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Hydrogel materials have been successfully used as matrices to explore the role of
biophysical and biochemical stimuli in directing stem cell behavior. Here, we present
our findings on the role of modulus in guiding bone marrow fetal mesenchymal stem cell
(BMfMSC) fate determination using semi-synthetic hydrogels made from PEG-fibrinogen
(PF). The BMfMSCs were cultivated in the PF for up to 2 weeks to study the influence of
matrix modulus (i.e., cross-linking density of the PF) on BMfMSC survival, morphology
and integrin expression. Both two-dimensional (2D) and three-dimensional (3D) culture
conditions were employed to examine the BMfMSCs as single cells or as cell spheroids.
The hydrogel modulus affected the rate of BMfMSC metabolic activity, the integrin
expression levels and the cell morphology, both as single cells and as spheroids. The
cell seeding density was also found to be an important parameter of the system in that
high densities were favorable in facilitating more cell-to-cell contacts that favored higher
metabolic activity. Our findings provide important insight about design of a hydrogel
scaffold that can be used to optimize the biological response of BMfMSCs for various
tissue engineering applications.

Keywords: hydrogel, scaffold, tissue engineering, matrix stiffness, biomaterials, PEGylated fibrinogen

INTRODUCTION

Mesenchymal stem cells (MSCs) are multipotent stromal cells which differentiate into multiple
connective tissue lineages (osteoblasts, chondrocytes, and adipocytes) under permissive stimulation
both in vitro and in vivo (Krebsbach et al., 1999; Zhang et al., 2010). Adult MSCs are readily
isolated from the bone marrow and are able to retain their multipotent differentiation capacity
while expanding through multiple passages (Zhang et al., 2010). Recent studies have shown that
adult MSCs can be differentiated into specific cells under defined growth conditions or biophysical
stimulation (Caplan, 2015). For example, adult MSCs can differentiate into endothelial-like cells
after treatment with vascular endothelial growth factor (VEGF) (Oswald et al., 2004). This ability
further substantiates their potential to be applied for therapeutic purposes such as in tissue repair
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and regeneration, where a specific cell lineage is required (Miao
et al., 2006). In previous studies, the application of adult MSCs
in bone injuries such as calvarial or femoral defects accelerated
and improved healing in small and large animal models (mouse,
rat, and ovine) (Petite et al., 2000; Cowan et al., 2004; Meinel
et al., 2006). However, the main drawbacks of using adult
MSCs for tissue repair are the additional trauma associated
with the cell harvest, the likelihood that harvesting will yield
substantially fewer cells than required for the therapy, and
the inevitable need to substantially expand the harvested MSC
populations (Redondo et al., 2017). Other limitations of adult
MSCs include the inherent heterogeneity of the cell source as
well as the age and medical condition of the donor (Redondo
et al., 2017). Heterogeneous cell populations require enrichment
of the multipotent cells. MSCs of older or chronically sick donors
are hard to obtain from the bone marrow and are subjected
to age-related decreases in potency (O’Donoghue and Chan,
2006; Zhang et al., 2010). Alternative sources of multipotent
cells are sought in order to overcome these limitations. One
such potential source is fetal tissue cells, or fetal MSCs (fMSCs)
(Campagnoli et al., 2001), which have greater self-renewal and
differentiation capacity, longer telomeres, greater telomerase
activity, and express additional human telomerase reverse
transcriptase. fMSCs are also more readily expandable in vitro,
and senesce later on during their in vitro culture when compared
to adult MSCs (O’Donoghue and Chan, 2006).

Hydrogels can provide temporary physical support (i.e.,
scaffolding) for stem cells to attach, grow and differentiate
(Seliktar, 2012). Additionally, transplantation of cells (i.e., cell
therapy) into damaged or diseased tissues without a physical
support has been shown to be much less effective (Fuoco
et al., 2012). Previous studies demonstrated that direct injection
of cardiomyocytes delivered in PEG-fibrinogen (PF) hydrogels
to the damaged heart following myocardial infarction (MI)
increased the viability of the transplanted cells and minimized
the infarct size as well as increased angiogenesis in the damaged
tissue – when compared to injection of cardiomyocytes without a
hydrogel scaffold (Shapira-Schweitzer et al., 2009). Hydrogels can
also provide a biomimetic niche to enhance stem cell attachment,
proliferation, and differentiation (Nguyen and West, 2002; Naito
et al., 2013; Redondo et al., 2017). A major hindrance in the
clinical application of stem cells is this ability to guide cell
differentiation to specific lineages (O’Donoghue and Chan, 2006).
Indeed, as fetal stem cells are multipotent, they could potentially
differentiate along an undesired pathway (Chan et al., 2007),
whereas the therapeutic effects are contingent upon efficient
differentiation along the desired lineage (Chan et al., 2006;
Kennea et al., 2009).

Numerous hydrogels have been developed with the objective
of guiding stem cell differentiation and enhancing the efficacy
of stem cell therapy (Naito et al., 2013; Narayanan et al., 2014;
Anjum et al., 2016; Hogrebe and Gooch, 2016; Moshayedi et al.,
2016). These hydrogels are often categorized based on the origin
of their polymeric constituents: synthetic or biological (Seliktar,
2005). Synthetic hydrogels can be synthesized with precise shape,
mechanics, and degradation properties; each of these being
tailored to the needs of a particular biomedical application.

Synthetic hydrogels made from poly (ethylene glycol) (PEG),
for example, have been used in tissue engineering, most notably
for cartilage applications (Fan and Wang, 2015; Neumann et al.,
2016; Wang et al., 2017). These materials have also been used for
the expansion of stem cells in bioreactors (Dias et al., 2017). The
drawbacks of using synthetic materials such as PEG include lack
of cell adhesion motifs on the polymer, which can lead to poor cell
survival. Biological hydrogels offer natural biofunctional motifs
on the polymer backbone that can enhance stem cell survival
by promoting cell adhesion, proliferation, differentiation, and
enzymatic activity. A variety of protein-based hydrogels made
from collagen, fibrin or silk fibroin have been used for
tissue engineering of bone, cartilage and other applications.
However, the use of biological materials could give rise to
certain problems in tissue engineering, including limited control
over mechanical properties, unregulated biodegradation, possible
disease transmission and poor reproducibly (Campagnoli et al.,
2001).

Semi-synthetic materials have been proposed to overcome
limitation of the synthetic and biological hydrogels (Almany and
Seliktar, 2005; Dikovsky et al., 2006; Berkovitch and Seliktar,
2017). The semi-synthetic hydrogels consist of both biological
and synthetic polymer constituents, often incorporating
bioactive molecules into malleable cross-linked synthetic
polymer networks (Lutolf and Hubbell, 2005). One group of
semi-synthetic hydrogels in particular – those that mimic the
extracellular matrix (ECM) – are becoming more common
in cell-based therapy and tissue engineering applications.
These hydrogels are designed to possess specific functions that
regulate cell fate based on known interactions between cells
and natural ECM molecules. We have developed a class of
ECM-mimetic semi-synthetic hydrogels using combinations of
natural denatured fibrinogen and synthetic hydrophilic polymers
(Gonen-Wadmany et al., 2007, 2011; Shachaf et al., 2010). These
materials can be formed into hydrogels by mild photochemistry
in the presence of cells, thus enabling three-dimensional (3D)
culture of the encapsulated cells. The cells interact with the
materials by virtue of both biological motifs on the fibrinogen
and biophysical cues emanating from the structural properties of
the matrix. In this system, the structural properties are controlled
by the synthetic polymer constituent; higher concentrations of
synthetic polymer increase the cross-linking density and thereby
alter the matrix modulus.

In this study, we investigated how different degrees of
matrix cross-linking in a PF hydrogel influences the behavior
of bone marrow fetal mesenchymal stem cells (BMfMSCs)
in both two-dimensional (2D) and 3D culture environments.
Specifically, we sought to understand how the modulus affects
cell morphology, cell metabolism and cell interactions with the
matrix. We made materials containing different amounts of
PEG-diacrylate (PEG-DA) and similar amounts of fibrinogen;
the higher PEG-DA concentrations resulted in stiffer, more
crosslinked PF hydrogels. BMfMSCs were cultured on top of,
or within the PF hydrogels, and important parameters of these
cells were assessed at various time-points. The results provided
evidence as to the modulus-dependent behavior of BMfMSCs
both in 2D and 3D culture conditions.
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MATERIALS AND METHODS

Synthesis of PEG-Diacrylate and
PEG-Fibrinogen
The covalent conjugation of bovine fibrinogen (Bovogen
Biologicals Pty Ltd., Australia) to the modified PEG-diacrylate
(PEG-DA) was followed according to the published protocols
(Elbert and Hubbell, 2001; Dikovsky et al., 2006). Briefly, a
7 mg ml−1 solution of fibrinogen in 10 mM phosphate-buffered
saline (PBS) with 8M urea was prepared with 0.45 mg ml−1 tris
(2-carboxyethyl) phosphine hydrochloride (TCEP-HCl) (Sigma,
United States). The solution pH was adjusted to 8.0 by addition
of NaOH. PEG-DA was prepared from Poly (ethylene glycol)-diol
(linear PEG-OH, 10 kDa) using the acryloyl chloride method
described elsewhere (Elbert et al., 2001). The PEG-DA was
dissolved in 10 mM PBS and 8M Urea to give a concentration of
280 mg ml−1, and added to the fibrinogen/TCEP-HCl solution
at a volumetric ratio of 6:1 (fibrinogen/TCEP-HCl:PEG-DA).
A Michael-type addition reaction between the PEG-DA and
the fibrinogen cysteines was used to PEGylate the fibrinogen
with diacrylate-functionalized PEG, as described elsewhere
(Halstenberg et al., 2002; Rizzi et al., 2006). This PEGylation
reaction was done for 3 h in the dark inside a mixture vessel
with a thermostatic jacket (Lenz Laborglas, Germany) at a
temperature of 22.5◦C. Immediately afterward, an equal volume
of PBS-8M urea was added to the reaction solution for dilution,
and then the reaction product was precipitated with the addition
of acetone (Aik Moh Paints and Chemicals Pte Ltd., Singapore),
at a volumetric ratio of 4:1 (volume of acetone to volume of
diluted reaction solution). The PEGylated fibrinogen reaction
product that precipitated from the liquid phase was collected by
centrifuging the liquid for 5 min at 20 RCF (relative centrifugal
force). The supernatant liquid was removed and discarded.
The collected precipitate was dissolved in PBS-8M Urea at a
1.8:1 volumetric ratio of PBS-8M Urea to precipitate volume.
A tangential flow filtration method was used to purify and
concentrate the modified fibrinogen reaction product against
10 mM PBS (ratio of 80:1 v/w PBS to precipitant) down to a
concentration of 8–12 mg ml−1 using a Centramate cassette
(50 kDa MW cutoff, Pall Corporation, Port Washington, NY,
United States). The purified solution was passed through a
high shear fluid processor (Microfluidics M110-P, United States)
and sterile filtered using a 0.2 micron VacuCap 90 filter (Pall
Corporation, United States). The fibrinogen concentration of
the sterile PEGylated fibrinogen solution was characterized
after filtration using a NanoDropTM 2000 Spectrophotometer
(Thermo Fisher, Waltham, MA, United States).

