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The design of physiologically relevant blood vessel in vitro models has

been impaired by the difficulty to reproduce the complex architecture of native
blood vessels and the mechanisms mediating key cellular functions within
miniaturized perfusable systems. Aiming to simulate blood vessel walls, in
this work innovative 2D platforms are designed and patterned with magnetic-
responsive gelatin for enabling in situ co-culture of mesenchymal stromal
cells (MSCs) and human umbilical vein endothelial cells (HUVECs) within
confined compartments. The performance of the 2D chips is evaluated based
on HUVECs migration, adherence, and angiogenic behavior (proliferation and
sprouting), as well as production of Endothelin-1 (endothelium marker), and
compared with the results of 3D single channel models, designed to mimic the
morphology of native arteries and veins. The 2D chips obtain better cell adhe-
sion and angiogenic performance, which is attributed to flow profiles and VEGF
concentration gradients. Magnetic stimulation is then used as a novel strategy
to increase cell sprouting and endothelization ~1.5 times above the control
condition. These bio-inspired devices advance the exploration of magnetism
for a finer convergence to the native vascular conditions in vitro and improved
modulation of angiogenesis, showing promising contributions to the devel-
opment of sophisticated therapeutics for vascular ischemia-related diseases.

1. Introduction

diseases and inadequate therapeutic
approaches.[!l Current therapeutic pro-
grams relying on animal models are
not able to efficiently predict human
pathophysiology and drug responses.?]
Additionally, the process of mimicking
a patient’s native blood vessel architec-
ture remains challenging, hindering
the development of novel treatment
strategies. The wide variation of blood
vessels’ diameters, ranging from a few
millimeters to micrometers, increases
drastically the complexity of replicat-
ing native blood vessel networks.[34]

Traditionally in vitro platforms re-
lied on endothelial cells (ECs) growing
on coated 2D surfaces with adhesive
proteins or spheroids of ECs within 3D
hydrogel scaffolds encapsulated with spe-
cific growth factors such as VEGF-A.Pl
Although these models offered insight
into vessel assembly, they could not
simultaneously introduce both chemical
and mechanical stimuli in adequate
spatiotemporal conditions.l®! Acknowl-
edging these hurdles, tissue-engineered
constructs (e.g., synthetic materials,

Vascular diseases are ranked among the disorders with the high-
est morbidity worldwide, accounting for poor knowledge of the

biological scaffolds, porous hydrogels, fibrous meshes) with
changeable properties have been developed to prompt cell adhe-
sion, migration, and proliferation.!”]
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Advances in microfluidic design have also brought uncount-
able advantages to the study of cardiovascular biomechanics, in-
cluding the ability to (1) control the flow at physiological lev-
els, (2) simulate 3D microenvironment using hydrogel scaf-
folds, (3) incorporate human cells and control the distribution
of small molecules, (4) reduce the volume of required reagents,
and (5) avoid the use of expensive of ethical controversial an-
imal models.®°! Over the last two decades, some reports have
developed microchip compartmentalization using hydrophobic-
ity or 3D bioprinting.l'>* These works describe using in vitro
perfusable vessels with hydrogel endothelization to mimic en-
dothelial cell migration, vascular barrier function, and inflam-
matory response.['%12] Other works have used this technology to
support the study of ion transport!™! or long-term cultures of in-
testinal bacteria.l'*] These microfluidic-based platforms were pi-
oneers in co-culturing within confined compartments to simu-
late physiological conditions including molecular transport, nu-
trient absorption, and attempting to mimic natural endothelial
morphogenesis.[1%13] Another strategy included the use of a tem-
porary membrane to separate the parenchymal and endothelial
channels.[>] But this technique presented a higher risk of chan-
nel occlusion by polymer residues. Still, these studies do not at-
tempt to feature the dynamic and tunable properties of the native
tissue microenvironment.

The current microchip design also aims to mimic the selec-
tive barrier function of blood vessels by using microfluidic tech-
nology, in 2D models, to support a capillary line pinning tech-
nique for cell compartmentalization and controllable patterning
of hydrogels within the microchips: channels for the confine-
ment of HUVECs in the lumen region; channels patterned with
magnetic-responsive gelatin (mGelatin) for MSC encapsulation.
The combination of MSCs and HUVECs in vascularization mod-
els was previously described to induce an increased sprouting ef-
fect, with MSCs playing a key role in secreting growth factors (e.g.
VEGF) to promote HUVECs maturation.[16-2]

As mentioned before, another challenge in this area is the
combination of geometric compliance with adequate biochem-
ical stimulation (e.g., growth factors supply) to mimic the vas-
cular microenvironment. Recent studies from the same authors
showed the potential of using magnetic stimulation for local
modulation of tissue vascularization, through both regulation of
MSCs angiogenic behavior, through the control of biomolecules’
interaction/sorption to/in magnetic-responsive hydrogels?! and
the enhanced secretion of vascular growth factors (e.g., VEGF-
A).122B] Ag a key novelty strategy of this study, magnetic stimu-
lation was here used to boost the formation of microvessel net-
works in 2D and 3D micro-platforms patterned with a biocompat-
ible and magnetic-responsive hydrogel (mGelatin). When paired
with a magnetic field, the magnetic hydrogel possesses unique
tunable features, demonstrated by the wettability switch into a su-
per hydrophilic surface (contact angle decreases ~20 degrees).!??]
Additionally, the hydrogel allows to mimic the elastic mechanical
properties of the blood vessel tissue and supports the growth of
MSC and HUVEC co-cultures while also mediating the access of
cells to the magnetic stimuli produced by a neodymium bar.

In this work, three different 2D chip geometries were designed
and evaluated considering their flow dynamic characteristics and
their impact on cell culture behavior and angiogenesis develop-
ment. Despite the capacity of 2D in vitro models to investigate
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vascular network-related phenomena, 3D models still offer the
possibility to better mimic physiological cell-cell and cell-matrix
interactions within supporting matrices.[?*! For this reason, the
performance of 2D geometries using microchips with capillary
barriers was compared in terms of angiogenic response with 3D
macroscale models of single blood vessel constructs using 3D
molding techniques.

Ultimately, this study features novel magnetic-responsive plat-
forms providing reliable and more versatile in vitro vascular mod-
els, allowing for improved HUVEC vasculogenesis, offering the
possibility of cell studies under magnetic modulated angiogenic
conditions, and promoting enhanced control of vascularization
parameters (e.g., concentration gradients). In this regard, these
magnetic-responsive vascular models are expected to bring ad-
vanced knowledge on cell mechanisms inherent to vascular is-
chemic diseases, boosting the development of enhanced clinical
therapeutics.

