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ABSTRACT

Fiber-shaped materials have great potential for tissue engineering applications as they provide structural support and spatial patterns within a three-dimensional
construct. Here we demonstrate the fabrication of mechanically stable, meter-long collagen hollow filaments by a direct extrusion printing process. The fibres are
permeable for oxygen and proteins and allow cultivation of primary human endothelial cells (ECs) at the inner surface under perfused conditions. The cells show
typical characteristics of a well-organized EC lining including VE-cadherin expression, cellular response to flow and ECM production. The results demonstrate that
the collagen tubes are capable of creating robust soft tissue filaments. The mechanical properties and the biofunctionality of these collagen hollow filaments facilitate

the engineering of prevascularised tissue engineering constructs.

1. Introduction

The advancement of cell cultivation techniques and biomaterial fab-
rication has largely contributed to the recent developments in engineer-
ing three-dimensional artificial tissues and organs. Significant steps to-
wards complex functional biological tissues were achieved with the pro-
found acceptance that a sufficient supply with oxygen and nutrients can
improve the survival of the tissue construct. Prevascularisation strate-
gies have emerged as a promising concept, aiming at avoiding hypoxic
conditions and ensuring nutrient supply during the initial phase of culti-
vation. Furthermore, vascular structures strongly affect biological func-
tions of parenchymal cells and microenvironmental cues. Particularly in
the pharmaceutical field, the development of more predictive and phys-
iological relevant in vitro tissues is an important goal to overcome the
use of animal models.

Collagen has been widely studied for its application in tissue engi-
neering, mainly as a scaffold forming a three-dimensional environment
for cells or as a coating to accelerate cell adhesion to synthetic or natu-
ral biomaterials. Besides various favorable properties, collagen provides
receptor-ligand binding sites for several cell types and thereby activates
fundamental cellular processes including proliferation, migration and
differentiation. Especially endothelial cells (ECs), the functional unit of
a blood vessel, show significant responses in the presence of a collagen-
based substrate. It has been shown that collagen I regulates endothelial
cell adhesion, spreading and motility by recruiting RhoA to specific actin
focal domains [1]. Furthermore, the adhesion of cell surface integrins to
the ECM component in the presence of vascular endothelial growth fac-
tor (VEGF) activates the p44/p42 (Erkl/Erk2) mitogen-activated pro-
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tein kinase (MAPK) signal transduction pathway and thereby regulates
EC proliferation and survival [2]. It has long been recognized that triple-
helical collagen I induces the formation of spindle-shaped morphology
and capillary-like structures in EC cultures indicating a role in angio-
genesis [3,4]. In contrast, fibroblast do not respond to collagen I with
tubular structures, suggesting a specific role of collagen I in EC morpho-
genesis [5]. Therefore, collagen is a promising starting material for the
fabrication of artificial blood vessels.

In recent years, several studies showed that ECs arranged within
collagen tubes and hollow fibres recapitulate normal biological archi-
tecture. Oneoet al. [6] fabricated a thin but very long cell-containing
microfibre called cell fiber. The hydrogel microfibre consisted of an in-
ner core of ECM proteins covered with a mechanically more stable outer
layer of calcium (Ca)-alginate and was generated using a double-coaxial
laminar flow microfluidic device. ECs in fibres containing collagen I
formed cell-cell-contacts and a tubular structure within 4 days of cul-
ture. The authors assembled the cell fibres into 3D macroscopic cellular
constructs including tubular structures with a diameter of 1 mm and
approximately 10 mm length using a glass rod. Finally, the Ca-alginate
shell was enzymatically digested to achieve cell-cell contacts between
neighboring fibres. Similarly, Goa et al. [7] applied a coaxial printing
technique to generate small diameter tissue engineered blood vessels
using a mixture of a collagen-rich ECM hydrogel and Ca-alginate. The
engineered blood vessel contained endothelial and muscular cell lay-
ers. Resistance to blood pressure has been demonstrated in vivo in a
rat model. However, measurements in both studies indicated low me-
chanical stability, although Goa et al. improved mechanical strength
compared to an earlier study [8].

Received 30 December 2021; Received in revised form 8 October 2022; Accepted 9 October 2022
2666-5344/© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/)


https://doi.org/10.1016/j.bbiosy.2022.100067
http://www.ScienceDirect.com
http://www.elsevier.com/locate/bbiosy
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbiosy.2022.100067&domain=pdf
mailto:ina.prade@filkfreiberg.de
https://doi.org/10.1016/j.bbiosy.2022.100067
http://creativecommons.org/licenses/by-nc-nd/4.0/

I Prade, M. Schropfer, C. Seidel et al.

The direct fabrication of vascular structures using collagen I hydro-
gels is difficult because gelation is slow and must be strictly controlled
in terms of temperature und pH value. To improve shape fidelity and
mechanical strength researchers have used chemically modified colla-
gen including photo-cross-linkable collagen [9,10], increased collagen
concentrations [10,11] or rapid pH changes [12] to accelerate collagen
self-assembly. However, the direct fabrication of freestanding tubular
structures made of collagen has not yet been successful. In this study,
we present (i) self-standing, (ii) long time storable and (iii) easy-to-use
collagen hollow filaments that support the growth of endothelial cells
in three-dimensional conditions. A collagen fiber suspension of minced
decellularized porcine tissue was used to fabricate these filaments. Dur-
ing the manufacturing process, neither Ca-alginate or a similar support
material nor sacrificial templates are involved, resulting in a direct and
straightforward generation of hollow filaments. Human ECs were culti-
vated in the lumen of the collagen tubes for a period of 14 days under
static and perfused conditions. Cell viability, marker expression and cel-
lular response to continuous pulsatile flow was analyzed more in detail
to determine if the collagen filaments were suitable for application in
vascular tissue engineering.

