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ABSTRACT: Adipose progenitor cells (APCs) are widely
investigated for soft tissue reconstruction following tumor
resection; however, the long-term success of current
approaches is still limited. In order to develop clinically
relevant therapies, a better understanding of the role of cell–
microenvironment interactions in adipose tissue regeneration is essential. In particular, the effect of extracellular
matrix (ECM) mechanics on the regenerative capability of
APCs remains to be clariﬁed. We have used artiﬁcial ECMs
based on photocrosslinkable RGD-alginate to investigate the
adipogenic and pro-angiogenic potential of 3T3-L1 preadipocytes as a function of matrix stiffness. These hydrogels
allowed us to decouple matrix stiffness from changes in
adhesion peptide density or extracellular Ca2þ concentration and provided a physiologically relevant 3D culture
context. Our ﬁndings suggest that increased matrix rigidity
promotes APC self-renewal and angiogenic capacity,
whereas, it inhibits adipose differentiation. Collectively, this
study advances our understanding of the role of ECM
mechanics in adipose tissue formation and vascularization
and will aid in the design of efﬁcacious biomaterial scaffolds
for adipose tissue engineering applications.
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Introduction
Adipose progenitor cells (APCs) are widely used for breast
reconstruction following tumor resection (Patrick, 2000). In
these applications, APCs are frequently transplanted on
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biomaterial scaffolds and then used to stimulate soft tissue
formation by both readily differentiating into adipocytes
and through paracrine signaling with surrounding host cells
(Parker and Katz, 2006). For example, APCs secrete proangiogenic factors (e.g., vascular endothelial growth factor;
VEGF) that promote the recruitment of endothelial cells
and angiogenesis (Lai et al., 2009; Rubina et al., 2009).
New blood vessel formation, in turn, ensures the functionality of the newly developing adipose tissue by providing
routes for endocrine and metabolic signaling (Gimeno and
Klaman, 2005; Kershaw and Flier, 2004). While increasing
experimental evidence indicates that cell–microenvironment interactions play a critical role in guiding adipogenesis
(Fischbach et al., 2004; Stacey et al., 2009), the effect of
dynamic changes of the extracellular matrix (ECM)
mechanics on APC behavior remains largely unknown.
This information is critical to the design of biomaterial
scaffolds for adipose tissue engineering applications.
Changes in ECM rigidity broadly regulate cell behavior
and may also impact the regenerative capabilities of APCs.
ECM rigidity is largely controlled by the composition, crosslinking, and contraction of its protein components (Discher
et al., 2005), and these parameters may vary locally at the site
of APC implantation. Speciﬁcally, the mechanical properties
of the ECM change during adipogenesis as the initially
ﬁbrillar ECM transforms into a laminar matrix structure
(Mariman and Wang, 2010). Additionally, APCs may be
exposed to pathologically enhanced ECM stiffness when they
are located next to scars resulting from surgery (Corr et al.,
2009) or tumors that may recur after resection (Samani
et al., 2003). While matrix stiffness regulates the proliferation (Subramanian and Lin, 2005; Ulrich et al., 2009),
differentiation (Engler et al., 2006), malignancy (Paszek
et al., 2005), and angiogenesis (Mammoto et al., 2009) of
various cell types, its speciﬁc effect on APC differentiation
and pro-angiogenic activities is less well understood.
Matrices with adjustable mechanical but ﬁxed chemical
properties are necessary to study APC behavior in response
to matrix stiffness. Frequently, MatrigelTM and collagen gels
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of variable concentrations are used to evaluate the relationship between ECM mechanics and cell behavior
(Karamichos et al., 2007; Zaman et al., 2006). However,
this approach entails changes in adhesion ligand density,
which regulates cellular functions independent of matrix
stiffness (Boontheekul et al., 2008). Artiﬁcial ECMs may
overcome these limitations by permitting decoupling of
the physical and chemical matrix characteristics. Speciﬁcally, the rigidity of RGD-modiﬁed alginate hydrogels can
be readily adjusted by ionic crosslinking with varying
concentrations of Ca2þ (Kong et al., 2005). This approach,
however, may not be suitable for studies of adipogenesis as it
typically yields gels that are much stiffer than adipose tissue
and because local concentrations of Ca2þ regulate APC
functions (e.g., proliferation and differentiation (Boynton
et al., 1974; Jensen et al., 2004)). Photocrosslinked, alginatebased hydrogels (Chou and Nicoll, 2009; Jeon et al., 2009;
Rouillard et al., 2011; Smeds et al., 2001) may provide
suitable alternatives to examine the effect of matrix stiffness
on adipogenesis.
The goal of this study was to establish a biomaterial-based
3D culture system in order to evaluate the effect of matrix
stiffness on the self-renewal, differentiation, and proangiogenic capacity of APCs under biologically relevant conditions. To this end, we have cultured 3T3-L1 preadipocytes,
a well-established cell model for the study of adipogenesis
(Ntambi and Young-Cheul, 2000), within photocrosslinked,
RGD-modiﬁed alginate hydrogels that recreate tissue
dimensionality and ECM mechanics representative of
normal and pathological adipose tissue. Our results identify
mechanical stiffness as an important regulator of APC
function that must be considered in the design of efﬁcacious
and safe biomaterials for adipose tissue engineering.

