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a b s t r a c t 

A functional vascular system is a prerequisite for bone repair as disturbed angiogenesis often causes non- 

union. Paracrine factors released from human bone marrow derived mesenchymal stromal cells (BM- 

SCs) have angiogenic effects on endothelial cells. However, whether these paracrine factors participate 

in blood flow dynamics within bone capillaries remains poorly understood. Here, we used two differ- 

ent microfluidic designs to investigate critical steps during angiogenesis and found pronounced effects 

of endothelial cell proliferation as well as chemotactic and mechanotactic migration induced by BMSC 

conditioned medium (CM). The application of BMSC-CM in dynamic cultures demonstrates that bioactive 

factors in combination with fluidic flow-induced biomechanical signals significantly enhanced endothelial 

cell migration. Transcriptional analyses of endothelial cells demonstrate the induction of a unique gene 

expression profile related to tricarboxylic acid cycle and energy metabolism by the combination of BMSC- 

CM factors and shear stress, which opens an interesting avenue to explore during fracture healing. Our 

results stress the importance of in vivo - like microenvironments simultaneously including biochemical, 

biomechanical and oxygen levels when investigating key events during vessel repair. 

Statement of significance 

Our results demonstrate the importance of recapitulating in vivo - like microenvironments when inves- 

tigating key events during vessel repair. Endothelial cells exhibit enhanced angiogenesis characteristics 

when simultaneous exposing them to hMSC-CM, mechanical forces and biochemical signals simultane- 

ously. The improved angiogenesis may not only result from the direct effect of growth factors, but also 

by reprogramming of endothelial cell metabolism. Moreover, with this model we demonstrated a syner- 

gistic impact of mechanical forces and biochemical factors on endothelial cell behavior and the expression 

of genes involved in the TCA cycle and energy metabolism, which opens an interesting new avenue to 

stimulate angiogenesis during fracture healing. 

© 2022 Published by Elsevier Ltd on behalf of Acta Materialia Inc. 
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. Introduction 

Fracture repair is a unique process that can restore original ge- 

metry and biomechanical properties of the injured bone with- 

ut the formation of scar tissue through a regenerative process in 

 well-orchestrated way [1] . However, a significant proportion of 

linical scenarios still display compromised regeneration, resulting 
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c  
n delayed union and complications including non-union. Incidence 

f reported non-union fracture remains variable, depending on pa- 

ient demographics, standard criteria, anatomic regions, but ranges 

rom anywhere between 1.9 and 4.9 % [ 2 , 3 ], with an estimated

0 0,0 0 0 cases of non-union per year in the United States alone [4] .

Risks of non-union can be considered as both patient- 

ependent and -independent. Patient-dependent risk factors, such 

s smoking and diabetes mellitus cause delayed chondrogenesis 

nd soft callus formation through arteriolar blood flow damage 

 5 , 6 ]. The method of fracture fixation as a patient-independent risk 

lso alters blood supply at the skeletal healing site. Intramedullary 

ails can impede endosteal circulation [7] , independent of whether 

ail insertion was performed with or without reaming of the 

edullary cavity [8] . Furthermore, long-standing clinical evidence 

as shown a strong correlation between angiogenesis and frac- 

ure healing, indicating the importance of vessel restoration pro- 

ess [ 9 , 10 ]. 

The process of fracture healing can be divided into three bio- 

ogical phases: inflammation, repair and remodeling. The inflam- 

atory response is initiated by tissue damage and characterized 

y hematoma formation, together with the release of inflammatory 

ytokines and angiogenic factors as a result of the hypoxic con- 

itions created by the vascular disruption [11] . The repair phase 

egins with callus formation allowing blood vessels to invade the 

alcified tissue and coordinate with osteoblasts to build new bone 

12] . Therefore, this neovascularization is required for osteoprogen- 

tors recruitment and crucial to re-establish oxygenation [ 13 , 14 ]. 

n contrast to hypervascularization of the fracture site during the 

epair phase, vascularization is reduced to pre-injury level in the 

emodeling phase [15] . Moreover, studies have demonstrated that 

racture healing is completely inhibited after treatment with an an- 

iogenesis inhibitor [16] . Therefore, adequate blood supply is a pre- 

equisite for bone repair at the fracture site. 

Human mesenchymal stromal cells (MSCs) are highly angio- 

enic and have the potential to promote bone vascularization via 

t least two distinct mechanisms; 1) by paracrine effects, which 

nclude cytokines release and exosomes transfer [ 17 , 18 ], or 2) by

irect differentiation into vascular–like cells to subsequently pro- 

ote angiogenesis [19] . Accumulating data has shown that the 

herapeutic effect of MSCs was mediated primarily by paracrine 

actors rather than their differentiation potential, as the engrafted 

ells were hardly found 4 weeks after transplantation in vivo [19] . 

oreover, the bioactive factors released from MSCs can bypass 

he present confounding issues of MSC themselves related to cell 

ransplantation, manufacturing and costs, providing the possibility 

o be used extensively [20] . Furthermore, it should be realized that 

everal bioactive factors in the MSC secretome promote angiogen- 

sis in a well-coordinated way [21] , and this effect is synergistic 

ompared to the administration of single factors, which are insuf- 

cient to stimulate angiogenesis due to low efficacy [22] . 

Several in vitro models have been developed that show the ben- 

ficial effect of MSC-secretome on angiogenesis [ 23 , 24 ]. However, 

he intricate microenvironment of vessel repair is composed of nu- 

erous components, such as mechanical forces (fluid flow), hy- 

oxia, and biological factors, which regulate critical steps of the 

ecovery process in a coordinated fashion. To date, no suitable 

odel has been fully recapitulating the vessel repair environment 

y simultaneously evaluating the contribution of biological factors 

nd mechanical forces or even their combination to angiogene- 

is. Deeper insight into the effect of the MSC-secretome on angio- 

enesis strongly depends on the progression towards better mod- 

ls emulating the physiological and pathological microenvironment 

n vivo . In this study, we developed an in vivo - like microenvi-

onment model that enables manipulating the mentioned extrinsic 

actors and we applied this model to study the MSC - endothe- 

ial cell interaction. The resulting microfluidic designs better eluci- 
2 
ate complex relationship between biological and mechanical sig- 

als in a hypoxia microenvironment and provide insights into en- 

rgy metabolism-triggered angiogenesis. 

. Materials and methods 

.1. Cell culture 

Human bone marrow derived mesenchymal stromal cells (BM- 

Cs, Lonza, Basel, Switzerland) were cultured as described previ- 

usly [25] . Briefly, BMSCs were cultured in alpha minimum es- 

ential medium ( α-MEM, Gibco, Paisley, UK) supplemented with 

0% heat-inactivated fetal calf serum (FCS). Cells at passage 7 

ere used to prepare conditioned medium. Human umbilical 

ein endothelial cells (HUVECs, Lonza, Basel, Switzerland) were 

aintained in Endothelial Growth Medium (EGM-2, Lonza, Basel, 

witzerland) and cells up to passage 6 were used for the exper- 

ments. Human Aortic Endothelial Cells (HAECs, PromoCell, Huis- 

en, The Netherlands) were cultured in Endothelial Cell Growth 

edium MV (PromoCell, Huissen, The Netherlands). Cells at pas- 

age 4 were used for the experiments. All BMSCs and endothelial 

ells were maintained at 37 °C containing 5% CO 2 in a humidified 

tmosphere. 