2. Materials and methods
2.1. Collagen material

The collagen material was obtained from porcine hides. The raw ma-
terial was washed and decellularized. Decellularisation was performed
using a sodium sulfide liming process [13,14], followed by a second
liming process using 3% lime for 3 days at 28 °C, deliming with am-
monium chloride [13] and an incubation with 8% sodium bicarbonate
for 6 h. The material was then disinfected with 10% hydrogen perox-
ide, washed intensively with water and pre-ground in a meat grinder. A
stepwise dilution with water led to a liquid suspension, which was ad-
justed to pH 2.8 with hydrochloric acid and further comminuted with a
colloid mill (IKA, Magic Plant). The collagen suspension was neutralized
with sodium hydroxide solution and stored at —20 °C for at least 48 h.
The efficient removal of antigenic components from the collagen mate-
rial by the decellularisation process was shown in immunofluorescence
stainings for DAPI (absence of nuclei) and galactose-alpha-1,3-galactose
(a-Gal) and double checked by determining the total sugar content (see
Supplements).

After thawing, the collagen material was separated from water using
a sieve. The resulting agglomerate was dialyzed with Aqua bidest and
adjusted to a dry substance content of 4.5% (w/w) and a pH value of
3.5 by adding Aqua bidest and hydrochloric acid (HCI).

2.2. Fabrication of collagen hollow filaments

Hollow tubes were fabricated by extruding a collagen suspension
(dry substance 4.5%) through a core-shell nozzle with a diameter of
1.2 mm (diameter inner core: 0.5 mm) using the 3D printer bioscaf-
folder 3.2 (Gesim, Radeberg, Germany). The freshly extruding hollow
filament was directed into a precipitation and cross-linking bath con-
taining 70% ethanol in ultrapure water and 2% (w/v) 1-Ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC). After an incubation time of
30 min at RT the filaments were washed three times for 20 min in ul-
trapure water and manually wrapped around petri dishes. Finally, wet
fibres were frozen and freeze-dried overnight.

2.3. Scanning electron microscope (SEM) analyses

Dry collagen hollow filaments were mounted onto specimen holders
and sputtered with a thin layer of gold. Photos were taken by the SEM
system (FEI Quanta 250 FEG) at an accelerating voltage of 10 kV.
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2.4. Oxygen permeability

Oxygen diffusion was measured using oxygen-depleted water. There-
fore, oxygen was removed from 1000 ml Aqua dest by infusing gaseous
nitrogen for 30 min. The diffusion of oxygen through the tube wall was
measured similarly to protein permeability. Collagen membranes were
fixed in the two-chamber system and the chambers were filled simul-
taneously with Aqua dest or oxygen-depleted water. Immediately after
complete filling, an oxygen sensor (PreSens Precision Sensing GmbH)
was inserted in the low-oxygen fluid and the oxygen content was mea-
sured every 30 s for up to 5 h. The mean values for each group (cross-
linked versus non-cross-linked, n = 3) shown in the diagram represent
three independent measurements.

2.5. Protein permeability

Permeability of the collagen filaments for proteins was investigated
using a self-made experimental setup (Fig. 2A). The system is intended
for experiments with planar materials. It consists of two transparent
chambers that can be separated with a foil or a membrane. A small
inlet on the upper site of both chambers enables the injection of test so-
lutions or the collection of test samples using a needle. To emulate the
wall of the hollow filaments, the collagen material was used to prepare
membranes with a similar thickness. The membranes were fabricated
analogous to the hollow filaments. In brief, collagen suspension was
poured into petri dishes, dried at RT and cross-linked with 2% EDC in
70% ethanol for 30 min at RT. Freeze-dried collagen membranes were
fixed between the chambers. Both chambers were filled simultaneously
with DMEM and 10% FBS on one side and Aqua dest on the other side. In
both chambers 4% penicillin/streptomycin was added to counter poten-
tial contaminations. The liquids in the chambers were stirred during the
experiments. At defined time points, three times 300 pl samples were
taken from the target chamber (= protein-free chamber). The samples
were stored frozen until further use. At the end of the experiments the
protein content in the samples was analyzed with the Pierce BCA pro-
tein assay kit (Thermo Scientific). The amount of proteins in pg/ml was
calculated from a standard curve. This curve was generated by serial
dilution of FBS in Aqua dest. Three independent experiments were per-
formed. One representative experiment is shown. For each group (cross-
linked versus non-cross-linked) the mean values per time point from
three samples were statistically analyzed.

2.6. Dextran permeability

The collagen hollow filaments were rehydrated in PBS for 30 min.
Both channel openings were threaded onto 23 G needles, inserted in a
perfusion chip (self-made, Fig. 2E) and connected to a perfusion system
consisting of tubing and a piezo pump (Bartels, mp6 lowdriver). Inside
the perfusion chip, the hollow filament passed through a rectangular
chamber filled with 6 ml PBS. The hollow filaments were perfused with
PBS for 2 min at a flow rate of about 400 pl/min. Then the PBS in
the tubing was replaced with PBS containing 0.1 mg/ml Dextran Texas
Red 70,000 MW. At a specific time point, 3 x 100 pl liquid samples
were taken from the chamber, transferred to a black 96-well plate and
analyzed in a multimode plate reader (Molecular Devices, SpectraMax
i3x) (excitation 583 nm, emission 610 nm). Sampling was repeated at
defined time points as long as the filament was completely covered with
the liquid in the chamber. Four hollow filaments per experiment were
analyzed.