Preparation of PF Hydrogel and
Characterization
Hydrogels were prepared from a PF hydrogel precursor solution,
which is comprised of sterile PEGylated fibrinogen solution
(8 mg ml−1), 0.1% (w/v) sterile Irgacure R©2959 photoinitiator
(Ciba, Switzerland), and varying amounts of sterile PEG-DA
cross-linker for controlling the hydrogel stiffness. Cells were
introduced to this PF hydrogel precursor solution, and gelation

was facilitated by a light-activated free-radical polymerization
reaction, according to published protocols (Schmidt et al., 2006).
Briefly, 0.1% (w/v) Irgacure R©2959 photoinitiator was added to the
PEGylated fibrinogen from a photoinitiator stock solution of 10%
Irgacure R©2959 in deionized water containing 70% (v/v) ethanol.
PEG-DA was added to this solution at different concentrations
to increase the hydrogel crosslinking, from a 15% (w/v) stock
solution of PEG-DA in PBS, as detailed elsewhere (Singh et al.,
2013). Five different stiffness levels of the hydrogels were
chosen using additional PEG-DA percentages (w/v) added to the
PEGylated fibrinogen solution as follows: 0% PEG-DA (PF, native
hydrogel without additional PEG-DA; Composition A), 0.5%
PEG-DA (Composition B), 1% PEG-DA (Composition C), 1.5%
PEG-DA (Composition D), and 2% PEG-DA (Composition E).
The final concentration of fibrinogen in the solution was 8 mg
ml−1 for all compositions; this was achieved by diluting the sterile
PEGylated fibrinogen solution with PBS beforehand.

Rheological Characterization
Rheological characterization was done using AR-G2 rheometer
(TA Instrument, United States) as described elsewhere (Gonen-
Wadmany et al., 2011; Mironi-Harpaz et al., 2012). A PF
hydrogel precursor solution of 200 µl was loaded onto a
20 mm diameter parallel-plate geometry. The PF solution was
equilibrated for 1 min before being exposed to 365 nm UV light
with the intensity of 5 mW cm−1 from an Omnicure Series
2000 light source (Excelitas Technologies Corp., Waltham, MA,
United States). Shear modulus data from dynamic time-sweeps
were collected during the photopolymerization of the PF solution
upon activation with the UV light source. At the end of the
crosslinking process, the shear loss modulus (G”) and shear
storage modulus (G’) were collected.

Bone Marrow Fetal Mesenchymal Stem
Cells
Samples and Ethics
Fetal tissue collection for this research was approved by the
Domain Specific Review Board of the National University
Hospital, Singapore (DSRB/2006/00154) in compliance with
international guidelines regarding the use of fetal tissue for
research. Informed written consent was obtained from pregnant
women for the usage of fetal tissue for research purposes.
Fetal gestational age was determined by ultrasonic crown-rump
or femur length measurement. Fetal long bones (femur and
humerus) were collected for the isolation of BMfMSC after the
pregnancy was medically terminated. Samples were collected
from pregnancies at 18–22 weeks gestation.

Isolation of Bone Marrow Fetal Mesenchymal Stem
Cells
BMfMSC were isolated according to published protocols (Chan
et al., 2006, 2007). Briefly, the long bones (femur and humerus)
were dissected out and muscle tissues were carefully removed;
the bones were wiped with 70% ethanol to prevent myoblast
contamination. The two distal ends of the long bone were sliced
open and cell suspension were obtained by using a syringe needle
flushing of phosphate buffer made from 1M monobasic (18.4 ml)
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and 1M dibasic (31.6 ml) potassium phosphate in 1 l volume of
double distilled H2O; The solution was injected at one end of
the opening and collected at the other end under a 70 µm cell
strainer (Biomed Diagnostics, United States). The cell suspension
solution was then introduced with Ficoll-Paque (GE Healthcare,
United Kingdom), which would separate the mononuclear cells
from the red blood cells and plasma. After centrifugation, the
upper layer was aspirated and the mononuclear cell layer was
obtained at the interphase. The cells collected at the interphase
were washed with PBS and centrifuged again, before suspending
them with growth medium. The cell suspension was plated on
a cell culture flask (Nunc, United States) and incubated in a
37◦C incubator with 5% CO2. Spindle-shaped adherent cells
were recovered from the primary cultures after 4–7 days and
non-adherent cells were removed during medium changes every
2–3 days.

Cell Culture and Formation of Spheroids
BMfMSC were cultured in a flask coated with 0.2% of
gelatin, filled with Dulbecco’ Modified Eagle Medium (DMEM),
supplemented with 10% fetal bovine serum (FBS), which
would be referred to as growth medium hereafter, in a 37◦C
incubator with 5% CO2. The spheroids were made by using
AggreWellTM800 (STEMCELL Technologies, Vancouver, BC,
Canada) according to the standard protocol by the company.

Bone Marrow Fetal Mesenchymal Stem
Cell Characterization
Immunophenotype
The BMfMSCs undergo both immunocytochemistry and flow
cytometry screening to test for the cluster of differentiation
(CD) marker. CD73, CD90, CD105, CD34, and CD45 were the
markers tested. All the primary antibodies were purchased from
Miltenyi Biotec, Bergisch Gladbach, Germany and corresponding
fluorophore-conjugated secondary antibodies were from Life
Technologies (now Thermo Fisher Scientific, United States). For
flow cytometry: BMfMSCs were thawed in a 37◦C water bath and
diluted with growth medium before centrifugation at 400 × g
for 5 min. The cell pellet was collected and suspended with 1 ml
of FACS buffer (Sigma-Aldrich, United States) which consist of
1% bovine serum in 2 mM EDTA PBS and aliquoted to 100 µl
each in 2 ml eppendorf tubes. In each 2 ml eppendorf tube, 10 µl
of antibody (CD marker) was added and incubated in the dark.
After 30 min, the cell suspension was centrifuged at 400 × g
for 5 min to obtain the cell pellet. The cell pellet was washed
with PBS and underwent centrifugation twice. The cell pellet
was suspended with FACS buffer before being analyzed through
the machine. For immunocytochemistry: Monolayer cultured
BMfMSCs were fixed with 4% formalin and permeabilized with
acetone and methanol at a ratio of 1:1 at−20◦C. After the fixation
and permeabilization step, the BMfMSC were blocked with 1%
bovine serum albumin in 2 mM EDTA PBS at room temperature.
The samples were washed with PBS three times and the primary
antibody diluted with PBS (1:10 dilution) was added for 1.5 h
and incubated at 4◦C. The primary antibody was removed and
the cells were washed with PBS. The secondary antibody was

diluted with PBS (1:100 dilutions) and added for incubation
(30 min). The cells were then washed with PBS and imaged with
an Olympus FV-100 (Olympus, United States) using imaging
software and a 20×/0.45 and 40×/0.45 objective lens.

Multipotent Differentiation
For bone differentiation: BMfMSCs were seeded at 2 × 104

cell cm−2 in a culture plate with growth medium. After
overnight culture, the growth medium was changed to a
bone differentiation medium [growth medium supplemented
with 10−8 M dexamethasone, 0.2 mM ascorbic acid, 10 mM
b-glycerol phosphate (all Sigma-Aldrich, United States)] and the
medium was changed every 3 days for duration of 2 weeks.
Cell changes in shape and the production of calcium salts and
phosphates were detected through Alizarin Red (Sigma-Aldrich,
United States) and Von Kossa (Sigma-Aldrich, United States)
staining, respectively. For adipogenic differentiation: BMfMSCs
were seeded at 2 × 104 cells cm−2 with growth medium.
After overnight culture, the growth medium was changed
to fat differentiation induction medium [growth medium
supplemented with 5 mg ml−1 Insulin, 10−4 M Dexamethasone,
6 × 10−3M Indomethacin (all Sigma-Aldrich, United States)]
and incubated for 3 days. After 3 days, the fat differentiation
induction medium was changed to a growth medium and
incubated for an additional 3 days. This step was done three
times. Lipids vacuoles were visible after 14–21 days and were
verified by oil red O (Sigma-Aldrich, United States) staining.
For chondrogenic differentiation: BMfMSCs were suspended
in chondrogenic differentiation medium [growth medium
supplemented with 10 ng ml−1 TGF-B3, 100 nM dexamethasone,
50 ug ml−1 ascorbic acid, 100 ug ml−1 sodium pyruvate, 40 ug
ml−1 proline and 1x ITS (all Sigma-Aldrich, United States)]
at room temperature after being centrifuged twice at 150 × g
for 5 min. After the third centrifugation of the cells, they
were kept in the incubator. Medium was changed every 2–
3 days for 25 days. Cell pellets were harvested and fixed
before being embedded with formalin and paraffin to undergo
sectioning (4 µm thick slices). The samples were deparaffinized
and rehydrated before alcian blue staining (Sigma-Aldrich,
United States).

Cell Morphology and Remodeling
For 2D: Both BMfMSCs (7,000 cells) and BMfMSC-spheroids
(4,000 cells per spheroid) were seeded on top of polymerized
PF hydrogel in a single well of a 15-well µ-Slide Angiogenesis
plate (Ibidi GmbH, Germany) before medium was added.
For 3D: The precursor PF solution (50 µl, 8 mg ml−1) was
mixed with BMfMSCs (15,000 cells) or BMfMSC-spheroids
and polymerized for 3 min under a UV lamp (365 nm,
4–5 mW cm−2) before medium was added. At each time
point, at least six hydrogel samples of the BMfMSCs and
BMfMSC-spheroids – six spheroids in each sample for both
the 2D and 3D – were fixed with 4% paraformaldehyde and
permeabilized with 0.1% Triton-X. The cells were stained with
Alexa Fluor R© 488 Phalloidin (Life Technologies, now Thermo
Fisher Scientific, United States) to visualize the arrangement
of the actin filaments and counter-stained with Hoechst 33342
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(Life Technologies, now Thermo Fisher Scientific, United States)
for imaging the nucleus. Images were taken using a Zeiss LSM
700 Laser Scanning Microscope (Carl Zeiss AG, Oberkochen,
Germany). Lamellipodia were visually quantified as the thin
cytoplasmic sheets that extended at the front of the cells; whereas
filopodia were visually quantified as the finger-like projections
at the edges of the cells. Quantifications were performed on at
least four micrographs for each sample of each treatment and
composition.

Cell Metabolism
Cell metabolism was measured by using an alamarBlue R© Assay.
Resazurin X100 (Sigma-Aldrich, St. Louis, MO, United States)
was dissolved with PBS to give a stock concentration of
10 mg ml−1. To obtain the working solution, the dissolved
stock solution was further diluted with PBS to give a
concentration of 1 mg ml−1. After polymerization of the gel,
medium and alamarBlue were added to the samples with
a ratio of 10:1. At each time point period, the solution
was extracted and a fresh batch of medium and alamarBlue
were added in. The extracted samples were measured using
a NanoDropTM 2000 Spectrophotometer (Thermo Fisher,
Waltham, MA, United States) at two specific wavelengths
(570 nm and 600 nm) and the percentage of reduction of
alamarBlue was calculated. At least six samples for each
composition were assessed for analysis.

