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in a poor prediction of the in vivo performance of the material. However, during the last decade, cell
culture models based on microfluidic technology have allowed attaining unprecedented levels of tissue
biomimicry. In this work, we propose a microfluidic-based 3D model to evaluate the effect of bioactive

Keywords: biomaterials capable of releasing signaling cues (such as ions or proteins) in the recruitment of endoge-
Tissue engineering nous endothelial progenitor cells, a key step in the vascularization process. The usability of the platform
Vascularization is demonstrated using experimentally-validated finite element models and migration and proliferation
Microfluidic model studies with rat endothelial progenitor cells (rEPCs) and bone marrow-derived rat mesenchymal stromal
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cells (BM-rMSCs). As a proof of concept of biomaterial evaluation, the response of rEPCs to an electrospun
composite made of polylactic acid with calcium phosphates nanoparticles (PLA+CaP) was compared in a
co-culture microenvironment with BM-rMSC to a regular PLA control. Our results show a significantly
higher rEPCs migration and the upregulation of several pro-inflammatory and proangiogenic proteins in
the case of the PLA+CaP. The effects of osteopontin (OPN) on the rEPCs migratory response were also
studied using this platform, suggesting its important role in mediating their recruitment to a calcium-
rich microenvironment. This new tool could be applied to screen the capacity of a variety of bioactive
scaffolds to induce vascularization and accelerate the preclinical testing of biomaterials.

Statement of significance

For many years researchers have used neovascularization models to evaluate bioactive biomaterials both
in vitro, with low predictive results due to their poor biomimicry and minimal control over cell cues
such as spatiotemporal biomolecule signaling, and in vivo models, presenting drawbacks such as be-
ing highly costly, time-consuming, poor human extrapolation, and ethically controversial. We describe
a compact microphysiological platform designed for the evaluation of proangiogenesis in biomaterials
through the quantification of the level of sprouting in a mimicked endothelium able to react to gra-
dients of biomaterial-released signals in a fibrin-based extracellular matrix. This model is a useful tool
to perform preclinical trustworthy studies in tissue regeneration and to better understand the different
elements involved in the complex process of vascularization.
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sociated with a dramatic increase in bone deterioration in terms
of composition, structure, and function [1]. The most common ap-
proach to treating these conditions is the use of autologous grafts.
However, this method faces many limitations such as the scarcity
of healthy bone tissue at the donor site, high associated morbid-
ity, or requiring complex surgeries [2,3]. A possibility to overcome
some of these shortcomings is to use allogenic grafts, but they
also pose other problems such as immunological rejection or in-
fectious risks [4]. Therefore, during the last decades, extensive re-
search has been performed to artificially synthesize biomaterials
that meet the requirements of an effective bone substitute, such
as being highly biocompatible or having excellent osteoconductive
and osteoinductive properties [5,6].

Of the different developed materials, calcium phosphates (CaPs)
are among the most widely used, as they fulfill all the aforemen-
tioned requirements due to their chemical similarity to the inor-
ganic phase of the bone matrix [7]. Over the last decades, most
of the research on calcium phosphates has focused on improving
their osteogenic potential, often disregarding the crucial role of
vascularization in the effective integration of the material [8]. Most
strategies to stimulate vascularization have focused on adding bio-
logical agents to the materials, such as proteins or cells. In the first
category, the most common approach is to use pro-angiogenic fac-
tors such as the vascular endothelial growth factor (VEGF) [9,10]
or basic fibroblast growth factor (bFGF) [11,12]. This is an effica-
cious strategy but has several downsides such as the short half-
life of the used proteins, the high production costs, and the com-
plexity of delivering safe, effective, and therapeutic doses [13,14].
For this reason, there is an increasing interest in optimizing the
physicochemical properties of the CaPs in order to be able to stim-
ulate vascularization without the need for any additive. One of the
most interesting approaches is to tune the release of calcium ions
(Ca2*) resulting from the dissolution products of CaPs. It has been
shown that adequate levels of extracellular calcium are able to
stimulate osteoinduction and osteogenesis in BM-rMSCs acting via
the calcium-sensing receptor (CaSR), which is a G protein-coupled
receptor expressed in different cell types that can detect calcium
variations in the millimolar range [15,16]. It has also been observed
that composites based on the combination of CaPs with polylactic
acid (PLA) or e-polycaprolactone (PCL) matrices can stimulate vas-
cularization in vivo [17-19].

Current models to test the neovascularization of biomaterials
pose many limitations to the understanding of the precise mech-
anisms at play. One of the most commonly used procedures is
the chick embryo chorioallantoic membrane (CAM) assay, which
is based on the implantation of the material or compound on the
extraembryonic membrane of the developing chick egg [20]. One
of the main problems of this model is the difficulty of decoupling
the effects of the specific ions of interest from other CaP parame-
ters such as the mechanical properties or the porosity, which have
been demonstrated to strongly influence vessel formation [21-25].
These problems are also present in other ex vivo or in vivo as-
says, which also have other drawbacks such as being highly costly
and time-consuming [26]. Traditional angiogenesis assays in vitro,
on the other hand, have a low predictive power due to their poor
biomimicry (lack of proper 3D structure for instance) and minimal
control over many cell cues such as spatiotemporal biomolecule
signaling [26]. Nevertheless, during the last decade, the advance-
ments in microfabrication technologies have provided new plat-
forms that allow the generation of cellular microenvironments that
closely resemble the actual in vivo conditions, generally known
as microphysiological systems or organs-on-a-chip [27,28]. Such
systems are great tools to model angiogenesis [29-32], offering
many advantages such as the precise control of the spatiotemporal
cell microenvironment, compatibility with high-resolution imaging
in real-time, or requiring smaller amounts of cells and reagents,
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which translates into reduced costs. However, few research works
have adopted microfluidic platforms as a tool to evaluate biomate-
rials [33,34].

