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ARTICLE INFO ABSTRACT

Keywords: Vascularization is a crucial process during the growth and development of bone !, yet it remains one of the main
3D printing challenges in the reconstruction of large bone defects. The use of in vitro coculture of human umbilical vein
Angiogenesis endothelial cells (HUVECs) and human mesenchymal stem cells (hMSCs) has been one of the most explored
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EVs

options. Both cell types secrete specific growth factors that are mutually beneficial, and studies suggested that
cell-cell communication and paracrine secretion could be affected by a number of factors. However, little is
known about the effect of cell patterning and the distance between cell populations on their crosstalk. In the
present study, we showed that the separation and distance between ECs and MSCs populations affects angio-
genesis by modulating cell-cell communication. HUVECs grown farther apart from MSCs (*400 pm) presented
characteristics of an early stage of angiogenesis (migration/proliferation). Results showed an increase in the up-
regulation of VEGF, FGF-2, and ITGA3 (integrins) but a smaller fold change in the expression of VE-Cadherin and
Ang-1. HUVECs were also still highly proliferative. On the contrary, HUVECs incubated closer (<200 um) to
MSCs, showed signs of stabilization, mainly an increase in Ang-1 and VE-cadherin expression, as well as tighter
monolayers. Conditioned media collected from HUVECs and MSCs grown <200 um apart preferentially pro-
moted tube formation, a later stage of angiogenesis, due in part to a significant increase in Ang-1 paracrine
secretion. In addition, in groups in which fibers were printed farther apart (400 pm), cells produced EVs with a
significantly increase cargo. Finally, in vivo experiment results showed an increase in blood vessels density and
new bone thickness after 12 weeks of implantation in rat cranial defect, further suggesting the higher efficiency
of indirect ECs/MSCs contact in prompting the release of paracrine signals that stimulate the angiogenesis of
local tissues, and enhanced subsequent bone regeneration.

1. Introduction mesenchymal stem cells (hMSCs) has been one of the most explored

options, as it allows for concurrent creation of a vascular network as

Vascularization is a crucial process during the growth and devel-
opment of bone [1], yet it remains one of the main challenges in the
reconstruction of large bone defects. Technologies to control and direct
neovascularization within a mineralized construct have been developed
to improve clinical outcomes from bone grafting procedures. Many
investigators have successfully demonstrated the use of different stra-
tegies to develop vascular structures, including growth factor delivery
[2], channeled scaffolds [3], perfusion bioreactors [4], cell coculture
[5], and cell functionalization [6]. The use of in vitro coculture of
human umbilical vein endothelial cells (HUVECs) and human

well as the target tissue [7-9]. It is well established that both cell types
secrete specific growth factors that are mutually beneficial. For ex-
ample, endothelial cells are known to secrete growth factors such as
insulin growth factor-1 [10], endothelin-1, and bone-morphogenic
protein-2, promoting osteogenic growth and differentiation of the MSCs
[11].

Recently, studies suggested that cell-cell communication and para-
crine secretion can be affected by the substrate microarchitecture [12],
mechanical environment [13] or the matrix stiffness [14]. However,
little is known about the effect of cell patterning and the distance
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between cell populations on their crosstalk. The precisely regulated
architecture of different tissue types, such as osteons in bones, indicates
that characteristic features related to the number, types, and spacing of
cells might be critical to tissue function. We previously demonstrated
that an osteon-like scaffold, with specific patterning of HUVECs and
MSCs, improved neovascularization of the implant in vivo [15].

Until recently, recapitulating complex hierarchical structures in
vitro has proved difficult due to limited manufacturing techniques,
particularly while using biological materials. 3D printing (3DP) using a
three-axis dispensing system, which builds 3D constructs by extruding
fibers of cell-laden materials in a layer-by-layer fashion, offers a unique
opportunity in tissue engineering, by enabling precise positioning of
cells and biomaterials, tunable mechanical properties, fine control of
the external and internal architecture [16]. Controlling those specific
parameters can modulate cellular effects. For example, pore sizes of at
least 300 um have been shown to enhance bone formation and vascu-
larization [17]. Could 3D printing also be used to improve angiogenesis
by modulating the crosstalk between EC and MSCs, through the precise
control of the distance between fibers?

