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A B S T R A C T

Hybrid 3D constructs combining different structural components afford unique opportunities to engineer func-
tional tissues. Creating functional microvascular networks within these constructs is crucial for promoting
integration with host vessels and ensuring successful engraftment. Here, we present a hybrid 3D system in which
poly (ethylene oxide terephthalate)/poly (butylene terephthalate) fibrous scaffolds are combined with pectin
hydrogels to provide internal topography and guide the formation of microvascular beds. The sequence/method
of seeding human endothelial cells (EC) and mesenchymal stromal cells (MSC) into the system had a significant
impact on microvessel formation. Optimal results were obtained when EC were directly seeded onto the fibrous
scaffold, followed by the addition of hydrogel-embedded MSC. This approach facilitated the development of
highly oriented microvascular networks along the fibers. These networks were lumenized, supported by a
basement membrane, and stabilized by pericyte-like cells, persisting for at least 28 days in vitro. Furthermore,
culture under pro-angiogenic and osteoinductive conditions induced MSC osteogenic differentiation without
impairing microvessel formation. Upon subcutaneous implantation in mice, the pre-vascularized constructs were
infiltrated by host vessels, and human microvessels were still present after 2 weeks. Overall, the proposed hybrid
3D system, combined with an optimized cell-seeding protocol, offers an effective approach for directing the
formation of robust and geometrically oriented microvessels, making it promising for tissue engineering
applications.

1. Introduction

A key challenge in the fields of tissue engineering and regenerative
medicine lies in accurately recreating the cellular microenvironment of
human tissues. This is commonly achieved using 3D scaffolds that mimic
the native extracellular matrix (ECM). These scaffolds can be designed to
support and guide neo-tissue formation by replicating tissue-specific

biophysical and chemical features, thereby providing optimal condi-
tions for cell survival, proliferation, and differentiation. However,
despite their satisfactory performance in vitro, cell-laden 3D constructs
of clinically relevant size may ultimately fail to integrate successfully
with host tissues after transplantation. The timely establishment of a
perfused vascular network within these constructs is crucial, as delays
can lead to insufficient oxygenation and nutrient supply, resulting in
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cellular death and tissue necrosis [1–6]. In this context, promoting in
vitro pre-vascularization of engineered constructs offers a promising
strategy for enhancing host-graft integration, by potentially accelerating
functional vascular inosculation [1–6]. This approach typically involves
seeding scaffolds with vessel-forming endothelial cells (EC), often
co-cultured with stromal cells like mesenchymal stromal cells (MSC),
leading to the in vitro formation of vascular networks. However,
achieving sufficient microvessel maturation and stability remains a
significant challenge.
Hydrogel-based matrices, which inherently mimic important fea-

tures of the native ECM, are amongst the most widely used scaffolds for
tissue engineering [7–9]. However, while commonly employed for cell
embedding and 3D culture, traditional hydrogels often possess an
isotropic nature, which can limit their capacity to direct cell behaviour.
For instance, we previously showed that pectin hydrogels modified with
cell-adhesive RGD peptides create an ideal 3D microenvironment for
MSC organization into tissue-like multicellular networks, though these
structures develop in a stochastic manner rather than following a
defined pattern [9]. Moreover, hydrogels lack the necessary structural
properties for repairing large, load-bearing tissue defects, which limits
their overall clinical applicability.
Anisotropic hydrogel scaffolds with internal topographic features

more accurately mimic the complexity and directional properties of
natural tissues, offering enhanced control over the biochemical and
mechanical environment experienced by cells [10,11]. Therefore,
advanced chemistries and biofabrication techniques have been devel-
oped to incorporate cell contact guidance cues into hydrogels [10,11].
Strategies include layer-by-layer assembly to create anisotropic struc-
tures with varying properties across different hydrogel layers; micro-
patterning techniques for generating defined anisotropic features;
shear-induced alignment of polymer chains and/or embedded micro-
structures through applied shear forces during hydrogel gelation; and
the use of magnetic/electric fields to align magnetic/electrically
responsive components within the hydrogel [10,11].
Alternatively, hydrogel matrices can be reinforced with fibrous

structures of defined architecture and topography, providing physical
guidance for cellular organization while improving structural integrity
[4,12]. We have previously designed fibrous scaffolds made from poly
(ethylene oxide terephthalate)/poly (butylene terephthalate)
(PEOT/PBT), a biocompatible and cell-adhesive copolymer that can be
easily processed through wet-spinning and additive manufacturing
[13–15]. This allows precise tuning of scaffold properties such as ge-
ometry, pore size, fiber diameter, and surface topography, in contrast to
traditional fabrication methods. Our earlier studies demonstrated that
MSC seeded on tailored PEOT/PBT fibrous scaffolds respond to these
physical properties, aligning along the fibers to form organized layers.
Additionally, their differentiation potential is influenced by the scaf-
fold’s surface topography [13].
In the present study, we investigated the combination of isotropic

pectin hydrogels with tailored PEOT/PBT fibrous structures as a strategy
to direct microvascularization, a complex morphogenic process that
requires the assembly of EC into functional tubular structures. We show
that the hybrid system leverages the performance of each scaffold type,
providing an optimal 3D framework for guiding the organization of co-
cultured EC and MSC into stable and highly oriented microvascular
beds.
Another primary objective of this study was to establish an optimal

cell seeding protocol to enhance robust microvascularization in the
hybrid 3D system, as prior research has demonstrated that the dynamics
of endothelial and stromal cells co-seeding can significantly influence
the outcome [16,17]. Therefore, different cell seeding regimens were
tested by varying both the method (adding cells to the hydrogel or the
fibrous scaffold) and the sequence (simultaneously or sequentially) for
introducing the two cell types into the hybrid 3D system. To support its
potential use in bone tissue engineering, we have also evaluated the
hybrid 3D system’s ability to promote both the formation of

microvascular networks and the osteogenic differentiation of MSC. After
optimizing the microvascularization process in vitro, we conducted a
preliminary evaluation of microvessel stability after subcutaneous im-
plantation of the pre-vascularized hybrid systems.