.2. Preparation of conditioned medium from BMSCs 

BMSCs were seeded into T75 cm 

2 flasks at a density of 10 4 

ells/cm 

2 and grown until 70-80% confluence. After washes, cells 

ere refreshed with α-MEM containing 0.1% BSA, and incubated 

nder 3% O 2 for 48h as described [26] . Supernatant (conditioned 

edium) was collected and centrifuged at 1,500 rpm for 5 min, 

ltered through a 0.22 μm filters and then stored in aliquots at 

80 °C as BMSC-CM. 

A dilution of 50% v /v BMSC-CM in either Endothelial Basal 

edium (EBM-2) or EGM-2 was used to evaluate its angiogenic 

roperties. 50% v /v of α-MEM containing 0.1% BSA in EBM-2 or 

GM-2 served as control (Ctrl). FCS concentration was maintained 

s 2% in each experimental group. We used cobalt(II) chloride 

CoCl 2 ; Sigma-Aldrich, St. Louis, MO, USA) at a concentration of 

00 μM to mimic the hypoxia effect in all experiments except the 

dhesion assay, considering the short treatment time in this exper- 

ment [27] . 

.3. Angiogenic protein profile of BMSC-CM 

BMSC-CM-derived angiogenesis-related proteins were screened 

sing a Human Angiogenesis Antibody Array kit (Proteome 

rofiler TM ; R&D Systems, Minneapolis, MN, USA). Briefly, BMSC-CM 

as mixed with a biotinylated antibody cocktail and then incu- 

ated with capture antibodies, which have been spotted onto ni- 

rocellulose membranes in duplicate. Streptavidin–HRP and chemi- 

uminescent detection reagents were used for visualization and de- 

elopment. The band densities were analyzed with Gel Doc XR 

ystem (Bio-Rad Laboratories, CA, USA). Positive signals on the de- 

eloped membranes were quantified using the Fiji image process- 

ng program (NIH, Bethesda, MD, USA; https://imagej.net/Fiji ) [28] . 

or quantification, each angiogenesis-related protein was deter- 

ined by averaging the signal of duplicate spots, followed by sub- 

raction of the background signal. Functional annotation of angio- 

enesis gene interaction was performed using GeneMANIA ( http: 

/www.genemania.org/ ) [29] . 

.4. Cell morphology and adhesion assay 

HUVECs were seeded in 96-well plate at a density of 2 × 10 5 

ells/ml and allowed to attach for 15, 30, 45 and 60 min at 37 °C.

https://imagej.net/Fiji
http://www.genemania.org/
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on-adherent cells were washed out by PBS, whereas adherent 

ells were fixed with 4% paraformaldehyde (PFA) and stained with 

.3% crystal violet. Cell morphology was examined on a Zeiss Ax- 

overt 200 MOT microscope (Zeiss, Oberkochen, Germany). Cell 

umber and cell surface area were quantified using Fiji software. 

.5. Wound healing assay and cell proliferation assay 

Wound healing assays and Ki67 immunostaining were per- 

ormed to determine migration and proliferation abilities of en- 

othelial cells treated with BMSC-CM, respectively. For wound 

ealing experiments, 4 × 10 4 HUVECs were seeded in each well 

f a 48-well plate. On the next day, the confluent cell layer was 

cratched with a 1 ml pipette tip, followed by 3 PBS washes. Cell 

igration was evaluated by measuring the width of the wound at 

, 8, 24 and 32 h post-scratching using Fiji software. For prolifer- 

tion assay, HUVECs or HAECs were fixed with 4% PFA after 24 h 

nd stained with ki67 antibody (1:100, Novus biological, Colorado, 

SA). 

.6. Gene expression analysis 

RNA isolation, cDNA synthesis and real-time PCR reactions 

ere performed as described before [25] . Oligonucleotide primer 

airs were designed to be either on exon boundaries or span- 

ing at least one intron (Table S1). Gene expression was nor- 

alized to the housekeeping gene 36B4 , using the equation 

 ̂

 - (Ct gene of interest – Ct housekeeping gene) . 

.7. RNA-sequencing 

Total RNA was isolated from 12-well plates using TRIzol 

Thermo Fisher Scientific, Massachusetts, USA) as previously de- 

cribed [ 25 , 30 ]. To isolate RNA from microfluidic device, TRIzol 

as used to flush through the channel after PBS washes, followed 

y several times pipetting to thoroughly lyse all cells. RNA con- 

entration and size distribution profiles were analyzed on an Ag- 

lent Bioanalyzer RNA 60 0 0 Pico chip (Thermo Fisher Scientific, 

assachusetts, USA). cDNA library was prepared using SMARTer 

ersion v4 Ultra Low Input RNA kit (Clontech, Takara Bio, Cal- 

fornia, USA). The resulting bulk RNA-seq libraries were gener- 

ted with the Truseq nano DNA sample prep kit (Illumina, Cali- 

ornia, USA) based on the manufacturer’s manual. The subsequent 

ibraries were quality-checked and sequenced paired-end for 100 

ycles on a Novaseq60 0 0 instrument (Illumina, California, USA). 

ene expression values were measured as Transcripts Per Kilobase 

TPM). After mapping the reads, differential expression analysis 

as performed using the DESeq2 package in R environment [31] . 

enes with an adjusted p -value < 0.05 and a log 2 -fold change ≥ 1

ere considered significant. 

Gene ontology (GO) analyses were performed using R packages 

32] , and GO terms were trimmed and summarized using REVIGO 

 http://revigo.irb.hr ) [33] . Gene set enrichment analysis (GSEA) was 

erformed on the normalized TPM values using gene sets with 

SigDB [34] . 

.8. Microfluidic device fabrication 

Microfluidic chips were fabricated using standard soft lithogra- 

hy techniques [35] . The required master mold was fabricated us- 

ng photolithography with SU-8 on a silicon wafer (Fig. S1A). A 

ector graphic of the microchannels was created using AutoCAD 

Autodesk) and the photo masks were produced by CAD/Art Ser- 

ices Inc. with a resolution of 20,0 0 0 dpi. The dimensions of the 

icrochannels used to evaluate cell proliferation (design 1) were 
3 
 cm × 1 mm × 0.1 mm (length × width × height). For cell mi- 

ration assays (design 2), the dimensions of the channels were 1.5 

m × 1 mm × 0.1 mm (length × width × height) separated by 

hree short inlet channels on both ends. The channels were gen- 

rated by casting polydimethylsiloxane (PDMS) at a 10:1 ratio of 

ase to curing agent (Sylgard 184, Mavom, The Netherlands) on the 

aster mold. PDMS was degassed until all bubbles were removed 

nd cured at 70 °C for at least 4 h. After crosslinking, PDMS was re-

oved from the mold and bound to a glass coverslip using plasma 

reatment for 2 minutes and 20 seconds at 4 mbar pressure (Fig. 

