that
the binding sites of the collagen were saturated
by chondroitin. Proliferation in the presence of
elastin slowed after 4 days compared with
collagen due to its nonintegrin pathway (Chen
et al., 2012). Collagen glycosaminoglycan
(Col-GAG) scaffolds have demonstrated great
potential for bone and skin engineering due to
their ability to promote cell growth and tissue
development. Pore size is important for
regeneration to take place, thus, for skin
regeneration and wound healing it was
postulated that the range of pore size should be
between 20 and 120 mm (Neacsu et al., 2019).
Col-GAG scaffolds can be fabricated using a
lyophilization processes, and with a constant
cooling rate technique it is possible to create
scaffolds with a homogenous pore structure
(Murphy et al., 2010).
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Biodegradable scaffolds are the most wanted
scaffolds for applications such as implants,
drug delivery, and tissue regeneration. The
degradation of scaffolds can occur by physical,
chemical, and/or biological processes. The
degradation rate is important for adapting the
number of cells and molecules in order to
grow and form the tissues. Controllable
degradation rates should match the rate of
tissue growth in vitro and in vivo. The
biodegradation rate of a polymeric scaffold
depends mainly on the intrinsic properties of
the polymer, including the chemical structure,
the presence of hydrolytically unstable bonds,
the level of hydrophilicity/hydrophobicity,
crystalline/amorphous morphology, glass
transition temperatures, the copolymer ratio,
and the molecular weight. Nonbiodegradable
scaffolds are also used for replacing parts of
hard tissue (hip, knee, and tooth), such as
poly-methyl methacrylate and polyethylene
(Suri & Schmidt, 2009; Gordon et al., 2004).
The main goals for improving bioprinting are
to minimize cell loss, promote cell-cell
interactions, and to increase the mechanical
properties and biocompatibility of bioink for
supporting 3D bioprinted constructs. In the
future, new materials compatible with 3D
bioprinting will be developed, this technology
becoming an important technology for tissue
engineering and regenerative medicine
(Iordache, 2019).
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CONCLUSIONS
In conclusion, the collagen-hyaluronic acid
hydrogel allows bioprinting of vascular
constructs. The parameters of the 3D
bioprinter have been optimized so that a
vascular structure similar to the model
developed in the BioCAD program can be
created.
Furthermore,
the
bioprinted
constructs will be characterized regarding
biocompatibility and interactions between
cells.
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