2. Materials and methods

2.1. Hybrid 3D system manufacturing

2.1.1. Additive manufactured PEOT/PBT fibrous scaffolds
PEOT/PBT (PolyVation B.V., Groningen, The Netherlands) fibrous

scaffolds were prepared as previously described by our group [13], by
combining wet-spinning with additive manufacturing (AM) to deposit
polymer filaments in a spatially controlled way. The composition used in
this study was 300PEOT55PBT45, consisting of PEOT and PBT in the
ratio 55:45 and prepared from a starting molecular weight of PEO of
300 g.mol-1, which presents long resorption time (> 6 months) [14].
This was considered suitable for providing long-term support for cell
growth and vascular formation, without introducing confounding effects
resultant from premature scaffold degradation. Briefly, PEOT/PBT was
dissolved overnight (ON) at 20 % w/v in anhydrous chloroform (Sig-
ma-Aldrich) at room temperature (RT). The solution was placed into a
glass syringe fitted with a stainless-steel blunt needle (G27, inner
diameter of 210 μm). A syringe pump (NE-1000, New Era Pump Systems
Inc., USA) was used to control the extrusion flow rate of the polymer
solution (1.5 mL.h− 1). A polytetrafluoroethylene (PTFE) tube was used
to connect the syringe to a support structure placed on the plotter arm.
This support structure connected the tube to the needle. A container was
filled with isopropanol (Sigma-Aldrich), fixed to the fabrication plat-
form, and used as a precipitation bath. An initial distance of 2 mm was
set between the needle tip and the bottom of the container. The
layer-by-layer fabrication of the scaffolds was performed using a 3D
plotting machine (Envisiontec GmbH, Germany). The scaffold design
used was the same as previously described [13], consisting of a 0-90◦

lay-down pattern, a distance between filament centers of 500 μm on
both x- and y-axis and 100 μm on the z-axis. Scaffolds (cylinder-shaped,
Ø 4 mm and 0.5 mm in height) were cored out from the obtained rect-
angular prism-like structures with a biopsy cylinder punch (Integra®
Miltex®). Prior to the in vitro studies, scaffolds were incubated in 70 %
v/v ethanol for 30 min, washed three times with phosphate-buffered
saline (PBS), and then incubated ON at 37 ◦C in fibronectin (Sigma-Al-
drich) solution (10 μg.mL− 1 in PBS) [18].

2.1.2. Peptide-modified pectin hydrogels
Pectin was purified according to an optimized protocol from the one

described in the previous work by our group [9]. Briefly, a 1 % w/v
solution of low methoxyl citrus pectin (Classic CU 701, degree of
methylation of 37 %, containing 86 % of galacturonic acid units, kindly
provided by Herbstreith & Fox, Neuenbürg, Germany) was prepared in
cell culture grade endotoxin-free water (HyClone™, GE Healthcare).
After the complete dissolution of the polymer, the pH of the solution was
adjusted to 6 and sequentially filtered using 0.80 μm, 0.45 μm, and 0.22
μm filter membranes (mixed cellulose esters, Millipore). Activated
charcoal (2 % w/v, Norit SX Plus, Norit) was added to the solution, and
the suspension was stirred for 1 h at RT. The suspension was then
centrifuged twice at 120000 g for 1 h. The supernatant was again filtered
using 0.22 μm filter membranes, lyophilized, and stored at − 20 ◦C. The
purified pectin was further modified with the oligopeptide sequence
(glycine)4-arginine-glycine-aspartic acid-serine-proline (G4RGDSP,
Genscript, USA) by aqueous carbodiimide chemistry as previously
described [9]. Pectin hydrogels (1.5 % w/v were obtained by internal
gelation via ionic crosslinking using CaCO3/glucono-δ-lactone
(GDL)-driven gelling mechanism [9]. All pectin gels used in this study
had a final RGD concentration of 150 μM, in the range of previous
studies by our group [9].
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2.1.3. Hybrid 3D system
Hybrid 3D systems were obtained by sequentially (i) placing the

scaffolds on a PTFE plate, (ii) pipetting the cell-carrying pectin gel
precursor solution over the scaffolds, and (iii) placing a second PTFE
plate over the hybrid structures (with a spacing of 0.5 μm). First, the
pectin gel precursor solutions were crosslinked for 1 h; after this, the
cell-laden hybrid 3D systems were transferred to 24-well plates con-
taining cell culture media. The control of the spacing between the PTFE
plates was achieved using PTFE spacers of 0.5 mm. The height of the
PEOT/PBT scaffolds was controlled during the additive manufacturing
process, which was optimized to obtain PEOT/PBT scaffolds with a
height of 0.5 mm.

2.2. In vitro studies with cell-laden 3D constructs

2.2.1. Cells sources and culture conditions
Bone marrow-derived human MSC were purchased from Lonza (PT-

2501) and expanded in growth medium (MSC-GM, Lonza). Human
umbilical vein endothelial cells (EC) were expanded in complete M199
medium (cM199, Sigma-Aldrich). The media of MSC and EC were
changed twice and thrice a week, respectively, and cells were main-
tained at 37 ◦C under a humidified atmosphere of 5 % v/v CO2. The
detailed composition of each cell culture media used in this study is
summarized in Table S1 (Supporting Information).
Different cells (between passages 5–7), material combinations, and

culture conditions were used in this study (Fig. S1, Supporting Infor-
mation). For the seeding of MSC and/or EC on the scaffolds, the cell
number (2× 104 cells/scaffold) was adjusted for the EC density based on
Santos et al. [19]. The cell density (1 × 107 cells.mL− 1) used for the
embedding within pectin hydrogels was in the range of the densities
used in previous studies by our group [9,20]. The co-culture ratio (1:1)
used for either the seeding or embedding of cells was based on previous
studies on the co-culture of EC with MSC [17,21–23]. The
co-culture-carrying 3D structures were cultured in endothelial culture
medium (EGM-2) for 7 days and then in EGM-2:basal medium (EGM-M2:
BM) or EGM-2:osteoinductive medium (EGM-2:OM) for 21 days, ac-
cording to the schematics presented in Fig. S1 (Supporting Information).
Control experiments (Fig. S1A) were first carried using EC, in mono-
culture or co-cultured with MSC, which were seeded into each type of
scaffold (pectin hydrogels or PEOT/PBT scaffolds) or into the hybrid
system (both cells embedded in the pectin hydrogels and added to the
fibrous scaffold). Then, to test the best seeding regimen for co-cultures in
the hybrid 3D system, three experimental groups were defined
(Fig. S1B): (i) ECþMSC: EC and MSC co-embedded in pectin pre-gels
and immediately added to PEOT/PBT scaffolds; (ii) EC→MSC: EC
seeded on PEOT/PBT scaffolds, and MSC-laden pectin pre-gels added 1
week later; (iii) MSC→EC: MSC seeded on PEOT/PBT scaffolds, and
EC-laden pectin pre-gels added 1 week later. Each in vitro experiment
was repeated trice and included three replicates per tested condition.

