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1. Introduction

Intrinsic and extrinsic mechanical forces influence the growth,
morphogenesis, and differentiation of cells during development.[1]

As development progresses, interactions between cells and the
extracellular matrix (ECM) guide lineage determination by trans-
mitting forces from cell-matrix engagement through focal

adhesions, into the cytoplasm, and to
the nuclear membrane to directly and indi-
rectly dictate gene expression programs.[2–4]

Researchers have developed a host of
dynamic synthetic materials with controlla-
ble properties to study how matrix mechan-
ics influence cell behavior.[5] The stiffness
of engineered ECM materials have been
modulated through either crosslinking
density[6,7] or using external stimuli such
as light,[8] temperature,[9] pH,[10] ionic
additives,[11] ultrasound[12] and magnetic
force.[13] Although these approaches have
shown great success in changing matrix
properties as well as influencing cell activity,
complex chemical modification are invari-
ably necessary, which obviates the ease of
translation to diverse laboratory settings.

Cell size and morphology are influenced
by matrix stiffness.[14–16] On a stiff surface, cells can adopt robust
focal adhesions with an organized cytoskeleton, thereby facilitat-
ing a dynamic push and pull, whereas on soft surface, cells fail
to develop this contractile network. In addition to cell morphol-
ogy, stiffness also influences cellular functions such a prolifera-
tion[17–19] and differentiation.[20–22] An important contractile cell
type for tissue engineering is the myofibroblast, which will show
diverse adhesive characteristics on stiff and soft substratum.[23,24]

Human mesenchymal stem cells (MSCs) are a promising cell
source for vascular tissue engineering, as these fibroblastic stro-
mal cells readily express smooth-muscle actin and can undergo
myofibroblast differentiation.[25] MSC lineage specification can
be influenced by biochemical and biophysical properties such
as substrate stiffness,[26,27] cell geometry,[28,29] and matrix protein
composition.[30,31] Furthermore, MSCs show multiple differenti-
ation capacities such as differentiating into myofibroblasts via
direct treatment with soluble factors[32,33] or by mechanical stim-
ulation of the substrate.[34,35]

In this article, we present a simple approach to influence myo-
fibroblast differentiation by incorporating magnetic nanopar-
ticles into hydrogels, where attenuation of a magnetic field
leads to substrate stiffening. Nanoscale Fe3O4 was fabricated
through a chemical coprecipitation method and polymerized
directly within poly(ethylene glycol) dimethacrylate (PEGDM)
hydrogels. The physicochemical properties of the nanoparticles
and the hydrogel network architecture enabled particle retention
within the material. Average cell area changes with the presence
of a magnetic field leads to an increase in the fraction of cultured
MSCs displaying a myofibroblast phenotype.
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Dynamic cell-culture materials that can change mechanical properties in
response to extrinsic stimuli are emerging as promising tools for cell and tissue
engineering research. However, most of these techniques involve a one-way
stiffening or softening through changes in the materials chemistry, which does
not allow reversibility. Here, the incorporation of superparamagnetic iron-oxide
nanoparticles within poly(ethylene glycol) hydrogels as dynamic cell culture
materials is demonstrated. Using simple permanent magnets and adipose-
derived stem cells, a near twofold increase in cell spread area and an accom-
panying 20% enrichment in cells expressing alpha-smooth muscle actin is seen.
This platform provides a means to study relationships between dynamic stiff-
ening and cell behavior, using permanent magnets and clinically viable com-
posite materials, with scope for use as a tool to enrich the myofibroblast
population in stromal cells.
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2. Experimental Section

2.1. Synthesis and Characterization of Fe3O4 Nanoparticles

Fe3O4 nanoparticles were synthesized with a chemical coprecipi-
tation method by reacting iron salts with ammonium hydroxide
solution in a nitrogen environment as previously reported.[36,37]

Briefly, 0.2 M FeCl3.6H2O and 0.1 M FeCl2.4H2O (Bio-Strategy
Pty Ltd.) were dissolved in deionized water under a nitrogen
gas flow. The salt mixtures were added dropwise over the course
of 5 min to 0.8m NH4OH (Sigma-Aldrich Pty Ltd.) solution with
vigorous stirring in room temperature and at pH¼ 11–12.
Formations of instant black precipitates were observed, and
the reaction proceeded for 1 h. The precipitates were subse-
quently washed twice with deionized water and finally dried
in a vacuum oven at 60 �C for 24 h.

