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Biomaterials are increasingly used for in situ vascular tissue engineering, wherein resorbable ﬁbrous
scaﬀolds are implanted as temporary carriers to locally initiate vascular regeneration. Upon implantation,
macrophages inﬁltrate and start degrading the scaﬀold, while simultaneously driving a healing cascade via
the secretion of paracrine factors that direct the behavior of tissue-producing cells. This balance between
neotissue formation and scaﬀold degradation must be maintained at all times to ensure graft functionality.
However, the grafts are continuously exposed to hemodynamic loads, which can inﬂuence macrophage
response in a hitherto unknown manner and thereby tilt this delicate balance. Here we aimed to unravel
the eﬀects of physiological levels of shear stress and cyclic stretch on biomaterial-activated macrophages,
in terms of polarization, scaﬀold degradation and paracrine signaling to tissue-producing cells (i.e. (myo)
ﬁbroblasts). Human THP-1-derived macrophages were seeded in electrospun polycaprolactone bis-urea
scaﬀolds and exposed to shear stress (∼1 Pa), cyclic stretch (∼1.04), or a combination thereof for 8 days.
The results showed that macrophage polarization distinctly depended on the speciﬁc loading regime
applied. In particular, hemodynamic loading decreased macrophage degradative activity, especially in
conditions of cyclic stretch. Macrophage activation was enhanced upon exposure to shear stress, as evidenced from the upregulation of both pro- and anti-inﬂammatory cytokines. Exposure to the supernatant
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of these dynamically cultured macrophages was found to amplify the expression of tissue formation- and
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remodeling-related genes in (myo)ﬁbroblasts statically cultured in comparable electrospun scaﬀolds.
These results emphasize the importance of macrophage mechano-responsiveness in biomaterial-driven
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vascular regeneration.

1.

Introduction

Replacing damaged small-diameter arteries (e.g. peripheral
arteries and arteriovenous shunts) using biomaterial-based
grafts remains notoriously challenging as they often lack the
required structure–function properties to guarantee long-term
patency. To better emulate the performance of autologous conduits, synthetic vascular implants (e.g. scaﬀolds) are developed
that exploit the regenerative potential of the host.1,2 This
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approach, also known as in situ tissue engineering, hinges on
the use of acellular, often synthetic, biodegradable scaﬀolds
that provide a temporary instructive environment to support
the formation of a living and functional neotissue at the locus
of implantation. When implanted, the scaﬀold directly takes
over tissue functionality, while simultaneously directing cellular infiltration, extracellular matrix (ECM) deposition and subsequent remodeling of the deposited ECM components to
develop native structure–function properties.1,2 Importantly, as
the tissue regenerates, the scaﬀold should resorb in a controlled fashion in order to ensure sustained graft functionality,
adequate mechanical stimulation of the scaﬀold-residing cells
and concomitant maturation of the newly deposited tissue.
Too quick degradation may result in impaired healing and loss
of structural integrity, while prolonged scaﬀold presence
might contribute to chronic inflammation and pathological
tissue formation (e.g. scarring); all ultimately resulting in graft
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failure. As such, in situ tissue engineering places high
demands on scaﬀold design and the biomaterials used.
Macrophages are the crucial conciliators in wound healing
as well as the foreign body response to implanted
biomaterials.3–7 Consequently, macrophages are considered to
be one of the directing cells in in situ vascular tissue engineering wherein they control both biomaterial degradation as well
as tissue repair and regeneration, especially during the initial
stages of regeneration.1 By synthesizing large amounts of
degrading hydrolytic enzymes and/or reactive oxygen species
(ROS), macrophages actively contribute to enzyme-catalyzed
hydrolytic as well as oxidative scaﬀold degradation.8–11 In parallel, they secrete various bioactive paracrine factors (e.g. cytokines and growth factors) that control the behavior of tissueproducing cells (e.g. cellular attraction, migration, proliferation, and diﬀerentiation) and eventual ECM deposition and
remodeling.5,12–14 Which factors are secreted is determined by
the macrophage phenotypical state, which in turn depends
on the phase of tissue repair and the cellular
microenvironment.6,7 Herein, a rough division can be made
between the pro-inflammatory M1 phenotype, important for
host-defense, and the anti-inflammatory M2 phenotypes (e.g.
M2a, M2b and M2c), that are involved in wound healing and
immune regulation.6,7 The M1/M2 ratio is widely accepted as a
predictive measure for the long-term tissue outcome.5,15 Yet,
macrophages are plastic and may reverse their behavior as
environmental circumstances change (e.g. due to biochemical,
topographical, mechanical cues).5 Moreover, macrophage-biomaterial interactions typically result in mixed macrophage
phenotypes, expressing both pro- and anti-inflammatory
markers simultaneously,16,17 underlining the importance of
including functional read-outs to better predict graft
performance.
Another critical parameter in macrophage-directed tissue
regeneration is the dynamic biomechanical environment (i.e.
blood-flow-induced shear stress and blood-pressure-driven
cyclic stretch). As the scaﬀold degrades and neo-tissue develops, hemodynamic loading on the scaﬀold-populating cells
will change in a time-dependent fashion.1,18 This mechanical
loading has been shown to directly aﬀect biomaterial degradation kinetics.19 In addition, hemodynamic loads have been
identified as important determinants of tissue regeneration
and are known to dictate the structure–function properties of
the newly formed tissue.1,12,20–22 From an immunological perspective, increasing wall shear stresses can also influence cell
adhesion as well as cell apoptosis.23–25 Moreover, cyclic stretch
is identified as an important mediator of monocyte-to-macrophage diﬀerentiation and results in diﬀerential expression of
multiple degradative and bioactive compounds.26–28
Whereas the mechano-responsiveness of the macrophage is
increasingly recognized,29 little is known on the individual
and combined eﬀects of shear stress and cyclic stretch on
macrophage phenotype and its consequent tissue stimulatory
and degradative potential in scaﬀolds. Therefore, we aimed to
systematically delineate the eﬀects of physiological shear
stress and cyclic stretch on early macrophage polarization,
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macrophage-driven biomaterial degradation and its related
paracrine signaling to (myo)fibroblasts. To this end, THP-1derived human macrophages were seeded into 3D electrospun
biodegradable poly-caprolactone-bis-urea (PCL-BU) tubular
scaﬀolds and exposed to either shear stress (∼1 Pa), cyclic
stretch (∼1.04) or a combination of both (∼1 Pa shear stress
+∼1.04 cyclic stretch) for 8 days. In parallel, human (myo)fibroblasts were seeded in similar scaﬀolds and exposed to the
macrophage-conditioned media for 8 days to investigate the
indirect eﬀects of alterations in macrophage secretory profile
on neotissue formation. Our results reveal distinct eﬀects of
shear stress, cyclic stretch and the combination thereof on
both the macrophage phenotype and secretory profile and the
downstream phenotype of (myo)fibroblasts.

