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Elasticity Modulation of Fibroblast-Derived Matrix
for Endothelial Cell Vascular Morphogenesis
and Mesenchymal Stem Cell Differentiation

Ping Du, PhD,1,2,* Muhammad Suhaeri, MS,1,2,* Ramesh Subbiah, MS,1,2 Se Young Van, MS,1,2

Jimin Park, MS,1 Sang Heon Kim, PhD,1,2 Kwideok Park, PhD,1,2 and Kangwon Lee, PhD3,4

Biophysical properties of the microenvironment, including matrix elasticity and topography, are known to affect
various cell behaviors; however, the specific role of each factor is unclear. In this study, fibroblast-derived matrix
(FDM) was used as cell culture substrate and physically modified to investigate the influence of its biophysical
property changes on human umbilical vein endothelial cells (HUVECs) and human mesenchymal stem cells
(hMSCs) behavior in vitro. These FDMs were physically modified by simply storing them at different temper-
atures: the one stored at 4�C, maintained its original properties, was considered natural FDM, whereas the ones
stored at -20�C or -80�C, exhibited a distinct surface morphology, were considered physically modified FDM.
Physical modification induced matrix fiber rearrangement in FDM, forming different microstructures on the
surface as characterized by focused ion beam (FIB)-cryoSEM. A significant increase of matrix elasticity was
found with physically modified FDMs as determined by atomic force microscopy. HUVEC and hMSC behaviors
on these natural and physically modified FDMs were observed and compared with each other and with gelatin-
coated coverslips. HUVECs showed a similar adhesion level on these substrates at 3 h, but exhibited different
proliferation rates and morphologies at 24 h; HUVECs on natural FDM proliferated relatively slower and as-
sembled to capillary-like structures (CLSs). It is observed that HUVECs assembled to CLSs on natural FDMs are
independent on the exogenous growth factors and yet dependent on nonmuscle myosin II activity. This result
indicates the important role of matrix mechanical properties in regulating HUVECs vascular morphogenesis. As
for hMSCs multilineage differentiation, adipogenesis is improved on natural FDM that with lower matrix elas-
ticity, while osteogenesis is accelerated on physically modified FDMs that with higher matrix elasticity, these
results further confirm the crucial role of matrix elasticity on cell fate determination.

Introduction

Cell or tissue-derived extracellular matrix (ECM)-
based biomaterials, provided with inherently complex

biochemical and biophysical properties, have been widely
used in tissue engineering. Studies have demonstrated that
cell-derived matrices (CDMs) from human lung fibroblast1

and from a coculture of dermal fibroblast with breast cancer
cell line2 supported human umbilical vein endothelial cells
(HUVECs) vascular morphogenesis in vitro. We previously
reported that mouse fibroblast-derived matrix (FDM) and
preosteoblast-derived matrix provided an excellent platform

for HUVECs and rat bone marrow stromal cell adhesion,
proliferation, and differentiation in vitro.3,4 Those studies
provide as good examples in demonstrating the importance
of presenting the cells with appropriate niche, which CDMs
naturally possess.

Considering the significance of mechanical property and
appropriate cellular niche, we developed a system that in-
corporates the impact of mechanics using native ECM. FDM
was used to provide the cell with natural microenvironment,
whereas mechanical cue was incorporated by temperature
treatment to FDM. We found that by keeping FDM in
freezing temperatures (-20�C and -80�C), it changes its
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mechanical property; lower temperature treatment gave rise to
higher matrix elasticity. Hence, we investigated the effect of
mechanical cues on cell behaviors by using a more appropriate
cell culture substrate. This method of physical-based modifi-
cation is simpler and milder than the chemical based, such
as cross-linking using genipin,5 glutaraldehyde,6 1-Ethyl-3-
(3-dimethylaminopropyl) carbodiimide hydrochloride,7 and
transglutaminase.8

We hypothesize that the mechanical changes to FDM
induced by temperature treatment would affect cellular re-
sponses. To test our hypothesis, we cultured HUVECs and
human mesenchymal stem cells (hMSCs) on natural FDM
and modified FDM (stored in -20�C and -80�C) with gel-
atin or tissue culture plate (TCP) as control. The biophysical
and biomechanical properties of FDMs were thoroughly
investigated using focused ion beam (FIB)-cryoSEM and
atomic force microscopy (AFM). The cellular responses of
HUVECs and hMSCs, including cell adhesion, proliferation,
morphology, and differentiation, were investigated. This
study is the first reported physical modification on CDM,
and the different cellular responses of HUVECs and hMSCs
suggested that the current system could be a useful and
convenient research material for various applications.

Materials and Methods

Preparation of FDM and its physical modification

NIH3T3 mouse fibroblasts (ATCC) were cultured in Dul-
becco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal bovine serum (FBS), 100U/mL penicillin,
and 100mg/mL streptomycin (Invitrogen). Fibroblasts were
seeded at a density of 2 · 104/cm2 on gelatin-coated glass
coverslips in 12-well plates, and cultivated for 5 or 6 days
until confluence. For gelatin coating, gelatin type B (G-
9391; Sigma-Aldrich) was dissolved in distilled water
(0.5%, w/v) and then sterilized in an autoclave at 120�C for
15min. Sterilized glass coverslips (18-mm diameter) were
placed into 12-well plates and incubated with the gelatin
solution (0.5mL/well) at least for 15min in incubator, after
which the gelatin solution was aspirated and gelatin-coated
coverslips were air dried before cell seeding. The medium
was changed every 2 or 3 days. For decellularization, the
confluent cells were treated briefly with a detergent solution
containing 0.25% Triton X-100 and 50mM NH4OH (Sigma-
Aldrich). After the samples were washed with phosphate-
buffered saline (PBS), the mixture of 50U/mL DNase I and
2.5 mL/mL RNase A (Invitrogen) in PBS was added, incu-
bated at 37�C for 1–2 h, and the decellularized samples were
then gently washed twice with PBS.