The morphology and size of the nanoparticles were examined
by transmission electron microscopy (TEM) (FEI Tecnai G2
20-TEM). TEM samples were prepared by drop-casting a dilute sus-
pension of Fe3O4 nanoparticles in ethanol onto carbon-coated cop-
per grids and drying to remove the ethanol. The functional groups
present in the nanoparticles were determined by Fourier transform
infrared (FTIR) spectroscopy (PerkinElmer FT-IR), in transmission
mode (16 scans, wave-number range 4000–450 cm�1) and by
Raman spectroscopy (inVia 2 Raman spectrometer), using a
532 nm (green) diode laser with 1200 or 1800 Lmm�1 grating.
X-ray diffraction (PANalytical Empyrean) in the 2θ range from
10 to 80 with a scan speed 1�/min and a scan step 0.02� was used
to determine the crystal nature of the nanoparticles.

2.2. Silane Functionalization and Magnetic Property
Measurement of Fe3O4 Nanoparticles

Our synthesized Fe3O4 nanoparticles were functionalized by
aminopropyl triethoxysilane (APTES) and 3-(trimethoxysilyl)-
propyl-methacrylate (TMSPM), purchased from Sigma-Aldrich
Pty Ltd. The functionalization was performed by incubating
the particles in the desired silane at 10% (v/v) in ethanol over-
night under continuous shaking. Functionalized particles were
washed twice in deionized water before use. The saturation mag-
netization of the modified and unmodified particles was mea-
sured by a magnetic property measurement system (Quantum
Design) at room temperature.

2.3. PEGDM Synthesis

PEGDMwas synthesized as reported previously.[38] Briefly, 10 kDa
poly(ethylene glycol) (PEG) (Sigma Aldrich, 25 g, 2.5mmol) was
dissolved in toluene (Chem-Supply Pty Ltd Australia, 125mL)
and dehydrated twice using a rotary evaporator. The PEG was
then dissolved in toluene (37.5mL), dichloromethane (VWR
International Pty Ltd, 62.5mL), and triethylamine (290mg,
2.85mmol) to react with 2.2 equivalents of methacrylic anhydride
(Sigma-Aldrich, 846mg, 5.5mmol) for 48 h with stirring. The
reaction was quenched by potassium carbonate (6.25 g) followed
by filtration and precipitation of the PEGDM via the addition of
diethyl ether (200mL). The powder was finally vacuum filtered
and stored at �20 �C until further use.

2.4. Hydrogel Preparation on Glass Coverslips

Hydrogels were prepared by dissolving 10 wt% solution of
PEGDM (10 kDa) in deionized water degassing with ultrahigh
purity argon for 10min and adding 1, 3, or 5 wt% of the modified
and unmodified particles. Crosslinking of the hydrogel was per-
formed by adding a 10% ammonium persulfate (Chem-Supply
Pty Ltd Australia) and pure N,N,N 0,N 0-tetramethylethylenedi-
amine (TEMED) (Sigma Aldrich) into PEGDM hydrogel solution
in a 5:1:250 ratio, respectively. Drops (20 μL) of gel solution were
added onto a hydrophobic glass slide followed by placing a func-
tionalized glass coverslip on top. Glass coverslips were function-
alized by first washing with ethanol and DI water and then
treating with ethanol, glacial acetic acid, and TMSPM solution
in a 46:3:1 ratio for 10min before air drying. After 1 h, the glass
coverslips with the thin layer of hydrogel were gently removed
from the glass slide.

Protein (fibronectin) incorporation was carried out by incubat-
ing 150 μL fibronectin solution on a planar polydimethylsiloxane
(PDMS) stamp surface for 30min (25 ugmL�1) and then remov-
ing excess solution from the PDMS stamps surface by gentle air-
flow. Fibronectin was transferred to the gel surface by stamping
with gentle pressure for 1min. After stamping, the gels were
washed twice with DI water and stored in 12-well plate in DI
water until cell culture.