2.2.2. Metabolic activity
Metabolic activity was estimated using a resazurin-based assay (N =

3). At different time points, the culture medium was removed from the
wells, and fresh medium with resazurin (20 % v/v, Sigma) was added
(400 μL per well). Next, samples were incubated (37 ◦C, 5% v/v CO2) for
2 h, after which 100 μL per well were transferred to a black 96-well
plate, and the fluorescence signal was measured (λex ≈ 530 nm, λem
≈ 590 nm) using a microplate reader (Synergy MX, BioTek).

2.2.3. Immunofluorescence staining and imaging
The cell-laden 3D constructs were stained for DNA, filamentous actin

(F-actin) and with combinations of primary antibodies (Table S2, Sup-
porting Information). Briefly, the cell culture mediumwas removed, and
samples were washed with Hank’s Balanced Salt Solution (HBSS, Gibco),
fixed for 15–20 min in a paraformaldehyde (PFA, Electron Microscopy
Sciences) solution (4 % w/v in HBSS), and permeabilized with Triton X-

100 (Sigma-Aldrich) (0.1 % v/v in HBSS) for 10 min. Samples were then
incubated for 1 h in a bovine serum albumin (BSA, Sigma-Aldrich) so-
lution (1 % w/v in HBSS). Next, the 3D structures were incubated ON at
4 ◦C in a humidified atmosphere with BSA (1 % w/v in HBSS) with
combinations of different primary antibodies (Table S2, Supporting In-
formation). Then, samples were washed with HBSS and incubated with
the BSA solution for 1 h at RT with phalloidin conjugated with Alexa
Fluor® 488 (1:100, Molecular Probes®) for F-actin staining, and with
the secondary antibodies goat anti-mouse Alexa Fluor® 594 and donkey
anti-rabbit Alexa Fluor® 647 (1:100, Molecular Probes®). Samples were
subsequently washed with HBSS solution, and DNA was counterstained
with a solution of 4′,6-diamidine-2-phenylindole dihydrochloride
(DAPI) (1.5 μg.mL− 1) in an anti-fading mounting medium (Vectashield,
Vector Laboratories), 10 min before confocal microscope visualization
(Leica SP5AOBS, Leica Microsystems), using LCS software (Leica
Microsystems). For each sample, at least two images were obtained per
each staining experiment. Representative scanned z-series of the sam-
ples were projected onto a single plane and pseudo-colored using ImageJ
software [24]. Adobe Photoshop CS5® software was used for the image
adjustments, namely the correction of channels levels, brightness, and
contrast, and to prepare the final figure panels.

2.2.4. Analysis of the formation of microvascular structures
Confocal laser scanning microscope (CLSM, Leica SP5AOBS, Leica

Microsystems) scanned z-series were projected onto a single plane, and
single channels displaying CD31 and von Willebrand factor (VWF)
staining were separated using ImageJ software [24]. The intensity
threshold was applied after minimal background correction and manual
identification and exclusion of unaligned EC staining. Results of the total
area occupied by endothelial structures are expressed as a percentage of
the total image area (in pixels) occupied by CD31 or VWF staining
(microvessel density, measured from at least four images per condition).
The diameter of the microvessels was assessed by performing several
measurements per image of the length occupied by CD31 or VWF
staining in the perpendicular direction of endothelial structures (at least
five images per condition and at least five measurements per image).
AngioTool Fiji plugin (0.6a, National Cancer Institute, USA), an open
source, validated and reproducible software for quantifying vascular
networks was used to calculate the Total Vessels Length in mm (at least
two images per condition). Confocal images were saved as a single TIF
file and converted to Imaris File Format Description (IMS) using the
Imaris file converter. Converted files were read into Bitplane Imaris
image visualization, segmentation and analysis software (Version
9.6.0–10.0, Oxford Instruments, Abington, UK). Surface rendering was
performed for each channel containing CD31, Collagen type IV (COL IV),
VWF and VE-CAD staining. A surface detail of 2 μmwas chosen followed
by threshold and filter settings adjusted according to image intensities
and quality. After surface segmentations, video and sections of lumens
were selected and ImarisVantage statistical data visualization module
was used to calculate: 1) Shortest Distance of CD31 surface to nearest
neighbour COL IV surface to assess the distribution of produced COL IV;
and 2) Overlapped Volume ratios between VWF and VE-CAD or CD31
and COL IV surfaces to assess the proportion of dual staining in five
randomly chosen vessels fragments per image with volumes ranging
from 1000 to 2500 μm3.

2.2.5. Osteogenic differentiation
Analyses of stained whole-mounted cell-laden hybrid systems were

performed to identify alkaline phosphatase (ALP) activity and deposi-
tion of phosphate aggregates. First, the cell culture medium was
removed, samples were washed with HBSS, and they were fixed for 15
min in the PFA solution. Next, ALP stain was performed by washing the
fixed samples twice with deionized water (dH2O) and incubating them
in a Fast Violet B salt solution (0.25 mg mL− 1 dH2O, Sigma-Aldrich)
containing 4 % v/v of naphthol AS-MX phosphate alkaline solution
(0.25 % w/v, Sigma-Aldrich) for 45 min at RT, protected from light.
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After incubation, samples were washed twice with dH2O. For the von
Kossa (VK) stain, the previously fixed samples were washed twice with
dH2O and incubated with a silver nitrate solution (2.5 % w/v in dH2O,
Sigma-Aldrich) for 30 min under UV light at RT. Then, samples were
thoroughly washed with dH2O and incubated for 2–3 min with a sodium
thiosulfate solution (5 % w/v in dH2O, Sigma-Aldrich), after which they
were again rinsed with dH2O. Samples were imaged using a stereo mi-
croscope (Olympus SZX10) coupled with a camera (DP21 Olympus). For
intensity comparison, ALP and VK stained samples were imaged with the
same exposure time of 1/100 s and 1/25 s, respectively. For each sam-
ple, at least two images were obtained per staining experiment.