2. Experimental section
2.1

Experimental outline

The study was divided into three parts. In the first part, cellfree experiments with solely fibrin-seeded tubular electrospun
PCL-BU scaﬀolds were performed to assess the eﬀect of physiological hemodynamic loading on the chemical and physical
integrity of the scaﬀold using a custom-made bioreactor.22
PCL-BU was chosen as the biomaterial of interest as it belongs
to a class of elastomeric thermoplastic materials that is susceptible to enzymatic and oxidative degradation11 and has demonstrated its potential for in situ cardiovascular tissue engineering applications.30–34 Secondly, human THP-1 derived monocytes were seeded in comparable scaﬀolds (using fibrin as a
cell carrier), stimulated to become macrophages and exposed
to physiological loading conditions (shear stress, cyclic stretch
or a combination thereof ) for 8 days in the bioreactor.
Statically cultured macrophage-seeded tubular scaﬀolds were
included as experimental controls. Samples were evaluated
with respect to macrophage phenotype (in terms of gene and
protein expression) and macrophage degradative potential
(quantified as oxidative stress and resorbed mass of the
scaﬀolds). Simultaneously, macrophage-conditioned media
were collected at day 4 and day 8 and used to determine
protein content. The third part of the study was aimed at evaluating the paracrine tissue stimulatory and remodeling eﬀects
of the hemodynamically loaded macrophages on human (myo)fibroblasts, in terms of cell proliferation, phenotype and ECMrelated gene expression. To that end, human (myo)fibroblasts
(human vena saphena cells, HVSCs) were seeded in PCL-BU
scaﬀolds (using fibrin as a cell carrier), cultured and exposed
to the conditioned media of the statically and dynamically cultured macrophages for 8 days. HVSCs-seeded scaﬀolds that
were exposed to unconditioned medium were included as controls. Samples were processed for further analyses at day 4
(HVSCs samples) and/or day 8 (macrophage and HVSCs
samples) to correlate hemodynamic load-directed macrophage
behavior to biomaterial degradation and tissue regeneration.
All experiments were performed at least twice to verify
reproducibility.
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2.2

Scaﬀold fabrication and characterization

Scaﬀold tubes (macrophage samples) or sheets (HVSCs
samples) were electrospun from 15% (w/w) bis-urea-modified
poly(ε-caprolactone) (PCL-BU, SyMO-Chem, Eindhoven, The
Netherlands) and 85% (w/w) chloroform (Sigma; 372978)
polymer solutions. The solutions were transferred (flow rate:
40 μL min−1) through a charged needle (16 kV) towards a negatively charged, rotating 3 mm ∅ mandrel or 35 mm ∅ mandrel
(−1 kV, 500 rpm or 100 rpm, needle-mandrel distance: 16 cm)
in a climate-controlled cabinet (23 °C and 30% humidity,
IME Technologies, Geldrop, The Netherlands). After spinning,
scaﬀolds were dried under vacuum overnight to remove
solvent remnants. Table 2 provides an overview of the chemical
properties of the used PCL-BU electrospun material. Scaﬀolds
were imaged with scanning electron microscopy (SEM) (low
vacuum, 10 kV electron beam, Quanta 600F; FEI, Hillsboro,
OR) to assess the microarchitecture (i.e., fiber morphology,
diameter, pore size, and distributions). The average fiber diameter and pore size were determined by 30 individual
measurements of randomly chosen fibers/pores in two representative images of a scaﬀold tube or sheet using Image J software (U.S. National Institutes of Health, Bethesda, MD, USA).
Before cell seeding, tubular scaﬀolds were mounted onto silicone tubing, sterilized by UV exposure (30 min per side),
wetted in demineralized water, and incubated in
THP-1 medium (Roswell Park Memorial Institute-1640
(RPMI-1640, Gibco, ref A10491) supplemented with 10% fetal
bovine serum (FBS, Greiner, Alphen aan den Rijn, The
Netherlands) and 1% penicillin/streptomycin (P/S, Lonza,
Basel, Switzerland; DE17-602E)) overnight at 37 °C to allow for
protein adsorption. Similarly, UV-sterilized electrospun sheets
were cut in 10 × 10 mm scaﬀolds and incubated in HVSCs
medium (advanced Dulbecco’s modified Eagle’s culture
(a-DMEM; Gibco), enriched with 10% FBS, 1% GlutaMax
(Gibco; ref 35050), and 1% P/S).
2.3