2. Results

2.1. Chips and 3D Single Channel Models for In Vitro
Vascularization Studies

2.1.1. Chip Models

2D chips were fabricated to enable angiogenic development on
dedicated cell culture compartments under controlled fluid flow
(Figure 1a). Three different geometries (type I, II, and III) were
fabricated and assessed concerning HUVECs microvessel forma-
tion (Figure 1b). 2D chips with angular (Type I) and linear (Types
IT and III) shaped channels and of different widths (Type II and
IIT) were used to compare the effect of distinct geometries on
fluid flow and cell behavior, under similar perfusion conditions.
The diffusion path of all molecules and cells coming in and out
of the different compartments of the 2D chips, and the interac-
tions between them, are schematically represented in Figure 1c.
The 2D chips here prototyped were structured in polydimethyl-
siloxane (PDMS), via soft lithography (Figure S1, Supporting In-
formation). The chips contained several parallel channels for cell
media injection, ensuring a suitable supply of cells nutrients.
PDMS cell compartments (height: 450 pm) were separated by
capillary line pinning barriers (height: 150 um) to facilitate the
success of magnetic-responsive hydrogel (mGelatin) patterning
and avoid hydrogel leakage (Figure S2, Supporting Information).
Another advantage of capillary barriers is the possibility to
allow for diffusion between different regions of the chip. The
gelatin compartment was filled with mGelatin, here used as a
cell scaffold able to support MSCs and HUVECs co-cultures. The
thickness of the mGelatin layer, corresponding to the total chan-
nel height, was measured at 450 um for all the 2D chips. The
width of the gelatin compartments and the media channel was 4
mm and 1.5 mm for both type I and II chips, and 8.5 mm and
2 mm for type I1I chips.['2'>%] The volumes of 2D chips com-
partments are resumed in Figure S2 (Supporting Information).
Hydrogel patterning and cell seeding procedures are illustrated
in Figure S2 (Supporting Information).
The shear stress values for the feed/ cell media channels, cal-
culated according to Equation 1, are summarized in Table 1.
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Figure 1. a) Perfusable assembled device for cellular experiments. b) 2D chips in all three geometries, with patterned hydrogels (magnetic-responsive
gelatin-mGelatin). c) 2D chip types Il and Il with patterned hydrogels (mGelatin and Matrigel) and co-culture (MSCs and HUVECs). The scheme
represents the mechanisms of cell seeding in the initial stage of the experiment and the process of VEGF transport into the HUVECs compartment. 2D
chip type | has a similar mechanism to type II.

Table 1. Determination of wall shear stress in the 2D chip types.

Symbol Type | Type Il Type Il Si unit
Dynamic viscosity u 1100 1100 1100 Ns m~2
Volumetric flow rate Q 8.34x 107" 8.34x 107" 8.34x 107" m? 57!
Width of the media channel w 1.5 % 1073 1.5% 1073 2% 1073 m
Height of the channel H 0.45 x 1073 0.45x 1073 0.45 x 1073 m
Wall Shear Stress W 1.81 % 10° 1.81x 10° 1.36 X 10° N m™2
Adv. Mater. Technol. 2023, 8, 2300617 2300617 (3 of 17) © 2023 Wiley-VCH GmbH
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¢ = (6uQ) / (WH?) W)

where u is the fluid viscosity, Q is the flow rate, and Wand H are
the width and height of the microfluidic channel, respectively.

Low shear stress values were obtained in the 2D chips, cor-
responding to laminar fluid conditions, known to be crucial for
normal vascular functioning, including regulation of vascular cal-
iber, inhibition of proliferation, thrombosis, and inflammation of
the vessel walls.[?®] Regardless of the different widths of the me-
dia channels, larger for type III chips, no significant changes in
the shear stress were estimated between the 2D chip types.

MSCs and HUVECs were seeded through the media channels.
MSCs were expected to migrate from the cell media channel to
the mGelatin matrix (gelatin compartment), whereas HUVECs
were expected to adhere to the Matrigel coating in the central
compartment of the chips, as illustrated in Figure S3 (Supporting
Information). MSCs were used as a source of pro-angiogenic fac-
tors, such as VEGF, for prompting the angiogenesis of HUVECs,
with the formation of an artificial microvasculature.

2.1.2. 3D Single Channel Models

The 2D microfluidic chip geometries were compared to single-
channel 3D constructs fabricated through molding techniques to
mimic the dimensions of larger arteries and veins with an outer
diameter of 2 cm (Figure 2a). The vein model comprised a larger
inner diameter of 1.8 cm than the artery model with a 0.3 cm in-
ner diameter, corresponding to 0.2 and 1.7 cm wall thicknesses
for the vein and the artery models, respectively. These geometries
allow for mimicking the larger arteries’ anatomic wall thickness.
Despite the inexistence of capillary barriers in these 3D models,
MSCs were cultured on the outer wall and HUVECs were seeded
on the lumen of the models to mimic biology (Figure 2b). Me-
chanical testing of the mGelatin was performed to compare the
elasticity of the anatomic 3D model, composed of elastin fibers
(0.5 MPal?”l), smooth muscle (0.01 MPal?%)), and collagen fibers
(500 MPal?’]) (Figure 2c). Stress-strain curves plotting loading
forces (MPa) with deformation (mm) were traced for each sample
and the Young Modulus was calculated for the mGelatin before
and after crosslinking (0.26 + 0.03 MPa and 2.31 + 0.11 MPa, re-
spectively). The elasticity modulus of crosslinked mGelatin was
higher than for elastin fibers and smooth muscle but lower than
collagen fibers, suggesting it remains within the biological fea-
turing dimensions.

2.1.3. VEGF Molecule Concentration and Velocity Profile
Simulations in 2D Chips

A major aspect to promote microvascular formation within the
2D chips relates to the concentration gradients and the availabil-
ity of pro-angiogenic factors, such as VEGF.

Computational studies were performed to study the impact
of the different 2D configurations on the access of HUVECs to
VEGF molecules. COMSOL Multiphysics software was used to
predict the diffusion and the linear velocity profiles of VEGF
within the chip compartments, allowing to optimize the supply of
this key molecule to the HUVECs compartment and, therefore,
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the maturation and vasculogenesis of these cells. All assump-
tions used in the COMSOL simulation are described in Section
S4 (Supporting Information). The different 2D chips, patterned
with mGelatin, were compared in terms of VEGF concentration
outlets for 1 pg mL~! of VEGF solution. The simulation of VEGF
transport within the channels showed that VEGF molecules were
able to diffuse through the compartments in every 2D chip type
despite diffusional limitations imposed by the gelatin barrier. A
slower diffusion of VEFG was estimated for chips type I and II
(Figure 3a), possibly due to a higher accumulation of VEGF in the
feed compartment of 2D chip type III, which has a larger cross-
section channel. However, it is important to highlight that these
mathematical models take into account the chips’ geometric fea-
tures and inlet fluid conditions, but not the presence of the cells
and their metabolism.

These results are in good agreement with experimental obser-
vation, assessed by experimental quantification of VEGF-A at the
outlet streams, showing values of 4000 pg mL!, 3500 pg mL™!,
and 5000 pg mL~!, respectively, for chips type I, II, and III, at
the end of the experiment (day 7) (Figure 3b). The quantification
of VEGF in chips types I and II was performed in the fluid after
VEGF gelatin permeation, while for type III chips it was assessed
in the media channel outlet. Therefore, the lower VEGF outlet
concentration found for chip types I and II may be associated
with higher retention of VEGF in the gelatin matrix (by adsorp-
tion to the matrix or imprisonment in the pores of the gelatin
hydrogel).

