
RESEARCH ARTICLE
www.advhealthmat.de

4-Axis 3D-Printed Tubular Biomaterials Imitating the
Anisotropic Nanofiber Orientation of Porcine Aortae

Florian Lackner, Paola Šurina, Julia Fink, Petra Kotzbeck, Dagmar Kolb, Jan Stana,
Maximilian Grab, Christian Hagl, Nikolaos Tsilimparis, Tamilselvan Mohan,
Karin Stana Kleinschek, and Rupert Kargl*

Many of the peculiar properties of the vasculature are related to the
arrangement of anisotropic proteinaceous fibers in vessel walls.
Understanding and imitating these arrangements can potentially lead to new
therapies for cardiovascular diseases. These can be pre-surgical planning, for
which patient-specific ex vivo anatomical models for endograft testing are of
interest. Alternatively, therapies can be based on tissue engineering, for which
degradable in vitro cell growth substrates are used to culture replacement
parts. In both cases, materials are desirable that imitate the biophysical
properties of vessels, including their tubular shapes and compliance. This
work contributes to these demands by offering methods for the
manufacturing of anisotropic 3D-printed nanofibrous tubular structures that
have similar biophysical properties as porcine aortae, that are biocompatible,
and that allow for controlled nutrient diffusion. Tubes of various sizes with
axial, radial, or alternating nanofiber orientation along the blood flow direction
are manufactured by a customized method. Blood pressure-resistant,
compliant, stable, and cell culture-compatible structures are obtained, that
can be degraded in vitro on demand. It is suggested that these healthcare
materials can contribute to the next generation of cardiovascular therapies of
ex vivo pre-surgical planning or in vitro cell culture.
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1. Introduction

Biological tissues synthesized, excreted,
and maintained by living cells contain pro-
tein nanofibrils or filaments. The nanofib-
rils form highly anisotropic dynamic load-
bearing structures. In the human and
other mammalian vasculatures, collagen,
and elastin fibrils are arranged axially and
radially along the axis of blood flow, form-
ing a multi-layered strain-stiffening, elastic,
and hydrated mesh.[1] In contrast to most
synthetic polymers, biological tissues such
as blood vessels, skin, and ligaments be-
come stiffer upon deformation, which is es-
sential to maintain their integrity and phys-
iological functions.[2] Elastin, collagen, fi-
bronectin, proteoglycans, and other com-
ponents in vascular arteries contribute to
these anisotropic networks.[1,3] Upon uniax-
ial straining, a two-phase response occurs
as the interwoven collagen and elastin re-
sist deformation.[4] Vascular tissue is a very
soft material at low strain and is highly
hydrated, containing ≈70 w% water[3b]
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which decisively influences its properties. Imitating this arrange-
ment in an artificial tubular form can be of high interest for a
basic understanding of such networks, and for ex vivo applica-
tions in i) pre-surgical planning or ii) in vitro tissue cultures. For
pre-surgical planning, for example, endovascular aneurysm re-
pair (EVAR), patient-specific anatomies obtained from medical
imaging could be 3D printed using biomimetic materials that
behave like vascular tissue in terms of anisotropic mechanics.
These printed specimens could be used to test the implantation
and performance of PTFE/PET endografts outside the patient´s
body to improve materials and therapy outcomes. Finally, for po-
tential in vitro cell culture, chemical and mechanical properties,
fiber anisotropy, and hydration are relevant.[5]

3D (bio-)printing can be a method to fabricate desired shapes
comprising said fibrillar networks.[6] Existing 3D printing tech-
nology, for example, Stratasys PolyJet produces materials and
shapes that are close to heart tissue in punctuation modulus,
but very distant from real tissue in terms of strain stiffening,
lubricity, water content, compliance and blood flow, sectility, or
suturability.[7] A demand therefore exists, to investigate and de-
velop nanofibrillar biomimetic materials. Since the macroscopic
stress-strain relation usually observed for tissue in tensile tests
differs for many synthetics, finding the right materials, and trans-
ferring them into 3D printing is challenging.[8] Most vascular
models are made using synthetic polymeric materials such as
silicones, thermoplastic elastomers, crosslinked gels, or flexible
acrylate urethane resins,[9] which can hardly replicate tissue me-
chanics and water content.[10] (Semi-)synthetic isotropic (hydro-
)gels consisting of flexible polymer chains seldom show sufficient
strength and elongation, and they tend to rupture before the poly-
mer chains become straightened, while the entangled chains can
easily slip past each other to reduce stress.[11]

An alternative source for biological semirigid filamentous ma-
terials that could imitate collagen fibers and add strength and
anisotropy is, therefore, nanofibrillar cellulose (NFC), which has
bending stiffness and can be chemically modified.[12] NFCs are
obtained from bacteria in well-defined shapes,[13] or more hetero-
geneously from plants.[14] Aqueous entangled NFC suspensions
are shear thinning because they do not contain strong covalent
cross-links and are highly hydrated. However blends with NFC[15]

oxidized NFC[16] or poly(2-hydroxyethyl methacrylate) (pHEMA)
grafted NFC[12a,17] have been described, giving a hint that tuning
the fibrillar interactions might lead to desired properties of suf-
ficient mechanical strength in a highly hydrated network. Blend-
ing with polysaccharides including alginate to crosslink fibrils[18]

has been reported also by our group[19], and commercial 3D
printing inks are available.[20] Fibrils with a high aspect ratio
undergo extensive shear force alignment in extrusion 3D print-
ing. This alignment was used to create objects with anisotropic
properties.[21] An extensive body of literature describes the use
of NFC/Alginate in 3D printing,[22] including assessments of
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their properties in contact with live cells and tissue.[23] Published
works, however, focus mainly on flat and easily printable struc-
tures. 3D printing of elongated tubular forms remains challeng-
ing and such prints do neither have axial or radial nanofiber align-
ment nor mechanical anisotropy.[24]