2.7. Swelling behavior

Dry hollow filaments were cut into 750 pm thin slices with a cutting
tool that consisted of several razor blades fixed at a defined distance
on a metal rod. The slices were placed under a stereomicroscope (Zeiss,
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Discovery.V12). Swelling of the material was monitored at 37-fold mag-
nification after addition of PBS. The maximum degree of swelling was
reached after 15 min. The outer and inner diameter of the tubes and wall
thickness were calculated in microscopic images using ZEN core v2.7
software. Three sections per filament were analyzed. Three indepen-
dently fabricated hollow filament batches were measured. From each
batch, three filaments were used.

2.8. Enzymatic degradation

Stability of collagen hollow filaments against enzymatic degradation
was analyzed using Collagenase from Clostridium histolyticum (type IA).
Non-crosslinked filaments were used as controls. The extrusion of the
(non-crosslinked) control fibres was done without adding crosslinker to
the precipitation bath during filament production.

Collagen tubes were weighed and rehydrated in 0.2 M ammo-
nium carbonate buffer (pH 7.5). Then, 0.05 M calcium chloride, peni-
cillin/streptomycin (1:100) and collagenase in a final amount of 0.06
CDU (collagen digestion units) per mg (related to the dry mass of col-
lagen) were added. Samples were incubated for 7 days at 37 °C in a
thermal shaker at 750 rpm. The digestion was stopped using a protease
inhibitor cocktail (Sigma-Aldrich). Samples were centrifuged for 5 min
at 14,000 rpm, supernatant was discarded and the pellet was washed
three times with Aqua bidest. The undigested residue was dried in a
drying cabinet at 30 °C and finally weighed again. The degree of degra-
dation was calculated as follows: degradation [%] = 100 x dry weight
after digestion / dry weight before digestion. Three samples per time
point were analyzed.

2.9. Mechanical testing

Uniaxial tensile testing was performed using a Zwick universal test-
ing machine (ZwickRoell Z0.5) and a force transducer of 100 N. Collagen
hollow filaments were manually loaded until reaching positive tension
and tensile loads were applied to the fibres at a 5 mm/min loading rate
until breakage. Tensile stress and strain as well as ultimate tensile strain
were recorded. Young’s modulus was calculated based on the slope of
the stress/strain curve. Samples were tested in dry state and after 30 min
rehydration in PBS. In each group (dry, rehydrated) five samples were
measured.

2.10. Cell cultivation

Human umbilical vein endothelial cells (HUVECs; Lonza) were cul-
tured in EGM-2 (EBM-2 supplemented with Single Quots; Lonza) and
grown as monolayer cultures in T75 flasks (Greiner Bio-One, coated with
Speed coating from PeloBiotech). Cells were incubated at 37 °C in an at-
mosphere containing 5% of CO, and with a relative humidity of 95%.
Accutase (Sigma-Aldrich) was used to subculture the cells twice a week.
The cell number was determined with a Neubauer counting chamber
(Paul Marienfeld).

2.11. Collagen hollow filament colonization

Prior to cell seeding, 10-20 mm long hollow filaments were rehy-
drated in EGM-2 for at least 15 min at RT. At least 2.5 x 10° cells in
150 ul EGM-2 were injected into a filament using a 25 G needle (outer
diameter 0.51 mm). The cell suspension was injected from one side.
Suspension that ran out was reinjected from the other side. Hollow fil-
aments were kept for 20 min at 37 °C in the incubator to allow cell
adhesion. No additional medium was added and the well plates with
the tubes were flipped every 5 min. During this procedure, tubes stuck
to the bottom of the well. Cell-laden filaments were transferred into a
new 6-well plate, supplied with fresh culture medium and incubated in
the CO,-incubator.
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Reproducibility of cell colonization was analyzed separately using a
phosphatase assay. Cell-laden collagen tubes were lysed with lysis buffer
and incubated with phosphatase substrate (Sigma-Aldrich). After 30 min
at RT, the cell-laden tubes were cut longitudinally and transversely and
incubated further for 60 min at RT. Reaction was stopped with 2 M
sodium hydroxide solution and 2 x 100 pl of the yellow supernatant was
transferred to a 96-well plate and analyzed in a plate reader (Molecular
Devices, SpectraMax i3x) at 405 nm. The resulting OD values were av-
eraged and set to 100%. The standard deviation of all values represents
the difference in seeding efficacy and is shown in%. Reproducibility of
cell colonization was analyzed in three independent experiments. The
result of one representative experiment (n = 6) is shown in the text.

2.12. Cultivation of cell-laden hollow filaments

One day after cell seeding, a 6-well plate with cell-laden filaments
was taken from the incubator. A sample of a few millimetres was cut
from one or two randomly selected filaments, stained with Calcein AM
and propidium iodide and analyzed microscopically (according to Ma-
terials and methods: cell viability). When the cells in the filament sam-
ples were nearly confluent, the vascular structures in the incubator were
perfused using an external pump system. In case cells showed low cell
density in the samples, all cell-laden collagen tubes were incubated with
EGM-2 media in a 6-well plate without perfusion (static culture) until
cells number increased significantly. For the perfusion, cell-laden tubes
were thread onto a 25 G needle without additional fixation. The needles
were inserted for at least 3 mm and a maximum of 4 mm. The filament-
needle construct was placed in a modified 6-well perfusion plate (Al-
vetex perfusion plate, Reprocell Europe Ltd.) and connected to a techni-
cal perfusion system using a luer lock adapter. Vascular constructs were
perfused with a continuous pulsatile medium flow using the PDMS free
modular plug and play construction kit from Fraunhofer IWS [15]. This
perfusion setup consists of flexible tubing and triple pump chips driven
by an MPS (microphysiological systems) control system. The triple pump
chips contain pneumatically driven peristaltic micro pumps that gener-
ate a pulsatile volume flow. Medium flow was set to 110 ul/min and
vascular constructs were cultivated for up to 14 days. Static control cells
were cultured in 6-well plates. Culture medium was changed every 2-3
days.

