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a b s t r a c t

Wound dressing biomaterials are increasingly being designed to incorporate bioactive molecules to
promote healing, but the impact of matrix mechanical properties on the biology of resident cells
orchestrating skin repair and regeneration remains to be fully understood. This study investigated
whether tuning the stiffness of a model wound dressing biomaterial could control the behavior of dermal
fibroblasts. Fully interpenetrating networks (IPNs) of collagen-I and alginate were fabricated to enable
gel stiffness to be tuned independently of gel architecture, polymer concentration or adhesion ligand
density. Three-dimensional cultures of dermal fibroblasts encapsulated within matrices of different
stiffness were shown to promote dramatically different cell morphologies, and enhanced stiffness
resulted in upregulation of key-mediators of inflammation such as IL-10 and COX-2. These findings
suggest that simply modulating the matrix mechanical properties of a given wound dressing biomaterial
deposited at the wound site could regulate the progression of wound healing.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction with estimated costs of more than $3 billion per year in the United
Wound healing is a complex physiological process orchestrated
bymultiple cell types, soluble factors and extracellularmatrix (ECM)
components [1]. Most cutaneous injuries heal rapidlywithin aweek
or two, though often leading to the formation of fibrotic scar tissue
which is neither aesthetically desirable nor functional [2]. However,
several pathogenic abnormalities, ranging from diabetic ulcers to
infection or continued trauma, contribute to failure to heal [3].
Chronic non-healing wounds are a cause of significant morbidity
and mortality, and constitute a huge burden in public health care
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States [4]. The goal of wound care therapies is to regenerate tissues
such that the structural and functional properties are restored to the
levels prior to injury [5]. The use of biomaterials as scaffolds for skin
healing is a successful long-lasting concept [6], as demonstrated by
the use of porous crosslinked networks of collagen and glycosami-
noglycans (GAG) which induced full regeneration of functional skin
within 4 weeks [7,8]. Currently, wound dressing biomaterials often
incorporate antimicrobial, antibacterial, and anti-inflammatory
agents [9] to further aid and enhance natural skin healing. The
wounddressingmarket is expanding rapidlyas it becomes clear that
no single dressing is suitable for all wounds, and that their physi-
ochemical properties can be manipulated to target the different
stages of the healing process [10].

Following a skin injury, disruption of the tissue architecture
leads to a dramatically altered mechanical context at the site of the
wound [11]. Mechanical cues in the wound microenvironment can

mailto:mooneyd@seas.harvard.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.biomaterials.2014.06.047&domain=pdf
www.sciencedirect.com/science/journal/01429612
http://www.elsevier.com/locate/biomaterials
http://dx.doi.org/10.1016/j.biomaterials.2014.06.047
http://dx.doi.org/10.1016/j.biomaterials.2014.06.047
http://dx.doi.org/10.1016/j.biomaterials.2014.06.047


C. Branco da Cunha et al. / Biomaterials 35 (2014) 8927e89368928
guide the behavior of a milieu of infiltrating cells such as recruited
immune cells [12] and fibroblasts [14]. Mechanical cues are also
known to sponsor or hinder different stages of the wound repair
response, from epithelial morphogenesis [15] to blood vessel for-
mation [16]. However, the importance of mechanical forces in the
context of wound dressing design has been often overlooked.

In this study we investigated if one could control the behavior of
dermal fibroblasts involved in the wound healing response by
simply tuning the storage modulus of a model wound dressing
biomaterial. Numerous material systems have been developed to
help understand how ECM mechanics regulate cell behaviors, from
migration [17,18] to differentiation [19,20]. However, these material
systems do not always allow one to perform three-dimensional cell
cultures where matrix stiffness is decoupled from scaffold archi-
tecture, polymer concentration or adhesion ligand density. One
way to achieve this separation is through the design of inter-
penetrating network (IPN) hydrogels, which consist of two or more
polymer networks that are not covalently bonded but at least
partially interlaced [21]. We developed a biomaterial system
composed of IPNs of collagen-I and alginate; both of these com-
ponents arewidely used in the tissue engineering field. The sodium
alginate polymeric backbone presents no intrinsic cell-binding
domains, but can be used to regulate gel mechanical properties.
The collagen-I presents specific peptide sequences recognized by
cell surface receptors, and provides a substrate for cell adhesion
that better recreates many in vivo contexts. Encapsulated cells
sense, adhere and pull on the collagen-I fibrils and depending on
the degree of crosslinking of the intercalated alginate mesh, it is
expected they will feel more or less resistance to deformation from
the matrix. The alginate backbone is ionically crosslinked by diva-
lent cations (in this case, Ca2þ), thus solely changing the concen-
tration of calcium modulates the stiffness of the IPN. In vivo,
fibroblasts are recruited to the wound site for the synthesis,
deposition and remodeling of the new ECM [1], being one of the
most important cell mediators of the wound healing response.
Hence in this study we assessed the in vitro behavior of primary
dermal fibroblasts isolated from the dermis of healthy non-diabetic
donors when encapsulated within IPNs of varying stiffness, to
partially mimic the effects of mechanical cues on the response of
fibroblasts migrating into a wound site in vivo.