The linear velocity profiles of VEGF in the media channels
were also predicted by COMSOL showing similarities in the per-
formances of type I and II while indicating a slower velocity pro-
file on type III (Figure 4a), which can be attributed to the larger
feed flow channel width of type III chip.

Fluorescent tracers were added in the perfusing media of 2D
chip flow channels (Figure 4b) for validation of the simulated
linear profiles (see Section S4, Supporting Information), result-
ing in experimentally estimate average velocities of 6.7 X 1077,
5.5%1077,and 2.0 X 1077 ms~! for chips type I, I1, and I1I, respec-
tively. Such values are in good agreement with the ones obtained
by the computational simulation, with 6.2 X 1077, 5.8 X 1077, and
1.8 X 1077 m s~ for types I, I1, and 111, respectively.

2.2. Endothelial Culture Strategies for 2D and 3D Models

HUVEC culture conditions were studied and optimized to
prompt angiogenic behavior. The initial studies were performed
using HUVECs monocultures, thus excluding the endogenous
VEGF produced by MSCs, and relying on the VEGF content in
cell media (1 ug mL™!) as the only pro-angiogenic factors source.
Angiogenic behavior was assessed considering HUVECs’ adher-
ence to channel walls, proliferation, migration within the channel
lumen or walls, and the formation of endothelial tissue with the
development of tube-like forms (Table S1, Supporting Informa-
tion).

The impact of media feeding strategies on HUVECs behav-
ior, in 2D models, was first assessed, considering: 1) single daily
renewal of the media (static feeding condition), and 2) contin-
uous media perfusion, applied with a syringe pump (Harvard

© 2023 Wiley-VCH GmbH
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Figure 2. a) Molding fabrication procedures for the 3D single channel model of magnetic gelatin. b) Schematic representation of the cell culture seeding
on the 3D models. c) Representative stress-strain curves for the mechanical characterization by compression testing of the magnetic gelatin (arteries
and vein model materials) before and after crosslinking with glutaraldehyde. Corresponding Young s Modulus values are indicated in the table (inset).

Apparatus, PHD2000) at a flow rate of 300 uL h~!, promoting
constantly media renewing.

Phase contrast images showed that both static and perfusion
methods allowed for HUVECs adherence to the channel walls at
day 2 (two days following HUVECs seeding). However, the per-
fusion mode promoted faster cells migration from the HUVECs
compartment to the gelatin compartment, as HUVECs were vi-
sualized in the gelatin after day 4, whereas in static mode, only at
day 7 cells were observed at the gelatin wall (Figure 5a). The area
of cell migration at the gelatin wall was quantified using Image]J.
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While on day 2 no significant area was found for either perfusion
or static mode, differences were found from day 4, with a mea-
sured area of cell migration of 4189.4 um?, under perfusion, and
only 1285.2 um?, under static mode. At day 7, the cell migration
area was of 13176.4 um? for perfusion mode and 7214.7 um? for
static configuration, thus confirming a faster migration, for the
same period, under perfusion mode. This mobility is compatible
with HUVECs behavior in a pre-angiogenesis stage, before their
remodeling into tubular structures, and is known to be regulated
by VEGF concentration gradients.??] Therefore, the movement
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Figure 3. a) COMSOL simulation results for the VEGF time-dependent concentration from the media channels to the endothelial cell (HUVECs) cul-
ture compartment in 2D chip models. The sequential images of the VEGF diffusion are presented as contour plots of the surface concentration of
VEGF inside the chips. b) VEGF concentration in the outlet streams of 2D chips was quantified by ELISA for experimental validation of the diffusion
models.
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Figure 4. a) Linear velocities distribution within the 2D chip media channels calculated by computational fluid flow modeling. b) Validation of the
prediction model using fluorescent microbeads (15 um) to trace the velocity profiles for the 2D chips with an experimental flow velocity of 300 uL h~".
Microbeads tracking velocity was obtained using Image] software. Tracking analysis was performed on three points of the channel for each design. Scale

bar: 100 pm.

of HUVECs toward the borderline of the gelatin channel may be
explained by the VEGF concentration build-up at the gelatin wall
and the consequential increase of the VEGF concentration gradi-
ent between the cell media bulk (lowing in the media channels)
and the gelatin compartment.

HUVECs adhesion, although at a lower extent than for 2D
chips, was also observed in 3D models. No differences in HU-
VECs migration between static or perfusion modes were reg-
istered (Table S1, Supporting Information). The adherence and
proliferation of HUVECs over time were also investigated by cal-
cein assay for cell viability analysis at days 1, 4, and 7 (Figure 5b)
for 3D models and 2D chips type II. A small population of HU-
VECs was found attached to the gelatin walls of all the chips, at
day 1. 2D chip type I and II showed similar performances, but
endothelialization was not observed in type III chips (Table S1,
Supporting Information).

After 7 days, HUVECs were able to establish a ramified mono-
layer on the representative 2D chip type II, but not on the 3D
chips. Indeed, for the 3D models, despite HUVECs proliferation
and their adherence to the walls at days 4 and 7, these cells still
appeared individualized and without signs of sprouting struc-
tures at day 7 (Figure 5b; Table S1, Supporting Information). The
3D artery model showed even poorer HUVECs adhesion in the
gelatin walls and displayed fewer cells on the inner surface, in
comparison with the 3D vein model (Figure 5b).

Adv. Mater. Technol. 2023, 8, 2300617
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Optimization experiments, using different concentrations
of MSCs and HUVECs, were performed through a prelim-
inary co-culture trial. Initial lower concentration of MSCs
(5 % 10* cells mL~!) and HUVECs (1.5 X 10° cells mL™!) resulted
in poor outcomes regarding adhesion, migration, and sprouting,
whereas a significantly better adhesion was found at higher cell
concentrations of 1.5 x 10° cells mL~! for MSCs and 3 x 10°
cells mL~! for HUVECs (Table S1, Supporting Information). At
this stage, the goal was to obtain indications of early angiogene-
sis through observation of sprouting and migration in HUVECs
and the initial development of an interconnected monolayer. This
monolayer will be stimulated to further grow and endothelialize
the channels in the presence of a magnetic field in later experi-
ments.

Despite the cell migration and adhesion, these preliminary re-
sults showed the need for additional strategies to stimulate vas-
culogenesis since the formation of an interconnected matrix (en-
dothelization) was not observed in normal culture conditions.