In this work, we propose a microfluidic-based assay to study
the effect of calcium-releasing biomaterials on endothelial pro-
genitor cell recruitment. To achieve this goal, we designed, fab-
ricated, and validated the capacity of the proposed microfluidic
platform to generate gradients of soluble factors using a finite el-
ement model (FEM) of diffusion. We evaluated the suitability of
the platform to study 3D migration to inorganic ions by evaluat-
ing the response of BM-rMSCs and rEPCs to gradients of calcium.
We then implemented an assay to study the migratory response
of rEPCs to calcium-releasing scaffolds in a co-culture microenvi-
ronment with BM-rMSCs. We also screened the release profile of
several pro-angiogenic and inflammatory cytokines and performed
an in-depth study of the role of osteopontin in mediating the re-
sponse of rEPCs to high extracellular calcium levels. Overall, we be-
lieve that the presented microfluidic assay could be of great inter-
est to performing preclinical studies with materials for bone tissue
engineering and a better understanding of the different elements
involved in the complex process of vascularization.

2. Materials and methods
2.1. Cell culture

Bone marrow-derived rat endothelial progenitor cells (rEPCs)
and mesenchymal stromal cells (BM-rMSCs) were obtained from
the long bones of young Lewis rats (2-4 weeks old) following pre-
viously published protocols [35,36]. Cells were isolated from differ-
ent male animals and pooled together and cryopreserved. Briefly,
the bone marrow was obtained from the rat’s long bones by flush-
ing adhesion medium M199 (Sigma, DE) supplemented with 20%
fetal bovine serum, 1% pyruvate, 1% penicillin/streptomycin, 1% L-
glutamine (all reagents from Thermo Fisher, US) and 22 ng/ml
heparin (Sigma, DE). The whole fraction was plated in 6-well
plates and incubated for 24 h. BM-rMSCs were the most adher-
ent cells attached to the dish during this time and they were sub-
sequently plated in T75 flasks (Thermo Fisher, US) and cultured
in o-minimal essential medium («-MEM) supplemented with 10%
FBS, 1% Pen/Strep, and 1% L-glutamine (all reagents from Thermo
Fisher, US) for no more than 5 passages. The initial plating den-
sity for BM-rMSCs was approximately 5.3-10° cells/cm?. Cell phe-
notype was confirmed by positive staining for Strol, CD105, and
CD44, which are generally accepted markers for this lineage [37].
The osteogenic and adipogenic potential of isolated BM-rMSCs was
confirmed by incubating the cells with osteogenic and adipogenic
cell culture media

Cells in suspension were recovered and plated in new dishes
for another 24 h. On the third day, the suspension fraction was
highly enriched in hematopoietic cells, which were recovered and
plated in T75 flasks and further cultured in Endogro media (Merck
Millipore, DE) for no more than 5 passages. All cells were cultured
in a humidified 5% CO, incubator at 37 °C.

All rEPCs used in this study were properly characterized as en-
dothelial progenitor cells. Cells formed typical tube-like structures
in the Matrigel assay after 4 h stimulation with 40 ng/ml VEGF and
24 h (data not shown). They also sprouted and formed tube-like
structures when covered in collagen I gel for 3 days. Immunofluo-
rescence staining demonstrated a majority of cells expressing Flk-1,
weak CD31 and CD34, and diffuse VWF staining at passage 1. Ulex
europaeus lectin binding was also positive. This phenotype was
consistent with an immature, endothelial-like progenitor state as
described by others [37-39]. Flow cytometry for CD45 and CD11b
was performed on passage 4 cells to assess the purity of the popu-
lation studied. Results showed a small proportion of cells express-
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Fig. 1. Microfluidic assay to study rEPC recruitment. (a) Scheme of the device showing the 2 cell chambers (blue) and the media channels (purple). (b) Picture featuring the
final assembled platform. (c) Comprehensive view detailing how cells are cultured in the device, either in monoculture (just one cell type, migration caused by the addition
of a chemoattractant to the cell media) or co-culture conditions (two cell types, migration induced by the secretions of the cells located in the stromal cell chamber).

ing hematopoietic markers (2.12% positive for CD45 and 2.19% for
CD11b), confirming very low hematopoietic contamination in reg-
ular cultures. All these results were reported previously by our
group [40].