2. Materials and methods

2.1. Cell culture

Human dermal fibroblasts (ZenBio) were cultured according to the manufac-
turer's protocol, and used between passages 6 and 11. For routine cell culture, cells
were cultured in dermal fibroblasts culture medium (ZenBio), a DMEM-based cul-
ture medium containing fetal bovine serum, 4.15 g/L D-glucose, penicillin, strepto-
mycin and amphotericin B. The manufacturer also reports the addition of specific
growth factors necessary for optimal expansion of human dermal fibroblasts. Cells
were maintained at sub-confluence in the incubator at 37 �C and 5% CO2. The culture
medium was refreshed every three days.

2.2. Alginate preparation

High molecular weight (LF20/40) sodium alginate was purchased from FMC
Biopolymer. Alginate was dialyzed against deionized water for 2e3 days (molecular
weight cutoff of 3500 Da), treated with activated charcoal to remove any contami-
nants, sterile filtered (0.22 mm), lyophilized, and then reconstituted in serum-free
DMEM medium at 2.5% w/v. RGD-decorated alginate was prepared using carbodii-
mide chemistry to couple the oligopeptide GGGGRGDSP (Peptides International) to
the alginate, such that on average 20 RGD peptides were coupled to each alginate
polymer [22].

2.3. IPNs preparation

All IPNs in this study consisted of 1.5 mg/ml rat-tail collagen-I (BD Biosciences),
and 5 mg/ml high molecular weight alginate. The IPN matrix formation process
consisted of two steps. In the first step, reconstituted alginate (2.5% w/v in serum-
free DMEM medium) was delivered into a centrifuge tube and put on ice. Rat-tail
collagen-I was mixed with a 10� DMEM solution in a 1:10 ratio to the amount of
collagen-I needed and the pH was adjusted to 7.4 using a 1 M NaOH solution. The
final concentration of rat-tail collagen-I in the IPN was adjusted to 1.5 mg/ml using
serum-free DMEM. The rat-tail collagen-I solution was then thoroughly mixed with
the alginate solution. Once the collagen-alginate mixture was prepared, the human
dermal fibroblasts were washed, trypsinized (0.05% trypsin/EDTA, Invitrogen),
counted using a Z2 Coulter Counter (Beckman Coulter), resuspended at a concen-
tration of 3 � 106 cells per ml in cell culture medium and mixed with the collagen-
alginate mixture. The collagen-alginate-cells mixture was then transferred into a
pre-cooled 1 ml luer lock syringe (Cole-Parmer).

In the second step, a solution containing calcium sulfate dihydrate (CaSO4.2H2O,
Sigma), used to crosslink the alginate network, was prepared as follows. Calcium
sulfate dihydrate was reconstituted in water at 1.22 M and autoclaved. For each IPN,
100 ml of DMEM containing the appropriate amount of the calcium sulfate slurry was
added to a 1 ml luer lock syringe. The syringe with the calcium sulfate solution was
agitated to mix the calcium sulfate uniformly, and then the two syringes were
connected together with a femaleefemale luer lock coupler (Value Plastics). The two
solutions were mixed and immediately deposited into a well of a 48-well plate. The
plate was then transferred to the incubator at 37 �C and 5% CO2 for 60 min to allow
gelation, after which culture medium was added to each gel. Culture medium was
refreshed every two days for the duration of each experiment.

2.4. Scanning electron microscopy

For scanning electron microscopy (SEM), IPNs were fixed in 4% para-
formaldehyde (PFA), washed several times in PBS, and serially transitioned from
dH2O into absolute ethanol with 30 min incubations in 30, 50, 70, 90, and 100%
ethanol solutions. Ethanol dehydrated IPNs were dried in a critical point dryer and
adhered onto sample stubs using carbon tape. Samples were sputter coated with
5 nm of platinumepalladium and imaged using secondary electron detection on a
Carl Zeiss Supra 55 VP field emission scanning electron microscope.

2.5. Elemental analysis

For elemental analysis, IPNs were fixed in 4% paraformaldehyde (PFA), washed
several times in PBS, quickly washed with dH2O, froze overnight at �20 �C and
lyophilized. Elemental analysis, via Energy Dispersive Spectroscopy (EDS), was
performed using a Tescan Vega3 scanning electron microscope equipped with a
Bruker Nano XFlash 5030 silicon drift detector.

2.6. Mechanical characterization of IPNs

The mechanical properties of the IPNs were characterized with an AR-G2 stress
controlled rheometer (TA Instruments). IPNs and collagen-I hydrogels without cells
were formed as described above, and directly deposited onto the pre-cooled surface
plate of the rheometer. A 20 mm plate was immediately brought into contact before
the IPN started to gel, forming a 20 mm disk of IPN. The plate was warmed to 37 �C,
and the mechanical properties were then measured over time as described previ-
ously [23]. Briefly, the storage modulus at 0.5% strain and at 1 Hz was recorded
periodically until it reached its equilibrium value (30e40 min, Fig. S2). A strain
sweepwas performed to confirm that this valuewas within the linear elastic regime,
followed by a frequency sweep. Further quantitative analysis on the viscoelastic
properties of these IPNs was performed as follows. Phase angle d, defined as
d ¼ tan�1 (G00/G0), was calculated based on the measured G0 and G00 at 0.1 Hz. The
frequency dependent rheology of the gels followed a weak power law of the form
G0 ~ fa. The power law exponent a was calculated by fitting the frequency depen-
dence of G0 of each measurement to this equation. This power law relationship is
characteristic of many biological materials, including cells and reconstituted actin
networks [24,25], and provides a useful parameter with which to characterize the
viscoelasticity of the gels.