2.13. Calculation of shear stress

The shear stress in the perfused collagen hollow filaments was calcu-
lated using the Elveflow’s online microfluidic calculator [16]. To avoid
cell damage, a low pump rate was chosen. The volume that was per-
fused in a given time was measured and revealed a flow rate of 110 pl
per minute. The rate was chosen randomly. The following parameters
were used for the calculation of the shear stress: lumen diameter 790 um,
length 20 mm, viscosity EGM-2-medium p = 0.78 cP [17].

2.14. Cell viability

Cell viability was analyzed after a cultivation period of 3, 7 or 14
days. Cell-laden tubes were transferred into a 6-well plate and stained
using 0.5 pl Calcein AM/ml (Sigma-Aldrich) and 2.2 pl propidium io-
dide/ml (PI, Sigma-Aldrich) for 30 min at 37 °C. Then, the medium
was exchanged and cells were viewed with a confocal laser microscope
(Zeiss, LSM800) with 488 nm (green, Calcein AM) and 561 nm (red,
PI) excitation filters. Fluorescence signals were detected through the
filament wall without cutting the tubes. Images were captured at 200-
fold magnification. Six samples from every group (static, perfused) at
each time point were analyzed and three images per sample were ac-
quired. Images were analyzed using ImageJ software and live and dead
cells were counted using the multi-point tool. Viability was calculated
as percentage of living cells.
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2.15. Analyses of shrinkage of collagen hollow filament

Shrinkage of the collagen filaments during cultivation was analyzed
with pieces of 10 mm length. Individual cell-laden and cell-free colla-
gen tubes were transferred into 6-wells and fully covered with EGM-2
media. Medium was changed every 2-3 days. After 7 and 14 days of in-
cubation at 37 °C in a CO,-incubator, collagen tubes were analyzed with
a stereomicroscope (Zeiss, Discovery.V12) and Zeiss software (ZEN core
v2.7). Three independently fabricated collagen filament batches were
tested. From each batch three filaments were analyzed in triplicates.

2.16. Detection of ve cadherin in cell-laden hollow filaments

Cell-laden hollow filaments were fixed with ice-cold methanol for
10 min at —20 °C. The constructs were halved lengthwise with a razor
blade, washed three times for 5 min with washing buffer (0.5% Tween
20 in PBS*) and blocked with 3% goat serum (Jackson ImmunoResearch
Europe Ltd) in washing buffer for 30 min. Rabbit anti-VE cadherin anti-
body (Cell Signaling Technologies, catalog #2500S) was diluted 1:100
in blocking buffer (3% normal goat serum in washing buffer) and in-
cubated on the samples overnight at 4 °C. The constructs were washed
three times for 5 min with washing buffer and goat-anti rabbit IgG-FITC
(Santa Cruz, 1:200 in washing buffer) was added for 1 h at RT. Finally,
samples were washed again three times for 5 min in washing buffer,
stained with DAPI (Thermo Fisher Scientific, 1:1000 in washing buffer)
and analyzed after another washing step using a cLSM (Zeiss, LSM800;
magnification 400-fold).

2.17. Endothelial cell orientation

Flow-induced orientation of cells was measured with cells cultivated
for one or two days under static and perfused conditions. HUVECs
were exposed to shear stress of either 0.3 or 0.9 dyn/cm?. Cell orien-
tation angle was measured in fluorescence images of cells stained with
VE-cadherin (Cell Signaling Technologies, catalog #2500S) and DAPI
(Sigma-Aldrich). The longest axis of each cell was manually markered
using the straight line tool of ImageJ software. ImageJ calculated the ori-
entation angle of each cell. The measured angle is the angle between the
cell axis and a line parallel to the x-axis of the image (90° represented the
direction of flow). At least 5 images per sample were measured. Three
samples per group (static, perfused) were analyzed. Orientation angles
were categorized in classes of 10° The angle value for each cell was used
to plot the histograms in Fig. 5. Additionally, the mean orientation an-
gle from each group (static versus perfused) was calculated. Orientation
was anlayzed in three independent experiments. The data in Fig. 5 show
the results of a representative experiment.