For physical modification, FDM samples in PBS were
stored in refrigerator at different temperatures, that is, 4�C,
-20�C, and -80�C overnight, and then thawed at room tem-
perature. FDMs stored at 4�C maintained their original prop-
erties and were considered natural ones. The resulting samples
were named as FDM, FDM (-20), and FDM (-80), respec-
tively. Surfacemorphology of these FDMswas observed under
a phase-contrast microscope (Zeiss Axio Vert.A1).

Characterization of FDMs using FIB-cryoSEM and AFM

The surface structure and topography of FDMs before and
after physical modification were observed by the cryo-SEM/

FIB equipment (Quanta 3D FEG; FEI) with an Alto 2500
cryo-transfer system (Gatan). FDM samples were loaded on
a copper stub and subsequently submerged into liquid ni-
trogen slush. After 30 s, the samples were transferred to the
preparation chamber at a pressure of 10-5 mbar under
-190�C. The metal deposition was then performed with a
current of 5 mA for 100 s in the same chamber. The coated
samples were transferred into the microscope chamber at a
pressure of 10-5 mbar under -190�C. Samples were photo-
graphed in normal mode at 5 kV accelerating voltage and
11.8 pA current. Regions of interest were cryosectioned by
Ga ion beam at 30 kV accelerating voltage and 3 nA current.
Surface morphology after FIB section was imaged using the
same parameters as mentioned above. The morphology of
porosity in FDM surface was quantitatively analyzed using
image J software by two parameters: pore diameter and
aspect ratio, the quantification data were obtained from five
different regions in each sample (n= 3, each group).

For biophysical characterization, FDMs were tested in a
liquid contact mode using Nanowizard II bio-AFM (JPK
Instruments). The combined inverted optical stage helps to
precisely position the AFM tip over the region of interest on
FDM.A hydra2R-50NGAFMprobes (AppNano) was used to
scan FDMmorphology. The data obtained from the Bio-AFM
height scale images were used to calculate the surface
roughness of FDMs. For biomechanical characterization, a
sphere tip (5 mm diameter) on silicon nitride (Si3N4) cantile-
ver with the spring constant of 0.01N/m (PT.SiO2.AU.SN.5;
Novascan Technologies, Inc.) was used. Young’s modulus
(YM) was measured by the nanoindentation method. The
indentation forces (0.5–10 nN) were applied during the tests
to find out a proper indentation depth ranging from 50 to
500 nm. Both tip–sample separation curves and YMs (10
different regions in each sample, n = 3) were subsequently
obtained according to Hertz’s contact model using JPK data
processing software (v3.3.25). The poison ratio of the FDMs
was considered to be 0.5 ( JPK Instruments). Following the
JPK manual instruction, the average YM of each FDM was
calculated from the average loads when the indentation depth
reaches 10–20% of the matrix thickness.

HUVECs culture and proliferation assay

HUVECs (C2517A; Lonza) were cultured in an endo-
thelial cell growth medium (EGM-2 BulletKit, CC-3162)
at 37�C under a 5% CO2 humidified atmosphere. The
HUVECs between passage 4 and 6 were used in this study.
To investigate cell proliferation level, HUVECs (5· 104/
well) suspended in the EGM-2 medium were seeded on the
gelatin-coated coverslips (control), FDM, FDM (-20), and
FDM (-80) in 12-well plates (n = 3, each group), respec-
tively. FDMs were rinsed with PBS thrice before cell
seeding. Cell attachment level at 3 h and cell proliferation
level at 24 and 72 h were analyzed by the Cell Counting Kit-
8 (CCK-8, CK04; Dojindo) assay. Briefly, 10% CCK-8
solution in culture medium was added to each sample and
incubated at 37�C for 2 h. Aliquots of each sample (100 mL)
were transferred to a 96-well plate and the absorbance was
measured at a wavelength of 450 nm using a multiskan
microplate reader (Thermo Fisher Scientific). Cell prolifer-
ation assays were performed in triplicate. In addition, after
cultivation of HUVECs on each substrate for 24 h, samples
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were fixed and dehydrated for SEM scanning to observe cell
attachment and cell morphology on the FDM.

HUVECs adhesion and morphology analysis

To further analyze HUVECs adhesion and morphology on
different substrates, cells were seeded at a density of 1 · 104
cells/cm2 on gelatin-coated coverslips, FDM, FDM (-20),
and FDM (-80). After cultivation for 24 h in the EGM-2
medium, HUVECs were fixed by cold acetone and subjected
to immunofluorescence staining (IFS) against vinculin and
F-actin. In brief, samples were washed by PBS thrice and
blocked with 3% bovine serum albumin (BSA) in PBS, fol-
lowed by overnight incubation with primary antibody against
mouse monoclonal vinculin (sc-73614; Santa Cruz Bio-
technology) diluted in 1%BSA (1: 300). After washing, those
samples were treated with secondary antibody of Alexa
Fluor� 488 F(ab’) fragment of goat anti-mouse IgG (A-
11017) and TRITC (Tetramethylrhodamine isothiocyanate)-
conjugated phalloidin (A415; Life Technologies) (1: 200) for
1 h at room temperature. Immunostained samples were wa-
shed thrice and then mounted on microscope slides using the
vectashied� mounting medium with DAPI (H-1200; Vector
Laboratories, Inc.) for nucleic labeling. Images were taken
under a fluorescence microscope (Zeiss Axio Vert.A1) at 400
magnification. Cell morphology was quantitatively assessed
by cell spreading area and aspect ratio. Quantification data
were obtained by manually outlining cell borders (10–15
cells) per sample (n = 3) and processed by image J software.