1A). 

.9. Microfluidic cell seeding, staining and viability 

The microchannels were coated with 40 μg/ml fibronectin 

Sigma-Aldrich, St. Louis, MO, USA) and kept in a humidified incu- 

ator overnight before seeding cells into the microfluidic device. To 

isualize the endothelial cells in the microchannel, HUVECs were 

tained with 4.5 μM CellTracker TM Green CMFDA (Life Technology, 

arlsbad, CA, USA) at 37 °C for 40 min using the recommended pro- 

ocol. 

A live/dead fluorescence labelling was used to determine the vi- 

bility of the HUVECs. As previously described [36] , cells were in- 

ubated in a mixture of 5 μg/mL Hoechst 33342 (Sigma-Aldrich, St. 

ouis, MO, USA) and 10 mg/mL propidium iodide (Sigma-Aldrich, 

t. Louis, MO, USA) for 15 min at 37 °C. In this fluorescence-based 

ssay, all cells were stained with Hoechst (blue), while only dead 

ells were labeled by propidium iodide (red). 

All the fluorescent images and overlapping tiled images of the 

icrofluidic devices were acquired on a Leica TCS SP5 confocal 

aser scanning microscope (Leica Microsystems, Mannheim, Ger- 

any). 

.10. Proliferation assay and flow experiments in the microfluidic 

ingle channel device (design 1) 

HUVECs or HAECs were seeded on the fibronectin-coated mi- 

rochannel at a density of 3 × 10 6 cells/ml and exposed to a flow 

ate at 0.5 μl/min after overnight attachment. Cell proliferation was 

valuated by ki67 immunostaining staining after 24h. To evaluate 

otential morphological changes induced by BMSC-CM, cells were 

eeded in the single channel microfluidic device at a density of 

 × 10 6 cells/ml for 24h to attain a confluent monolayer with tight 

ell-cell contacts. Microfluidic chips were then connected to the sy- 

inge pump (New Era Pump Systems Inc, Farmingdale, NY, USA) 

nd the flow rate was set at 3 μl/min. 

.11. Wound preparation, gradient characterization and migration in 

he microfluidic-based migration model (design 2) 

HUVECs were seeded in the microfluidic device at a density 

f 5 × 10 6 cells/ml, and the wound was prepared by introducing 

arallel laminar flows into the channel from three separate inlets, 

hich are each connected to their own syringe via polytetrafluo- 

oethylene tubing (Diba Ltd. Cambridge, UK). The syringes on both 

ides contained EBM-2 supplemented with 2% FCS, while the sy- 

inge for the middle laminar flow contained trypsin-EDTA, all flow- 

ng into the microchannel at a rate of 80 μl/min for 5 min. Af- 

er this, the channels were flushed with EGM-2 to remove floating 

ells, and cell migration towards the middle under different condi- 

ions were then observed. 

To estimate the shape of growth factors gradient, 10-kDa FITC- 

extran and 40-kDa FITC dextran (125 μg/ml for both dextrans, 

igma-Aldrich, St. Louis, MO, USA) were infused in the middle 

yringe to represent diffusion of angiogenic factors with differ- 

nt sizes, while PBS was infused in both side syringes. To mimic 

http://revigo.irb.hr
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hemotactic response induced by BMSC-CM, the contents in the sy- 

inges on both sides were replaced with EBM-2 containing 2% FCS, 

nd the content in the middle syringe was replaced with control 

edium or BMSC-CM. 

To evaluate the response of angiogenic factors on shear stress- 

nduced HUVEC migration, control medium or BMSC-CM was intro- 

uced into all three syringes. HUVECs seeded in the microfluidic 

evices without the pump connection were considered as static 

ulture. 

The total flow rate through the channel connected with three 

nlets was set to 3 μl/min. Pictures were taken in the center of the 

icrochannel at 0 and 6 hour, and wound area was measured by 

iji image analysis software. 

.12. Time-lapse microscopy 

Time-lapse imaging was carried out on a Leica TCS SP5 con- 

ocal laser scanning microscope (Leica Microsystems, Mannheim, 

ermany) with a motorized stages enclosed in a humidified cham- 

er at 37 °C. Three fields of view were captured from each channel 

sing a 5 × objective at 10 min intervals. Trajectories of 35-40 cells 

n the field of each image sequence were manually tracked using a 

iji Manual Tracking plugin. The chemotactic effect and was evalu- 

ted using Ibidi Chemotaxis and Migration Tool based on the man- 

facturer’s instruction [37] . 

.13. Fluorescence immunostaining staining 

Immunostaining was performed as previously described [30] . 

riefly, HUVECs were fixed with 4% PFA in PBS for 5 min and 

hen washed with PBS. Immunostaining was performed after per- 

eabilization in PBS with 0.1% Triton X-100 (Sigma-Aldrich, St. 

ouis, MO, USA) and blocking for 30 min in 1% bovine serum al- 

umin at room temperature (RT). Cells were incubated with CD31 

ntibody (1:100, Abcam, Cambridge, UK), Ki67 antibody (1:100, 

ovus biological, Colorado, USA) or VE-Cadherin antibody (1:100, 

&D systems, Minneapolis, MN, USA) overnight at 4 °C. The next 

ay, cells were incubated with Alexa Flour 488 donkey anti-mouse 

1:300, Abcam, Cambridge, UK), or donkey anti-rabbit (1:300, Ab- 

am, Cambridge, UK) secondary antibody for 1 hour at RT, fol- 

owed by the addition of rhodamine-conjugated phalloidin (1:100, 

hermo Fisher Scientific, Massachusetts, USA) for 1 hour at RT. Af- 

er 10 min incubation with DAPI, images were captured on a Leica 

CS SP5 confocal laser scanning microscope. Quantitative morpho- 

etric analyses were performed using image analysis software Fiji. 
ig. 1. Study design. A schematic overview of the experimental design and RNA-seq an

odels under a pathophysiological microenvironment including vessel damage, continue

ranscriptome profiling. 

4

he Ki67 index was used to evaluate ki67 proliferation. Calcula- 

ion of the Ki67 index = No. of positive staining cells / total No. of

ells × 100. 

.14. Statistical analysis 

Data were expressed as means ± SEM of representative exper- 

ments. All experiments were performed at least 2 times. Statisti- 

al analysis was performed using GraphPad Prism 9. Significance 

as calculated using the Student’s t -test or one-way ANOVA. Two- 

ay ANOVA analysis was used to assess interaction between treat- 

ents. P values were considered significant if p < 0.05. 

.15. Data availability 

The data that support the findings of this study are available 

ithin this paper, supplementary information or from the cor- 

esponding author upon reasonable request. All of the RNA-seq 

ata that support the findings of this study have been deposited 

n Gene Expression Omnibus (GEO) with the accession number 

SE208335. Source data are provided with this paper. 