2.18. Synthesis of extracellular matrix components

The expression of extracellular matrix proteins including laminin,
fibronectin and collagen type IV was detected in immunofluorescence
images. For the detection of laminin and fibronection: cells grown in per-
fused hollow filaments for 14 days were fixed with 3% PFA for 20 min
at RT. Then, cells were first incubated with 0.25% Tween 20 in PBS* for
10 min at RT and then washed with 0.2% Triton X-100 in PBS*. Fixed
hollow fibres were treated with 4 mg/ml pepsin (Serva, porcine, cata-
log #31,820, 15 mAU/mg) in 0.01 M HCI for 10 min at 37 °C to expose
the ECM molecule’s epitopes according to Antons et al. [18] and then
blocked with 1% goat serum in PBS* for 30 min at RT. Collagen type
IV was analyzed after fixation of the cells with ice-cold methanol for
10 min at —20 °C. Fixed cell-laden hollow fibres were halved lengthwise
with a razor blade, washed three times for 5 min with washing buffer
(0.5% Tween 20 in PBS*) and blocked with 3% goat serum (Jackson
ImmunoResearch Europe Ltd) in washing buffer for 30 min. Proteins
were labelled with the following primary antibodies: anti-fibronectin
(BD Bioscience Transduction Laboratories, catalog #610,077, 1:50) and
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anti-laminin (Sigma-Aldrich, catalog #L9393, 1:50) and collagen type
IV (Biozol, catalog #LS-C382816, 1:200) in blocking buffer. After in-
cubation overnight at 4 °C, secondary antibodies were added in a dilu-
tion of 1:100 in blocking buffer for 1 h at RT: goat-anti-mouse IgG-FITC
(Santa Cruz) for detection of fibronectin and goat-anti-rabbit IgG (whole
molecule)-FITC (Sigma-Aldrich) for detection of laminin and collagen
type IV. Finally, samples were washed three times for 5 min in washing
buffer, stained with DAPI (Thermo Fisher Scientific, 1:1000 in washing
buffer) and analyzed after another washing step using a cLSM (Zeiss,
LSM800; magnification 400-fold).

2.19. Statistics

Statistical analyses were performed using JASP software (version
0.16). Mean values of the replicates were used to perform an indepen-
dent t-test or an analysis of variance in case of more than two variables
or groups (ANOVA, followed by a Tukey test and post hoc test according
to Bonferroni-Holm). P-values of 0.05 were considered to be significant
different. Details of the statistical tests used for each experiment can
be found in the figure legends. Data are presented as mean values with
standard deviation.

3. Results
3.1. Characterisation of the collagen suspension

This study uses collagen from porcine skin as a basic material to
generate cell-laden vascular constructs. Although the clinical use of de-
cellularized animal-based tissues is well established, antigen-mediated
hyperacute reactions are still a critical issue. To control the quality of the
decellularised collagen material, several analyses were performed. Mass
spectrometry showed a high collagen type I content of 93% (Supplemen-
tary Figure 1). The collagen suspension had an ash content < 0.05% and
a total nitrogen content of 17.4% (Supplementary Table 2). Analyzes of
collagen fiber size revealed that most of the fibres were >1000 pum (Sup-
plementary Table 2). The elimination of the major xenoantigen a-Gal
(Gala1,3-galp1-4GlcNAc-R) epitope was determined in immunofluores-
cence staining. No clear a-Gal signal was found in freeze-dried collagen
material, indicating that the antigen was sufficiently removed during de-
cellularisation (Supplementary Figure 2). Additionally, the total content
of Galactose and Glucose was measured. Very low amount of monosac-
charides remained in the collagen suspension (Galactose: 0.5 mg per g;
Glucose: 0.05 mg per g dry substance) (Supplementary Table 3).

3.2. Fabrication and characterization of the hollow filaments

Porcine collagen suspension (Fig. 1A) was extruded through a core-
shell nozzle of a 3D printer. Directly after leaving the nozzle, the ex-
truded filaments were inserted into a cross-linking bath (Fig. 1B and D).
Freeze-dried collagen filaments were semi-transparent (Fig. 1E) and rel-
atively stiff. Rehydrated filaments were flexible and easy to handle with
forceps (Fig. 1C and G). Scanning electron microscope (SEM) analyses
revealed a smooth inner surface without pores (Fig. 1F and H, Supple-
mentary Figure 3).

3.3. Oxygen and protein permeability

The main function of the vascular system is to supply oxygen and
nutrients to the tissue. Therefore, the permeability of the vessel wall is
essential. The hollow filaments should also feature this permeability to
function in a similar way. Although a thin and partly porous filament
wall was observed, the cross-linking and the closed inner and outer sur-
face could probably hinder a sufficient penetration of oxygen and pro-
teins. In order to characterize the suitability of the hollow fibres for
their use as artificial blood vessel structures, permeability tests were per-
formed. Oxygen diffusion through the collagen material was measured
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Fig. 1. Fabrication and appearance of collagen hollow filaments. A) Photograph of the collagen suspension shortly before use. B) Schematic drawing of the
extrusion process in which hollow filaments are produced. C) Photograph of a wet hollow fiber handled with forceps. Scale bar = 1 cm. D) Photograph of the
fabrication process using the core-shell system of the bioscaffolder printer. E) Stereomicroscopic image of a dry hollow tube. Scale bar = 200 um. F and H) Scanning
electron microscope images of hollow filaments. Scale bar = 200 pm (F) and 500 um (H). G) Stereomicroscopic image of a wet, fully rehydrated collagen hollow

filament. Scale bar = 400 pm.

with the help of a two-chamber system as shown in Fig. 2. Here, two
cylinders were separated using a collagen membrane with properties
similar to those of the hollow filaments (cross-linking degree, thermal
stability, Supplements Table 4). It should be noted that the thickness of
the membranes was about 4-fold higher compared to the filament wall
to allow the fixation of the membranes between the cylinders without
rupturing. An oxygen sensor was placed in the oxygen-depleted medium
to monitor changes in oxygen content over a period of 5 h. Oxygen con-
centration increased by 5.2 + 0.5% after 5 h compared to the starting
point (Fig. 2B). Maximum oxygen content in the ‘oxygen chamber’ was
18%.

Protein permeability was also analyzed using the two-chamber sys-
tem. Protein concentration increased constantly over time (Fig. 2C). Pro-
teins of a wide range of molecular weights could pass the membrane
(Supplementary Figure 4). These observations indicated that the colla-
gen hollow filament is permeable for proteins. To confirm this, perme-
ability tests were conducted with the hollow filaments. Dextran Texas
Red with a molecular weight of 70,000 was perfused through the col-
lagen filaments. Dextran permeability was analyzed in the liquid cover-
ing the filaments. A strong increase in fluorescence signal was measured
within one hour (Fig. 2D).