Materials and Methods
Cell Culture
3T3-L1 cells (ATCC, Manassas, VA) were routinely cultured
in MEM (a-modiﬁcation, Sigma, St. Louis, MO) containing
10% fetal bovine serum (FBS, Tissue Culture Biologicals,
Tulare, CA) and 1% antibiotic (penicillin/streptomycin;
Gibco, Grand Island, NY). To induce adipogenesis, cells
were maintained for 2 days in MEM (a-modiﬁcation), 5%
FBS, 1% antibiotic containing 1 mM insulin (Sigma),
100 nM corticosterone, 200 mM isobutylmethylxanthine,
and 60 mM indomethacin (all from EMD, Gibbstown, NJ)
as previously described (Fischbach et al., 2004).
Subsequently, differentiation media [MEM (a-modiﬁcation), 5% FBS, 1% antibiotic, and 1 mM insulin] was added,
and cells were cultured under these conditions for 6 days,
with media changes every other day.
Cell Viability in Response to Photocrosslinking
Conditions
Cell viability in response to photocrosslinking conditions
was tested in 2D culture by exposing 3T3-L1 cells to
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increasing concentrations of VA-086 (Wako, Richmond,
VA), Irgacure-2959 (Ciba, Basel, Switzerland), and varying
durations of ultraviolet (UV) light (365 nm longwave,
2 mW/cm2) in the absence of polymer. Speciﬁcally, cells
were seeded into 12-well plates at equal densities and
allowed to adhere overnight. Cultures were then treated with
photoinitiators and/or UV light (using a Spectroline UV
crosslinker) to simulate the conditions during hydrogel
crosslinking. For these experiments, VA-086 and Irgacure2959 were dissolved in water and 70% ethanol, respectively.
Due to the different photoinitiator activities, 10-fold greater
concentrations of VA-086 (0.1–0.4% w/v) were used as compared to Irgacure-2959 (0.01–0.04% w/v). Subsequently,
dead cells were removed by rinsing the culture dishes with
PBS, while adherent viable cells were trypsinized, and
quantiﬁed using a Beckman Coulter counter.
Fabrication and Characterization of Photocrosslinked
Alginate Hydrogels
Photocrosslinkable alginate was synthesized by reacting
Protanal1 LF10/60 (FMC Biopolymer, Philadelphia, PA)
with methacrylic anhydride (Alfa Aesar, Ward Hill, MA),
replacing secondary alcohols on the polymer with methacrylate groups (Fig. 1; Li et al., 2004; Rouillard et al., 2010;
Smeds et al., 2001). To this end, methacrylic anhydride (Alfa
Aesar) was added to a 2.5% w/v solution of alginate in
deionized water while the pH was maintained with 5 M
NaOH. After 72 h of reaction time, the alginate was washed
with ethanol and ﬁltered twice prior to lyophilization. In a
second reaction, the obtained material was modiﬁed with
GGGGRGDSP (Peptides International, Louisville, KY)
adhesion peptides using standard carbodiimide chemistry
as previously described (Rowley et al., 1999). To remove
unreacted, low-molecular weight components, the alginate
was puriﬁed by dialysis, and then the methacrylated RGDalginate was sterile ﬁltered and lyophilized. To prepare
hydrogel disks for further analysis, a 3% (w/v) solution of
methacrylated RGD-alginate in PBS was cast between two
glass plates (separated by 1 mm spacers) and crosslinked in
an UV crosslinker (Spectroline, Westburg, NY) for 5 min.
The same modiﬁed polymer was used for all hydrogel
systems; stiffness was altered by adjusting VA-086 concentrations to 0.1 (compliant gels), 0.2 (moderate gels), and
0.4 (stiff gels) % (w/v). Disks were punched out of the
crosslinked slab of hydrogel using sterile biopsy punches
(d ¼ 6 mm). Aggregate moduli of photocrosslinked alginate
were measured under radial conﬁnement and uniaxial
compression using a mechanical tester (ELF 3100; Bose,
Eden Prairie, MN). Alginate hydrogels were incrementally
loaded at steps of 5% compression with the reported
aggregate modulus measured from the slope ﬁt to the stress–
strain curve at 15% strain. To ensure that gel modulus was
maintained through experiments, the aggregate moduli of
different batches were measured. Additionally, for experiments where direct comparisons were made between
conditions, the same batch of material was used. To ensure