. Results 

.1. Characterization of BMSC-derived conditioned medium 

An overview of our experimental approach is depicted in Fig. 1 . 

ndothelial cell behavior towards BMSC-CM was evaluated in static 

ell cultures and microfluidic models, followed by RNA-seq analy- 

es in both conditions. 

As shown in Fig. 2 A, BMSCs were cultured 2 days under hy- 

oxia with serum deprivation medium after initial expansion. 

o determine the presence of angiogenesis-related proteins in 

MSC-CM, a membrane-based sandwich immunoassay was used. 

 broad spectrum of proangiogenic factors such as vascular en- 

othelial cell growth factor (VEGF), monocyte chemotactic protein- 

 (MCP-1) and angiogenin were secreted in BMSC-CM ( Fig. 2 B- 

). In addition, some endogenous angiogenesis inhibitors such as 

hrombospondin-1 (TSP1), urokinase plasminogen activator (uPA), 

nd plasminogen activator inhibitor (PAI-1)/serpin E1 were also de- 

ected in BMSC-CM ( Fig. 2 B-C). The protein association network 

onstructed using GeneMANIA revealed a high interconnectivity 

etween these proteins responsible for various angiogenesis func- 

ions but also with many other related proteins ( Fig. 2 D). 
alysis. Our approach incorporated static cell culture and microfluidic cell culture 

s flow, hypoxia, and biological factors, and gene expression signatures assessed by 
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Fig. 2. Angiogenic protein profile of BMSC-CM. A Schematic diagram of BMSC-CM collection. B-C Angiogenesis-related proteins in BMSC-CM detected by human angiogen- 

esis antibody array. α-MEM containing 0.1% BSA served as control. Quantification of mean spot pixel density using Fiji, and grey values were normalized to reference spots 

represented in top left, top right, and bottom left on the membranes. Target proteins are indicated 1-12 on the array membrane ( B ) and histogram ( C ). D Network analyses 

of 12 proteins according to different interaction categories and protein functions based on GeneMANIA analysis using an automatically selected weighting method. The inner 

circle nodes indicate the query genes, while the outer circle nodes were those selected by GeneMANIA. The size of the nodes in the outer circle indicates the relatedness to 

the query gene list. 
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.2. BMSC-CM stimulates endothelial cell function 

Several critical steps such as cell adhesion, proliferation and 

igration contribute to angiogenesis and vessel development. To 

imic a stable hypoxia in vivo - like environment caused by vessel 

isruption, endothelial cells were cultured in CoCl 2 -supplemented 

edium. 

We first investigated the effect of BMSC-CM on HUVEC cell at- 

achment and morphology. As shown by crystal violet staining, 

he number of adhered cells and total cell area were significantly 

igher in conditioned medium group at all investigated time points 

n both EBM-2 and EGM-2 condition (Fig. S2A-C and Fig. S4A- 

). Cell proliferation was evaluated by cell number measurement 

nd Ki67 immunostaining and bothwere significantly upregulated 

1.5-fold) in response to BMSC-CM after 24 hours (Fig. S2D-F), 

hich was supported by the observations on HAECs (Fig. S2G). The 

ound healing assay showed only 12.6% wound area remaining 

fter 24 hours in the conditioned medium group as opposed to 

0.4% in the control group (Fig. S2H-I), and this enhanced effect 

as also observed in EGM-2 condition as early as 8 hours (Fig. 

4D-E). BMSC-CM treatment increased MKI67 and PCNA gene ex- 

ression (Fig. S2J), which is consistent with the Ki67 immunostain- 

ng and cell number count. Finally, elevated levels of proangiogenic 

enes including VEGF, ANGPT1 and ANGPT2 were detected after 24- 

nd 72-hours following exposure to the BMSC-CM (Fig. S2J, and 

ig. S4F). Taken together, these experiments confirm the paracrine 

ffect of BMSCs on endothelial cells enhances angiogenesis. 

.3. A Microfluidic platform establishes endothelial cell culture under 

ypoxia 

Given that vascular endothelial cells are continually exposed to 

lood flow, and fluid forces have been shown to play critical roles 

n physiological processes [ 38 , 39 ], we hypothesized that culturing 

ndothelial cells under flow in a hypoxic microenvironment is a 

etter representation of the in vivo situation. To understand the 

ole of blood flow-mimicking shear stress and dynamic cell-cell 
5 
ommunication during vessel repair, we developed a microfluidic 

ulture platform. We applied 0.5 μl/min flow rate through the vas- 

ular channel to mimic physiological levels of fluid shear stress 

 38 , 40 ]. 

Tile scans along the microfluidic channel revealed the formation 

f an endothelial monolayer onto the fibronectin-coated substrate 

 Fig. 3 A). Live-dead staining 48 hours after seeding indicated very 

imited cell death ( Fig. 3 B). Confocal immunofluorescence micro- 

copic analyses revealed the endothelial cell marker vWF and cell- 

ell adhesion proteins such as VE-Cadherin and PECAM-1 along 

heir membranes ( Fig. 3 B). Induced SMAD2/3 and YAP nuclear 

ranslocation were observed in both control and BMSC-CM groups 

 Fig. 3 C and 3 E). Using qPCR, two direct SMAD2/3 target genes,

MAD6 and HESI [41] , were dramatically upregulated in the pres- 

nce of fluid flow ( Fig. 3 D). Assessment of CCN1 and CCN2 expres- 

ion confirmed the expected activation of the YAP signaling path- 

ay in dynamic cultures ( Fig. 3 F). We next studied the prolifera- 

ive behavior of endothelial cells in this dynamic system. BMSC-CM 

reatment significantly enhanced cell proliferation in HUVECs and 

AECs at 24 hours, as shown by Ki67 immunostaining ( Fig. 3 G-H 

nd Fig. S3, respectively). Overall, we have set up a dynamic mi- 

rofluidic cell culture model in a physiologically relevant manner 

ith excellent cell viability that enables us to study the interplay 

f biomechanical and biochemical signals and of endothelial and 

esenchymal cells as an in vitro proxy of the fracture healing pro- 

ess 

.4. Microfluidic flow influences endothelial cell morphology 

ndependent of BMSC-CM under hypoxia 

Endothelial cells exhibit changes in cell shape, cytoskeletal re- 

odeling and gene expression in response to shear stress [42] , but 

he effect of fluidic flow on endothelial morphology in combina- 

ion with BMSC-CM has yet to be determined. To achieve this, we 

dapted flow rates to 3 μl/min in the single channel chip and as- 

essed morphological changes following exposure to conditioned 

edium. We also involved static chip cultures in this experiment 
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Fig. 3. Reconstitution of human endothelial cell culture in a microfluidic device. A Tile scan of the entire channel showing confluent HUVECs are cultured in the channel 

of microfluidic device. Cells are stained with a green cell tracker (CMFDA). B Representative images of HUVECs stained with Hoechst (live) and Propidium iodide (dead) 

viability staining kit on day 2. Live cells were stained blue while dead cells were stained red. Immunostaining micrographs of HUVECs cultured in microfluidic chips for 

3 days labeled with CMFDA, vWF, VE-Cadherin and PECAM-1. C Representative images of SMAD2/3 immunostaining in endothelial cells after 24h treatment with BMSC- 

CM in static cultures and microfluidic chips under hypoxia. D Gene expression of downstream targets of SMAD2/3. E Representative images of YAP immunostaining in 

endothelial cells after 24h in the presence or absence of BMSC-CM in static cultures and microfluidic chips under hypoxia. F Gene expression of downstream targets of YAP. 

