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Abstract
Poly(ethylene glycol) (PEG) hydrogels, modified with RGD, are promising platforms for cell
encapsulation and tissue engineering. While these hydrogels offer tunable mechanical properties,
the extent of the host response may limit their in vivo applicability. The overall objective was to
characterize the effects of hydrogel stiffness on the in vitro macrophage response and in vivo host
response. We hypothesized that stiffer substrates induce better attachment, adhesion and increased
cell spreading, which elevates the macrophage classically activated phenotype and leads to a more
severe foreign body reaction (FBR). PEG-RGD hydrogels were fabricated with compressive
moduli of 130, 240 and 840kPa, and the same RGD concentration. Hydrogel stiffness did not
impact macrophage attachment, but elicited differences in cell morphology. Cells retained a round
morphology on 130kPa substrates, with localized and dense F-actin and localized αV integrin
stainings. Contrarily, cells on stiffer substrates were more spread, with filopodia protruding from
the cell, a more defined F-actin, and greater αV integrin staining. When stimulated with
lipopolysaccharide, macrophages had a classical activation phenotype, with increased expression
of TNF-α, IL-1β, and IL-6, however the degree of activation was significantly reduced with the
softest hydrogels. A FBR ensued in response to all hydrogels when implanted subcutaneously in
mice, but 28 days post-implantation the layer of macrophages at the implant surface was
significantly lower in the softest hydrogels. In conclusion, hydrogels with lower stiffness led to
reduced macrophage activation and a less severe and more typical FBR, and therefore are more
suited for in vivo tissue engineering applications.
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INTRODUCTION
Poly(ethylene glycol) (PEG)-based hydrogels formed from PEG di(meth)acrylate macromer
precursors are a promising platform for cell-based tissue engineering applications. They
present a ‘blank slate,’ which can be functionalized with biological moieties in a controlled
and systematic manner creating environments that are specific for the tissue engineering
application.1 Through simple manipulations in the formulation, such as changes in
macromer molecular weight or macromer concentration a wide range of material properties
can be obtained.2 Because of the ease by which these materials can be tuned, PEG-based
hydrogels are being investigated for numerous tissue engineering applications that range
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from soft tissues (e.g. vasculature,3 nerve,4 and muscle5) to hard tissues (e.g. cartilage6,7 and
bone8,9).

While the nature of synthetic materials offer tunability, they may present challenges for in
vivo applications. It is well known that when a non-biological material is implanted, the
normal course of wound healing is altered and a foreign body reaction (FBR) ensues. The
FBR is thought to be a series of cell-material surface-mediated interactions. It begins with
non-specific protein adsorption followed by macrophage recruitment, attachment to the
biomaterial, and activation.10,11 Activated macrophages are thought to orchestrate the FBR
by secreting a number of molecules that are involved in inflammation, degradation of the
foreign object and surrounding tissue, and recruiting non-inflammatory cells which
eventually lead to the formation of a fibrous capsule.12,13 While macrophage activation may
subside to a certain degree once a capsule is formed, macrophages can persist for the
lifetime of the implant.14 From a tissue engineering perspective, the persistent presence of
macrophages and their release of cytokines and reactive oxygen and nitrogen species may
impact the cells within the scaffold and the developing tissue leading to apoptosis and/or
inhibition/degradation of the neotissue. The fibrous capsule, which is typically avascalar and
dense, may act as a barrier between the scaffold and the host impacting integration of the
engineered tissue with host tissue. While the fibrous capsule and associated macrophages/
foreign body giant cells will eventually disappear once the synthetic material has degraded,
the effects of the FBR may be long lasting.

We recently demonstrated that PEG-based hydrogels formed from PEG diacrylate
precursors indeed elicit a FBR when implanted subcutaneously in immunocompetent
mice.15,16 A strong early inflammatory reaction, characterized by a large band of
macrophages at the hydrogel surface, ensues within two days post-implantation along with
elevated levels of interleukin-1β expression in the cells at and near the implant interface.
This reaction persists throughout the four weeks, with little sign of stabilization. While PEG
itself resists protein adsorption,17 PEG hydrogels formed from PEG-diacrylate are
comprised of polyacrylate kinetic chains that are crosslinked by PEG. The kinetic chains
confer some degree of hydrophobicity and may lead to nonspecific protein adsorption, thus
eliciting a FBR. The incorporation of a biologically active molecule into the PEG hydrogel,
specifically the cell adhesion moiety RGD, led to significant improvements in the reduction
of macrophage activation as seen in vitro and the FBR in vivo, although a FBR still ensued.
These findings suggest that while the FBR can be attenuated to a certain degree, additional
studies are necessary to better understand the FBR to PEG-based hydrogels in order to
realize their full in vivo potential.