Cell culture

2.3.1 THP-1 monocytes and HVSCs. Human monocytes
(THP-1) were cultured and expanded using a standard cell
culture incubator (37 °C, 5% CO2) in THP-1 medium according
to supplier’s instructions. After initial expansion, cells were
frozen in liquid nitrogen using DMSO-enriched freezing
medium (10% DMSO). Prior to the experiments, cells were
thawed and expanded to reach the required cell number.
Medium was refreshed three times a week to keep cell densities consistent (0.5–1.5 × 106 cells per mL of medium).
HVSCs from the saphenous vein were obtained from a
human donor after coronary by-pass surgery in accordance to
the “Code Proper Secondary Use of Human Tissue” developed
by the Federation of Medical Societies (FMWV) in the
Netherlands. Conform the Dutch medical scientific research
with human subjects act (WMO), secondary usage of patient
material does not require assessment by a Medical Ethics
Examination Committee. Nevertheless, informed consent was
obtained from patients, stored by the physician involved and
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the tissues were handed over anonymously, without any
patient-specific information except for gender and age, to
warrant patient privacy. The HVSCs were isolated conform
standard protocols.35 Cells were expanded in HVSCs medium
in a standard cell culture incubator (37 °C, 5% CO2). Culture
medium was renewed every 3–4 days and the cells were passaged at 80% confluency.
2.3.2 Cell seeding. Prior to cell seeding, culture medium
was removed and either THP-1 monocytes (250 × 106 cells per
cm3; passage 9–10 after thawing) or HVSCs (15 × 106 cells per
cm3; passage 6) were carefully seeded on the tubular or rectangular PCL-BU scaﬀolds respectively using fibrin as a cell
carrier.36 In short, cells were suspended in a mixture of fibrinogen (bovine, 10 mg mL−1, Sigma; F8630) and thrombin
(bovine, 10 IU mL−1, Sigma; T4648) and homogeneously
dripped over the rectangular scaﬀold surface or over the full
length of the tubular scaﬀold on both sides. The suspension
was allowed to enter the scaﬀold and polymerize (30 min) in a
general cell incubator (37 °C, 5% CO2).
2.3.3 Diﬀerentiation and dynamic culture of macrophages.
After fibrin polymerization, each monocyte-seeded scaﬀold
was transferred to a 15 mL tube containing 10 mL of
50 ng mL−1 phorbol 12-myristate 13-acetate (PMA, Sigma
Aldrich, P8139)-enriched THP-1 medium to stimulate monocyte-to-macrophage diﬀerentiation for 2 days. Subsequently,
PMA enriched medium was removed and replaced with
THP-1 medium for 24 h. After the 24 h incubation period, the
macrophage-seeded tubular scaﬀolds (n ≥ 6 samples per
group) were mechanically stimulated for 8 days. To this end,
flow chambers were mounted and connected to pumps to
generate cyclic stretch (∼1.04 at 0.5 Hz) and shear stress
(∼1 Pa) as previously described.22 These values were chosen as
physiologically relevant levels of loading, which are to be
expected when these scaﬀolds are exposed to the hemodynamic loading conditions when implanted as small-diameter
peripheral arterial replacements in humans.
2.3.4 Paracrine stimulation of HVSCs. HVSCs-seeded
scaﬀolds were placed in a 6-well plate and after fibrin polymerization the scaﬀolds were cultured for 2 days in 4 ml per
scaﬀold HVSCs medium prior to paracrine stimulation. The
media from the mechanically stimulated macrophages were
collected at day 4 and 8 and centrifuged (150g, 5 min, 4 °C) to
remove cellular remnants. The conditioned supernatants were
pooled per experimental group, mixed in a 1 : 1 ratio with fresh
HVSCs medium and added to the HVSCs seeded PCL-BU
scaﬀolds (4 mL per sample, n = 6 scaﬀolds per group per timepoint). Samples that received a mixture of fresh cell culture
media (THP-1 medium : HVSCs medium (1 : 1)) were included
as a control.
2.4

Analyses

At day 4 (HVSCs) and day 8 (macrophages, HVSCs and cellfree), the scaﬀolds were collected, washed in phosphatebuﬀered saline (PBS, 2 × 5 s) and divided according to the predefined cutting scheme (ESI Fig. S1†). The samples were either
dried in vacuum overnight and stored at room temperature
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(cell-free), fixed for 15 minutes in 3.7% formaldehyde, followed by a PBS washing step (3 × 5 min) and stored at 4 °C
(macrophages and HVSCs), or snap-frozen in liquid nitrogen
and stored at −30 °C (macrophages, HVSCs and cell-free) for
further analysis. Macrophage number, morphology, phenotype, proliferation, and biomaterial degradation were assessed
by DNA analysis, Ki67 staining, qPCR, malondialdehyde
(MDA) quantification and scanning electron microscopy
(SEM), respectively. Media from the macrophage cultures were
collected, centrifuged (150g, 5 min, 4 °C) and supernatants
were stored at −30 °C to quantify protein content (ELISA). The
collected HVSCs samples were further processed to investigate
the eﬀects of the supernatants on HVSCs proliferation and
phenotype (Ki67 staining, qPCR, DNA analysis). The dried cellfree samples were examined on mass loss, fiber morphology
(SEM), and thermal behavior (diﬀerential scanning calorimetry
(DSC)). The −30 °C samples were further processed to determine the molecular weights (gel permeation chromatography
(GPC)).
2.4.1 DNA quantification. Macrophage and HVSCs samples
were lyophilized, weighed and photographed to determine the
surface area (mm2, analyzed using ImageJ) and disrupted
using a micro-dismembrator (Sartorius, Goettingen, Germany).
In short, samples were transferred to Nalgene cryogenic vials
(Thermo Scientific; 5000-0012) containing 3 mm ∅ beads
(Sartorius, Goettingen, Germany), snap-frozen in liquid nitrogen and disrupted in the micro-dismembrator (2 × 30 s at
3000 rpm). After disruption, papain-enriched digestion buﬀer
(100 mM phosphate buﬀer ( pH = 6.5), 5 mM L-cysteine
(C-1276), 5 mM ethylene-di-amine-tetra-acetic acid (EDTA,
ED2SS), and 140 μg mL−1 papain (P4762), all from SigmaAldrich) was added. Each sample powder was well-mixed in
500 μL of digestion buﬀer and transferred to a new Eppendorf
tube for digestion at 60 °C (16 h, Thermomixer Compact F 1.6
A, VWR). After digestion, samples were stored at 4 °C until analysis. Prior to DNA quantification, samples were vortexed and
centrifuged (12 000 rpm, 10 min) to mix and precipitate
scaﬀold remnants respectively. DNA content was quantified
using 10 μL (macrophages) or 20 μL (HVSCs) of the supernatant, the Qubit dsDNA broad range (macrophages) or high
sensitivity (HVSCs) assay kit, and the Qubit fluorometer (Life
Technologies) following manufacturer’s instructions.
2.4.2 Oxidative stress quantification: MDA assay.
Malondialdehyde (MDA) is a by-product of ROS-induced lipid
peroxidation and was quantified (MDA assay kit, Sigma
Aldrich, MAK085) in the macrophage samples as an indirect
measure of ROS production, oxidative stress and potential oxidative biomaterial degradation. To correct for potential variations in the size of the analyzed sample, as cutting was performed manually, the scaﬀold area (mm2) of each scaﬀold was
determined prior to analysis (ImageJ). After sample disruption,
as described in section 2.4.1, 300 μL of lysis buﬀer was added
to each sample powder, mixed properly, and incubated for
5 minutes on ice. Subsequently, the lysis buﬀer was transferred
to a new Eppendorf tube and centrifuged (10 min at 11 000
rpm) to precipitate insoluble particles. Of each sample, 200 μL
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of supernatant was mixed with 600 μL of thiobarbituric acid
(TBA) to form a fluorometric product. These products were
quantified in a microplate reader (Synergy HTX multimodereader, Biotek) using an excitation/emission wavelength of
532/553 nm. Obtained values were corrected for the average
DNA content per experimental group.
2.4.3 Gene expression profiles: qPCR. For RNA extraction,
macrophage and HVSCs samples were disrupted (see section
2.4.1) and lysed on ice for 5 minutes using RLT lysis buﬀer
containing β-mercaptoethanol (Sigma; M3148). RNA was isolated using the Qiagen RNeasy kit following supplier instructions including a 30 minutes DNAse incubation step (Qiagen;
74106) to remove genomic DNA contamination. After extraction, RNA quantity and purity were assessed with a spectrophotometer (NanoDrop, ND-1000, Isogen Life Science, The
Netherlands). RNA integrity was checked with gel electrophoresis. cDNA was synthesized in a thermal cycler ( protocol: 65 °C
(5 min), on ice (2 min) while adding the enzyme mixture,
37 °C (2 min), 25 °C (1 min), 37 °C (50 min), and 70 °C
(15 min)) starting from a 20 μL reaction solution containing
200 ng of RNA, 1 μL dNTPs (10 mM, Invitrogen), 1 μL random
primers (50 ng μL−1, Promega, C1181), 2 μL 0.1 M DTT, 4 μL 5×
first strand buﬀer, 1 μL M-MLV Reverse Transcriptase (RT)
(200 U μL−1, Invitrogen, 28025-013, Breda, the Netherlands)
and supplemented with RNAse-free ultra-pure water (ddH2O).
Genomic DNA contamination was checked with glyceraldehydes-3-phosphate dehydrogenase (GAPDH) primers, conventional PCR, and gel electrophoresis.
qPCR was executed to investigate the expression of genes
related to cell phenotype, tissue formation, remodeling and
ROS and enzyme production (Table 1) utilizing the primer
sequences listed in ESI Table 1.† CYC-1 (macrophages) and
GAPDH and B2M (the geometric mean, HVSCs) were used as
reference genes. Expression was investigated by adding
1000 nM (CYC-1, GAPDH, B2M) or 500 nM primer mix
(others), 5 μL SYBR Green Supermix (Bio-Rad; 170-8886), and
an additional 1.75 μL ddH2O to 3 μL of diluted cDNA (10×
diluted for the macrophages and 100× diluted for the HVSCs).
Ct values were acquired by exposing the mixtures to the following thermal protocol: 95 °C (3 min), 40 cycles of 95 °C (20 s),
60 °C (20 s), and 72 °C (30 s), 95 °C (1 min), and 65 °C (1 min),
concluded with a melting curve measurement. Diﬀerences in
expression profiles were determined by normalizing the Ct
values for the reference gene(s) (ΔCt), correcting these values
for the Ct value of the control (ΔΔCt) and applying the 2−ΔΔCt
formula to determine the fold changes in expression.
2.4.4 Protein quantification: ELISA. The protein secretion
profiles of the stimulated macrophages were determined at
day 4 and 8 (Table 1) using a multiplex immunoassay that
relies on the Luminex technology (Multiplex core facility of the
laboratory for Translational Immunology, UMC Utrecht, the
Netherlands). The supernatants were incubated with antibodyconjugated MagPlex microspheres, followed by one hour incubation with biotinylated antibodies and an additional
10 minutes incubation with high performance ELISA (HPE)
buﬀer diluted phycoerythrin-conjugated streptavidin. A
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Genes and proteins analysed via qPCR and multiplex ELISA