2.3. Preliminary in vivo studies with pre-vascularized hybrid 3D systems

2.3.1. Subcutaneous implantation in immunodeficient mice
Animal experiments were conducted following a protocol approved

by the Ethics Committee of Direção Geral de Alimentação e Veterinária
(DGAV) according to EU Directive 2010/63/EU. Severe combined
immunodeficient (SCID) male mice with 6 weeks were used as re-
cipients. Animals were housed at 22 ◦C with a 12 h light/dark cycle with
ad libitum access to water and food. Analgesics (Butorfanol) were
administrated 30 min prior to surgery. Animals were anesthetized by
inhalation of isoflurane, which was continuously delivered throughout
the surgery. The dorsal surgical sites were sterilized, and single incisions
were made to create subcutaneous pockets to insert the 3D constructs.
Two groups were tested: ECþMSC and EC→MSC, which were implanted
after in vitro priming to induce pre-vascularization (7 days of culture
after adding the cell-laden hydrogel to the fibrous scaffolds). A total of N
= 6 samples were implanted per experimental group for each time point.
At each endpoint (days 7 and 14), unconjugated Griffonia simplicifolia
Lectin I (GSL I, FL-1100 Vector Labs, hereafter referred to as Lectin) was
delivered via intravenous injection in the tail and 20min after mice were
euthanized by isoflurane inhalation followed by cervical dislocation.

The hybrid 3D systems and surrounding tissue were collected and fixed
in 4 % (w/v) PFA solution.

2.3.2. Histological and immunohistochemical (IHC) analysis
Samples were analysed as whole-mounts (N = 3) by CLSM after

immunostaining and paraffin-embedded and sectioned (3 μm thick) for
histochemical analysis (N = 6). For histological analysis, sections were
stained with Hematoxylin Eosin and Safranin-O/Light Green (Sigma),
and slides were digitalized using a scanner (NanoZoomer 2.0, Hama-
matsu). The number of blood vessels (perfused with erythrocytes)
detected inside the 3D hybrid scaffold was quantified using four his-
tology sections per sample.
For immunostaining, whole-mounted samples were permeabilized

with 0.25 % v/v Triton X-100, blocked with 5 % FBS; incubated (ON at
4 ◦C) with different antibodies (detailed information is provided on
Supporting Information Table S2) for the identification of VWF, COL I
and CD31 [25]. For the detection of perfused vessels, samples were
incubated with goat anti-lectin antibody (Vector labs).
After that, samples were washed with PBS and incubated with the

corresponding fluorochrome-conjugated secondary (Alexa-Fluor, Invi-
trogen) for 1 h at RT and then mounted in Vectashield™ with DAPI.
Controls for each immunolabelling excluded primary antibody staining.
Some samples were also stained for F-actin with phalloidin Alexa Fluor®
488 (1:100, Molecular Probes®) for 1 h at RT. Images were acquired
using a Leica TCS SP5 AOBS spectral confocal microscope (Leica
Microsystems, Germany and the LCS software (Leica Microsystems).

2.4. Statistical analyses

Statistical analyses were performed using GraphPad Prism 8.0 soft-
ware for macOS (version 8.1.2 (227)). Data displayed in Figs. 3A and 5C
regarding the metabolic activity of the different conditions (represented
as mean and standard deviation) were analysed using a non-parametric

Fig. 1. The hybrid 3D system supports EC organization into microvascular networks when co-cultured with MSC. Representative confocal microscopy images
of EC monoculture or EC+MSC co-culture for 28 days in pectin hydrogels, PEOT/PBT scaffolds, and 3D hybrid structures (Pseudo-colouring of DNA, F-actin, and
CD31). Z-projections have a total depth of at least 100 μm. Scale bars: 200 μm.
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unpaired t-test with Welch’s correction, with a 95% confidence interval.
Data displayed in Figs. 3A and 5C regarding the measurements of the
microvessels’ density assessed by CD31/VWF staining intensity (repre-
sented as the mean and standard error of the mean) was analysed using
the non-parametric Mann–Whitney using a 95 % confidence interval.
Data displayed in Figs. 3A and 5C regarding the measurements of the
microvessels diameter (represented as the mean and standard error of
the mean) was analysed using Kuskal-Wallis test with Dunn’s post-test.
Data displayed in Fig. 7C regarding the vessel number per scaffold
section (represented as the mean and standard deviation) was analysed
using the non-parametric Mann–Whitney using a 95 % confidence in-
terval. Statistically significant differences in the different analyses are
specified in the figure legend of the corresponding data.

3. Results

3.1. Endothelial organization into capillary-like structures

We first analysed the impact of culturing EC in the hybrid 3D system
compared to each individual scaffold (RGD-modified pectin hydrogels or
PEOT/PBT fibrous scaffolds) on their ability to form microvascular
networks. EC were seeded on the different scaffolds either alone or co-
cultured with MSC under the following conditions (Fig. S1A): i) cells
embedded in pectin hydrogels (control); ii) cells seeded on PEOT/PBT
fibrous scaffolds (control); and iii) cells embedded in a pectin pre-gel
solution, which was subsequently loaded into the PEOT/PBT fibrous
scaffolds for in situ crosslinking (hybrid 3D system). As depicted in
Fig. 1, EC in monoculture failed to assemble into capillary-like structures
in all the 3D settings, even after 28 days of culture, showing the
importance of adding supportive stromal cells to the system.When in co-
culture with MSC, EC also failed to organize when embedded in pectin
hydrogels, where they remained essentially round, or seeded on PEOT/

Fig. 2. The cell seeding regimen impacts the microvascularization of the hybrid 3D system. Representative confocal microscopy images of the experimental
groups at 7, 14, and 28 days of co-culture (pseudo-colouring of DNA, CD31, and the scaffolds). For additional information concerning the spatial distribution of both
cell types within the scaffolds, DNA, F-actin, and CD31 immunostaining images can be found in Figure S3 (Supporting Information). Z-projections have a total depth
of at least 100 μm. Scale bars: 200 μm.
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PBT fibrous scaffolds, where they formed monolayer patches at the
surface. Notably, the hybrid 3D system provided an ideal 3D framework
for the formation of capillary-like structures and was used in subsequent
studies, where various cell seeding protocols were tested to optimize the
microvascularization process.