Consequently, on further co-cultures (Figure S5, Supporting
Information), VEGF was daily supplemented (0.2 pg mL™!) di-
rectly on the cell culture compartment, increasing this molecule
gradient in the HUVECs compartment, hence stimulating the
maturation of the cells into the endothelial matrix (Table S1, Sup-
porting Information). This strategy resulted in improved angio-
genic results for 2D chips type I and II, with endothelialized
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Figure 5. a) Top view phase contrast images of HUVECs migration overtime before VEGF supplementation (day2) and after supplementation (day 4
and 7) depending on the feeding mode (static or perfusion) on 2D chips type |. Scalebar: 1000 um. b) Fluorescence imaging of viable HUVECs to assess
adherence and proliferation (days 1, 4, 7) under perfusion mode for 2D chip type Il and 3D vein and artery models. Scalebar: 1000 pm.
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matrix being observed in some regions of the chips, after day 4
(Figure S5, Supporting Information). However, upon additional
VEGF supplementation, the formation of an endothelial mono-
layer was not observed in 2D chip type III, possibly due to trans-
port limitations of nutrients and VEGF to the cells compartment.
In the type III chip, the HUVECs are entrapped into the mGelatin
matrix, in contrast to types I and II, where HUVECs are located
in a thin Matrigel coating at the surface of the mGelatin com-
partment. In 3D models, no improvement regarding endothe-
lialization of the cells was observed from VEGF supplementation
(Table S1, Supporting Information).

Although VEGF supplementation revealed improvements (in
Type I and II), this strategy alone was not efficient in trigger-
ing an angiogenic behavior on HUVECs. Therefore, a second
strategy was implemented, consisting of daily adding HUVECs
to the system, at a lower concentration (3 X 10* cells mL™),
in the HUVECs compartment in 2D chips and the lumen of
3D models. This strategy led to the successful formation of a
ramified matrix in 2D types I and II. Finally, the VEGF sup-
plementation and multiple cell seeding strategies were com-
bined, boosting HUVECS’ performance, ensuring the formation
of a microvascular monolayer on the channels of chips I and II
(Table S1, Supporting Information) and resulting in a successful
proangiogenic effect with the formation of tube-like structures
(Figure 6a).

To observe the tube-like structures and branch points, three
stainings were performed in Figure 6a: DAPI (4',6-diamidino-2-
phenylindole - a blue cell nuclei marker for HUVECs and MSCs),
YoYo (one of the highest affinity nucleic acid stains, it shows over
a thousand-fold increase in its green fluorescence when bound
to dsDNA) and Ethidium homodimer I solution - EthD (used to
stain red the nuclei of dead or apoptotic cells, showing morpho-
logical differences between late apoptotic cells and necrotic cells
with fragmented nuclei). The fixed cells in Figure 6a do not show
signs of necrosis, instead allowing us to clearly observe intercon-
nected cells, a sign of HUVECs~ viability and angiogenic behav-
ior.

The endothelization was observed only in small regions of 3D
models, confirming that the supplementation strategies were not
as efficient in 3D models as in 2D chips type I and II, where the
feeding process was more controlled. No endothelization was ob-
served using type III (Table S1, Supporting Information), which
was probably associated with the limiting access of HUVECs to
the growth factors, i.e. VEGF, as explained previously.

A Layer-by-Layer (LbL) construct, featuring two mirrored lay-
ers of the same geometry (type [, I, or III) bonded together after
microscopic alignment (Figure 6b), was fabricated to maximize
the circulating volume of cell culture medium within the chips
(twice the volume of regular chip types) and assessed for poten-
tial improvement in the endothelization process. The strategy of
combining VEGF supplementation and HUVECs multiple seed-
ing was evaluated using the LBL and the original chip configura-
tions (Figure 6b).

The sprouting parameters were quantified by analyzing three
regions from independent experiments and by measuring the
number and length of tubes formed using Image]J software (95%
of confidence level), for original 2D chips type I and II (no tubes
were observed on 2D chip type III) and the respective LbL struc-
tures. LbL configurations showed improved results, leading to
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the formation of ca. 98 microtubes, in contrast with 59 average
tubes quantified with original chips (Type I and II) (Figure 6b).
It was concluded that the LBL type I and type II chips pro-
moted cell proliferation, migration behavior (cells migrated from
their compartment to the gelatin compartment), and progres-
sive formation of microvascular monolayer, after 7 days. The
same promising results involving the formation of a microves-
sel layer were also observed on the LbL type III chip, which
had not been accomplished using the original type III config-
uration (Figure 6b). The increase in the angiogenic behavior
of HUVECs was possibly due to the duplicate increase of cell
medium volume and increased surface area, allowing a higher
concentration of oxygen, nutrients, and growth factors to the
same concentration of cells and diffusion distance as the original

type III.

2.3. Co-Culture of MSCs and HUVECs With Magnetic Stimulation

MSCs and HUVECs co-culture was performed, as a proof of con-
cept, using the best performing 2D chips type I and II, and 3D
vein model at the conditions that promoted endothelization: per-
fusion of the cells media/feed solution over 7 days combined
with both VEGF and multiple HUVECs seeding. The use of mag-
netic stimulation as a strategy to increase cellular stress, boost
VEGF secretion from MSCs, and thus promote microvascular
formation®’! was also evaluated.

Hence, a static magnetic field of 0.08 T was applied over the
last 24 h of the experiment (from day 6 to day 7) and compared
with models not exposed to the magnetic field. After the exposure
of the models to the magnetic field, the exogenous VEGF supple-
mentation and multiple HUVECs seeding were interrupted to
clarify the effect of magnetic stimulation.

The effect of the magnetic field on the behavior of MSCs and
HUVECs co-cultures in 3D models was also evaluated by compar-
ative imaging of the lumen, the cross-section, and the outer wall
obtained by confocal microscopy (Figure 7a). The results con-
firmed the cell’s ability to populate the three regions of the 3D
structure. However, interestingly the formation of an endothelial
monolayer, representing the initial stages of endothelial tissue,
was only observed in 3D vein models when exposed to the mag-
netic field.

The magnetic field was found to increase cell viability
(Figure 7b) on 2D chips (as detected by live — green Calcein AM
—and dead — EthD - markers). The effect of the magnetic field on
HUVECs survival was potentially associated with the increased
release of growth factors to the medium due to the magnetic stim-
ulation of the MSCs (Figure 7b). Moreover, the formation of an
interconnected endothelial monolayer was only observed in the
chips stimulated at 0.08 T and absent on chips not exposed to the
magnetic field (Figure 7c). Similar results were obtained for 2D
chip types I and II, in terms of the effect of the magnetic field on
the cells, therefore representative images of both chips are shown
in Figure 7b—d.

The effect of the magnetic field on HUVECs survival (%60%
cell death in the non-exposed microchips in comparison with 5%
cell death in the microchips under magnetic stimulation) was po-
tentially associated with the increased release of growth factors
to the medium in response to the magnetic stimulation of the
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Figure 6. a) Confocal imaging (DAPI, YoYo, EthD) of endothelial tissue and sprout ramifications for 2D chips Type Il (7 days, perfusion mode) using
VEGF supplementation strategy. Comparison with the strategy combining VEGF supplementation and multiple HUVECs seeding. Scalebar: 1000 pum.
b) Characterization of viable HUVECs proliferation and tissue formation after 7 days using traditional one-layer configuration and layer-by-layer chip (for
all three types) under perfusion, VEGF supplementation and HUVECs multiple seeding conditions. Scalebar: 1000 um. c) Quantification of tube number
and tube length, for each configuration. Statistical significance was determined using two-Way ANOVA. Data presented as means + SD.