concentration of 1.5  106 cells/mL. The resulting matrices
were subsequently cultured under dynamic conditions on a
Bellco orbital shaker. The day of cell encapsulation was
considered day 0.
Analysis of Cell Adhesion and Proliferation
Cell adhesion was measured under 2D conditions. 3T3-L1
preadipocytes were seeded onto non-modiﬁed and RGDmodiﬁed alginate disks of equal aggregate modulus
(12 kPa). After 16 h of culture, cells were ﬁxed and stained
with Alexa Fluor 568 phalloidin (Invitrogen, Carlsbad, CA,
1:100) and DAPI (Invitrogen, 1:5,000). The cells were
visualized using a ﬂuorescent microscope (Zeiss Observer
Z.1), and three representative images per gel were taken with
an AxioCam MRN camera. Cell spreading was quantiﬁed via
image analysis (ImageJ, NIH) by measuring the average
surface area per cell for three gels per condition.
Cell proliferation was tested under 3D conditions. Cells
were released from their matrices by dissolution of the
gels in a solution of alginate lyase (3.3 units/g alginate,
Sigma) in PBS on days 0, 3, and 7. Cell numbers in the
resulting cell suspension were determined with a Beckman
coulter counter. Additionally, cell-encapsulating alginate
disks were subjected to live/dead staining using calcein
(Invitrogen, 1 mg/mL for 15 min) and propidium iodide
(Sigma, 10 mg/mL for 5 min), respectively. Eight representative images of three gels per condition were taken
at randomly selected locations on each gel for viability
quantiﬁcation via image analysis.
Analysis of Adipose Differentiation

Figure 1. Development of photocrosslinked RGD-alginate hydrogels. Methacrylated alginate was synthesized by reaction of LF10/60 alginate with methacrylic
anhydride and was subsequently modiﬁed with RGD-adhesion peptides using carbodiimide chemistry. Exposure of the resulting material to UV light in the presence of a
photoinitiator yielded photocrosslinked RGD-alginate hydrogels.
maintenance of gel mechanical character for the duration
of the culture experiments, the aggregate modulus of
compliant alginate gels was measured in the same manner as
described above over a period of 2 weeks. Gel swelling was
assessed by measuring the wet and dry weights of alginate
gels, pre- and post-lyophilization, respectively, over a 6week period. To encapsulate 3T3-L1, into 3D hydrogels, cells
were suspended in the alginate solution prior to gelation at a