3.2. Effect of cell seeding regimen on microvascular networks formation

Based on previous studies [17,23], three different cell seeding regi-
mens were tested (Fig. S1B): i) ECþMSC: EC and MSC co-embedded in
pectin pre-gel solution and added to PEOT/PBT scaffolds; (ii) EC→MSC:
EC seeded on PEOT/PBT scaffolds, and MSC-laden pectin pre-gel solu-
tion added 1 week later; iii) MSC→EC: MSC seeded on PEOT/PBT
scaffolds, and EC-laden pre-gel solution added 1 week later. Endothelial
organization into capillary-like structures was evaluated, and the 3D
constructs were maintained in co-culture for up to 28 days to analyse
microvessel stability. By day 7, the hybrid 3D system was uniformly
colonized by EC and MSC and provisional endothelial structures were
detected in all experimental groups (Fig. 2 and 3 and Fig. S2). After 28
days, cells were distributed throughout the total thickness of the

structure, as shown in the cross-sectional images (Fig. 2 and Fig. S3). The
MSC (CD31neg) adhered and covered the surface of the fibrous scaffolds,
forming dense layers in the MSC→EC group (Fig. 2 and Fig. S3). They
also formed multicellular 3D networks within the hydrogel-filled pores,
which was more evident in the EC→MSC than in the ECþMSC group. In
the MSC→EC group, were MSC were seeded into the fibrous scaffolds
instead of loaded in the hydrogel, this only occurred between days 14
and 28 (Fig. S3). The EC (CD31pos) displayed different behaviours across
conditions (Fig. 2 and Fig. S2). In the ECþMSC and EC→MSC condi-
tions, capillary-like structures initially formed along the fibers of the
PEOT/PBT scaffold, lining the pore walls before infiltrating deeper into
the scaffold. Over time, these structures became more complex and
lumenized, with the total vessel length increasing from day 7 to day 28
in the EC→MSC group (Fig. 3A, Fig. S2, Supplementary video 1). In
contrast, in the MSC→EC group, the provisional endothelial structures
regressed over time and were no longer detected at later time points
(Fig. 2 and Fig. S2).
The total cellular metabolic activity increased over time in the

MSC→EC and EC→MSC groups, while it decreased from day 7 to day 14
in the ECþMSC group, stabilizing thereafter (Fig. 3A). This suggests that

Fig. 3. The cell seeding regimen impacts the formation and stability of microvessels. (A) Metabolic activity, microvessels density, and corresponding diameter
of experimental groups. Statistical significance difference identified with * (p < 0.05), ** (p < 0.01), **** (p < 0.0001). (B) Representative confocal microscopy
images of the EC+MSC and EC→MSC experimental groups on day 28 of co-culture (scale bars: 100 μm). Pseudo-colouring of DNA, F-actin, and VWF (top panel), and
VE-CAD and VWF (bottom panel) (scale bars of zoomed-in areas: 10 μm). Z-projections have a total depth of at least 80 μm. Graphical representation of the VE-CAD
and VWF dual staining through a length of 15 μm (identified by the arrows) perpendicular to aligned EC in the zoomed-in areas (i) and (ii) and (iii) overlap volume
ratio to VE-CAD with VWF-stained microvessel segments in the depicted images.

S.C. Neves et al. Materials Today Bio 29 (2024) 101291 

6 



the fibrous scaffolds offer a favourable substrate for the proliferation of
cells directly seeded onto their surface [13], a process that is more
restricted in hydrogel-embedded cells [9]. In the experimental groups
where EC organized into stable microvessels (ECþMSC and EC→MSC),
the area occupied by those structures (microvessel density) on days 14
and 28 was larger in the EC→MSC (9.3 ± 1.1 % and 10.5 ± 2.4 %,
respectively) than in the ECþMSC group (2.9 ± 1.0 % and 5.7 ± 1.4 %,
respectively). By day 28, the average diameters of the microvessels in
both groups were comparable (ca. 9–10 μm) and in the range of human
capillaries [26]. As depicted in Fig. 3B, MSC exhibited well-defined
F-actin stress fibers in both groups, and EC (VWFpos cells) expressed
vascular endothelial cadherin (VE-CAD), which is essential for the
cohesion of intercellular junctions and formation of endothelial struc-
tures [27,28]. The VE-CAD and VWF markers co-localized with nearly
100 % overlap, meaning that nearly all EC were expressing VE-CAD.

To characterize microvessel maturation, we assessed the presence of
collagen type IV (COL IV), a key component of the basal lamina, and
perivascular cells (αSMApos), which are crucial for capillary stabilization
[29,30]. In both the ECþMSC and EC→MSC groups, COL IV expression
exhibited a well-defined pattern around the CD31pos tubular structures,
with high degree of co-localization between the two markers, as mapped
in a microvessel cross-section (Fig. 4A). Fig. 4B depicts a 3D projection
of the microvascular structures, clearly showing the formation of
interconnected networks, enveloped by a layer of COL IV (Fig. 4Bi and
Bii). The COL IV was distributed very close to the CD31pos microvessels,
with a significant degree of volumetric overlap (Fig. 4Biii and Biv).
Additionally, these mature microvessels were fully lumenized (Fig. 4Bv
and Supplementary video 2). In contrast, theMSC→EC group displayed
a random COL IV distribution (Fig. S4), which is consistent with
microvessels regression over time. Some αSMApos cells were detected

Fig. 4. Microvascular networks are stabilized by collagen type IV and perivascular cells. (A) Representative confocal microscopy images of EC+MSC and
EC→MSC at 28 days of co-culture highlighting COL IV production (pseudo-colouring of DNA, F-actin, CD31, and COL IV). Graphical representation of COL IV and
CD31 dual staining along a 40 μm distance (identified by the arrows) perpendicular to the microvessel in the zoomed-in areas (i) and (ii). (B) 3D projections of
EC+MSC and EC→MSC groups at 28 days of co-culture showing the produced COL IV surrounding the microvessels’ network (i) and (ii) zoomed-in areas depicting
the COL IV outline, (iii) shortest distance and (iv) overlap volume ratio of produced COL IV to the microvessels in the depicted images, and (v) cross-section of the
microvessel at the positions identified by the white line in (ii) showing lumens. (C) Representative confocal microscopy images of EC+MSC and EC→MSC at 28 days
of co-culture highlighting αSMA expression (pseudo-colouring of DNA, F-actin, CD31, and αSMA). Z-projections and 3D projections have a total depth of at least 80
μm. Scale bars: 100 μm; scale bars of zoomed-in areas and insets: 10 μm).
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wrapping the capillary-like structures in the ECþMSC and EC→MSC
groups (Fig. 4C), but not in the MSC→EC group (Fig. S4). This suggest
that some MSC adopted a pericyte-like phenotype, contributing to
microvessel maturation and stability in the ECþMSC and EC→MSC
groups.