In the present study, the overall objective was to investigate how the
distance between 3D printed fibers (i.e. separation and distance be-
tween ECs and MSCs populations) affects angiogenesis by modulating
cell-cell communication in different 3D printed co-cultures. For this
reason, this paper mainly focused on the impact that cell distance and
separation had on endothelial cells biology and functions, and their
interactions. ECs and MSCs can communicate through three major
mechanisms: (i) the direct interaction between membrane molecules of
the two adjacent cells (tight junctions, adherent junctions), the secre-
tion of (ii) diffusible factors that diffuse freely in the extracellular en-
vironment and interact with the target cells through specific receptors,
and (iii) the release of extracellular vesicles (EVs). To this end, we se-
parately analyzed ECs grown in different co-culture conditions, the
paracrine secretions and the released EVs in the conditioned media. We
then used functional assays to study the cells and conditioned media's
angiogenic potential. In vitro angiogenesis assays provide a valuable
tool for assessing the effect of angiogenic products as they enable the
analysis of isolated processes that contribute to angiogenesis, such as
ECs migration, proliferation, sprouting, branching, and lumen forma-
tion [18]. Finally, based on our in vitro results, we investigated whether
optimized concentric 3D printed cocultures, with optimal spacing be-
tween cell populations, could support proper neovascularization in an
in vivo model, and consequently osteogenic differentiation and bone
regeneration.

2. Materials and methods
2.1. Cell culture

As described elsewhere [15], hMSCs (RoosterBio, Frederick, MD)
were cultured in RoosterBasal Media supplemented with Roos-
terBooster, as per the manufacturer's specifications. Cells at passage P3
were used for the experiments. HUVECs (Lonza) were cultured in
EBM-2 Basal Medium (Lonza) supplemented by EGM-2 SingleQuot Kit.
Cells at passage P4 were used for the experiments. Rat primary aortic
endothelial cells (RAECs) were purchased from Cell Biologics (Chicago,
IL) and cultured according to manufacturer instructions. Rat MSCs
(rMSCs) were purchased from RD Systems (Minneapolis, MN) and
cultured in osteogenic media for 7 days prior to implantation. The os-
teogenic media contained growth media supplemented with 100 nM
dexamethasone (Sigma, St. Louis, MO), 10 mM [-glycerophosphate
(Sigma), and 173 mM ascorbic acid (Sigma). Cells at passage P4 were
used for the experiments.

2.2. 3D printed cocultures preparation

All samples, for the six experimental groups, were 3D printed using
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a commercial 3D printing system (3D Bioplotter, EnvisionTEC,
Gladbeck, Germany). All printing supplies (30 cc barrel and 200 pm
precision tips) were purchased from Nordson EFD (RI, USA). All 3D
printed samples were about 1 mm in thickness and 8 mm in diameter
and were comprised of concentric fibers (200 pm) separated from each
other by a distance of either 0, 200 um or 400 um (Fig. 1). A circular
design was chosen to mimic cortical bones, and more specifically os-
teons, or concentrical lamellae of bone matrix with in its center, the
Haversian canal containing blood vessels. This design was also chosen
for its geometric symmetry, with a simple radial consideration.

Type A porcine gelatin (300 g Bloom), fibrinogen and thrombin
from bovine plasma were purchased from Sigma. The bioink was pre-
pared by mixing 10w/v% fibrinogen and 5w/v% gelatin and heating to
60 °C for 15min. Cells were then passaged, suspended in media and
centrifuged to form a pellet. After aspiration of the supernatant, the
pellet was then suspended in the fibrin bioink by manual pipetting,
until the solution was homogenous and all clumps were broken down.
Three fibrin bioink formulations were prepared using: (1) HUVECS at a
density of 2 x 106 cells/mL, (2) MSCs at a density of 2 x 106 cells/mL
and (3) a mixed of HUVECs and MSCs (ratio 1:1) at a density of
2 X 106 cells/mL. The fibrin bio inks were then loaded into low-tem-
perature printer heads and allowed to equilibrate for 30 min at a 22 °C.
Printed constructs were crosslinked in 100 U thrombin for 30 min,
rinsed in Phosphate Buffer Saline (PBS), and incubated in serum-free
basal media for 48 h.

2.3. MACS-mediated selection of HUVECS

Cell samples from each group were isolated from fibrin hydrogels
after 48 h coculture by dissolution in 1 mg/ml collagenase (Sigma) for
30minat 37°C and a cell pellet was formed by centrifugation and
washed with PBS three times. HUVECs were positively selected for
CD31 by magnetic cell sorting (MACS) using MS separation columns
(Miltenyi Biotech, Bergisch Gladbach, Germany). Following instruc-
tions provided by the manufacturer, a positive selection for ECs using
the CD31 MicroBead Kit (Miltenyi) was performed. PBS was used for
the final washing step and elution from the column. The CD31% po-
pulation (HUVECs) was used in subsequent assays of endothelial
function.

2.4. Flow cytometry (FACS)

Cells sorting was confirmed by flow cytometry prior to use.
Harvested and sorted cells were suspended to a concentration of
1 X 106 cells/mL in cold PBS, 10% FCS, and 1% sodium azide. 10 ug/
mL of FITC conjugated anti-CD31 antibody (Abcam, Cambridge, UK)
was added to the suspension and incubated for 30 min in the dark, at
room temperature. Cells were then washed 3 times by centrifugation at
400 x g for 5min before being resuspended. Flow cytometry was per-
formed on a BD FACSCelesta.