G-H Representative images ( G ) and quantitative data ( H ) of DAPI staining and Ki67 immunostaining. HUVECs were treated with or without BMSC-CM in static culture and 

microfluidic chips for 24h under the condition of hypoxia. Data are presented as means ± SEM, n = 4-6 independent microfluidic chips. D-F Analysis by two-way ANOVA 

followed by Šidák post hoc testing. H Analysis by Two-sided Student’s t -test. Arrows indicate nuclear translocation ( C and E ) or Ki67 positive cells ( G ). A scale bar: 20 0 0 μm, 

C, E, G: scale bars: 200 μm. 
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o determine flow-mediated cell shape changes. However, proba- 

ly due to insufficient supply of nutrients in the microchannel, we 

bserved many dead cells in static chip cultures after 48 hours 

f seeding (data not shown). Another important parameter that 

eeds to be considered is the integrity of the endothelial mono- 

ayer, which is maintained by junctional structures. Of note, some 

unction proteins like VE-Cadherin were exclusively expressed at 
6 
he cell borders not until 18 hours after seeding [43] . Therefore, 

e decided to allow the cells to form the monolayer for 24 hours 

efore applying fluid flow for 12 hours ( Fig. 4 A). 

HUVECs in the static conditions developed a rounded cobble- 

tone morphology, and endothelial cells in the microfluidic chips 

ere elongated and gently aligned with their major axis in the 

irection of the fluid flow as visualized by VE-Cadherin stain- 
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Fig. 4. Shear stress-induced morphological changes is independent of BMSC-CM. A Timeline for HUVEC seeding and cell shape analysis in microfluidic chips. B Immunos- 

taining of VE-Cadherin showing shear stress induced endothelial cell alignment after 12 hours. C-E Quantification of endothelial cell shape parameters: cell perimeter ( C ) 

cell surface area ( D ) and cell elongation ( E ) in the presence of BMSC-CM or basal medium. Two-sided Student’s t -test was used to analyze data in C and D. E Analysis by 

one-way ANOVA followed by Šidák post hoc testing. Data are presented as means ± SEM, 5-6 independent microfluidic chips were used in statistical analysis. Scale bar:100 

μm. 
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ng ( Fig. 4 B). However, there was no difference in morphological 

hanges with regard to cell perimeter and cell area between the 

ontrol and BMSC-CM groups ( Fig. 4 C-D). Moreover, HUVECs in 

onditioned medium elongated to the same extent as for the con- 

rol group ( Fig. 4 E). Together, these results show that cell shape 

hanges are driven by shear stress in the microfluidic chips and 

ccur independently of exogenous factors secreted by BMSCs. 

.5. Microfluidic wound healing model to study endothelial cell 

igration under hypoxia 

Conventional migration models such as scratch assays and Boy- 

en chamber assays are widely used methods in investigating cell 

igration. However, deeper insight into the in vivo function of en- 

othelial cells requires a more suitable model that encompasses in 

ivo pathological elements such as blood vessel damage, flow dy- 

amics and hypoxia into account. Therefore, we designed a sec- 

nd chip with 3 inlets that allows for independent and parallel 

uid streams to flow over the cells [43] . Subsequent introduction 

f trypsin in the middle stream caused detachment of cells mim- 

cking a ‘damaged vessel’ ( Fig. 5 A-B). As shown in Fig. 5 B, en-

othelial cells in contact with trypsin were detached from the sur- 

aces, while the untreated area flushed with EBM-2 on the sides 

emained intact. Moreover, the laminar flow resulted in negligible 

ixing among streams as shown by the sharp wound edge and 

ormed a clear area enabling quantifying cell migration induced by 

 stimulus, without damaging cells on the leading edge, something 

hat is difficult to avoid by physical scraping. 
7 
Once the wound had been generated, we reduced the total 

ow rate to 3 μl/min allowing mixing between adjacent streams 

o determine the profile of gradient growth factors in BMSC-CM 

 Fig. 5 C). Differently sized fluorescent-labeled dextrans (10 and 40 

Da) in order to recapitulate the diffusion range of BMSC-CM de- 

ived growth factors were added to the middle stream. By check- 

ng the diffusion pattern and plotting the intensity of FITC-labelled 

extrans, the shapes of the diffusion gradients for BMSC-CM were 

haracterized ( Fig. 5 D). Collectively, these data demonstrate the 

icrofluidic wound healing model is a promising tool to study en- 

othelial cell migration and test the impact of additional stimuli. 

.6. BMSC-CM alters migratory behavior of endothelial cells toward 

amage in microfluidic chips 

Endothelial cell migration during angiogenesis is the integrated 

esultant of external stimuli. Such stimuli can be mechanical forces 

hich guide the random migration or chemotactic signals, which 

irect migratory process, towards a gradient of soluble chemoat- 

ractants ( Fig. 6 A). To investigate this process more thoroughly, 

e examined cellular responses in a well-controlled microflu- 

dic chip in which we provided stable chemotactic concentrations 

 Fig. 6 B). As expected, BMSC-CM provided stronger chemotactic 

ecruitment of HUVECs indicated by a reduced wound area at 6 

ours compared to control ( Fig. 6 C). To record real-time migra- 

ory characteristics, time-lapse imaging was applied to track in- 

ividual cell movement (Movie S1). HUVECs subjected to control 

edium showed random movement with no directed migration 
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Fig. 5. Generation of microfluidic migration model. A Step-by-step illustrated procedure showing the generation of the microfluidic migration model. B Steps of wound 

generation in an endothelial monolayer. A wound was prepared by treating an endothelial monolayer with parallel streams containing EBM-2 (supplemented with 2% FCS) 

and trypsin. C Stable BMSC-CM gradient perpendicular to the flow. Two side streams parallel to the middle stream with a relatively low flow rate (3 μl/min) maintained 

the spatiotemporal gradient. D Fluorescent images of a microchannel infused with FITC-labeled 10-kDa dextran or 40-kDa dextran in the middle stream and PBS in the side 

streams. Relative concentrations were indicated as fluorescence intensities measured by drawing a line across the lateral position in the fluorescent images. The red line in 

the middle indicates the highest concentration. B scale bar: 10 0 0 μm, D scale bar: 200 μm. 
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Rayleigh test p = 0.82; Fig. 6 D). In contrast, there was a signifi-

antly enhanced directed migration towards the growth factors in 

onditioned medium (Rayleigh test p < 0.001; Fig. 6 D), implicating 

hemotaxis in the microfluidic chip. 