Cell migration—wound healing assay

To investigate cell motility, HUVECs were seeded at a
high density of 1 · 105 cells/well on three types of FDMs in
12-well plates and cultivated in the EGM-2 medium (CC-
3162) for 2 days until confluence. The confluent layers of
HUVECs were carefully scratched using a pipette tip (1mL)
to create an artificial wound. The samples were then washed
twice with PBS to remove the cell debris and cultivated in
the endothelial basal medium-2 (EBM-2, CC-3156) with the
supplement of 2% FBS and 50 ng/mL recombinant human
stromal cell-derived factor-1 alpha (SDF-1a; chm-262;
Prospec). Samples were placed under Cell Observer� with
live-cell imaging microscopy (Zeiss Axio Vert.A1) for 24 h
with a scanning interval of 10min to monitor cell migration
and repopulation in the scratched area. The repopulation
speed of cells on each substrate was evaluated by the av-
erage wound closure percentage after 6 and 12 h, respec-
tively. Quantitative data were obtained from six areas per
sample (n = 3). Experiments were performed in triplicate.

Quantitative polymerase chain reaction

For quantitative polymerase chain reaction (qPCR) anal-
ysis, HUVECs were cultured for 24 h on different substrates
with the stimulation of 50 ng/mL SDF-1 in the EBM-2 me-
dium with 2% FBS. Total mRNA was extracted from the
HUVECs using Trizol� RNA isolation reagents (Invitrogen),
following the manufacturer’s instruction. Concentration
and purity of the isolated mRNA were determined using a
NanoDrop ND-1000 spectrophotometer (Thermo Fisher
Scientific). One microgrammRNA and diethylpyrocarbonate
(DEPC)-treated water was added to the Maxime RT PreMix

Kit (25081; Intron) tubes to a total volume of 20mL. Samples
were then subjected to cDNA synthesis at 45�C for 60min and
RTase inactivation at 95�C for 5min. The resulting cDNA
product (1 mL), 10 pmol of each reverse and forward primer in
2 mL sterile DW, 10mL of SYBR Green real-time PCR mix
(RR420A; Takara), 0.4 mL of ROX reference dye, and 6.6 mL
DWwere mixed in PCR reaction tubes (Applied Biosystems)
to a total volume of 20 mL. The reaction reagents were mixed
thoroughly, centrifuged briefly, and then placed in a real-time
cycler (7500 Real-Time PCR System; Life Technologies�);
reaction proceeded at a condition of initial denaturation and
DNA polymerase activation at 95�C for 5min, followed by 40
cycles of denaturation at 95�C for 10 s, and annealing/exten-
sion at 58�C for 34 s. Target genes and their primer sequences
were membrane type 1-matrix metalloproteinase (MT1-
MMP): GCAGAAGTTTTACGGCTTGC (forward) and TCT
CAGCCCCAAACTTGTCT (reverse); and chemokine (C-X-C
motif) receptor 4 (CXCR4): CTCCAAGCTGTCACACTCCA
(forward) and GTCGATGCTGATCCCAATGT (reverse).
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was
used as housekeeping gene and the primer sequence is
GGCTCTCCAGAACATCATCC (forward) and TTTCTA-
GACGGCAGGTCAGG (reverse).

Nonmuscle myosin II activity and HUVEC morphology

HUVECs (5· 104 cells/well) in EGM-2 were seeded on
three types of FDMs, along with gelatin-coated coverslips as
control group in 12-well plates (n= 8). For nonmuscle myosin
II (NMM II) activity inhibition, Blebbistatin (B0560; Sigma-
Aldrich) dissolved inDMSOwas added to the HUVEC culture
medium to a final concentration of 50mM. Correspondingly,
HUVECs treated by same volume of DMSO without Bleb-
bistatin (n= 4, each group) were used for comparison. The
treatment with or without Blebbistatin was started after 24-h
cultivation and lasted for 30min. Cells were fixed, washed, and
permeabilized for CD31 (PECAM-1) and F-actin staining. In
brief, sampleswere first blockedwith 3%BSA in PBS and then
incubated with primary antibody of rabbit polyclonal anti-
CD31 (ab28364; Abcam) overnight. After washing thrice,
secondary antibody of goat polyclonal anti-rabbit IgG-H&L
Dylight 488 (ab96899) and TRITC-conjugated phalloidin
(A415) was applied to visualize CD31 and cytoskeleton. The
stained samples were mounted on microscope slides in a
mounting medium with DAPI (H-1200) and examined under
confocal laser scanning microscopy (LSM 700; Carl Zeiss).
To identify a lumen structure formation, consecutive z-stack
images (10–25 iterations) with an interval thickness of 1mm at
400magnificationwere acquired and a three-dimensional (3D)
reconstruction of capillary-like structure (CLS) was performed
using Imaris software (Imaris 7.1). Cross-sectional views of
reconstructed images showed a hollow structure of lumen.

