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ARTICLE INFO ABSTRACT

Keywords: Within the biomaterials proposed for tissue regeneration, synthetic 3D hydrogels that mimic soft tissues possess
Hydrogels great potential for regenerative medicine but their poor vascularization rate is usually incompatible with long-
Microarchitecture

term cell survival. Fabrication of biomaterials that promote and/or accelerate vascularization remains nowadays
a challenge. In the present work, hydrogels with tubular geometries ranging from 28 to 680 um in diameter, that
correspond to those of human small artery/veins and arterioles and venules, were prepared. The surface of this
tubes was coated with proteins of the extracellular matrix assuring the adhesion of endothelial cells in a
monolayer. Interestingly, in the case of small diameter channels, polysaccharide-based hydrogels made of
neutral pullulan and dextran that do not allow endothelial cell adhesion, were transformed into active materials
guiding endothelial cell behavior solely by modification of the internal microarchitecture, without addition of
proteins. Under static conditions, endothelial cell adhesion, migration, proliferation and polarization on the
hydrogel was induced, without the addition of any extracellular matrix protein or adhesion peptide; this
property was found to be directly dependent on the curvature of the internal channels. In the last years, the
impact of the geometry of biomaterials to regulate cell behavior has been highlighted paving the way to use non-
flat geometries as cues to develop biomaterials to guide tissue regeneration. Here, we report a functional ma-
terial based on geometrical cues to assure endothelial cell arrangement in tubular vessel-like structures and
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providing with new pro-vascularizing properties.

1. Introduction

Hydrogels are proposed for tissue regeneration due to their high
content in water and soft consistency that mimic those of the tissues
[1,2]. Hydrogels are versatile biomaterials used to treat a wide variety
of tissues [3]. In the case of tissue engineering, their similarities with
the extracellular matrix (ECM) make of them the most suitable mate-
rials for tissue regeneration. Polysaccharides are widely used in tissue
engineering. Polysaccharides, along with proteins, are the essential
components of the ECM. For some years, dextran and pullulan have
demonstrated their suitability in tissue engineering with different cell
types. Our team has carried out several studies that reveal the versa-
tility of hydrogels prepared from pullulan and dextran, based on the
possibility of controlling their properties such as geometry, mechanical
properties and porosity [4-6]. Nevertheless, poor vascularization rate
of hydrogels is often incompatible with long-term cell survival. This is
due to the lack of oxygen and nutrient supply resulting from the lack of
blood vessels in the material. That is why vascularization of bioma-
terials that can interact with the host vasculature to form anastomosis is
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currently in the spotlight of tissue engineering and regenerative medi-
cine [7,8]. In this context, a major challenge is the formulation of
materials that stimulate angiogenesis and blood vessel formation.
Angiogenesis is a complex process usually initiated by a hypoxic
stimulus in the tissue [9]. As a result, a quiescent vessel is activated
leading to vessel sprouting. Matrix metalloproteinases act degrading the
ECM and endothelial cells (EC) are able to migrate onto this ECM in a
well-orchestrated way following integrin signaling. Sprouting is leaded
by one endothelial cell, the tip cell, characterized by the lamellipodia
and filopodia in their cytoskeleton, followed by stalk cells that are
found between the quiescent cells and the tip cell, and that are the ones
to proliferate to constitute the new endothelium. This angiogenic pro-
cess is partially modulated by the ECM that is known to provide phy-
sical scaffolding to the cells, together with biochemical and bio-
mechanical cues that assure structural integrity of the tissues as well as
tissue morphogenesis and regeneration [1,10]. Numerous materials
have been proposed to be functionalized with pro-angiogenic factors
and motifs following a biomolecule-based approach to promote vessel
formation [11-14]. Many of these works are based on the delivery of
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Fig. 1. Polysaccharide-based hydrogel internal geometry was modified during cross-linking. A) A 3D printed mold was used to incorporate clinical-grade polyamide-
6 filaments during cross-linking of the polysaccharides (left), and the hydrogel was formed around the filaments (right). B) SEM images of the filaments of 28, 70 and
220 um in diameter demonstrated smooth surfaces that led, after removal of the filaments, to the formation within the fluorescent hydrogels of channels without any
patterning that could affect cell behavior. C) The shape of channels remained after freeze-drying and D) rehydration in 0.9% NacCl, that modulated channel diameter
(see scale bars in C and D). E) This approach allowed the formation of crossing channels of different diameters and F) combining pores and channels within the same

hydrogel after freeze-drying. Scale bar: 50 um.

pro-angiogenic growth factors to promote vascularization in vivo
[11-14]. More recently, material vascularization has been proposed
based on the in vitro formation of microvessels within 3D materials that
present pre-formed channels in their structure, prior to implantation
[16-23]. Different strategies to form these channels have been de-
scribed, such as the use of syringes [16], glass micropipettes [16], half
circular molds [17,18] or sacrificial structures made of soluble mate-
rials [15,19-21] or photodegradable gels [22,23]. To assure cell ad-
hesion, they include in their composition molecules that mediate cell
adhesion: RGDS sequences [22] and proteins of the ECM [11-15,21],
such as collagen, fibrin or fibronectin. A limitation to transfer this
strategy to the clinic is their high cost as well as the immunogenic
potential of these biomolecules. Besides, any of these materials pre-
sented pores in its structure to locate other cell types to perform co-

culture; only in some cases a second cell type was encapsulated in the
fibrin or matrigel hydrogel [19,22]. For further information, the latest
works dealing with the engineering of hydrogels with perfusable mi-
crochannels were recently reviewed elsewhere [21].