2.5. Quantitative reverse transcriptase polymerase chain reaction (rt-PCR)

Total RNA from HUVECs obtained after MACS-mediated separation
was isolated using the RNeasy Plus Mini Kit (Qiagen), following the
supplier's protocol (n = 9). Reverse transcription was performed using
TagMan Reverse Transcription reagents (Applied Biosystems) following
the supplier's protocol. qRT-PCR was performed using TagMan PCR
Master mix and TagMan Gene Expression Assays for vascular en-
dothelial growth factor-A (VEGF), platelet and endothelial cell adhesion
molecule-1 (PECAM), von Willebrand factor (VWF), vascular en-
dothelium cadherin 5 (CDH5), and integrin subunit alpha 5 (ITGA5).
Quantification of target gene expression was calculated relative to the
reference glyceraldehyde 3-phosphate dehydrogenase (GAPDH) gene.
The mean minimal cycle threshold values (Ct) were calculated from
triplet reactions.
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Fig. 1. Methods. (a) Chart showing the different experimental groups: Endothelial Cells (ECs), Mesenchymal Stem Cells (MSCs), Mixed, and Separated with a distance
of 0 um (DO0), 200 um (D200), 400 pm (D400) between fibers. ECs/MSCs groups were used as controls, and are made of adjacent fibers containing only ECs/MSCs,
respectively. To investigate the effect of separation of cell population, a mixed group was used. The bioink for the mixed group contains both ECs/MSCs, and the
fibers are also printed adjacent to each other. To investigate the effect of distance between cell population, 3 groups were used. For the DO, D200, D400 groups, ECs
and MSCs are encapsulated in different bioinks, and the fibers are printed alternatively and with a distance of 0, 200, 400 um between them. The Mix and Do groups
were eventually chosen for in vivo experiments. (b) After printing, 3D printed samples were incubated for 48 h in serum free media. After 48 h, the media was
collected and the ECs from the samples were magnetically sorted. (c) Micrographs of 3D printed samples (DO, D200, D400). All samples are 8 mm diameter and 1 mm
thick discs. All samples were stained directly after printing, using calcein, showing live cells in green. Using ImageJ, the distance between fibers was calculated: d

(D200) = 195.1 + 25.4 um and d(D400) = 381.7 + 25.9 um.

2.6. Enzyme-linked immunosorbent assay (ELISA)

For all experimental groups reported in Fig. 1a, conditioned media
(CdM) was collected after 72h of incubation. CdAM media was con-
centrated using 100 kDa MWCO cut-off filters (Spin-X UF Concentrator,
Corning, NY). ELISA kits (Abcam, Cambridge, UK) were used, as per
manufacturer instructions, to quantify VEGF, fibroblast growth factor
(FGF), angiopoietin 1 (Ang-1) and insulin-like growth factor 1 (IGF1)
concentration in the concentrated CdM.

2.7. EVs collection and quantification

EV-containing conditioned media (CdM) was collected after the
samples were incubated for 72 h. EVs were then isolated from the CdM
via differential centrifugation as reported previously [19]. After initial
centrifugation steps to remove cellular debris and larger vesicles, EVs
were pelleted in a final 118,000 x g ultracentrifugation step. EVs were
then resuspended in PBS and washed with Nanosep 300 kDa MWCO
spin filters (Pall, NY). EV yield was measured by determining the total
protein concentration and particle concentration, via bicinchoninic acid
assay (BSA) using the manufacturer's protocol and nanoparticle
tracking analysis, respectively. Nanoparticle tracking analysis was
performed using a Nanosight LM10, software version 2.3.

2.8. Functional angiogenic assays

The following assays were performed with at least one of the fol-
lowing conditions: (1) using sorted CD31* HUVECs and EBM-2 Basal
Medium (Lonza) supplemented by EGM-2 SingleQuot Kit, (2) P4
HUVECs (Lonza) and serum-free basal media supplemented with 10%
CdM, or (3) P4 HUVECs (Lonza) and serum-free basal media supple-
mented with 50 pg/ml EVs. P4 HUVECs with full EBM-2 media were
used as a positive control, and P4 HUVECs with unsupplemented basal
media were used as a negative control.

Proliferation Assay. HUVECs were seeded in 24 well plates at a
density of 15,000 cells per well and incubated for 36 h. Images of the
wells were taken using an inverted microscope (Nikon Eclipse Ti2) and
analyzed using ImageJ to measure the confluency (i.e cell surface area).

Migration Assay. The scratch wound assay is a method used to
quantify ECs migration. It is based on the ability of EC to fill an area
that has been ‘wounded’ using a pipette tip on a confluent monolayer of
ECs [18]. HUVECs were seeded in 48 well plates at a density of
30,000 cells per well, and incubated for 24h or until a uniform
monolayer was formed. The monolayer was then “scratched” using a
pipette tip to create a linear gap through the middle of each well.
Medium (EBM-2, CdM or EVs) was added. Images of the wells were
taken using an inverted microscope (Nikon Eclipse Ti2) after O h and
12h of incubation. Pictures were analyzed using ImageJ to determine
the overall gap closure, as previously described [20].