MSCs (Figure 7b). These results are in total agreement with the
proangiogenic effect of the magnetic field described in previous
publications by this group.[?*?*! The magnetic field has been
shown to enhance the angiogenic potential of MSCs through the
secretion of VEGF, thus promoting tube formation in HUVECs
when they are cultured in a conditioned medium from MSCs
(enriched in VEGF!!%]). The cell death observed in 2D chips not
exposed to the magnetic field (Figure 7b) might be attributed
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to MSCs-HUVECs contact inhibitions. Despite the initial seed-
ing of the cells in different compartments, it may be hypothe-
sized that the contact between MSCs and HUVECs possibly orig-
inated from cell migration between channels, which was con-
firmed through Live/Dead tests (Figure 7b).

Immunostaining using CD31 (HUVEC-specific antibody) and
DAPI was also performed to distinguish HUVECs and MSCs
colonies on 2D chips (Figure 7d), revealing that while the
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Figure 7. a) Confocal imaging (DAPI, YoYo, and EthD) of MSCs and HUVECs co-culture (day 7) on representative 3D models (Vein). A magnetic field
(0.08 T) was applied on day 6 for a total exposure of 24 h and directly compared with non-exposed samples (control) Scalebar: 1000 um. b) Live and dead
(Calcein and EthD) representative images of 2D chips (Type |) showing a co-culture of MSCs and HUVECs exposed to magnetic stimulation (0.08 T) at
day 7 compared with chips not exposed to magnetic stimulation. Scalebar: 100 um. c) Phase contrast images evidencing endothelialization on HUVECs
compartment (2D chip type I) from day 7 in comparison with the control condition. Scale bar: 100 pm. d) Immunofluorescence images (CD31and DAPI)
of the co-culture allow to distinguish between the population of HUVECs and MSCs, at day 7. Scalebar: 100 pm.
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Figure 8. a) Quantification of Endothelin-10n 2D chips (mean value for type | and I1) and 3D models (artery and vein) comparing the effects of static and
perfusion mode on the stimulation of endothelium tissue formation. No magnetic field was applied in this comparison. b) Impact of the different tested
strategies (multiple HUVECs seeding to boost sprouting or VEGF daily supplementation) under perfusion on the increase of Endothelin-1 concentration.
Comparison between 2D chips and LbL models for the conditions: VEGF supplementation and no supplementation. No magnetic field was applied on
these conditions. c) Representation of the concentration of Endothelin-1 molecule derived from magnetic stimulation applied on the last day of the
experiment on 2D Chips (mean value for type | and 1) and 3D models (mean value) using perfusion mode. Non-exposed samples were used as a
control (0 T). No VEGF supplementation was performed during magnetic application. Statistical significance was determined using two-Way ANOVA.
Data presented as means =+ SD.

HUVECs compartment was populated mostly by HUVECs
(DAPI+, CD31+), the gelatin channel presented approximately
15% of HUVECs (DAPI+, CD31+) mixed with MSCs (DAPI+,
CD31-). Additional images of CD31 staining of HUVECs in a co-
culture of HUVECs and MSCs can be found in Figure S6 (Sup-
porting Information). This observation confirmed the high motil-
ity of the HUVECs between the compartments while illustrat-
ing the efficiency of the capillary barriers to confine MSCs in the
gelatin compartment. This effect was observed in the presence
and absence of a magnetic field, but cell death was only visible in
the latter condition, confirming the positive impact of the mag-
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netic field on cell survival in addition to the stimulation of the
endothelialization processes.

2.4. Endothelin-1 Secretion by HUVECs on 2D and 3D Models

Endothelin-1 is a vasoconstrictor secreted by endothelial cells and
regulated by physical factors, e.g. shear stress, or growth factors
concentration.*”) As a main regulator of the vascular function
and endothelium marker, the presence of endothelin-1 in the
2D (results for type I and II) and 3D models (results for artery
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and vein models) was quantified by using Endothelin-1 ELISA
(Figure 8), for the conditions previously assessed, to confirm the
formation of premature endothelium and evaluate the effect of
the different strategies to promote angiogenesis.

The results showed a significant increase in the Endothelin-1
concentration in 2D chips operated in perfusion mode in compar-
ison to static conditions, while the secretion of endothelin-1in 3D
models did not present significant changes with the flow regime
(Figure 8a). Endothelin-1 secretion increased after VEGF supple-
mentation and HUVECs daily seeding in 2D chips (Figure 8b).
The most prominent result, however, was observed with the LbL
2D chips, with Endothelin-1 secretion higher than all other con-
ditions. This increment was further increased upon the combina-
tion with VEGF supplementation, highly boosting the secreting
of this vascular regulator molecule (Figure 8b).

Finally, magnetic stimulation (0.08 T) was applied to the
models over the last 24h of the experiment (at day 6), fol-
lowing previous angiogenic studies using short-term magnetic
stimulation.[?3] A positive magnetic effect was demonstrated in
both 2D and 3D models, through an increased concentration of
Endothelin-1 in the medium (Figure 8c) particularly noticeable
in 2D chips. The concentration of endothelin-1 upon magnetic
stimulation exceeded the values achieved with daily VEGF sup-
plementation or multiple HUVECs seeding, thus revealing the
importance of low-intensity static magnetic exposure to trigger
angiogenic mechanisms and tissue endothelization without fur-
ther need to implement strategies for VEGF supplementation.

3. Discussion

This work focused on the development of novel magnetic-
responsive vascular platforms (2D chips and 3D models), aim-
ing to provide reliable in vitro models of vascular-related diseases
(e.g. cardiac ischemia, tumor metastasis, or diabetic vasculopa-
thy) by prompting vasculogenesis phenomena. These platforms
intend to be used for drug screening studies while contributing to
increasing the knowledge of cell mechanisms and, hence, the de-
velopment of more efficient therapeutics. The 2D chips designed
consisted of microfluidic platforms patterned with magnetic-
responsive gelatin (mGelatin) scaffolds containing encapsulated
MSCs. VEGF secretion by MSCs can be increased upon magnetic
stimulation,[?3] thus this system allows to modulate the vasculo-
genesis of HUVECs seeded in a central compartment (lumen).
3D vascular models mimicking the anatomic morphology and
mechanical properties of larger arteries (0.3 cm of inner diameter
and 0.85 cm wall thickness) and veins (1.8 cm of inner diameter
and 0.1 cm wall thickness) were also fabricated using mGelatin
as the model matrix.