All things considered, the ideal biomaterial to favor en-
dothelialization for tissue engineering and regenerative medicine ap-
plications should fulfill the following requirements: 1) present inter-
connected hollow channels of a wide range of diameters similar to those
of vessels, 2) promote endothelial cell arrangement in monolayers
leading to microvessel-like structures, 3) allow co-culture of other cells
in “physiological” conditions, 4) biocompatible composition (pharma
grade materials), 5) easy to fabricate, 6) cost-efficient. Ideally, the
material should be able not only to assure cell adhesion on the walls of
the hollow channels, but also to induce pro-angiogenic endothelial cell
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behavior.

This work introduces a different and innovative biomolecule-free
approach to confer neovascularization functions to materials based on
geometry. In the last years, the impact of materials geometry to regulate
cell behavior has been highlighted. Recent works have demonstrated
that functional materials can be prepared by including geometric fea-
tures to modify cell migration and differentiation, paving the path to
use non-flat geometries as cues to develop biomaterials to guide tissue
regeneration [10,24-34]. Nevertheless, the knowledge of how cell be-
havior is influenced by non-flat geometries is still limited and poorly
applied in the material science to modify the properties of a biomaterial
to improve its regenerative potential. This is in part due to the limita-
tions to manufacture bioinert materials with smooth channels with a
wide range of diameters to perform in vitro studies.

In this study, an innovative and simple fabrication method to form
hollow tubular structures within a hydrogel scaffold compatible with
cell culture and made of neutral polysaccharides is described (Fig. S1).
Based on the results obtained with this tool, we report the first work in
which modification of the geometry of a hydrogel solely drastically
changed cell-material interactions assuring endothelial cell arrange-
ment in tubular capillary-like structures and provided new pro-angio-
genic properties. From now on, we will refer to these channeled hy-
drogels as non-flat hydrogels to emphasize the difference between a flat
2D surface (x,y) and a tubular or channeled geometry in the three axes
(x,y,2).

2. Experimental
2.1. Hydrogel preparation and characterization

2.1.1. Polysaccharide cross-linking

Pullulan (Mw 200 kDa; Hayashibara Inc.) and dextran (Mw
500 kDa; Pharmacosmos) at a 3:1 ratio were mixed to prepare a 0.3 g/
mL polysaccharide solution. After activation of hydroxyl group with
NaOH 10 M solution, crosslinker sodium trimetaphosphate (STMP) was
added and the whole was poured into the mold and incubated at 50 °C
during 20 min. Three concentrations of STMP were used: 1.5%, 3% and
5%, equivalent to 12.5 mg/g polysaccharide, 25 mg/g polysaccharide
and 41.6 mg/g polysaccharide respectively. Except when indicated, the
hydrogels used in the study correspond to the 3% STMP solution.
Hydrogel was rinsed in PBS 10 X once, for fast pH neutralization, and
then in milli-Q water to remove salts until ionic force of the rinsing
water was found below 20 pS (Conductivity Meter Thermo Orion model
145). For confocal observation, 10 mg FITC-Dextran (Mw 500, TdB
Consultancy) were added to the polysaccharide solution. Agarose gels
were prepared by diluting different amounts of agarose (Invitrogen Life
Technologies) (0.7-2.5% w/v) in hot water (40 °C). Hydrogels were
prepared by pouring the polysaccharide solution within 2 glass plates
separated by a 1 mm spacer. After rinsing, the gel was cut into discs
(5 mm diameter). 2D Hydrogels for cell adhesion evaluation were di-
rectly poured on 12-well plate dish (Corning®).

2.1.2. Micro-channel and pore formation

To form micro-channels, hydrogels were casted using a mold in
which clinical-grade polyamide-6 filaments (Ethicon) were included
(Fig. 1). This mold made of poly-lactic acid was conceived by Fusion
360 Autodesk software and 3D printed using an Ultimaker Original +
printer.