Tube Formation Assay. In vitro assays that simulate the formation of
capillary-like structures can be used to investigate late stages of the
angiogenic process [21]. 96 well plate was coated with 35 pl of Matrigel
(Corning, NY) and allowed to crosslink for 30 minat 37 °C. HUVECs
were seeded in coated 96 well plates at a density of 15,000 cells per
well and incubated for 18 h. Images of the wells were taken using an
inverted microscope (Nikon Eclipse Ti2) and analyzed using ImageJ

and Angiogenesis Analyzer plugin [22] to measure the confluency (i.e
cell surface area).

Permeability Assay. 24 well plates and 0.4-mm pore size inserts
were obtained from BD Biosciences. HUVECs were seeded at
60,000 cells per insert well in a total volume of 1.5 mL of EBM-2 media
and incubated overnight to allow the cell to form a uniform monolayer.
HUVECs monolayer permeability was tested by adding 150 uL of
10 mg/mL 40-kDa fluorescein isothiocyanate (FITC)-Dextran (Sigma-
Aldrich) to the upper chamber of each well. Media samples were taken
in the bottom chamber of the well after 5, 60, 120, 240min.
Measurements were determined with a Spark Multimode Microplate
Reader (Tecan) using excitation and emission wavelengths of 485 and
530 nm, respectively.

2.9. Animal implantation

The Institutional Animal Care and Use Committee of the University
of Maryland approved the study (protocol number R-MAY-18-26), and
all animals were treated in accordance with the Guide for the Care and
Use of Laboratory Animals. The experiment was conducted in 30 male
adult Sprague Dawley rats.

Implantation was explained elsewhere [23]. Briefly, the fur on the
bridge of the snout between the eyes to the caudal end of the calvarium
was shaved to expose the surgical site. Using a scalpel, an incision of
approximately 1.5cm was made over the scalp to visualize the cal-
varium. The underlying bone was exposed. The calvarium was scored
with a surgical drill while being irrigated with sterile normal saline to
form an 8 mm diameter defect on the sagittal suture. Once the cal-
varium was freed, it was raised of the dura to finish the defect. The
defect was washed with sterile normal saline to remove any debris and/
or bone chips. The scaffold was placed into the defects and the wound
was closed over the implant using a running 4-0 monocryl suture.
Control animals (CT) underwent sham surgery exactly as described but
without implanting the scaffold material. For these animals undergoing
cranial window implantation, after a scaffold was placed inside the
defect, a circular glass coverslip was placed to cover the implant. The
optical window was sealed to the skull with cyanoacrylate, covering all
the exposed skull, wound margins and cover glass edges [24]. Animals
were monitored daily for up to 12 weeks. No complications were re-
ported.

2.10. Histological analysis

At 4 and 12 days post implantation, animals were euthanized by
inhalation of CO2 and the samples and surrounding bone tissue were
explanted. Each explanted tissue sample was fixed in paraformaldehyde
(4%) for 24h. Explanted tissue samples were then decalcified em-
bedded in paraffin and prepared for histological analysis by Histoserv,
Inc. (Germantown, MD). For histological evaluation, 15 um thick sec-
tions were rehydrated in consecutive ethanol washes and stained by
Masson's trichrome staining and Hematoxylin/Eosin. The thickness of
the defect, the length of the newly formed bone and the number of
blood vessels per area for each sample were measured using ImageJ.
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2.11. Optical coherence tomography data acquisition and processing

All animals were placed under anesthesia before OCT imaging. A
frequency-domain OCT imaging system was used to follow bone re-
generation through out the study. The wavelength-swept laser was
centered at 1310 nm with a 100 nm bandwidth, as described elsewhere
[25]. The output power of the laser source was set to 17 mW and about
50% of the power was emitted from the sample arm to the animal. The
signals were reflected from both the sample and reference arms form
interference fringes at the fiber coupler, which were then detected by a
balanced photodiode detector. Depth-resolved tomography was
achieved by performing Fourier transform of the interference fringes.
The axial resolution of this system was ~10um and the lateral re-
solution was ~20 um. An 8 mm X 5mm field of view (FOV) was im-
aged by an XY scanner with a speed of ~10s per 3D volume with
704 x 512 x 496 (X-Z-Y) pixels.

2.12. Statistical analysis

Both biological and technical triplicates were used for all in vitro
tests. For histology quantification, the length of new bone formed was
calculated over 3 different sections/samples: a total of 9 measurements
(n = 12) were taken for each group. For both the thickness of the defect
and the number of blood vessel per area, measurements were taken in
two different areas/section, with 3 sections/sample: a total of 18
measurements were taken for each group. Data were analyzed using
single factor analysis of variance (ANOVA) followed by Tukey's
Multiple Comparison Test assuming normal data distribution with a
confidence of 95% (p < 0.05).