2.5. Rheology

All rheological measurements were performed using an Anton
Paar MCR 302 rheometer with a parallel plate geometry
(25mm Disk, 1mm measuring distance, 600 μL of prehydrogel
solution) at 25 �C. Oscillatory measurements were performed
with 0.02% strain and a 1 Hz frequency for the duration of gela-
tion. Shear rate sweeps were performed with a 1 Hz frequency
from a shear rate of 0.01–10 (1/s) at a log ramp scale over 4min.

2.6. Cell Culture

Adipose-derived mesenchymal stem cells (ATCC PCS-500-011)
(ADSCs) were cultured in low-glucose Dulbecco’s modified
Eagle’s medium (Thermo Fisher Scientific, Cat. No. 11885084)
supplemented with 10% (v/v) fetal bovine serum (BOVO-GEN,
Australia, Cat. No. SFBS-AU) and 1% (v/v) penicillin and strepto
mycin (Sigma Aldrich, Cat. No. P4333) at 37 �C, 5% CO2 in a
humidified incubator. The medium was changed every 48 h
and cells were passaged at 80–85% confluency. All ADSCs used
in the experiments were at the passage from 4 to 10. To compare
the ADSC response with and without a magnetic field, permanent
magnets (0.23 T) were placed under the 12 well plate during
culture. ADSCs were cultured in the PEG gels for 48 h in the
presence and absence of a magnetic field before fixing.

2.7. Immunofluorescence

Directly after culture in the presence or absence of a magnetic
field, cells were fixed with 4% paraformaldehyde (Sigma-
Aldrich Pty Ltd.) for 20min and permeabilized in 0.1% Triton
X-100 (Sigma-Aldrich Pty Ltd.) in phosphate buffered saline
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(PBS) for 30min. 1% bovine serum albumin (BSA) was used to
block the cells for 15min. α-SMA (1:400) labeling was performed
in 1% BSA (w/v) in PBS for 1 h at room temperature, followed by
rinsing twice with PBS. Secondary antibody labeling was per-
formed in 1% BSA in PBS for 1 h in room temperature in the
dark. Actin and nuclei were stained by 488-phalloidin (1:200)
and 4,6-diamidino-2-phenylindole (DAPI: 1:4000), respectively.
Immunofluorescence microscopy was conducted using a Zeiss
LSM 800 confocal microscope. Cell area was measured from
phalloidin staining of the actin cytoskeleton by measuring the
average cell area of 150 cells using ImageJ. α-SMA intensity
was calculated by measuring raw intensity after background
subtraction of cells expressing α-SMA using Image J. The per-
centage of cells expressing α-SMA was quantified by automatic
counting of cells expressing α-SMA above a preset threshold
using 3 sets of replicates, 5 fields of view for each replicate,
and at least 10 cells per field of view.

2.8. Statistical Analysis

Statistically significant differences were determined by one-way
analysis of variance (ANOVA) with Tukey’s HSD post hoc analy-
sis done for statistical significance. The data were expressed as
mean� standard deviation (SD).

3. Results and Discussion

3.1. Characterization of Fe3O4 Nanoparticle

Iron oxide nanoparticles were synthesized with a chemical copre-
cipitation method by reacting iron salts with ammonium hydrox-
ide solution in a nitrogen environment.[36,37] Figure 1a shows a
TEM image of nanoparticles revealing their spherical morphol-
ogy and narrow size variation with an average particle size of

10.53� 1.5 nm (Figure 1b). XRD of the particles clearly shows
the presence of crystal planes in 2θ peaks at 21.4�, 30.2�,
35.5�, 41.5�, 50.6�, 63.2�, and 67.5� (Figure 1c), which are attrib-
uted to the characteristic crystal planes 211, 220, 311, 400, 422,
511, and 440 of magnetite.[39,40] The Raman spectrum in
Figure 1d shows the presence of characteristic peaks of magne-
tite at 487 and 661 cm�1.[41,42] Furthermore, FTIR spectrum in
Figure 1e shows the presence of Fe–O stretching band of bulk
magnetite at 543 and 624 cm�1.[39,43] Overall, these characteriza-
tions demonstrate the successful synthesis of spherical Fe3O4

nanoparticles.