Gene Expression
For both 2D and 3D BMfMSCs and BMfMSC-spheroids,
RNA was extracted using ReliaPrepTM RNA Cell Miniprep
System (Promega, Madison, WI, United States). The PF
hydrogels were degraded with collagenase from Clostridium
histolyticum (Sigma-Aldrich, St. Louis, MO, United States) at
the concentration of 0.001 g/ml for 6 h for 2D and 24 h for
3D. After the isolation of the RNA, cDNA was synthetized
using QuantiTect R© Reverse Transcription Kit (QIAGEN, Hilden,
Germany) and stored at −20◦C. Real Time PCR was performed
in triplicates using Taqman Universal PCR Master Mix [Applied
Biosystems (now Thermo Fisher Scientific), Foster City, CA,
United States]) and Bio-Rad CFX96 Thermal Cycler machine
as per manufacturer’s instructions to check on the expression
of integrin complexes on both 2D and 3D environments. The
qPCR protocol was as follows: 10 min heat activation at 95◦C.
After which, 40 cycles were repeated for the following: 15 s
of 95◦C and 1 min of 60◦C. Primers that were used were
purchased from Life Technologies, now Thermo Fisher Scientific,
United States. The assay IDs for the primers used are as follows:
α5 Integrin, Hs01547673_m1; β1 Integrin, Hs00559595_m1; β3
Integrin, Hs01001469_m1; β3 Integrin ID: Hs01001469_m1;
β5 Integrin, Hs00174435_m1. The housekeeping gene 18S was
used as a reference (Hs99999901_s1). These primers were
reported for use with qPCR in prior studies (Bergmann
et al., 2011; Frittoli et al., 2014; Plessl et al., 2015; Raman
et al., 2016). All gene expression data was normalization
with respect to the expression levels of the composition A
group, for each of the respective treatments. The formulae
used to normalize the data was the same as reported by

Livak and Schmittgen (2001) and Schmittgen and Livak (2008),
as follows:

1 Ct = Ct(A) − Ct ref(A) (reference gene is 18S)

11 Ct = (1Ct of experiment) − (1Ct of control)

Fold change = 2ˆ−(11Ct) = this delta delta Ct is the
simple formula being used to calculate relative fold
gene expression of samples when doing qPCR. At least
six samples for each composition were assessed for
analysis.

Statistical Analysis
The quantification analysis of the tube length was done by
using WimTube software analysis and all the graphs were
plotted using Microsoft Excel. Data was presented as group
mean ± standard deviations (SD) which was done using
Microsoft Excel software. Comparisons between groups and
different time points were done using a one-way analysis
of variance (one-way ANOVA) with SPSS Software (V.16).
Bonferroni or Games Howell post hoc tests were used based
on Levene’s Test analysis output. Significance was established at
p < 0.05.

RESULTS

Characteristics and Mechanical
Properties of PF Hydrogels
Schematic illustrations of the PF hydrogel preparation as well
as the experimental design for single cell BMfMSCs and
BMfMSC-spheroids seeded on the surface of the PF hydrogels or
encapsulated inside the PF hydrogel are shown in Figures 1A,B.
The protein concentration in the PF solution was measured
to be 10.26 mg ml−1 using a NanoDrop spectrophotometer at
a wavelength of 280 nm (Rufaihah et al., 2013). During the
preparation of the PF hydrogel precursor solution, PBS was
added to dilute the fibrinogen concentration to 8 mg ml−1

and PEG-DA was added to increase the crosslinking and the
material’s maximum shear storage modulus. The mechanical
properties with and without the addition of PEG-DA were
rheologically analyzed and the crosslinking kinetics are shown in
Figure 1C. The maximum values of the shear storage modulus,
G’ (Pa), which represented the complete cross-linked state of
the PF hydrogel, were significantly affected by the increased
concentrations of additional PEG-DA as shown in Figure 1D
(p < 0.05).

Characterization of BMfMSCs
The BMfMSCs exhibited a spindle shaped morphology when
cultured on plastic substrates as seen by phase contrast
microscopy (Figure 2A). Immunophenotype of the BMfMSCs
were assessed by immunocytochemistry and flow cytometry.
Immunostaining was negative for hemopoietic markers (CD34,
CD45) and positive for mesenchymal markers (CD105, CD73)
and adhesion molecules (CD90) (Figure 2B). Flow cytometry
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FIGURE 1 | (A) Schematic illustration of PEG-fibrinogen (PF) hydrogel assembly. (i) Denatured fibrinogen fragments covalently attach to PEG in order to form a
hydrogel precursor with protease cleavage sites (blue) and multiple thiol groups (yellow) which conjugate with functionalized PEG-diacrylate (PEG-DA). (ii) Assembly
of PF hydrogels by light-activated radical-polymerization with additional PEG-DA resulting in a cross-linked hydrogel network. (B) Schematic illustration of
experimental design: (i) BMfMSCs as single cells seeded on the surface of the hydrogel (2D); (ii) BMfMSC-spheroids on the surface of the hydrogel (2D); (iii)
BMfMSCs as single cells cultured within the hydrogel (3D). There were six spheroids in each hydrogel for 2D and 3D cultures; (iv) BMfMSC-spheroids cultured within
the hydrogel (3D). (C) Shear rheometry data from dynamic time-sweep tests performed during the photo-polymerization of the PF hydrogel precursor with
photoinitiator upon activation with a long-wave ultra-violet (UV) light source after 60 s; the graph shows the shear storage modulus (G’, Pa) and shear loss modulus
(G”, Pa) of various PF hydrogel compositions. (D) Graphical representation showing average values of the plateau shear storage modulus of various PF hydrogel as a
function of percent additional PEG-DA cross-linker (table shows the average of the maximum storage modulus values of the different hydrogel compositions tested).
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FIGURE 2 | Characterization of bone marrow-derived fetal mesenchymal stem cells (BMfMSC). (A) BMfMSCs exhibit a spindled morphology when cultured on
tissue substrates (shown are phase contrast low and high magnifications). Immunocytochemistry (B) and flow cytometry (C) show positive expression of
mesenchymal stem cell markers and cells stain negative for hemopoietic markers. Differentiation of BMfMSCs (D) was evaluated by Alizarin Red for extracellular
calcium (red crystal), von Kossa for extracellular phosphate (black crystal), oil red O for intracytoplasmic lipids vacuoles (red vacuoles) and Alcian Blue stain for
extracellular cartilage stains in pellet culture (dark blue). Scale bars: 100 µm for phase contrast low magnification; 25 µm for phase contrast high magnification;
50 µm for flow cytometry low magnification; 20 µm for flow cytometry high magnification; 100 µm for differentiation images.

data also confirmed the presence of both mesenchymal and
adhesion markers CD105 (95.25%), CD73 (99.57%), CD 90
(99.28%) and the absence of hemopoietic markers CD34 (2.81%)
and CD45 (5.62%) (Figure 2C).

The BMfMSCs readily differentiated into adipogenic,
osteogenic and chondrogenic lineages under their respective
inductive culture conditions. For adipogenesis, BMfMSCs
were cultured in adipogenic inductive medium for 21 days.
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The presence of intracytoplasmic lipid vacuoles was confirmed
by oil red O staining (Figure 2D). For osteogenesis, BMfMSCs
were cultured in osteogenic inductive medium for 14 days and
stained with von Kossa and Alizarin Red staining to detect
the secretion of extracellular calcium and phosphate crystals,
respectively (Figure 2D). For chondrogenic differentiation,
BMfMSC pellets were cultured in chondrogenic inductive
medium for 25 days and stained with Alcian Blue Stain to detect
the ECM of proteoglycans (Figure 2D).

Cell Metabolism
The alamarBlue was used as a reagent for evaluating cellular
health; it assess whether cells have enough energy to proliferate.
The metabolism of BMfMSC-spheroids (Figure 3) and BMfMSC
single cell cultures (Figure 4), seeded on the surface of the PF
hydrogel (i.e., 2D culture) or encapsulated in the PF hydrogel
(i.e., 3D culture) showed different metabolic rates for each
respective culture condition at the different time points. For
example, there was a significant decrease in metabolic activity
in the BMfMSC-spheroids from day 2 to day 6 in 2D culture
[Figures 3A(i), B(i)]. In 3D culture of BMfMSC-spheroids, there
was a significant reduction in metabolic activity of encapsulated
cells in composition A and composition C hydrogels from day 3
to day 9, whereas in composition D and composition E hydrogels,
there was a significant increase in metabolic activity from day 3
to day 9 (Figure 3B).

In 2D BMfMSC single cell culture, there was a significant
increase in metabolic activity from day 2 to day 6 on
composition B and composition C hydrogels (Figure 4A). The
metabolic activity of BMfMSC single cell cultures in the 3D
PF hydrogel constructs decreased significantly from day 3 to
day 9 (Figure 4B), following a similar trend to that of the
BMfMSC-spheroids in 2D culture (Figure 3A).

Cell Morphology and Remodeling
The BMfMSCs as single cells seeded on the surface of PF
hydrogels of differing degrees of stiffness displayed both
lamellipodia and filopodia starting at day 4 onward (Figure 5A
and Table 1). Hydrogels having low levels of PEG-DA crosslinker
(compositions A, B, and C) showed more filopodia at day 6,
whereas on compositions D and E, the cells showed more
lamellipodia. The BMfMSC-spheroids seeded on the surface of
PF hydrogels also showed lamellipodia and filopodia from day 4
onward and showed extensive protrusions at day 6 (Figure 5B).
The composition A and composition E hydrogels contained cells
with more lamellipodia at day 6, whereas composition B and
composition D hydrogels contained cells with more filopodia;
the composition C hydrogel contained cells that showed similar
levels of lamellipodia and filopodia.

The BMfMSCs that were encapsulated in PF hydrogels showed
lamellipodia and filopodia from day 3 onward (Figure 6A and
Table 2). In composition A, composition D and composition E
hydrogels, only lamellipodia were observed at day 6, whereas
in composition B and composition C hydrogels, a mixture
of lamellipodia and filopodia were observed at day 6. The
composition D and composition E hydrogels contained cells
with extensive protrusions of lamellipodia at day 9 and day 12.

The composition D hydrogels contained cells with moderate
levels of filopodia and composition E hydrogel contained cells
with slight protrusions of the same at day 14. The BMfMSC-
spheroids encapsulated in PF hydrogel showed lamellipodia and
filopodia from day 6 onward (Figure 6B). The composition A,
composition C and composition E hydrogels contained cells
presenting similar protrusions of lamellipodia and filopodia at
day 9 and the other two hydrogel groups contained cells showing
pronounced filopodia protrusions. At day 12, the composition
A contained cells with extensive lamellipodia protrusions, the
composition B and composition E hydrogels contained cells
with equal protrusions of both, whereas the composition C and
composition D contained cells with more filopodia protrusions.
At day 14, more lamellipodia were observed in cells on the
composition A and composition D hydrogels, whereas more
filopodia were observed on the composition B composition C and
composition E hydrogels.

The quantitative analysis of total cell tube length using
WimTube software showed highly variable results for both
single cell cultures of BMfMSCs and BMfMSC-spheroids with
hydrogels of varying stiffness in 2D and 3D (Figure 7).
The BMfMSC-spheroids in the composition B hydrogel group
exhibited significantly more total tube length than the other four
hydrogel groups for both 2D and 3D experiments (Figure 7A).
For the single cell BMfMSCs in the composition A hydrogel
group, the total tube length measured was significantly higher
than the other four hydrogels in both 2D and 3D studies
(Figure 7B). At least four micrographs for each sample (n = 1)
were quantified for this assessment; a minimum of six samples
were used for the data analysis of each composition.

Gene Expression
Quantitative reverse transcription PCR (qRT-PCR) results
showed different expression of integrin subunits such as α5,
β1, β3 and β5 integrin subunits for BMfMSC single cells and
BMfMSC-spheroids in different hydrogel groups both in 2D and
3D experiments (Table 3). In the single cell 2D experiments,
BMfMSCs on composition D hydrogel expressed an increase
in α5, β1 and β5 integrin subunits by 13.5-fold, 16.5-fold, and
3.9-fold, respectively, as compared to the expression levels of
BMfMSCs seeded on composition A hydrogel at day 2. The
expression levels of that group were drastically reduced by day
4 and too low to be detected at day 6. In the BMfMSC-spheroid
2D experiments, the composition B and composition D hydrogel
showed a 12.8-fold and 2.7-fold increase in expression of α5
integrin subunit compared to the expression on composition
A hydrogels. Although the expression of β3 integrin subunit
was analyzed, their levels were undetected in both the 2D
single cell and the spheroid experiments. A minimum of six
samples were used for the analysis of each composition and
treatment.