3.3. Microvascular network formation under osteoinductive conditions

The 300PEOT55PBT45 formulation used herein has been extensively
investigated for bone tissue engineering [13,15]. Therefore, we set out
to investigate whether the hybrid 3D system could support both
microvascularization and MSC osteogenic differentiation, which are
concurrent processes during bone formation. First, we evaluated the
ability of MSC to undergo osteogenic differentiation in pro-angiogenic
medium supplemented with osteoinductive factors (EGM-2:OM), as
this is not a standard osteogenic formulation. To this end, we analysed
the expression of classical bone differentiation markers (COL I, ALP
activity, mineralization) by qualitative histochemical analysis. After 28
days of culture and for all experimental groups, the hybrid 3D systems

were filled with a COL I-rich matrix (Fig. S5), which was mineralized, as
indicated by the presence of dark brown nodules (von Kossa staining),
and cells were expressing high levels of ALP activity (pink) (Fig. 5A).
Notably, osteogenic differentiation also occurred under basal conditions
(Fig. S5), i.e., in pro-angiogenic medium without osteoinductive factors
(EGM-2:BM), likely due to the presence of EC, which are known to
stimulate MSC osteogenic differentiation [21].
Next, we characterized the microvascular networks that were formed

inside hybrid 3D systems under osteoinductive conditions (EGM-2:OM).
The EC→MSC group yielded the best results, with less (ECþMSC) or no
networks (MSC→EC) being detected in the other groups (Fig. 5B and C,
S6, S7 and S8). There were no significant differences in metabolic ac-
tivity across the three experimental groups, nor any significant increase
over time within each group (Fig. 5C), which is consistent with the arrest
of cell growth typically observed during differentiation [21]. The
microvessels density in the EC→MSC group was higher than in the
ECþMSC group (Fig. 5C and Fig. S6), with values of 7.6 ± 1.7 % vs. 0.4
± 0.3 % at day 14 and 6.1 ± 1.2 % vs. 1.0 ± 0.7 % at day 28, slightly
below those observed in EGM-2 medium (Fig. 3A), although their

Fig. 5. The hybrid 3D system supports MSC osteogenesis and the cell seeding regimen impacts microvessel formation under osteoinductive conditions.
(A) Representative images of the different groups after 28 days of co-culture (last 21 days in osteoinductive media) stained for ALP activity (pink stain) and
mineralization (phosphate-rich compounds deposition, represented by dark brown aggregates). (B) Representative confocal microscopy images of the three co-
culture experimental groups at 28 days of co-culture in osteoinductive media. Pseudo-colouring of DNA, F-actin, and CD31. Z-projections have a total depth of at
least 100 μm. Scale bars: 200 μm. (C) Metabolic activity of the co-culture, microvessels density, and corresponding alignments diameters. Statistically significant
differences are identified with ** (p < 0.01). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of
this article.)
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diameters were comparable (ca. 10 μm).
Fig. 6 presents a more detailed analysis of the microvascular net-

works formed in the EC→MSC group cultured in EGM-2:OM, which
presented the best outcome. Similar to that previously observed
(Fig. 4A), the VWFpos endothelium in microvessels expressed VE-CAD,
with the two markers showing high level of overlap (Fig. 6A). The
microvessels were enveloped by COL IV, indicating the presence of a
basement membrane around the endothelial layer (CD31pos) across a
great extension of the network, which presented a hollow structure
(Fig. 6B). Perivascular αSMA-positive cells were also detected in the
vicinity of the microvessels (Fig. 6C). Overall, the EC→MSC group
provided the most favourable condition for the in vitro formation and
maturation of microvascular structures under bipotential pro-
angiogenic and osteoinductive conditions.

3.4. Preliminary evaluation of the in vivo behaviour of pre-vascularized
hybrid systems

Hybrid 3D systems seeded using the EC→MSC and ECþMSC ap-
proaches, both of which presented mature microvascular beds, were
subcutaneously implanted in immunodeficient mice for a preliminary
assessment of microvessel stability. While samples retrieved at day 7
(Fig. S9A) showed minimal blood vessel infiltration and host tissue
ingrowth (Fig. S9B), constructs retrieved at day 14 were visibly vascu-
larized and colonized by host cells (Fig. 7A). Histological analysis
confirmed the infiltration of lumenized perfused vessels, filled with
blood cells, within the 3D construct pores (Fig. 7B, arrow heads). This
occurred at similar extent in both groups by day 14 (ECþMSC: 14.6 ±

5.7 and EC→MSC: 14.6 ± 6.2, average ± standard deviation, N = 6,
Fig. 7C). The pectin hydrogel (orange staining), which was inside the
pores when the construct was implanted, was partially replaced by

Fig. 6. EC→MSC seeding regimen shows microvascular maturation under osteoinductive conditions. Representative confocal microscopy images of the
EC→MSC group at 28 days of co-culture in EGM-2:OM. (A) Pseudo-colouring of DNA, F-actin, and VWF (left); VE-CAD and VWF (centre); Graphical representation
along a 15 μm distance (identified by the arrow) perpendicular to the microvessel of dual staining of VE-CAD and VWF from zoomed-in area (i) and overlap volume
ratio to VE-CAD with VWF-stained microvessel segments in the depicted images. (B) Pseudo-colouring of DNA, F-actin and CD31 (top); COL IV and CD31 (bottom);
Graphical representation along a 40 μm distance (identified by the arrow) perpendicular to the microvessel of dual staining COL IV and CD31 from zoomed-in area
(ii). 3D projection showing the perimeter line of produced COL IV surrounding the microvessels proximity, and cross-section of the microvessel lumen at the position
highlighted in white shown in the inset showing the lumen. Overlapped volume ratio and shortest distance of produced COL IV to the CD31-stained microvessels in
the depicted images. (C) Pseudo-colouring of DNA, F-actin and CD31 (top); αSMA and CD31 (bottom). Z-projections and 3D projections have a total depth of at least
80 μm. Scale bars: 100 μm; scale bars of zoomed-in areas and inset: 10 μm).
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newly formed tissue (green/blue staining), as previously observed [9].
Confocal imaging of whole-mounted samples from both experimental
groups revealed the presence of human microvascular networks, iden-
tified using an antibody against human CD31, within the pores of the
hybrid 3D systems at day 7 (Fig. S9C). These networks persisted until
day 14 (Fig. 7D). In our experimental setup, lectin was injected into the
tail of each live mouse before sample retrieval to label the endothelium
of perfused vessels. The lower magnification images in Fig. S10 provide
an overview of the scaffolds, showing perfused vessels with larger di-
ameters (lectinpos, in green) close to smaller microvessels (CD31pos, in
red). The higher magnification images in Fig. 7E offer a more detailed
view, showing that some microvessels, which stained strongly for
anti-human CD31 (blue arrows) in contrast to other lectinpos micro-
vessels (yellow arrows), also exhibited lectin-stained endothelium.

While this is a preliminary qualitative assay, it suggests that some
implanted human microvessels have inosculated (i.e., connected and
integrated) with the host vasculature.