3.4. Properties of the collagen hollow filaments

To assess the physical properties of the collagen tubes, the swelling
behavior was determined. Furthermore uni-axial tensile tests were per-
formed. In contact with PBS or cell culture medium the dry fiber re-
hydrates within 15 min resulting in a very flexible hollow filament

with a wall thickness of 163.8 + 22.8 uym and an inner diameter of
790.5 + 65.2 pm (Fig. 3A, Supplementary Table 5). Collagen fila-
ments were cross-linked to ensure long-time stability during cell culti-
vation. Incubation with collagenase enzyme showed that the resistance
to enzymatic degradation was improved after cross-linking compared
to non-cross-linked filaments (Fig. 3D). The filaments exhibit signifi-
cantly different mechanical stability in dry and wet state, as expected.
Dry collagen tubes appeared stiffer and had a higher ultimate tensile
strength (UTS) of 10.9 + 2.2 MPa (Fig. 3E) and maximum force of break
(1.32 + 0.4 N, Supplementary Table 5). The fibres elongated up to 4.1%
under mechanical stress (Supplementary Table 5). Rehydrated fibres
showed a slight increase in strain (5.4%) and a thirty-fold lower ten-
sile strength of 0.34 + 0.1 MPa. Young’s modulus of wet fibres was also
highly reduced (2.5 MPa wet vs. 21.2 MPa dry) (Fig. 3F).

3.5. Cell seeding and cell cultivation within the collagen filaments

The results showed that the collagen hollow filaments were stable in
wet environment and possessed wall permeability for oxygen and pro-
teins. These properties indicate that the tubes are good candidates for
vascular tissue engineering approaches. Therefore, cell culture exper-
iments with HUVECs were performed to investigate cellular viability
of endothelial cells seeded within the hollow fibres. The percentage of
living cells present in the filament after seeding varied (100 + 18.3%,
no diagram shown). However, live/dead staining revealed a high num-
ber of living cells in the hollow filaments. Green fluorescence of Cal-
cein AM could be analyzed through the tube wall without sectioning
(Fig. 3G - I).
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The cells were cultured under static or perfused conditions. For the
perfusion of cell culture medium through the hollow filaments, cell-
laden collagen fibres were cannulated using a 25 G cannula (Fig. 4A
and B). Flexible tubings were connected to the cannulas and medium
was perfused with a volume of 110 ul per min. Cells were cultivated
for 14 days. After 6 days at the earliest, HUVECs formed a confluent
monolayer in perfused collagen filaments (Fig. 4C, F and G). The num-
ber of live and dead cells was determined at different time points. Un-
der static conditions, the number of dead cells increased as cultivation
time progressed and cell number rose (Fig. 4D and E). Perfusion of cul-
ture medium significantly improved cell viability in the tubes (Fig. 4D
and E).

Collagen hydrogels tend to shrink during cell cultivation. This is par-
ticularly disadvantageous when the constructs are connected to an in-
and outlet port as it is usually the case for vascular constructs. In this
study, a collagen suspension was used for the fabrication of the fila-
ments. The changes of the length and the outer diameter of the collagen
hollow filaments was monitored over a cultivation time of 14 days. Only
a slight shrinking was observed in length (8%) but not in width in the
presence of HUVECs (Fig. 4H and I). The shrinkage of cell-laden hol-
low fibres was similar to filaments incubated in media without cells.
Cross-sections revealed that HUVECs adhered to all sites within the hol-

low filament (Supplementary Figure 5) indicating that the cells applied
forces over the whole perimeter. Comparable results were obtained with
primary human smooth muscle cells (SMC). The change in the length of
filaments seeded with SMCs was <12% (Supplementary Figure 6 A and
B). SMCs showed a homogenous coverage of the outer surface of the
filaments (Supplementary Figure 6 C — E).

Blood flow is an important regulator of endothelial cell physiology
and vascular function. A healthy endothelium responds to fluid wall
shear stress by remodeling the actin cytoskeleton resulting in changes
in cell shape and orientation. To characterize the flow properties in the
perfused collagen hollow filaments, the shear stress was calculated us-
ing the Elveflow’s online microfluidic calculator. A value of 0.3 dyn/cm?
indicated a very low shear rate. In addition, the Reynolds number re-
vealed laminar flow. As endothelial cells elongate and align with a de-
fined direction of flow, orientation of endothelial cells cultured in colla-
gen hollow fibres was measured after at least two days under perfused
conditions. Although the flow rate was very low, significant differences
between static and perfused cultured cells were observed. Increasing
the shear stress to 0.9 dyn/cm? revealed similar results. Under static
conditions endothelial cells showed no specific orientation (Fig. 5A and
D). The mean orientation angle was 45.9 + 7 ° (Fig. 5C). Contrary, in
the presence of media perfusion, cellular orientation changed towards
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Fig. 3. Properties of collagen hollow filaments. A) Absolute values of the inner diameter and wall thickness of the collagen hollow fibres during rehydration
with PBS. Student’s t-test; *p < 0.05; ***p < 0.001. B and C) Light microscopy images of the hollow tubes before (B) and after rehydration (C). Scale bar = 200 um.
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in uniaxial tensile tests. Gray = dry, black = fully rehydrated. Student’s t-test; *p < 0.05; ***p < 0.001; for E) the alternative hypothesis specifies that group dry is
greater than group rehydrated. G) Light microscopy image of a cell-laden collagen hollow fiber. H and I) Calcein AM staining of cell-laden collagen hollow filaments
one day (H) and 14 days (I) after seeding of HUVECs, non-perfused conditions. Scale bar = 200 pm.