Differentiated cells were harvested from their 3D matrices by
alginate lyase treatment as described above. The resulting
cell pellet was lysed on ice in a buffer containing 50 mM Tris,
1 mM EDTA, and 1 mM b-mercaptoethanol (all from J.T.
Baker, Phillipsburg, NJ). Subsequently, glycerol-3-phosphate dehydrogenase (GPDH) activity was measured using a
spectrophotometer as previously reported (Fischbach et al.,
2004). Brieﬂy, supernatants obtained from the lysates were
mixed with dihydroxyacetone phosphate and the oxidized
form of nicotinamide adenine dinucleotide (NADH).
GPDH activity was assessed by quantifying the decrease
in NADH absorbance at 340 nm over a 7-min period.
Enzyme activity was normalized to total protein content as
measured by the Bio-Rad Protein assay per manufacturer’s
protocol. To visualize lipid accumulation, cell-incorporating gels were ﬁxed overnight in formalin, stained with
Oil Red O (Sigma, 0.3% w/v solution in 60% isopropyl
alcohol) for 2 h, and then interrogated with bright ﬁeld
microscopy.
Analysis of VEGF Secretion
On day 3, cell-incorporating hydrogel disks were transferred
to new culture dishes containing MEM (a-modiﬁcation)
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with 1% FBS and 1% antibiotic. Media were collected after
24 h and analyzed for VEGF via Quantikine ELISA (R&D,
Minneapolis, MN). To additionally determine the amount
of matrix-sequestered VEGF, alginate constructs were
dissolved with alginate lyase as described above and the
VEGF content of the resulting solution was measured. Prior
studies veriﬁed that alginate lyase treatment does not
compromise VEGF analysis as incubation of recombinant
VEGF with alginate lyase and subsequent ELISA yielded
similar VEGF concentrations as samples not exposed to
alginate lyase (Supplementary Fig. 1). Indicated values
represent the total amount of VEGF quantiﬁed in the
conditioned media as well as the gel lysate. VEGF data were
normalized to cell number as determined at the time of
media harvest to account for cell proliferation differences
between conditions.

Analysis of Endothelial Cell Behavior
Human umbilical vein endothelial cells (HUVECs; Lonza,
Walkersville, MD) were routinely cultured in endothelial
growth medium (EGM-2, Lonza). 3T3-L1-conditioned
media was collected as described above for VEGF analysis,
concentrated twofold using Amicon centrifugal ﬁlter units
(Millipore, Billerica, MA, MWCO ¼ 3 kDa), and subsequently reconstituted with EGM-2 from which growth
factors were omitted. HUVEC proliferation was assessed by
cell counting after 5 days of culture in reconstituted
conditioned media. To assess cord formation, HUVECs
were seeded onto MatrigelTM (BD, Franklin Lakes, NJ) in
conditioned media. After 24 h, the cells were stained with
calcein (Invitrogen, 1 mg/mL) and imaged on a Zeiss
Observer Z.1 microscope using an AxioCam MRN camera.
Three randomly selected areas were imaged and analyzed per
well with three wells per condition. The connectivity and
length of the tubular structures were assessed using a
MATLAB1-based program (AngioQuant; Niemisto et al.,
2005).

et al., 2010), on 3T3-L1 viability. For these experiments,
relevant concentrations of these two substances were
added to the media of standard 2D cell cultures (i.e., in
the absence of the polymer). Our results indicated that
VA-086 in 10-fold higher mass concentration is less toxic to
3T3-L1 cells than Irgacure-2959 (Fig. 2a and b), both with
and without UV exposure. Speciﬁcally, 0.04% Irgacure-2959
in conjunction with 15 min UV [i.e., conditions necessary
to produce the stiff gels (see below)] dramatically decreased
cell viability to 2% (Fig. 2a). In contrast, exposure to 0.4%
VA-086 and 5 min UV [i.e., conditions needed to produce
similarly stiff gels (see below)] resulted in 82% viability.
To assess whether these differences were due to the varying
UV exposure times we additionally irradiated cultures
with VA-086 for 15 min. In these experiments, cell viability
was slightly reduced as compared to treatment for 5 min, but
still remained at 77% for the highest VA-086 concentration
(Fig. 2b). The reduced viability in the 0% Irgacure-2959
condition relative to the 0% VA-086 condition after 15 min
of UV may be caused by the different solvents (ethanol

Statistical Analysis
All data are reported as means  standard deviations
and were analyzed by one-way analysis of variance
(ANOVA) followed by the Newman–Keuls method to
make post hoc pair wise comparisons using Prism 5
(GraphPad Software) with a ¼ 0.05 (P < 0.05; P < 0.01
between noted conditions).

