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Abstract

Enzyme-sensitive hydrogels are a promising class of materials for cell encapsulation and tissue
engineering because their ability to be degraded by cell-secreted factors. However, it is well
known that nearly all synthetic biomaterials elicit a foreign body response upon implantation.
Therefore, this study aimed to evaluate the /n vitroand in vivo response to an enzyme-sensitive
hydrogel. Hydrogels were formed from poly(ethylene glycol) with the peptide crosslinker, C-
VPLSILYSG-C, which is susceptible to matrix metalloproteinases 2 and 9. We evaluated the
hydrogel by exogenously delivered enzymes, encapsulated mesenchymal stem cells as a tissue
engineering relevant cell type, and by macrophage-secreted factors /n vitro and for the foreign
body response through macrophage attachment /n vitro and in a subcutaneous mouse model.
These hydrogels rapidly degraded upon exposure to exogenous MMP-2 and to lesser degree with
MMP-9. Encapsulated mesenchymal stem cells were capable of degrading the hydrogels via
matrix metalloproteinases. Inflammatory macrophages were confirmed to attach to the hydrogels,
but were not capable of rapidly degrading the hydrogels. /n7 vivo, these hydrogels remained intact
after 4 weeks and exhibited a classic foreign body response with inflammatory cells at the
hydrogel surface and a fibrous capsule. In summary, these findings suggest that while this
MMP-2/9 sensitive hydrogel is readily degraded /n vitro, it does not undergo rapid degradation by
the foreign body response. Thus, the long term stability of these hydrogels /n vivo coupled with
the ability for encapsulated cells to degrade the hydrogel makes them promising materials for
tissue engineering.
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INTRODUCTION

The goal of tissue engineering is to create new living tissue that is capable of restoring
function after injury or disease. One promising approach involves the use of hydrogels that
enable cell encapsulation and /n situ formation.*3 Hydrogels that are designed with
crosslinks (e.g., peptides) susceptible to cell-secreted enzymes allow cells to degrade the
hydrogel in a fashion similar to native tissues.3#38 Furthermore, the chemistry of the
crosslinks can be designed to a particular enzyme or group of enzymes and through slight
changes in the amino acids and/or sequence, degradation can be further tuned to achieve the
desired degradation kinetics.3%41.59 As a result, enzyme-sensitive hydrogels offer a great
deal of tunability for many cell types and tissue engineering applications.

Enzyme-sensitive hydrogels have shown promise in a wide range of tissue engineering
applications.16.20.36.40.54.60 For example, enzyme-sensitive crosslinks have been shown to
facilitate (1) cell infiltration and neo-bone formation when hydrogels are implanted into
bone defects /n vivo,16:24:36 (2) neo-cartilage matrix deposition from encapsulated
chondrocytes,> and (3) neurite outgrowth from encapsulated embryonic stem cell derived
motor neurons.*? These hydrogels have also been utilized as microcarriers for controlled
release and drug delivery.1-30:31 While many studies have utilized a peptide sequence derived
from collagen type I, which degrades in response to generic pan-MMPs (e.g.,34), this
platform can be further tuned to target degradation by a specific MMP or cell typel® thus
controlling when and what degrades the hydrogel.® For example, hydrogels sensitive to
MMP-13, which is up-regulated during bone injury and secreted by MSCs, have been shown
to support osteogenic differentiation of mesenchymal stem cells in vitro?327 and regenerate
bone-like tissue in vivo.18 Hydrogels sensitive to MMP-7, which was detected in
mesenchymal stem cells during chondrogenesis, enabled tuning of degradation to the onset
of differentiation.’

While promising, synthetic materials are well-known for initiating a foreign body response
(FBR) once implanted into higher organisms.11 This response is characterized by the
infiltration of neutrophils and then macrophages, which release pro-inflammatory cytokines,
reactive oxygen and nitrogen species, and matrix degrading enzymes in their attempt to
remove the foreign material.2 Eventually, the response transitions to a ‘resolution phase’,
which is characterized by the formation of a fibrous capsule that walls off the implant from
the surrounding host tissue. Macrophages, however, remain at the surface of the implant,
eliciting a chronic inflammatory response that persists for the lifetime of the implant. Given
the inflammatory environment and the presence of matrix degrading enzymes, questions
arise as to whether /n vivo implantation and the resulting FBR accelerate degradation of
enzyme sensitive hydrogels.