Protein

Symbol

Function

qPCR

Phenotypic markers
Cluster of diﬀerentiation 68
Monocyte chemoattractant protein 1
Chemokine (C–C motif) receptor 7
Tumor necrosis factor alpha

CD68
MCP-1
CCR7
TNF-α

Pan-macrophage marker
Chemotactic for monocytes/macrophages
Pro-inflammatory macrophage marker
Pro-inflammatory factor, stimulus for collagen production, inhibitor of
elastogenesis
Pro-inflammatory factor
Anti-inflammatory macrophage marker

x
x
x
x

Anti-inflammatory macrophage marker
Anti-inflammatory cytokine, inhibitor of collagen production
Anti-inflammatory factor, stimulus for collagen production
Anti-inflammatory factor; stimulus for collagen formation

x
x

Filament of the cytoskeleton involved in regulating cell shape,
movement and involved in cell contractility
Constitutes part of the cytoskeleton and is found exclusively in
contractile smooth muscle cells
Protein that is involved in the modulation and regulation of smooth
muscle cell contraction
Intermediate filament protein, part of the cytoskeleton, fibroblast
marker

x

Interleukin 6
Mannose receptor c, type 1
Cluster of diﬀerentiation 163
Interleukin 10
Interleukin 13
Transforming growth factor betaa

IL-6
CD206
(MRC-1)
CD163
IL-10
IL-13
TGF-β

Alpha smooth muscle actin

ACTA2

Smoothelin

SMTN

Calponin

CNN1

Vimentin

VIM

Tissue formation
Platelet derived growth factor-subunit
BB
Connective tissue growth factor
Collagen type I

PDGF-BB

Stimulus for collagen formation and cell proliferation

CTGF
COL1A1

Stimulus for collagen formation
Main structural load bearing protein of the extracellular matrix; most
abundant collagen type.
A fibrillar collagen; found frequently in association with type I collagen.
Enzyme involved in collagen and elastin crosslinking
Tropoelastin, one of the main components of the elastic fiber
Extracellular matrix protein that provides structural support for elastic
fibril formation
Extracellular matrix protein that provides structural support for elastic
fibril formation
Proteoglycan important in collagen fibril assembly
Proteoglycan important for cell adhesion, proliferation, diﬀerentiation
and migration. Proven important for elastic network formation

Collagen type III
Lysyl oxidase
Elastin
Fibrillin-1

COL3A1
LOX
ELN
FBN1

Fibrillin-2

FBN2

Decorin
Versican

DCN
VCAN

Remodeling
Matrix metalloproteinase 1
Matrix metalloproteinase 2
Matrix metalloproteinase 9

MMP-1
MMP-2
MMP-9

Metallopeptidase inhibitor 1
Metallopeptidase inhibitor 2
ROS and enzyme production
Nicotinamide adenine dinucleotide
phosphate-oxidase 2
Nuclear factor kappa-light-chainenhancer of activated B cells
Lipase A or cholesterol ester hydrolase
a

ELISA

x
x
x

x

x

x
x
x

x
x
x
x
x
x
x
x
x
x
x
x
x

TIMP-1
TIMP-2

ECM breakdown and remodeling
ECM breakdown and remodeling
Anti-inflammatory factor involved in extra-cellular breakdown and
remodeling
Inhibitor of MMP’s
Inhibitor of MMP’s

x
x
x
x

NOX2

Enzyme complex that contributes to ROS production

x

NFKB1

Involved in cellular responses to oxidative stress and cell survival

x

LIPA

Lysosomal enzyme

x

x
x

The inactive protein latency-associated peptide-transforming growth factor-beta (LAP/TGF-β) was quantified via ELISA.