4. Discussion

In this study, we used a hybrid 3D system, composed of a hydrogel
structurally reinforced with a fibrous scaffold with tailored micro-
architecture, to direct microvascular network formation, a critical pro-
cess in tissue engineering [4–6]. For the hydrogel component, we used
pectin, a versatile polysaccharide that, like alginate, undergoes ionic
crosslinking under mild conditions [9]. A key difference between the
two polymers is that pectin has a branched structure, rather than linear
chains, resulting in the formation of 3D networks with a larger mesh size

Fig. 7. Preliminary in vivo analysis of implanted pre-vascularized 3D hybrid systems. (A) Photographs of the implanted 3D hybrid structures of groups
EC+MSC and EC→MSC upon retrieval (14 days of implantation). (B) Histological sections of the samples (groups EC+MSC and EC→MSC) retrieved after 14 days of
implantation stained with Safranin-O/Light Green (scale bars: 500 μm; scale bars of zoomed-in areas: 100 μm). The arrows on the zoomed-in areas (right) identify the
presence of blood cells inside lumenized microvessels. (C) Number of blood-perfused vessels per section of the pre-vascularized implants on day 14 (N = 6, sta-
tistically non-significant difference between groups). (D) Representative confocal microscopy images of EC+MSC and EC→MSC groups after 14 days of implantation.
Pseudo-colouring of DNA, CD31, COL I, and scaffolds (top) and CD31 and COL I (zoomed-in area on the bottom), highlighting the presence of vascular structures
(scale bars: 200 μm). (E) Pseudo-colouring of CD31 (red) and lectin (green) staining and the corresponding individual staining (scale bars: 100 μm). (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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[9]. Notably, even though the pectin backbone is not susceptible to
proteolytic degradation by mammalian enzymes, the larger mesh size
allows embedded MSC to mechanically remodel the matrix, facilitating
cell spreading, migration, and the formation of multicellular networks
[9]. This behaviour is not observed in more densely packed alginate
hydrogels, where 3D cultured cells are constrained by the nanometric
mesh size, remaining essentially round [7,31]. However, as shown here,
pectin hydrogels do not support microvessel formation, which is a more
complex and lengthy process, even when adhesive ligands are present.
While the exact reasons are not fully understood, one possible expla-
nation is that the traction forces exerted by co-cultured MSC on the
matrix as they spread and interconnect lead to hydrogel contraction [9],
resulting in increased matrix density. This creates a more restrictive 3D
microenvironment that may hinder EC migration and organization. EC
also failed to assemble into microvessels when cultured on the
PEOT/PBT fibrous scaffolds, which have been widely investigated for
tissue engineering applications [13–15]. Although the seeded EC were
able to adhere to the surface of the fibers, they formed monolayers
instead of tubular structures. This outcome is likely due to the absence of
a true 3D microenvironment, which is typically provided by hydrogels.
In the hybrid system, the PEOT/PBT fibrous scaffold improved the

structural integrity and mechanical support of the 3D construct, pre-
venting excessive contraction of the pectin hydrogel. Moreover, the
presence of stiffer and oriented fibers within the soft and isotropic pectin
hydrogels provided physical/spatial cues for cell contact-guidance,
promoting the directed migration of gel-embedded cells toward the
scaffold fibers. While this hybrid configuration creates a distinct inter-
face between areas of different stiffness and topography, rather than
continuous gradients, these differences may still be sensed by the gel-
embedded cells through durotaxis and/or topotaxis mechanisms [32].
Durotaxis underlies cell migration from low to high stiffness regions,
where the increased strain on nascent adhesions triggers the formation
of mature focal adhesion complexes that provide stronger anchorage,
while topotaxis underlies cell migration along gradients of topograph-
ical features such as fibers [32]. Therefore, in our setup, the observed
outcome likely resulted from a combination of these two mechanisms.
To better elucidate the underlying mechanisms, future studies could
focus on mapping spatial variations in mechanosensing and cytoskeletal
dynamics relative to cell positioning within the hybrid system. Our
observations are consistent with prior 3D studies, where EC formed
geometrically oriented networks within hydrogels reinforced with
fibrous scaffolds of tailored architecture, but not within the hydrogels
alone [33]. With time, the deposition of cell-derived ECM along the fi-
bers may have also contributed to modulating the development and
spatial arrangement of the microvascular structures. Similarly, it was
previously observed that angiogenic sprouting from EC spheroids aligns
in response to ECM fibrils alignment [26].
In the hybrid system, EC were only able to self-assemble into stable

vascular networks in the presence of MSC. This finding suggests that the
physical cues provided by the combination of the two scaffolds syner-
gized with the co-culture effect. Several studies have shown that sup-
porting stromal cells, such as MSC, are critical for the formation and
stabilization of nascent blood vessels [17,34–39]. In vitro, MSC have
been shown to promote and support the self-assembly of EC into
vessel-like networks, both indirectly through the secretion of soluble
factors and ECM, and directly via cell-cell contact [35,36]. Our study
confirms these previous observations. Regardless of the co-culture
regimen, provisional endothelial structures in the hybrid system were
formed in less than 7 days, but their maturation into stable microvas-
cular networks was clearly dependent on the mode/sequence of addition
of each cell type. The controlled incorporation of different cell types into
engineered constructs, designed to replicate the temporal dynamics of
tissue repair, has proven to be an effective strategy for enhancing bio-
logical outcomes [17]. However, the cell seeding protocol needs to be
optimized for each new application and scaffold design [40]. For
example, using a two-step protocol, Qian et al. showed that MSC seeding

on an aligned ECM nanofibrous scaffold followed by EC seeding resulted
in highly oriented microvessels [41]. Similarly, Krattiger et al. demon-
strated that adding EC to a synthetic PEG hydrogel, decorated with
cell-adhesive and protease-sensitive peptides and pre-seeded with MSC
led to the formation of complex capillary networks [42]. In our system,
by contrast, theMSC→EC set-up resulted in the formation of only a few
microvessels that eventually regressed. The dense layer of MSC and their
ECM covering the surface of the fibers [13], may have interfered with
the hydrogel-embedded EC’ ability to adhere to the scaffold and/or
sense the underlying physical cues. While a direct comparison with our
system is not straightforward, a previous study where EC and MSC were
co-seeded in a hybrid system also showed that the accumulation of cells
on the scaffold’s surface hindered vascular development [16].
The most robust microvascular networks were observed in the