We know that the FBR occurs when nearly all non-biological materials are implanted, but its
severity depends on numerous factors, such as material chemistry18 and topography.19

Therefore in developing tissue scaffolds, the design choices may ultimately impact how the
host responds to the scaffold once implant. One design choice that has gained considerable
attention in recent years is substrate rigidity.20,21 The stiffness of the underlying substrate
has been shown to have a significant impact on numerous cells and their fate, such as
cellular cyotskeleton rearrangement,22 cell migration,23 stem cell differentation21, and
muscle cell contractility.24,25 However, there is little known regarding how stiffness impacts
macrophages and more specifically their activation and ultimately the FBR. Beningo et al.26

reported that macrophages bind both stiff and soft particles to their cell membrane, but only
readily phagocytose stiff particles, leading to more frustrated phagocytes. Fereol et al.27

reported that macrophage cell spreading and cytoskeleton stress were higher on stiffer
substrates. These reports provide evidence that macrophages indeed sense the stiffness of a
substrate, implying that stiffness may play a role in the FBR.
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Therefore, the overall objective for this study was to characterize the effects of hydrogel
stiffness on macrophage interrogation by their attachment, adhesion, and activation in vitro
and the FBR in vivo. We hypothesized that stiffer substrates would induce better attachment
and adhesion and increased cell spreading, which would ultimately elevate the macrophage
classically activated phenotype and lead to a more severe FBR in vivo. We chose to employ
PEG hydrogels with RGD tethers, as we have shown that RGD reduces the severity of the
FBR to PEG hydrogels, and the RGD tethers provide a mechanism by which macrophages,
directly interacting with the hydrogel, can sense substrate stiffness via integrin-mediated
events.28 To isolate the effects of substrate stiffness, hydrogels were formed with varying
stiffness, but with same concentration of RGD. In vitro, macrophage attachment, adhesion
and activation were assessed where the latter was evaluated by probing macrophage
phenotype across the spectrum of activation (i.e. classical, wound-healing and regulatory
states).29 PEG-RGD hydrogels were also implanted subcutaneously into immunocompetent
mice for four weeks, and then analyzed for macrophage presence at the interface and fibrous
capsule formation. Our findings support our hypothesis demonstrating that macrophages
indeed sense their underlying substrate and that stiffer substrates lead to a more severe FBR.

MATERIAL AND METHODS
Hydrogel preparation

Poly(ethylene glycol) diacrylate (PEG-dA) was synthesized by reacting acryloyl chloride
(Sigma-Aldrich) and triethylamine (Sigma-Aldrich) with poly(ethylene glycol) (3000 Da,
PEG, Fluka) in dry toluene. Acryloyl chloride was added drop wise into a solution of PEG
and TEA in excess toluene. The final molar ratio was 1 mol PEG to 4 mol triethylamine to
4.4 mol acryloyl chloride and the solution was reacted overnight at room temperature. PEG-
dA product was purified by repeated precipitation in diethyl ether. The degree of acrylate
substitution was determined by 1H NMR to be greater than 95%.

Monoacrylated poly(ethylene glycol)- tyrosine-arginine-glycine-aspartic acid-serine
(YRGDS) was synthesized as described previously.16 Briefly, 1 mol monoacrylate poly
(ethylene glycol) N-hydroxysuccinimide (3400 Da, Laysan Bio) was reacted with 1.5 mol
YRGDS (Genscript) oligopeptide in a 50 mM sodium bicarbonate buffer at pH of 8.4 for 2
hours. The monoacrylated PEG-YRGDS product was purified by dialysis, lyophilized, and
stored under argon at 4°C. The extent of conjugation of the peptide to monoacrylated PEG
was determined to be 90% by 1H-NMR.

PEG-RGD hydrogels were formed by photopolymerization of a 10%, 20% or 40% (w/w)
PEG-dA solution with 0.05% (w/w) photoinitiator (I2959, Irgacure, Ciba Specialty
Chemical) with 2.5 mM monoacrylated PEG-YRGDS between two glass slides with 0.8mm
spacers under 365 nm ultraviolet light (5–10 mW cm−2) for 10 min. All hydrogels were
prepared under sterile conditions. All materials were rinsed three times in 70% ethanol
overnight to sterilize the hydrogels, followed by four rinses in sterile phosphate buffered
saline. Hydrogel sheets were punched into 5 mm disks.

Hydrogel Properties
PEG-RGD hydrogels were allowed to equilibrate for 24 hours prior to testing. The tangent
modulus was determined from the linear region of the stress-strain curves of hydrated
hydrogels subjected to unconfined compression applied at a rate of 0.5 mm/minute up to
15% strain (Synergie 100, 10 N; MTS). The equilibrium mass swelling ratio (ms/md) was
determined from the swollen wet weight (ms) and the dry polymer weight (md).
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Macrophage culture
For experiments investigating cell attachment and morphology, RAW 264.7 macrophages
(American Type Cell Culture) were used. Macrophages suspended in Dulbecco’s modified
Eagle medium (DMEM) (Mediatech) supplemented with penicillin/streptomyocin/fungizone
(PSF) (Invitrogen) were seeded on top of PEG-RGD hydrogels at a concentration of 2.5×104

cells per gel for cell attachment studies and 5.0×104 cells per gel for morphology studies.
Cells were allowed to attach for two hours after which the medium was replaced with
DMEM supplemented with 10% fetal bovine serum (FBS, Atlanta Biological) and PSF.