In the 3D single cell experiments, BMfMSCs in composition B
hydrogels showed a 14.4-fold increase in expression of β1 integrin
subunit compared to those in composition A hydrogels at day 3
but the same treatment showed 1.3-fold more expression of β1
integrin subunit compared to that of the composition A hydrogel
at day 14. The BMfMSCs on the composition E hydrogels showed
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FIGURE 3 | Proliferation of BMfMSC-spheroid cultures in 2D and 3D is affected by PF hydrogel modulus. (A) The percent reduction in alamarBlue staining is directly
proportional to the cell metabolism of BMfMSC-spheroids seeded on top of the five different compositions of PF hydrogels. The alamarBlue summary for all
time-point (i) is broken down for statistical analysis on day 2 (ii), day 4 (iii), and day 6 (iv). (B) The percent reduction in alamarBlue for the BMfMSC-spheroids
encapsulated in five different compositions of PF hydrogels is summarized for all time-point (i) and broken down for statistical analysis on day 3 (ii), day 6 (iii), and day
9 (iv). Data is expressed as the mean plus/minus standard deviations. Statistical significance between days or compositions was presented by: ∗p < 0.05;
∗∗p < 0.01 and ∗∗∗p < 0.001 (n ≥ 6).
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FIGURE 4 | AlamarBlue for BMfMSCs as single cell cultures in 2D and 3D is affected by PF hydrogel modulus. (A) The percent reduction in alamarBlue staining is
directly proportional to the cell metabolism of BMfMSCs as single cells seeded on top of the five different compositions of PF hydrogels. The proliferation summary
for all time-point (i) is broken down for statistical analysis on day 2 (ii), day 4 (iii), and day 6 (iv). (B) The percent reduction in alamarBlue for the BMfMSCs as single
cells encapsulated in five different compositions of PF hydrogels is summarized for all time-point (i) and broken down for statistical analysis on day 3 (ii), day 6 (iii),
and day 9 (iv). Data is expressed as the mean plus/minus standard deviations. Statistical significance between days or compositions was presented by: ∗p < 0.05;
∗∗p < 0.01 and ∗∗∗p < 0.001 (n ≥ 6).

20.3-fold, 3.8-fold, 10.9-fold increase in expression of β1, β3,
and β5 integrin subunits, respectively, compared to those in
composition A hydrogel at day 14.

The BMfMSC-spheroids encapsulated in composition E
hydrogel showed a 15-fold and 16.3-fold increase in expression
of α5 integrin subunit at day 3 and day 6, respectively, compared
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FIGURE 5 | Cell morphology of BMfMSCs as single cell cultures and spheroid cultures on PF hydrogels in 2D at day 2, 4, and 6. Immunofluorescence staining was
performed with filamentous actin (f-actin, stained in green) using Alexa Fluor 488 phalloidin and a nuclear counterstain with Hoechst dye (in blue). The BMfMSCs as
single cells (A) on five different compositions of PF hydrogels show the relationship between composition-dependent modulus and cell morphology. The BMfMSCs
as spheroids (B) on five different compositions of PF hydrogels also shows the relationship between composition-dependent modulus and cell morphology. Scale
bar: 50 µm for single cell images and 100 µm for the spheroid images.

TABLE 1 | Levels of lamellipodia and filopodia in BMfMSCs as singe cells and as spheroids in 2D, as assessed from immunofluorescence staining (n ≥ 6).

Time point Composition 2D BMfMSCs as single cells 2D BMfMSC-spheroids

Lamellipodia Filopodia Lamellipodia Filopodia

Day 2 A − − − −

B − − − −

C − − − −

D − − − −

E − − − −

Day 4 A B + + ++ ++ + + + ++

C + ++ + +

D ++ + ++ +

E ++ + ++ +

Day 6 A ++ +++ +++ −

B ++ +++ − +++

C ++ +++ ++ ++

D +++ + − +++

E +++ + +++ +
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FIGURE 6 | Cell morphology of BMfMSCs as single cell cultures and spheroid cultures in PF hydrogels in 3D at day 3, 6, 9, 12, and 14. Immunofluorescence
staining was performed with filamentous actin (f-actin, stained in green) using Alexa Fluor 488 phalloidin and a nuclear counterstain with Hoechst dye (in blue). The
BMfMSCs as single cells (A) on five different compositions of PF hydrogels show the relationship between composition-dependent modulus and cell morphology.
The BMfMSCs as spheroids (B) on five different compositions of PF hydrogels also shows the relationship between composition-dependent modulus and cell
morphology. Scale bar: 20 µm for the single cell images and 100 µm for the spheroid images.
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TABLE 2 | Levels of lamellipodia and filopodia in BMfMSCs as singe cells and as spheroids in 3D, as assessed from immunofluorescence staining (n ≥ 6).

Time point Composition 3D BMfMSC as single cells 3D BMfMSC-spheroids

Lamellipodia Filopodia Lamellipodia Filopodia

Day 3 A + − − −

B + + − −

C + + − −

D + + − −

E + − − −

Day 6 A + − + +

B + + + +

C + + + ++

D + − + −−

E + − + ++

Day 9 A + + + +

B + + + ++

C + + ++ ++

D +++ − + ++

E +++ − + +

Day 12 A + + +++ +

B − ++ + +

C − ++ − ++

D +++ − + ++

E +++ − ++ ++

Day 14 A + +++ +++ +

B + +++ − +++

C + +++ + +++

D + ++ ++ +

E +++ + + +++

to those in composition A hydrogels. BMfMSC-spheroids
encapsulated in composition E hydrogels showed an 8.1-fold,
12.6-fold, and 20.7-fold increase in expression of β1, β3, and β5
integrin subunits, respectively, compared to those in composition
A hydrogel at day 3. At day 6, composition E hydrogels showed
a 4-fold, 11-fold, and 19.3-fold increase in expression of β1,
β3, and β5 integrin subunits, respectively, compared to those in
composition A hydrogel. The expression of β1, β3, and β5 integrin
subunits were too low to be detected at the later time points of the
experiments (from day 9 to day 12).

DISCUSSION

Mesenchymal stem cells have been clinically tested for treating
several disorders, including bone ailments, cardiovascular
diseases, nervous system disorders, and autoimmune diseases
(Parekkadan and Milwid, 2010; Hollweck et al., 2012). Although
the reports from these clinical studies have had mixed
results, there are some indications where MSCs have had a
beneficial impact. For example, human patients receiving MSC
transplants following MI have shown significant improvements
in cardiac output parameters at early time-points (Chen et al.,
2004). Ischemic cardiomyopathy patients receiving MSC grafts
indicated increased functional capacity, better quality-of-life

and improved ventricular remodeling (Hare et al., 2012). Two
MSC-treated osteoarthritis patients demonstrated significant
increase in total reduction in their visual analog scale (VAS)
scores at 12 weeks post-treatment (Pak, 2011). Four early-stage
systemic lupus erythematosus patients treated with allogeneic
MSCs showed stable disease remission for 12–18 months (Sun
et al., 2009). Six out of 10 spinal cord injured patients treated
with MSCs measured improvement in motor function scores of
the upper extremities and three of them reported improvement in
their daily living activities (Park et al., 2012). MRI data for these
patients also showed beneficial electrophysiological changes at 30
months follow-up post-intervention.

Human fMSCs may be a good source of stem cells for tissue
repair in certain indications (O’Donoghue and Chan, 2006). In
bone tissue engineering applications, fMSCs exhibited greater
proliferation capacity, robust osteogenic potential and lower
immunogenicity, as compared to adult MSCs (Zhang et al., 2010,
2012). Clinical experience using allogenic HLA-mismatched
fMSC transplantation resulted in engraftment and differentiation
into bone in a human female fetus with multiple intrauterine
fractures, even though the recipient was immunocompetent (Le
Blanc et al., 2005). After 10 months of transplantation, 7.4% of
Y positive cells in the whole genome and 0.3% of XY positive
cells in slides were identified in bone biopsy specimens and
the bone histology revealed normal bone trabeculae. After 2
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FIGURE 7 | The total tube length of BMfMSCs was affected by the modulus of the PF hydrogel matrix. Quantitative analysis of total tube length for both (A)
BMfMSCs-spheroids and (B) BMfMSC as single cells in 2D and 3D was performed using WimTube software. The BMfMSC-spheroids seeded on top of the PF
hydrogels (i) and encapsulated in the PF hydrogels (ii) exhibited differences in tube length for the different compositions of the PF hydrogels. The fMSCs as single
cells seeded on top of the hydrogel (iii) and encapsulated within the hydrogels (iv) also showed differences in tube length in the different compositions of PF
hydrogels, but these differences were not significant in encapsulated fMSCs as single cells. Data is expressed as the mean plus/minus standard deviation. Statistical
significances between each composition was represented by: ∗p < 0.05; ∗∗p < 0.01 and ∗∗∗p < 0.001 (n ≥ 6).

years, the child’s psychomotor development and growth were
normal.

Pre-clinical experience with fMSCs in other indications
have also demonstrated efficacy in treating tissue disorders.
Airey et al. (2004) injected human fMSCs intraperitoneally into
sheep fetuses and demonstrated successful engraftment of these
cells into the hearts of fetal lambs in utero. They reported no
differences in engraftment of hMSCs from adult bone marrow,
fetal brain, and fetal liver. Chan et al. (2007) transplanted
fMSCs into dystrophic mice at E14-E16 gestation and observed
widespread, long-term engraftment with indication of myogenic
differentiation of MSCs into skeletal and myocardial muscle as
well as other cell types, including hepatocytes. The same group
used fMSCs to demonstrate enhancement of phenotype in a
mouse model of Type III Osteogenesis Imperfecta (OI) and found
that donor cells were localized to bone and expressed osteoblast

lineage genes and produced the extracellular bone structural
protein osteopontin (Guillot et al., 2008).

The benefits of fMSC therapy notwithstanding, there are
still several limitations that hinder efficacy, most notably
cell survival and localized integration of the cell graft in
the harsh environment of the diseased or injured tissue
(Burdick et al., 2016). Hydrogels have been proposed as a carrier
to deliver grafted cells while temporarily protecting them and
localizing their therapeutic effects (Seliktar, 2012). However,
the modulus of the hydrogels has to be carefully considered
because it can affect stem cell renewal, structure, function
and commitment to differentiation into target cells (Kerscher
et al., 2016). Lv et al. (2015) elucidated the mechanism by which
stem cells differentiate and grow in response to a substrate
stiffness that mimics the physiological condition of the cells
based on the observations that a hydrogel substrate with a
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TABLE 3 | Gene expression analysis showing the expression of α5, β1, β3, and β5

integrin subunits for 2D BMfMSCs as single cells in 2D (i); for BMfMSC-spheroids
in 2D (ii); for 3D BMfMSCs as single cell in 3D (iii); and for BMfMSC-spheroids in
3D (iv).

(i) 2D BMfMSC single cell gene expression (n ≥ 6).

Time point Composition Fold change relative to
composition A

β1 β5 α5

Day 2 A 1 1 1

B 0.62 0.68 1.30

C 0.59 1.86 2.52

D 16.46 3.87 13.5

E 3.22 11.9 −

Day 4 A 1 1 1

B 0.18 0.16 −

C 0.20 0.15 0.50

D 0.47 0.37 0.42

E − 4.64 −

Day 6 A − 1 −

B − 0.27 −

C − 0.44 −

D − 1.50 −

E − 2.61 −

(ii) 2D BMfMSC-Spheroid Gene Expression (n ≥ 6).