To contribute to advances in the field, and to pave the way
for manufacturing technology in pre-surgical planning, this work
aims to investigate, prepare, and understand anisotropic nanofib-
rillar networks manufactured into tubes by 4-axis 3D print-
ing (Figure 1). The materials should mimic the biomechanical
properties of porcine aortic vascular tissue with respect to their
fiber orientation, extensibility, and dynamic compliance. Finally,
the biocompatibility of the materials is assessed by cell test of
leachates and in contact with human cells, whereas permeability
of the networks towards compounds with different molar masses
and the coagulation of blood plasma proteins in contact with the
materials is investigated. A concept is shown on how to disinte-
grate the otherwise very stable fiber meshes in case the materials
are used as possible in vitro tissue culture substrates in future
works.

2. Results and Discussion

2.1. Anisotropic Printing Process

It was previously shown that nanofiber orientation in 3D-printed
hydrogels can be controlled and determines the anisotropic me-
chanical response of gels.[19] Transitioning from flat objects
to tubular systems while retaining the ability to control the
nanofiber orientation is however limited by the printing technol-
ogy. It is of high interest to replicate the anisotropic mechani-
cal effects observed in the mammalian vasculature in the form
of tubular structures.[25] Such tubular structures can be manu-
factured by extrusion printing on a rotating drum as an auxil-
iary device (Figure 2A). The drum is driven by a stepper motor
and controlled electronically. This setup allows for an operation
in two different modes which determine the orientation of the
nanofibers in the 3D-printed tubes. The first mode is radial print-
ing, in which the drum rotates continuously at a given speed,
while the extrusion print head moves in a slow linear motion
along the drum´s rotational axis (Figure 2C) (Video S1, Support-
ing Information). This causes a fiber alignment in the radial di-
rection of the drum due to the extrusion forces and the rotation.
The precise interaction between the nozzle diameter, the linear
movement of the print head, and the rotational speed of the drum
is essential in this process (Supporting Information).

The second mode of operation is axial printing (Figure 2B)
(Video S2, Supporting Information), in which the drum rotates
only incrementally in accordance with the axial print head move-
ment, nozzle diameter, and strand thickness. Depending on the
movement of the print head, axial single or double strands (back
and forth) can be printed at each increment. To simplify the
coordination between printer movement and drum rotation, a
light switch was installed, sending a signal whenever the noz-
zle passes. Standard printing parameters are a printing speed
of 20 to 25 mm s−1 at 130 kPa extrusion pressure, with a noz-
zle diameter of 410 μm, but nozzles with 240 and 580 μm were
also successfully tested. By combining the two printing modes, it
was also possible to produce tubes with an alternating grid-like
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Figure 1. Schematic process overview, starting from nano-fibrillated cellulose, alginate, and calcium carbonate mixed to form a homogeneous ink for
DIW 3D printing. The radial printing method (orange) results in a tube that expands predominantly in the axial direction due to the radial fiber orientation.
This is the opposite of axial printing (green), which results in axial fiber alignment and radial expansion under pressure. After controlling the anisotropy
of these tubes, various material characteristics and properties were investigated in detail, such as fiber orientation, cyclic tensile tests, ion exchange,
nutrient diffusion, controlled degradation experiments, and cell viability tests which are schematically shown in the lower part of this figure.

axial/radial/axial fiber orientation. Depending on the desired in-
ner tube diameter, different drums ranging from 9 to 22 mm
were used. To obtain tubes with a thickness of 2 mm, three su-
perimposed layers were printed with a 410 μm nozzle. It is worth
noting that the method of cross-linking after print finalization
leads to very stable constructs without any observable delamina-
tion of interlayers. With this method, anisotropic tubes with di-
ameters between 9 to 22 mm, and a length of 15 cm can be pro-
duced without intermediate crosslinking or additional supports,
otherwise common in 3D printing (Figure 2D–F).

2.2. Fiber Orientation and Mechanical Response of the Tubes

2.2.1. Alignment Visualization

During extrusion printing of hydrogels, the shear forces in the
nozzle align the fibers towards the direction of the printing

path.[21a–d,26] Since the printing path can additionally be con-
trolled by the operating mode of the auxiliary rotary drum, the
fiber alignment in the tube wall can be controlled. Figure 3A
shows the alignment of fluorescence-stained NFCs in depen-
dence on the printing mode and compared to cast samples. For
axially printed samples, a clear fiber orientation distribution is
visible that fits a Gaussian function with R2 ≥ 0.98. A maximum
in the fiber orientation angle of 93± 1.1° with respect to the drum
rotation direction is observed, leading to axially aligned fibers in
the tubes. For the radially printed specimen, the fibers are aligned
along the drum´s rotation direction, whereas casted samples do
not show a fiber direction.