HUVEC morphology without exogenous growth factors

To investigate whether HUVEs morphology on FDMs and
gelatin-coated coverslips is dependent on chemical supple-
ments in culture medium, HUVECs (5· 104 cells/well) were
cultured in the EBM-2medium (CC-3156) without adding any
supplements and growth factors (EGM-2 SingleQuot Kit
Suppl. & Growth Factors, CC-4176; Lonza). The EGM-2
SingleQuot Kit comprised hEGF, 0.5mL; VEGF, 0.5mL; R3-
IGF-1, 0.5 mL; Ascorbic Acid, 0.5 mL; Hydrocortisone,
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0.2mL; hFGF-b, 2.0mL; Heparin 0.5mL; FBS, 10.0mL; and
GA, 0.5mL. Cell morphology was imaged at 24 h under a
phase-contrast microscope. To further compare HUVEC
morphology on natural FDMwith or without supplements and
growth factors, HUVECs on natural FDM at 24 h (n = 3, each
group) were fixed, washed, and permeabilized for F-actin
staining. In brief, cells were first incubated with TRITC-
conjugated phalloidin (A415) in 1% BSA for 20min. After
washing thrice, samples were then mounted on microscope
slides in a mounting medium with DAPI (H-1200) for im-
aging under a fluorescence microscope (Zeiss Axio Vert.A1).

hMSC morphology and proliferation assay

hMSCs (Lonza) passage 7–9 were seeded at a density of
2.1·104 cells/cm2 and cultured under a basal medium (PT-
3238; Lonza) at 37�C and 5% CO2. After 1 day, samples were
harvested and fixed with 4% formaldehyde. Cells were per-
meabilized with 0.1% Triton-X 100 and blocked with 1% BSA
for 1 h. Cell cytoskeleton was stained with Rhodamine phalloi-
din (R415) for 20min, mounted, and observed under fluores-
cence microscope (CKX-41; Olympus). As much as 20 cells for
each group were analyzed for cell spreading area and cell cir-
cularity index (values range 0–1 with value 1 indicating perfect
circle). Cell proliferationwas carried out at day 1 and 3 using the
Cell Counting Kit-8 (CK04; Dojindo) following same protocol
described in Cell Migration—Wound Healing Assay section.

hMSC adipogenesis and osteogenesis

For differentiation, cells were cultured to confluence and the
medium was changed into a differentiation medium, which
consists 0.5mM dexamethasone (D4902; Sigma-Aldrich),
0.5mM isobutyl methylxanthine (I7018; Sigma-Aldrich), and
50mM indomethacin (I7378; Sigma-Aldrich) for adipogenic
induction, whereas for the osteogenicmedium, the supplements
were 10 nM dexamethasone, 20mM b-glycerophosphate
(G9422; Sigma-Aldrich), 25mg/mL ascorbic acid (A4403;
Sigma-Aldrich), and 50 ng/mL BMP-2 (R&D system). Differ-
entiation was carried out for 2 weeks with medium change
every 2–3 days. Upon completion of differentiation, cells were
washed with PBS and fixed with 10% formaldehyde for 1 h.
After that, they were stained for 20min with 5mg/mL oil red O
(198196; Sigma-Aldrich) and 0.01 g/mL alizarin red S (A5533;
Sigma-Aldrich) for detection of lipid droplet and calcium, re-
spectively. After washing, the samples were observed under
microscope (Carl Zeiss) and 15 random images from three
replicates in each group were quantified.

Statistical analyses

Statistical analyses of the data were performed using one-
way analysis of variance (ANOVA), with Tukey’s post hoc
multiple comparisons (GraphPad Prism 5). All the data re-
presented the mean values and standard deviations. Statis-
tical significance was determined as *p< 0.05, **p< 0.01,
and ***p < 0.001, respectively.

Results and Discussion

Biophysical property changes on FDM induced
by physical modification

The topographic features of substrates in microscale or
nanoscale have a great influence on cell behaviors, thus

characterizations of these features are of critical impor-
tance.9 FDM samples were thoroughly characterized by
different methods in microscales and nanoscales. Under
phase-contrast microscope, natural FDM exhibited homo-
geneously distributed fibers that were thin and dense. In
contrast to the natural ones, FDM (-20) comprised inter-
connected fiber networks forming mesh-like structures with
various sizes of fibers on the surface. Similar pattern of
microstructures was detected on the surface of FDM (-80),
but they were denser and smaller (Fig. 1A, inset). It is likely
that matrix fiber rearrangement on physically modified FDM
is caused by ice crystal formation during freezing at low
temperature.10 This kind of surface morphology changes of
FDM could also be caused by the contraction of the ECM
proteins and their dehydration at freezing temperature.11