To further elucidate the influence of BMSC-CM (causing a gradi- 

nt density) on HUVEC migration, several relevant chemotaxis pa- 

ameters were calculated according to the individual cell migration 

rajectories. For forward migration index (FMI) calculation, the x- 

xis refers to the direction parallel to the gradient density, while 

he y-axis refers to the direction perpendicular to the gradient 

ensity ( = direction of the flow). As shown in Fig. 6 D-E, HUVECs

oved randomly without a preferential direction in an environ- 

ent without BMSC-CM. In the presence of BMSC-CM, most cells 

oved directly towards the higher gradient density of cytokines 

 Fig. 6 D-E). Additionally, higher velocity of HUVEC movement in 

he conditioned medium group ( Fig. 6 F) resulted in an accelerated 

ound healing capacity towards damage, consistent with the find- 

ngs shown in Fig. 6 C. 

Shear stress can be sensed by endothelial cells, resulting in me- 

hanical force-induced cell migration [44] . To investigate the role 

f BMSC-CM in this process, we switched the gradient infusion mi- 

rofluidic model ( Fig. 6 B) to a design in which all three streams

ithin the channel were identical, thereby creating a homogenous 

nvironment ( Fig. 6 G). Migration of HUVECs toward the damage 
a

8 
egion of the channel was observed as early as 6 hours, when ex- 

osed to shear stress in dynamic cultures ( Fig. 6 H). Importantly, 

he effect of BMSC-CM on endothelial cell migration led to a sig- 

ificantly smaller wound area in the dynamic compared to static 

ultures ( Fig. 6 H). Collectively, these data indicate the profound in- 

uences of BMSC-CM and fluid flow on endothelial cells, and fur- 

her demonstrate that biomechanical and biochemical signals syn- 

rgistically promote cell migration. 

.7. BMSC-CM changes transcriptional profiles of endothelial cell in 

oth static and dynamic conditions 

To define the biologic significance of the dynamic culture- 

nduced findings, we performed transcriptome sequencing on en- 

othelial cells under the treatment of BMSC-CM in both static cul- 

ures and microfluidics-based single channel chips. A direct com- 

arison of mRNA expression profiles in BMSC-CM treated endothe- 

ial cells versus control in dynamic cultures revealed a total of 825 

ifferentially expressed genes (DEGs) of which 200 were upreg- 

lated and 625 were downregulated ( Fig. 7 A). In contrast, there 

ere only 21 upregulated and 42 downregulated genes in BMSC- 

M compared to the control group in static cultures ( Fig. 7 A). Re- 

arkably, the application of shear stress induced 3013 (1408 up 

nd 1605 down) and 366 (207 up and 159 down) DEGs in the 
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Fig. 6. BMSC-CM alters migration behavior of endothelial cells in microfluidic chips. A A schematic diagram showing types of stimuli of cell migration. B A schematic 

diagram showing the set-up of migration model used in ( c ). Both basal medium group and BMSC-CM group are supplemented with 2% FCS. C Representative images and 

quantitative analysis showing cell migration in the presence or absence of BMSC-CM gradient density after 6 hours. 6 independent microfluidic chips were used in statistical 

analysis, and two-sided Student’s t -test was used to analyze data. D Representative migration trajectories of HUVECs exposed to BMSC-CM gradient density after 8 hours in 

microfluidic chips. Cell migration trajectories from left to middle were recorded. The initial position was defined as the 0 point in the X-Y plane, and cell tracks (40 tracks 

were used in control group, and 35 tracks were used in BMSC-CM group) in sequential images were plotted. E-F Quantification of forward migration index (FMI, E ), and 

velocity ( F ) using 35-40 cell tracks from time-lapse imaging. FMI parallel to BMSC-CM gradient density was defined as x-FMI, while FMI perpendicular to BMSC-CM gradient 

was defined as y-FMI. E Analysis by two-way ANOVA followed by Šidák post hoc testing. Two-sided Student’s t -test was used to analyze F. G A schematic diagram showing 

the set-up of migration model used in ( H ). H Representative images and quantitative analysis of cell migration in response to BMSC-CM in microfluidic chips. The dataset 

and the interaction between BMSC-CM and dynamic condition was analyzed using two-way ANOVA. 5-8 independent microfluidic chips were used in statistical analysis. 

Data are presented as means ± SEM. Scale bars: 200 μm. 
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stress. 
resence or absence of BMSC-CM, respectively ( Fig. 7 A), illustrat- 

ng the fact that BMSC-CM treatment combined with shear stress 

nduces around 10-fold (3013 vs. 366) increase in DEGs. Most in- 

erestingly, BMSC-CM in the dynamic condition led to a more than 

3-fold (825 vs. 63) DEGs increase compared to the static culture 

 Fig. 7 A), indicating the crosstalk and synergistic action of BMSC- 

M and shear stress in regulating transcriptional signatures. 

Principal component analysis (PCA) supported the clustering of 

iological replicates and segregation of each population ( Fig. 7 B- 

). In response to BMSC-CM, endothelial cells displayed enrich- 

ents for the VEGF pathway ( Fig. 7 D-E), as well as transcriptional 

ignatures of angiogenesis stimulatory signals (Fig.S5A), including 

edgehog and Myc pathways [ 45 , 46 ] in both static and dynamic

ultures, further supporting the functional data (Fig.S5B). 

.8. Dynamic cultures exposed to BMSC-CM are enriched in processes 

elated to glycolysis, fatty acid metabolism and oxidative 

hosphorylation 

Gene ontology (GO) analyses revealed regulated biological pro- 

esses shared among all four comparisons and these terms are 

ssociated with signatures such as response to stimulus, lipid 

etabolic process, whereas endothelial cell related signatures such 
9 
s vasculogenesis/angiogenesis, endothelial cell proliferation and 

igration are shared between 2 or more comparisons ( Fig. 8 A-D 

nd data file S1). Notably, comparison of BMSC-CM in dynamic 

ersus its static culture conditions exclusively demonstrated sig- 

atures related to ATP metabolic process, mitochondrial function 

nd oxidative phosphorylation ( Fig. 8 D). Enrichment of transcrip- 

ional signatures in glycolysis, fatty acid metabolism and oxidative 

hosphorylation were identified when comparing BMSC-CM in dy- 

amic cultures to either BMSC-CM in static cultures ( Fig. 8 E-G) 

r with control medium in dynamic cultures (Fig.S6). Moreover, 

everal genes such as IDHs, SUCLs, SDHs, FH and MDHs, consti- 

uting essential components of the tricarboxylic acid (TCA) cycle, 

ere strongly up-regulated in endothelial cells exposed to BMSC- 

M in dynamic compared to static cultures ( Fig. 8 H), whereas 

nly one of these genes was up-regulated in dynamic controls 

ersus those static samples (Fig.S7A). On the other hand, BMSC- 

M samples in the dynamic cultures enhanced approximately half 

f the TCA cycle-involved genes compared to only a few in con- 

rols (Fig.S7B). These observations were further confirmed by qPCR 

nalyses (Fig.S8). Collectively, these transcriptional profiles indicate 

hat energy metabolism is strongly involved in the response of en- 

othelial cells exposed to a combination of BMSC-CM and shear 



S. Zhang, B. Tuk, J. van de Peppel et al. Acta Biomaterialia xxx (xxxx) xxx 

ARTICLE IN PRESS 

JID: ACTBIO [m5G; August 23, 2022;23:39 ] 

Fig. 7. Transcriptomic profiles of HUVECs exposed to BMSC-CM in static culture and dynamic cultures . 