3. Results and discussion

3.1. HUVECs grown <200 um from ECs condition show characteristics of
later stage angiogenesis.

The first objective of this work was to study the angiogenic potential
of ECs grown in different co-culture conditions, i.e. separated from
MSCs by various distances (0, 200 um, 400 um). After 48 h of incuba-
tion, cells were isolated from the 3D printed samples (Fig. 2a). HUVECs
uniformly express high levels of CD31. As determined by fluorescence-
activated cell sorting analysis, MACS separation of MSC-HUVEC co-
cultures yields a very pure population of CD31 HUVECs (Fig. 2b), with
an average purity of 94.6 * 1.8%, which was subsequently tested
using qPCR and angiogenic assays.

Fig. 2c¢ shows the expression of three angiogenic markers (VEGFA,
FGF2, and ANG1) in all experimental groups. ECs grown by themselves
were used as a control. All three groups with separated cell populations
(DO, D200, and D400) showed an increase in gene expression of VEGF-
A and FGF-2 when compared to the mixed group; with D400 samples
showing the most up-regulation of both genes. However, only DO and
D200 samples showed an important increase in fold change for Ang-1.
Sorted HUVECs were also used to study proliferation (Fig. 2d). Both
mixed and D400 samples showed a significant increase in confluency
(p < 0.05) when compared to the positive control. D400 sample's cells
showed the most mitotic activity, with a significantly higher pro-
liferation rate.

rt-PCR was also performed to study the expression of genes asso-
ciated with cellular junctions: ITGA5 (integrin) and CDH5 (VE-cad-
herin). VE-cadherin was the most up-regulated in DO and D200 groups
while ITGA3 was up-regulated with a higher expression in D400 groups
(Fig. 2e). Finally, permeability assays were performed. Fig. 2e shows
that monolayers, from cells isolated from D400 samples, were sig-
nificantly the most permeable than monolayers from DO and D200 cells.

Angiogenesis is a complex, multistep process that includes en-
dothelial cell proliferation, guided migration, the formation of tubular
structures, and stabilization of newly formed vessels by deposition of
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the basement membrane [26,27]. This process is highly regulated and
involves numerous factors [28]. In response to angiogenic stimuli, such
as VEGF or FGF-2, ECs turn from a quiescent to an active phenotype
characterized by a high mitotic index and increased capacity for mi-
gration and matrix proteolysis [29]. Proteolytic enzymes produced and
secreted by endothelial cells, such as Matrix metalloproteinase (MMP)
family members, lead to cell-directed matrix degradation and re-
modeling, and they further growth factor delivery of matrix-bound
growth factors. The early stages of angiogenesis, proliferation, and
migration, in addition to VEGF and FGF-2, are also regulated by an-
giopoietin-2 (Ang-2). Ang-2 released from activated ECs can bind to its
receptor Tie-2, promoting vascular destabilization and a change in ECs
adhesive properties [30].

VE-cadherin is an adhesion molecule that mediates cell-to-cell
contact between endothelial cells and not only plays a relevant role in
the maintenance of vascular integrity but also limits endothelial cell
proliferation [31]. When ECs migrate during vessel sprouting, VE-cad-
herin junctions are temporarily dissolved. Once tubular structures are
formed ECs suppress their motile phenotype and new adhesive inter-
actions are established [32]. Integrins, in particular, the a5 subunits,
are cell-surface receptors of specific ECM molecules that assist ECs to
build new vessels and are strongly linked to the initial steps of angio-
genesis. Integrins expressed by ECs is stimulated by angiogenic growth
factors, such as FGF-2 [33], and facilitate EC adhesion to the extra-
cellular matrix and their migration [34]. Ang-1, a later marker of an-
giogenesis, exerts a vessel-sealing effect, by stabilizing the endothelium
and reducing integrins expression [35].

The results presented in Fig. 2 suggest that HUVECs grown farther
apart from MSCs (D400) are at an earlier stage of angiogenesis (mi-
gration/proliferation) than D0/D200 cells. Indeed, results showed an
increase in the up-regulation of VEGF, FGF-2, and ITGA3 (integrins) but
a smaller fold change in the expression of VE-Cadherin and Ang-1.
HUVEG:s isolated from D400 samples were also still highly proliferative
when compare to DO/D200 cells. On the contrary, HUVECs incubated
closer (=200um) to MSCs, started to show signs of stabilization,
mainly an increase in Ang-1 and VE-cadherin expression.

The crosstalk between hMSC and HUVECs is regulated by the se-
paration and distance of cell populations.