3.2. Silane Functionalization of Fe3O4 Nanoparticles

With the desire to covalently stabilize the nanoparticles into a
hydrogel system, we functionalized the particles with two silanes:
APTES and TMSPM. Here, we hypothesize that the methacrylate
groups on the TMSPM particles will covalently crosslink to the
dimethacrylate groups on the PEGDM polymers to enable
enhanced particle retention. In this case, the APTES will function
as a control coating which should not covalently bond to the poly-
mer backbone. FTIR spectrum (Figure 2a) upon treatment with
APTES, shows characteristic peaks for chemical conjugation at
�1050 cm�1, attributed to open-chain siloxane groups[13,44]

and the TMSPM-treated particles showing characteristic peaks
at �1638 cm�1 (C═C) and �1706 cm�1 (C═O).[13,45] Figure 2b
demonstrates the superparamagnetic behavior of the modified
and unmodified nanoparticles as there are no observed remanent
magnetization and all the hysteresis loops pass through the
origin.[46] The saturation magnetization of the Fe3O4, APTES-
modified Fe3O4 and TMSPM-modified Fe3O4 were found to
be 6.92, 6.43, and 6.41 emu g�1, respectively, which indicates
little reduction (7%) in saturation magnetization after silane
functionalization.

Figure 1. Characterization of Fe3O4 nanoparticles: a) TEM image of spherical nanoparticles, b) Quantification of average particle size (10.53� 1.5 nm)
from TEM images, c) XRD pattern with characteristic crystal plane peaks of magnetite, d) Raman spectrum with the characteristic peaks of magnetite, and
e) FTIR spectrum of Fe3O4 nanoparticles with FeO stretching bands at 543 and 624 cm�1.
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3.3. Nanoparticle Integration into Hydrogels and
Rheological Analysis

Magnetic nanoparticle hydrogel composites are promising mate-
rials for changing mechanical properties in response to external
fields.[47,48] PEG-based hydrogels are widely used materials for
cell culture and tissue engineering due to biocompatibility, tune-
able stiffness, and the ability to incorporate versatile functional
groups.[49,50] In an effort to use PEG as a matrix for the inclusion
of iron oxide materials, we tried direct mixing of 10 kDa PEG-DM
with our pristine and silanized particles. Changes in the storage
(G 0: black) and loss (G 00: red) modulus after initiating radical
crosslinking for PEG-DM gels in the presence of nanoparticles
(unmodified and modified) over time can be seen in Figure 3.
A sudden increase in G 0 was observed in all samples within
the first minute indicating the onset of crosslinking. After 3 min,
G 0 reached a plateau in all samples. All samples tested show com-
parable final storage moduli, indicating no significant difference
between particles with different surface coatings (all storage
moduli are within 3% of each other). It was noted, however, that
the presence of particles led to a slight decrease in polymeriza-
tion kinetics and final modulus, suggesting that particle inclu-
sion impedes the network formation. Surprisingly, integrating
particles with pendant methacryloyl moieties did not change
the bulk rheology of the gel with no magnetic field applied.

Next, we asked whether there would be variation in particle
retention within the hydrogels over time. Considering the nano-
scale size of the Fe3O4 in contrast to the microscale meshwork of
the radical polymerized PEG gels (average pore size ranges
between 5 to 70 μm),[51,52] we expected easy diffusion of the nano-
particles out of the hydrogel. However, when subjected to a mag-
netic field up to 48 h followed by centrifugation of the media, no
evidence of particle release from the hydrogels was found and
there was no difference between the surface coatings. This result
is somewhat surprising considering the small particle size to the
mesh size. However, previous work has demonstrated strong
adhesion between nanoparticles and polymer chains that can pro-
mote retention.[53,54] Therefore, for subsequent cell culture experi-
ments unmodified nanoparticles were used.