For a more detailed analysis, we employ FIB-cryoSEM to
visualize the inner microstructures of FDMs. Porous struc-
tures were observed on the surface of all the FDMs in the
frozen hydrated state by FIB-cryoSEM. Natural FDMs ex-
hibited larger porosities aligned in longitudinal direction
compared with those on physically modified ones, whereas
FDM (-80) and FDM (-20) exhibited circular and inter-
connected porous structures. Interestingly, much smaller
pores were rich in FDM (-80) than in FDM (-20) (Fig. 1A).
To observe the inner structure of FDMs, the surfaces were
milled by FIB and scanned again at a higher resolution.
Similar porous structures were observed throughout the
whole thickness of FDMs (Fig. 1B). Scanned under much
higher resolution, uniform and tiny porous structures were
observed on FDM (-80) (Fig. 1A, B). When the diameters
of porous structure were quantitatively analyzed using
Image J software, the values were 3.02– 0.85, 1.03 – 0.15,
and 0.52 – 0.15 mm for FDM, FDM (-20), and FDM (-80),
respectively (Fig. 1C). The pore diameters are significantly
different among three types of FDMs, and that in FDM
(-80) is the smallest. This result agrees with the previous
finding that different freezing temperatures give rise to
different pore diameters to alginate scaffold and pore di-
ameters are reduced with decreasing freezing tempera-
tures.12 To further describe the different surface morphology
of FDMs, the aspect ratio of pore is quantitatively analyzed
using image J software, the value of that is 3.8 – 0.96,
1.45 – 0.36, and 1.39 – 0.23 with FDM, FDM (-20), and
FDM (-80), respectively (Fig. 1D). Therefore, it can be
concluded that the pores on natural FDM are more elongated
than those on physically modified FDM.

AFM can present the detailed surface information of
FDMs, including roughness, topography with a scanning area
of 100· 100 mm. Natural FDM showed aligned longilineal
porous structures, whereas physically modified FDMs ex-
hibited small circular porosity (Fig. 2A). The surface mor-
phology observed byAFM is consistent with that observed by
FIB-cryoSEM. Furthermore, it was found that the average
roughness of FDM, FDM (-20), and FDM (-80) were
89.8 – 25.8, 95.1 – 8.7, and 266.6– 13.4 mm, respectively. A
significant higher roughness was found with FDM (-80) than
that with both FDM (-20) and FDM (Fig. 2B). The AFM
nanoindentation analysis further presented that physical
modification significantly increased the elasticity of FDM;
the average YM of FDM, FDM (-20), and FDM (-80) was
83.3 – 17.2, 564.8 – 143.5, and 4313.3– 1353.1 Pa, respec-
tively (Fig. 2C). FDM (-80) with the smallest pore size has
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the highest matrix elasticity (Figs. 1 and 2C), this observation
is consistent with the previous report that matrix stiffness is
inversely correlated with pore size.13 In summary, it is found
that physical modification on FDM induced matrix fiber re-
arrangement, which consequently alters surface structures
and increased matrix elasticity of FDMs.

HUVEC behavior on physically modified FDMs

To evaluate the impact of FDM physical modification on
HUVEC behavior, cells were seeded on three types of
FDMs and gelatin-coated coverslips. HUVECs attached and
spread on all substrates as indicated by SEM images of cells

FIG. 1. FDM characterization by FIB-cryoSEM. Surface morphology of FDM, FDM (-20), and FDM (-80) was observed
under cryoSEM (A) and phase-contrast microscope (A, inset). Samples were scanned under cryoSEM after FIB section (B).
Scale bars for (A) and (B) are 20, 50 (inset A) and 4 mm (enlarged rectangular of FDM [-80]). Quantitative analysis of pore
diameters (C) and aspect ratios (D) is based on cryoSEM images after FIB cutting. Statistically significant differences
among FDMs are indicated as **p < 0.01 and ***p < 0.001. FDM, fibroblast-derived matrix; FIB, focused ion beam. Color
images available online at www.liebertpub.com/tea

FIG. 2. Biophysical char-
acterization of FDMs.
Atomic force microscopy
demonstrated porous struc-
ture of FDM surface in a scan
area of 100 · 100mm2 (A).
Quantitative data of FDM
surface roughness obtained
from 12 areas (n = 5) (B). The
average YM of each FDM is
calculated from the average
loads when the indentation
depth reaches 10–20% of the
matrix thickness (C). Statis-
tically significant difference
among FDMs is indicated as
***p < 0.001. YM, Young’s
modulus. Color images
available online at www
.liebertpub.com/tea
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in 24-h postseeding and a close cell–matrix interaction can
be observed on all the FDM substrates. It is interesting that
cells on gelatin, FDM (-20), and FDM (-80) were observed
as groups of 2–15 cells forming localized islands (Fig. 3A,
top). This kind of multicellular cluster formation has also
been detected on fibronectin-coated coverslips in the pre-
vious study.14 HUVEC morphology on natural FDM is
distinct from that on physically modified FDM; they con-
nected to each other forming a CLS. On the other hand, cells
on the other substrates are simply gathered. This phenom-
enon is likely correlated with matrix elasticity indicated by
YM (Fig. 2C) as previous study claimed that HUVECs
formed CLSs on a compliant substrate with an elasticity less
than 1000 Pa.15 Another interesting finding is that HUVECs
on natural FDM have long filopodia protruded each other
indicating an active motility (Fig. 3A).