The overall goals of this study were two-fold: (1) investigate the degradation of enzyme-
sensitive hydrogels in response to encapsulated cells and interrogating macrophages in an in
vitro culture system and (2) characterize the FBR to enzyme-sensitive hydrogels /n vivo. To
this end, we designed poly(ethylene glycol) (PEG) hydrogels formed with a peptide
crosslinker based on the amino acid sequence, VPLSILYSG, which is susceptible to MMP-2
and MMP-9.59 PEG hydrogels were chosen because of the ease with which peptide
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crosslinkers can be incorporated32 and their wide use in tissue engineering research.*3 In
addition, we have shown that although PEG hydrogels are highly hydrophilic, they elicit a
FBR when implanted into immunocompetent mice.38:56 Crosslinks sensitive to MMP-2 and
MMP-9 were chosen because macrophages have been shown to secrete these
enzymes,*14.25.33 MMP-2/9 are well known for their involvement in wound healing and
fibrosis,18 and MMP-9 in particular has been shown to be critical to the ‘resolution phase’ of
the FBR that involves macrophage fusion and the formation of the fibrous capsule.5’
Specifically in this work, hydrogel degradation was evaluated by exogenously delivered
enzymes, encapsulated mesenchymal stem cells as a tissue engineering relevant cell type and
by enzymes secreted from macrophages. The FBR was characterized /in vitro by macrophage
attachment and then four weeks after subcutaneous implantation in mice.

MATERIALS AND METHODS

Macromer Synthesis and Hydrogel Formation

The macromer, 8-arm poly(ethylene glycol) (PEG) functionalized with norbornene, was
synthesized following previously established protocols.1?:%0 Briefly, 8-arm PEG-NH, (20
kDa, JenKemUSA) was dissolved in a sparing amount of dimethylformamide (Sigma) and
combined with 6 M excess of 5-norbornene-2-carboxylic acid (Sigma), 3 M excess of 2-
(1H-7-Azabenzotriazol-1-yl) -1,1,3,3-tetramethyl uronium hexafluorophosphate
methanaminium (AKSci), and a 3M excess of N,N-Diisopropylethylamine (Sigma), and
reacted overnight. The product was recovered by precipitation in ice-cold diethyl ether, and
subsequently dialyzed against de-ionized H,0, sterile filtered, and lyophilized.
Functionalization of PEG with norbornene, referred to as 8-arm PEG-NB, was determined
using H NMR and confirmed to be ~100% (i.e., each arm of a PEG molecule was
functionalized with a norbornene).

Hydrogels were formed from a pre-polymer solution containing 6 % (g/g) 8-arm PEG-NB,
and either PEG-dSH (MW 1000, Sigma) or a bis-cysteine crosslinker (CVPLSILYSGC)
(GenScript) at a 0.5:1 thiol:ene ratio and 0.05% (g/g) photoinitiator (Irgacure 2959) in
phosphate buffer saline, to form stable (i.e., enzyme-insensitive) or enzyme-sensitive
hydrogels. All experiments used this hydrogel formulation unless otherwise noted. In some
cases 2.5 mM of a cell adhesion peptide (CRGDS) (GenScript) was added to the
aforementioned mixture. Cylindrical hydrogels (2 mm in height and 4.5 mm in diameter)
were formed by polymerizing this solution with 352 nm light at ~6 mW/cm? for 6 minutes.
These photopolymerization conditions have been shown to be cytocompatiblel? and widely
used in studies for cell encapsulation.32