For experiments investigating gene expression, primary bone marrow derived murine
monocytes were isolated from 6-week-old male c57bl/6 mice (Charles River Laboratories)
as described previously by Jay et al.30 Briefly, bone marrow was flushed from tibias and
femurs with Iscove’s modified Dulbecco’s medium (IMDM) (Invitrogen). Bone marrow
isolates were suspended in IMDM with 10% FBS and PSF. The cell suspension was layered
over Lympholyte M (Accurate Chemicals) and centrifuged per manufacturer’s instruction
and the portion containing mononuclear cells collected. The cells were resuspended at 106

cells ml−1 in expansion medium (IMDM + 20% FBS, 2 mM l-glutamine, PSF, 1.5 ng ml−1

human macrophage colony stimulating factor (R&D systems) and 100 ng ml−1 huFLT-3
(R&D systems)), plated at 1.7×105 cells cm−2 in 100 mm Petri dishes and cultured to
confluency (10 days) prior to use in the experiments. Cells were seeded onto the PEG-RGD
hydrogels at a density of 5×104 cells per hydrogel in serum-free medium (IMDM and PSF)
and allowed to adhere for 6 hours. The medium was then replaced with medium with serum
(IMDM + 10 % FBS, PSF) and the cells were cultured for an additional 18 hours. A subset
of samples were removed from culture and prepared for gene expression analysis. For the
remainder of the samples, the medium was exchanged with medium supplemented with 1 μg
ml−1 LPS from E. coli (Sigma-Aldrich). This concentration was chosen because it has been
shown to stimulate pro-inflammatory cytokine expression in macrophages in vitro.31,32

Samples were removed from culture and prepared for gene expression analysis.

Macrophage Attachment and Morphology
RAW 264.7 cells which were cultured for 24 hours were either fixed in 4%
paraformaldehyde and then stored in 15% sucrose solution or lysed in a solution of 20 mM
TRIS, 2 mM EDTA, 150 mM NaCl and 0.5% Triton X-100 in deionized water. A subset of
the fixed samples (n=4) were permeabilized with Triton X-100, and stained with AlexaFluor
488 phalloidin (1:30, Invitrogen) with 1% BSA. The other set (n=4) was permeabilized with
Triton X-100, blocked, treated anti-integrin αV primary antibody (1:30, rabbit polyclonal
IgG, Santa Cruz Biotechnology) overnight at 4 °C, followed by treatment with secondary
antibody (1:30, Goat anti-rabbit IgG AlexaFluor 488, Invitrogen). All samples were
counterstained with DAPI, a nucleic acid stain (Molecular Probes, 300nM) and then imaged
via confocal microscopy (Zeiss LSM5 Pascal). The lysed samples (n=4) were assayed by
PicoGreen® (Invitrogen) per manufacturer to determine the total amount of dsDNA, which
was used as a measure of cell attachment.

RNA isolation and real-time reverse transcription polymerase chain reaction
At prescribed time points, macrophages adhered to hydrogels disks (n=4) were lysed using
TRK lysis buffer (Omega) and RNA isolated using an E.Z.N.A microelute kit (Omega) per
the manufacturer’s instructions. The purity and quantity of RNA was determined using a
Nanodrop instrument (ND-1000, Thermo Scientific) with A260/280 greater than 1.90.
Purified RNA was reverse transcribed to cDNA using a High Capacity cDNA Reverse
Transcription Kit (Applied Biosystems) and samples stored at −80° C until PCR analysis
was performed. RT-PCR was performed with Fast SYBR Green Master Mix (Applied
Biosystems) with the 7500 Fast system (Applied Biosystems). Custom primers were
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designed using Primer Express 3.0 software (Applied Biosystems) and validated for both
efficiency and stability of the house-keeping gene L32, which encodes a ribosomal protein.
The primer sequences for tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β),
interleukin-6 (IL-6), interleukin-10 (IL-10), and Arginase I and L32 were used as previously
listed15,16 with efficiencies of 2.09, 1.91, 1.99, 1.90 and 1.95, respectively. The sequence for
IL-6 is Forward: 5′-TCGGAGGCTTAATTACACATGTTC-3′ and Reverse: 5′-
TGCCATTGCACAACTCTTTTC T-3′ with an efficiency of 2.05. The data are presented as
relative expression (RE) or normalized expression (NE):

where E is the primer efficiency, HKG is the house-keeping gene, GOI is the gene of
interest, Ct is the cycle number where the sample crosses the threshold and the calibrator is
the time when LPS was administered, referred to as time zero hour.

Implantation study
Prior to implantation, all hydrogels were confirmed to be free of endotoxins. Hydrogels were
implanted into dorsal subcutaneous pockets on six- to eight-week-old, male c57bl/6 mice.
One pocket was formed over each shoulder and hip for a total of four pockets per animal.
One construct of PEG-RGD (10%, 20% or 40% (w/w) PEG-dA) was placed into a single
pocket, in a random order. The incisions were closed with surgical staples. Animals were
monitored daily for any abnormalities at the wound site. Mice were sacrificed at 28 days
post-implantation by CO2 asphyxiation and cervical dislocation. Implants were excised with
surrounding tissue and processed for (immuno)histological analysis (n=6).