2.7. Analysis of macromolecular transport in IPNs

The diffusion coefficient of 70 kDa fluorescently labeled anionic dextran (Invi-
trogen) through IPNs used in this study was determined. For these studies, IPNs of
varying mechanical properties encapsulating 0.2 mg/ml fluorescein-labeled dextran
were prepared in a standard tissue culture 48-well plate. IPNs were allowed to
equilibrate at 37 �C for 1 h, before serum-free phenol red-free DMEM medium was
added to the well. Aliquots of this media were taken periodically to measure the
molecular diffusion of dextran from the hydrogels into the media. Samples were
continuously agitated using an orbital shaker, and fluorescein-labeled dextran
concentration was measured using a fluorescence plate reader (Biotek). The mea-
surements were interpreted using the semi-infinite slab approximation as described
previously [26].

2.8. Immunohistochemistry

The IPNs were fixed in 4% paraformaldehyde for 1 h at room temperature and
washed in PBS overnight at 4 �C. The IPNs were embedded in 2.5% low gelling
temperature agarose (Lonza) by placing the gels in liquid agarose in a 40 �C water
bath for several hours and subsequent gelling at 4 �C. A Leica vibratome was used
to cut 200 mm sections. To visualize the general protein content and distribution
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within the IPN gels, Fast Green staining was performed. Vibratome sections were
rinsed in dH2O, stained for 2 min with 0.2% Fast Green FCF (aqueous, Electron
Microscopy Sciences), rapidly rinsed in 1% acetic acid and subsequently washed in
dH2O. To visualize the distribution of alginate within the IPN gels, gels were made
using FITC-labeled alginate. To visualize the distribution of collagen-I fibers within
the IPN gels, the collagen meshwork was probed with a rabbit anti-collagen-I
polyclonal antibody (Abcam) and stained with an AlexaFluor© 647 conjugated
goat-anti-rabbit IgG, after vibratome sectioning. The F-actin cytoskeleton of
embedded cells was visualized by probing cross-sections with AlexaFluor© 488
conjugated phalloidin (Invitrogen). Cell nuclei were stained with Hoechst 33342
(Invitrogen). Fluorescent micrographs were acquired using an Upright Zeiss LSM
710 confocal microscope.

2.9. Cell retrieval for gene expression and flow cytometry analyses

To retrieve the fibroblasts encapsulated within the IPN, the culture media was
first removed from the well and the IPNs were washed once with PBS. Next, the IPNs
were transferred into a falcon tube containing 10 ml of 50 mM EDTA in PBS in which
they remained for 30min on ice. The resulting solutionwas then centrifuged and the
supernatant removed. The remaining gel pieces were then incubated with a solution
of 500 U/mL Collagenase type IV (Worthington) in serum-free DMEM medium for
30 min at 37 �C and 5% CO2 and vigorously shaken to help disassociate the gels. The
resulting solution was then centrifuged and the enzyme solution removed. The cell
pellet was immediately placed on ice.

For RNA expression analysis, the retrieved cells were then lysed using Trizol, and
RNA was extracted following the manufacturer's guidelines (Life Technologies). For
flow cytometry, the cell pellet was resuspended and filtered though a 40 mm cell
strainer and then analyzed a using a BD LSR II flow cytometer instrument. A
monoclonal anti-human integrin b1 (CD29) PE-conjugated (clone TS2/16, Bio-
Legend) was used. An anti-mouse IgG1, k (clone MOPC-21, BioLegend) was used as
an isotype control. A monoclonal anti-human COX-2 antibody (clone AS66, Abcam)
was used, followed by an AlexaFluor© 647 conjugated goat-anti-mouse IgG sec-
ondary antibody (Life Technologies).

2.10. qPCR

RNA was quantified using a NanoDrop ND-1000 Spectrophotometer. Reverse
transcription was carried out with the RT2 First Strand Kit (Qiagen); 500 ng of total
RNA were used per sample. The expression profile of a panel of genes was assessed
with the Human Wound Healing PCR Array (Qiagen), on a 96-well plate format and
using an ABI7900HT thermocycler (Applied Biosystems).

2.11. ELISA

Cell supernatant was collected and analyzed for IL-10 using ELISA (eBioscience
88-7106) according tomanufacturer's directions. Briefly, high binding 96-well plates
(Costar 2592) were coated with anti-human IL-10 and subsequently blocked with
bovine serum albumin (BSA). IL-10 standards and supernatant were loaded and
Fig. 1. Schematic of primary dermal fibroblasts encapsulated within IPNs of alginate and
crosslinking the G-blocks of the alginate network (black zig-zag structures). As zonal ionic c
figure are not drawn to scale (For interpretation of the references to color in this figure leg
detected with biotin-conjugated anti-human IL-10. At least 4 replicates were used
for each condition.