3.4. Variations in Cell Morphology with Nanoparticle Content
and Magnetic Fields

The mechanical characteristics of cell culture substrates, includ-
ing stiffness and topography, will influence cell spread-
ing.[30,55,56] Our previous work has demonstrated how a nearly
three orders of magnitude increase in the storage modulus
can be achieved by the application of a magnetic field to align
micrometre scale carbonyl iron particles incorporated into a
polyacrylamide hydrogel composite.[13] Furthermore, that study
showed how the magnetic field–induced stiffening could be
used to dynamically modulate MSC osteogenesis.[13] Thus, we rea-
soned that magnetic fields applied to our nanoparticle composite
PEG-based hydrogels would influence the particle organization,
thereby impacting the interconnected mesh network and the cell
perceived stiffness. Furthermore, while magnetic properties of
nanoparticle composites do not generally show a discontinuity
in properties at the percolation threshold, the storage modulus
generally does and nanoparticles offer a much lower percolation
threshold compared to micrometer scale particles.[57–60] Thus, the
nanoscale particles used in the present study should demonstrate
a beneficial stiffening effect at much lower volume fractions than
the 30 vol% used in our previous work.[13]

Adipose-derived stem cells (ADSC) were cultured at
1970 cells cm�2 for 48 h followed by immunostaining for nuclei
and filamentous actin. It can be seen from Figure 4b that, nano-
particle incorporation does not influence cell area up to 3 wt%;
however, incorporation of 5 wt% Fe3O4 nanoparticles leads to an
increase of �40% in average cell area (2862–4012 μm2) without
applied fields. This result suggests that the incorporation of par-
ticles at higher weight fraction exceeds the percolation threshold
and leads to an increase in the cell-perceived stiffness of the
hydrogel. Although shear rheology showed a difference in the
modulus no greater than 3% as particle content increases, it
is important to note that the percolation threshold not only
depends on the particle size but also on the architecture of
the particle network that is formed (random vs ordered, 2D vs
3D, etc.), which is likely to be quite different during the shear
rheometer test. Nonetheless, other factors may also be

Figure 2. a) FTIR analysis of synthesized nanoparticles, functionalized nanoparticles, APTES and TMSPM neat chemicals; colored lines (black, red, green,
blue, and pink) represent FTIR spectrum of magnetite, APTES-modified magnetite, TMSPM-modified magnetite, APTES, and TMSPM, respectively, and
b) magnetic hysteresis loop of modified and unmodified magnetite nanoparticles show the superparamagnetic behavior.
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responsible for the cell response at 5 wt%. Previous studies of cell
adhesion to nanomaterial-impregnated hydrogels demonstrate
that ECM matrix roughness contributed to cell spreading.[61,62]

Therefore, we also speculate that at high particle content, cells
may increase their spreading on account of interfacial particle
density. In contrast, when the composite gels were exposed to
a magnetic field, using a permanent magnet at 0.83mm from
the gel to provide a field of 0.23 T, cells adherent to hydrogels
containing 3 and 5 wt% Fe3O4 nanoparticles showed a significant
increase in cell area of 74% and 107%, respectively, with consid-
erable variability across the population.

This strong cell response is consistent with a magnetic
field–induced stiffening of the hydrogel composite.[13] To estab-
lish the relationship between substrate stiffness and cell area,
we compared the cell area when adherent to PEG hydrogels
spanning 5–100 kPa (Figure 1, Supporting Information).

Interpolation from our starting hydrogel of 5 kPa stiffness, cell
area changes indicate that our material is stiffened by magnetic
fields to �41 kPa (1 wt% Fe3O4), 73 kPa (3 wt% Fe3O4), and
97 kPa (5 wt% Fe3O4). Together these results show how integrat-
ing magnetic Fe3O4 nanoparticles into PEG-based hydrogels will
lead to a change in the perceived mechanical properties at the
interface spanning a wide range of stiffness. There are several
potential mechanisms for magnetic field–induced stiffening:
1) applied magnetic fields lead to alignment of the particles,
thereby presenting a more rigid composite material to the adher-
ent cells, and 2) physical interaction of particles directly with
polymer segments leads to a material where the meshwork
stretches under applied magnetic fields. In previous studies
using carbonyl iron microparticles, the former mechanism is
believed to cause stiffening.[13] In the current study, the observa-
tion that the particles remain integrated with the gel under

Figure 3. Rheological analysis of PEG-DM gels. Amplitude time sweep tests (1 Hz, 0.2% strain) were performed on pure PEG-DM and 1, 3, and 5 wt% of
a) Fe3O4, b) APTES-modified Fe3O4, and c) TMSPM-modified Fe3O4 nanoparticles.