2.2. Device design and fabrication

The design of the microfluidic platform (see Fig. 1-a,b)
was performed using computer-aided design software (Auto-
CAD 2019, Autodesk, US) and consists of 2 cell culture cham-
bers (1300 pm x 8800 pm x 150 pm) in contact with 2 cell cul-
ture media channels (750 um wide, 150 um high) separated among
them by a central channel (1000 um wide, 150 pm high). Mas-
ter molds were produced using photolithography with a SU8-3050
photoresist (MicroChem, DE) and 4’ Si wafers as supports. All pro-
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cedures were performed in a cleanroom environment (see supple-
mentary data). Polydimethylsiloxane elastomer (PDMS, Sylgard 184,
Dow Corning) was used at 10:1 w/w (base: curing agent). After
degassing and curing overnight at 65 °C, the PDMS was carefully
removed from the silicon wafer, separated into individual chips,
and perforated producing 6 mm holes for reservoirs and 1 mm
holes for chamber inlets. Chips were cleaned and bonded to glass
rectangular supports (0.17 mm thick coverslips) by oxygen plasma
treatment (Harrick Plasma PCD-002-CE) for 0.5 min at 10.5 W.
In the case of biomaterial testing, the used coverslips were pat-
terned with PLA nanofibers (more details in methods Section 2.4),
and fibers outside the stromal cell chamber area were carefully re-
moved before the plasma treatment with a cloth wetted in acetone
(Panreac, ES). Finally, all the chips were cured at 85 °C for 12 h to
strengthen the bonding. Devices were sterilized by placing them in
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the plasma chamber and repeating the previously described pro-
cess.

2.3. Finite element model of protein transport and validation

An in silico model of the device was developed using the fi-
nite element method (FEM) to evaluate if a concentration gradi-
ent could be obtained in the migration chamber from the secre-
tions produced by the BM-rMSCs. The creation of such a gradi-
ent is based on the passive diffusion of the protein of interest
through the porous hydrogel (fibrin) injected in the cell chamber
area (migratory chamber). To study the diffusive process, the ge-
ometry of the platform was split into two domains with different
diffusive properties: (1) the fluid area associated with the cell me-
dia, including the channels and reservoirs, and (2) the cell cham-
bers filled with fibrin hydrogel. The concentration profile was cal-
culated with COMSOL Multiphysics 5.6 (COMSOL Inc, US) using the
Transport of Diluted Species interface, which in our particular case
solves the mass conservation equation considering that there is no
convective transport involved. This yields an equation correspond-
ing to Fick’s laws of diffusion:

J,‘ =-DVc
ac

Where J; (mol m—2 s71), is the diffusive molar flux vector,
which evaluates the amount of substance that flows through a unit
of the area during a unit time interval, ¢ (mol m~3) is the concen-
tration of the chemical species of interest, D (m? s~!) the diffusion
coefficient and R (mol m—3 s~1) the reaction rate of the considered
species. A no flux boundary condition was selected for all walls of
the system. A tetrahedral mesh with approximately 215,000 ele-
ments was used and solved based on the PARDISO approach. The
reliability of the results was controlled by different mesh sensitiv-
ity processes.

In our case, we were interested in studying the diffusion of the
osteopontin protein, which has an approximate molecular weight
of 31 kDa, that is in the range of other well-known angiogenic fac-
tors such as VEGF, bFGF, or IGF [41]. The diffusion coefficient for
molecules with that hydrodynamic radius is around 6 x 10~ m?/s
in cell media and 4.9 x 10~ m? s-! in hydrogels such as colla-
gen or fibrin [42,43]. The osteopontin secretion on day 3 was de-
rived from an ELISA assay performed on BM-rMSCs (see methods
Section 2.8) and estimated to be approximately 1.41 x 10~12 mol
m—3 s~! (assuming a linear release profile).

To validate the computational model, we studied the concen-
tration profile of a 40 kDa Texas Red conjugated dextran (Thermo
Fisher, US), a non-reactive polymer with a comparable hydrody-
namic radius to osteopontin. To perform the experiment, both cell
chambers were loaded with the fibrin gel (2.5 mg/ml fibrinogen
and 1 U/ml thrombin), one of the side channels filled with regu-
lar PBS and the remaining two with a solution of fluorescent dex-
tran in PBS at an initial concentration of 25 pg ml~!. Fluorescent
images were acquired in a Leica AF7000 microscope (Leica Sys-
tems, DE) at different time points (2.5, 5, 10, and 15 h) and im-
ages were processed with Image] software (NIH, US) to obtain the
evolution of the fluorescent intensity profile. The area selected is
located between the rows of posts 10 and 11 and the values were
normalized using the intensity measurements from the fluorescent
channel (maximum) and control channel (minimum). These results
were compared to the values obtained in the finite element simu-
lations (removing the reaction rate term), which were also normal-
ized to allow for direct comparison.
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2.4. Calcium-releasing biomaterial fabrication

The calcium-releasing biomaterial chosen for evaluation in our
platform was based on CaP ormoglass nanoparticles (NP) prepared
using a sol-gel process and the Ca0O:P,05:Na,0:TiO, 44.5:44.5:6:5
molar ratio composition reported by Sanzana et al. [44]. After ob-
taining the NP, they were resuspended at 25% wjw (PLA+NP25)
by ultrasonic dispersion in 4% w/w poly-L/DL lactic acid solution
(Purasorb PLDL 7038, 70/30 L-lactide/DL-lactide copolymer, inher-
ent viscosity midpoint 3.8 dl g-!, molecular mass ~ 850,000 Da,
Corbion, NL) in 2,2,2-trifluoroethanol (TFE, 99% Alfa Aesar, US). The
plain PLA 70/30 solution was used to produce the control PLA
fibers. 5 ml syringes (Becton-Dickinson, US) were loaded with the
polymer solutions and pumped (NE-300, New Era Inc, USA) at a
flow rate of 1 ml/h through a 21-gage blunt-tip needle (Nordson
EFD, US). A high-voltage power supply (NanoNC, KR) was used and
fibers were collected onto a grounded cylindric collector located at
200 mm from the tip of the syringe. Rectangular fragments of alu-
minum foil (20 x 33 cm) were used to envelop the collector. Three
0.17 mm coverslips (Deltalab, ES) were secured with adhesive tape
following the middle axis of the aluminum foil rectangle. A rotary
speed of 1000 rpm was used to obtain aligned fibers. The deposi-
tion time was 10 min and the applied voltage was 15 kV.