Pores were obtained with a freeze-drying protocol. Hydrogels were
embedded in PBS: water (1:6) salt solution and transferred to the freeze
dryer (Cryotec). Controlled freezing phase of the samples at —20 °C was
followed by a sublimation phase under controlled low pressure with an
increase of temperature. For specific coating of the channels, samples
were incubated for 2 h at room temperature in a collagen type I from rat
tail solution (BD-#354236) (0.5 mg/mL~") in 0.01 N HCL Collagen
fiber deposition on the channels was done by pH neutralization through
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incubation in PBS: water (1:6) at pH 7.4 prior to freeze drying and pore
formation. Freeze-drying led to sponge-like scaffolds that were stored at
room temperature until their rehydration, to be characterized and
employed for cell seeding as hydrogels.

2.1.3. Channel diameter measurement

Hydrogels containing FITC-Dextran and channels with different
diameters were immersed in water, PBS or culture media. Media were
exchanged until the ionic force remained constant (Conductivity Meter
Thermo Orion model 145). Then, confocal microscopy of hydrated
samples was used and image acquisition was done with a confocal
microscope LSM 510 Zeiss and optical sections comprising the whole
channel were collected with a step-size of 5 pm. Images were acquired
with ZEN lite software and image analysis was done with ImageJ
software. Channel diameter in different media was established mea-
suring the maximal distance between channel walls. Analysis was done
in triplicate.

2.1.4. Hydrogel equilibrium water content

To calculate equilibrium water content, a gravimetric method was
followed. Samples (5 mm diameter, 1 mm thickness; n = 3) were dried
by freeze-drying (Cryotec), weighted (W0) and then immersed in ex-
cessive distilled water overnight at room temperature. Swelling equi-
librium of hydrated samples was reached when samples weight re-
mained constant (W1). Then, % of water content was calculated using
the formula: (W1 — WO0) / W1) x 100.

2.1.5. SEM imaging

The topography of clinical-grade polyamide-6 filaments was ob-
served using a Scanning Electron Microscope (JEOL JSM-IT100, soft-
ware InTouch Scope Version 1.060) under low vacuum conditions.

2.1.6. Elastic modulus

The elastic moduli of the hydrogels were measured in the linear
viscoelastic region using a Discovery HR-3 Hybrid Rheometer. Disk-
shaped samples (40 mm diameter, 1 mm thickness) were analyzed
using the following parameters: 0.5 N force, 0.25% strain and
0.05-5 Hz frequency range. Analysis was done in triplicate.

2.1.7. Collagen coating assessment

To confirm collagen coating in the micro-channels of non-porous
and porous hydrogels, two methods were followed. First, hydrogels
were stained using picrosirius red dye that binds collagen. After 2 h
incubation at room temperature, hydrogels were extensively washed
with PBS until complete removal of the unbinded dye (this was con-
firmed by using hydrogels without collagen as controls). Then, confocal
microscopy was employed based on the fluorescence emitted by col-
lagen fibers after picrosirius red staining. Confocal microscope LSM 510
Zeiss was used and images were acquired with ZEN lite software and
image analysis was done with ImageJ software.

2.2. In vitro studies

2.2.1. Cell culture inside the hydrogel

Three different cell types were used in the in vitro studies, namely
human umbilical endothelial cells (HUVEC) (ATCC CRL-1730), fibro-
blasts NIH3T3 or hepatic carcinoma HepG2. HUVEC cells were cultured
in T75 surface treated flasks (Corning®) in endothelial cell medium
following the provider recommendations. HepG2 and NIH3T3, were
also cultured in T75 surface treated flasks using a DMEM (4.5 g/L
glucose) supplemented with 10% fetal bovine serum and 1% antibiotic/
antimycotic solution (all purchased by GIBCO). Cells were splitted ac-
cording to manufacturer and kept in an incubator prior to use (37 °C,
5% COo).

Cell seeding was done with a syringe-induced vacuum method to
introduce human umbilical endothelial cells, fibroblasts NIH3T3 or
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hepatic carcinoma HepG2 cells in the channel. First, cells were det-
tached with 1 mL Trypsin solution (Gibco) at 37 °C for 5 min; trypsin
was inactivated by performing cell dispersion in complete cell medium
and then centrifuged and counted. Cell dilution in complete cell culture
medium was done to reach the desired concentration. To load the cells
in the channels, hydrogels and cell suspension were introduced in a
10 mL syringe barrel. A 3-way stopcock was used to close the system
and the plunger was pulled to make cell suspension circulate inside the
channels. Then, cell-loaded hydrogels were placed in a 24 well-plate,
complete cell medium was added and plates were placed in an in-
cubator. For the adhesion studies with collagen type I from rat tail (BD-
#354236), hydrogels were incubated for 2 h at room temperature in a
2 mg/mL collagen acid solution and rinsed with excess of PBS to cause
collagen fiber precipitation prior to cell culture. Except where in-
dicated, cell seeding was done at a concentration of 5,000 cells/pL.
Cell culture on 2D hydrogels was done by pouring cell suspension,
100,000 cells/well, on 12-well plate dish pre-coated with the hydrogel.