The second objective of this work was to investigate whether several
soluble factors that may influence HUVECs behavior are differentially
secreted by cells grown in different 3D printed coculture for 48h
(Fig. 3a). The concentration of three common growth factors (VEGFA,
FGF2, and Ang-1) was measured using ELISA (Fig. 3b and Supplemental
Fig. I). Results indicates a significant increase (p < 0.05) in VEGFA
and FGF2 secretions between MSCs cultured in isolation (731 = 84 pg/
ml and 495 * 43 pg/ml respectively) and ECs cultured in isolation
(306 + 10pg/ml and 227 + 69 pg/ml respectively). In addition,
VEGFA and FGF2 were secreted at a significant higher rate by HUVECs
and MSCs in “mixed” coculture than HUVECs alone; both concentra-
tions were even higher than the average of ECs alone and MSCs alone,
confirming that co-culture improves paracrine secretion of ECs. Those
findings are widely supported by literature: MSCs have been shown to
be pro-angiogenic, and be able to activate ECs that will in return secrete
more VEGFA and FGF2 [36-38]. The levels of VEGFA and FGF2 in DO/
D200 CdM was also significantly higher than the ones from “mixed”
cocultures. In addition, Ang-1 levels are significantly higher in DO/
D200 groups (p < 0.05). Those results match the qPCR results found in
Fig. 2c: DO/D200 coculture cells show both an up-regulation of Ang-1
gene and an increased secretion in Ang-1 when compared to cells from
D400 groups. However, D400 CdM contained significantly lower levels
of both VEGFA and FGF2 (p < 0.05), while it was previously shown
that the gene for both of those growth factors was the most up-regu-
lated. This suggests that genetic material is not being transduced into
proteins or that VEGFA and FGFs are not being secreted via paracrine
signaling by the cells in the D400 group, but most likely using another
mode of cell-cell communication, such as the exchange of exosomes.
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Fig. 2. ECs grown in close (=200 um) coculture condition show characteristics of a later stage angiogenesis. For all figures, groups not sharing a letter are statistically
different. (a) Schematic of the experiment. Cells were collected from the 3D printed samples after 48 h of incubation. HUVECs were sorted using CD31 MACS, and
used in subsequent experiments. (b) FACS analysis, pre and post-separation. The bottom row confirms the positive selection of HUVECs (c) Rt-PCR (n = 9) showed an
increase in gene expression of VEGF and FGF-2 for cells isolated from D400 samples and an increase in the fold change in mRNA of Ang-1 for cells isolated from DO/
D200 samples. (d) Cell confluency (n = 3) after 24 h of incubation. D400 cells exhibit a significantly higher proliferation rate (p < 0.05) than the other groups. (e)
Permeabilization Assay (n = 3). Diffusion of Dextran-FITC was observed through a confluent monolayer of HUVECs. Cells isolated from D400 samples showed the
highest permeability. Rt PCR showed an increase in gene expression of ITGAS for the same cells.

A second set of experiments was conducted to investigate whether
CdM modulated cell viability (Fig. 3c) and migration (Fig. 3d) of HU-
VECs from different co-culture conditions. The proliferation of HUVECs
was significantly stimulated when cultured with CdM media regardless
of the type of coculture, as compared to the negative control or CdM
from ECs and MSCs cultured in isolation. However, no significant dif-
ference was observed between groups supplemented with CdM from
“mixed”, DO, D200 and D400 cocultures. HUVEC migratory activity
when cultured with CdM increased with distance between co-cultured

HUVECs and hMSC. Quantification of the invaded area indicated that
wound closure was significantly higher in D400 co-cultures (p < 0.05)
than DO or “mixed” cocultures.

Tube formation assays showed that HUVECs grown with medium
supplemented with CdM from all coculture groups self-assembled and
elongated, forming a capillary-like network with typically closed
structures similar to the ones observed in the positive control group
(Fig. 3e). Incubation of HUVECs with CdM from DO and D200 groups
resulted in a longer network of tube-like structures.
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Those findings seem to support the data collected in Fig. 2 and 3b. HUVECs grew in close (=200um) coculture condition show char-
D0/D200 CdM preferentially promotes tube formation, a later stage of acteristics of a later stage angiogenesis.
angiogenesis, due in part to a significant increase in Ang-1 paracrine Oxygen gradients throughout the samples could potentially have an
secretion. While CdM from D400 samples contains a lower concentra- impact on cell communication, but when the distance between 3D
tion of VEGF/FGF than DO or D200, it still significantly increased printed fibers is less than 500 um, it has been shown that the difference
HUVECs migration in a wound assay. This seems to further confirm that in oxygen is not significant [39]. However, since MSCs cultured in