Hydrogel Degradation by Exogenous Enzymes

Cylindrical hydrogels (~3 mm in height and 3.5 mm in diameter) were formed from a pre-
polymer solution as described above, but containing 5 % (g/g) 8-arm PEG-NB in Milli-Q
water. For the degradation experiment with exogenous enzymes, hydrogels were placed in a
buffer solution for either MMP-2 (50 mM HEPES, 10 mM CacCl,, 20% glycerol, and
0.005% BRI1J-35) or MMP-9 (300 mM NaCl, 50 mM Tris-HCI, 5 mM CaCly, and 20 uM
ZnCly,) and allowed to swell to equilibrium for 24 hours. After 24 hours the buffer solution
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was replaced with the aforementioned buffer solutions containing either 20 nM MMP-2
(Calbiochem) or 40 nM MMP-9 (Anaspec) and incubated at 37°C. Samples were collected
at 24, 48, and 72 hours, with enzyme solutions refreshed every 24 hours. After each sample
collection, hydrated samples were weighed (wet weight, m,,), the tangent compressive
modulus measured under unconfined compression (MTS Synergie 100) at a constant strain
rate (0.5 mm/min), and then lyophilized to obtain polymer dry weight. After lyophilization,
the dry mass consisted of mass resulting from the lyophilized buffers as well as the polymer
mass. A standard curve was generated for each buffer to account for the mass that was
associated with the volume of buffer removed during lyophilization. An effective dry
polymer mass was determined (mg). Equilibrium mass swelling ratio (q) was determined by
my/mgy.

MSC Culture and Encapsulation

Primary murine MSCs from C57BL/6 mice were obtained from Texas A&M University
Health Science Center and College of Medicine Institute for Regenerative Medicine. The
MSCs were grown in Iscove’s Madified Dulbecco’s Medium (IMDM) (Life Technologies)
supplemented with 10% fetal bovine serum (FBS) (Atlanta Biologicals), 10% horse serum
(Hyclone), penicillin/streptomycin/amphotericin B (Life Technologies), and 1% 200mM L-
glutamine (Life Technologies) before being collected for encapsulation. MSCs at a
concentration of 2 x 108 cells/mL were combined with the aforementioned pre-polymer
solution containing CRGDS and polymerized as described above. MSC-laden hydrogels
were cultured in MSC growth media for up to 7 days, or in MSC growth media containing
10 uM of the broad MMP inhibitor batimastat (Santa Cruz Biotechnology). MSC-laden
hydrogels were fixed in 10% neutral buffered formalin for 30 minutes at room temperature
and incubated with Alexfluor 488 Phalloidin in 1:30 in TBS for 30 minutes. Full intact
hydrogels were imaged on a two photon microscope (A1R Upright Multiphoton Confocal).

Hydrogel Degradation by Macrophages

RAW 264.7 macrophages were purchased from American Type Culture Collection (ATCC)
and cultured in DMEM (ATCC) supplemented with 10% FBS (Atlanta Biologicals) and
penicillin/streptomycin/fungizone (PSF). RAW 264.7 macrophages plated at an initial
density of ~ 2 x 10° cells/cm? and allowed to adhere overnight before replacing the media
with DMEM + 1% FBS and 100 ng/ml LPS (Sa/monella enterica, Sigma Aldrich) for 24
hours. A freshly seeded group of RAW 264.7 cells were prepared each day such that
macrophages were only stimulated with LPS for a total of 24 hours. Hydrogels were placed
in separate wells and incubated in DMEM (ATCC) + 1% FBS (Atlanta Biologicals) and
allowed to swell to equilibrium for 24 hours. After 24 hours the media in the remaining
samples were replaced with LPS-stimulated RAW 264.7 conditioned media and incubated at
37°C. The media was refreshed every 24 hours. Hydrogel samples were collected at 24, 48,
and 72 hours and their wet weight, tangent compressive modulus, and dry weights measured
as described above.