3. Results

3.1. Interpenetrating networks (IPNs) characterization

IPNs of alginate and collagen-I were fabricated to tune ECM
stiffness independently of ECM composition or structure, and pri-
mary dermal fibroblasts were encapsulated therein (Fig. 1).

The microarchitecture of the alginate/collagen-I IPNs was
assessed by SEM. Hydrogels composed entirely of 5 mg/ml of
alginate showed an interconnected nanoporous scaffold structure
(Fig. 2A), while hydrogels composed entirely of 1.5 mg/ml
collagen-I revealed a highly porous, randomly organized fibrillar
network (Fig. 2A). The alginate/collagen-I IPNs confirmed the
interpenetration of both components, with a nanoporous alginate
mesh fully intercalated by multidirectional collagen-I fibrils
(Fig. 2A). The dehydration and drying steps used to prepare the
samples for SEM can cause shrinkage and, consequently, collapse
of the porous structure of the hydrogels; however, since all sam-
ples were processed simultaneously and in the same fashion, these
effects are expected to be similar across all the different conditions
analyzed.

The alginate network was crosslinked by divalent cations of
calcium (Ca2þ) that preferentially intercalate between the guluronic
acid residues (“G-blocks”). Elemental mapping analysis of alginate/
collagen-I IPNs, crosslinked to different extents with calcium sulfate
solution, confirmed that different amounts of calciumwere present
inside the IPN (Fig. 2B). The amount of calcium detected in the
sample for which no calcium sulfate was added is likely due to re-
sidual amounts of calcium ions present in the culture media in
which the hydrogels were immersed to equilibrate overnight.

To establish the micro-scale distribution of the alginate chains
within the IPNs, FITC-labeled alginate mixed with unlabeled
collagen-I was visualized by confocal microscopy. In order to
prevent any disruption of the alginate mesh architecture the
hydrogels were not washed, fixed or sectioned, but rather imaged
directly after 1 h of gelation at 37 �C. The mixture of the two
collagen-I (red fibers). Inset illustrates a schematic of the calcium ions (red dots)
rosslinking increases, the IPN architecture and pore size remains unchanged. Objects in
end, the reader is referred to the web version of this article.).



Fig. 2. Analysis of microarchitecture of IPNs of alginate and collagen-I reveals full intercalation of both polymer networks. (A) Scanning electron micrograph of a hydrogel composed
of alginate only, a hydrogel composed of collagen-I only and an IPN of alginate and collagen-I at the same polymer concentrations as hydrogels containing only one of the polymers.
Scale bar is 2 mm. (B) Using C, O, and K as internal standards, energy dispersive spectroscopy was used to qualitatively detect different degrees of Ca2þ incorporation within alginate/
collagen-I IPNs at three different levels of calcium crosslinking. A composite EDS spectrum is included as an inset.
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components showed no micro-scale phase separation for all levels
of calcium crosslinking studied (Fig. 3A, Fig. S1A), as shown in the
histogram of fluorescent alginate intensity per pixel. Furthermore,
Fast Green staining was used to allow visualization of the protein
content within the IPNs. Protein staining was uniform throughout
the entire cross-section of these hydrogels, across the range of
calcium crosslinking used (Fig. 3B, Fig. S1B), as shown in the his-
togram of Fast Green intensity per pixel. A slight change in the
peak location on the Fast Green intensity histogram was observed
between the soft (crosslinked with 2.44 mM CaSO4) and the stiff
(crosslinked with 9.76 mM CaSO4) samples, but the presence of
only one peak in both samples indicates that there is no phase
separation in the protein content along the hydrogel. Finally,
staining with anti-collagen-I antibody was used to visualize the
microarchitecture of the collagen network. Confocal fluorescence
microscopy revealed, as expected, a homogenous fibrillar mesh of
collagen-I throughout the entire cross-section of these hydrogels,
without any distinct patches of collagen-I (Fig. 3C). These results
together indicate that the networks were indeed fully inter-
penetrating, independently of the degree of crosslinking of the
alginate component.

To determine whether tuning the alginate crosslinking by
varying the calcium concentration caused changes in gel pore size,
macromolecular transport through the IPNs was analyzed. Specif-
ically, the diffusion coefficient of anionic high molecular weight
dextran (70 kDa) through the various hydrogels was measured. No
statistically significant differences in the diffusion coefficient of the
dextran among the various IPNs of different stiffness were found
(Fig. 3D), indicating that the pore size remained constant as the
concentration of calcium was varied.
3.2. Mechanical properties of IPNs