Results
Establishment of Photocrosslinking Conditions
To enable cytocompatible photocrosslinking, we initially
tested the effect of two widely used photoinitiators,
Irgacure-2959 and VA-086 (Jeon et al., 2009; Rouillard
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Figure 2. Cell viability in response to photocrosslinking conditions. Control
experiments in 2D cell culture indicate that 3T3-L1 viability is lower following
photocrosslinking with Irgacure-2959 (a) compared with VA-086 (b). The percentage
of viable cells is expressed relative to control conditions in which cells were neither
treated with photoinitiator nor exposed to UV light (0/0); however, an equal volume of
the solvent (water or 70% ethanol for VA-086 or Irgacure-2959, respectively), was
added to the control condition. Arrows indicate photocrosslinking conditions that
would be necessary to produce gels with a modulus of 12 kPa (stiff condition).

for Irgacure-2959, water for VA-086). Nevertheless, the
different solvents do not account for the observed changes
in cell viability in the presence of photoinitiators because
VA-086 is also less cytotoxic than Irgacure-2959 when
dissolved in ethanol (Rouillard et al., 2011). Collectively,
treatment with VA-086 (0.4%; 5 min UV) yields 41-fold
enhanced 3T3-L1 cell numbers as compared to Irgacure2959 (0.04%; 15 min UV) and was, therefore, used for
all experiments involving photocrosslinking of cell-incorporating alginate matrices.
Development of Artiﬁcial ECMs With Relevant Matrix
Stiffnesses
Next, we tested our ability to generate 3D hydrogel matrices
of biologically relevant stiffness by photocrosslinking

methacrylated alginate with VA-086. The crosslinking
density of the gels was adjusted by altering the concentration
of the photoinitiator VA-086. Mechanical testing conﬁrmed
that the elastic moduli of the resulting matrices were 3.3, 7.9,
and 12.4 kPa and, therefore, representative of physiological
(2 kPa), intermediate, and pathological (12 kPa) stiffness
ranges detected, for example, during tumorigenesis (Samani
et al., 2003; Fig. 3a). These moduli were maintained
throughout the time of 3D culture, as no signiﬁcant
changes were detected over 2 weeks (Fig. 3b). Additionally,
measurement of gel wet and dry weight indicated no
signiﬁcant swelling during the duration of the experiment
that would otherwise alter the mechanical characteristics of
the gels (Fig. 3c).
Subsequently, we modiﬁed the photocrosslinkable
alginate by covalent coupling of adhesive RGD peptides

Figure 3. Characterization of the developed materials. Mechanical testing veriﬁed that gels that mimicked moduli of normal (compliant), intermediate (moderate), and
pathological (stiff) adipose tissue could be engineered by controlling photoinitiator concentration(a, n ¼ 5 or 6) and that the modulus did not change signiﬁcantly during the culture
time period (b, n ¼ 4). No signiﬁcant swelling in the gels was seen after initial equilibration as the wet and dry weights of the alginate gels were maintained for periods longer than
the duration of the experiments (c, n ¼ 3). Covalent modiﬁcation of methacrylated alginate with RGD adhesion peptides promoted 3T3-L1 adhesion and spreading on 2D hydrogel
disks. Fluorescent staining was performed with DAPI and phalloidin to visualize actin (red) and nuclei (blue), respectively. Scale bars represent 20 mm (d). Average cell area and
number of adhered cells per ﬁeld of view (FOV) were quantiﬁed by analyzing the images (e, n ¼ 3). (P < 0.05; P < 0.01). [Color ﬁgure can be seen in the online version of this
article, available at http://wileyonlinelibrary.com/bit]
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according to a previously established protocol (Fig. 1;
Rowley et al., 1999). This reaction resulted in the
introduction of two cellular binding sites per alginate chain
(Lee et al., 2004) and enabled integrin engagement necessary
for cells to sense changes in matrix stiffness (Wang et al.,
1993). Successful RGD modiﬁcation was conﬁrmed with a
simple 2D adhesion assay in which cells were seeded on
top of hydrogel disks with aggregate modulus of 12 kPa.
3T3-L1 cells readily adhered and spread on RGD-modiﬁed
alginate, whereas cell adhesion was dramatically reduced on
non-modiﬁed alginate (Fig. 3d). Speciﬁcally, both cell
numbers and cell surface areas were signiﬁcantly increased
on RGD-modiﬁed disks relative to non-modiﬁed cultures
(Fig. 3e).

3T3-L1 Proliferation and Viability Within Hydrogels
With Different Modulus
We determined 3T3-L1 number and viability within the 3D
hydrogel matrices to assess the effect of mechanical stiffness
on APC self-renewal. The number of 3T3-L1 cells within
7.9 kPa (moderate) and 12.4 kPa (stiff) hydrogels increased
over time, while no signiﬁcant change was detected in
3.3 kPa (compliant) matrices (Fig. 4a). At day 0, cellularity
was similar for all conditions, suggesting that the detected
differences were due to changes in cell proliferation rather

Figure 4.

than encapsulation efﬁciency. Live/dead staining after 7 days
in culture, furthermore, indicated that culture within
compliant gels promoted cell death as compared to culture
within moderate and stiff gels. The resulting changes in cell
viability likely contributed to the detected variations in
cell number by mediating a decrease in the population of
proliferative cells (Fig. 4b and c).