FLEXMAP 3D system with xPONENT 4.1 software (Luminex,
Austin, TX) was used for data collection. Data was analysed by
fitting a 5-parametric curve (Bio-PlexManager software, version
6.1.1, Biorad). The protein concentrations were corrected for
medium evaporation and normalized to the average DNA
content per experimental group. To determine the M1/M2
ratio, according to a previously reported method,37 we calculated per cytokine the percentages of secretion in comparison
to the mean secretion of the groups, followed by a division of
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the mean percentage of detected M1 cytokines (i.e., IL-6, TNFα, MCP-1) by the mean percentage of detected M2 cytokines
(i.e., IL-10, IL-13, MMP-9) per sample at day 8.
2.4.5 Cell proliferation and nuclear integrity: immunohistochemistry. Whole-mount samples of day 4 (HVSCs) and day
8 (macrophages and HVSCs) were stained for Ki67 and DAPI to
evaluate cell proliferation and nuclear integrity. Formalin-fixed
samples were washed in PBS and permeabilized (0.5% TritonX 100 in PBS, 30 min), after which non-specific binding was
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blocked using 5% (v/v) goat serum in a PBS solution containing 1% (w/v) bovine serum albumin (BSA, 30 min). The
primary antibody Ki67 rabbit IgG (1 : 200, ThermoScientific)
was diluted in a 10× diluted blocking solution and incubated
overnight at 4 °C. After a PBS washing step (3 × 5 min), the
fluorescently labeled secondary antibody goat anti-rabbit
IgG-488 (1 : 500, Molecular Probes) was diluted in 10× diluted
blocking solution and incubated for one hour at room temperature, simultaneously with 4′,6-diamidino-2-phenylindole (DAPI,
1 : 500, Sigma) to stain the cell nuclei. Whole-mounts were kept
in PBS and visualized with a confocal laser scanning microscope
(Leica TCS SP5X with a 63×/1.1 HCX PL Apo CS lens).
2.4.6 Macrophage morphology and biomaterial degradation: SEM. Prior to scanning electron microscopy (SEM), formaldehyde-fixed macrophage samples were dehydrated in
ordered ethanol (EtOH) dilutions (50% EtOH to 100% EtOH in
steps of 10%) and dried in vacuum overnight. Samples were
imaged with SEM at representative locations (magnifications
50×, 500×, 1500× and 2500×) as described in section 2.2. After
visualization, the samples were decellularized with 4.6%
sodium hypochlorite for 15 minutes at room temperature followed by two washing steps (2 × 5 min H2O). The decellularized samples were gold-sputtered, together with the cell-free
samples, and visualized using SEM (high vacuum, 10 kV electron beam) to evaluate scaﬀold degradation.
2.4.7 Scaﬀold mass loss. To further quantify biomaterial
degradation, decellularized macrophage samples and cell-free
samples were weighed using a digital balance. Obtained
weights were corrected for the measured surface area. To determine the remaining mass fraction, the remaining mass per
mm2 was normalized to the initial mass per mm2.
2.4.8 Scaﬀold melting curves: DSC. Prior to analysis, cellfree samples were weighed, transferred to Tzero aluminium
pans and hermetically sealed. Diﬀerential scanning calorimetry (DSC) measurements were performed in a DSC Q2000 (TA
instruments, USA). The samples were exposed to three
heating/cooling cycles (−70 °C to 160 °C in a rate of
10 °C min−1). Melting peaks ( peak maxima) and melting
enthalpies (surfaces under the peak) were calculated form the
first heating run using Universal Analysis software (V4.5A, TA
Instruments).
2.4.9 Scaﬀold molecular weight: GPC. After lyophilization,
cell-free samples reserved for gel permeation chromatography
(GPC), were dissolved in dimethylformamide, supplemented
with 10 mM LiBr and 0.25% (v/v) H2O, at a concentration of
1 mg mL−1, and filtered using a 0.2 μm regenerated cellulose
filter. A Varian/Polymer Laboratories PL-GPC 50 Plus instrument (Varian Inc., Palo Alto, CA, USA) operated at 50 °C,
equipped with a Shodex GPC KD-804 column (Shodex, Tokyo,
Japan) was used to determine the weight- and numberaveraged molecular weights (Mw and Mn) relative to poly(ethylene glycol) standards.
2.5

Statistical analyses

All data are presented either as the mean ± standard deviation
or as boxplots. Obtained qPCR data were logarithmically trans-
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formed before statistical analysis. Since the data was not normally distributed according to the Shapiro–Wilk test, the nonparametric Kruskal–Wallis test with a Dunn’s multiple comparison test were performed to identify statistically significant
diﬀerences (GraphPad, La Jolla, CA, USA) between the experimental groups. Diﬀerences were considered as statistically significant for p-values below 0.05.