2.2.2. Tensile Strength and Moduli

Fiber orientation has a strong influence on the mechanical re-
sponse of flat objects.[19,21a,c] To compare the tensile strength and
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Figure 2. Images of the printing process and printed tubes: A) Image of the radial printing setup consisting of a stepper motor (left), a 3D-printed bearing
holder with ball bearings, a linear steel rod, and the rotating drum onto which Ink1.1 is extruded, B) close-up of the axial printing process including the
light switch in black, using a blue 410 μm nozzle to extrude the ink, C) close-up of the radial printing method using a pink 580 μm nozzle to extrude the
ink, D) printed and crosslinked wet tubes with 9 mm (left), 15 mm (center), and 22 mm (right) inner diameters, E) the same tubes but standing upright,
and F) the same tubes stacked in each other.

modulus of porcine aortic tissue with the printed tubes, dog-
bone-shaped tensile test specimens were cut from the printed
tubes and porcine aortae along the axial and radial directions
of the blood flow axis (Figure 3F). The ultimate tensile strength
and moduli of the materials reflect the fiber orientation in the
tubes, and the cut direction of the tensile test specimen (Figure
S2, Supporting Information). The ultimate tensile strength and
the strain at break are always higher for the samples measured
axially, along the oriented fibers than for those measured perpen-
dicular to it. The fiber alignment obviously enhances the load-
bearing capacity, extensibility, and toughness of the network by
a parallel displacement of the fibers under tension. A significant
difference between the biologically grown porcine tissue and the
printed tubes can be seen from the shape of the tensile curves
for axially (Figure 3E) or radially printed tubes (Figure 3G) with
different cut directions. The printed tubes show a nearly linear
stress-strain relation, while the porcine aortae are typically strain-
stiffening. With its nonlinear tensile modulus, the porcine aorta
appears like a hybrid material between an axially printed tube at
low strain and a radially printed tube at high strain. Supposedly
this can be attributed to the complex geometry and deformation
path of the fiber network in the natural tissue.

The uniaxial tensile tests were gathered from freshly printed
and cross-linked materials. To obtain a better understanding
of the dynamic fiber networks, cyclic tensile/compression tests
were performed at different strain rates and limits (Figure 3I–
K). A strain rate of 200 mm min−1 imitates 67 heartbeats per
min (BPM). There was a minor nonlinear behavior and plas-
tic deformation observed under these conditions. This nonlin-
earity is more pronounced at lower strain rates (50 mm min−1)
and at higher strains (25 %) for axially printed, axially cut sam-
ples Figure 3J. It is proposed that the observed non-linearity is

caused by a change in the network connectivity between ALG
and NFC in the first stretching cycle. This cycle seems to break
the initial network connectivity upon stretching, followed by a
potential curling of the structure upon subsequent compression.
The changes in connectivity and network reorientation are obvi-
ously also strongly time-dependent and therefore more effective
at lower strain rates (Figure 3J,K). For radially aligned axial cut
samples, two obvious differences can be seen. Firstly, the maxi-
mum tensile stress at 25 % strain is almost half that of the ax-
ial fiber orientation. This is consistent with the results from the
ultimate tensile strength tests. Secondly, the initial linear elon-
gation curve gives a lower tensile strength than the following
cycles (Figure 3K). This behavior can be attributed to an im-
posed fiber orientation due to stretching, an effect that is known
from natural tissue deformed against its predominant fiber
orientation.[27]

2.2.3. Pressure Tests

The tested tubes are resistant to water and do not leak up to a
few hundred mmHg which is remarkable, given the fact that
they are comprised of highly hydrophilic cellulose fibers and
alginate. Figure 3B,C show the pressure setup for the expan-
sion tests of the tubes, whereas Figure 3M depicts the ratio be-
tween the relative diameter and the height of the tubes in rela-
tion to the applied pressure. When a pressure between 60 and
240 mmHg was applied, the tubes with an axial fiber orienta-
tion expanded more significantly in radial direction. For radi-
ally printed tubes the relative expansion of height and diameter
is however similar. The intermediate case is observed for tubes
comprising an axial/radial/axial print pattern. For comparison,
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Figure 3. Fiber orientation, pressure expansion measures, and tensile properties of printed tubes and a porcine aorta, A) probability distribution of fiber
angles of stained nanocellulose fibers with different printing paths axial (top), radial (center), and cast (bottom), and the corresponding fluorescence
microscopy images on the right (scale bar 20 μm), B) images of 3D printed tubes with a radial (left), axial (center), and a grid (right) printing pattern,
at two different pressures (60 and 240 mmHg). The radially printed tube expanded predominantly in height, while the axially printed tube expanded
more in diameter, and the grid printed one is a mixture of both patterns, C) vertical static pressure test setup allowing elongation and measurement
in height and diameter, D) horizontal static and dynamic pressure testing setup allowing continuous measurement under pulsating pressure, E) stress
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printed isotropic photopolymer tubes with the same dimensions
were tested, which do not show these two extremes of mechani-
cal anisotropy. The axially aligned network is obviously less pres-
sure resistant in the radial direction of the tube, whereas the ra-
dially printed tube expands less into the radial direction. This be-
havior again strongly correlates with the findings of the uniax-
ial tensile tests, in which the modulus is higher along the fiber
direction.

2.2.4. Compliance

Using a measurement setup as shown in (Figure 3D) it was pos-
sible to measure the dynamic pulsation of the tubes and porcine
aortae. Figure 3N depicts the pressure-dependent changes in
the relative diameter of the printed tubes in comparison to the
porcine aortae at pressures between 40 and 200 mmHg. The di-
ameter of the axially printed tube increased more steeply, analo-
gous to the experiments with the vertical pressure setup above.
However, for the naturally grown blood vessels, the relative diam-
eter increases twice as much as for the printed tubes reflecting
the significantly lower modulus of the vessel at lower strains. A
similar trend was observed when measuring the dynamic com-
pliance between 120 and 80 mmHg. The radially printed tube
proved to be the stiffest with the lowest compliance (3.6 % 100
mmHg−1), followed by the axially printed tube at 5.6 % 100
mmHg−1. The porcine aortae expanded by 13.6 and 14.3 % 100
mmHg−1 (Figure 3H) (Videos S3 and S4, Supporting Informa-
tion). This difference is to some extent due to the relatively high
Ca2+ content of the Ink1.1, resulting in an approximate Ca2+ con-
tent of 105 ± 3 μmol g−1 for the test setup shown in Figure 3D,
in contrast to the Ca2+ content in the upright test setup shown
in Figure 3C (79 ± 4 μmol g−1). For the influence of Ca2+ on the
mechanical properties, see Section 2.3.