EC→MSC group, where EC were initially seeded on the fibrous scaffolds,
followed by the addition of gel-embedded MSC on top of the endothe-
lialized scaffold. In this scenario, the EC adhered directly to the scaffold
surface forming endothelial layers, and the hydrogel provided the
necessary 3D framework for these structures to further develop into
oriented microvascular networks at the fiber-hydrogel interface. This
setup promoted the formation of well-organized and uniformly distrib-
uted vascular networks, with an initial morphology that followed the
fibers geometry with high fidelity. This process was less efficient in the
ECþMSC, where EC were first embedded in the hydrogel and only then
added to the system. In this case, cells may have sensed the fibers’
stiffness/topography, as already discussed, but they had to migrate
through the hydrogel before reaching the fibers. The late addition of
MSC in the EC→MSC compared to ECþMSC groupmay have also played
a beneficial role in the microvascularization process, as previously
observed. For instance, McFadden et al. [16] cultured EC alone or
together with MSC, in various co-culture arrangements, by adding MSC
at different stages to EC pre-seeded scaffolds. They found that the
delayed addition of MSC to pre-assembled EC networks, which is similar
to our EC→MSC group, resulted in a more robust pre-vasculature in vitro
and increased in vivo vascularization potential. Using porous scaffolds
of defined geometries filled with fibrin, Szklanny et al. [33], also tested
different seeding protocols and showed that only the EC→SC (supportive
cells) resulted in an organized vessel network. In contrast, the SC→EC
and SC+EC protocols resulted in EC clustering, followed by thinning and
rearranging in less developed vessels. As suggested, the delayed addition
of MSC more closely mimics the natural spatio-temporal pattern of
vessel formation, where EC initially assemble into provisional tubular
structures that are later stabilized by the recruitment of perivascular
cells [43]. One distinctive feature of our work, compared to most studies
in the literature that utilize protein-derived hydrogels, is our ability to
construct robust microvascular networks using pectin as the hydrogel
component, which is a much less conducive polymer and lacks biolog-
ical cues inherently present in those materials.
In both EC→MSC and ECþMSC groups, the presence of MSC

contributed to the maturation of the neo-capillaries and prevented their
regression, consistent with previous findings by others [17,34–38]. As
discussed above, apart from their paracrine activity (not assessed
herein), MSC also produced ECM (presence of COL I), and acted as
pericytes to the nascent vessels (presence of αSMApos cells), which
together promoted microvessel stabilization [30]. With time, the
capillary-like structures oriented along the fibers tended to partially
disengage from the scaffold, further developing throughout the
hydrogel-filled scaffold pores. The diameters of the microvascular
structures detected after 14 and 28 days of culture fell within the range
of human microcapillaries (5–10 μm) [26].
While the ability to promote vascularization of cell-laden 3D con-

structs is broadly relevant for tissue engineering applications,
300PEOT55PBT45 scaffolds have been specifically investigated for bone
tissue engineering due to their intermediate degradation rate and good
adhesion to existing bone [14,15]. Additionally, we previously demon-
strated that these scaffolds provide a suitable substrate for MSC
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osteogenic differentiation [13]. Therefore, as a preliminary evaluation
of the potential application of the hybrid 3D system in vascularized bone
tissue engineering, we explored the feasibility of inducing micro-
vascularization alongside MSC differentiation into osteoblasts. This is
not trivial, as previous research has shown that when osteogenic media
is used at the onset of the co-culture period, it may hinder the formation
of EC networks [16,17]. Based on previous studies [16,17], we induced
osteogenesis after inducing vascular development and confirmed that
MSC were able to differentiate along the osteoblastic lineage in all
groups. Interestingly, this also occurred under basal conditions (EGM-2:
BM), which may possibly be explained by the well-known stimulatory
effect of EC on MSC osteogenesis [44–48]. This is in line with previous
research where co-cultures were established in hybrid systems [23,49],
and the underlying mechanisms involved in this cellular crosstalk have
been recently reviewed [50]. So, in this experimental set-up, MSC play
two key roles: acting as bone progenitor cells by forming mineralized
tissue and as supporting cells by stabilizing the vascular networks.
Notably, culture under osteoinductive conditions – similar to those
present in a bone implantation scenario – did not hinder the develop-
ment of provisional endothelial structures into mature and stable
microvascular beds. The best results were again obtained using the
EC→MSC protocol, i.e., with delayed addition of MSC to the system.
While further validation is needed, our results suggest that
pre-vascularized hybrid 3D systems hold potential for use in bone repair
applications.
We then did a preliminary assessment of microvessel stability in

implanted hybrid 3D systems, which were pre-vascularized using the
EC→MSC and ECþMSC protocols, as both resulted in the formation of
mature microvascular networks. Previous studies have demonstrated
that extending the in vitro culture of pre-vascularized 3D constructs
enables the formation of more structured vascular beds, which allows for
better vascular integration upon implantation [51]. Therefore, while
microvessels formed within the first week of culture, the hybrid 3D
systems were maintained in culture for two weeks before being subcu-
taneously implanted in mice for 7 and 14 days. After 14 days in vivo, the
constructs demonstrated significant pro-angiogenic potential, evidenced
by their ability to recruit and support the ingrowth of blood-perfused
host vessels, and there were no significant differences between the
two groups. This is central for successful integration with the host tissue,
as it facilitates the establishment of functional connections, i.e. inoscu-
lation, between the implanted microvascular networks and the native
vasculature. On the other hand, the persistence of anti-human CD31pos

capillaries within the pores of the fibrous scaffolds after two weeks of
implantation further demonstrates their stability. Furthermore, the
co-localization of anti-human CD31pos microvessels and lectin, used
here as a marker for perfused vessels, suggests that some of the
implanted capillaries were able to inosculate with the host vasculature.
While this was only a preliminary qualitative evaluation, and future
studies are needed to accurately quantify the extent of human micro-
vessels’ integration, this finding provides an additional indicator of the
implanted microvessels’ stability.

5. Conclusions

The hybrid 3D system, combining RGD-modified pectin hydrogels
with PEOT/PBT fibrous scaffolds guided the organization of EC, co-
cultured with MSC under optimized conditions, into stable microvas-
cular beds. The combination of the two types of scaffolds with com-
plementary features provided an adequate physical-biochemical
microenvironment for the formation of highly oriented microvessels.
These presented well defined lumens and were supported by a basement
membrane and pericyte-like cells, demonstrating long-term stability,
both in vitro and in vivo. Additionally, the hybrid 3D system supported
MSC osteogenic differentiation along withmicrovessels formation. Upon
in vivo transplantation, the hybrid 3D system was invaded by host
vessels, and the human microvessels persisted for up to two weeks.

Overall, our results demonstrate the potential of pre-vascularized hybrid
systems with tailored structure to serve as tissue engineering constructs
with stable microvascular beds, holding promise for regenerative
medicine.
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