To further investigate HUVEC adhesion on each substrate,
we carried out immunostaining of cell adhesion-related pro-
teins.Within 24 h, HUVECswere well attached and spread on
all the substrates, with well-developed actin stress fibers and
focal adhesion points as indicated by F-actin (red) and vin-
culin (green) staining, respectively (Fig. 3B). Interestingly,
HUVECs exhibited much more elongated morphology on
natural FDM over the other groups at 24 h. It was notable that

vinculin positive signal of HUVECs on natural FDM was
significantly less in 24 h, indicating much weaker cell–
matrix interactions compared to that on the other substrates.
Moreover, less cytoskeleton filaments were detected with
HUVECs on natural FDM compared with that on other sub-
strates (Fig. 3B). The finding that HUVECs developed more
focal adhesion points and cytoskeleton fibers on substrates
with higher matrix elasticity is well consistent with the pre-
vious report.16 Furthermore, this result is also supported by
the previous study that HUVECs respond to differences in
substrate stiffness by changing their focal adhesion-related
proteins as well as actin stress fibers.17

To better compare cell morphology on each substrate, cell
spreading area and aspect ratio are quantitatively analyzed
using image J software. Cell spreading area on gelatin-coated
substrates was the largest and that on natural FDM was the
smallest in 24 h (Fig. 3C). Moreover, it is found that cell
spreading area increased with the rise of matrix elasticity
(Figs. 2C and 3C), which strongly implied a correlation be-
tween substrates’ mechanical property and HUVEC mor-
phology.15 The cell aspect ratio is defined as the ratio between
long axis and short axis of individual cells, HUVECson natural
FDM had significantly larger aspect ratio than those on the
other substrates at 24 h (Fig. 3D). A unique sign of vascular

FIG. 3. HUVECs adhesion and morphology analysis. SEM images (500·) of HUVECs adhered on FDM fibers and gelatin-
coated coverslips at 24 h. Arrow denotes HUVEC filopodia formation on natural FDM (A). Scale bar is 260mm. HUVEC
adhesion and morphology at 24 h was visualized by immunostaining against vinculin (green), F-actin (red), and DAPI (blue)
(B). Scale bar is 50 mm. Cell morphology is quantitatively analyzed by cell spreading area (C) and cell aspect ratio (the ratio of
cell length to width) (D). Cell proliferation on each substrate was analyzed by the CCK-8 assay at 3, 24, and 72 h (E).
Statistically significant difference between different substrates is indicated as *p < 0.05, **p < 0.01, and ***p < 0.001, re-
spectively. HUVEC, human umbilical vein endothelial cell. Color images available online at www.liebertpub.com/tea
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morphogenesis, CLS formation, did not occur on FDM (-20)
and (-80), as well as on gelatin, where the average cell aspect
ratio on these substrates was less than 3. It has been reported
that ECs from large or small diameter blood vessels had dif-
ferent responses to the substrate topography.18 In this study,we
also found that substrate topography affects HUVEC mor-
phology, in which the aspect ratio of HUVECs is directly
correlated with FDM porous structure (Figs. 1D and 3D) in-
dicating the additional role of substrate topographyonHUVEC
morphology. However, different topography cues in substrates
without proper stiffness can alter EC adhesion, morphology,
migration, and gene expression, but cannot induce CLS for-
mation.19–22 Our findings imply that CLS formation is strongly
linked with matrix stiffness.

About 80% cells were successfully attached on each
substrate in 3-h postseeding, suggesting that physical mod-
ification of FDM did not affect HUVEC adhesion level. In
addition, when cell proliferation level was examined for up
to 72 h, it was notable that the proliferation rate of HUVECs
on natural FDM was relatively slower than that on the other
substrates (Fig. 3E). These results suggested that HUVECs
on natural FDMs act as tip cells that tend to form CLSs,
whereas HUVECs on physically modified FDMs behave as
stalk cells that are proliferative.23 Furthermore, the result
also implied that a balance between HUVEC proliferation
and vascular morphogenesis existed.21

It is well known that EC migration plays a critical role in
the process of angiogenic sprouting and repair of injured
vessels.24,25 Thus, the motility of HUVECs cultured on
FDM substrates was examined by wound healing assay, in
which the migration process was recorded under a time-
lapse microscope. Percentage of wound closure was calcu-
lated at 6 and 12 h (Fig. 4A). Compared to the initial wound
area at 0 h (Fig. 4A, top), it is visible that after 6 h the wound
coverage area was significantly higher on natural FDM than

those on physically modified FDM substrates (Fig. 4A,
middle). Similar trend of wound coverage level was found
after incubation for 12 h (Fig. 4A, bottom). Furthermore, the
average wound closure percentage was quantitatively ana-
lyzed based on the observations recorded by the time-lapse
microscope (Supplementary Videos S1–S3; Supplementary
Data are available online at www.liebertpub.com/tea); about
30% wound area was repopulated on natural FDM after 6 h,
whereas 10–20% wound area was repopulated on physically
modified FDM substrates (Fig. 4B). A similar trend of
wound closure was observed after incubation for 12 h and
natural FDM showed much faster wound closure than that
on physically modified ones. All of this indicated that
HUVECs on natural FDM have higher motility than that on
physically modified ones and it is supported by the obser-
vation that HUVECs formed more filopodia on natural FDM
(Fig. 3A). The lower motility of HUVECs on physically
modified FDM than other substrates might relate with the
matrix elasticity (Fig. 2C), and the strong cell–matrix in-
teraction (Fig. 3B) on physically modified FDM can hinder
cell movement. In this study, HUVECs were stimulated by
50 ng/mL SDF-1a with 2% FBS without other supplement
and cytokines. Thus, in such a low serum condition and
without the supply of mitogen, it can be concluded that cells
in the scratched area at 6 and 12 h were caused by HUVEC
migration instead of proliferation.