2.2.2. Cell metabolic activity

Cell metabolic activity was quantified using a Resazurin assay
(Sigma R-6892). Briefly, cells were cultured on 12-well plate dish
coated or not with PUD hydrogel. After 24 h, cell medium was removed
and fresh culture medium containing 10% resazurin solution was
added. 2 h later, 100 pL of medium were transferred to a 96-well plate
and fluorescence was measured at a wavelength of 590 nm using an
excitation wavelength of 560 nm. Analysis was done in triplicate.

2.2.3. Cell seeding efficacy

Immediately after cell seeding, optical microscopy was used to
count the number of cells inside the channels (N). Seeding efficacy was
calculated considering the volume inside the channels and amount of
cells in the same volume of the cell suspension (Ns), taking into account
cell concentration. Then, efficacy was calculated in percentage as fol-
lows: N/Ns x 100. Analysis was performed in at least 12 samples per
group of study.

2.2.4. Cell staining and confocal imaging

Actin filaments were labeled by incubation with Alexa-Fluor 647
Phalloidin (Invitrogen) (1/200, 1 h incubation time at room tempera-
ture) after fixation in paraformaldehyde 4%. Laminin was stained using
rabbit polyclonal antibody (ab19012) (1/400, overnight incubation at
4 °C) followed by secondary antibody Alexa-Fluor 647 anti-rabbit
(ab150079) (1/500, 2 h incubation time at room temperature). Nuclei
were stained with DAPI (1/50,000).

Image acquisition was done with a confocal microscope LSM 510
Zeiss. Images were acquired with ZEN lite software and image analysis
was done with ImageJ software.

2.2.5. Cell density quantification within the channels

Number of cells/mm? within the channels was quantified using
ImageJ software. At different times after cell seeding, samples were
fixed and actin filaments and DNA stained as previously described.
Samples were observed and images were acquired by confocal micro-
scopy. Cell density was calculated normalizing the number of nuclei per
channel area. The ratio of adhered and non-adhered cells was also es-
timated by this method. Analysis was done in triplicate.

2.3. Statistical analysis

Non parametric Mann-Whitney test was used to compare unpaired
samples.
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3. Results
3.1. Hydrogel preparation and characterization

Chemical cross-linking of pullulan and dextran using STMP as cross-
linking agent led to the formation of transparent hydrogels with high
water retention capacity (> 92% water at equilibrium) (Fig. 1A). The
mechanism of cross-linking of pullulan with STMP was proposed in
2004 by Mocanu et al. [35] In brief, after polysaccharide activation in
the presence of NaOH, both polysaccharide and NaOH react with STMP
causing ring-opening and the apparition of grafted sodium tripolypho-
sphate (gSTPP) and the degradation product STPP, respectively. Then,
gSTPP reacts with phosphate groups leading to the formation of three
species: the crosslinked chain, the grafted chain and inorganic pyr-
ophosphate [36]. Performing cross-linking around polyamide-6 fila-
ments led to permanent modifications of the microarchitecture of the
hydrogel, that presented micro-channels of different diameters ranging
from 28 pm (curvature x = 1/14) to 680 um (curvature k = 1/390)
(Fig. 1A and B). The smoothness of the polyamide-6 filaments was
confirmed by SEM prior to channel formation (Fig. 1B). Micro-channels
remained well formed even after freeze-drying (Fig. 1C) and re-hydra-
tion (Fig. 1D), which caused a decrease in the diameter of the channel
due to the swelling of the material. Using this method it was possible to
combine filaments with different diameters in the same hydrogel and to
form interconnected micro-channels of several diameters (Fig. 1E). In
the case of freeze dried hydrogels, channels were surrounded by pores
formed by water crystal formation and sublimation (Fig. 1F). Me-
chanism of pore formation and freeze-drying parameters determining
porosity in the hydrogels have been recently described by some of us
elsewhere [4]. Channel coating with collagen was confirmed by pi-
crosirius red staining and fluorescent microscopy (Fig. S2). A second
freeze-drying cycle, following collagen coating, made possible to spe-
cifically coat micro-channels without modifying the surface of the pores
and assuring cell adhesion exclusively in the channel. This is particu-
larly interesting for further applications, such as co-culture of non-ad-
hesive cells or organoids within the pores surrounded by en-
dothelialized channels. Channel formation method was also used to
successfully modify the architecture of hydrogels with a different
composition such as agarose (Fig. 2).

Of note, swelling of the PUD hydrogel was dependent on the ionic
strength of the hydrating solution: the higher the ionic force, the less
the hydrogel swelling. This impacted also the diameter of the micro-
channels as shown if Fig. 3A. Indeed, when the same hydrogel prepared
with a filament of 70 um was immersed until equilibrium in water (5
uS), PBS (10 mS) or cell culture medium (11 mS), micro-channel dia-
meter in the hydrogel varied from 127 pm, to 115 pym and 100 pm
respectively. In the case of PUD hydrogels, swelling capacity of the
material was also related to the cross-linking ratio (Fig. 3B). As the
feeding ratio of STMP increases, the final diameter obtained with the
same filament was reduced (117 pm for 1.5% STMP; 113 um for 2%
STMP; 98 um for 3% STMP; 95 um for 4% STMP; 90 um for 5% STMP).
Increased cross-linking also caused an increase of the elastic modulus
(from 300 Pa to 3 kPa corresponding to 1.5% STMP and 5% STMP
respectively) (Fig. S3).