The mechanical properties of arteries have been associated
with aging-related diseases, including coronary heart disease
and atherosclerosis, whereas morphological aspects, such as
higher thickness are associated with increased stiffness of carotid
arteries.[3128]

Here,  non-cytotoxic = mGelatin  crosslinked  with
glutaraldehyde!®?! (Figure S7, Supporting Information) was
used as a strategy to adjust the elasticity of 3D artery and vein
models, rendering artificial vessels with an elastic modulus of
2.31 + 0.11 MPa. While blood vessels have been described to
possess a lower Young’s Modulus between 20-200 kPa (after
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expansion),?!l the magnetic gelatin can be found within the
elasticity range of blood vessels components, i.e. elastin and
smooth muscle ranging between 0.05-0.5 MPa and collagen
with ~500 MPal?’] (Figure 2c).

The 2D chip types I and II performed successfully and better
than the 2D chip type III and 3D models, leading to faster HU-
VEC migration, better adherence, and higher proliferation. The
formation of a microvessel monolayer was also observed in these
platforms contrasting with the absence of endothelization in 2D
chips type III and 3D models (Figure 5b). These results showed
the primary effect of the configurational differences between the
models and fluid dynamics on HUVECS motility and matura-
tion.

The fluid dynamics in 2D chip types I, II, and I1I was estimated
and compared through computational simulations using COM-
SOL Multiphysics software considering the transport of VEGF as
a target molecule given its pivotal role in guiding the angiogenic
sprouting of HUVECs. Computational studies predicted an aver-
age linear velocity of 2.0 X 107 m/s for 2D chip III slightly infe-
rior to that estimated for 2D chip type I and I1, 0of 6.7 X 107m s~}
and 5.5 x 1077m s7!, respectively (Figure 4a). The estimated lin-
ear velocities correlate well with the linear velocities obtained ex-
perimentally for the three different 2D models using fluorescent
polystyrene beads (15 um), as tracers, confirming the accuracy of
the simulated values (Figure 4b).

Higher linear velocities in 2D chip types I and II may explain
the improved migration of cells to the hydrogel chamber not only
due to the higher associated shear stress but also because the
higher velocity profiles in these models may render the devel-
opment of more intense concentration gradients of cell nutri-
ents and growth factors (e.g., VEGF) toward the gelatin cham-
ber, therewith also guiding cell mobility in these platforms. HU-
VECs (Figure 5a) and MSCs migration observed in co-culture ex-
periments (Figure 7b) seemed to be particularly dependent on
VEGF concentration gradients, confirming the reported effect
of VEGF-on guidance in angiogenic sprouting of HUVECs!3233]
and on-induced migration of MSCs to injury sites and hypoxic
tissues.[34]

It is relevant to highlight that sprouting angiogenesis is con-
ditioned by both the migration of endothelial progenitor cells
to the injury site and by the release of VEGF to prompt en-
dothelial progenitor cell proliferation and differentiation into
a capillary.®>3¢! Cell sprouting and endothelization were par-
ticularly evident in 2D chips type II but absent in 2D chips
type III and 3D models (Figure 5b). The lack of efficient HU-
VECs maturation in 3D models may also be ascribed to an in-
creased inner surface area of these models comparatively to 2D
chips, resulting in a lower HUVECs density that may be insuf-
ficient to ensure ideal HUVEC sprouting and endothelization
conditions.

Besides the relevancy of the geometrical configuration, the
success of the 2D chip concept was also associated with the
selective separation and entrapment of hydrogels containing
the different cell cultures, i.e. MSCs encapsulated in mGelatin
and HUVECs in Matrigel, on different compartments via cap-
illary line pinning technique (Figure S1, Supporting Informa-
tion) to avoid MSCs-HUVECs interactions (2D chips type I and
II). As described in previous studies, the direct contact of MSCs
and HUVECs could result in angiogenesis inhibition through
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the miR-211/Prox1 pathway!®’! or cytotoxic effects of MSCs to-
ward HUVECs.3® Major cell death was observed in the re-
gions where MSCs and HUVECs formed colonies after MSCs
migration from the mGelatin compartment to the HUVECs
reservoir (Figure 7b,d). Yet, the interaction between these
colonies was minimized by the capillary barriers, as contem-
plated in 2D chip types I and II, with only 15% of HUVECs being
accounted in the mGelatin compartment after 7 days (Figure 7d).
Still, MSCs were able to efficiently mediate angiogenesis behav-
ior on HUVECs (via paracrine mechanisms(3*4%l) through the re-
lease of growth factors such as VEGF-A, confirming the MSC
secretory activity widely reported in further literature,[***] and
justifying the choice of MSCs for co-cultures on blood vessel
models.

Several optimization strategies are based on different VEGF
supplementation and cell seeding regimes to study which con-
ditions are best to stimulate HUVEC maturation and vasculoge-
nesis (Table S1 and Figure S5, Supporting Information). VEGF
supplementation strategies showed some mild angiogenic im-
provement with endothelization appearing in scattered regions
in the type I and II chips (Figures 5 and 6). More efficient an-
giogenic effects were obtained in type I and II chips by com-
bining VEGF supplementation and multiple HUVEC seeding,
resulting in cell sprouting observed by the presence of tube-
like structures (Figure 6a). Still, only modest angiogenesis en-
hancement was achieved in 3D models, whereas a poor angio-
genic effect was found in 2D chips type I1I, possibly ascribed to
HUVECs encapsulation, resulting in limited access of HUVECs
to nutrients and growth factors, or contact inhibition between
MSCs and HUVECs cultured together. Metabolites analysis for
2D and 3D models over 7 days showed a healthy balance of glu-
cose/ lactate concentrations of glucose above the critical value of
1 mM and lactate below toxic threshold of 10 mM, confirming
cell viability throughout the experiments (Table S2, Supporting
Information).

The importance of the access of cells to nutrients and fac-
tors was highlighted by the development of an LbL structure,
which showed better performance on vasculogenesis develop-
ment (Figure 6b) and the secretion of Endothelin-1 molecule, a
marker of endothelialized matrix (Figure 8b). This result could
be attributed to a higher volume of cell culture medium and nu-
trients in LbL, with increased contact area between cell compart-
ments and fluid dynamics, leading to HUVECs stimulation and
angiogenic sprouting.[*!

2D chips and 3D models containing MSC and HUVEC co-
cultures were exposed to a 0.08 T static magnetic field between
days 6 and 7. The increased angiogenic potential of MSCs grow-
ing on mGelatin by exposure to a low-intensity magnetic field
was previously reported by the same authors.[?*2*] The effect was
ascribed to the stimulation of the paracrine activity of MSCs rep-
resented by VEGF release upon magnetically induced mechan-
otransduction. An identical effect may justify the positive influ-
ence of the magnetic force on the formation of a microvessel
structure by HUVECs in 2D chips (Figure 8c) and 3D models,
observed in the present work. The vasculogenesis of HUVECs
was assessed by quantification of the endothelin-1 molecule ex-
pression, which was found to be boosted in the presence of the
magnetic field. The Endothelin-1 release increase was higher in
2D chips, but still statistically significant for 3D models, showing
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that magnetic field stimuli (in models exposed to the magnetic
field) are capable of supplanting the effect obtained by combined
supplementary addition of VEGF and multiple cell seeding (in
models not exposed to magnetic stimulation).