It is important to note that the porcine aortae are dead tissue,
and the data might therefore not reflect the exact compliance, ten-
sile strength, or moduli found in a living animal. The data does
not account for smooth muscle tone of the vessel wall and blood
flow, or the pressure resistance of the surrounding tissue, which
could lead to an overestimation of compliance and extensibility in
our experiments. Noninvasive Doppler ultrasound assessments
of human aortic compliance give values between 8.4 ±4.5 and
11.4 ± 4.6 % 100 mmHg−1 depending on the patient’s cardiovas-
cular risk factors and events.[28] Nevertheless, the printed tubes
have similarities to porcine aortae with respect to the ultimate
tensile strength, the strain at break, and more importantly the
anisotropic strength and moduli distribution.

2.3. Ion Exchange and its Influence on Scaffold Properties

Due to the high water content of about 90 w% after printing
and the hydrophilic bio-based materials, the printed hydrogel
scaffolds are influenced by the surrounding media.[19] In par-
ticular small molecules, (Ca2+, Na+, water, protons, and anions)
can easily diffuse into the hydrogel matrix. Ca2+ forms an egg-
box structure with sodium alginate and its concentration con-
trols the mechanical properties and density of the gel.[29] The ex-
change dynamics and stability of Ca2+ in the materials are there-
fore essential.[19] Using two major cations of interest, the approx-
imate ionic strength of blood was imitated (150 mM Na+ and
2.5 mM Ca2+) with chloride as the anion.[30] Scaffolds printed
with Ink1.1 and cross-linked in EtOH/H2O were stored in this so-
lution and in a solution without additional Ca2+. The storage so-
lution was replaced every 24 h and analyzed for calcium leaching.
The experiment without calcium in the storage solution leached
significant amounts of Ca2+ at each cycle, resulting in a cumu-
lative loss of 83.9 ± 1.5 % of the original amount of calcium in
the ink after 10 cycles (Figure 4A). This leaves a highly swollen
scaffold behind which is too unstable to touch or transfer. When
calcium is present in the storage solution, the leaching is in-
hibited, resulting in a leached saturation of 49.3 ± 3.0 % after
10 cycles. Figure 4C shows the amount of the remaining Ca2+

in the scaffold in dependence on Ca2+ in the storage solution.
The initial amount of 110 μmol Ca2+ per gram of scaffold could
be exceeded after five leaching cycles. This can be explained by
the uptake of calcium, but also by the increase in the density
of the network represented by an observed mass loss and fur-
ther shrinkage (Figure 4D). This mass loss is mainly due to the
loss of water, and not the loss of polymer, and increases with
increasing calcium content in the scaffold. As the networks be-
come denser, the mechanical properties also change. This behav-
ior can be related to the results of the tensile test, where the ulti-
mate tensile strength increases from 0.30 ± 0.05 MPa at low, to
1.63 ± 0.11 MPa at high Ca2+ concentrations. At the same time,
the experimental tensile modulus increases from 2.87 ± 0.11 to
9.22 ± 0.65 MPa (Figure 4E,F). For most applications, especially
in tissue engineering, where the calcium ion concentration can-
not be freely chosen, an intermediate concentration of 2.5 mM
is suitable for a stable scaffold. However, in the case of continu-
ous rinsing with a NaCl solution, or the absence of Ca2+, disin-
tegration is observed. Samples that are stored in CaCl2 solutions
with approximate physiological amounts (0.5 or 1 mM) showed
almost no adverse effects on the activated partial thromboplastin
time (APTT) with 98± 2 % and 97± 3 % relative coagulation time
compared to the control without scaffold (Figure S3, Supporting

strain curves of cutouts in the axial direction of anisotropic printed tubes cut in axial direction and natural porcine vascular tissue, F) picture of tensile
test cutouts of a radially printed tube cut in axial direction, G) stress strain curves of cutouts in the radial direction of anisotropic printed tubes cut in
axial direction and natural porcine vascular tissue, strong anisotropic behavior between the different printing methods visible with inversed load bearing
directions, H) boxplots of the dynamic compliance measurements between 80 and 120 mmHg of printed tubes and porcine aortae, I) cyclic stress strain
curves over 10 repeated cycles with 10 % strain limitation and a test speed of 200 mm min−1, which would correspond to 67 beats per min (BPM), J)
cyclic stress stain curves over 10 repeated cycles with 25 % strain limitation, but lower test speed of 50 mm min−1, K) cyclic stress stain curves over 10
repeated cycles with 25 % strain, but with perpendicular fiber orientation compared to the previous tests, resulting in almost half of the tensile modulus,
L) graph comparing relative diameter (dotted line) or height (solid line) with applied pressure of tubes printed with Alg-NFC ink (anisotropic) but also
with synthetic photopolymer (isotropic), M) graph comparing the ratio of relative diameter divided by relative height and applied pressure to illustrate
the strong anisotropic effect caused by the printing process, and N) diagram comparing the diameter of radially and axially printed tubes with pork
aortae at different pressures using the horizontal test setup.
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Figure 4. Calcium leaching, and the influence on mechanical performance; A) Simulation of continuous leaching by changing the storage solutions
(150 mM NaCl and 150 mM NaCl + 2.5 mM CaCl2) every 24 h and measuring the amount of Ca2+ leached into the solution and comparing it with
the amount originally present in the cross-linked scaffold to obtain relative values; B) Kinetics of calcium leaching into different storage solutions, by
measuring the leached calcium concentration over time; C) Remaining Ca2+ concentration in scaffolds leached for five cycles in solutions containing
low (0.9 mM), medium (2.5 mM), and high (7.5 mM) Ca2+ concentrations, together with 150 mM NaCl in all solutions; D) Mass loss of the scaffolds
comparing their weight after printing, and after crosslinking, including leaching of five cycles in the same solutions as in (C); E) Tensile tests of the
leached samples from (C); F) Stress-strain curves of the leached samples from (C), showing a strong influence of the stored Ca2+ on the toughness and
strength of the scaffolds.