3.2. In vitro endothelial cell studies

3.2.1. Invitro studies

Cells seeded on 2D hydrogels did not adhere to the polysaccharide
matrix (Fig. 4A). After 1 h, individual cells presented a spherical non
adhesive phenotype, and after 24 h, cell aggregates were founded on
the surface of the hydrogel. Lack of adhesion was confirmed since cells
slided off during hydrogel manipulation and were not found on the
surface of the material after 72 h.

Endothelial cells were cultured inside the channels under static
conditions and standard media without any additional biochemical
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Fig. 2. Agarose tubular hydrogels. One week after endothelial cell seeding in
agarose gels fabricated with tubular constructs, no cell adhesion or cell ag-
gregates in the lumen were observed. From top to bottom: bright field channel,
split blue channel for DAPI, split red channel for Actin, and merge channel. (For
interpretation of the references to color in this figure legend, the reader is re-
ferred to the web version of this article.)

supplementation. The optimal number of cells to seed in the channels
was tested with 2500, 5000 and 10,000 cells/pL. In all cases, the effi-
ciency of cell seeding was similar with 44%, 58% and 45%, for 2500,
5000 and 10,000 cells/pL, respectively. The number of cells present in
the channel immediately after seeding, was 27.8 + 15, 72.5 * 27,
and 111.3 *= 60 cells for 2500, 5000 and 10,000 cells/pL, respectively.
Cell adhesion was already observed after 6 h in channels with a dia-
meter below or equal to 100 pum (curvature k = 1/50 pm-1), which is
about 10 times the size of endothelial cells in a non-spread state.
Condition with 2500 cells/uL showed low cell coverage and 5000 cells/
uL led to a higher variability compared to 10,000 cells/uL. Therefore,
we choose 5000 cells/uL as working concentration for further experi-
ments. Using these conditions, cell metabolic activity within the micro-
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channel was quantified showing an increase after 96 h that became
significatively more important after 164 h (Fig. 4B).

The same experiment was performed in hydrogels presenting larger
diameter (> 100 pm). In this case results were completely different:
cells progressively formed small aggregates inside these channels, re-
gardless of cell concentration (Fig. 5). After one week, few cells sur-
vived in large channels and only a few adhered on the walls in a highly
heterogeneous way (Figs. 5A and S4). HepG2 cells and NIH3T3 behaved
similarly to HUVEC in large diameters, with the difference that no cell
adhesion was observed, regardless of the diameter of the channel.

In the case of hydrogels incubated with collagen type I (2 mg/mL)
prior to cell seeding, cell adhesion occurred within the first hours after
cell seeding even in larger channels (Fig. S4).

3.2.2. Micro-channel cell lining with endothelial cells

Following the curvature-dependent spontaneous adhesion of en-
dothelial cells in the small channels of hydrogels, that did not occur on
2D hydrogel (Fig. 4A), cell behavior with time was further studied
(Fig. 6). The number of cells found in the channels (Fig. 4B) sig-
nificantly increased with time. The percentage of cells in a spread state
was also significantly higher at 48 h (72%) compared to 24 h (2%).
Regarding cell morphology, a peculiar cell organization was detected
from the beginning and adhered cells aligned following the long axis of
the channel already after 24 h (Fig. 6A).

In the following hours after adhesion, cells continued to proliferate
from the bottom of the channels forming a monolayer of cells, whereas
few cells got polarized on the sides of the walls. At 48-72 h, three
different cell morphologies were clearly identified (Fig. 6B): a) spread
cells with central nucleus forming a monolayer (Fig. 6B insert in the
right), b) polarized cells with actin assembled in lamellipodia and fi-
lopodia (Fig. 6B left and right highlighted with symbol 4), and c)
aligned cells (Fig. 6B right highlighted with symbol &) that were lo-
cated between (a) cells at the bottom of the channel and (b) polarized
cells at the top of the channel.

To assure full cell lining of channels, we turned 180° the hydrogel
twice following the protocol described in Fig. S5. This way, after only
7 days, we could fabricate in vitro 5 mm-long capillary-like cell tubes
with < 100 pm diameter and full cell coverage (Fig. 7A&B). Within
these newly formed capillary-like structures, the presence of ECM
proteins present in the natural basal membrane of the endothelium,
such as laminin, was observed by immunofluorescence (Fig. 7C), as well
as focal adhesions in the cell membranes (Fig. 7D).