3. Results and discussion
3.1

Characterization of scaﬀolds and hemodynamic loads

Tubular PCL-BU scaﬀolds were created with an inner diameter
of 3 mm and a wall thickness of approximately 200 µm. The
scaﬀolds exhibited a porous isotropic microstructure with an
average fiber diameter of 5.0 ± 0.5 µm and pore size of 8.6 ±
3.2 µm2. The macrophage-seeded scaﬀolds were cultured in
the bioreactor that imposed physiological loading on the constructs with an average of 3.7 ± 0.8% strain (∼1.04 stretch)
and/or 1.2 ± 0.1 Pa wall shear stress (ESI Fig. S2†).
3.2 Hemodynamic loading does not aﬀect scaﬀold
physicochemical integrity
Cell-free experiments were performed for 8 days to investigate
if physiological mechanical loading alone changed the physical and chemical properties of the material (Fig. 1A). SEM analysis revealed no diﬀerences between the fiber morphologies
and organizations in the various experimental groups and the
bare scaﬀold control (Fig. 1B, Table 2 and ESI Fig. S2†).
Consistent with this, no reductions or inequalities in sample
mass were detected between the experimental groups
(Table 2). We detected a small increase in overall scaﬀold mass
for all cell-free experimental samples after 8 days culture in
comparison to the bare scaﬀold control (Table 2), which could
be attributed to absorption of medium components during the
course of the experiment.
In terms of the polymer molecular weight, minor diﬀerences were detected as a consequence of culture or loading
(Table 2). DSC measurements showed comparable crystalline
melt transitions at approximately 15 °C and 120 °C and minor
diﬀerences in recorded melting enthalpies for the soft PCL
and hard bis-urea blocks, respectively. In addition, a second
PCL melting peak was detected around 50 °C, presumably as a
consequence of the electrospinning process, with variations in
recorded enthalpies that could indicate that there are minor
diﬀerences in crystallinity between the experimental groups.
These diﬀerences in crystallinity seem, however, unrelated to
either culture or loading conditions (Fig. 1C and Table 2).
3.3 Hemodynamic loads diﬀerentially aﬀect macrophage
number and distribution throughout the scaﬀold
A previous in vivo study showed that both tissue formation and
scaﬀold degradation are highly heterogeneous and dependent
on the amount and type of infiltrating immune cells.30 Herein,
we hypothesized that biomechanical loading plays a large part,
as loading has been shown to impact cell attachment as well
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Fig. 1 Scaﬀold characterization of the cell-free scaﬀolds at day 8. Lay-out of the study design of the cell-free experiments (A); SEM images
showing the ﬁber morphology and ﬁbrin remnants for the diﬀerent experimental groups (B); representative DSC curves (in arbitrary order) for each
experimental group in comparison to an untreated control (C).

as cell apoptosis.24,25,38,39 To investigate the consequences of
hemodynamic loading on macrophage number and distribution, THP-1 derived macrophages were cultured for 8 days
on tubular scaﬀolds under comparable physiological loading
conditions as used for the cell-free experiments (Fig. 2A).
Overall, cell seeding resulted in cellular infiltration and distribution throughout the complete scaﬀold thickness. After 8
days of culture, macrophages reduced in number and adopted
a flattened morphology, following and covering the scaﬀold
microarchitecture (Fig. 2B and C). The statically cultured
samples demonstrated a more homogeneous cellular distribution throughout the whole scaﬀold compared to the hemodynamically loaded samples. Mechanically loaded macrophages predominantly resided at the loci of seeding during
the course of the experiment, suggesting that mechanical
loading reduces cellular migration. This decrease in migration
might be explained by a potential increase in macrophage
intracellular tension upon loading, as it is seen that macrophage migratory speed is inversely correlated to the intracellular tension.40,41
Besides the overall migratory capacity, cell attachment and
apoptosis will determine the distribution and density within
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the construct, which can be modulated by mechanical
loads.24,38,39 For example, Shive et al. demonstrated that both
material surface and increasing shear flow aﬀect monocyte
apoptosis.25 In the present study, SEM analysis and DNA
quantification revealed a reduction in the overall cell number
for the shear stress samples in comparison to the statically cultured controls (0.7 ± 0.2 µg vs. 1.0 ± 0.4 µg DNA per mg
scaﬀold), especially in the superficial scaﬀold layers (Fig. 2B
and C). Although cellular integrity might be aﬀected by
exposure to shear stress, potentially resulting in DNA fragmentation, we observed predominantly intact cell nuclei with no
diﬀerences between the experimental groups (Fig. 2D).
Therefore, we reasoned that the superficial cells were flushed
away during the course of the experiment. Surprisingly, these
reductions in cellular content were partially negated when
cyclic stretch was simultaneously applied (both loads combined: 0.9 ± 0.3 µg DNA per mg scaﬀold). In line with this
observation, we detected the highest cellular contents for the
cyclically stretches samples (1.3 ± 0.4 µg DNA per mg scaﬀold).
These findings suggest that cyclic stretch ameliorated cellular
attachment and/or induced proliferation (Fig. 2B). Although
the occurrence of macrophage proliferation is not frequently
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Remaining mass, ﬁber diameter and chemical properties as measured by GPC and DSC of the cell-free samples at day 8
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Condition
Degradation read-out

Static

Cyclic stretch

Shear stress

Combined

Untreated

Mass
SEM
GPC

1.23 ± 0.07
5.2 ± 0.2
29.8 ± 3.6
16.8 ± 2.2
1.78 ± 0.09

1.21 ± 0.04
5.1 ± 0.2
31.9 ± 3.3
18.4 ± 2.3
1.74 ± 0.06

1.22 ± 0.07
5.1 ± 0.2
31.4 ± 4.1
17.8 ± 2.0
1.76 ± 0.08

1.28 ± 0.13
5.1 ± 0.2
30.6 ± 3.5
17.8 ± 2.0
1.72 ± 0.10

1
5.0 ± 0.5
33.7 ± 3.8
18.9 ± 2.2
1.78 ± 0.01

5.95 ± 4.49
7.97 ± 1.41

3.44 ± 0.41
8.62 ± 0.54

4.07 ± 0.77
8.42 ± 0.88

4.58 ± 1.67
8.78 ± 0.25

4.71 ± 2.60
8.28 ± 1.92

63 ± 1
118 ± 1

61 ± 1
117 ± 1

61 ± 2
118 ± 1

61 ± 2
117 ± 1

53 ± 2
121 ± 1

DSC

Remaining mass (−)
Fiber diameter (µm)
Mw (kg mol−1)
Mn (kg mol−1)
PDI (Mw/Mn)
Melting enthalpy (J g−1)
PCL phase
BU phase
Melting temperature (°C)
PCL phase
BU phase

Abbreviations: scanning electron microscopy (SEM), gel permeation chromatography (GPC), weight (Mw) and number (Mn) averaged molecular
weights, polydispersity index (PDI) and diﬀerential scanning calorimetry (DSC).