Several properties of the material have been compiled in Table
S1.

2.5. Biomaterial morphology and Ca?* release characterization

The calcium ions release profile of the PLA+NP25 was mea-
sured by preparing three electrospun coverslips and bonding them
to a PDMS block (7 mm in height). A custom-made device based
on a PDMS block with a 10 mm punch hole in the middle of the
block, previously removing most of the fibers outside the punched
area as explained in the previous section. 500 pl of culture media
obtained mixing -MEM and Endogro media at 1:1 (more details
in Section 2.5) were added to each device. Samples were kept in-
side 100 mm Petri dishes in a 5% CO, incubator at 372C and the
medium was replaced at different time points for a total period
of 48 h. The calcium concentration of each replaced medium was
obtained using the O-Cresophtalein complexone assay and mea-
suring the absorbance of the samples using an Infinite M200 Pro-
plate reader (Tecan, CH). The shape of the fibers, previously coated
with gold was featured using scanning electron microscopy with
an electron source by field emission (NOVA Nano SEM 230, Fei Co.,
NL) at 10 kV.

2.6. Migration assays

Cells were seeded in the microfluidic system either in monocul-
ture or co-culture conditions (see Fig. 1-c). In the first case, both
cell chambers were loaded with a fibrin gel obtained by mixing a
fibrinogen solution at 2.5 mg/ml with 1 U/ml of thrombin (both
reagents from Sigma, DE). In the co-culture experiments, the mi-
gration chamber was loaded with acellular fibrin and the stromal
one with a solution consisting of 10 x 108 cells ml~!, either re-
suspended in a fibrin gel (10 pl) or directly seeded on top of the
electrospun fibers. The devices were either incubated at 37 ©C for
15 min to allow for hydrogel polymerization or 1 h to allow BM-
rMSCs to attach to the PLA fibers. The cells (just rEPCs in the case
of co-culture conditions) were centrifuged and resuspended at a
concentration of 1 x 10% cells mI~! and seeded in the device by
putting 50 ul in the upstream reservoir of one of the side channels
and aspirating from the other end. The devices were then tilted
90 and incubated for 45 min to allow for cell attachment.

In the case of the monoculture experiments, all reservoirs were
filled with the regular cell media (approximately 150 pl/reservoir)
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and kept for 1 day under those conditions. During the next 2 days,
the devices were either kept without supplementation or mixed
with VEGF (Preprotech, US) at 100 ng ml~! or CaCl, (Sigma, DE)
at 10 mM in the acellular channels. The media was changed ev-
ery 15 h in order to reset the concentration gradient in the mi-
gration chamber. In the co-culture experiments, the media of both
cell populations was mixed at a 1:1 ratio, used during day 1 with-
out supplementation (control) and for the next 2 days either in
control conditions, supplemented with CaCl, at 10 mM or supple-
mented with CaCl, plus osteopontin neutralizing antibody (Human
Osteopontin/OPN Antibody (AF1433SP), R&D Systems, MN, US) at
10 pg/ml. No changes of media were performed to avoid disrupting
the gradient generated by the BM-rMSCs secretions. For biomate-
rial testing, no supplementation was used. In all cases, low serum
(2% FBS) conditions were considered. Each device was kept inside
100 mm Petri dishes in a 5% CO, incubator at 37°C. Three repli-
cates were performed per experimental condition.

2.7. Immunostaining and cell migration quantification

The cells seeded in our microfluidic platform were fixed after
72 h in culture with 4% paraformaldehyde (Electron Microscopy
Sciences, US) for 15 min after removing unreacted paraformalde-
hyde with sterile 1x PBS. After another 1x PBS washing, they
were permeabilized with a Triton X-100 (Sigma, DE) solution at
0.1% v/v in 1x PBS with glycine (Sigma, DE) at 0.15% w/v (PBS-
gly) for 15 min. Then, cells were stained by incubating them at
room temperature for 2 h with a rhodamine-phalloidin (Thermo
Fisher, US) solution at 1:200 in PBS-gly. A counterstaining for
cell nuclei were also implemented by incubating 4’,6-diamidino-
2-phenylindole (DAPI, Thermo Fisher, US) at 1:1000 in PBS-gly for
10 min at room temperature. Samples were then washed three
times in PBS-gly and maintained at 4°C in the same solution until
acquisition.

Imaging was performed on a TCS SP-5 confocal microscope
(Leica Microsystems, DE). Cell migration was quantified with
a custom-made procedure using the software Image J-Fiji [45].
Briefly, the acquired images were projected as a z-stack (maximum
intensity) and a reference line was drawn at half the microposts
width (using the bright field channel) in order not to take into ac-
count any basal cell invasion of the gel. Then, the cartesian coor-
dinates and the total number of migrated cells were automatically
calculated from the DAPI channel using the 3D Objects Counter plu-
gin [46]. The migrated distance of each cell was calculated as the
difference between the x-coordinates (or y-coordinates depending
on how the chip was placed) and corresponding coordinates of the
reference line at half the microposts width. One representative im-
age in the middle of the cell chamber (between rows 10 and 11)
was taken per chip from a total of 3 replicates in any experimental
condition. Cell number was quantified only from the selected area.