Time point Composition Fold change relative to
composition A

β1 β5 α5

Day 2 A 1 1 1

B 3.31 2.3 −

C 6.29 7 −

D − 33.6 −

E 3.22 4.8 1.33

Day 4 A 1 1 −

B 1.33 1.26 −

C − 4.93 −

D 3.48 5.22 −

E 5.64 6.68 −

Day 6 A 1 1 1

B 1.198 1 12.75

C 1.1 0.72 −

D − 4.58 2.65

E − 4.88 −

(iii) 3D BMfMSC-single cell gene expression (n ≥ 6).

Time point Composition Fold change relative to
composition A

β1 β3 β5

Day 3 A 1 1 1

B 14.4 − 29.06

C 0.76 0.71 −

D − − 24.11

E − − 17

(Continued)

TABLE 3 | Continued

Time point Composition Fold change relative to
composition A

β1 β3 β5

Day 6 A 1 − 1

B 0.13 − 2.15

C − − 0.06

D − − 3.24

E − − −

Day 9 A 1 1 1

B 1.15 1.59 2.12

C 2.77 0.79 1.4

D 11.98 − 12.51

E − − −

Day 12 A 1 1 1

B 0.85 − 3.19

C 1.37 − 1.55

D 1.44 − −

E − − −

Day 14 A 1 1 1

B 1.3 0.24 0.64

C 1.07 0.28 0.79

D 2.55 2.46 2.36

E 20.25 3.8 10.87

(iv) 3D BMfMSC-spheroid gene expression (n ≥ 6).

Time point Composition Fold change relative to
composition A

β1 β3 β5 α5

Day 3 A 1 1 1 1

B 1.15 0.97 3.48 2.75

C 0.65 0.76 1.05 1.15

D 0.62 1.13 0.14 0.66

E 8.08 12.61 20.651 14.97

Day 6 A 1 1 1 1

B 1.05 0.79 3.14 3.2

C 0.46 0.69 1.13 1.28

D 0.48 1.01 0.34 0.89

E 4.04 10.98 19.30 16.25

Day 9 A − − − 1

B − − − −

C − − − 0.99

D − − − 1.34

E − − − 0.52

Day 12 A − − − −

B − − − −

C − − − −

D − − − −

E − − − −

Day 14 A − − − 1

B − − − 0.28

C − − − 0.17

D − − − 1.75

E − − − 5.06
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Young’s modulus (E) that matches the stiffness of the native
tissue ECM directs the stem cell differentiation toward that
corresponding tissue lineage. Hydrogel substrates mimicking
ECM properties of pancreas (E = 1.2 kPa), brain (E = 0.1 to
1 kPa), muscle (E = 8 to 17 kPa), bone tissue (E = 25 to 40
kPa), and cartilage (E = 3 kPa) direct MSCs to differentiate into
beta cells, neurocytes, myoblasts, osteoblasts and chondrocytes,
respectively. Several other studies reported similar findings when
investigating how stem cell behavior corresponded to matrix
stiffness, analyzing gene expression changes and intracellular
signaling cascades emanating from mechanical cues from the
culture substrate (Engler et al., 2006; Narayanan et al., 2014;
Wang et al., 2014).

We studied the behavior of BMfMSCs (as single cells) or
BMfMSC-spheroids under the influence of five different stiffness
levels of PF hydrogels having storage shear modulus ranging from
G’ = 120 Pa to 2,300 Pa. These values correspond to Young’s
modulus values of E = 360 Pa to 6,900 Pa. Our results indicate that
the modulus of the PF hydrogels, altered by varying the relative
amount of PEG-DA crosslinker, affected gene expression. The
response of the cells culminated as different cell morphologies
and metabolic activities in both 2D and 3D environments. In a
2D environment, for example, there was a significant increase
in metabolic activity of singe cell BMfMSCs in contrast to the
BMfMSC-spheroids, where there was a significant decrease in the
metabolic activity from day 2 to day 6. We also found that there
was a minimum seeding density required for the BMfMSC single
cell experiments to enable these outcomes (7,000 cells per well).

In the 3D environment, the results were more confounding.
Single BMfMSCs encapsulated in PF hydrogels showed a
significant decrease in metabolic activity from day 3 to day 9,
yet BMfMSC-spheroids encapsulated in certain PF hydrogels
behaved differently. For example, in composition A and
composition C hydrogels, there was a significant decrease in
metabolic activity from day 3 to day 9, whereas in composition D
and composition E hydrogels, there was an increase in metabolic
activity for the same time points. Interestingly, the composition B
hydrogels provided a similar 3D culture platform for the growth
of both single cells and spheroids; exhibiting the same metabolic
activity pattern from day 3 to day 6. (i.e., the metabolic activity
increased from day 3 to 6 and then showed a drastic decrease by
day 9). Our results thus suggest that in addition to the modulus
of the hydrogel and cell seeding density, the culture condition of
single cells versus spheroids also influences the metabolism of the
cells.

The different modulus of the PF hydrogels influenced
morphological changes in the BMfMSCs, reflecting the
dependency of morphogenesis on matrix modulus. For
example, in 2D experiments, as the stiffness of the hydrogel
increased, more protrusions of actin rich structures at the cell
surface (i.e., lamellipodia) were observed for single cell cultures
whereas more filopodia were observed for BMfMSC-spheroids
at later time points of the study. Filopodia are actin filament
bundles that protrude from lamellipodia to form spikes which
can sense the ECM and direct cell migration. They serve as a
type of mechanical sensor for migrating cells to identify suitable
adhesion sites on neighboring cells (Xue et al., 2010). These

protrusions also contribute to other cellular processes including
wound healing, chemotaxis, adhesion, and neuronal growth
cone formation (Mattila and Lappalainen, 2008). Filopodia can
turn into lamellipodia in order to coordinate cell motility in
response to surface topography (Collart et al., 2014). In this 2D
study, BMfMSC-spheroids on composition B and composition
D hydrogels form better cellular interconnections by exhibiting
more filopodia at day 6. In contrast, the single cell BMfMSC
cultures showed more filopodia at composition A, composition B
and composition C, suggesting strong cellular interconnections
as early as day 4. Another interesting finding was that when
cell density was increased to 12,000 BMfMSCs per well in the
single cell cultures, more lamellipodia were observed at the
earlier time points in lower stiffness PF hydrogels (data not
shown).

In 3D experiments, single cell BMfMSC cultures showed
unique structural changes and exhibited only lamellipodia within
the lowest (composition A) and highest stiffness hydrogels
(composition D and composition E), whereas BMfMSCs
encapsulated in composition B and composition C hydrogels
exhibited both lamellipodia and filopodia at day 6. The
encapsulation of BMfMSCs in moderate stiffness hydrogels could
most likely sense their neighboring cells rapidly and form strong
cellular interconnections. The BMfMSC-spheroids encapsulated
in the PF hydrogels exhibited extensive lamellipodia and filopodia
by day 9 in culture. At day 12, more filopodia were observed
with an increase in stiffness of the hydrogels. The different
levels of filopodia exhibited by the cells was identified across
different time points. However, we found that certain modulus
values of the PF hydrogel support higher degree of filopodia
formation. Previous studies have elucidated that filopodia in
MSCs may be involved in wound healing and tissue regeneration
(Ryu et al., 2013; Mobasseri et al., 2017). Thus, by altering the
stiffness of the hydrogel, BMfMSCs could be tuned to express
more filopodia, thereby making them more amenable for specific
tissue repair applications. Previous studies have also suggested
the importance of filopodia activity for other functions (da Costa
et al., 2012; Eke et al., 2017), including for the commencement
of MSC differentiation into an osteoblastic lineage (Cassidy et al.,
2014).

Several studies suggest that ECM guides cell adhesion,
migration and encourages differentiation by activating certain
integrin subunits (Dalby et al., 2014; Kshitiz Afzal et al., 2015).
Hamidouche et al. (2009) demonstrated that activation of
α5-integrin expression could direct MSCs toward osteoblastic
differentiation. Schwab et al. (2013) showed that increased
expression of α5 and αV integrin subunits have positive
effects on osteoblastic differentiation of MSCs. They also
showed that the α5 integrin subunit has a positive role in
guiding MSCs toward osteoblastic differentiation while β3
integrin subunit suppresses such differentiation. In our 2D
single cell experiments, composition C and composition D
hydrogels showed greatest expression of α5 integrin subunit
compared to the composition A at the initial time point.
However, the expression level decreased drastically and
diminished at the later time points. In 2D spheroid experiments,
composition B hydrogels showed a 12.7-fold increase in α5
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integrin subunit compared to the composition A hydrogels at
the later time points of the study, although the expression
level was initially low. Considering the data from Schwab
et al. (2013) and our observations on α5-integrin expression,
with the complete absence of β3 integrin subunit in the 2D
experiments, we speculate that these PF hydrogel formulations
together with BMfMSCs could potentially be used for osteoblastic
differentiation.

In our 3D single cell experiments, composition D and
composition E hydrogels showed more than two to three
times the expression levels of β3 integrin subunit compared
to the composition A hydrogel at day 14. The 3D spheroid
experiments showed that the composition E hydrogels have
higher expression levels of β3 integrin subunit compared to
composition E hydrogels at day 3 and day 4. Previous research
determined that a medium stiffness substrate that promotes β3
integrin subunit expression can also mediate MSCs toward a
myogenic differentiation pathway (Yu et al., 2013). Du et al.
(2011) suggested that a soft matrix enhances β1 integrin subunit
internalization, which in turn promoted endocytosis factors
and resulted in the expression of neuronal genes in stem
cells. Previous studies have stated that reduced β1 integrin
activation could lead to keratinocyte differentiation (Lv et al.,
2015). We found increased expression of β1 integrin subunit
when BMfMSCs were encapsulated as single cells in the
higher stiffness composition E hydrogels, but observed the
absence of β1 integrin subunit expression when BMfMSCs
were seeded as single cells in composition E hydrogels. Taken
together, we speculate that the right combination of BMfMSC
culture conditions (i.e., single cells or spheroids) and optimal
modulus of the PF hydrogel could be designed to promote
upregulation or suppression of β1 integrin subunit expression for
lineage-specific differentiation to muscle, nerve or other tissue
types.

In previous experiments using pericyte-derived stem cells
and muscle-derived satellite cells as single cell cultures within
optimized PF hydrogels, we did maximized differentiation
to muscle lineages by fine tuning of the hydrogel modulus
to approximately G’ = 200 Pa (Fuoco et al., 2012, 2014,
2015; Costantini et al., 2017). We speculate that the mid-
stiffness PF hydrogels together with single cell BMfMSCs
in 3D culture may likewise have optimal properties to
support myogenic differentiation and related applications,
although further studies would be required to verify this
hypothesis.

Limitations
We analyzed the metabolism and morphogenesis of BMfMSCs
in or on hydrogels of varying stiffness based on correlations
found in previous studies and our gene expression analysis.
However, we did not evaluate the specific lineage determination
of the cells. Future experiments must be performed to identify
specifically how the different stiffness environments affect
the lineage of the BMfMSCs as well as their proliferation
and self-renewal. Further studies are also needed to optimize
specific differentiation environments and media compositions,

and to study the functional assays of transplanted cells to
determine the ideal hydrogel for each specific clinical application.
For example, BMfMSCs in the appropriate stiffness hydrogel
could be cultured in myogenic differentiation medium for a
particular time frame and could be tested for myogenic gene
expression, as part of a complete strategy to enhance tissue
regeneration following muscle injury. Further studies, including
transplantation of hydrogels with differentiated cells into a
myocardial repair model to examine their role and efficacy in
improving the diseased state are also required to substantiate our
hypotheses.