4. Discussion

Pullulan/dextran hydrogels were prepared by cross-linking with
sodium trimetaphosphate in water as previously described [37]. Hy-
droxyl groups in the polysaccharides are activated at basic pH, and
hydroxyl groups of polysaccharides react with cyclic STMP that opens
and cross-links, leading to hydrogel formation [45]. These biocompa-
tible hydrogels have been already demonstrated as interesting scaffolds

A B
Filament| Channel diameter in Channel diameter in Channel diameter in 'E
diameter water (=5 pS) PBS (=10 mS) culture medium (=11 mS) =120 °
s ° cell aggregation
28 pm 39 pm 38 pm 35 pm DQ 4} eeeenenreigreneesesnneanannes .
g e  celladhesion
70 pm 127 ym 115 ym 100 pm =) 80
1 2 3 4 5 6
220 pm 390 pm 312 pm 300 pm Cross-linker (%)

Fig. 3. Channel diameter varied with both the cross-linker content and the ionic strength of the swelling solution. A) An inverse correlation was observed between
channel diameter and the ionic strength of the swelling solution. B) Channel diameter decreased with the increase of cross-linker % introduced during hydrogel

formation and the resulting hydrogel induced cell adhesion or cell aggregation.
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Fig. 4. Endothelial cell behavior in 2D hydrogels vs. non-flat hydrogels with channels with a curvature over 1/50 um. A: cells adhered on cell culture flasks but did
not adhere on the surface of 2D hydrogels (left) where any cell metabolic activity could be detected by Resazurin assay after 24 h (right). Scale bar: 50 pm. B: in
channels with a curvature over 1/50 pm, cells spontaneously adhered and proliferated (* = p < .0001).

Fig. 5. Formation of cell aggregates in channels with a diameter > 100 um. A: Kinetics of aggregates formation from Day 0, immediately after cell seeding (5000
cells/uL) to Day 7. At Day 7, some cells adhere to the hydrogel likely due to the secretion of ECM by the cells. B: Aggregate formation in channels with a
diameter > 100 pm was independent of cell density: the images show aggregates in the channels 24 h after cell seeding with cell suspensions from 1000 to 20,000

cells/uL. Scale bar: 100 um.

for 3D cell culture, cell therapy and tissue engineering approaches
[5,37-39]. Due to the high content in water (> 92%) and the chemical
structures of the polysaccharides, endothelial cells do not adhere
spontaneously to these materials [37,38], as shown in Figs. 4A and 8A.
Here, using only these neutral polysaccharides, microarchitecture was
simply created during the cross-linking process and micro-channels of
different diameters ranging from 28 um (curvature x = 1/14 um) to
680 pum (curvature x = 1/390) were formed within the hydrogel
(Fig. 1).

To study the role of non-flat geometry on cell adhesion and cell
behavior, polysaccharide-based hydrogels without addition of ECM
proteins or growth factors were employed. The hydrogel was cross-

linked around clinical-grade filaments with different diameters that
determined the final diameter of the micro-channels (Fig. 2A). The use
of clinical-grade filaments to form channels in materials presents nu-
merous advantages compare to other developed strategies. Clinical-
grade filaments are clinical approved, sterile and commercially avail-
able in a wide variety of well-defined diameters (from 20 pm to
900 um) and compositions, being non-degradable or degradable. De-
gradable filaments are interesting to be used as sacrificial tubular
structures.

To assure the formation of smooth channels without any micro-
pattern that could affect cell behavior, the smooth surface of filaments
was confirmed by scanning electron microscopy (Fig. 1B). Once the
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Actin DAPI FITC-Dextran

96 h
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2N
.l
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Fig. 6. Endothelial cell behavior in non-flat hydrogels with channels with a curvature over 1/50 um. A) Cell alignment spontaneously occurred during the first 24 h
(first row), followed by cell migration characterized by the presence of polarized cells highly visible at 48 h (second row), and proliferation. At the bottom of the
channels, cells formed after 96 h a continuous layer of cells (third row), whereas at the top, they were still organizing networks rather than full layers (fourth row)
(from top to bottom: merge channel, split red channel for Actin, and split blue channel for DAPI). B: At 48-72 h, three different endothelial cell morphologies co-
existed: i) migrating cells presenting filopodia in their structure (left and right: cells highlighted with symbol #) as well as ii) not-migrating cells, with a central
nucleus (right: cells highlighted with symbol &) that were found between the migrating cells and iii) the cells at the bottom forming a full monolayer (right: insert).
Scale bar: 50 um. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

polysaccharides were cross-linked, hydrogels were incubated in PBS to
neutralize pH and to swell so that the filaments could be easily removed
without damaging the structure. Of note, the use of degradable fila-
ments such as PLA and a short incubation in acidic conditions could
avoid this step, or could be also obtained later on in situ after im-
plantation. Micro-channels remained well formed even after freeze-
drying (Fig. 1C) and re-hydration (Fig. 1D) demonstrating that this
process is an easy way to permanently modify the internal architecture
of porous and non-porous hydrogels. The obtained hydrogels were
transparent making possible the direct observation of cells inside the
channels by conventional bright field microscopy (Fig. 5). Moreover,
the versatility of the casting method was evidenced by the formation of
different sizes of channels inside the hydrogels (Fig. 1B) combining fi-
laments with different diameters and also interconnected micro-chan-
nels of several diameters (Fig. 1E). This preparation method was also

used to successfully modify the architecture of different hydrogels such
as agarose gels (Fig. 2).