(Immuno)histological analysis
Explants were fixed in 4% paraformaldehyde immediately for 24 hours after extraction.
Paraformaldehyde was replaced with 15% sucrose and the explants were stored at 4°C until
staining. Dehydration and paraffin embedding were carried out with standard protocols.
Sections (10 μm) were stained with Masson’s Trichrome following standard protocols.

Immunohistochemical staining was also carried out for detection of the Mac3 antigen, a
marker specific to tissue activated macrophages.33 Briefly, tissue sections were
deparafinized, blocked and incubated with rat anti-mouse Mac3 primary antibodies (BD
Biosciences) at a 1:20 dilution followed by a biotinylated anti-rat secondary antibody (BD
Biosciences) at a 1:30 dilution. The samples were subsequently treated with Steptavidin-
HRP (BD Biosciences) and counterstained with methyl green (Vector Labs).

All tissue sections were imaged using light microscopy (Zeiss, Axioskop 40) with 10, 20, or
40x objectives with a digital camera (Diagnostic Instruments, MN 14.2 Color Mosaic) using
SPOT Software v. 4.6. Inflammatory cells were evaluated semi-quantitatively using NIH
ImageJ software by measuring the thickness of the inflammatory cell layer at the implant
surface.

Statistical analysis
One-way analysis of variance was performed using KaleidaGraph software for semi-
quantitative analysis of histological samples and relative gene expression, for each material
type. Two-way analysis of variance was performed using MiniTab 16 software for
normalized gene expression for reach material type, with time and gel stiffness as factors.
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Pair-wise comparisons were carried out using Tukey’s post-hoc test with an α of 0.05. A p
value of 0.05 was used to determine statistical significance. All data are presented as means
± standard deviation.

IACUC approval
NIH guidelines for the care and use of laboratory animals (NIH Publication #85-23 Rev.
1985) have been observed. All animal protocols were approved by the University of
Colorado at Boulder Institutional Animal Care and Use Committee.

RESULTS
Hydrogels properties

PEG hydrogels were formed from different concentrations of PEG-dA (10, 20 and 40% (w/
w) in solution prior to polymerization), but each with the same total amount of RGD to
produce hydrogels with a low, medium and high degree of relative crosslinking. The
resulting PEG-RGD hydrogel properties are given in Table 1. The tangent modulus under
compression increased with increasing PEG-dA concentration with values of 130, 240 and
840 kPa. The equilibrium swelling ratio decreased with increasing PEG-dA concentration
with values thatranged from 4.6 to 10.

In vitro macrophage attachment and morphology
RAW 246.7 macrophages were used to determine whether hydrogel stiffness impacted
macrophage attachment or morphology. After 24 hours, macrophage density was similar
among all three hydrogel substrates, as measured by total DNA content. This finding
indicates that substrate stiffness was not a factor in macrophage attachment.

Macrophage morphology after attachment to the constructs was observed after 48 hours
using αV integrin staining as well as phalloidin staining to visualize the actin filaments. The
αV staining indicated less spreading of the cells and a more localized attachment,
presumably to RGD tethers, near the nucleus of the cell on the softest substrates. For the 240
and 840 kPa hydrogels, the integrin is visibly more present throughout the cell when
compared to cells on the 130 kPa hydrogel. The F-actin organization also exhibited visual
differences as a function of substrate stiffness. For the 130 kPa substrate, cells were
rounded, compact and the actin was centralized around the nucleus. Macrophages on the 240
kPa substrate were more spread, exhibiting extended branches of actin, which was more
defined throughout the cell. Finally, cells on the 840 kPa substrate had the greatest degree of
spreading evidenced by greater staining for actin in a given cell in a given plane of view
with a myriad of highly extended branches.

In vitro macrophage response to PEG-RGD hydrogels
Initially, macrophage phenotype in response to PEG-RGD hydrogels of varying substrate
stiffness in the absence of any inflammatory co-stimulants was assessed. Primary bone
marrow derived murine macrophages were cultured on PEG-RGD hydrogels for 24 hours
and their mRNA evaluated by quantitative RT-PCR for genes which cover the spectrum of
macrophage activation. Relative expression is given in Figure 2 and the results from a one-
way analysis of variance with gel stiffness as a factor is shown in Table 2. The genes
evaluated for their close association with inflammation were TNF-α, IL-1β, and IL-6. For
all genes, mean relative expression values decreased with increasing hydrogel stiffness but
this decreases was only significant for IL-1β and between 130 and 840 kPa gels (p=.0356).
IL-10 was evaluated for its close association with immunoregulation, but its expression was
not affected by substrate stiffness. Lastly, Arginase I was evaluated for its close association
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with wound healing. Mean relative expression values for Arginase I expression were highest
for the 240 kPa gels, but not significantly.