C. Piard, et al.

isolation produced more VEGFA and FGF2 than HUVECs cultured in
isolation, separating cell populations in different fibers (DO, D200,
D400) could create a gradient of paracrine secretions. And this gradient
could also vary depending on the distance between fibers. This phe-
nomenon could explain the difference in VEGF/FGF secretion between
“mixed”, DO, D200, and D400 groups. Endothelial cell migration is
mediated by VEGF gradients which orientates, attracts, and induces
proliferation of new blood vessels [40-42]. Furthermore, the shape of
the VEGFA gradient can dictate the proliferation and migratory re-
sponse exhibited by endothelial cells [43]. Models predict that VEGF
distribution along the gradient forms an uneven slope: cells close to the
VEGF-A source would be in an exponential high concentration zone,
while cells further away from the source would be in a zone of linear
low concentration [44]. In addition, analysis of cell migration in dif-
ferent regions of the applied gradients showed that cells efficiently in-
terpret the positional information provided by the gradients [43]: re-
sponses for both VEGFA and FGF2 were more pronounced in the
exponential regions of the gradients compared with the linear regions.
Based on those findings, we could hypothesize that DO/D200 cocultures
formed stronger gradients, eliciting a stronger response from HUVECs
to MSCs paracrine secretion.

3.2. EV cargo increases with distance between cell populations and promotes
early angiogenesis

The third objective of this work was to study the angiogenic po-
tential of extracellular vesicles (EVs) exchanged between cell popula-
tions. Many studies indicate EVs is a key mediator of the therapeutic
functions imparted by cell therapies [45-47]. Thus, we investigated
whether EVs play a role in the angiogenic effects observed with CdM.
The specific subset of EVs analyzed in this study was influenced by the
isolation method, which separated vesicles by size. Here, we are looking
at smaller EVs averaging around 150 nm and larger vesicles are re-
moved during the isolation process. Consequently, the CdM will contain
a combination of the extracellular vesicles observed in Fig. 4 and other
larger vesicles. While it is possible that these larger EV populations
have similar effects as the ones we later isolated, studies have also
suggested that subpopulations of EVs have different compositions and
functions [48,49]. . It has been shown that when isolated EVs by density
gradient, the low and high density EVs have distinct protein and RNA
profiles leading to different effects on target cells. In addition to size
and density, subpopulations based on surface composition also show
differential functions. To have a clear understanding of the role of
different EVs, separate future studies analyzing various subpopulations
are necessary.

Here EVs were isolated from the CdM using differential cen-
trifugation and quantified (Fig. 4a). The results showed a significant
increase (p < 0.05) in protein concentration per EVs in all separated
co-culture groups (DO, D200, D400) as compared to EVs only. EVs
collected from D400 CdM showed the most increase in protein con-
centration when compared to DO or D200 groups. Which seems to
suggest that EVs cargo content increases with the distance between
HUVECs and MSCs. Fig. 2¢ indicated that ECs grown in D400 coculture
conditions showed an important up-regulation of VEGFA and FGF2
genes. However, no significant increase in VEGF or FGF secretions were
observed in the CdM. Altogether, it would indicate that most likely
VEGF/FGF proteins or nucleic acids regulating these pathways were
preferentially loaded into EVs in D400 cocultures. We could hypothe-
size that EVs secretion is preferred as a mode of cell-cell communication
when cell populations are further apart.

Tube formation (Fig. 4c), proliferation (Fig. 4d) and migration
(Fig. 4e) assays were performed to assess the angiogenic potential of
EVs only. Results indicated that media supplemented with D400 EVs
significantly improved HUVECs proliferation and migration in com-
parison to Mix, DO, or D200. HUVECs proliferation after 24 h seemed to
be correlated to EV proteins concentration (r [2] = 0.9551) (Fig. 4d).
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However, no significant effect on tube formation was observed. As
discussed previously, VEGF and FGF are both involved in early angio-
genesis, promoting EC proliferation and migration. Those results would
further suggest that either VEGF/FGF or other nucleic acids involved in
these pathways were loaded in EVs for farther apart co-culture (D400).

Evidence seems to indicate that in coculture where cells are the
farther apart, EVS is preferred for cell-cell communication. This could
explain why angiogenesis is happening slower than groups DO, D200.
This study appears to indicate that EVs are largely involved in cell-cell
communication in cocultures where the cells are farther apart, while
paracrine signaling via soluble proteins is dominant when the cells are
closer together. The mode of cell-cell communication may dominate the
rate of angiogenesis. VEGF, FGF-2, and Angl can act upon target cells
by interacting with receptors on the cell surface. Depending on whether
the function of these EVs is imparted by surface proteins or internal
cargo, they may need to initially be processed before triggering a
functional response, consequently resulting in delayed angiogenesis.
Thus, cocultures with cell populations closer together demonstrated
later stage angiogenesis.

3.3. Healing of critical-size bone defect was improved using optimized 3DP
scaffolds (DO scaffolds)

In the in vitro experiments, we observed that HUVECs and MSCs
cultured in separate fibers, but at a distance less than 200 pm (DO, D200
groups) presented signs of later angiogenesis, suggesting that maybe the
angiogenesis process was happening faster than when the cell popula-
tions were separated by 400 um (D400 group) or mixed together (Mix
group). The DO group was then used in the in vivo study to investigate if
angiogenesis and neovascularization could be improved in a cranial
model, as compared to Mix group, and therefore improve bone for-
mation.