Magnetic stimulation was also found to induce the formation
of microvessels and endothelialized matrix in the walls of the 3D
models. This result is more significant in 3D veins than artery
models, probably due to the lower wall thickness of vein models
that facilitates molecule diffusion between outer and inner walls
while enabling cell migration.

These novel approaches combine the use of magnetic field
and magnetic-responsive hydrogels to provide more reliable and
interpretative vascular models for in vitro cell studies. Also,
these studies envision the potential use of magnetic stimula-
tion for in situ regeneration of damaged/diseased blood ves-
sels, which may pave the way for the discovery of novel treat-
ments to reverse vascular ischemia conditions, such as cardiac
ischemia.

4, Conclusions

Here we investigated the performance of 2D chips and 3D ar-
tificial arteries and veins, as vascularization platforms, capable
of stimulating HUVECs maturation and angiogenesis, aiming
their future application for vascular disease modeling. The vas-
cularization models designed in this work were patterned with
magnetic-responsive gelatin (mGelatin) containing encapsulated
MSCs, which were used as a source of vascular growth factors,
i.e. VEGF. The endogenous secretion of VEGF by MSCs encap-
sulated in the patterned mGelatin showed to be inefficient in as-
suring the desirable supply of VEGF in the absence of a mag-
netic field. However, when stimulated by a static magnetic field of
0.08 T for 24 h, the effect of the MSCs paracrine secretion on
endothelization seemed to exceed the one obtained by VEGF
daily supplementation, alone or combined with multiple HU-
VECs seeding. Indeed, magnetic stimulation boosted the forma-
tion of premature endothelialized tissue and microvasculature of
co-cultures in both 2D chips (Type I and II) and 3D vein mod-
els. The best performance, regarding efficient microvessel for-
mation, was obtained with 2D chips type I and II, as assessed by
microtube counting and Endothelin-1 molecule quantification.
These results may be explained by improved cell migration and
adherence, potentially promoted by fluid dynamic conditions in
2D chips type I and I1, which present higher linear velocities than
type 111, as predicted by COMSOL modeling studies. Improved
sprouting effects were also achieved using 2D chips with layer-by-
layer (LbL) configuration instead of those obtained by traditional
fabrication methods, explained by the higher circulating volume
of cell culture medium, thus resulting in higher cell numbers
and cell nutrient amount in the chip.

3D models showed poorer angiogenic performances, in partic-
ular the artery models, potentially due to larger inner surface and
the higher wall thickness, which may have hampered the estab-
lishment of the experimental conditions, such as ideal cell den-
sity and concentration gradients, that promote efficient cell mi-
gration and adhesion.

These results highlight the role of geometric configuration
in vascularization platforms, its intrinsic fluid dynamics to reg-
ulate cell angiogenesis, and ultimately its importance for the
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successful design of accurate in vitro vascular models. Further-
more, this work confirms the pro-angiogenic effect of static low-
intensity magnetic field motivating the development of advanced
magnetic field-based therapies for the regeneration of injured
blood vessels for the treatment of several vascular-related dis-
eases.

5. Experimental Section

Chips Fabrication: 2D chips were fabricated using polydimethylsilox-
ane polymer (PDMS, Dow Corning) following standard soft lithography
techniques implemented in the MESA+ Institute at the University of
Twente, The Netherlands.['?] Briefly, the chips were designed using Clewin
software. The patterns were fabricated on silicon molds containing a SU-
8 chip with the negative pattern. The SU-8 mold consisted of two 2100
SU-8 layers (Microchem): the first layer (450 um height) contained the
microstructures of the channels and reservoirs while the second layer
(150 um height) contained the capillary barriers (Figure 1). A Dektak sur-
face profilometer (Bruker, Germany) was used to measure the SU-8 layers’
average thicknesses. The PDMS chip was fabricated by casting a prepoly-
mer (10:1 w/w ratio of PDMS and curing agent) on top of the SU-8 master
of the silica wafers. After curing the prepolymer at 80 °C for 3 h, the PDMS
layer was detached from the SU-8 master and cut into rectangular chips
using a blade. The inlets and outlets for media perfusion were open in the
PDMS layer using tissue punchers with 0.75 mm (media flow channels)
and 3 mm (hydrogel channels) in diameter. The patterned surface of the
PDMS layer was treated with oxygen plasma at 300 mTorr for 60 s using
a Harrick Plasma Cleaner (PDC-32G, USA) and immediately bonded with
an oxygen plasma-treated glass layer. The hydrogel patterning on the chip
was performed 2-3 days after oxygen plasma bonding and the microchips
were kept at—4 °C.

Magnetic Hydrogel Preparation: The magnetic hydrogel is composed
of porcine skin gelatin (8% m/v, type A, G2500, Sigma-Aldrich) doped with
magnetic nanoparticles (MNPs) - mGelatin was synthesized by chemical
co-precipitation of iron salts FeCl; and FeCl, (Sigma-Aldrich) in alkaline
media, according to the protocol published by Izquierdo et al.[**] MNPs
were dried in ethanol solution at room temperature to form a magnetic
powder. Porcine skin gelatin was dissolved in Milli-Q water (10% m/v) at
60 °C. Powder MNPs were dispersed by sonication and mixed with gelatin
polymeric aqueous solution to form a homogeneous solution. The so-
lution was maintained at —20 °C to prevent fungi contamination on the
gelatin.

Magnetic Hydrogel Patterning on 2D Chips: Before hydrogel pattern-
ing in the chips, the solution of gelatin and MNPs was heated at 70 °C
to ensure reduced viscosity and avoid clogging issues. Immediately after
heating, 1% of glutaraldehyde (v/v) (Sigma Aldrich) was added to the mix-
ture for gelatin crosslinking and the patterning process occurred via cap-
illary action (Figure 1). Excess hydrogel solution was removed to ensure
that the hydrogel mixture remained between the endothelial cell reservoirs
and the media microchannels due to the capillary pinning process. The
chips were placed at —20 °C before cell culture experiments to allow for
hydrogel curing while avoiding the formation of air bubbles and hydrogel
leakage to other compartments. Before seeding the cells, the magnetic
coating was washed by perfusion of PBS solution (Phosphate Buffered
Saline, Sigma Aldrich) three times to remove unbonded components. The
samples were sterilized by perfusion of a PBS solution containing 1%
antibiotic-antimycotic (Gibco) for 3 h. The cells were pre-conditioned by
immersions in DMEM cell culture medium (Dulbecco’s Modified Eagle
Medium, ThermoFisher Scientific) for 3 h before perfusion through the
media flow microchannels. The tubing and the microfluidic connectors
used in the experiments were sterilized by rinsing with 70% (v/v) ethanol
and then with PBS solution. Matrigel (Corning, NY) was additionally pat-
terned on the HUVECs compartment of Types | and Il. In this case, a thin
layer of Matrigel was coated in the bottom of the microchips to allow for
HUVECs’ support. The Matrigel excess was carefully removed from the
channel with a syringe pump and the HUVECs culture was seeded on top
of the Matrigel coating.
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Constructs Fabrication: 3D single-channel blood vessels were fabri-
cated following molding techniques. Silicone tubing was used as molds
to fabricate models of large arteries and veins. Initially, the tubing was
coated with a solution of Gel Slick solution (Lonza) for surface treat-
ment, to allow for easier demolding and air drying before use. The mold-
ing setup (Figure 2a) consisted of a smaller tubing inserted within a
larger one and glued to plastic support according to the desired artery
and vein model dimensions. The space in between the tubing was then
filled with the magnetic-responsive gelatin solution and placed at 4 °C
for gelation overnight. The outer tubing was then cut and removed while
the sample was still cold, and the inner tubing was gently demolded.
The 3D molds were immersed in a solution containing 3% of Glutaralde-
hyde for crosslinking for 3 h. To remove unbound material, the molds
were washed twice with PBS solution and sterilized using a PBS solution
containing 1% antibiotic-antimycotic for 3 h. The molds were stored at
—20 °C and pre-conditioned with a cell culture medium (DMEM) before
use.