When compared to other technologies, is worth noting the simpli-
city of our approach [40]. Unlike laser, stereolitography or bioprinting-
assisted techniques, no particular technology is needed. Compared to
bioprinting, resolution is better, fabrication is faster, and we overcome
limitations related to printability of the biomaterial. Compared to ste-
reolitography, we do not require the presence of photocrosslinkable
groups and photoinitiators that have been associated with cell toxicity,
and remain a drawback for clinical translation. Other casting methods
have been described in several steps, such as in the work of Nie and
colleagues, where 5 steps are reported, namely i) printing chips with
microgrooves, ii) pouring the solution on the chips, iii) cross-linking, iv)
demolding of the hydrogel sheets, v) bonding of two sheets by photo-
cross-linking [41,42]. This complex process contrasts with our method
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Fig. 7. Geometry guided endothelial cell
lining. A) After 7 days under static condi-
tions in regular media without additional
ECM proteins or exogenous growth factors,
endothelial cells formed -capillary-like
structures with 5 mm length and 70 um
diameter (upper image) inside the hydrogel
(in green). Below, larger magnification
using confocal microscopy demonstrated
the arrangement of cells in capillary-like
structure with the presence of a layer of
cells coating the tube and an internal lumen
(from left to right in the figure: top, middle
and bottom of the channel; from top to
bottom: merge channel, split red channel
and split blue channel). B) Detail of a sec-
tion of the capillary-like structure with
confocal images with orthogonal views that
demonstrated the presence of a monolayer
of cells covering the channels. C) Laminin
was detected as representative of the se-
cretion of the ECM by endothelial cells. D:
cells adhered to this newly formed ECM
through focal adhesion sites characterized
by actin protrusions (arrows). (For inter-
pretation of the references to color in this
figure legend, the reader is referred to the
web version of this article.)

BOTTOM

Actin DAPI

==I
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where channels are directly formed around the filament in hydrogels
composed made of unmodified pharmaceutical-grade polysaccharides
from natural origin.

We then investigated the role of internal micro-channels, in parti-
cular the role of the curvature on endothelial cell behavior on PUD gels.
Cell adhesion in the absence of proteins of the ECM only occurred in the

Actin FITC-Dextran

channels with a curvature below 1/50 pm, indicating that cells were
able to sense the curvature and respond to it. This difference was ob-
served independently of the number of cells seeded in a wide range of
cell concentration (from 1000 to 20,000 cells/uL) (Fig. 5B). Interest-
ingly, the nature of the polysaccharides that constituted the hydrogel
was a relevant factor in this geometry-induced adhesion. When
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performing the same experiments with agarose gels at low (0.7%) and
high (2.5%) concentrations, to assure a broad range of Elastic Moduli,
no cell adhesion was observed, regardless the agarose concentrations or
channel diameters (Fig. 2). Moreover, these results allow to discard the
hypothesis of an effect due to cell confinement or to the flow caused by
a phenomenon of capillarity in the small channels compared to the
large ones. Besides, lack of cell adhesion and aggregate formation was
also observed when other adherent cell types, namely fibroblast 3T3
and hepatic carcinoma cell line HepG2, were seeded in the PUD micro-
channels. This indicates that the response to PUD hydrogel geometry is
not common to all adherent cells, but it seems characteristic of en-
dothelial cells.

Other factors, such as the degree of cross-linking in the hydrogel and
the elastic modulus were evaluated. In the case of PUD hydrogels, the
swelling property is related to the cross-linking ratio and to the ionic
strength of the hydrating solutions (Fig. 3). As the feeding ratio of STMP
increases, cross-linking density increases reducing swelling capacity
[4]. Similarly, the presence of ions limited hydrogel expansion. An in-
crease in cross-linking also caused an increase of the elastic modulus
(from 300 Pa to 3 kPa), but this did not affect endothelial cell adhesion.