A Heatmap showing the number of differentially expressed genes (DEGs) of HUVECs response to control medium (Ctrl) and BMSC-CM in static (S) and dynamic (D) cultures. 

Adjusted p < 0.05 and Log 2 fold change ≥1. B-C Principal component analysis (PCA, B ) and correlation scores of the top ten genes driving PC1 and PC2 in ( C ). D-E Tran- 

scriptional landscapes indicative of increased VEGF pathway in static ( D ) and dynamic ( E ) conditions exposed to BMSC-CM. NES: normalized enrichment score. FDR: false 

discovery rate. 

Fig. 8. Dynamic cultures exposed to BMSC-CM are enriched in processes related to glycolysis, fatty acid metabolism and oxidative phosphorylation. A-D Biological 

process-enriched DEGs in gene ontology (GO) analysis during static culture ( A ) and dynamic culture ( B ) exposed to control medium (Ctrl, C ) and BMSC-CM ( D ). GO terms 

were summarized and trimmed using REVIGO to have a representative subset of the terms (signatures). In these scatterplots, x and y coordinates were derived by applying 

multidimensional scaling to a matrix of the GO terms’ semantic similarities. The proximity of dots on the plots reflects the closeness in semantics of GO terms. GO terms in 

a relevant signature are indicated with the same color. Arrows indicate the unique signatures exclusively found in the comparison of dynamic BMSC-CM vs. static BMSC-CM. 

E-G Transcriptional landscapes indicative of increased glycolysis ( E ), fatty acid metabolism ( F ) and oxidative phosphorylation ( G ). H Altered genes in tricarboxylic acid (TCA) 

cycle of BMSC-CM in dynamic versus static condition. Significant changes of transcriptional profiles between dynamic BMSC-CM and static BMSC-CM groups are indicated. 

Upregulated transcripts are given in red, downregulated transcripts are given in yellow. NES: normalized enrichment score, FDR: false discovery rate. 

10 



S. Zhang, B. Tuk, J. van de Peppel et al. Acta Biomaterialia xxx (xxxx) xxx 

ARTICLE IN PRESS 

JID: ACTBIO [m5G; August 23, 2022;23:39 ] 

4

B

t

d

t

m

s

a

t

i

t

t

s

r

o

t

t

p

h

e

t

m

d

m

M

w

s

l

o

o

p

s  

s

r

r

f

o

r

a

t

e

d

h

o

g

c

e

t

l

e

M

o

t  

C

c

t

s

d

p

g

g

fl

t

i

w

v

n

i

e

i

i

a  

p

t

a

n

Y

e

g

l

t

p

t

p

g

f

a

t

c

t

d

a

t

i

g

m

h

v  

t

[

c

V

a

g

b

g

u

i

g

a

c

[

d

p

m

i

o

s

i

m

n

B

e

t

. Discussion 

The present study characterizes the angiogenic features of 

MSC-CM under hypoxia in dynamic cultures and shows the po- 

ential metabolism reprogramming in angiogenesis under BMSC- 

erived biochemical signals and biomechanical stimulation. The 

wo well-controlled microfluidic designs were applied that per- 

it analyses of key steps during angiogenesis, as well as analy- 

es of chemotactic and mechanotactic-based cell migration mech- 

nisms in response to a myriad of bioactive factors. The applica- 

ion of BMSC-CM in dynamic cultures shows that growth factors 

n combination with shear stress stimulated endothelial cell migra- 

ion compared to either condition alone, demonstrating synergis- 

ic effects on angiogenesis during vessel repair. In addition, tran- 

criptome analyses shows that BMSC-CM facilitates shear stress- 

egulated gene expression and provides insights into the role 

f metabolic adaptation during angiogenesis. Both findings stress 

he importance of studying endothelial cell function in the con- 

ext of both biomechanical and biochemical signals, and further 

rovide thoughts in developing therapeutic methods for fracture 

ealing. 

A number of studies have reported the co-culture of MSCs and 

ndothelial cells using microfluidic approaches, but they either fail 

o introduce continuous flow which is the essential element for 

imicking in vivo - like microenvironment [47–52] , or focus on the 

ifferentiation and migration of MSCs [ 53 , 54 ]. Another co-culture 

odel was developed as a potential tool for drug testing in which 

SCs were cultured as three-dimensional aggregates in contact 

ith endothelial cells [55] . However, this study focused on adhe- 

ion and marker expression such as CD31 and vWF of endothe- 

ial cells instead of angiogenesis or vessel function. Other self- 

rganized co-culture models showed the stabilizing effect of MSCs 

n the formation of microvascular networks, but this study was 

erformed in a normoxic environment that is different from the 

ituation upon vessel damage [ 56 , 57 ]. The advantage of our current

etting is the ability to integrate the essential elements for vessel 

epair in culture [58] where endothelial cells simultaneously expe- 

ience dynamic flow under hypoxia and are exposed trophic factors 

rom BMSCs, which enabled us to deeply investigate the interaction 

f biomechanical and biochemical signals. 

Tissue origin of MSC secretome has shown dissimilarities with 

espect to their angiogenic profile [59] , and the appropriate ther- 

peutic use of MSC secretomes greatly depends on the perspec- 

ive of specific clinical questions. For bone repair purposes, we 

mployed human bone marrow-derived MSCs, which have been 

escribed to possess an increased angiogenic potential [59] . The 

ypoxic precondition of BMSCs we applied was inspired by the 

bservation that blood vessel disruption leads to decreased oxy- 

en supply, which stimulates the secretion of growth factors and 

ytokines released by MSCs [ 60 , 61 ]. Although trophic factors and 

xtracellular vesicles (EVs) are broadly defined as the cell secre- 

ome, studies have demonstrated that EVs secreted by MSCs are 

ess sensitive than conditioned medium in the context of angiogen- 

sis [ 62 , 63 ]. By analyzing the composition of the hypoxia-activated 

SC secretome, the current study demonstrated that a wide range 

f angiogenesis-related proteins are secreted by BMSCs. Consis- 

ent with previous reports [ 18 , 64 , 65 ], our data shows that BMSC-

M is able to trigger pronounced angiogenic responses including 

ell adhesion, proliferation and migration in basic culture condi- 

ion (EBM-2) and in some cases even stronger than observed in the 

upposed optimal culture environment (EGM-2) containing abun- 

ant growth factors. 