2.8. Proliferation and protein secretion assays

To perform the proliferation assay, 10 x 108 cells ml~! were
seeded in the stromal chamber and resuspended in fibrin gel
(10 pl) as previously explained. The rest of the device was filled
either with control media or media supplemented with CaCl, at
10 mM (150 pl/reservoir). Cells were kept in culture for 3 days with
a change of media after day 1. Proliferation was quantified by mea-
suring the ratio of dsDNA in cell lysates using the PicoGreen kit at
two-time points: 3 h after the initial seeding (to get an estimate of
the initial amount of dsDNA) and after 3 days in culture. To obtain
the lysates, cells were recovered from the devices after dissolving
the fibrin gel by incubating with TrypLE (Thermo Fisher, US) for
45 min at 37 °C in agitation. The cells were then centrifuged and
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resuspended in 300 pl of Tris-EDTA (Sigma, DE) and lysed by sub-
jecting them to three freeze-thaw cycles. The PicoGreen assay was
then performed following the manufacturer’s instructions. Fluores-
cence measurements were performed in an Infinite M200 Pro-plate
reader (Tecan, CH). Three replicates were performed per condition
and time point.

The conditioned media collected on day 3 from the devices
seeded with 3D BM-rMSC monoculture was used to measure the
amount of OPN released by the cells. We also analyzed the con-
ditioned media obtained on day 3 from BM-rMSC monocultures
seeded on top of the biomaterials for several pro-angiogenic and
inflammatory proteins (IL-18, IL-6, OPN, IGF-2). In both cases,
protein secretion was analyzed using an ELISA kit (Rat IL-18/IL-
1F2 Quantikine ELISA Kit (RLBOO); Rat IL-6 Quantikine ELISA Kit
(R6000B); R&D kit Quantikine ELISA for Mouse/Rat osteopontin
(MOST00); Mouse/Rat/Porcine/Canine IGF-II Quantikine ELISA Kit
(MG200), R&D Systems, MN, US) following the manufacturer’s in-
structions Absorbance measurements were performed in an Infi-
nite M200 Pro-plate reader (Tecan, CH). The absorbance measure-
ments of each sample were corrected by subtracting the baseline
signal corresponding to the regular cell culture media to account
for the basal presence of some of the analyzed proteins. The final
values were also normalized with respect to the amount of dsDNA
obtained for each of the samples. Three replicates were performed
per experimental condition.

2.9. Statistical analysis

Prism 8.3 software (GraphPad Software, US) was used to sta-
tistically treat all generated data., which was tested for normality
and presented and analyzed with the mean and the standard de-
viation or the median and the quartile. For 2 samples comparison,
Student’s t-test (unpaired, two-tailed distribution) was used, while
for the multiple samples (unless otherwise specified) comparison
with a one-way ANOVA was followed by a post-hoc Tukey’s test.
Statistical significance was considered from p-value < 0.05 (*).

3. Results and discussion

3.1. A microfluidic platform allows the generation of 3D protein
gradients

To demonstrate the possibility of generating a protein gradi-
ent inside the proposed microfluidic platform, we created and val-
idated a finite element model of the device for the transport of
diluted species using a 40 kDa dextran. We chose this molecular
weight because its diffusion coefficient is really close to that of
several pro-angiogenic proteins such as VEGF, representing a dif-
fusivity analog of those molecules [31,41,43]. We compared the
simulation results with the experimental values for different time
points in a total interval of 15 h (see Fig. 2-a). It can be observed
that the gradient becomes linear after approximately 2.5 h, with
a progressive increase of the dextran concentration in the con-
trol channel from 0 to 0.125 pM (approximately 25% of the max-
imum concentration), which can be reset by changing the media
as previously explained in Section 2.6. The average slope obtained
in the finite element model when the gradient becomes linear
(2.77 x 10~* uM um~1) and the experimental one (2.88 x 10~4 uM
um~1) are not significantly different (p > 0.005), which indicates
that the computational model is able to adequately predict the be-
havior of our system. It is important to highlight that protein bind-
ing to the gel, as well as blocking and consuming mechanisms re-
lated to the rEPC monolayer, were neglected in order to perform
the comparisons. This means that the dextran profile does not ex-
actly mimic the real protein gradient, although it gives us impor-
tant insight into the diffusion mechanisms in our system.
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Fig. 2. Finite element model of protein diffusion in microfluidic platform. (a) Com-
parison of the normalized concentration gradients obtained in the FEM simulations
(solid lines) with the experimental fluorescence measurements (dotted lines) for
different timepoints. (b) Computational model of the gradients generated by the
BM-rMSC osteopontin secretions in the migration chamber for different timepoints.
In both cases, the gradient profile corresponds to a transversal section of the cell
chamber between rows of posts 10 and 11.