the direction of flow and an orientation angle of single cells < 50° was
less pronounced (Fig. 5A, C, E and F). Mechanical forces transmitted
via the cytoskeleton also affect nuclear shape and structure. Media per-
fusion significantly reduced the nucleus area in HUVECs compared to
static conditions (Supplementary Figure 7). These data indicate that
the endothelium formed within the collagen fibres is able to respond
to shear stress. Immunofluorescence staining of the cell-cell junction
protein vascular-endothelial cadherin (VE-cadherin) was performed to
identify cell orientation. It is well known to be an important component
of endothelial mechanotransduction. VE-cadherin signal was detected at
the cell borders in HUVECs grown under perfused (Fig. 5B, E and F) and
static conditions (Fig. 5D). However, we also observed that the smooth
inner surface was important for the formation of those cell-cell-contacts.
Hollow filaments extruded into a bath of PBS rather than 70% ethanol
had a rough and porous inner surface (Supplementary Figure 8 C and

D). Cultivation of HUVEGs in these filaments showed significantly less
VE-cadherin positive cells (Supplementary Figure 8 E to K).

Remodeling of the underlying ECM is another important feature of
ECs. Deposition of the ECM proteins collagen type IV (Fig. 5G), laminin
and fibronectin (Supplementary Figure 9) was detected, indicating that
the cells actively synthesized structural proteins of the basal membrane.
Hence, ECs cultured in collagen hollow filaments showed typical char-
acteristics of a healthy endothelium.

4. Discussion

The lack of mechanical stability is a bottleneck for development of
engineered vascular constructs especially with materials that mainly
consist of collagen. In this study, mechanically stable and cell-laden
fibres are described that enable the fabrication of long vascular con-
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structs. The collagen fibres are flexible in wet conditions and can be han-
dled with common tools in the laboratory. During the extrusion printing
process, neither supporting nor sacrificial materials are required, result-
ing in direct fabrication of collagen hollow tubes. These freestanding
structures can serve as an easy-to-use component to provide individual

sizable supply channels for the generation of three-dimensional artificial
tissues.

Different strategies, including rolling of cell-sheets [19], hydrogel
mold-casting [20,21] and 3D bioprinting [6,12,22] have been utilized to
create collagen hollow channels that support endothelial growth. How-
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ever, these studies resulted in fragile tissue engineered constructs that
are often limited to a few millimeters. During the fabrication process,
mandrels are often necessary to shape collagen material [23,24,25]. Af-
ter removal of the solid core, tube diameters between 1 and 4.75 mm
are described in the literature. In the study here, much thinner hollow

collagen filaments were fabricated with an outer diameter of < 800 pm
and a wall thickness of < 80 pum (dry) using a simple and cost effec-
tive extrusion printing process. Several groups showed the successful
fabrication of collagen fibres and microfibres with extraordinary me-
chanical properties [26-28]. However, studies describing mechanically
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stable hollow fibres for cell culture applications are still rare. Zhang
et al. [29] reported on the coaxial printing of perfusable sodium algi-
nate hollow fibres. Dehydrated fibres had a diameter of 788 um. Rehy-
dration of alginate fibres lead to full swelling after 4 h. The manufac-
tured collagen tubes in our study achieved full rehydration after 15 min.
Moreover, collagen hollow filaments showed a thinner tube wall than
the alginate tubes (164 um vs. ~200 pm), but their Young’s Modulus
and maximum strain were at least 3- and 7-fold higher, respectively.
Shen et al. [30] generated collagen hollow fibres under coaxial flow
using a microfluidic device. The collagen solution was continuously in-
jected into a microfluidic channel together with a second preparation
(Ca-alginate or medium) that formed the core of the fibres. The result-
ing core-shell structure was immersed in a gelation solution and cross-
linked for 3 h using EDC. The resulting hollow tubes with an outer diam-
eter of 500 pm and a wall thickness of 200 pm only reached a Young’s
Modulus of 0.24 MPa (with alginate core). Triple-coaxial bioprinting
of bilayer small-diameter tubes made of ECM components and alginate
showed an increase in ultimate tensile strength after two weeks culti-
vation with perfusion in a bioreactor [7]. Still, ultimate tensile strength
was lower compared to UTS of collagen hollow filaments (0.2 MPa ver-
sus 0.34 MPa). Additionally, the authors reported a severe shrinkage of
the vessel construct with drastical drop within the first days of culture.
Wall thickness was reduced by 46% compared to the initial values after
fabrication. The length of the vessels showed changes of about 18% [7].
Collagen hollow fibres of this study shrank by only 8% in diameter in
the presence of ECs. It has been shown that primary smooth muscle cells
cause stronger contraction of collagen hydrogels compared to primary
endothelial cells [31]. Therefore, the shrinkage of collagen filaments in
the presence of SMCs was additionally analysed. Similar to the endothe-
lial cells, the filaments shrank only slightly, indicating a dense packing
of collagen during fabrication of the tubes. In contrast to collagen hydro-
gels, the filaments are prepared from a collagen suspension, which con-
tains natural grown collagen fibres [32]. These hierarchical structures
consist of highly ordered fibrils and intermolecular cross-links provid-
ing higher resistance to multidirectional mechanical loading compared
to single collagen molecules and individual fibrils [33-35]. Additional
cross-linking of the fibres using EDC directly after printing may have
further accelerated mechanical stability. Thus, hollow filaments made
of collagen suspension have improved mechanical properties that allow
for easy handling and long-term perfusion.