CONCLUSION

Based on the results, different degrees of PF hydrogel stiffness
influenced the distribution of F-actin filaments, metabolic
activity of BMfMSCs, tube length and also the expression
levels of several integrin subunits. The stiffness of the PF
hydrogel could be altered by varying amounts of PEG-DA
crosslinker in the hydrogel composition. We also found that
cell seeding density is an important factor which promotes
sufficient cell-to-cell contact, and that such interactions must
take place before remodeling could occur in or on the PF
hydrogels. Our findings provide valuable information for scaffold
design for a wide range of applications and also suggest methods
with which to optimize cell culture in responsive hydrogel
scaffolds.

AUTHOR CONTRIBUTIONS

AR and SC designed the experiments, conducted the research,
analyzed the data, supervised the research, and prepared
the manuscript. MM and KL designed and performed the
experiments, analyzed the data, and prepared the manuscript.
MC, CM, JC, TK, and DS designed the experiments,
analyzed the data, supervised the research, and prepared the
manuscript.

FUNDING

The authors would like to acknowledge funding support from
National Research Foundation (NRF)-Technion-NUS Grant
for Regenerative Medicine Initiative in Cardiac Restoration
Therapy. The authors would also like to acknowledge funding
support from the Israel Science Foundation, grant no.
1245/14.

ACKNOWLEDGMENTS

The authors would like to thank Dedy Sandikin from Department
of Obstetrics and Gynaecology, NUS for assisting with the
isolation of the BMfMSC and characterization of the stem cells.

Frontiers in Physiology | www.frontiersin.org 17 December 2018 | Volume 9 | Article 1555

https://www.frontiersin.org/journals/Physiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/Physiology#articles


fphys-09-01555 December 19, 2018 Time: 18:27 # 18

Rufaihah et al. Scaffold Modulus Affects Fetal MSCs

REFERENCES
Airey, J. A., Almeida-Porada, G., Colletti, E. J., Porada, C. D., Chamberlain, J.,

Movsesian, M., et al. (2004). Human mesenchymal stem cells form Purkinje
fibers in fetal sheep heart. Circulation 109, 1401–1407. doi: 10.1161/01.CIR.
0000124222.16321.26

Almany, L., and Seliktar, D. (2005). Biosynthetic hydrogel scaffolds made from
fibrinogen and polyethylene glycol for 3D cell cultures. Biomaterials 26,
2467–2477. doi: 10.1016/j.biomaterials.2004.06.047

Anjum, F., Lienemann, P. S., Metzger, S., Biernaskie, J., Kallos, M. S., and
Ehrbar, M. (2016). Enzyme responsive GAG-based natural-synthetic hybrid
hydrogel for tunable growth factor delivery and stem cell differentiation.
Biomaterials 87, 104–117. doi: 10.1016/j.biomaterials.2016.01.050

Bergmann, O., Zdunek, S., Alkass, K., Druid, H., Bernard, S., and Frisen, J. (2011).
Identification of cardiomyocyte nuclei and assessment of ploidy for the analysis
of cell turnover. Exp. Cell Res. 317, 188–194. doi: 10.1016/j.yexcr.2010.08.017

Berkovitch, Y., and Seliktar, D. (2017). Semi-synthetic hydrogel composition
and stiffness regulate neuronal morphogenesis. Int. J. Pharm. 523, 545–555.
doi: 10.1016/j.ijpharm.2016.11.032

Burdick, J. A., Mauck, R. L., and Gerecht, S. (2016). To serve and protect: hydrogels
to improve stem cell-based therapies. Cell Stem Cell 18, 13–15. doi: 10.1016/j.
stem.2015.12.004

Campagnoli, C., Roberts, I. A., Kumar, S., Bennett, P. R., and Bellantuono, I. (2001).
Identification of mesenchymal stem/progenitor cells in human first-trimester
fetal blood, liver, and bone marrow. Blood 98, 2396–2402. doi: 10.1182/blood.
V98.8.2396

Caplan, A. I. (2015). Adult mesenchymal stem cells: when, where, and how. Stem
Cells Int. 2015:628767. doi: 10.1155/2015/628767

Cassidy, J. W., Roberts, J. N., Smith, C. A., Robertson, M., White, K., Biggs,
M. J., et al. (2014). Osteogenic lineage restriction by osteoprogenitors cultured
on nanometric grooved surfaces: the role of focal adhesion maturation. Acta
Biomater. 10, 651–660. doi: 10.1016/j.actbio.2013.11.008

Chan, J., O’Donoghue, K., Gavina, M., Torrente, Y., Kennea, N., Mehmet, H.,
et al. (2006). Galectin-1 induces skeletal muscle differentiation in human fetal
mesenchymal stem cells and increases muscle regeneration. Stem Cells 24,
1879–1891. doi: 10.1634/stemcells.2005-0564

Chan, J., Waddington, S. N., O’Donoghue, K., Kurata, H., Guillot, P. V.,
Gotherstrom, C., et al. (2007). Widespread distribution and muscle
differentiation of human fetal mesenchymal stem cells after intrauterine
transplantation in dystrophic mdx mouse. Stem Cells 25, 875–884.
doi: 10.1634/stemcells.2006-0694

Chen, S. L., Fang, W. W., Ye, F., Liu, Y. H., Qian, J., Shan, S. J., et al. (2004). Effect
on left ventricular function of intracoronary transplantation of autologous bone
marrow mesenchymal stem cell in patients with acute myocardial infarction.
Am. J. Cardiol. 94, 92–95. doi: 10.1016/j.amjcard.2004.03.034

Collart, P., Dutilleul, Y., Panayotov, I., Secret, E., Cunin, F., Gergely, C., et al. (2014).
Initial stem cell adhesion on porous silicon surface: molecular architecture
of actin cytoskeleton and filopodial growth. Nanoscale Res. Lett. 9:564.
doi: 10.1186/1556-276X-9-564

Costantini, M., Testa, S., Mozetic, P., Barbetta, A., Fuoco, C., Fornetti, E.,
et al. (2017). Microfluidic-enhanced 3D bioprinting of aligned myoblast-laden
hydrogels leads to functionally organized myofibers in vitro and in vivo.
Biomaterials 131, 98–110. doi: 10.1016/j.biomaterials.2017.03.026

Cowan, C. M., Shi, Y. Y., Aalami, O. O., Chou, Y. F., Mari, C., Thomas, R., et al.
(2004). Adipose-derived adult stromal cells heal critical-size mouse calvarial
defects. Nat. Biotechnol. 22, 560–567. doi: 10.1038/nbt958

da Costa, D. S., Pires, R. A., Frias, A. M., Reis, R. L., and Pashkuleva, I. (2012).
Sulfonic groups induce formation of filopodia in mesenchymal stem cells.
J. Mater. Chem. 22, 7172–7178. doi: 10.1039/c2jm15762d

Dalby, M. J., Gadegaard, N., and Oreffo, R. O. (2014). Harnessing nanotopography
and integrin-matrix interactions to influence stem cell fate. Nat. Mater. 13,
558–569. doi: 10.1038/nmat3980

Dias, A. D., Elicson, J. M., and Murphy, W. L. (2017). Microcarriers with synthetic
hydrogel surfaces for stem cell expansion. Adv. Healthc. Mater. 6:1700072.
doi: 10.1002/adhm.201700072

Dikovsky, D., Bianco-Peled, H., and Seliktar, D. (2006). The effect of structural
alterations of PEG-fibrinogen hydrogel scaffolds on 3-D cellular morphology

and cellular migration. Biomaterials 27, 1496–1506. doi: 10.1016/j.biomaterials.
2005.09.038

Du, J., Chen, X., Liang, X., Zhang, G., Xu, J., He, L., et al. (2011). Integrin activation
and internalization on soft ECM as a mechanism of induction of stem cell
differentiation by ECM elasticity. Proc. Natl. Acad. Sci. U.S.A. 108, 9466–9471.
doi: 10.1073/pnas.1106467108

Eke, G., Mangir, N., Hasirci, N., MacNeil, S., and Hasirci, V. (2017). Development
of a UV crosslinked biodegradable hydrogel containing adipose derived stem
cells to promote vascularization for skin wounds and tissue engineering.
Biomaterials 129, 188–198. doi: 10.1016/j.biomaterials.2017.03.021

Elbert, D. L., and Hubbell, J. A. (2001). Conjugate addition reactions combined
with free-radical cross-linking for the design of materials for tissue engineering.
Biomacromolecules 2, 430–441. doi: 10.1021/bm0056299

Elbert, D. L., Pratt, A. B., Lutolf, M. P., Halstenberg, S., and Hubbell, J. A. (2001).
Protein delivery from materials formed by self-selective conjugate addition
reactions. J. Control. Release 76, 11–25. doi: 10.1016/S0168-3659(01)00398-4

Engler, A. J., Sen, S., Sweeney, H. L., and Discher, D. E. (2006). Matrix elasticity
directs stem cell lineage specification. Cell 126, 677–689. doi: 10.1016/j.cell.
2006.06.044

Fan, C. J., and Wang, D. A. (2015). A biodegradable PEG-based micro-cavitary
hydrogel as scaffold for cartilage tissue engineering. Eur. Polym. J. 72, 651–660.
doi: 10.1016/j.eurpolymj.2015.02.038

Frittoli, E., Palamidessi, A., Marighetti, P., Confalonieri, S., Bianchi, F.,
Malinverno, C., et al. (2014). A RAB5/RAB4 recycling circuitry induces a
proteolytic invasive program and promotes tumor dissemination. J. Cell Biol.
206, 307–328. doi: 10.1083/jcb.201403127

Fuoco, C., Rizzi, R., Biondo, A., Longa, E., Mascaro, A., Shapira-Schweitzer, K.,
et al. (2015). In vivo generation of a mature and functional artificial skeletal
muscle. EMBO Mol. Med. 7, 411–422. doi: 10.15252/emmm.201404062

Fuoco, C., Salvatori, M. L., Biondo, A., Shapira-Schweitzer, K., Santoleri, S.,
Antonini, S., et al. (2012). Injectable polyethylene glycol-fibrinogen hydrogel
adjuvant improves survival and differentiation of transplanted mesoangioblasts
in acute and chronic skeletal-muscle degeneration. Skelet Muscle 2:24.
doi: 10.1186/2044-5040-2-24

Fuoco, C., Sangalli, E., Vono, R., Testa, S., Sacchetti, B., Latronico, M. V., et al.
(2014). 3D hydrogel environment rejuvenates aged pericytes for skeletal muscle
tissue engineering. Front. Physiol. 5:203. doi: 10.3389/fphys.2014.00203

Gonen-Wadmany, M., Goldshmid, R., and Seliktar, D. (2011). Biological and
mechanical implications of PEGylating proteins into hydrogel biomaterials.
Biomaterials 32, 6025–6033. doi: 10.1016/j.biomaterials.2011.04.055

Gonen-Wadmany, M., Oss-Ronen, L., and Seliktar, D. (2007). Protein-
polymer conjugates for forming photopolymerizable biomimetic
hydrogels for tissue engineering. Biomaterials 28, 3876–3886. doi:
10.1016/j.biomaterials.2007.05.005