For the monoculture conditions, results obtained for the dex-
tran experiments suggest that applying the VEGF at a concentra-
tion of 100 ng ml~! would yield a linear gradient after about 2.5 h
with an average slope of approximately 55 ng ml~! that can be
maintained for at least 12 h. In the case of Ca?t, it has been
demonstrated that simple ions can freely diffuse in the high water
content of the hydrogel [47], which implies that the gradient dis-
sipates much faster. In fact, our simulations (see Fig. S1) show that
the calcium gradient dissipates over 1 h. However, the results pre-
sented in Section 3.2 evidenced that this time interval is enough
to activate cell migration. In the case of co-culture conditions, we
utilized the finite element simulation to address how OPN gradi-
ent could be generated from the stromal chamber into the mi-
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gration chamber. The results show (see Fig. 2-b) that linear gradi-
ents are generated with increasingly steeper slopes with the time
in culture. For instance, after 24 h the gradient is 2.36 ng ml~!
mm~!, increasing to 4.70 ng ml~! mm~! after 48 h. These results
are in the range of previously reported studies with encapsulated
human lung fibroblasts (hLF) [48], suggesting that the dimensions
of the device allow paracrine communication between rEPCs and
BM-rMSCs.

3.2. Validation of the microfluidic platform to study chemotaxis and
proliferation of BM-rMSCs and rEPCs

After evaluating the diffusive transport of bioactive molecules in
our device, we performed several assays to demonstrate that the
platform can be used to study the migration and proliferation of
the cells of interest and evaluate the effects of calcium in their re-
cruitment. Our results (see Fig. 3-a,b) show that the creation of a
calcium gradient in the migratory chamber is able to elicit a strong
chemotactic response in BM-rMSCs in 3D, with a mean migrated
distance of 124.7 + 14.7 pm with respect to half of the microp-
osts width (dashed line in Fig. 3-a). This response is comparable to
the one obtained using VEGF at 100 ng ml~! (129.3 + 6.7 um), a
growth factor that has been demonstrated to induce MSCs’ mobi-
lization via ERK- and FAK-depending pathways [49]. In both cases,
the migratory response is significantly higher than the control, in
which the cells remain adhered to the wall without invading the
gel. This data suggests that the transient calcium gradient, despite
dissipating quickly, is enough to activate cell migration. The mean
number of migrated cells is 28 + 7 for CaCl, and 32 + 5 for VEGF,
which reinforces the idea of their chemotactic potential. The ds-
DNA quantification shows an almost two-fold increase in cell pro-
liferation (see Fig. 3-c), which probably shows that after the in-
duction of BM-rMSCs’ migration starts the proliferation, as a pro-
cess involved in physiological or pathological conditions such as
the development of vasculogenesis/angiogenesis [50]. The obtained
results seem to be in good agreement with previous experiments
performed in 2D using Transwells, in which extracellular calcium
also elicited a strong chemotactic response on these cells [36,51].

Regarding rEPCs, our results (see Fig. 4-a,b) show that the mean
migrated distance when cells are subjected to the transient cal-
cium gradient (60.3 + 13.6 pum) is not significantly higher than
that obtained for the control conditions (49.0 + 10.0 pm). However,
when the gradient is generated using VEGF at 100 ng/ml (which is
widely known to potently stimulate endothelial cells mobilization),
the migrated distance (107.7 + 3.6 um) is significantly higher than
in the aforementioned conditions. The mean number of migrated
cells is 12 + 5 for the control condition, 10 & 2 for the CaCl,, and
37 + 10 for the VEGF. These results agree with the proliferation
data obtained by dsDNA quantification (see Fig. 4-c), as no signifi-
cant differences were observed in calcium-treated media concern-
ing the control condition. In this case, the obtained results are in
contrast with previous 2D assays, in which a significant increase
in chemotaxis was reported [17,35]. We believe that the observed
differences can be due to the limitations related to 2D assays, such
as the lack of 3D architecture or the use of thin artificial 2D poly-
carbonate membranes that poorly resemble the native extracellu-
lar matrix (ECM) [52]. It is important to highlight that we did not
quantify the dsDNA for cell proliferation in the case of the VEGF
because it is a well-known inducer of mitosis and proliferation of
these cell types [53,54]. Previously presented microfluidic systems
with similar architectures have demonstrated their superior per-
formance to Transwells to study processes like cell migration or
angiogenesis [29,32,55], as they allow to better control of the bio-
physical and biochemical microenvironment as well as offer the
possibility to incorporate perfusion and monitor cell migration in
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Fig. 3. Evaluation of migration and proliferation of BM-rMSC in 3D microfluidic assay. (a) Confocal images of BM-rMSC migration in three conditions: media with no
supplementation (control), media supplemented with CaCl, at 10 mM and media supplemented with VEGF at 100 ng/ml. Cells were stained for F-actin (red), and cell nuclei
(blue) after a total of 3 days in culture. (b) Analysis of the mean migrated distance and mean number of migrated cells with respect to the half of the microposts width
(dotted white line in the microscopy images). (c) Proliferation index from the whole BM-rMSC 3D culture in the microfluidic devices. This index was obtained as the ratio
of the dsDNA content of all the cells after 3 days in culture with respect to the initial amount. Results are expressed as mean =+ standard deviation (n = 3) with *p < 0.05,

**p < 0.01 and *p < 0.001 (evaluated with Student’s t-test).

real-time cell instead of relying only on end-point measurements
[56].