SDF-1a regulates cell migration by binding with che-
mokine (C-X-C motif)-4 (CXCR-4).26 Additional informa-
tion for cell migration was sought by investigating gene
expression level of CXCR-4 and matrix remodeling pro-
teolytic enzyme MT1-MMP with the stimulation of SDF-1a.
SDF-1a, secreted from damaged tissues under vascular in-
juries, is one of the central chemokines involved in vascular
repair by regulating vascular cells homing.27 The results
showed that CXCR-4 was significantly upregulated with

FIG. 4. Cell migration—wound healing assay. Images showed cell migration situation at different time points under time-
lapse microscope: top, time 0;middle, after 6 h; and bottom, after 12h (A). Scale bar is 200mm. Wound closure percentage after
6 and 12h was quantitatively analyzed and compared (B). CXCR-4 and MMP-14 gene expression fold changes of HUVECs
cultured on different substrates for 24h (C). Statistically significant difference between gelatin-coated coverslips and FDMs is
indicated as *p< 0.05, **p< 0.01 and ***p< 0.001, respectively. Color images available online at www.liebertpub.com/tea
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HUVECs cultured on natural FDMs and it was statistically
significant to that on FDM (-20) (Fig. 4C). MT1-MMP has
been reported to facilitate neovascularization by degrading
the ECMatmigrating cell front, thus creating a physical space
for cell migration.28,29 Early study also reported there was
much higher expression of MT1-MMP on FDM during vas-
cular morphogenesis.3 Therefore, to examine a correlation
between MT1-MMP expression and cell migration, the gene
expression level of MT1-MMP was examined. The trend of
MT1-MMP on each substrate was consistent with that of
CXCR-4 (Fig. 4C), which implied that both factors might play
a crucial role in the movement of HUVECs on FDM.

HUVEC CLS assembly is dependent on NMM II activity

Previous studies demonstrated that cells could sense the
surrounding matrix mechanical properties through a NMM
II-dependent pathway.30,31 Consequently, HUVEC mor-
phology on each substrate was observed with or without the
inhibition of NMM II activity by adding Blebbistatin in the
culture medium. To observe the lumen structure formation
of HUVECs, the merged images of CD31, F-actin, and
DAPI were reconstructed into 3D configurations by adding
the Z-stacks to 2D configuration using Imaris software. The
cross-sectional images illustrated 3D lumen hollow structure
formed by HUVECs on natural FDM without the treatment
of Blebbistatin (Fig. 5A). HUVECs treated by Blebbistatin
formed much less density of actin stress fibers compared
with that formed by HUVECs without treatment. Moreover,
Blebbistatin treatment disrupted the lumen structure that
otherwise formed on natural FDM (Fig. 5B). These results
demonstrated that CLS formation of HUVECs is dependent
on NMM II, the cellular mechanotransducer that could sense
the matrix elasticity in the surrounding environment.

Beside biophysical cues, chemical signals such as growth
factors and macromolecule compositions have been shown
critical in inducing angiogenesis. To eliminate the possi-
bility that the different responses of HUVECs on four sub-
strates is caused by the different growth factor binding
capability of each substrate, HUVEC responses on these
substrates were further observed by culturing them without
adding exogenous growth factors or angiogenic agents. It is
found that on all the substrates, the morphology of HUVECs
cultured in the mediumwithout supplements was similar with
those cultured in the medium together with supplements
(Fig. 6A); CLSs were formed on natural FDMs even without
supplements (Fig. 6B). This finding indicates that CLSs and
filopodia formation on natural FDM is independent on ex-
ogenous growth factors or cytokines. In addition to this, the
macromolecule compositions of FDM such as fibronectin,
laminins, and collagen type I of fresh FDM and physically
modified FDM (-80) were compared (Supplementary
Fig. S1), it was found that all of these molecules exist even
after physical modification. All of the above results showed
that the behavior of HUVECs is dominantly affected by ma-
trix elasticity, but not the chemical signals added in culture
media or topography of underlying substrate.

Human MSC multilineage specification is dependent
on substrate elasticity

To further demonstrate the importance of biophysical cues
on cell behavior, MSCs were also used to evaluate the effect
of matrix elasticity in FDM on multilineage differentiation of
stem cells. The behavior of these cells was assessed based on
their morphology, proliferation, and multilineage differenti-
ation into adipogenesis and osteogenesis. Our data show that
MSCs behaved differently according to which substrates they

FIG. 5. HUVEC morphology with the inhibition of nonmuscle myosin II activity. HUVECs morphology at 24 h was
observed using IFS against CD31 (green), along with F-actin (red) and DAPI (blue). CLSs were observed on natural FDM,
and capillary lumen indicated by white arrow was only detected on natural FDM based on three-dimensional reconstructed
confocal microscope images (A). With 50mM Blebbistatin treatment for 30min at 24 h, cytoskeleton fibers were signifi-
cantly reduced on all the substrates and capillary lumen on natural FDM was disrupt (B). Scale bar is 50 mm. CLS, capillary-
like structure; IFS, immunofluorescence staining. Color images available online at www.liebertpub.com/tea
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were cultured on. After cell culture for 24 h, cells were stained
with Rhodamine phalloidin to visualize their cytoskeleton
(Fig. 7A). Cells on soft substrate (natural FDM) showed
branching, disorganized actin fiber, and high number of fi-
lopodia, whereas on the stiffer ones (gelatin and modified
FDMs) exhibited less branching, organized actin fiber, and
polygonal cell shape.32 Based on the fluorescence images, we
collected morphological information such as cell spreading
area and circularity index.We found thatMSCs spread almost
equally on all substrates (Fig. 7B), but they formed different
morphological features. Cells on physically modified FDMs
and gelatin have higher circularity index than those found on

natural FDM, but comparatively similar to those on gelatin
(Fig. 7C). Our finding indicates that different substrate stiff-
ness posed diverse cell shapes, which result in distinct actin
organization. The correlation between cell shape and actin
organization is strongly associated with cell growth, physi-
ology, and fate determination.8