Information). However, a high amount of calcium in the scaffold
which leaches fast (Figure 4A), results in a very significant in-
crease in the coagulative properties of the material (APTT 28 %
of the control). This indicates that the calcium amount used for
crosslinking and storage not only strongly influences the scaffold
mechanics, but also blood plasma coagulation, and thus could
not be freely chosen and must be considered for such applica-
tions.

2.4. Controllable Scaffold Degradation

Since the complete removal of calcium ions significantly desta-
bilizes the structure, this property can be used to trigger a
controlled disintegration. For certain tissue engineering ap-
plications, this controlled degradation is a highly desirable
property.[31] In particular, a controlled biocompatible trigger is
favorable also because cellulose cannot be hydrolyzed by mam-
malian cells into glucose. The scaffold can be degraded by re-
versing the crosslinking process through the removal of Ca2+

from the egg box structure. Samples were disintegrated with PBS
buffer, sodium citrate, and sodium EDTA, chemicals frequently
used in cell cultures (Figure 5A). The PBS buffer removes cal-
cium ions from the alginate by forming insoluble, turbid, col-

orless calcium phosphate salts. However, this mechanism acts
much slower than complexing the bivalent ion with citrate, or
EDTA. In the latter case, only small pieces of the printed tubular
scaffolds are left after 6 h, and after 24 h a turbid viscous col-
orless suspension remains. To completely dissolve the remain-
ing nanocellulose fibers, cellulases from Trichoderma viride were
added and a clear glucose solution confirmed by NMR and TLC
was formed (Figure 5C and Supporting Information). To avoid
disintegration in the presence of the above substances, an excess
of Ca2+ can be added, reaching saturation before Ca2+ is displaced
from the alginate structure (Figure 5B).

2.5. Nutrient Transport and Diffusion in 3D-Printed Scaffolds

Due to the importance of nutrient diffusion in cell culture,[32] it
was estimated how quickly various molecules diffuse through the
material clamped between two reservoirs (Figure 5D,E and Sup-
porting Information). Na+ and Ca2+ passed fast enough to reach
equilibrium on both sides of the reservoir after 48 h. Riboflavin
passed slightly slower than the inorganic ions, but also reached
saturation after 48 h, whereas glucose reached 89 % of saturation
during the same time. DTAF-labeled 20 kDa dextrans are more
hindered and reach a 10 % equilibrium within 48 h whereas BSA

Adv. Healthcare Mater. 2024, 13, 2302348 2302348 (7 of 12) © 2023 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH

 21922659, 2024, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adhm

.202302348 by T
echnische U

niversitaet G
raz, W

iley O
nline L

ibrary on [08/04/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advhealthmat.de


www.advancedsciencenews.com www.advhealthmat.de

Figure 5. Scaffold properties and biocompatibility; A) triggered degradation of the cross-linked scaffold using PBS buffer, citric acid, and EDTA in a four
times molar excess and NaCl solution as control without visible change after 1 week, B) inhibition of degradation by an excess of Ca2+, C) enzymatic
digestion of the dispersed nanocellulose with Trichoderma viride cellulases after initial degradation with EDTA to a clear, transparent glucose alginate
solution, D) front view of the diffusion cell (top) with the Alg-NFC membrane in the middle and side view (bottom) of the fully assembled cell, E)
concentration profiles of various nutrients over time, measured with the diffusion cell, F) cell viability assays using HEK 293 cells and a PrestoBlue assay
after 48 h indirect contact with the scaffold containing low (30 μmol g−1), medium (72 μmol g−1), and high (204 μmol g−1) concentration of Ca2+ in the
scaffold, G) cell viability assays with human umbilical vein endothelial cells (HUVEC) analogous to HEK cells, H) scanning electron micrographs of the
native scaffold without cells with fiber orientation in the horizontal direction, and I) scanning electron micrographs with seeded cells.

Adv. Healthcare Mater. 2024, 13, 2302348 2302348 (8 of 12) © 2023 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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(66 kDa) did not pass, making the printed membrane a tool for
molecular separation.

2.6. Cell Viability of HEK293 Cells and Primary HUVECs

As shown in Section 2.3, the materials can interact with their
surroundings by uptake or release of substances. To evaluate
if this release can have adverse effects on human cells, three
different scaffolds were used with low (30 μmol g−1), medium
(72 μmol g−1), and high (204 μmol g−1) concentrations of internal
Ca2+. To investigate the harmful effects of the bioink on cell via-
bility, a PrestoBlue assay was performed. Primary human umbili-
cal vein endothelial cells (HUVEC) and immortalized human em-
bryonic kidney cells (HEK293 cell line) were used. From the lit-
erature, it is known that NFC and alginate are biocompatible ma-
terials that sustain cell viability even after implantation.[23a,26,33]

The results from the cytotoxicity analysis show that the co-culture
of the different scaffolds has no significant effect on the cell via-
bility compared to the control. After 48 h of incubating the cells
with the scaffolds, the cell viability was at least above 90 % (HEK:
92.4 ± 6.7 % [low], 92.8 ± 9.9 % [medium], 90.6 ± 7.4 % [high]
and HUVEC: 100.6 ± 6.4 % [low], 99.0 ± 9.1 % [medium], 97.9
± 6.4 % [high]) (Figure 5F,G). Scaffolds directly seeded with HU-
VECs were investigated by scanning electron micrographs (SEM)
showing cells on the surface in Figure 5I and the bare material
as the control in Figure 5H. These findings imply that the prints
have the potential to be further investigated in tissue culture ap-
plications.