Primary Macrophages

Bone marrow derived monocytes were isolated from the femurs and tibia of 6 week old
C57BL/6 mice (Charles River Laboratories) as described previouslyZ® and then
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differentiated into macrophages following well-established protocols.26 Briefly, bone
marrow was flushed and collected in IMDM with 10% FBS and PSF, and layered in
Lympholyte M (Accurate Chemicals). Mononuclear cells were obtained following
centrifugation and then plated on non-tissue culture treated polystyrene and differentiated
into macrophages following a 10 day protocol in medium containing IMDM, 20% FBS, 2
mM L-glutamine, PSF, 1.5 ng/ml human macrophage colony stimulating factory (R&D
systems) and 100 ng/ml huFLT-3 (R&D systems). Primary macrophages were collected by
scraping and then seeded on the surface of hydrogels or on TCPS at 2.5 x 10°
macrophages/cm? in medium containing IMDM, 20% fetal bovine serum (FBS), 2 mM L-
glutamine, PSF, and 100 ng/ml LPS for 24 hours. Hydrogels were formed from pre-polymer
solutions as described above with either stable, enzyme insensitive PEG-dSH or the enzyme-
sensitive crosslinker with CRGDS.

After 24 hours, supernatants were collected and flash frozen in liquid nitrogen until the time
of assay. The amounts of active MMP-2 and MMP-9 in the culture supernatant was
measured using fluorometric assay kits (Anaspec) according to manufacturer guidelines, but
without the addition of an activator. After 24 hours, hydrogel samples were fixed in 10%
neutral buffered formalin for 30 minutes at room temperature and stained for F-actin and
MMP-9. In brief, samples were blocked with TBS containing 5% dry milk + 1% BSA for 2
hr. Samples were then incubated with polyclonal goat-anti-mouse MMP9 (Santa Cruz
Biotechnology) 1:100 in TBS with 1% BSA overnight at 4°C. The following day, samples
were washed with Tris Buffered Saline (TBS) with 0.025% (v/v) Triton-X-100 and
incubated with Alexafluor 546 goat anti rabbit antibody (Life Technologies) in 1:300 in TBS
+ 1% BSA for 2 hours followed by incubation with Alexafluor 488 Phalloidin (Life
Technologies) in 1:30 in TBS for 30 minutes. Finally, the samples were counterstained with
4,6-diamidino-2-phenylindole (DAPI, Life Technologies) to visualize the cell nuclei.
Samples were imaged by laser scanning confocal microscopy (Zeiss LSM5 Pascal).

Implantation Study

Hydrogels were formed as described above from a pre-polymer solution containing 6% (g/g)
8-arm PEG norbornene. In a separate set of samples, CRGDS was incorporated into the pre-
polymer mixture at 2.5 mM. Hydrogel disks (~2.5 mm in height and ~4 mm in diameter)
were implanted into dorsal subcutaneous pockets of 7-week old male C57BL/6 mice
(Charles River Laboratories) for 4 weeks. Mice were euthanized via CO, asphyxiation and
cervical dislocation. All animal protocols follow were approved by the University of
Colorado at Boulder Institutional Animal Care and Use Committee and follow the NIH
guidelines for animal care.

After explanation from the implantation study, hydrogels and surrounding tissue were fixed
in 10% buffered formalin for 4 hours. Following dehydration and embedding in paraffin
wax, samples were sectioned in 10 um thick slices, and stained with Masson’s Trichrome
and hematoxylin as a nuclear counterstain.
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Statistical Analysis

All data are from 3-5 replicates and presented as the mean with standard deviation as error
bars. Statistical analysis was performed in KaleidaGraph and determined by ANOVA and
Tukey’s post hoc analysis with a = 0.05. P-values are reported.

RESULTS

Enzyme-sensitive hydrogel formation and characterization

Enzyme-sensitive and enzyme-insensitive (i.e., stable) hydrogels were formed by a
photoclickable reaction between an 8-arm PEG monomer functionalized with norbornene
and either the bis-cysteine peptide, CVPLSILYSGC, or PEG dithiol crosslinker, respectively
(Fig. 1A). By varying the concentration of the multi-arm PEG nobornene monomer and/or
the thiol:ene ratio, the macroscopic properties of the enzyme-sensitive hydrogel were
systematically controlled (Fig. 1B). Robust enzyme-sensitive hydrogels were formed, which
maintained their shape (Fig. 1C).