Sufficient oxygen transport is required for adequate cellular func-
tion and viability of a tissue-engineered construct [36]. Magliaro et al.
[37] measured the decrease in oxygen concentration in a closed cell
culture chamber containing a 3D hepatocytes culture in a collagen hy-
drogel. The authors observed that the cells consume the majority of the
oxygen within the first hour of cultivation. Oxygen permeability tests in
our study revealed sufficient oxygen diffusion through the collagen ma-
terial. The oxygen content increased by 5% within 2 h (refers to a maxi-
mum oxygen content in a humidified incubator = 18.6% [38]). The tests
were performed using a collagen membrane with a thickness of 750 um.
The wall of a collagen filament has a thickness of 164 um. Cross-linking
as well as an increase in collagen membrane thickness and density have
been shown to lower the diffusion coefficient [39,40] suggesting a much
faster diffusion of oxygen through the filament wall. This finding con-
firms the permeability of the collagen filaments to oxygen. Permeabil-
ity tests with fetal calf serum or fluorescence-labelled dextran (70,000
MW) revealed that proteins with a high molecular weight are also able
to pass the collagen material. The data suggest that collagen filaments
could potentially be used to deliver growth factors or pharmaceutical
substances into an artificial tissue construct. Instead of tubes made of
synthetic polymers, cell-laden collagen filaments offer a more physio-
logically relevant vascular structure for drug testing or the realization
of pathological in vitro models.

ECs showed good cell adhesion and spreading on the inner wall and
distributed over the whole perimeter of the collagen hollow fibres. It can
be assumed that the smooth inner surface of the filaments supported the
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uniform coverage with ECs and has contributed to the very high cell vi-
ability observed under perfusion conditions. The smooth surface was
probably caused by the addition of 70% ethanol to the cross-linking
bath. Bak et al. [41] investigated the effect of ethanol-based dehydra-
tion for the fabrication of collagen microfibers. The authors observed a
smooth and highly uniform surface of microfibres after incubation with
70% ethanol. This is induced by a rapid precipitation of the collagen ma-
terial due to the removal of loosely bound water. Fibres dehydrated with
ethanol < 50% or > 90% showed a rough surface [41]. The extrusion
of the collagen suspension into a bath without ethanol in the study here
confirmed this observation. Collagen hollow filaments showed a rough
and porous inner surface. HUVECs seeded in those filaments showed a
much lower number of VE-cadherin positive cells compared to HUVECs
grown in the smooth collagen filaments.

Endothelial cells form a semi-selective barrier between the blood-
stream and surrounding tissues in vivo. This barrier controls the ex-
change of proteins, dissolved components and liquid, as well as the mi-
gration of cells including immune cells. VE-cadherin is an important
regulator of these processes [42]. Additionally, it plays a major role in
mechanotransduction enabling ECs to sense and adapt to shear stress
[43,44]. A weakened barrier function and a loss of mechanical sensing
is associated with pathological anomalies in vivo such as chronic inflam-
mation, cardiovascular diseases and immune disorders [45]. Locally,
endothelium dysfunction can lead to atherosclerotic lesions and distur-
bance in flow. In vitro studies show that such an environment promotes
proinflammatory gene and protein expression in ECs [46] contributing
to an increased susceptibility to a loss of barrier function and endothe-
lial stability [47]. Confocal analyses showed that HUVECs formed tight
cell-cell contacts with VE-cadherin being present at the cell borders. Ad-
ditionally, the cells were able to express ECM proteins typically found
in the basal membrane. Thus, immunofluorescence analyses revealed a
well-formed endothelium at day 14 of culture. Cellular response to flow
is another indicator for a functional endothelium. HUVECs cultured un-
der media flow experienced low shear stress with a magnitude of < 1
dyne/cm?. Alignment of endothelial cells to the direction of flow is usu-
ally observed with shear stress around 10 dyne/cm? [48,49]. However,
morphological changes of ECs in rectangular channels were measured
already at lower shear stress such as < 3 dyne/cm? [50,51]. In our study,
HUVECs are growing within a circular channel. A previous study from
Bosch-Rué et al. [52] showed that cells behave differently when seeded
in circular channels. The majority of cells aligned perpendicular to the
longitudinal axis of the filament over time in the absence of shear stress.
Although we could not observe this effect, substrate curvature plays ob-
viously an important role in cellular orientation. If cells are more sen-
sitive to flow when growing on a curved substrate is unknown so far.
However, substrate curvature has recently been recognized as a critical
cue for EC behavior [53]. In our study, HUVECs reorganized with very
low shear stress indicating a higher sensitivity towards media flow and
the ability to adapt to environmental signals within the hollow fibres.
To our knowledge, no other study has been able to demonstrate these
changes at shear stresses < 0.5 dyn/cm?.

5. Conclusion

This is the first study, which shows that long, self-standing, biocom-
patible collagen hollow filaments with a diameter < 1000 pm can be
directly extruded without supporting material. A collagen suspension
containing natural grown fibres from porcine skin was used to fabri-
cate the filaments. Other studies utilized collagen hydrogel reassembled
from solution. Our technique led to higher mechanical stability and very
low shrinkage of the collagen tubes during cell cultivation. ECs grown
in the hollow channel of the filaments formed an endothelial layer with
typical features of a healthy endothelium, suggesting that collagen hol-
low filaments support the biofunctionality of ECs. These observations
demonstrated the suitability of the collagen hollow filaments for fabri-
cating vascular tissue engineered constructs.
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