3. Conclusion

With a 4-axis 3D printing method based on a rotating drum and
a bioink extrusion head, nanofibrillar cellulose/alginate gels can
be aligned into stable, cross-linked tubular forms that resist water
pressures up to 500 mmHg. Nanofibrillar anisotropy and ionic
crosslinking can be used to adjust the macroscopic expansibility
and compliance of the tubes and to manufacture tissue mimetic
biomaterials. Various tubular shapes with a similar elongation,
ultimate tensile strength, and compliance as a porcine aorta can
be manufactured reproducibly. Since the cross-linking is based
on the ionic complexation of alginate, the bonds can be reversibly
broken using small molecular complexing agents, whereas the
remaining cellulose fibers can be decomposed into glucose with
the aid of cellulases. High calcium ion concentrations are how-
ever impacting blood plasma coagulation, and more research on
the interactions of the materials with cells, tissue, and whole or-
ganisms is necessary. The non-toxic materials are permeable by
small molecules relevant for tissue culture and have a molecular
weight cut-off of ≈20 kDa. The method of manufacturing com-
bined with the properties of the nanomaterials appears to have
a high potential to be applied as vascular tube models in pre-
surgical planning or as tissue culture substrates. The latter has
been shown for non-anisotropic NFC and alginate combinations
in several studies, whereas the former has, to our knowledge, not
been reported anywhere. It is proposed here that after careful val-
idation, of our plant-based tissue imitates could substitute cruel
animal studies in some cases. Investigations into these applica-
tions are part of the ongoing work at our laboratories.

Table 1. Preparation of nanocomposite inks for DIW 3D printing.

Inks NFC Alg CaCO3 NPs

[g] [w%] [g] [w%] [g] [w%]

Ink0.3 20 2.8 1.33 6.2 0.060 0.3

Ink1.1 20 2.8 1.33 6.2 0.220 1.1

Ink3.3 20 2.8 1.33 6.2 0.660 3.3

4. Experimental Section
Materials: NFC suspension (3 w% solid content) was purchased from

the University of Maine, USA (R-COO- 0.35 ± 0.05 mmol g−1). Sodium
alginate from brown algae (COONa: 2.63 ± 0.12 mmol g−1), glucono-
𝛿-lactone (Gdl, ≥ 99 %), ethylenediaminetetraacetic acid disodium salt
dihydrate (Na2EDTA*2H2O, ≥ 99 %), calciumchloride (CaCl2, 99 %), 5-
([4,6-dichlorotriazin-2-yl]amino)fluorescein hydrochloride (DTAF, ≥ 90 %),
cellulases from T. viride (3-10 U g−1), and calconcarboxylic acid were
purchased from Sigma-Aldrich, Austria. Calcium carbonate nanoparticles
(CaCO3 NPs, 99.5 %) were purchased from Solvay Chemicals Interna-
tional, Belgium. Ethanol (≥ 99 %) was purchased from VWR Chemicals.
Gibco DMEM/F12 media, Gibco fetal bovine serum (FBS), P/S 100× solu-
tion, and Pierce BCA Protein Assay Kit were purchased from Thermo Fisher
Scientific. Hydrochloric acid (HCl, 37 w%), and sodium hydroxide (NaOH,
≥ 98 %) were purchased from Fisher Scientific. Glucose (> 99 %), bovine
serum albumin NZ-origin 66 kDa, dextran 20 kDa, riboflavin (> 97 %),
sodium chloride (≥ 99 %), and citric acid monohydrate (≥ 99.5 %) were
purchased from Carl Roth. PrestoBlue cell viability reagent was purchased
from Invitrogen. HUVECs and HEK293 cells were purchased from Pro-
mocell, Heidelberg and Biobank Graz. SmoothFlow tapered tips (250 and
410 μm), syringe barrel pistons, and fluid dispensing polyethylene-based
plastic cartridges were purchased from Nordson, UK. ECO Resin (black,
gray, and transparent) was purchased from Anycubic, China. EcoPLA (food
grade) – filament was purchased from 3DJake, Austria.

Preparation of Inks for Direct-Ink-Writing (DIW): The general procedure
was described in a previous paper.[19] Briefly, 20.0 g nano-fibrillated cellu-
lose (NFC) with a solid content of 3.0 w% in water was mixed with the
appropriate amounts of CaCO3 (Table 1) at 2000 rpm for 60 s in a 50 mL
Falcon tube using a 3D-printed stirrer. To the homogeneous ink, 1.33 g of
Na-alginate (Alg) was added and mixed for 10 min to be used directly for
printing.

DIW 3D Printing: 3D models were generated using the open-source
program FreeCAD 0.19 or 3D Builder 18.0.1931.0 (Microsoft Corporation).
Regardless of the printing technique, the composite inks were extruded
from a 30 mL polyethylene-based plastic barrel (Nordson, U.K Limited)
equipped with tapered tips (Nordson, UK Limited) with an inner diameter
of 410 μm using a GeSiM Robotics BioScaffolder 3.2 (GeSIM, Germany)
including its own software.