Degradation of hydrogels to exogenous enzymes

PEG hydrogels (5% 8-arm PEG-NB, 0.5 thiol:ene) were incubated with solutions containing
either active MMP-2 or MMP-9 and their degradation assessed over time by polymer dry
weight (Fig. 2A,D), mass swelling ratio (Fig. 2B,E), and compressive modulus (Fig. 2C,F).
The soft formulation used for these studies (5% 8-arm PEG-NB, 0.5 thiol:ene) was chosen
to test if these hydrogels were degradable by MMP-2 and MMP-9. Upon exposure to 20 nM
MMP-2, the enzyme-sensitive hydrogels were fully degraded by day 3. From day 1 to day 2,
the dry weights decreased (p=0.01) by 8-fold and the compressive modulus decreased
(15=0.0006) by 5-fold, but the mean mass swelling ratio was only slightly higher (p=0.40). In
addition, the dry weight was lower (p=0.015) and as well the compressive modulus was
lower (p=0.0006) for the enzyme-sensitive hydrogels exposed to MMP-2 when compared to
those in buffer alone. The dry weights were higher than the predicted dry mass based on the
formulation. This observation is attributed to the presence of glycerol in the buffer, which
prevented complete lyophilization. It should also be noted that after two days, hydrogels in
the presence of MMP-2 were near their reverse gelation point, where small differences in
crosslink density result in large differences in the hydrogel properties and thus the large
error bars. Hydrogels exposed to 40 nM MMP-9 displayed slower degradation kinetics and
were still intact at day 3. At day 3, dry weights were lower (p=0.20), mass swelling ratio was
higher (£=0.20), but modulus was similar (p=0.52) when comparing the hydrogels exposed
to MMP-9 to those not exposed to MMPs.

MSC spreading in enzyme-sensitive hydrogels

Mesenchymal stem cells (MSCs) were encapsulated in PEG hydrogels (6% 8-arm PEG-NB,
0.5 thiol:ene) containing either the enzyme-insensitive PEG crosslinker or the enzyme-
sensitive peptide crosslinker and their morphology assessed over time /n vitro. The MSCs
were stained for F-actin to visualize their cytoskeleton. Immediately after encapsulation,
MSCs adopted a round morphology in the enzyme-sensitive hydrogels (Fig. 3A) with
similar morphology in the enzyme-insensitive hydrogels (data not shown). After 7 days,
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MSCs retained their round morphology in the enzyme-insensitive hydrogel (Fig. 3B). On the
contrary, MSCs displayed a spindle-like morphology with extended processes in three
dimensions within the enzyme-sensitive hydrogels after 7 days (Fig. 3C). However, when an
MMP inhibitor was added to the culture medium, MSC spreading was reduced in the
enzyme sensitive hydrogels and the cells adopted a round morphology (Fig. 3D). Although
the intensity of the stain was lower when an MMP inhibitor was added to the culture
medium, cell number did not appear to be affected.

Degradation of hydrogels to macrophage conditioned media

Hydrogels (5% 8-arm PEG-NB, 0.5 thiol:ene) were cultured in the presence of media that
was conditioned for 24 hours by RAW 264.7 macrophages stimulated with LPS. Hydrogel
degradation was assessed by polymer dry weight (Fig. 2G), mass swelling ratio (Fig. 2H),
and compressive modulus (Fig. 21). Over the course of three days, no changes in polymer
dry weight (p=0.40), equilibrium mass swelling ratio (p=0.97), or compressive modulus
(0=0.61) were observed.

Macrophage interrogation of hydrogels in vitro

Bone marrow derived macrophages were cultured on the surface of PEG hydrogels (6% 8-
arm PEG-NB, 0.5 thiol:ene) and evaluated for their cytoskeleton by F-actin staining (Fig.
4A-D) and for the presence of MMP-9 (Fig. 4E-H). In all hydrogel formulations, with or
without RGD and with enzyme-insensitive or enzyme-sensitive crosslinks, macrophages
adhered to the hydrogel surfaces. Macrophages assumed a round morphology exhibiting a
localized and dense F-actin organization. However on the enzyme-sensitive hydrogels with
RGD, several cells exhibited signs of spreading with filopodia extending outward from the
cell and a more defined F-actin structure (Fig. 4D).