Macrophage response to PEG-RGD hydrogels when stimulated with LPS
Macrophage phenotype in response to PEG-RGD hydrogels of varying substrate stiffness in
the presence of LPS was assessed. Primary bone marrow derived murine macrophages were
cultured on PEG-RGD hydrogels for 4, 8 or 24 hours in the presence of LPS and their
mRNA evaluated by quantitative RT-PCR for genes which cover the spectrum of
macrophage activation. Normalized gene expression is given in Figure 3 the results from a
two-way analysis of variance with culture time and gel stiffness as factors is shown in Table
3. For the genes closely associated with inflammation (TNF-α, IL-1β, and IL-6) culture time
and stiffness were significant factors affecting their expression. All three genes were
elevated with LPS stimulation. In general, IL-1β and IL-6 expressions were highest for the
840 kPa gels when compared to the 130 and 240 kPa gels. For example, at 24 hours IL-1β
and IL-6 expressions for the 840 kPa gels were 2-fold (p<0.0001) and 4.5-fold (p=0.0001)
higher than the 130 kPa gels, respectively and 1.4-fold (p=0.0364) and 6.5-fold (p<0.0001)
higher than the 240 kPa gels. For IL-10 expression, culture time (p<0.0001) and hydrogel
stiffness (p<0.0001) were both factors affecting its expression. At 24 hours, IL-10
expression for the 840 kPa gel was 2.6-fold (p=0.0004) higher than the 130 kPa gels. For
Arginase I expression, culture time and hydrogel stiffness were not significant factors.
However, there were significant differences at the 24 hour time point which are worth
noting. At 24 hours, the 130 kPa gel had 150-fold higher (p=0.0474) expression over the 840
kPa gels.

In vivo host response to PEG-RGD hydrogels
The foreign body reaction to subcutaneously implanted PEG-RGD hydrogels of each
stiffness, 130, 240 and 840 kPa, was investigated 28 days post-implantation. Representative
histological micrographs of sections stained by Masson’s Trichrome to assess collagen
deposition and fibrous capsule formation and for the macrophage specific cell surface
marker, Mac3 (CD107b), which stains activated tissue macrophages, are shown in Figure 4.
Qualitatively, hydrogel stiffness led to gross differences in the host response to the PEG-
RGD hydrogels.

The 130 kPa gels were surrounded by a thin layer of densely packed inflammatory cells at
the implant surface on both the dorsal and ventral sides. Just beyond this cell layer was
evidence of a fairly dense thin fibrous capsule comprised of non-inflammatory cells and
collagen (Fig 4a,d,g). The dense capsule was surrounded by a more disorganized
collagenous matrix. The cells at the implant surface were confirmed to be macrophages, by
positive staining for Mac3 (Fig 4j). In general, there were more macrophages and a thicker
fibrous capsule along the ventral side of the implant compared to the dorsal side.

A similar host reaction to the 130 kPa gel was seen for the 240 kPa gel, but the reaction was
more severe. The 240 kPa gel was surrounded by a thick layer of densely packed
inflammatory cells (Fig 4b,e,h), confirmed to be macrophages (Fig 4k). As compared to the
130 kPa gels, a thicker but less dense fibrous capsule comprised of non-inflammatory cells
and collagen surrounded the implant. The fibrous capsule was surrounded by a more
disorganized collagenous matrix. As seen with the 130 kPa gels, there were a greater
number of macrophages and a thicker fibrous capsule along the ventral side of the implant
when compared to the dorsal side for the 240 kPa gels.

With increasing stiffness, the severity of the FBR continued to worsen. The 840 kPa gels
were surrounded by a large layer of inflammatory cells (Fig 4c,f,i), which were confirmed to
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be activated macrophages (Fig 4l). The fibrous capsule surrounding the inflammatory cells
along the dorsal side was similar to that observed for the 240 kPa gels. However, the ventral
side formed a much more loose fibrous network of non-inflammatory cells with
substantially less collagen. The fibrous capsule was surrounded by another collagenous
matrix, which was more disorganized compared to the dorsal side capsule and more
organized compared to the ventral side. As seen with the 130 kPa and 240 kPa gels, there
were a greater number of macrophages and a thicker fibrous capsule along the ventral side
of the implant when compared to the dorsal side for the 840 kPa gels.

Semi-quantitative analysis of the host reaction
To quantify the host reaction to each of the hydrogels, measurements were made of the layer
of inflammatory cells immediately at the material interface (Fig. 5). After 28 days, the 130
kPa gels had the smallest layer of activated macrophages surrounding the implant, ~30 μm
thick on the dorsal side and ~35 μm thick on the ventral side. The 240 kPa gel had a
significantly thicker layer of macrophages ~74 μm thick on the dorsal side and ~139 μm
thick on the ventral side (p<0.05). The 840 kPa gels had the thickest layer of activated
macrophages ~88 μm on the dorsal side and ~208 μm deep on the ventral side, which were
significantly thicker than 130 kPa gels (p<0.05), but not the 240 kPa gels. The layer of
macrophages was consistently greater on the dorsal side compared to the ventral side for all
gels. The formation of a fibrous capsule was apparent in all cases, although a defined
boundary for the capsule was not always observed making it difficult to quantify the fibrous
capsule layer. However, the general trend indicated a thicker fibrous capsule with the more
stiff hydrogels.