Printing of Flat Structures: Simple sheets with 58 × 16 × 2.0 mm3 for
tensile tests or discs with 28 × 2.0 mm2 (diameter × height) for cell tests
were printed on polystyrene Petri dishes. Extrusion pressures between
130–160 kPa, strand distances of 0.5 mm, strand height, and width of
0.44 mm, with a printing speed of 25 mm s−1. Depending on the desired
fiber orientation different printing patterns were used by either rotating
each subsequent layer 90° or keeping it constant.

Printing of Tubes: A rotating auxiliary axis was built (Figure 2A). Briefly,
it consisted of a 3D printed core unit holding three 8 mm ball bearings and
a Nema 17 stepper motor (Stepperonline, China) which drove a 8 mm
stainless steel shaft. 3D-printed cylinders of various diameters could be
attached to the end of this shaft. The rotation movement of this auxiliary
axis was controlled by an Arduino UNO board (Arduino, Italy) together
with an L293D Motor Driver Shield (AZDelivery, Germany) and a self-built
photoelectric switch. For the radial print pattern, the linear speed of the
printing head was coordinated with the rotation speed of the drum to
reach 20 mm s−1 radial printing speed. For the linear print pattern, double

Adv. Healthcare Mater. 2024, 13, 2302348 2302348 (9 of 12) © 2023 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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strands with 20 mm s−1 printing speed were printed at each incremental
movement. All other settings were used according to the printing of flat
structures.

Ionic Crosslinking: All freshly printed scaffolds were subsequently
crosslinked by fully submerging them into a solution of ethanol/water
(50/50 w%) together with 4.00 mol. equiv. of Gdl with respect to CaCO3
for 24 h under gentle shaking with a Unimax 2010 (Heidolf, Germany) at
ambient conditions. The mass ratio of scaffold to crosslinking solution
was 1 to 10.

Post Treatment and Leaching: All samples could be stored after
crosslinking in a solution of ethanol/water (50/50 w%) without losing their
mechanical stability.[19] To simulate physiological osmotic conditions, the
samples were stored in a 150 mM NaCl solution with the addition of dif-
ferent concentrations of CaCl2 to control the leached amount of Ca2+ ions
and subsequently the remaining calcium in the scaffold. A tenfold excess
of leaching solution with respect to the wet scaffold mass was used. The
leached amount of calcium in the solution as well as in the scaffold an-
alyzed by volumetric titration using Na2EDTA and an already established
protocol from a previous work.[19]

Mechanical Testing: Dog bone-shaped tensile test specimens
were punched out from 3D printed scaffolds and porcine aortae
(50 × 8.5 × 1.00–2.50 mm3) according to DIN 53504 S3A. A Shimanzu
AGS-X (Japan) tensile testing machine equipped with a 5 KN load cell
was used to perform tensile and cycle tests at speeds between 10 and
200 mm s−1. All experiments were performed in quadruplicates.

Static Pressure Tube Testing: Tubes with axial, radial, and grid print-
ing paths were produced using Ink1.1 and a 22 mm diameter rotating
drum. While all three layers were aligned equally for axially and radially
aligned tubes, the alignment was alternated for grid-printed tubes (linear-
radial-linear). After 24 h of crosslinking, the tubes were stored in a 2.5 mM
CaCl2 solution along with 150 mM NaCl. After 24 h, this leaching solution
was changed five times. This resulted in tubes with an inner diameter of
22 mm and a wall thickness of 1.5± 0.1 mm. The tubes were mounted on a
3D-printed connector that allowed pressure measurement with an M3200
pressure sensor controlled by an Arduino UNO (Arduino, Italy). While the
lower end of the tube was sealed with a 3D-printed plug, a tube contain-
ing storage fluid was mounted to the upper port, which was connected
to a controllable nitrogen gas supply. The filled tube was pressurized in
increments of 20 mmHg and an image was acquired after 60 s of stabi-
lization. After a recovery time of 60 s at 0 mmHg, each cycle was repeated.
The height and diameter of the tube could be determined without contact
from the images using Image J 1.53 (National Institute of Health, USA).

Dynamic Tube Measurement and Compliance: For the dynamic com-
pliance measurements, tubes were inserted in a vascular flow setup com-
prised of two A-10 pressure sensors (Wika, Germany), a laser microme-
ter LS7070MR (Keyence, Japan), a ventricular assisting device Excor VAD
60 mL (Berlin Heart, Germany) as a pulsating pump, and variable resis-
tance connected to a reservoir. The ventricle of the pump was agitated
at a rate of 60 bpm, to create a systolic pressure of 120 mmHg in the
tubes and dropping to a diastolic pressure of 80 mmHg during ventricle
retraction. For each specimen, the dynamic compliance was measured for
5 min. Together with the NFC-Alg tubes, porcine aortae (16 cm length,
aortic diameter ≈2 cm, aortic wall thickness ≈2 mm) freshly received from
the local slaughterhouse were measured. For these experiments, no ethi-
cal approval was necessary. With the same setup, static compliance was
measured creating a constant pressure in the range of 20–200 mmHg with
increments of 20 mmHg. However, with this method, only a diameter-to-
pressure measurement could be performed lacking the height measure-
ment in comparison with the static pressure testing. The compliance is
calculated according to Equation S3, Supporting Information)

Cell Viability, Plasma Coagulation and SEM: Prior to cell testing 3D
printed discs with 28 × 0.8 mm (diameter × height) were stored in 0.5 mM
(low), 1.0 mM (medium), and 5.5 mM (high) CaCl2 solution including
150 mM NaCl. Complete storage solution change was repeated five times
after 24 h each to control the calcium concentration of the scaffolds. After
the last leaching step, small discs with a diameter of 6 mm were punched
out and autoclaved at 125 °C for 15 min. The remaining amount of calcium
in the samples was analyzed by titration with 30, 72, and 204 μmol g−1

for low, medium, and high calcium concentrations. To estimate the blood
plasma coagulative properties of the materials, the cut samples with 15–
19 mg wet mass were brought in direct contact with a tenfold amount
of blood plasma (Coag-Control P, Stago) for 10 min at 37 °C. Afterward,
a standardized activated partial thromboplastin time test (APTT) using a
Stago Start Max and the C.K. Prest method was performed. In short, 50
μL of the plasma and 50 μL of C.K. Prest solution were incubated 180 s
and the coagulation time was measured after the addition of 50 μL STA
CaCl2 0.025 M solution. For each calcium concentration, three samples
were measured in triplicates and compared to the control sample without
a scaffold.