The mechanical properties of the alginate/collagen-I IPNs were
assessed by rheology to confirm that variations in calcium cross-
linking would yield hydrogels with different moduli. At a fixed
frequency of 1 Hz across a time period of 60 min, the storage
modulus could be tuned from 50 to 1200 Pa bymerely changing the
initial concentration of calcium, while maintaining a constant
polymer composition (Fig. 4A). The storage modulus of the pure
collagen-I hydrogels and the alginate/collagen-I IPN with none or
low amounts (2.44 mM) of CaSO4 showed no statistically significant
differences (One-Way ANOVA with Dunnett's post-hoc test,
p > 0.05), and were considered to be equivalent. The frequency
dependent storage moduli of the different IPNs indicated that all
IPNs exhibited some degree of viscoelasticity (Fig. 4B). However,
the storagemodulus is much greater than the lossmodulus, and the
storage modulus exhibits only a very weak dependence on the
frequency, indicating that the overall mechanical response for these
IPNs is predominantly elastic over a frequency range of 0.1 Hze1 Hz
(Fig. S2A). The time course of IPNs gelation across a range of cal-
cium crosslinker concentrations was further assessed, and com-
plete gelation of the matrices was achieved after 30e40 min at
37 �C (Fig. S2B).

3.3. Effects of stiffness on fibroblasts morphology

Human adult dermal fibroblasts isolated from the dermis of
healthy non-diabetic donors were subsequently encapsulated
within these alginate/collagen-I IPNs to examine the impact of gel
mechanical properties on cell biology. Fibroblasts showed an



Fig. 3. IPNs of alginate and collagen-I demonstrate no micro-scale phase separation nor differences in gel porosity as calcium crosslinking is varied. (A) Histogram of fluorescently
labeled alginate intensity per pixel taken from 2 independent images of hydrogels at two different levels of calcium crosslinking. (B) Histogram of Fast Green staining intensity per
pixel taken from 4 independent images of hydrogels at two different levels of calcium crosslinking. The presence of a single peak in both histograms demonstrates that there is no
micro-scale phase separation in the IPNs. (C) Representative micrograph of confocal immunofluorescence imaging of collagen-I antibody staining of a cross-section of alginate/
collagen-I IPN. Scale bar is 100 mm. (D) Diffusion coefficient of fluorescently labeled 70 kDa dextran as a function of calcium crosslinking in IPNs. Differences are not statisti-
cally significant (n.s.) (One-Way ANOVA with Tukey's post-hoc test, p > 0.05). Data are shown as mean and standard deviation of three independent experiments.
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elongated, spindle-like morphology after a few hours of culture
within the gels of lowest storage modulus (Fig. 5A). These softer
matrices contracted after a few days of culture, suggesting that the
encapsulated cells are potentially able to pull on the matrix and
contract it (Fig. S3A). In IPNs of increased stiffness fibroblasts
exhibited a spherical shape (Fig. 5A), up to at least 5 days of culture.
Fibroblasts encapsulated within IPNs of intermediate stiffness
(320 Pa) also remained spherical after 48 h of culture, suggesting a
bimodal effect of the stiffness of this particular biomaterial system
Fig. 4. Storage modulus of IPNs of alginate and collagen-I can be modulated by the extent of
in IPNs. Data are shown as mean and standard deviation (n ¼ 3e5). (B) Frequency dependen
was completed. Data is representative of at least three measurements for each condition.
on fibroblasts morphology (Fig. S3B). These effects were not due to
the higher concentrations of calcium in the stiffer IPNs, as when the
highest amount of calcium sulfate (9.76 mM) was incorporated
within hydrogels containing only collagen-I and dermal fibroblasts,
cells were still able to spread and contract the matrix (Fig. S3C).

The fibroblasts encapsulated inside IPNs of different moduli
were then retrieved and analyzed after 48 h of culture. No statis-
tically significant differences regarding cell number between
matrices of different storagemodulus were observed (Fig. S4A), and
calcium crosslinking. (A) Storage modulus at 1 Hz as a function of calcium crosslinking
t rheology of IPNs at the indicated concentrations of calcium crosslinker, after gelation



Fig. 5. Different storage moduli lead to dramatic changes in cell morphology, without affecting cell viability or collagen-I integrin receptor expression. (A) Representative mi-
crographs of confocal immunofluorescence imaging of the cell cytoskeleton, as shown by fluorescent F-actin staining, in cross-sections of alginate/collagen-I IPNs with storage
modulus of 50 and 1200 Pa. DAPI staining is shown in blue. Scale bars are 100 mm. (B) Flow cytometry analysis of viability of cells recovered from IPNs crosslinked at varying calcium
concentrations (n ¼ 7e10). (C) Flow cytometry analysis of b1-integrin antibody staining of cells recovered from IPNs crosslinked with varying concentrations of calcium (n ¼ 3).
Differences are not statistically significant (n.s.) (One-Way ANOVA with Tukey's post-hoc test, p > 0.05). Data are shown as mean and standard deviation in all plots. All data was
collected after cells were encapsulated for 48 h.
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over 95% of the cells encapsulated in IPNs of different moduli were
alive after 48 h of culture (Fig. 5B). As the attachment of primary
fibroblasts to collagen type I is mediated by non-RGD-dependent
b1 integrin matrix receptors [27], flow cytometry measurements
were used to analyze expression of this cell surface receptor. All the
cells encapsulated in IPNs of different moduli expressed integrin b1
receptors, with no significant differences between their mean
fluorescence intensity (Fig. 5C, Fig. S4B).