Fig. 2 Macrophage number, morphology and proliferative state after 8 days of culture. Lay-out of the study design (A); DNA content per experimental group at day 8 (n = 5 or 6 per group) normalized to the construct mass (* p < 0.05) (B); representative SEM images showing the cell morphology of the statically and dynamically cultured macrophages (C); representative pictures of the Ki67 and DAPI staining visualizing the proliferating
macrophages (whole mount staining, overlay of z-stack ± 25 µm, blue = DAPI; white = Ki67) (D).
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described, a recent study pointed out that rapid in situ proliferation of macrophages might occur in order to increase population density.42 Indeed, Ki67 positive proliferating macrophages were observed within our experiments (Fig. 2D).
However, no diﬀerences were seen between the loading
regimes applied. Altogether, these results confirm that
mechanical loading aﬀects cellular number and distribution.
3.4 Macrophage phenotype depends on hemodynamic loads
applied
The mechanoregulation of macrophage phenotype and behaviour is increasingly acknowledged but still poorly understood.29 Recent studies highlighted that low and oscillatory
flow patterns could stimulate a more pro-inflammatory profile
in macrophages in vivo.43,44 Moreover, moderate levels of cyclic
strain (∼8%) have been shown in vitro to promote a more
reparative macrophage phenotype and cytokine secretion
profile in comparison to higher strain levels (≥12%).28,45 To
examine macrophage polarization for the various physiological
loading regimes applied, we compared the gene expression
and protein secretion profiles in our constructs (Fig. 3, 4 and
ESI Fig. S3, S4†).
Exposure to mechanical loading resulted in clear and significant increases in pro-inflammatory MCP1, TNF and antiinflammatory IL10 gene expression when compared to the
statically cultured controls, especially in conditions of shear
stress (MCP1) and cyclic stretch (TNF and IL10) (Fig. 3A). In
contrast, a decrease in pro-inflammatory CCR7 gene
expression was detected upon mechanical loading, which was
significantly diﬀerent and most pronounced in the presence of
shear stress. CCR7 was initially described as a potent chemotactic receptor expressed by migrating leukocytes,46–48 like
macrophages, substantiating our hypothesis that mechanical
loading reduces cellular migration. In addition, several recent
studies have highlighted the importance of CCR7 in the
control over cell survival, cell cytoskeleton turnover, the rate of
endocytosis, and the migratory speed of leukocytes.49–51
Furthermore, minor and non-significant increases in antiinflammatory CD163 and CD206 gene expression were seen
when macrophages were mechanically loaded, and no diﬀerences were detected for TGFB1, MMP9 and pan-macrophage
CD68 gene expression (Fig. 3B).
At the protein level, similar trends were observed, albeit
with some variations (Fig. 4 and ESI Fig. S4, S5†). Again, elevated levels of MCP-1 and IL-10 secretion were measured upon
hemodynamic loading (Fig. 4A). For these cytokines, significantly higher secretion levels were detected for those samples
that were exposed to both loads simultaneously when compared to the statically cultured controls. Similarly, the highest
levels of IL-6, TNF-α, and PDGF-BB were detected when both
loads were combined when compared to the individual loads
or no loading at all (Fig. 4B). On the other hand, TGF-β
secretion, measured as the inactive form LAP/TGF-β, was
clearly inhibited upon mechanical loading, while negligible
diﬀerences between the experimental groups were found for
CTGF (Fig. 4A and B). The reduction in measured LAP/TGF-β
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for the dynamically cultured experimental groups might be
caused by the mechanical disruption of the non-covalent
binding between LAP and TGF-β, activating the protein and
making the protein undetectable by ELISA.52 With respect to
ECM remodeling, as evaluated by MMP-1 and MMP-9
secretion, high levels of proteins were measured, regardless of
the presence or type of load (Fig. 4B). Lastly, a minor upregulation of anti-inflammatory IL-13 secretion was detected in the
presence of cyclic stretch (Fig. 4B).
The calculated M1/M2 ratios, which were determined based
on the secretion levels of the pro- and anti-inflammatory cytokines, demonstrate a moderate increase upon mechanical
loading with the highest ratio detected if both shear stress and
cyclic stretch are combined (Fig. 4C).
Overall, these data expose that physiological loading conditions stimulate macrophage activation, especially when both
loads are combined, and contribute to a mixed macrophage
phenotype that varies in its gene expression and protein
secretion profile dependent on the loading protocol applied.
3.5 Cyclic stretch decreases macrophage-driven biomaterial
degradation
To better determine macrophage behavior and scaﬀold performance, scaﬀolds were decellularized to assess biomaterial
degradation. After 8 days of culture, clear fiber erosion, cleavage and mass loss were detected in all experimental groups,
as demonstrated by SEM analysis and the remaining scaﬀold
mass (Fig. 5A and B). The highest percentages of degradation
were seen for the statically cultured samples, while the shear
stress samples remained most intact. When corrected for the
DNA content, a significantly lower degradation capacity was
detected for the cyclically stretched macrophages in comparison to the static control (Fig. 5B). Similarly, we observe minor
but significant reductions in the average MDA levels upon
cyclic stretching when compared to the static control,
suggesting a tendency for reduced oxidative degradation
(Fig. 5C). In line with these observations, Patel et al. demonstrated that substrate stretch resulted in reductions in cellular
elasticity, inhibiting the ROS secretion and the phagocytosis
capacity of murine macrophages.53 As cell-free samples were
not aﬀected after hemodynamic loading (Fig. 1), we speculate
that reduced cellular elasticity as a result of cyclic stretch may
have played a role in the reductions in the degradative capacity
of the macrophage (i.e. reduced scaﬀold mass loss). However,
at the gene level, no significant diﬀerences were seen in the
expression of NOX2, NFKB1 or LIPA (Fig. 5C).
3.6 Mechanically conditioned macrophages distinctly
regulate (myo)fibroblast behaviour via paracrine signalling
Besides their degradative potential, macrophages are known
for their role as mediators in tissue formation and
remodeling.1,54 Via paracrine signaling, M2 macrophages have
been shown to stimulate fibroblast proliferation and subsequent collagen deposition, while a more pro-inflammatory
M1 macrophage profile augments the tissue degradative
potential.5,14,55–57
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Fig. 3 Gene expression proﬁles of the statically and dynamically cultured macrophages at day 8. Boxplots representing the fold changes in relative
gene expression for a selection of phenotypical-related genes. The dot represents a statistical outlier (A); graphical representation of the fold
changes in relative gene expression of the pan-macrophage marker CD68, pro- and anti-inﬂammatory markers, as well as markers related to growth
and remodeling (G&R) when compared to the statically cultured control. The dots and shaded areas indicate, respectively, the 50th and 25th–75th
percentiles (B). * p < 0.05; ** p < 0.01; *** p < 0.001. n ≥ 5 per group. # n ≥ 2 per group.