To test whether the discs release any substance that may have a
cytotoxic effect on cells, a transwell cytotoxicity test was performed.
Briefly, HEK293 cells were cultured in Dulbecco’s modified Eagle
medium/nutrient mixture F-12 (DMEM/F12) supplemented with 1 %
penicillin/streptomycin solution and 10% fetal bovine serum. Primary
HUVECS (Promocell, Heidelberg, Germany) were cultured in endothelial
cell growth media supplemented with 1 % P/S. A monolayer culture of
each cell type was seeded onto the bottom of a 24-well plate (4 × 104

cells per well) and grown until reaching a confluency of at least 60–70 %.
Each chamber of the plate had an insert with a semi-permeable mem-
brane to separate the cells from direct contact with the disc. After an
incubation of 48 h, the cell survival percentage was quantified by using
the PrestoBlue cell viability reagent (MolecularProbes by Life Technolo-
gies, CA, USA). This reagent was a cell-permeable resazurin-based so-
lution that was rapidly reduced by metabolically active cells and the ab-
sorbance was measured at 570/600 nm (excitation/emission) with a Spec-
traMax iD3 plate reader (MolecularDevices, CA, USA). Three independent
experiments were performed, and each experiment included three techni-
cal replicates as well. Cells without the addition of a scaffold were used as
negative control and indicated as 100 % viable.

For scanning electron microscopy HUVEC 3D printed scaffolds were
fixed in 2 % paraformaldehyde/2.5 % glutaraldehyde for 2 h, post-fixed
with 2 % osmium tetroxide for 2 h at room temperature, and subse-
quently dehydrated in graded ethanol series (30-96 % and 100 % (vol/vol)
EtOH). HMDS (VWR International, LLC.) drying and sputter coating (Bal-
Tec Sputter Coater 500) were applied afterward. Further, scaffolds were
placed on stubs covered with conductive double-coated carbon tape. The
images were taken with a Sigma 500VP FE-SEM with an SEM detector
(Zeis, Oberkochen) operated at an acceleration voltage of 5 kV.

Optical Fiber Orientation Analysis: A standard ink containing 0.03 w%
self-synthesized DTAF-NFC (SI) was prepared as described above. Tensile
test sheets were printed using 135 kPa extrusion pressure with a 410 μm
nozzle and 20 mm s−1 printing speed. After 24 h, crosslinking microscopic
images were taken using a Panthera Tec-Mat-BT (Motic, China) equipped
with an EPI fluorescence module for FITC. A minimum of 500 fibers were
analyzed by measuring the fiber angle with Image J 1.53 (National Institute
of Health, USA).

Nutrient Diffusion: A diffusion cell consisting of two symmetrical parts
was designed using FreeCad 0.19 and printed using an LCD 3D printer
(Anycubic, China). The two cells were sealed with silicone gaskets and
the NFC-Alg membrane was put in the middle and pressed together with
four M3 screws to seal them completely. The printed membrane was a flat
round disc 28 mm in diameter with two layers of height with a grid printing
pathway and without gaps between the strands, resulting in a membrane
thickness of 0.80–1.20 mm2 after ion crosslinking. Standard Ink1.1 was
used with the crosslinking method described above. Both sides of the cells
were filled with 10 mL MilliQ water or buffer corresponding to the analyte.
Concentrated analyte was added to one side of the cell and the concentra-
tion was monitored over time. Magnetic stir bars 10 mm long were placed
on both sides of the cell and driven to 200 rpm by a magnetic stirrer located
below to avoid bulk diffusion limitations. For NaCl and CaCl2, conductivity
was measured at 10 s intervals, whereas for bovine serum albumin, DTAF-
dextran, glucose, and riboflavin, samples were taken manually from both
sides at 0.5, 1, 2, 4, 6, 8, 24, and 48 h. Concentrations of analytes were mea-
sured by a BCA assay for BSA, fluorescence spectroscopy for DTAF-dextran
and riboflavin, and refractometry for glucose. Detailed description in the
Supporting Information.

Adv. Healthcare Mater. 2024, 13, 2302348 2302348 (10 of 12) © 2023 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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Controlled Degradation and Stability: Short tubes (ID 9 mm,
OD 12 mm, height 5–6 mm) were printed using Ink1.1 and crosslinked as
described above. The tubes with 300 ± 50 mg mass were placed in 20 mL
caped glasses with 10 mL of 150 mM NaCl and 4 mol. equivalents of a)
PBS-buffer salts, b) citric acid, c) Na2EDTA, and d) nothing as control,
with respect to the CaCO3 amount were added. (Table S2, Supporting
Information) The pH value of all solutions was adjusted to 7.0 using
NaOH and the solutions were gently shaken at room temperature. For the
subsequent digestion of the remaining NFC, scaffolds previously fully dis-
integrated with EDTA were brought to pH 5.2, and 10 mg (30–100 units)
cellulase isolated from T. viride was added. After 12 h, a completely clear
solution was observed. The conversion to glucose was confirmed via TLC
and NMR spectroscopy (Supporting Information).
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