DISCUSSION
The results presented in this study demonstrate that PEG-RGD hydrogels induce a
classically activated macrophage phenotype in vitro when co-stimulated with
lipopolysaccharide (LPS) and elicit a foreign body reaction in vivo, characterized by
macrophage infiltration and fibrous capsule formation, but that the severity of the response
strongly depends on hydrogel stiffness. Our main finding is that hydrogels with lower
stiffness lead to reduced macrophage activation and a less severe and more typical FBR.
This finding may in part be attributed to distinctly different cell morphologies that arose due
to gel stiffness, as seen in the spatial localization of F-actin and integrin receptors.

Many tissue engineering strategies that use PEG hydrogels incorporate proteins or peptides
to support cell adhesion and promote cell-material interactions.1 We chose to investigate
PEG hydrogels with RGD tethers for several reasons. RGD is the most widely studied cell
adhesion peptide in tissue engineering34–36 and is easily incorporated into PEG hydrogels in
a controlled and reproducible manner.37 Our previous findings showed that RGD is able to
attenuate, although not completely, the FBR to PEG hydrogels.15,16 Similarly, others have
reported reduced inflammatory cytokine production by RGD-mediated binding events.38,39

In addition, RGD is conserved throughout many matricellular and extracellular matrix
proteins to which macrophages can bind through several different integrin receptors.40

Therefore, PEG-RGD hydrogels served as an excellent platform to which RGD
concentration could be held constant, while independently varying hydrogel stiffness,
enabling the effects of substrate stiffness on macrophages and the FBR to be probed.

The integrin pairs, α5β1, αvβ1, and αvβ3, are well known integrin pairs that bind to RGD.41

However, previous studies have shown that macrophages when cultured on biomaterials
express minimal α5 subunits but substantial αv subunits.42 Further studies have shown that
β1 not β3 subunits are essential in RGD-mediated macrophage adhesion to biomaterials.43,44

Therefore, αv β1 may be a prominent integrin pair mediating macrophage adhesion to RGD.
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In this study, macrophages were seeded onto the PEG-RGD hydrogels in serum-free
conditions in an effort to ensure that macrophages interacted directly with RGD rather than
any secondary non-specific adsorbed protein. We confirmed that macrophages expressed the
αv subunit when cultured on all three PEG-RGD hydrogel substrates, suggesting that an αv
integrin binding pair, e.g. αv β1, is one mechanism through which macrophages sense the
PEG-RGD substrata. While the concentration of RGD was held constant, there were distinct
differences in the integrin staining. Most notably, greater staining was observed in the stiffer
substrates (240 and 840 kPa) when compared to the softer substrate, a finding that correlated
with the increased cell spreading observed on the stiffer substrates. This result suggests that
hydrogel stiffness mediated cell adhesion and subsequently reduced or altered the number
and/or spatial location of integrin-ligand bonds, despite the similar presentation of RGD
ligands.

To probe the effects of hydrogel stiffness on macrophage activation, we turned to in vitro
experiments because they provided a more controlled environment for studying
macrophages. During the initial culture period, hydrogel stiffness had minimal affects on
macrophage phenotype, with one notable exception where IL-1β expression was
significantly affected by gel stiffness, and interestingly was lower in gels with increasing
substrate stiffness. Others have recently reported reduced IL-1β production by human
monocyte/macrophages with increased cell spreading when cultured in the absence of an
inflammatory stimulants.45 To better capture the in vivo environment during the FBR,
simulating an inflammatory environment was necessary.46–48 When activated by LPS,
macrophages responded by phenotypic changes that were largely characteristic of a
classically activated phenotype regardless of hydrogel stiffness, evidenced by elevated
expression levels of the pro-inflammatory cytokines, TNF-α, IL-1β, and IL-6, which
remained elevated throughout the study. The level of expression of all three inflammatory
cytokines was significantly impacted by gel stiffness and was lowest for the 130 kPa,
indicating that the softest gel exhibited a reduced classically activated macrophage
phenotype. IL-10 expression was also probed which is considered an immunoregulatory
protein and a potent anti-inflammatory cytokine and has been implicated in the late stages of
the FBR associated with its stabilization.49 IL-10 expression was also elevated, and to a
greater degree with increasing gel stiffness, but its peak appears to be delayed when
compared to the pro-inflammatory cytokines. The last gene investigated was Arginase type
I, which is up-regulated during wound healing by macrophages and is involved in the
synthesis of collagen precursors. Arginase expression, while not significantly affected
during the course of the experiment or by gel stiffness did show significantly higher levels at
24 hours for the 130 kPa over the 840 kPa gel. While we cannot draw definitive conclusions,
these results suggest that the 130 kPa may shift the macrophages towards a wound healing
phenotype, and perhaps more quickly than the macrophages on stiffer substrates. We have
previously reported that macrophages after being stimulated by LPS shift to a wound healing
phenotype but this shift was not apparent until 48 hours.50 Taken together, our in vitro
results demonstrate that in a simulated inflammatory environment, softer substrates help to
reduce the classically activated macrophage phenotype and shift to a wound healing
phenotype.