In the case of PUD hydrogels with large channels, cells in the
channel started to adhere after at least 7 days and in a low number; cell
aggregates and individual adhered cells cohabitated at that moment

Materials Science & Engineering C 118 (2021) 111369

Fig. 8. Endothelial cell behavior depends on mate-
rial geometry on Pullulan/dextran hydrogel. A: in
2D, cells do not adhere firmly on hydrogels. B: in
non-flat hydrogels, cell adhesion on hydrogels is
determined by the diameter of the channels: in
channels with a curvature below 1/50 pm-1 (B left),
equivalent to a diameter > 100 um, cells behave as
on 2D materials; in smaller diameters with a curva-
ture greater than 1/50 pum-1, endothelial cells are
able to adhere and to proliferate (B right).
Representative confocal images after 1 h, 24 h and
72 h are reported using FITC-Dextran for green label
of the hydrogel red staining for actin and blue for
nucleus. Scale bars = 50 um for all panels. (For in-
terpretation of the references to color in this figure
legend, the reader is referred to the web version of
this article.)

FITC-Dextran
Actin

(Fig. 5A). This late adhesion was likely mediated by the deposition of
ECM on hydrogel by the cells. In agreement with this hypothesis, it was
possible to promote early adhesion of the cells in large channels by
simply impregnating the hydrogels with collagen type I (2 mg/mL)
during 4 h prior to cell seeding (Fig. S4). In this case, cell adhesion
occurred within the first hours after cell seeding.

Taking these results into account, an explanation for the different
adhesion observed as a function of the curvature, would be related to
differences in the secretion of proteins from the ECM by the cells. The
fact that the cells are not able to adhere to the surface of the hydrogels,
as shown in Fig. 4A, proves the absence of motifs of adhesion in the
biomaterial. In the case of the adhesion observed in the smaller dia-
meter channels, the adhesion could be attributed to a cell confinement
effect, a microfluidic effect or a higher concentration of serum proteins
in the culture medium. However, the absence of adhesion in channels of
the same size in hydrogels of another polysaccharide, such as agarose,
rules out these hypotheses. The fact of observing a cellular adhesion in
hydrogels coated with ECM proteins such as collagen, regardless of the
diameter of the channel, as well as a delayed adhesion in the case of
larger diameter channels, suggests that the cells could respond to cur-
vature secreting proteins from the ECM early in the smaller diameter
channels. The detection of laminin in Fig. 7C is consistent with this
hypothesis.
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Cell alignment has been described on cultured endothelial cells
under flow conditions, and endothelial cells in the organism are ex-
posed to a shear stress caused by the blood flow that induces cell
alignment [43]. Here, this alignment was observed under static cell
culture conditions and it must be noticed that it was not observed in
hydrogels with large channels impregnated with collagen.

The three endothelial cell phenotypes characteristic of the sprouting
angiogenesis, namely tip cells, stalk cells and quiescent cells coexisted
in the small caliber channels [44]. In animal and human tissues, vessels
are constituted of quiescent endothelial cells with poor regenerative
activity in physiological conditions, except during embryo develop-
ment, wound healing and in response to ovulation. Following a hypoxic
stimulus, a cell is selected to lead vessel enlargement. This tip cell is
characterized by a phenotype with extension of lamellipodia and filo-
podia to migrate towards the angiogenic stimulus [9,44,45]. Stalk cells
are located between the quiescent cells and the tip cell; they divide and
establish the vessel lumen. In the micro-channels formed here within
the hydrogel, cells with the phenotype of tip cells were clearly observed
after 48-72 h (Fig. 6). These cells presented invasive and motile be-
havior. In contrast to quiescent-like cells that formed a monolayer on
the bottom of the channel, polarized cells were located mainly on the
sides and upper surface of the channels and ended to form a cell net-
work throughout time (see 96 h bottom and top in Fig. 6). This in-
dicates that cells tended to migrate through the whole channel and
were able to move against gravity forces even if they were not able to
fully proliferate on top of the channel to form a complete cell layer to
cover the channel. Nevertheless, after turning the hydrogel cells mi-
grated and coated the whole channel. Based on this, a simple cell cul-
ture protocol was established to obtain fully endothelialized channels of
5 mm length within the polysaccharide hydrogel.

5. Conclusion

In this study, polysaccharide-based hydrogels made of neutral
pullulan and dextran (PUD) that do not allow cell adhesion, were
transformed into active materials guiding cell behavior by modification
of the internal microarchitecture. The fabrication of tubular constructs
with a particular curvature induced endothelial cell adhesion, migra-
tion, proliferation and polarization inside the channels (Fig. 8), in-
dicating that cells are sensitive to the curvature of the channels and
responded by secreting ECM that allowed cells to specifically adhere
and organize in tubes.

Further development of the material will serve to improve the
knowledge about the cellular response to the curvature of the seeding
substrate and to better understand the mechanotransduction of geo-
metrical cues. From a tissue engineering point of view, this material
opens new perspectives to promote the vascularization of hydrogels. In
a recent publication, we show the interest of pullulan and dextran hy-
drogels for the culture of liver cell spheroids in the pores of the bio-
material [5]. Experiments to co-culture endothelial cells in the channels
with other type of cells, such as hepatic cells in organoids, in the pores
of the hydrogels, are undergoing for this purpose. The strategy to form
channels in the hydrogel is currently being adapted to form more
complex vascular-like networks.
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