To examine potential effects of altered cell adhesion ligand
density in IPNs on fibroblast morphology, RGD cell adhesion motifs
were coupled to the alginate prior to IPN formation. No differences
in the morphology of encapsulated fibroblasts between IPNs
composed of unmodified and RGD-modified alginate chains were
observed, independently of the moduli tested (Fig. S4C).

3.4. Effect of stiffness on wound healing genetic programs

We next sought to elucidate if the dramatic changes in cell
spreading are accompanied by different gene expression profiles.
Real-time reverse transcriptionpolymerase chain reaction (RT-PCR)
was used to analyze the expression of a panel of 84 genes that are
known to ECM remodeling factors, inflammatory cytokines and
chemokines, as well as key growth factors and major signaling
molecules (Table 1). The gene screening revealed 12 genes dis-
playing a statistically significant 2-fold difference in gene expres-
sion between dermal fibroblasts encapsulated in IPNs of 1200
versus 50 Pa (Fig. 6A). The expression of 2 genes was down-
regulated, and the expression of 10 genes was upregulated. The
genes that were downregulated were chemokine ligand 2 (CCL2)
and transgelin (TAGLN). Three other genes, colony stimulating fac-
tor 2 (CSF2), connective tissue growth factor (CNTG) and matrix
metallopeptidase 9 (MMP-9) were dowregulated, but the fold-
change difference was not statistically significant. A subset of the
upregulated genes is known to be involved in inflammation cas-
cades: interleukin 10 (IL10), interleukin 1b (ILB1), and
prostaglandin-endoperoxide synthase 2 (PTGS2) also known as
COX2. A subset of collagen encoding genes was also upregulated:
collagen type IV, alpha 1 (COL4A1) and collagen type V, alpha 3
(COL5A3). Another subset of upregulated genes represents cell
adhesion and ECM molecules: integrin a4 (ITGA4), matrix metal-
lopeptidase 1 (MMP1) and vitronectin (VTN). The remaining upre-
gulated genes were hepatocyte growth factor (HGF) and a member
of the WNT gene family (WNT5A). Expression of collagen type IV,
alpha 3 (COL4A3) was increased, but the effects were not statisti-
cally significant.

To validate the gene expression results, protein expression for
IL-10 and COX-2 were analyzed. The amount of IL-10 protein
secreted into the culture medium by dermal fibroblasts encapsu-
lated in IPNs of different storage moduli was measured by ELISA
(Fig. 6B), and enhanced matrix stiffness promoted a 3-fold increase
in the production and secretion of this anti-inflammatory cytokine.
Stiffening of thematrix also led to an increase in the number of cells
expressing COX-2 (Fig. 6C), and an increase in the expression level
in the cells staining positive for this inflammation-associated
enzyme (Fig. S5A).

4. Discussion

IPNs of alginate and collagen-I were developed to decouple the
effects of gel stiffness on resident fibroblasts from the impact of gel
architecture, porosity and adhesion ligand density. Extensive
characterization of the microarchitecture of the alginate/collagen-I



Table 1
mRNA expression analyses of 84 genes involved in the wound healing response by
cells encapsulated in IPNs with storage modulus of 50 or 1200 Pa. Data is shown as
fold-change in stiff versus soft matrices (n ¼ 3). In bold are shown the 12 genes
displaying a statistically significant 2-fold difference in gene expression (Student's t
test, p < 0.05).