Guillot, P. V., Abass, O., Bassett, J. H., Shefelbine, S. J., Bou-Gharios, G.,
Chan, J., et al. (2008). Intrauterine transplantation of human fetal mesenchymal
stem cells from first-trimester blood repairs bone and reduces fractures in
osteogenesis imperfecta mice. Blood 111, 1717–1725. doi: 10.1182/blood-2007-
08-105809

Halstenberg, S., Panitch, A., Rizzi, S., Hall, H., and Hubbell, J. A. (2002).
Biologically engineered protein-graft-poly(ethylene glycol) hydrogels: a cell
adhesive and plasmin-degradable biosynthetic material for tissue repair.
Biomacromolecules 3, 710–723. doi: 10.1021/bm015629o

Hamidouche, Z., Fromigue, O., Ringe, J., Haupl, T., Vaudin, P., Pages, J. C., et al.
(2009). Priming integrin alpha5 promotes human mesenchymal stromal cell
osteoblast differentiation and osteogenesis. Proc. Natl. Acad. Sci. U.S.A. 106,
18587–18591. doi: 10.1073/pnas.0812334106

Hare, J. M., Fishman, J. E., Gerstenblith, G., DiFede, D. L., Velazquez,
D. L., Zambrano, J. P., et al. (2012). Comparison of allogeneic vs
autologous bone marrow-derived mesenchymal stem cells delivered by
transendocardial injection in patients with ischemic cardiomyopathy: the
POSEIDON randomized trial. JAMA 308, 2369–2379. doi: 10.1001/jama.2012.
25321

Hogrebe, N. J., and Gooch, K. J. (2016). Direct influence of culture dimensionality
on human mesenchymal stem cell differentiation at various matrix stiffnesses
using a fibrous self-assembling peptide hydrogel. J. Biomed. Mater. Res. A 104,
2356–2368. doi: 10.1002/jbm.a.35755

Frontiers in Physiology | www.frontiersin.org 18 December 2018 | Volume 9 | Article 1555

https://doi.org/10.1161/01.CIR.0000124222.16321.26
https://doi.org/10.1161/01.CIR.0000124222.16321.26
https://doi.org/10.1016/j.biomaterials.2004.06.047
https://doi.org/10.1016/j.biomaterials.2016.01.050
https://doi.org/10.1016/j.yexcr.2010.08.017
https://doi.org/10.1016/j.ijpharm.2016.11.032
https://doi.org/10.1016/j.stem.2015.12.004
https://doi.org/10.1016/j.stem.2015.12.004
https://doi.org/10.1182/blood.V98.8.2396
https://doi.org/10.1182/blood.V98.8.2396
https://doi.org/10.1155/2015/628767
https://doi.org/10.1016/j.actbio.2013.11.008
https://doi.org/10.1634/stemcells.2005-0564
https://doi.org/10.1634/stemcells.2006-0694
https://doi.org/10.1016/j.amjcard.2004.03.034
https://doi.org/10.1186/1556-276X-9-564
https://doi.org/10.1016/j.biomaterials.2017.03.026
https://doi.org/10.1038/nbt958
https://doi.org/10.1039/c2jm15762d
https://doi.org/10.1038/nmat3980
https://doi.org/10.1002/adhm.201700072
https://doi.org/10.1016/j.biomaterials.2005.09.038
https://doi.org/10.1016/j.biomaterials.2005.09.038
https://doi.org/10.1073/pnas.1106467108
https://doi.org/10.1016/j.biomaterials.2017.03.021
https://doi.org/10.1021/bm0056299
https://doi.org/10.1016/S0168-3659(01)00398-4
https://doi.org/10.1016/j.cell.2006.06.044
https://doi.org/10.1016/j.cell.2006.06.044
https://doi.org/10.1016/j.eurpolymj.2015.02.038
https://doi.org/10.1083/jcb.201403127
https://doi.org/10.15252/emmm.201404062
https://doi.org/10.1186/2044-5040-2-24
https://doi.org/10.3389/fphys.2014.00203
https://doi.org/10.1016/j.biomaterials.2011.04.055
https://doi.org/10.1016/j.biomaterials.2007.05.005
https://doi.org/10.1016/j.biomaterials.2007.05.005
https://doi.org/10.1182/blood-2007-08-105809
https://doi.org/10.1182/blood-2007-08-105809
https://doi.org/10.1021/bm015629o
https://doi.org/10.1073/pnas.0812334106
https://doi.org/10.1001/jama.2012.25321
https://doi.org/10.1001/jama.2012.25321
https://doi.org/10.1002/jbm.a.35755
https://www.frontiersin.org/journals/Physiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/Physiology#articles


fphys-09-01555 December 19, 2018 Time: 18:27 # 19

Rufaihah et al. Scaffold Modulus Affects Fetal MSCs

Hollweck, T., Hagl, C., and Eissner, G. (2012). Mesenchymal stem cells from
umbilical cord tissue as potential therapeutics for cardiomyodegenerative
diseases - a review. Int. J. Mol. Cell. Med. 1, 119–132.

Kennea, N. L., Waddington, S. N., Chan, J., O’Donoghue, K., Yeung, D.,
Taylor, D. L., et al. (2009). Differentiation of human fetal mesenchymal stem
cells into cells with an oligodendrocyte phenotype. Cell Cycle 8, 1069–1079.
doi: 10.4161/cc.8.7.8121

Kerscher, P., Turnbull, I. C., Hodge, A. J., Kim, J., Seliktar, D., Easley, C. J.,
et al. (2016). Direct hydrogel encapsulation of pluripotent stem cells enables
ontomimetic differentiation and growth of engineered human heart tissues.
Biomaterials 83, 383–395. doi: 10.1016/j.biomaterials.2015.12.011

Krebsbach, P. H., Kuznetsov, S. A., Bianco, P., and Robey, P. G. (1999). Bone
marrow stromal cells: characterization and clinical application. Crit. Rev. Oral
Biol. Med. 10, 165–181. doi: 10.1177/10454411990100020401

Kshitiz Afzal, J., Kim, S. Y., and Kim, D. H. (2015). A nanotopography approach
for studying the structure-function relationships of cells and tissues. Cell Adh.
Migr. 9, 300–307. doi: 10.4161/cam.29359

Le Blanc, K., Gotherstrom, C., Ringden, O., Hassan, M., McMahon, R., Horwitz, E.,
et al. (2005). Fetal mesenchymal stem-cell engraftment in bone after in
utero transplantation in a patient with severe osteogenesis imperfecta.
Transplantation 79, 1607–1614. doi: 10.1097/01.TP.0000159029.48678.93

Livak, K. J., and Schmittgen, T. D. (2001). Analysis of relative gene expression
data using real-time quantitative PCR and the 2−1 1 C

T method. Methods 25,
402–408. doi: 10.1006/meth.2001.1262

Lutolf, M. P., and Hubbell, J. A. (2005). Synthetic biomaterials as instructive
extracellular microenvironments for morphogenesis in tissue engineering. Nat.
Biotechnol. 23, 47–55. doi: 10.1038/nbt1055

Lv, H., Li, L., Sun, M., Zhang, Y., Chen, L., Rong, Y., et al. (2015). Mechanism of
regulation of stem cell differentiation by matrix stiffness. Stem Cell Res. Ther.
6:103. doi: 10.1186/s13287-015-0083-4

Mattila, P. K., and Lappalainen, P. (2008). Filopodia: molecular architecture and
cellular functions. Nat. Rev. Mol. Cell Biol. 9, 446–454. doi: 10.1038/nrm2406

Meinel, L., Betz, O., Fajardo, R., Hofmann, S., Nazarian, A., Cory, E., et al. (2006).
Silk based biomaterials to heal critical sized femur defects. Bone 39, 922–931.
doi: 10.1016/j.bone.2006.04.019

Miao, Z. N., Jin, J., Chen, L., Zhu, J. Z., Huang, W., Zhao, J. D., et al. (2006).
Isolation of mesenchymal stem cells from human placenta: comparison with
human bone marrow mesenchymal stem cells. Cell Biol. Int. 30, 681–687.
doi: 10.1016/j.cellbi.2006.03.009

Mironi-Harpaz, I., Wang, D. Y., Venkatraman, S., and Seliktar, D. (2012).
Photopolymerization of cell-encapsulating hydrogels: crosslinking efficiency
versus cytotoxicity. Acta Biomater. 8, 1838–1848. doi: 10.1016/j.actbio.2011.
12.034

Mobasseri, R., Tian, L., Soleimani, M., Ramakrishna, S., and Naderi-Manesh, H.
(2017). Bio-active molecules modified surfaces enhanced mesenchymal stem
cell adhesion and proliferation. Biochem. Biophys. Res. Commun. 483, 312–317.
doi: 10.1016/j.bbrc.2016.12.146

Moshayedi, P., Nih, L. R., Llorente, I. L., Berg, A. R., Cinkornpumin, J., Lowry,
W. E., et al. (2016). Systematic optimization of an engineered hydrogel allows
for selective control of human neural stem cell survival and differentiation after
transplantation in the stroke brain. Biomaterials 105, 145–155. doi: 10.1016/j.
biomaterials.2016.07.028

Naito, H., Yoshimura, M., Mizuno, T., Takasawa, S., Tojo, T., and Taniguchi, S.
(2013). The advantages of three-dimensional culture in a collagen hydrogel
for stem cell differentiation. J. Biomed. Mater. Res. A 101, 2838–2845.
doi: 10.1002/jbm.a.34578

Narayanan, K., Lim, V. Y., Shen, J., Tan, Z. W., Rajendran, D., Luo, S. C.,
et al. (2014). Extracellular matrix-mediated differentiation of human embryonic
stem cells: differentiation to insulin-secreting beta cells. Tissue Eng. A 20,
424–433. doi: 10.1089/ten.TEA.2013.0257

Neumann, A. J., Quinn, T., and Bryant, S. J. (2016). Nondestructive evaluation of
a new hydrolytically degradable and photo-clickable PEG hydrogel for cartilage
tissue engineering. Acta Biomater. 39, 1–11. doi: 10.1016/j.actbio.2016.05.015

Nguyen, K. T., and West, J. L. (2002). Photopolymerizable hydrogels for tissue
engineering applications. Biomaterials 23, 4307–4314. doi: 10.1016/S0142-
9612(02)00175-8

O’Donoghue, K., and Chan, J. (2006). Human fetal mesenchymal stem cells. Curr.
Stem Cell. Res. Ther. 1, 371–386. doi: 10.2174/157488806778226768

Oswald, J., Boxberger, S., Jorgensen, B., Feldmann, S., Ehninger, G., Bornhauser, M.,
et al. (2004). Mesenchymal stem cells can be differentiated into endothelial cells
in vitro. Stem Cells 22, 377–384. doi: 10.1634/stemcells.22-3-377

Pak, J. (2011). Regeneration of human bones in hip osteonecrosis and human
cartilage in knee osteoarthritis with autologous adipose-tissue-derived stem
cells: a case series. J. Med. Case Rep. 5:296. doi: 10.1186/1752-1947-
5-296

Parekkadan, B., and Milwid, J. M. (2010). Mesenchymal stem cells as therapeutics.
Annu. Rev. Biomed. Eng. 12, 87–117. doi: 10.1146/annurev-bioeng-070909-
105309

Park, J. H., Kim, D. Y., Sung, I. Y., Choi, G. H., Jeon, M. H., Kim, K. K., et al. (2012).
Long-term results of spinal cord injury therapy using mesenchymal stem cells
derived from bone marrow in humans. Neurosurgery 70, 1238–1247; discussion
1247. doi: 10.1227/NEU.0b013e31824387f9