Notice that migration assays on 2D culture plates or glass are
usually not longer than 24 h. Our previous experiments showed
low viability when they were conducted for up to 3 days. A con-
centration of 2% of serum was used in order to maintain cell viabil-
ity for several days. We considered that some proteins and growth
factors might be present in very low concentrations, but the same
amount of serum was used in all conditions. We assumed that op-
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timal conditions are serum-free, but in our case, after optimiza-
tion, a reduced serum of 2% was needed for conducting the exper-
iments.

3.3. Calcium-releasing PLA scaffolds significantly increase rEPCs
recruitment compared to PLA controls in 3D microfluidic assay

Based on these previous results, we decided to assess the ca-
pacity of our platform to predict the recruitment of rEPCs using
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Fig. 4. Evaluation of migration and proliferation of rEPC in 3D microfluidic assay. (a) Confocal images of rEPC migration in three conditions: media with no supplementation
(control), media supplemented with CaCl, at 10 mM and media supplemented with VEGF at 100 ng/ml. Cells were stained for F-actin (green), and cell nuclei (blue) after a
total of 3 days in culture. (b) Analysis of the mean migrated distance and mean number of migrated cells with respect to the half of the microposts width (dotted white line
in the microscopy images). (c) Proliferation index from the whole rEPC 3D culture in the microfluidic devices. This index was obtained as the ratio of the dsDNA content of
all the cells after 3 days in culture with respect to the initial amount. Results are expressed as mean + standard deviation (n = 3) with *p < 0.05, **p < 0.01 and *p < 0.001

(evaluated with Student’s t-test).

calcium-releasing biomaterials. To do so, we compared an elec-
trospun composite scaffold made of PLA with calcium phosphate
nanoparticles with PLA controls (no calcium release). The cho-
sen composite has been shown to induce a significant increase in
vascularization compared to regular PLA in a subcutaneous mice
model [18]. In those experiments, the optimal range of nanopar-
ticle loading was established between 20 and 30% (w/w), so we
chose a ratio of 25% (PLA+NP25) for our experiments. Several rel-
evant properties of the materials can be found in Table S1.

To perform the assay, we electrospun the biomaterials in the
stromal chamber (see Fig. 5-a) and then seeded BM-rMSCs on top
of the fibers to better recapitulate the bone microenvironment (see
Fig. 6-a). In our study, we focused on paracrine signaling. Indeed,
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it has been shown that, in co-culture conditions where the dif-
ferent cell types are in direct contact, MSCs tend to wrap around
the endothelial cells and differentiate into mural cells (mainly per-
icytes) [57,58]. We characterized the morphology of the fibers us-
ing SEM imaging (see Fig. 5-b), which showed some differences
in their arrangement, probably due to the formation of nanopar-
ticle aggregates, which tend to induce a higher degree of disorder
in the PLA+NP25 fibers. The cumulative calcium release profile in
cell media (see Fig. 5-c) was also evaluated, yielding a basal level
of around 1.5 mM in the PLA controls, which corresponds to the
amount of CaCl, already present in most cells culture media for-
mulations. In the case of the PLA+NP25, the peak in the instan-
taneous release occurs between 3 and 4 h after immersion, while
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Fig. 5. Biomaterial characterization. (a) Schematic representation of the electrospun fibers deposition in the stromal chamber of our device. (b) FESEM pictures showing the
electrospun fibers morphology, respectively. (c) Cumulative calcium release for the PLA fibers with CaP nanoparticles vs a regular PLA control for different timepoints (0, 3,

6, 9, 12, 24 and 48 h). Results are expressed as mean =+ standard deviation (n = 3).

the cumulative amount of calcium reaches a maximum value of
7.25 £+ 0.19 mM in around 10 h.

Notice that the calcium release of the scaffolds was measured
using a custom-made device based on a PDMS block with a 10 mm
punch hole in the middle in which the nanofibers were deposited.
The total volume of culture media used in these experiments was
500 pl. We considered that the dimensions of the microfluidic de-
vices could not have a huge influence on the release profile of the
nanofibers, as the amount of total media volume used in the chips
is in the same order (~500-600 pl) and the calcium diffuses really
fast in the cell culture media (order of magnitude of 10~° m2/s).

Regarding rEPCs’ migration (see Fig. 6-c,d), we observed a sig-
nificantly higher migration in the case of PLA+NP25 with respect
to the pure PLA controls, both in terms of the mean migrated dis-
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tance (92.3 £ 5.0 ym vs 69.3 £ 11.2 pym) and the mean num-
ber of migrated cells (46 + 13 vs 12 £ 3). As previously shown,
calcium per se does not affect rEPCs’ recruitment, so we checked
for the release profile of a range of relevant pro-angiogenic and
inflammatory proteins in BM-rMSC monocultures seeded on top
of the two different materials. We could observe a significant in-
crease in the release of IL-18 (p < 0.01), IL-6 (p < 0.001), IGF-2
(p < 0.05), and OPN (p < 0.01) in the case of the PLA+NP25 in
our 3D microfluidic assay (see Fig. 6-b). We chose these proteins
because some studies have reported that the use of elevated extra-
cellular calcium caused an upregulation of some angiogenic genes
such as those encoding insulin-like growth factors (IGF) [59]. Pro-
inflammatory cytokines such as IL-18 or IL-6 have also been asso-
ciated with scaffold vascularization processes. They cause the acti-
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273



A. Lopez-Canosa, S. Pérez-Amodio, E. Engel et al.

vation of the M1 macrophages phenotype, which secrete high lev-
els of angiogenic growth factors (such as VEGF) and metallopro-
teases involved in vascular remodeling. Osteopontin, a phosphory-
lated acidic RGD containing glycoprotein, was also considered in
our analysis, as it is a prominent constituent of the bone matrix
[36,55,60] that has been associated with angiogenesis in tumor mi-
croenvironments [61].