Meanwhile, the proliferation of MSCs was characterized
at day 1 and 3 after culturing. On day 1, we observed that
cell proliferation varied with a particular trend dependent on
types of substrates. In the FDM groups, stiffer substrates
with ECM composition and structures promote higher pro-
liferation as opposed to softer ones.17 This tendency was

FIG. 6. CLS formation is independent of exogenous growth factors. Phase-contrast images of HUVECs cultured on each
substrate for 24 h in EBM-2 medium without exogenous growth factors (A). Scale bar is 200 mm. CLSs were detected on
natural FDM when they were cultured with (bottom) or without (top) supplement. F-actin (Red), DAPI (Blue) (B). Scale bar
is 100mm. EBM-2, endothelial basal medium-2. Color images available online at www.liebertpub.com/tea

FIG. 7. Human MSC adhesion and morphology analysis. Human MSC morphology was visualized at 24 h by F-actin (red)
and DAPI (blue) staining (A). Scale bar is 100mm. Cell morphology is quantitatively analyzed by two parameters: cell
spreading area (B) and cell circularity (C). Cell number at day 1 and day 3 is obtained by the CCK-8 assay (D). Statistically
significant difference among four groups is indicated as *p < 0.05, **p < 0.01, and ***p < 0.001. Color images available
online at www.liebertpub.com/tea
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maintained upon culture at day 3, showing substrate de-
pendency for cell proliferation (Fig. 7D).

Following differentiations, cells were examined for de-
position of lipid and calcium. Oil red O staining shows the
formation of lipid droplets in all groups that indicates these
cells have undergone adipogenesis (Fig. 8A). Accordingly,
these cells were also responsive to osteogenic induction
evidenced by mineralization of calcium as visualized by
alizarin red (Fig. 8B). Quantitatively, MSCs on natural FDM
with the lowest matrix elasticity have greater capability to
differentiate into adipogenesis than the other stiffer sub-
strates (Fig. 8C), whereas cells induced with the osteogenic
medium showed that they were preferentially more com-
petent on the stiffest FDM (-80) (Fig. 8D). For matrix
elasticity perspectives, cells on TCP felt the stiffest envi-
ronment, but the absence of ECM might be the main cause
for the lower osteogenic induction on this group, relative to
the physically modified FDMs. All of these results further
confirmed the critical role of matrix elasticity in MSC
multilineage specification.32,33

Physical modification on FDM induces the changes of both
matrix structure and elasticity, and matrix elasticity changes
are induced by matrix re-arrangement during physical treat-
ment. Physicallymodified FDM showed different mechanical
properties with YM ranging from less than 100 Pa to more
than 4000 Pa. They can be used for various physiological

applications as most organs and tissues are mechanically
varied by nature ranging from 100 Pa for the brain to 100,000
Pa for soft cartilage.34 Furthermore, the biophysical proper-
ties of substrates can influence cell morphology, proliferation,
motility, and differentiation. Thus, physically modified
FDMs can be used for studying the behavior and related
mechanisms of HUVECs, hMSCs, and prospectively other
type of cells. In addition, this study gives a very valuable
instruction for the future application of natural ECMs that
they are sensitive to storage temperature; ECMs should be
maintained at a consistent condition according to different
research purposes. On the other hand, in this study, our results
suggest that matrix elasticity plays a critical role in regulating
HUVEC and hMSC differentiation. However, after physical
modification, the changes of calcium metabolism, pH, and
other parameters in FDM may contribute to cell differentia-
tion. Thus, a detailed examination on the effect of modified
FDMs on cell differentiation deserves further exploration.

Conclusion

FDMs were physicallymodified by storing them at different
temperatures. Interestingly, a facile freeze–thaw process in-
duced significant changes of surface texture, topography, and
matrix elasticity onFDM, as determined byFIB-CryoSEMand
AFM. These changes subsequently caused notably different

FIG. 8. Human MSC adipogenesis and osteogenesis. Human MSC adipogenic capacity on each substrate is evaluated by
Oil red O staining (A), while osteogenic is visualized by Alizarin red staining (B). Oil red- (C) and Alizarin red- (D) stained
positive percentage area is quantitatively analyzed using image J software. Scale bar is 100 mm. Statistically significant
difference among four groups is indicated as *p < 0.05, **p < 0.01, and ***p < 0.001. Color images available online at
www.liebertpub.com/tea
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responses ofHUVECs and hMSCs cultured on them.HUVECs
cultured on natural FDMs exhibited tip cell-like characters;
they carried more filopodia and expressed a higher level of
MT1-MMP with higher motility. This was sharply contrasted
with HUVECs cultured on physically modified FDMs that
they showed a stalk cell-like property proliferating faster and
establishing tight junction with neighbor cells. This study
shows that physical modification impairs the usual vascular
morphogenesis on FDMs and this result is correlated with
increase of matrix elasticity after physical modification. The
improved adipogenesis level of hMSCs on natural FDMswith
lower matrix elasticity and acceleration of osteogenesis on
physically modified FDM further confirmed the important
role of matrix elasticity on stem cell lineage specification.
However, additional work is needed to understand the
mechanism of freeze–thaw-induced biomechanical property
changes on FDMs and the related molecular pathway that
regulates cellular behavior changes on FDMs.
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