Gene
symbol

Fold
change

p value Gene
symbol

Fold
change

p value

1 ACTA2 �1.1699 0.08442 43 IL4 �1.07704 0.97514
2 ACTC1 �1.218 0.38067 44 IL6 1.11133 0.62067
3 ANGPT1 1.03464 0.6922 45 IL6ST �1.0335 0.61817
4 CCL2 ¡2.03587 0.03785 46 ITGA1 1.13426 0.24108
5 CCL7 1.52689 0.0855 47 ITGA2 �1.00879 0.90698
6 CD40LG 1.31725 0.04154 48 ITGA3 1.89563 0.13309
7 CDH1 �1.01781 0.89168 49 ITGA4 2.37693 0.0059
8 COL14A1 1.11638 0.57112 50 ITGA5 1.80899 0.00247
9 COL1A1 �1.17728 0.39457 51 ITGA6 �1.36994 0.17954
10 COL1A2 1.00688 0.89218 52 ITGAV 1.15164 0.28612
11 COL3A1 �1.07878 0.42574 53 ITGB1 1.29248 0.06751
12 COL4A1 2.14616 0.01752 54 ITGB3 1.83981 0.0038
13 COL4A3 2.25414 0.07202 55 ITGB5 1.20446 0.04965
14 COL5A1 1.02294 0.95871 56 ITGB6 1.33401 0.17827
15 COL5A2 1.17629 0.02916 57 MAPK1 1.35899 0.03214
16 COL5A3 2.41564 0.00479 58 MAPK3 1.43241 0.07246
17 CSF2 �6.53084 0.09862 59 MIF 1.14898 0.29518
18 CSF3 1.88249 0.2237 60 MMP1 2.03826 0.00329
19 CTGF �5.92403 0.0721 61 MMP2 1.33303 0.0721
20 CTNNB1 1.56895 0.09087 62 MMP7 1.70224 0.03198
21 CTSG 1.16111 0.38321 63 MMP9 �2.07641 0.33877
22 CTSK 1.21639 0.11425 64 PDGFA �1.06276 0.66223
23 CTSL2 �1.92854 0.05076 65 PLAT 1.02198 0.99719
24 CXCL1 �1.3196 0.11103 66 PLAU �1.34385 0.18089
25 CXCL11 �1.35744 0.49611 67 PLAUR 1.0973 0.29239
26 CXCL2 �1.15786 0.4487 68 PLG �1.01662 0.82105
27 CXCL5 1.0894 0.88231 69 PTEN 1.0636 0.56453
28 EGF 1.38324 0.46425 70 PTGS2 7.5457 0.00012
29 EGFR 1.04159 0.80772 71 RAC1 �1.12853 0.01366
30 F13A1 �1.00967 0.90169 72 RHOA �1.09249 0.36806
31 F3 �1.61121 0.15939 73 SERPINE1 1.12435 0.35024
32 FGA 1.16111 0.38321 74 STAT3 1.59261 0.00398
33 FGF10 1.39948 0.4891 75 TAGLN ¡2.84466 0.01566
34 FGF2 1.39881 0.19275 76 TGFA 1.70906 0.15601
35 FGF7 1.22485 0.00958 77 TGFB1 1.78512 0.00748
36 HBEGF �1.03724 0.88025 78 TGFBR3 �1.09604 0.3497
37 HGF 4.36136 0.0014 79 TIMP1 �1.01392 0.8633
38 IFNG 1.16111 0.38321 80 TNF 1.61418 0.50605
39 IGF1 �1.26645 0.46731 81 VEGFA 1.87623 0.00203
40 IL10 3.48862 0.01998 82 VTN 2.48098 0.00933
41 IL1B 2.83728 0.01768 83 WISP1 1.45448 0.08059
42 IL2 1.16111 0.38321 84 WNT5A 2.12248 0.01082
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IPNs revealed that the degree of calcium crosslinking did not
change gel architecture or porosity, as expected since the polymer
concentration in the system remains constant. These IPNs present a
constant number of adhesion ligand sites, since the concentration
of collagen-I remains constant and the alginate backbone presents
no binding motifs to which cells can adhere. Macromolecular
transport studies demonstrated that diffusion of small metabolites
is not affected by the extent of calcium crosslinking of the alginate
component, consistently with previous transport studies on algi-
nate gels [20]. Previous studies have focused on the development of
biologically inert polymer hydrogels composed of alginate [20],
hyaluronic acid [28], and polyethylene glycol [29,30], which allow
one to present synthetic adhesion ligands while independently
tuning matrix stiffness. However, more complex ECM adhesion
elements may be required to closely mimic the biological tissue
microenvironment. To address this possibility, material systems
that combine entire cell adhesive matrix molecules with synthetic
polymers have been emerging in the field of biomaterials [31].
Similar to the approach here described here, IPNs of two different
polymers where one is responsible for controlling mechanical
properties, and other presents ECM signaling elements, have been
previously described [32e36]. In these material systems, however,
increasing or decreasing the polymer concentration tunes the
scaffold bulk stiffness, but also changes its architecture and
porosity. For example, the mechanical properties of collagen-I-
containing IPNs have been tuned by adding various quantities of
agarose [37]. An approach similar to the one described here was
recently reported, in which a gelatin network was crosslinked by
transglutaminase and an intercalated alginate network was cross-
linked by calcium ions [38]; however, the impact of solely changing
the extent of calcium crosslinking in that system was not investi-
gated. In the alginate/collagen-I IPN system presented here, the
storage modulus could be tuned from 50 to 1200 Pa by solely
controlling the extent of crosslinking with calcium. Furthermore
these IPNs showed viscoelastic behavior, as observed in skin [39].
The storage modulus measured by rheology for pure collagen-I
hydrogels used in these studies was within the range of moduli
described in the literature [40]. Slight variations from the literature
may result from the dependence of gel mechanical properties on a
number of different parameters ranging from animal age [41], gel
thickness [42], or pH [43] and temperature [40] during gelation;
these may vary between studies and are difficult to measure pre-
ciselywithin the geometry of the rheometer. It should be noted that
this study was limited to the first 48 h of cell culture as these IPNs
are prone to cellular-mediated matrix cleavage and remodeling,
resulting in changes in the physical properties of the IPNs over
time.