While our in vitro findings were insightful, the in vivo environment and the FBR is a
complex series of highly coordinated events involving not only inflammatory cells but also
non-inflammatory cells. Although simplistic, our in vitro results mirrored that of our more
complex vivo findings, where softer hydrogels elicited an improved and less severe FBR. In
fact, the improvements in the FBR with the softest hydrogel were quite remarkable. We
previously reported that PEG-only hydrogels with no biological recognition and with
properties resembling those of the 240 kPa gels, led to an atypical FBR characterized by a
large number of macrophages persisting at the implant surface with no obvious signs of
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stabilization by 28 days.15 The stiffest hydrogels investigated in this study, 840 kPa,
exhibited a response that was similar to that of the PEG-only hydrogels with respect to the
large macrophage presence at the material interface. However, there was evidence of a
nascent fibrous capsule, which suggests that some degree of stabilizing occurred. The
response was improved with 240 kPa and results were similar to that of our previous reports,
but the FBR was still largely atypical.15 The softest hydrogels investigated in this study,
however, exhibited a more typical FBR. The layer of macrophages surrounding the implant,
while present (~35 μm), was substantially smaller when compared to the more stiff
hydrogels and approached that of previously reported for medical grade silicone (~16 μm), a
biomaterial that elicits a typical FBR.15 Furthermore, the FBR appeared to be largely
stabilized by 28 days with a thin dense avascular fibrous capsule that was ~30–40 μm thick.
This thickness is on par with those reported with other materials, such as expanded
polytetrafluoroethylene,51 degradable polyester polyurethanes,52 polycaprolactone,53 and
polyethylene terephthalate.54 Our in vivo findings further support our in vitro conclusions
and support our hypothesis that softer hydrogels lead to a reduced FBR possible by
attenuating macrophage activation at the host-hydrogel interface.

While we focus on hydrogel stiffness as the important external cue sensed by the
macrophages, it is important to recognize the degree of hydrogel swelling, which is
inversely related to the mechanical properties through crosslinking density, may also be
playing a role particularly for the in vivo environment. Because hydrogels absorb many
times their polymer weight in water, they form loosely crosslinked networks that allow for
facile transport of water and other molecules through the gels. The hydrogels investigated in
this study have water contents that range from 80% for the stiffest, most highly crosslinked
gel to 90% for the softest and most loosely crosslinked gel. When these highly swollen
hydrogels are implanted into a wound site, they may ‘soak up’ many of the proinflammatory
cytokines that are present in the exudate at the early stages of a wound and subsequently
lead to their prolonged presence and chronic inflammation. Because the more loosely
crosslinked hydrogel shows a reduced FBR, it seems that this phenomenon is an unlikely
contributor to the FBR.

It has been shown, for many cell types, that cells sense the stiffness of their substrata
through integrin-mediated events involving focal adhesions, actin organization and
development of stress fibers.55–57 The overwhelming observations are that the stiffer the
substrate, the stronger the focal adhesions are and the more organized the stress fibers are. It
is thought that the development of cellular prestress as a result of these events trigger a wide
range of downstream events in the cell that have been implicated in morphogensis,
physiology and disease.57 In this study, macrophage morphology and more specifically the
localization of F-actin was dramatically different on the three substrates. On the softest
substrates, 130 kPa, albeit not very soft in the context of many other cells, macrophages
appeared to have a largely rounded morphology with few visible filopodia and a localized
and dense F-actin structure. Contrarily on the stiffer substrates (240 and 840 kPa), the cells
appeared more spread with evidence of filopodia protruding from the cell and a more
defined F-actin. While the same general trends have been reported for contractile adherent
cells, the morphology of the macrophages in response to their substrata stiffness is actually
quite different. For contractile adherent cells, cells typically developed their F-actin into
highly organized stress fibers as substrate stiffness increases but this transition occurs on
substrates as soft as ~10 kPa.21 It has been shown that macrophages, as part of their myeloid
lineage, do not possess stress fibers,58 which may in large part be due to the fact that their
interaction with their surrounding matrix, when not migrating, is not a key part of their
innate function.29 In this study, the F-actin on the stiffer substrates did not have an
appearance that was more organized, although not characteristic of stress fibers. While
macrophages may not have stress fibers, they have been shown to respond to substrate
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stiffness by increasing their cytoskeletal stiffness, suggesting that macrophages may have a
different set of cytoskeletal proteins surrounding F-Actin that are regulated in response to
the substrate.27 Interestingly, macrophages appear to be more sensitive to stiffer substrates,
while contractile adherent cells tend to be less sensitive when substrates are stiff.56 Taken
together, our findings suggest that substrate stiffness likely through integrin-mediated events
direct changes in macrophage morphology and cytoskeletal organization, which
subsequently alters their reaction to the PEG-RGD hydrogels. When macrophages are more
round, less spread with no obvious cytoskeletal organization, their activation appears to be
reduced when compared to cells which are more spread with some cytoskeletal organization
in an inflammatory environment. This reduced activation may have led to the improved FBR
observed in vivo.