mGelatin Mechanical Characterization: Compression mechanical test-
ing was performed before and after the addition of the crosslinking agent,
with an Instron Tensile Compression equipment at Elastomer Technology,
as described in detail in Section S8 (Supporting Information).

Cell Culture: Human bone-marrow MSCs (BM-hMSCs) here used
were obtained from the cell bank of Stem Cell Engineering Research Group
(SCERQG), iBB-Institute for Bioengineering and Biosciences at Instituto Su-
perior Técnico (IST). Bone marrow aspirates were obtained from Insti-
tuto Portugués de Oncologia Francisco Gentil, Lisboa-Portugal under col-
laboration with iBB-IST. All human samples were obtained from healthy
donors after written informed consent, according to Directive 2004/23 /EC
of the European Parliament and of the Council of 31 March 2004 on set-
ting standards of quality and safety for the donation, procurement, testing,
processing, preservation, storage, and distribution of human tissues and
cells (Portuguese Law 22/2007, June 29), with the approval of the Ethics
Committee of the respective clinical institutions.[*¢] Isolated cells were
cryopreserved in liquid/vapor nitrogen tanks until further use. Isolated
BM-hMSCs were cultured using low-glucose supplemented with 10% fetal
bovine serum (FBS MSC qualified, Gibco) and 1% antibiotic-antimycotic
and kept at 37 °C, 5% CO,, and 21% O, in a humidified atmosphere. HU-
VECs were purchased from Lonza (Basel, Switzerland) and maintained in
commercial endothelial growth medium-2 (EGM-2, Lonza) at 37 °C, 5%
CO, in a humidified atmosphere. Media renewal was performed every 3—4
days. All the experiments were performed using cells between passages 4
and 7.

Co-Culture of MSCs and HUVECs and Magnetic Stimulation: 2D Chips:
MSCs (seeding density of 1.5x10® cells/mL) were perfused on day 1
through the chips media channels and allowed to migrate and adhere to
the magnetic hydrogel overnight. Some inlets were also punched on the
PDMS layer above the hydrogel compartment, allowing for MSCs injection
(1 uL) in those specific regions to boost cell proliferation (Figure 1a). Ma-
trigel solution was also perfused on the endothelial cell compartment as
cell growth support while HUVECs (seeding density of 3 x 10° cells mL™")
were seeded by perfusion directly to the compartment on day 2. A syringe
pump was connected to the media flow inlets of the chips (Figure 1a) and
a volumetric flow of 300 uL h~=" was set to infuse cell culture media in the
media flow channels. The outlets of the chips were connected to a recipient
and the depleted stream was collected every day for further analysis. The
syringes were replaced with fresh medium every day, containing DMEM +
10% FBS and EGM-2 in a 1:1 proportion.

3D Models: Followed the same cell density, volumetric flow, cell culture
medium, and perfusion conditions as 2D chips. However, the 3D model
was placed in a petri dish immersed in a cell culture medium and sup-
ported as shown in Figure 2b. MSCs were seeded manually in the outer
wall of the 3D models on day 1 and allowed to adhere for 24 h. HUVECs
were seeded in the lumen (inner wall of the model) on day 2, with a vol-
umetric flow of 300 pL h~'. The media was collected every day for further
analysis and replaced with fresh medium.

All experiments with 2D and 3D models were performed in incuba-
tors at 37 °C in 5% CO, in a humidified atmosphere under normoxia
conditions, for 7 days. A neodymium magnet was placed beneath the chips
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for the last 24 h (day 6) allowing magnetic stimulation with an intensity of
0.08T.

VEGF and Endothelin-1 Measurement using ELISA: VEGF-A and
Endothelium-1 were quantified using the Human VEGF-A kit (RayBiotech)
and Endothelium-1 kit (RayBiotech), respectively, according to manufac-
turer instructions. All conditions were tested in triplicates using the same
MSC donor to avoid further variability in the results.

Morphological Analysis:  Cell viability using calcein staining (Live &
Dead kit, Invitrogen) was recorded throughout experiments using an
EVOS FL imaging system equipped with a GFP filter cube. The cytoplasm
of HUVECs was fixed with 4% (v/v) of paraformaldehyde (Sigma Aldrich)
and permeabilized in 0.1% (v/v) Triton X-100 (Sigma Aldrich) for 10 min
and cell nuclei were stained using DAPI (Sigma Aldrich), Yo-Yo and Ethid-
ium Bromide (ThermoFisher Scientific, USA) for analysis by laser scan-
ning confocal microscope (Zeiss LSM 510, Germany). Live and Dead im-
ages were obtained using combined Calcein and Ethidium Bromide stain-
ing (LIVE/DEADTM Viability/ Cytotoxicity Kit, for mammalian cells, Ther-
moFisher Scientific) after 20 min of incubation with MSCs and HUVECs
co-culture using a fluorescence microscope (Leica DM IL LED with EC3
camera system).

CD31 Immunostaining: HUVECs immune-characterization was car-
ried out using CD31 antibody after the co-culture (MSCs and HUVECs) fix-
ation with 4% paraformaldehyde and blocking with 10% FBS (Fetal Bovine
Serum, Gibco) in PBS solution. Primary antibody CD31 (1:50 dilution,
mouse antibody, Dako) in block solution was perfused in the chips and
incubated overnight. The secondary antibody Alexa 546 (1:500 dilution,
goat anti-mouse, Abcam) was added to the chips and incubated for 30
min. Images were obtained using a fluorescence microscope (Leica DM IL
LED with EC3 camera system) and a confocal laser scanning microscope
(LSM 700/ Carl Zeiss).

Statistical Analysis:  All measurements were performed twice, under
independent conditions. Two-way ANOVA Sidak’s multiple comparisons
test was used to compare the mean of three values obtained from three
independent conditions in ELISA assay, using GraphPad Prism version 7
(GraphPad Software, La Jolla, CA); *p < 0.05 indicates a significant result;
*%p < 0.01 a very significant result, ***p < 0.001 a highly significant result,
and ****p < 0.0001 an extremely significant result.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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