To the best of our knowledge, few studies have addressed the
study of biomaterials using microfluidic platforms so far. One of
these works is focused on evaluating hyaluronic acid-based hy-
drogels by studying the resulting networks formed by the self-
assembling of human-induced pluripotent stem cell-derived en-
dothelial cells (hiPSC-ECs) [33]. The main drawback of this plat-
form is that its applicability is limited to the evaluation of vasculo-
genesis in hydrogel-based materials, as performing migration stud-
ies or incorporating rigid scaffolds is not possible in the proposed
device. Another recent study has also put forward a microflu-
idic platform to evaluate expanded polytetrafluoroethylene (ePTFE)
membranes by assessing the capacity of a preformed vascular net-
work composed of human umbilical vein endothelial cells (HUVEC)
and human lung fibroblasts (hLF) to colonize it [34]. However, al-
though being an excellent proof of concept showing how microflu-
idics can be used to test biomaterials, we consider that there are
some drawbacks that limit its applicability, especially for bone tis-
sue engineering applications. For instance, it relies on a complex
fabrication process requiring specialized laser cutting equipment
and the creation of U-shaped pieces to fit the membrane in the
device, which can lead to problems of gap formation between the
substrate and the membrane. Moreover, the direct growth of the
cells in the material makes it difficult to discern the different vari-
ables at play (bioactive ion release, porosity, etc.). We believe that
our platform offers a low-cost and more robust solution for the
study of the experimental variables independently, something that
is not achievable with the aforementioned microfluidic assays or
other commonly used ex vivo or in vivo assays such as the CAM
assay [62], as it allows for the direct incorporation of the biomate-
rial scaffold (such as electrospun ones) without direct cell contact
to study the process of cell migration towards the material.

3.4. Calcium-mediated osteopontin secretion by BM-rMSCs is one of
the main signaling cues determining rEPCs recruitment in the
microfluidic 3D assay

Based on the previously presented results, we decided to fur-
ther study the role of OPN in the recruitment of rEPCs, as its role
in this process is widely unknown. To test the hypothesis of OPN-
mediated EPCs’ recruitment, we performed a migration assay in co-
culture conditions treating the calcium-conditioned media with an
OPN inhibitor (anti-OPN antibody at 10 pg/ml). We validated the
use of this strategy by checking that osteopontin levels in cell cul-
ture media were significantly increased when the cells were stim-
ulated with high levels of extracellular calcium salt for two days
but drastically reduced when treated with the inhibitor (see Fig. 7-
¢). Regarding rEPCs migratory activity (see Fig. 7-a-b), the travelled
migrated distance in calcium-treated media (104.3 + 12.7 pm) was
significantly higher than in the control condition (47.3 4+ 5.0 um)
but drastically reduced when the anti-OPN antibody was added to
the media (72.3 £ 12.1 um). A decrease in the number of migrated
cells was also observed when using the OPN inhibitor, from 58 + 5
to 35 & 4, being this value still higher than the one obtained in
the control condition (23 + 4 cells). These results are in line with
several studies showing that the use of an anti-OPN antibody re-
sulted in significant inhibition of angiogenesis in two different in
vivo models (chick chorioallantoic membrane and corneal pocket
assays), slowing down tumor progression [61]. Overall, our results
suggest that calcium is not acting as a primary signal in rEPCs re-
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cruitment, but rather as a mediator in the secretion of chemotactic
proteins by rBM-rMSCs. Among the secreted chemotactic proteins,
we found that osteopontin may play an important role in the mi-
gration events of rEPCs. This supports the idea that the crosstalk
between rEPCs and BM-rMSCs is essential for the modulation of
vascularization in bone healing [63,64] and that vasculogenesis and
osteogenesis are closely linked [65]. Further studies should be per-
formed to shed light on whether other key signals are also in-
volved in the behavior of endothelial cells in angiogenic processes
through cell crosstalking.

4. Conclusions

In this work, a novel 3D microfluidic assay to study the ef-
fects of calcium release on the recruitment of rEPCs is presented.
We validated the functionality of the platform by evaluating the
migration and proliferation in 3D of the two main cell types in-
volved in this process (BM-rMSCs and rEPCs, both derived from rat
bone marrow), and the possibility to generate gradients of bioac-
tive molecules using an experimentally-validated finite element
model. We also confirmed the possibility to incorporate and study
calcium-releasing scaffolds in the platform, showing a significant
increase in rEPCs’ recruitment when using a pro-angiogenic elec-
trospun scaffold made of PLA with calcium phosphate nanoparti-
cles with respect to regular PLA controls. We also evidenced the
utility of the assay to evaluate signaling cues involved in rEPCs’ re-
cruitment by studying the role of osteopontin in this process. The
obtained results point to the central role of this protein in the
calcium-mediated recruitment of rEPCs. Overall, we believe that
the presented platform is an effective tool to evaluate and better
understand the capacity of implant material candidates to recruit
endogenous endothelial progenitors, a key step in the scaffold vas-
cularization process.
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