3T3-L1 Differentiation Within Hydrogels of Varying
Stiffness
To evaluate the effect of matrix stiffness on adipogenesis,
typical markers of lipid biosynthesis were analyzed following
8 days of differentiation. GPDH activity, a key enzyme
involved in lipid accumulation, decreased with increasing
ECM stiffness (Fig. 5). Speciﬁcally, 3T3-L1 cells that
differentiated within stiff gels exhibited 1.4-fold and 2.4fold reduced GPDH activity relative to the same cells
maintained within moderate and compliant gels, respectively (Fig. 5a). Visualization of lipid biosynthesis via Oil
Red O staining further conﬁrmed that cells in compliant
matrices produced enlarged fat droplets as compared to
cells cultured within the stiffer matrices (Fig. 5b). Because
3T3-L1 differentiation was induced immediately after
seeding, no proliferation phase occurred and these results
cannot be attributed to changes in cell numbers due to

Proliferation and viability within 3D hydrogel cultures. Signiﬁcantly more 3T3-L1 cells were observed following culture within the stiff and moderately stiff gels
compared with the compliant gels (a, n ¼ 4). At day 7, cell viability in the stiff and moderate gels was higher relative to the compliant gels as assessed by image analysis (b, n ¼ 4) of
live and dead cells following staining with calcein (green) and propidium iodide (red), respectively. Scale bars represent 20 mm (c). (P < 0.01).
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Figure 5. Adipose differentiation within 3D hydrogel cultures. Differentiation of
3T3-L1 cells into adipocytes was higher within compliant gels relative to stiffer gels as
determined by analysis of GPDH activity (a, n ¼ 4) and microscopic evaluation of lipid
droplet size following Oil Red O staining 1 week after inducing differentiation. Scale
bars represent 20 mm (b). (P < 0.05). [Color ﬁgure can be seen in the online version of
this article, available at http://wileyonlinelibrary.com/bit]
altered proliferation. Consequently, our data suggest that
adipose differentiation of 3T3-L1 cells is inhibited in stiff
matrices and that a combination of chemical and mechanical cues contributed to this as no adipogenesis was observed
in the absence of hormonal induction.
Pro-Angiogenic Capacity of 3T3-L1 in Response to
Varying Stiffness
We analyzed VEGF secretion of 3T3-L1 preadipocytes in the
different hydrogels to assess the effect of 3D matrix stiffness
on the pro-angiogenic potential of these cells. 3T3-L1s
cultured within stiff gels secreted signiﬁcantly more VEGF
as compared to the same cells contained within compliant
gels (Fig. 6a). No signiﬁcant difference in VEGF secretion
was detected between the compliant and moderate culture
systems. The observed effects can be attributed to changes
in secretion rather than variable sequestration within the
different matrices, because similar amounts of VEGF
were retained in compliant (45  13% of total VEGF)
and stiff gels (47  5% of total VEGF). In these experiments,
VEGF secretion was normalized to cell number at the
time of harvest, thus the differences indicate altered
secretion and not differences in cell number. To evaluate
the physiologic relevance of these changes, we analyzed
HUVEC behavior in response to media collected from the
different substrates. Media conditioned by 3T3-L1 cells in
stiff matrices promoted HUVEC proliferation (Fig. 6b) and
tube formation on MatrigelTM (Fig. 6c and d) as compared

Figure 6. Pro-angiogenic potential of 3T3-L1 in 3D hydrogel cultures. 3T3-L1
cells cultured within stiff hydrogel matrices secreted larger concentrations of VEGF
normalized to cell number compared with those maintained within more compliant gels
(a, n ¼ 4). Conditioned media collected from cells maintained in stiffer matrices
enhanced HUVEC proliferation (b, n ¼ 4) and capillary tube formation on Matrigel
[c(n ¼ 3)] (d) relative to media obtained from compliant cultures. Scale bars represent
50 mm. (P < 0.05).

to media collected from cells within compliant substrates.
Additionally, conditioned media from stiff cultures promoted transwell migration of endothelial cells (305  24
HUVECs/FOV) relative to media from compliant cultures
(286  34 HUVECs/FOV).