Petite, H., Viateau, V., Bensaid, W., Meunier, A., de Pollak, C., Bourguignon, M.,
et al. (2000). Tissue-engineered bone regeneration. Nat. Biotechnol. 18, 959–963.
doi: 10.1038/79449

Plessl, K., Haider, S., Fiala, C., Pollheimer, J., and Knofler, M. (2015).
Expression pattern and function of Notch2 in different subtypes of first
trimester cytotrophoblast. Placenta 36, 365–371. doi: 10.1016/j.placenta.2015.
01.009

Raman, K., Aeschbacher, S., Bossard, M., Hochgruber, T., Zimmermann, A. J.,
Kaufmann, B. A., et al. (2016). Whole blood gene expression differentiates
between atrial fibrillation and sinus rhythm after cardioversion. PLoS One
11:e0157550. doi: 10.1371/journal.pone.0157550

Redondo, P. A., Pavlou, M., Loizidou, M., and Cheema, U. (2017). Elements of
the niche for adult stem cell expansion. J. Tissue Eng. 8:2041731417725464.
doi: 10.1177/2041731417725464

Rizzi, S. C., Ehrbar, M., Halstenberg, S., Raeber, G. P., Schmoekel, H. G.,
Hagenmuller, H., et al. (2006). Recombinant protein-co-PEG networks
as cell-adhesive and proteolytically degradable hydrogel matrixes. Part II:
biofunctional characteristics. Biomacromolecules 7, 3019–3029. doi: 10.1021/
bm060504a

Rufaihah, A. J., Vaibavi, S. R., Plotkin, M., Shen, J., Nithya, V., Wang, J., et al. (2013).
Enhanced infarct stabilization and neovascularization mediated by VEGF-
loaded PEGylated fibrinogen hydrogel in a rodent myocardial infarction model.
Biomaterials 34, 8195–8202. doi: 10.1016/j.biomaterials.2013.07.031

Ryu, Y. J., Cho, T. J., Lee, D. S., Choi, J. Y., and Cho, J. (2013).
Phenotypic characterization and in vivo localization of human adipose-derived
mesenchymal stem cells. Mol. Cells 35, 557–564. doi: 10.1007/s10059-013-
0112-z

Schmidt, O., Mizrahi, J., Elisseeff, J., and Seliktar, D. (2006). Immobilized
fibrinogen in PEG hydrogels does not improve chondrocyte-mediated matrix
deposition in response to mechanical stimulation. Biotechnol. Bioeng. 95,
1061–1069. doi: 10.1002/bit.21072

Schmittgen, T. D., and Livak, K. J. (2008). Analyzing real-time PCR data by
the comparative C(T) method. Nat. Protoc. 3, 1101–1108. doi: 10.1038/
nprot.2008.73

Schwab, E. H., Halbig, M., Glenske, K., Wagner, A. S., Wenisch, S., and
Cavalcanti, E. (2013). A.,-Adam, distinct effects of RGD-glycoproteins
on Integrin-mediated adhesion and osteogenic differentiation of human
mesenchymal stem cells. Int. J. Med. Sci. 10, 1846–1859. doi: 10.7150/ijms.6908

Seliktar, D. (2005). Extracellular stimulation in tissue engineering. Ann. N. Y. Acad.
Sci. 1047, 386–394. doi: 10.1196/annals.1341.034

Seliktar, D. (2012). Designing cell-compatible hydrogels for biomedical
applications. Science 336, 1124–1128. doi: 10.1126/science.1214804

Shachaf, Y., Gonen-Wadmany, M., and Seliktar, D. (2010). The biocompatibility
of Pluronic (R) F127 fibrinogen-based hydrogels. Biomaterials 31, 2836–2847.
doi: 10.1016/j.biomaterials.2009.12.050

Shapira-Schweitzer, K., Habib, M., Gepstein, L., and Seliktar, D. (2009).
A photopolymerizable hydrogel for 3-D culture of human embryonic stem cell-
derived cardiomyocytes and rat neonatal cardiac cells. J. Mol. Cell. Cardiol. 46,
213–224. doi: 10.1016/j.yjmcc.2008.10.018

Singh, R. K., Seliktar, D., and Putnam, A. J. (2013). Capillary morphogenesis
in PEG-collagen hydrogels. Biomaterials 34, 9331–9340. doi: 10.1016/j.
biomaterials.2013.08.016

Sun, L., Akiyama, K., Zhang, H., Yamaza, T., Hou, Y., Zhao, S., et al. (2009).
Mesenchymal stem cell transplantation reverses multiorgan dysfunction in

Frontiers in Physiology | www.frontiersin.org 19 December 2018 | Volume 9 | Article 1555

https://doi.org/10.4161/cc.8.7.8121
https://doi.org/10.1016/j.biomaterials.2015.12.011
https://doi.org/10.1177/10454411990100020401
https://doi.org/10.4161/cam.29359
https://doi.org/10.1097/01.TP.0000159029.48678.93
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1038/nbt1055
https://doi.org/10.1186/s13287-015-0083-4
https://doi.org/10.1038/nrm2406
https://doi.org/10.1016/j.bone.2006.04.019
https://doi.org/10.1016/j.cellbi.2006.03.009
https://doi.org/10.1016/j.actbio.2011.12.034
https://doi.org/10.1016/j.actbio.2011.12.034
https://doi.org/10.1016/j.bbrc.2016.12.146
https://doi.org/10.1016/j.biomaterials.2016.07.028
https://doi.org/10.1016/j.biomaterials.2016.07.028
https://doi.org/10.1002/jbm.a.34578
https://doi.org/10.1089/ten.TEA.2013.0257
https://doi.org/10.1016/j.actbio.2016.05.015
https://doi.org/10.1016/S0142-9612(02)00175-8
https://doi.org/10.1016/S0142-9612(02)00175-8
https://doi.org/10.2174/157488806778226768
https://doi.org/10.1634/stemcells.22-3-377
https://doi.org/10.1186/1752-1947-5-296
https://doi.org/10.1186/1752-1947-5-296
https://doi.org/10.1146/annurev-bioeng-070909-105309
https://doi.org/10.1146/annurev-bioeng-070909-105309
https://doi.org/10.1227/NEU.0b013e31824387f9
https://doi.org/10.1038/79449
https://doi.org/10.1016/j.placenta.2015.01.009
https://doi.org/10.1016/j.placenta.2015.01.009
https://doi.org/10.1371/journal.pone.0157550
https://doi.org/10.1177/2041731417725464
https://doi.org/10.1021/bm060504a
https://doi.org/10.1021/bm060504a
https://doi.org/10.1016/j.biomaterials.2013.07.031
https://doi.org/10.1007/s10059-013-0112-z
https://doi.org/10.1007/s10059-013-0112-z
https://doi.org/10.1002/bit.21072
https://doi.org/10.1038/nprot.2008.73
https://doi.org/10.1038/nprot.2008.73
https://doi.org/10.7150/ijms.6908
https://doi.org/10.1196/annals.1341.034
https://doi.org/10.1126/science.1214804
https://doi.org/10.1016/j.biomaterials.2009.12.050
https://doi.org/10.1016/j.yjmcc.2008.10.018
https://doi.org/10.1016/j.biomaterials.2013.08.016
https://doi.org/10.1016/j.biomaterials.2013.08.016
https://www.frontiersin.org/journals/Physiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/Physiology#articles


fphys-09-01555 December 19, 2018 Time: 18:27 # 20

Rufaihah et al. Scaffold Modulus Affects Fetal MSCs

systemic lupus erythematosus mice and humans. Stem Cells 27, 1421–1432.
doi: 10.1002/stem.68

Wang, J. Q., Zhang, F. J., Tsang, W. P., Wan, C., and Wu, C. (2017). Fabrication
of injectable high strength hydrogel based on 4-arm star PEG for cartilage
tissue engineering. Biomaterials 120, 11–21. doi: 10.1016/j.biomaterials.2016.
12.015

Wang, T., Lai, J. H., Han, L. H., Tong, X., and Yang, F. (2014). Chondrogenic
differentiation of adipose-derived stromal cells in combinatorial hydrogels
containing cartilage matrix proteins with decoupled mechanical
stiffness. Tissue Eng. A 20, 2131–2139. doi: 10.1089/ten.tea.2013.
0531

Xue, F., Janzen, D. M., and Knecht, D. A. (2010). Contribution of filopodia to cell
migration: a mechanical link between protrusion and contraction. Int. J. Cell.
Biol. 2010:507821. doi: 10.1155/2010/507821

Yu, H., Lui, Y. S., Xiong, S., Leong, W. S., Wen, F., Nurkahfianto, H., et al. (2013).
Insights into the role of focal adhesion modulation in myogenic differentiation
of human mesenchymal stem cells. Stem Cells Dev. 22, 136–147. doi: 10.1089/
scd.2012.0160

Zhang, Z.-Y., Teoh, S.-H., Hui, J. H. P., Fisk, N. M., Choolani, M., and Chan,
J. K. Y. (2012). The potential of human fetal mesenchymal stem cells for

off-the-shelf bone tissue engineering application. Biomaterials 33, 2656–2672.
doi: 10.1016/j.biomaterials.2011.12.025

Zhang, Z. Y., Teoh, S. H., Teo, E. Y., Khoon Chong, M. S., Shin, C. W., Tien, F. T.,
et al. (2010). A comparison of bioreactors for culture of fetal mesenchymal stem
cells for bone tissue engineering. Biomaterials 31, 8684–8695. doi: 10.1016/j.
biomaterials.2010.07.097

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

The handling Editor declared a past co-authorship with one of the authors DS.

Copyright © 2018 Rufaihah, Cheyyatraivendran, Mazlan, Lim, Chong, Mattar, Chan,
Kofidis and Seliktar. This is an open-access article distributed under the terms
of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Physiology | www.frontiersin.org 20 December 2018 | Volume 9 | Article 1555

https://doi.org/10.1002/stem.68
https://doi.org/10.1016/j.biomaterials.2016.12.015
https://doi.org/10.1016/j.biomaterials.2016.12.015
https://doi.org/10.1089/ten.tea.2013.0531
https://doi.org/10.1089/ten.tea.2013.0531
https://doi.org/10.1155/2010/507821
https://doi.org/10.1089/scd.2012.0160
https://doi.org/10.1089/scd.2012.0160
https://doi.org/10.1016/j.biomaterials.2011.12.025
https://doi.org/10.1016/j.biomaterials.2010.07.097
https://doi.org/10.1016/j.biomaterials.2010.07.097
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/Physiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/Physiology#articles

	The Effect of Scaffold Modulus on the Morphology and Remodeling of Fetal Mesenchymal Stem Cells
	Introduction
	Materials and Methods
	Synthesis of PEG-Diacrylate and PEG-Fibrinogen
	Preparation of PF Hydrogel and Characterization
	Rheological Characterization

	Bone Marrow Fetal Mesenchymal Stem Cells
	Samples and Ethics
	Isolation of Bone Marrow Fetal Mesenchymal Stem Cells

	Cell Culture and Formation of Spheroids
	Bone Marrow Fetal Mesenchymal Stem Cell Characterization
	Immunophenotype
	Multipotent Differentiation

	Cell Morphology and Remodeling
	Cell Metabolism
	Gene Expression
	Statistical Analysis

	Results
	Characteristics and Mechanical Properties of PF Hydrogels
	Characterization of BMfMSCs
	Cell Metabolism
	Cell Morphology and Remodeling
	Gene Expression

	Discussion
	Limitations

	Conclusion
	Author Contributions
	Funding
	Acknowledgments
	References