The exact mechanisms by which substrate stiffness drives macrophage activation remain to
be elucidated. With recent evidence pointing towards a mechanism that is very different than
most cells, additional studies are clearly warranted given the importance of the FBR in
medical device failure59 and that it will likely be a hurdle to regenerating tissues. Our
findings have significant implications in tissue engineering strategies that utilize PEG-based
hydrogels. Our findings suggest that employing softer hydrogels as scaffolds in cell-based
tissue regeneration will help to minimize the negative effects that may arise as a result of the
FBR. The softer hydrogels have also shown more promise with enhancing cell survival and
extracellular matrix elaboration due to the larger mesh size, making them even more
attractive.60–64 Overall, our findings indicate that stiffness of the synthetic scaffold will
contribute to the severity of the FBR and is an external cue that should be considered when
designing scaffolds for tissue engineering.

CONCLUSIONS
The results from this study support our hypothesis that stiffer PEG-RGD hydrogels lead to
increased cell spreading with a more organized F-actin cyotskeleton network, although not
to differences in cell attachment, to elevated expression levels characteristic of a
macrophage classically activated phenotype, and to a more severe FBR in vivo. The murine
model allowed for the direct comparison between in vitro and in vivo experiments, in which
both environments showed similar results. Our results indicated stark differences in cell
morphology as a result of hydrogel stiffness, which led to differences in the F-actin
cyotskeletal structure and integrin localization. Because it is thought that cells sense their
underlying substrate primarily through integrin-mediated events and changes in their
cytoskeletal stress, our findings suggest that maintaining a more round morphology with
localized integrin staining may be important to minimizing macrophage classical activation
and reducing the number of inflammatory cells at the implant interface and the fibrous
capsule.
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Figure 1.
a) Macrophage (RAW 264.7) attachment, measured by DNA content, after 24 hours in vitro
when cultured on 130, 240 and 840 kPa PEG-RGD hydrogels (n=4). b–d) Spatial
localization of αv integrins in macrophages (RAW 264.7) cultured on 130 (b), 240 (c), and
840 (e) kPa PEG-RGD gels for 48 hours. e–f) Spatial localization of F-actin in macrophages
(RAW 264.7) cultured on 130 (e), 240 (f), and 840 (g) kPa PEG-RGD gels for 48 hours.
Nuclei are counterstained with DAPI (blue) (b–g). Scale bar = 32 μm.
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Figure 2.
Relative gene expression of murine bone marrow-derived primary macrophages cultured on
130, 240 and 840 kPa PEG-RGD hydrogels for 24 hours. Gene expression is relative to the
stable housekeeping gene, L32. * above a bar indicates a significant difference from the 130
kPa level of expression with p<0.05. Note that plots are on a log scale. (n=4).
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Figure 3.
Normalized gene expression of murine bone marrow-derived primary macrophages cultured
on 130 (light gray), 240 (dark gray) and 840 (hash mark) kPa PEG-RGD hydrogels in the
presence of lipopolysaccharide. Gene expression was normalized to the zero hour time point
for each gel stiffness. *above a bar indicate significance from the 0 hour time point of the
same gel stiffness, # indicates significance from the 130 kPa hydrogel at the same time
point, and † indicates significance from the 240 kPa hydrogel at the same time, p<0.05. Note
that plots are on a log scale. (n=4).
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Figure 4.
The in vivo host response to implanted PEG-RGD hydrogels 28 days post-implantation in
subcutaneous pockets of immunocompetent mice: Massons Trichrome staining (a–i) and
Mac3 staining (j–l) for the 130 kPa (a,d,g,j), 240 kPa (b,e,h,k) and 840 kPa (c,f,i,l)
constructs. 10X images (a,b,c) show both dorsal and ventral side and 40X images show
dorsal (d–f) and ventral (g–l) sides. # indicates the location of the hydrogel. Scale bar on
10X image= 1000 μm and on 40X image = 200 μm.
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Figure 5.
Semi-quantitative analysis of the layer of macrophages around the 130, 240 and 840 kPa
PEG-RGD hydrogel implants on the dorsal (a) and ventral (b) sides. * above a bar indicates
a significant difference from the 130 kPa construct with p<0.05.
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TABLE 1

Material properties of PEG-RGD hydrogels.

PEG-dA (% w/w) Tangent modulus (kPa)* Equilibrium Mass Swelling ratio

10 130 +/− 6 10 +/− 0.6

20 240 +/− 50 8 +/− 0.9

40 840 +/− 60 5 +/− 0.4

*
under compression
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TABLE 2

One-way ANOVA results from relative gene expression.

Gene of interest ANOVA factor- Gel stiffness

TNF-α p = 0.115

IL-1β 0.028

IL-6 0.066

IL-10 0.949

Arginase I 0.358
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TABLE 3

Two way ANOVA results from normalized gene expression.

Gene of interest

ANOVA Factor

Time Gel Stiffness Interaction

TNF-α p<0.0001 p <0.0001 p = 0.113

IL-1β <0.0001 <0.0001 <0.0001

IL-6 <0.0001 <0.0001 <0.0001

IL-10 <0.0001 0.004 0.005

Arginase I 0.136 0.246 0.096
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