Discussion
We have characterized a biologically relevant 3D culture
system for 3T3-L1 cells and used it to evaluate the effect
of matrix stiffness on the self-renewal, differentiation, and
pro-angiogenic capacity of APCs. This model system is
based on photocrosslinked RGD-modiﬁed alginate and
through its use, we decoupled matrix stiffness from changes
in adhesion peptide density or extracellular Ca2þ concentration, which may independently affect APC behavior
(Boontheekul et al., 2008; Boynton et al., 1974; Jensen et al.,
2004). Our data indicate that enhanced matrix rigidity
signiﬁcantly decreases adipose differentiation of APCs,
whereas it increases the number and angiogenic capacity of
these cells. Collectively, our results deﬁne matrix stiffness
as an important design parameter for the development of
biomaterial scaffolds for adipose tissue engineering.
Methacrylation of natural and synthetic polymers and
subsequent photocrosslinking with Irgacure-2959 is
widely used to prepare hydrogels for tissue engineering
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applications. For example, chitosan (Ono et al., 2000),
hyaluronic acid (Baier Leach et al., 2003), and poly(ethylene
glycol) (PEG; Sawhney et al., 1993)based gels have been
developed with this approach, and, more recently, similar
techniques have been used to generate photocrosslinked
alginate gels (Jeon et al., 2009; Rouillard et al., 2011; Smeds
et al., 2001). However, alginate lacks integrin engagement
sites that are necessary for cells to sense mechanical stiffness
(Matthews et al., 2006). Consequently, photocrosslinked
alginate gels without adhesion peptides do not permit
studies of APC behavior as a function of 3D matrix rigidity.
To address this challenge, we have developed a protocol that
involves RGD modiﬁcation of methacrylated alginate,
similar to a recently published method (Jeon et al., 2010).
Additionally, we have systematically tested different photoinitiators for the crosslinking of these materials. While
Irgacure-2959 is frequently used for a wide range of cell types
[e.g., chondrocytes (Jeon et al., 2009), endothelial cells
(Baier Leach et al., 2003), and hepatocytes (Underhill et al.,
2007)], we here show that VA-086 may be more suitable for
3D cell encapsulation of 3T3-L1s as it maintains cell viability
to a greater extent than Irgacure-2959, similar to studies
with chondrocytes (Rouillard et al., 2011). Our conclusions
are based on 2D experiments in which the photoinitiators
were added to the culture media rather than mixed into a
cell-polymer solution. While methacrylated monomers can
protect cells from protein denaturation and DNA damage
by high-energy free radicals (Lin et al., 2008), cytotoxicity
results in 2D culture have been shown to qualitatively
parallel 3D cultures in chondrocyte constructs (Rouillard
et al., 2011).
We used the developed RGD-alginate gels to study APC
behavior in response to varying stiffnesses under 3D culture
conditions. Previous studies have indicated that matrix
elasticity regulates the proliferation and differentiation
capacity of stem cells on 2D substrates (Engler et al., 2006;
Subramanian and Lin, 2005; Ulrich et al., 2009), and that
compliant matrices may be a prerequisite for adipose
differentiation in 2D culture (Winer et al., 2009). However,
integrin mechanoreceptors may signal differently in 2D
and 3D culture (Cukierman et al., 2001), and we, therefore,
aimed at investigating APC behavior under 3D conditions.
Our results suggest that, according to previous 2D
studies, adipose differentiation is greatest in matrices with
a modulus that is similar to adipose tissue, whereas, less
compliant substrates inhibit this process and increase the
proliferative and angiogenic potential of APCs. These
differences may be related to adhesion-dependent changes
in cell contractility. In particular, cells encapsulated in stiff
matrices exhibit increased integrin engagement, cell proliferation, and angiogenic factor expression as compared to
those in compliant matrices (Discher et al., 2005; Seib et al.,
2009), and changes in cytoskeletal tension and intracellular
signaling may contribute to this (McBeath et al., 2004;
Pirone et al., 2006). In contrast, adipose differentiation is
favored in softer environments with which cells interact
less strongly and consequentially undergo morphological
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changes that favor adipogenesis (McBeath et al., 2004).
Future studies using pharmocological inhibition of the
associated signaling pathways will help to probe these
connections.
Vascularization of adipose tissue is mediated by a
concerted and complex interplay between multiple proand anti-angiogenic factors. For example, VEGF dynamically interacts with basic ﬁbroblast growth factor (bFGF)
and interleukin-8 (IL-8; Yoshida et al., 1997) to activate
endothelial cell proliferation and migration that leads to the
formation of new blood vessels, while anti-angiogenic
factors such as thrombospondin inhibit these processes
(Taraboletti et al., 1990). To the best of our knowledge,
our studies for the ﬁrst time suggest that mechanical
stiffness results in the up-regulation of VEGF in APCs.
Nevertheless, the detected differences in VEGF secretion
may only partially account for the signiﬁcant increase
in tube formation observed on MatrigelTM. It is likely that
a stiffness-mediated increase of other pro-angiogenic
molecules, or downregulation of anti-angiogenic factors,
contributes to the detected angiogenic effects in our
experiments; this deserves future study.
The reported results have important implications for the
design of biomaterial scaffolds for adipose tissue engineering. Successful adipose tissue engineering approaches rely on
both adipose differentiation and the rapid recruitment of a
vascular network to meet the metabolic requirements of the
newly formed fat pad (Patrick, 2000). It may be possible to
satisfy these biological design parameters by the development of hydrogel composites that consist of spatially deﬁned
compliant and stiff compartments that drive adipose tissue
regeneration by promoting adipogenesis and pro-angiogenic factor secretion, respectively. Such polymeric systems
would be particularly useful when combined with endothelial cells (Kang et al., 2009). Speciﬁcally, our results indicate
that co-implanted endothelial cells may be able to accelerate
vascularization by increased proliferation and tube formation in response to the elevated concentration of proangiogenic factors (e.g., VEGF) from APCs. In contrast,
implantation of APCs within matrices exhibiting stiffnesses
>10 kPa may not result in efﬁcacious and safe therapies, as
the encapsulated cells may undergo very limited differentiation into adipocytes, while potentially promoting pathological angiogenesis. In particular, enhanced concentrations
of pro-angiogenic factors can activate the angiogenic switch
in dormant tumors (Naumov et al., 2006), which is critical
to tumor induction, progression, and metastasis. This
process may be further enhanced because increased
matrix rigidity promotes blood vessel formation by directly
altering endothelial cell behavior (Mammoto et al., 2009).
This possible perturbation of blood vessel homeostasis
represents a particularly important problem, as adipose
tissue engineering is predominantly pursued for reconstruction therapies for breast cancer patients who carry the risk of
tumor recurrence (Patrick, 2000).
While the focus of this study was to investigate the
role of mechanical stiffness on APC proliferation, adipose