Macrophages stained positive for MMP-9 in all hydrogel formulations. Qualitatively,
macrophages on the enzyme-insensitive hydrogels exhibited similar MMP-9 staining with
no observable differences with or without the presence of RGD (Fig. 4E and Fig. 4F).
However, there appeared to be reduced MMP-9 staining in the enzyme-sensitive hydrogels
containing RGD (Fig. 4H) when compared to their counterpart hydrogels without RGD (Fig.
4G). Low levels of active MMP-9 were found in the culture supernatant in all conditions,
with values ranging from ~1-2 ng/mL (Fig. 41). Active MMP-2 was also found in the culture
supernatant, with slightly lower amounts from macrophages on enzyme sensitive hydrogels
with RGD when compared (p = 0.01) to enzyme insensitive hydrogels and when compared
(p=10.04) to enzyme insensitive hydrogels with RGD (Fig. 4J).

Characterization of hydrogels after subcutaneous implantation

To evaluate the FBR to these hydrogels /n vivo, enzyme-sensitive hydrogels (6% 8-arm
PEG-NB, 0.5 thiol:ene) containing either no RGD or RGD were implanted subcutaneously
in mice for 28 days (Fig. 4K,L). The compressive modulus of the hydrogel prior to
implantation was ~8 kPa (Fig. 1B). Histological examination of the implanted hydrogels
revealed that the hydrogels were still intact after 28 days. Regardless of the presence of
RGD, a characteristic fibrous capsule was apparent that was ~ 20 microns in thickness.
Additionally, a thin layer of inflammatory cells was present at the surface of the implant.
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There were no observable differences in the FBR between the two hydrogel formations with
and without RGD.

DISCUSSION

Towards developing MMP-sensitive hydrogels for in vivo implantation and tissue
engineering, we investigated a PEG based hydrogel platform with peptide crosslinkers that
are susceptible to MMP-2 and 9. In this work, we demonstrate that PEG hydrogels formed
with this MMP-2/9 sensitive crosslinker readily form 3D hydrogels, are susceptible to
enzymatic degradation by MMP-2 and to a lesser degree by MMP-9, support encapsulation
of MSCs and undergo MSC-mediated degradation. However, inflammatory macrophages did
not readily degrade the hydrogels in vitro. In vivothe hydrogel elicited a classic FBR, but
remained intact after four weeks. Overall these findings suggest that while this MMP-2/9
sensitive hydrogel is readily degraded /n vitro, it does not undergo rapid degradation by the
FBR.

The specific peptide sequence, VPLSILYSG, that was used in this study to form the peptide
crosslinker has been reported to follow Michaelis-Menten kinetics and have high specificity
for both MMP-2 and MMP-9 when compared to other MMPs with &.,#/K};, values of 61,000
and 49,000 M~1s71, respectively.>® We observed rapid degradation of low crosslinked
hydrogels with an initial modulus of ~2 kPa in the presence of MMP-2 within three days,
which is agreement with previous reports.** This finding is attributed to a high value for A,
(e.g., 3 s71) for the peptide in solution.** Studies have also shown that for other peptides A
is higher when incorporated into a hydrogel,34 suggesting that A may be even greater for
MMP-2 and this hydrogel. Surprisingly, we observed much slower degradation with
MMP-9, despite using a two-fold higher concentration of MMP-9 compared to MMP-2,
which is consistent with other reports.>3 We attribute this finding to a lower value for A,
where others have reported significantly lower activity for MMP-9 compared to MMP-2.61
Furthermore, the activity of circulating MMP-2 is reported to be over 10 times greater than
circulating MMP-9.15 It is also possible that K, may be playing a role. If Km is on the same
order of magnitude as the crosslink density of the hydrogel as measured in solution (i.e.,
corresponding to substrate concentration), then K, can have a significant contribution to
lowering the rate of degradation. Indeed, we have previously observed that for loosely
crosslinked hydrogels, K, influences the degradation of enzyme-sensitive hydrogels.52