Figure 4. a) Representative images of ADSCs cultured in the presence and absence of magnets stained for filamentous actin (scale bar¼ 100 μm) and
b) quantification of average cell area (n¼ 150, number of cells).
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applied force supports the latter mechanism. It is likely that a
combination of these mechanisms is involved to facilitate stiff-
ening under a magnetic field. However, discerning the precise
mechanism is challenging at the nanoscale and will require
new instrumentation for advanced imaging that is not currently
available.

3.5. Magnetic Stiffening to Direct Stem-Cell Differentiation

There is considerable evidence that cell phenotype and propen-
sity to differentiate are directly linked to the adhesive microenvi-
ronment and the ability of cells to change shape and area.[2,27,63]

An important cell type for guiding the form and function of tis-
sues and maintaining the integrity of membranes in tissue and
vasculature is the myofibroblast. Tissue engineering requires
this cell type to be readily available for integration with tissue-
specific cells, which has led to the need for rapid and simple
isolation and differentiation protocols. ADSCs have been shown
to undergo a fibroblast-to-myofibroblast transition on account of
the mechanical microenvironment.[27] One aspect of myofibro-
blast differentiation is a change in cell shape as they become
more contractile, leading to expression of smooth muscle actin
(α-SMA). As our magnetic stiffening of the substrate influences
the adhesive areas of ADSCs, we asked whether this change in
shape is linked to the propensity to undergo smooth muscle myo-
genesis. ADSCs were cultured on PEG–Fe3O4 composite hydro-
gels at 0, 1, 3, and 5 wt% nanoparticle content with and without
magnetic fields. Interestingly, while the change in area was
modest as nanoparticle content increased, we see a consistent
increase in the fraction of cells expressing α-SMA, suggesting
that increasing particles at the interface influences the myofibro-
blast phenotype (Figure 5a). Attenuating a magnetic field over
two days leads to an additional increase in cells expressing
α-SMA, even for the control condition where nanoparticles are
not present. The presence of a magnetic field for ADSCs cultured
in gels with 3 and 5 wt% Fe3O4 nanoparticles show a significant
increase in α-SMA compared to without a magnetic field (84.1%

compared to 72.6% in gels with 3 wt% Fe3O4 and 90% compared
to 78% in gels with 5 wt% Fe3O4, respectively; Figure 5b). We
also measured the intensity of the cells expressed in α-SMA
and found an increase in intensity when cultured in the presence
of a magnetic field (Figure 2, Supporting Information). The myo-
fibroblast phenotype can be determined through binary analysis;
that is, positive versus negative expression of a-SMA.[56] An
increase in a-SMA expression will indicate enhanced contractility
within the population. Therefore, in this study, we see that stiff-
ening through applied magnetic fields will influence both the
process of myofibrillogenesis (% expression) and the degree of
myofibroblast contraction (intensity).

4. Conclusion

Matrix stiffening on account of cell-matrix engagement, with a
view to influencing cell activity such as spreading and lineage
specification, is a well-explored technique for manipulating phe-
notype and behavior in the laboratory. Our study demonstrates a
simple approach to modulate ADSC adhesive characteristics
through attenuation of a magnetic field using permanent
magnets in cell culture. Stiffening of magnetic nanoparticle
hydrogel composites leads to a significant increase in cell area
and subsequent enrichment of the fraction expressing α-SMA.
As a reversible technique, this platform may prove useful to sci-
entists exploring the dynamics of matrix stiffening with broad
applicability to many adherent cell systems. Furthermore, enrich-
ing a desired cell type in culture could be leveraged toward the
production of therapeutically useful cells, in this case myofibro-
blasts, that may then be harvested for direct use or for incorpo-
ration into tissue-engineered scaffolds.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.

Figure 5. a) Representative images of ADSC’s cultured in the presence and absence of magnets (scale bar¼ 100 μm) and b) quantification of α-SMA
expression (n¼ 3, replicate hydrogel).
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