differentiation, and pro-angiogenic capability in a 3D
culture context, a number of related questions could also
be studied with the developed hydrogels. For example,
does mechanical stiffness also inﬂuence the behavior of fully
differentiated adipocytes? What happens if APCs are
not exposed to differential mechanical environments until
after they are hormonally induced to undergo differentiation? Would they still respond differently to soft and stiff
matrices? Finally, APCs are multipotent and have been
shown to differentiate into other lineages including
chondrocytes, osteoblasts, and endothelial cells (Gimble et
al., 2007). To what extent are mechanical cues involved in
guiding these cells along a speciﬁc lineage? The materials
described in this study provide an important platform that
can be used to address all of these questions. As the
developed photocrosslinkable materials can be processed
into 2D and 3D substrates, they may also be useful to assess
differences as a function of tissue dimensionality.

Conclusions
We explored RGD-functionalized, photocrosslinkable
alginate gels to evaluate the effect of ECM mechanics on
APC behavior under physiologically relevant 3D culture
conditions. Using these model systems, we revealed that
increased ECM stiffness inhibits adipose differentiation,
while increasing the proliferative and angiogenic potential of
these cells. Based on these observations, it may be possible
to enhance adipose regeneration by implanting APCs in
composite hydrogels that consist of both compliant and stiff
compartments. Our results suggest that this approach might
simultaneously promote adipogenesis and angiogenesis, two
processes critical to the long-term success of engineered
adipose tissue. In total, our results provide an improved
understanding of the role of ECM stiffness in adipose
tissue regeneration, and inform adipose tissue engineering
approaches.
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