Mesenchymal stem cells were evaluated given their promise in tissue engineering. When
encapsulated in these MMP-2/9-sensitive PEG hydrogels, MSCs were capable of spreading
in three dimensions. A broad spectrum MMP inhibitor confirmed that spreading was
mediated by MMP degradation of the hydrogel. This indicates that the concentration of cell
secreted MMPs were sufficient to degrade the hydrogel locally and enable cellular processes
to extend from the cells. It should be noted that these hydrogels contained cell adhesion
peptides which are necessary to facilitate cell spreading in enzyme sensitive hydrogels.*6
Although these hydrogels were relatively soft, MSC spreading was not observed in the
enzyme-insensitive hydrogels containing RGD indicating that RGD alone was insufficient to
support cell spreading in these materials. While we did not confirm which MMP was
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mediating degradation, MSCs have been shown to constitutively express high levels of
MMP-2, but not MMP-9,4® suggesting that degradation was likely mediated by MMP-2.

Macrophages are also known to constitutively express MMP-21342 with increased
expression in response to inflammatory stimuli4® while MMP-9 expression is induced in
macrophages during inflammation28:48 and the “resolution’ phase of the FBR.#14.25.33
Interestingly, conditioned media from LPS-stimulated RAW 264.7 macrophages was not
sufficient to cause any discernable degradation of the hydrogel within three days. It is
possible that the concentration of MMPs was too low to result in degradation of the hydrogel
within this time frame. In addition, the presence of serum, even at a low concentration, could
have sufficiently highly levels of tissue inhibitor of metalloproteinases (TIMPs)?1:22 to
inhibit and/or slow degradation.

To evaluate the FBR to this MMP-2/9 sensitive PEG hydrogel we first investigated primary
murine macrophage interrogation of the hydrogel using a controlled /n vitro platform. /n
vitro macrophages adhered to the hydrogel surfaces regardless of the presence of a cell
adhesion peptide, which is consistent with our prior studies.3® We have previously confirmed
that proteins adsorb to PEG hydrogels /n vitro and in vivo despite being highly hydrophilic
and that macrophage attachment /n vitroto PEG hydrogels lacking any cell adhesion moiety
is mediated by serum-adsorbed proteins.®® In this work in LPS-stimulated macrophages,
MMP-9 was expressed intracellular and active MMP-2 and MMP-9 proteins were present in
the culture medium. The amount of active MMP-2 was substantially higher than MMP-9,
albeit both at low levels. These findings confirm that macrophages are capable of
synthesizing both MMPs when adhered to the hydrogel surfaces. Qualitatively, the hydrogels
appeared intact suggesting that the low levels of MMPs coupled with the presence of serum
in the culture medium were not sufficient to induce any significant degradation of the
hydrogel, at least on the time scale of the experiment, which is consistent with the findings
with the RAW 264.7 macrophages. The levels of active MMP-2 were slightly lower for
macrophages cultured on the enzyme sensitive hydrogels, although no differences were
observed in the levels of active MMP-9. Despite the lack of macroscopic signs of
degradation, it is possible that macrophages could cleave the underlying substrate leading to
softer substrates. Previous studies have shown that substrate stiffness influences macrophage
activation with softer PEG hydrogels leading to reduced macrophage activation /n vitro and
the FBR /n vivc?; although additional studies are needed to confirm the presence of local
hydrogel degradation.