In order to evaluate the potential of our optimized 3D printed co-
cultures scaffolds for neovascularization and consequent bone re-
generation in vivo, 8-mm bone defects were created in the calvarial
bone of rats. Two experimental groups (Mix and DO) and one control
group (CT, sham surgery, no implant) were assessed twelve weeks post-
surgery. Live/Dead staining was performed in order to verify the via-
bility of the cells post-printing, and prior to implantation. Fluorescent
images showed mostly viable cells (Supplemental Figure Illa). In order
to confirm the proper patterning of the cells, rMSCs and rECs were
stained with Calcein AM or DAPI respectively, prior to printing. After
printing, samples were imaged (Supplemental Figure IIIb) and con-
firmed that two distinct cell populations were in separate fibers. After
implantation, all wounds healed without any complications, or evi-
dence of infection. At retrieval, samples appeared to be covered by a
healthy periosteum. No signs of inflammation were visible. On visual
examination (Supplemental Figure V), the critical size defect left un-
filled (CT) was not closed, the sagittal vein and peripheral blood vessels
were clearly visible. New tissue formation was visible only on the edges
of the defect. Defects in both Mix and DO group appeared to have nearly
closed. However, the sagittal vein was still slightly visible in the Mix
group, suggesting that the newly formed tissue might be thinner than in
the DO group.

The densities of blood vessels present in all scaffolds were measured
4 weeks after implantation. Histological sections stained with HE
showed relatively few blood vessels within the control scaffolds
(Fig. 5a). In contrast, 3DP scaffolds displayed a higher density of blood
vessels interspersed throughout the scaffold. Quantification of blood
vessels densities confirmed that DO scaffolds had a significantly higher
blood vessel density (p < 0.05) than Mix scaffolds and CT scaffolds
(Fig. 5b).

The effect of induced angiogenesis on bone tissue regeneration
within the critical-sized defects after 12 weeks were analyzed next.
Histological analysis of the samples was performed using a Masson's
trichrome stain (Fig. 5¢). Gross observations of the Masson's trichrome
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stained slides showed only minimal appositional bone regeneration and
a thin layer of fibrous tissue and obvious defects remaining in the
control group. Do and Mix samples showed significantly enhanced bone
growth as compared to controls ones. Histomorphometric analysis
corroborated the histological findings. The length and thickness of the
newly formed bone in defect sites was calculated. The results indicated
that DO groups were significantly thicker than the Mix and CT groups.
However, the length of new bone was not significantly different from
the other groups.

Optical coherence tomography (OCT) is an established biomedical
imaging technology for imaging of tissue non-destructively with mi-
cron-level resolution. OCT usually can provide < 10 pm resolution and
1-2mm penetration depth as well as millimeter scale field of view
(FOV) [50,51]. In addition, with high-speed Fourier-domain detection
techniques, OCT now can acquire a 3D image within 1 s with speed of
more than 100,000 A-scan/s [52], and does not require exogenous
contrast agents such as fluorescent dyes, which makes it advantageous
over other conventional microscopic imaging methodologies. OCT B-
Scan images (Fig. 5d) presented several differences across all three
groups. Rats with DO scaffolds showed clearer laminar structures within
the defect. However, only homogenous high scattering tissues were
shown with Mix scaffolds. Ct groups did not have clear visible struc-
tures. These morphological differences could be explained by different
rate of osteogenesis and bone formation/mineralization with the defect.

4. Conclusion

Vascularization is a crucial process during the growth and devel-
opment of bone, and in vitro vascularization strategies can greatly be
improved using the coculture of HUVECS and MSCs. Communication
between cell population plays an important role in angiogenesis, and
can be affected by a variety of factors. However, little is known about
the effect of cell patterning and the distance between cell populations
on their crosstalk. In the present study, we showed that controlling the
distance between ECs and MSCs in co-culture, using 3D printing, could
influence angiogenesis. First, we showed that HUVECs grown in close
(=200 pm) co-culture condition presented characteristics of later stage
angiogenesis. In addition, the separation and distance between ECs and
MSCs seemed to modulate cell-cell communication. In groups in which
fibers were printed farther apart (400 um), cells produced EVs with a
significantly increase cargo. Furthermore, by modulating distance be-
tween printed fibers, results indicated that we can create different
paracrine secretion gradients, hence modulate the crosstalk between
HUVECS and MSCs. Finally, in vivo experiment results further suggest
that distance between ECs and MSCs in 3DP co-culture can influence
angiogenesis and subsequent bone regeneration. Scaffolds in which cell
populations were separated by a distance < 200 pm not only presented
a significantly higher number of blood vessels, but also were able to
regenerate a larger amount of bone defect than the control group. This
observation suggests the higher efficiency of indirect ECs/MSCs contact
in prompting the release of paracrine signals that stimulate the angio-
genesis of local tissues.
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