Conventional static cell culture used in investigating the 

aracrine function of BMSCs on endothelial cells have yielded a 

reat deal of insights into underlying mechanisms governing an- 

iogenesis [66–68] . However, these static cell cultures limitedly re- 
11
ect the situation at the fracture site, as fluid shear stress is crucial 

o accurately mimic the repair process. To address the limitations 

n static cell cultures, we applied BMSC-CM into microfluidic chips 

ith accurately controlled shear stress in a hypoxia-mimicking en- 

ironment. Exposing HUVECs to CoCl 2 , a HIF1 α-inducing mimetic, 

ot only mimics decreased oxygen level during vessel disruption 

n static cultures but also paves the way for employing hypoxia 

nvironment in microfluidic system without the need for special- 

zed hypoxic culture chambers. Given the evidence that perfusion 

s decreased at a fracture site and blood vessel recovery from dam- 

ge is accompanied by very minimal flow [ 40 , 69 ], we therefore ap-

lied shear stress as low as 0.04 dyne/cm 

2 in microfluidic devices 

o mimic the key angiogenic steps in vivo. Endothelial cells showed 

n increased proliferation rate when exposed to shear stress in dy- 

amic cultures. Moreover, we found support for activation of the 

AP and SMAD signaling pathway upon shear stress by increased 

xpression of downstream genes, irrespective of the presence of 

rowth factors. The translation from mechanical signals to a bio- 

ogical response is probably mediated by multiple mechanorecep- 

ors such as PECAM-1/VE-Cadherin/VEGFR2 [70] . One possible ex- 

lanation for the enhanced proliferation triggered by BMSC-CM in 

he presence of shear stress is the activation of mechanosignaling 

athways resulting in increased response by endothelial cells to 

rowth factors. Alternatively, shear stress and MSC-derived growth 

actors may converge on common downstream pathways to play 

 synergistic role on cell proliferation. These observations indicate 

he importance of biologically relevant shear stress on endothelial 

ell behavior. 

A microfluidic-based assay was developed as a tool to inves- 

igate directional migration by applying chemoattractants on en- 

othelial cells under continuous flow [43] . We therefore gener- 

ted a BMSC-CM gradient through the channel on both sides of 

he wound and applied a relatively low flow rate (3 μl/min) allow- 

ng for diffusion between adjacent streams. HUVECs exposed to the 

radient environment of BMSC-CM revealed the expected directed 

igration ( Fig. 6 C-D), but failed to show enhanced migratory be- 

avior compared to cells cultured in a homogeneous BMSC-CM en- 

ironment at 6 hours ( Fig. 6 H). This can be explained by desensi-

ization of G-coupled receptor kinase-mediated receptor signaling 

71] , suggesting the requirement for a rising chemoattractant con- 

entration to prompt a prolonged response. The participation of 

EGF in endothelial cells recruitment is critical to vessel recovery 

nd fracture healing. Moreover, cellular sensing to a stable VEGFA 

radient has been reported to chemotactically induce migratory 

ehavior [72] . However, even when using this most potent proan- 

iogenic factor, there is no conclusive benefit of revascularization 

sing VEGF therapy [73] , further implicating the importance of us- 

ng a combination therapy under fluid flow in combination with 

rowth factors for maximum efficacy. 

Exposure of endothelial cells to fluid flow resulted in cellular 

lignment and elongation through focal adhesion-regulation and 

ytoskeletal organization [74] . Consistent with previous research 

75] , our data indicate that shear stress is a dominant factor in 

etermining morphological responses regardless of exogenous sup- 

lements. Moreover, the migratory response was strongly aug- 

ented under fluid flow compared to static cultures undergoing 

dentical BMSC-CM treatment, underscoring the synergistic benefit 

f shear stress and BMSC-derived growth factors. Potentially, the 

hear stress-transmitted signal sensed by luminal membranes and 

ts receptors thereon activates focal adhesions, which contribute to 

itogenic signaling pathways in an outside-in and inside-out man- 

er, while influencing chemotactic cell migration [76] . 

To provide further insights explaining the observed effect of 

MSC-CM and shear stress on endothelial cells, we performed gene 

xpression profiling analyses. A large number of DEGs were re- 

rieved from the combination of BMSC-CM and shear stress treat- 
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[  
ent samples compared to either treatment alone, further sup- 

orting a synergistic action of biochemical and biomechanical cues 

n regulating endothelial cell behavior. In addition, our findings im- 

licate that BMSC-CM together with shear stress significantly alters 

he metabolic character of endothelial cells as shown by the ac- 

ivation of glycolysis, fatty acid oxidation and oxidative phospho- 

ylation. A key function of oxidative phosphorylation is to sustain 

iosynthetic processes instead of ATP production (endothelial cells 

eet energy demand mainly through glycolysis) [77–79] . The en- 

anced proliferation and migration of endothelial cells induced by 

ombined BMSC-CM and shear stress are probably the result of 

ctivated biosynthetic processes. Blockade of complexes I and III 

n the electron transport chain impairs endothelial cell prolifera- 

ion, demonstrating the critical role of oxidative phosphorylation 

n angiogenesis [77] . Moreover, we observed upregulation of spe- 

ific genes in the TCA cycle in dynamic cultures exposed to BMSC- 

M. This will result in abundant production of its intermediates, 

hich serves as substrates essential for endothelial cell prolifer- 

tion [77] . Collectively, our observations are consistent with the 

ecognition that endothelial cell metabolism drives angiogenesis in 

arallel with pro-angiogenic factors [80] . 

In the current study we identified two limitations. We did not 

tilize human bone marrow-derived endothelial cells, especially 

D31 + EMCN 

+ cells from Type-H capillaries, which are closely cou- 

led to osteogenesis during fracture healing. Unfortunately, isola- 

ion of these cells needs an unrealistically large human sample 

ize as they only account for 0.015% of the total bone marrow 

ell population and until very recently there was no optimal iso- 

ation method available [81] . Secondly, while the present microflu- 

dic models provide us with potent and convenient tools to investi- 

ate complex signals during angiogenesis, advanced Organ-on-Chip 

odels emulating the “fracture” integrated with inflammatory sig- 

als, hypoxia and shear stress should be developed to enable mim- 

cking even more complex in vivo situations. 

In conclusion, our results demonstrate the importance of re- 

apitulating in vivo - like microenvironments when investigating 

ey events during vessel repair. Endothelial cells exhibit enhanced 

ngiogenesis characteristics when simultaneous exposing them to 

MSC-CM, mechanical forces and biochemical signals simultane- 

usly. The improved angiogenesis may not only result from the 

irect effect of growth factors, but also by reprogramming of en- 

othelial cell metabolism. Moreover, with this model we demon- 

trated a synergistic impact of biomechanical and biochemical sig- 

aling on endothelial cell behavior and the expression of genes in- 

olved in the TCA cycle and energy metabolism, which opens an 

nteresting avenue to stimulate angiogenesis during fracture heal- 

ng. Future work will be essential to provide additional mechanistic 

nsights into the metabolic adaptation of endothelial cells in phys- 

ological and pathological conditions, which should ultimately lead 

o tailor-made therapeutic strategies for fracture healing. 
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