Adult dermal fibroblasts showed dramatic differences in cell
morphology once immobilized in alginate/collagen-I IPNs of
various moduli. The cells spread extensively in soft substrates, but
remained round in IPNs of higher stiffness. Cells probe the me-
chanical properties of their adhesion substrate, and also dynami-
cally reorganize their cytoskeleton in response to the resistance
that they detect [44]. Fibroblasts are well known to sense and
respond to the compliance of their substrate [45]. At a lowdegree of
calcium crosslinking (50 Pa) the resistance of the matrix to defor-
mation is presumably low enough to allow cells to spread and
contract the surrounding gel. Fibroblasts cultured in pure collagen
matrices have been studied for many years [46], and this elongated
cell morphology has been amply described in the literature for
matrices with similar stiffness [47e51]. It has been further
demonstrated that fibroblasts interact with collagen matrices and
become entangled with matrix fibrils [52]; previous studies have
also shown that the macroscopic matrix deformation results from
fibroblast contractile forces that accompany cell elongation [53,54].
When the crosslinking of the alginate backbone reaches a certain
threshold (320 Pa), the cells are no longer able to spread inside this
biomaterial system, likely because of the increased resistance to
deformation of the matrix. Fibroblasts still failed to spread even as
the alginate polymeric backbone was further decorated with RGD
binding sites in stiffer matrices, suggesting that cell elongation was
not limited by the availability of adhesion sites, confirming recent
observations of others [55]. Broadly, these results suggest that one
can modulate the morphology and contractility of fibroblasts
infiltrating a wound dressing simply by controlling the storage
modulus of the biomaterial itself. Furthermore, this biomaterial
system is likely to be a valuable tool to study the role of mechanical
cues in different pathological or developmental contexts in a three-
dimensional microenvironment. Two-dimensional substrates have
been broadly used to study mechanotransduction mechanisms, but
there is increasing evidence that cell morphology, cellecell and
cellematrix interactions are considerably dependent on culture
dimensionality [56,57].

Tuning the storage modulus of the alginate/collagen-I IPN also
induced different wound healing-related genetic profiles in dermal
fibroblasts, with differential expression of genes related to



Fig. 6. Different storage moduli promote different wound healing genetic programs, leading to upregulation of inflammation mediators IL-10 and COX-2. (A) Up or downregulation
of mRNA expression of fifteen genes involved in the wound healing response by cells encapsulated in IPNs with storage modulus of 50 or 1200 Pa. Data is shown as fold-change in
stiff versus soft matrices (n ¼ 3) (Student's t test, *p < 0.05). (B) IL-10 production by cells encapsulated in IPNs with storage modulus of 50 or 1200 Pa. Data is shown as fold-change in
stiff versus soft matrices (n ¼ 4e6) (Student's t test, ***p < 0.001). (C) COX-2 antibody staining of cells recovered from IPNs with storage modulus of 50 and 1200 Pa (n ¼ 3) (Student's
t test, *p < 0.05). Data are shown as mean and standard deviation. All data was collected after cells were encapsulated for 48 h.
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inflammatory cascades, collagen synthesis, surface adhesion re-
ceptors and ECM molecules. The downregulation of CCL2 by fibro-
blasts encapsulated in stiffer matrices, although not statistically
significant, is a noteworthy finding. It has been shown that fibro-
blasts activate intracellular focal adhesion kinases (FAK) following
cutaneous injury, and that FAK acts through extracellular-related
kinase (ERK) to trigger the secretion of CCL2 [58]. The failure of
fibroblasts to spread in stiffer alginate/collagen-I IPNs is therefore
consistent with the downregulated expression of CCL2. One of the
mechanisms underlying non-healing ulcers is a chronic inflam-
matory response that is self-sustaining [4]. Therefore the deregu-
lation of key molecular mediators of inflammation is of significant
interest for the design of wound dressing biomaterials. The upre-
gulation of COX-2 and IL-10 on stiffer matrices is also a striking
finding. COX-2 is known to be responsible for the elevated pro-
duction of prostanoids in sites of disease and inflammation [59]. IL-
10 has a central role in regulating the cytokine network behind
inflammation, and is also known to regulate COX-2 during acute
inflammatory responses [60]. As inflammation is a key aspect of
wound healing [61] the ability of a wound dressing biomaterial to
induce or suppress the expression of key orchestrators of inflam-
mation such as IL-10 and COX-2 could be used in the future to guide
the outcome of the healing cascade.

The results of this study suggest adjusting the stiffness of a
dressing biomaterial placed on awound site as an approach for skin
repair and regeneration. Wound dressing biomaterials deposited at
the wound site function simultaneously as a barrier and an external
dermal scaffold [62]. We hypothesize that their mechanical prop-
erties could potentially be tuned in order to match the required
stiffness to aid in repair of the injured skin, even varying by design
from site to site, from person to person, or even according to the
patient's age. These effects may be even more potent if combined
with biomaterial-based, spatiotemporal control over the presen-
tation of bioactive molecules, growth factor or cells [63].

5. Conclusions

An IPN of collagen-I and alginate allows one to control stiffness
independently of scaffold architecture, polymer concentration or
ligand density. Primary fibroblasts isolated from the dermis of
healthy adult patients were able to grow and survive within the
interlaced network of these IPNs. Altering the storage modulus led
to dramatic changes in themorphology of fibroblasts, and triggered
different wound healing genetic programs including altered
expression of the inflammation mediators IL-10 and COX-2.
Enhancing the number of binding sites to which the fibroblasts
can adhere in the IPN does not subdue the effects of mechanics on
cell spreading and contraction. These findings suggest that simply
tuning the storage modulus of wound dressing biomaterials might
allow one to promote or hinder the wound healing response.
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