Fig. 4 Protein secretion proﬁles of the statically and dynamically cultured macrophages at day 8. Boxplots visualizing the secretion levels of a selection of proteins. The dot represents a statistical outlier (A); relative secretion levels compared to the average secretion of pro-inﬂammatory, antiinﬂammatory, growth and remodeling proteins ( protein levels were corrected for the average DNA content per group). The dots and shaded areas
indicate, respectively, the 50th and 25th–75th percentiles (B); calculated M1/M2 ratios based on the cytokine secretion levels of IL-6, TNF-α, MCP-1
( pro-inﬂammatory) and IL-10, IL-13, MMP-9 (anti-inﬂammatory) (C). * p < 0.05; ** p < 0.01, *** p < 0.001. n ≥ 5 per group per time point. See ESI
Fig. S5† for the uncorrected data at day 4 and 8.
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Fig. 5 Macrophage-driven biomaterial degradation. Representative SEM images of decellularized samples after 8 days of culture (A); calculated
average percentages of overall mass resorption and mass resorption normalized to DNA content, n ≥ 3 per group (B); oxidative and enzymatic degradation markers including malondialdehyde (MDA) presence, as an indirect measure of oxidative degradation, and the expression of the oxidative
genes NOX-2 (ROS generating NADPH Oxidase 2 complex), NFKB1 ( protein complex involved in oxidative stress) or LIPA (lysosomal lipase) (compared to CYC-1) at day 8. * p < 0.05, n ≥ 5 per group per time point.

We assessed the paracrine eﬀects of our dynamically cultured macrophages on scaﬀold-seeded (myo)fibroblasts and
observed minor diﬀerences in the proliferation or number of
(myo)fibroblasts between the experimental groups (see ESI
Fig. S6†). The macrophage-conditioned media resulted in
clear alterations in the gene expression profiles of the (myo)fibroblasts, which became most apparent after 8 days of paracrine stimulation (Fig. 6 and ESI Fig. S7†). The phenotypic
markers SMTN and VIM were enhanced in (myo)fibroblasts
that were exposed to the paracrine factors of shear stress and
cyclic stretch-stimulated macrophages (Fig. 6A). The contractile markers ACTA2 and CNN1 exhibited an opposite pattern.
Predominantly ACTA2 demonstrated a decrease in expression
when exposed to the supernatants of the mechanically
loaded macrophages, which was significantly lowest in the
shear stress group. With respect to tissue deposition and
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remodeling, we detected only minor diﬀerences in gene
expressions for the HVSCs that were exposed to cyclically
stretched macrophage-conditioned medium compared to the
static controls (Fig. 6B). On the contrary, ECM-related gene
expression patterns tended to increase for those HVSCs that
were exposed to the supernatants of the shear stress-stimulated macrophages, and especially when combined with
cyclic stretch. More specifically, significantly higher COL3A1,
VCAN, and TGFB1 expressions were seen for the combined
group in comparison to the static control and/or the cyclic
stretch group (Fig. 6C). Similar trends were observed for IL6,
DCN, and ELN, however diﬀerences were minor. On the contrary, we detected a simultaneous reduction in FBN1 and
FBN2 expressions, which code for microfibrillar proteins that
are essential for functional elastic network formation
(Fig. 6B).58
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Fig. 6 Gene expression proﬁles of the HVSCs at day 8. Boxplots visualizing the fold changes in relative expression of the (myo)ﬁbroblast phenotypical markers (A); and markers related to collagen, GAGs/proteoglycans and elastic matrix deposition or matrix remodeling (C) in comparison to the
(myo)ﬁbroblast samples that were cultured in fresh medium (control); fold changes in gene expression compared to the control for genes related to
collagen matrix, GAGs/proteoglycans, and elastic matrix formation (left part of the polar plot), as well as markers related to remodeling and cytokine
secretion (right part of the polar plot). The dots and shaded areas indicate, respectively, the 50th and 25th–75th percentiles (B). * p < 0.05; ** p <
0.01. n ≥ 5 per group.

Importantly, shear stress not only upregulated fibrogenic
genes but also stimulated an increase in the expression of
genes related to ECM-remodeling in the (myo)fibroblasts (i.e.
MMP1, TIMP1 and 2), suggesting that macrophage signaling
may contribute to functional tissue deposition and remodeling, rather than purely stimulating fibrotic tissue formation
(Fig. 6B and C). While it is well-established that hemodynamic
stimuli have a direct eﬀect on the fibrogenic potency of (myo)fibroblast-like cells, both in terms of cyclic stretch59–62 and, to
a less extent, shear stress,63 our findings reveal an important
paracrine route by which hemodynamic loads aﬀect ECM formation and remodeling by (myo)fibroblasts. These paracrine
eﬀects were most evident in the presence of shear stress and
most pronounced in the combined conditions of both shear
stress and cyclic stretch, but limited to negligible in the presence of cyclic stretch only.

This journal is © The Royal Society of Chemistry 2020

4.

Limitations of the study

In the present study, we opted for human THP1 cell-line
derived macrophages over primary human macrophages in
order to be able to obtain suﬃcient cell numbers to account
for all experimental conditions and avoid large donor-to-donor
variabilities. Despite the fact that the polarization profile of
cyclically stretched THP-1 cell-line derived macrophages
largely matches with the primary variant,28,45 it is known that
THP-1 macrophages can deviate from primary cells in their
cytokine secretion profile.64 Moreover, scaﬀold degradation is
dependent on the interactions of multiple phagocytes (e.g.
monocytes and neutrophils) and interrelated degradation
pathways.10,65,66 Other cells might pretreat the material with
their degradative compounds, changing the material’s susceptibility to degrade.65,67 This study did not account for potential
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variations in the resident cell populations, mutual cell communication and the spatio-temporal diﬀerences in loading as
a consequence of degradation and tissue deposition.
Furthermore, we only evaluated the early macrophage
response. It is interesting to prolong these experiments in the
future to investigate how the diﬀerences in scaﬀold degradation and tissue formation between the experimental groups
will develop over time.

5. Conclusions
This study reveals for the first time the individual and combined eﬀects of physiological shear stress and cyclic stretch on
macrophage polarization and macrophage-driven in vitro vascular tissue regeneration. These results provide novel insights
into the eﬀect of mechanical cues and cell–cell interplay
during the early stages of in situ tissue development and
underline the importance of considering the potential spatiotemporal variations in cyclic stretch and shear stress when
designing scaﬀolds for in situ vascular tissue engineering.
Future work should focus on the local hemodynamic
loads sensed by the cells within the scaﬀold, the underlying
mechanisms of the mechanoresponse and the eﬀects of
loading on later stage biomaterial degradation and tissue
development to adequately tailor immunomodulatory scaﬀold
design.
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