In vivo, the hydrogels elicited a classic FBR with the presence of inflammatory cells at the
hydrogel surface and the formation of a fibrous capsule, which is consistent with our
previous reports showing mac-3 positive macrophages at the hydrogel surface.8:38:39
Interestingly, the hydrogels were intact after four weeks /7 vivo, indicating that the FBR did
not result in high levels of MMPs to cause significant degradation and dissolution of the
hydrogel. In addition, there were no signs of cell infiltration into the hydrogels even with the
presence of RGD. In the lymphatic system, cell migration is driven by chemoattractant
molecules, known as chemokines.12 The hydrogels implanted for this study, however, did
not contain any chemokines upon implantation, and thus it is not surprising that there was
minimal cell migration into the material. Several hypotheses exist as to why these hydrogels
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show minimal signs of degradation and infiltration /n vivo. MMPs are known to be tightly
regulated such that tissue degradation is minimized.> While it is likely that inflammatory
cells present at and near the implant site secrete matrix metalloproteinases3’ which are
necessary for cell migration to the implant site and the formation of the fibrous capsule,
these molecules may be inhibited by other proteins present at the implant surface. For
example, we have identified several proteins by proteomics, which adsorb to PEG hydrogels
immediately upon implantation, and which have known roles in regulating MMPs. These
proteins include alpha-2-macroglobulin and murinoglobulin-1, which are broad protease
inhibitors,4’ Factor Xa and thrombin, which have been shown to regulate MMP-2 activation
in vivo,2® and vitamin D binding protein that sequesters vitamin D, which has been
correlated with low levels of MMP-2 and MMP-9 in serum®8 and shown to inhibit MMP-9
activity.8 Furthermore, macrophages have been shown to secrete TIMPs3 and therefore may
have mechanisms to self-regulate MMP activity. Although, stiffer hydrogels (~8 kPa) were
used in these /n vivo studies compared to the /n vitro degradation studies (~ 2 kPa), we have
previously shown that similar MMP-2/9 sensitive hydrogels over a range of stiffness (~1-
200 kPa) are fully degradable by exogenous enzymes.:51 Thus, these findings are attributed
to low levels of MMP-2 and MMP-9, which are not sufficient to induce significant
degradation of the hydrogel, and/or to the presence of MMP inhibitors.

In conclusion, this study demonstrates that a MMP-sensitive hydrogel, specifically a PEG
hydrogel containing the MMP-2/9 enzyme sensitive crosslinker, C-VPLSILYSG-C, readily
degrades by exogenous enzymes and encapsulated MSCs, but does not undergo rapid
degradation by macrophages /n vitro or by the FBR in vivo. Our findings suggest that while
MMPs are likely present /n vivo as part of the FBR, the MMPs may be tightly regulated thus
preventing global degradation of the surrounding tissue and hydrogel. The stability of these
hydrogels in the context of the FBR coupled with their ability to be degraded by
encapsulated cells make them promising materials for tissue engineering.
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Figure 1.

A) Schematic depicting the formation of enzyme sensitive PEG hydrogels which allow for
spreading of encapsulated MSCs or interrogation by macrophages. B) Mechanical properties
of the hydrogel can be varied by changing the PEG weight % or thiol:ene ratio. C)
Hydrogels formed are viscoelastic and highly water swollen after polymerization but retain
the shape of mold used for polymerization.

Ann Biomed Eng. Author manuscript; available in PMC 2017 August 31.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Amer and Bryant Page 15
A) 12 B) o 80 C) 5
<0.0001 o | ] e
10 i - § g
=) X 4r
c 60 b
? 8 ] % 5 p<0.0001
- p=0015 = 50 1 3 3} P =0.0006
= 0 o
o 6 1 2 a0} 1 =
o @ [}
= = 3o} 1 3 ?f
> 4 . £ 2
o 2 20} 1 &
2 E 1}
2 § -g—- ol =0.008 8
0 - 0 0
1 2 3 1 2 3 1 2 3
Day Day Day
E
D 5 ) 40 B g
2
T 351 1 w
Al |2 € 4
. c 30 R =
E 4l - £ 25| 1 3 sl
£ o
5 20t . =
7] ] @
s 2t T = 15} 1 & 2
P £ @
a 2 10} ] &
- o 2 g 1F
2 2T ] o
ul
0 0 0
1 2 3 1 2 3 1 2 3
Day Day Day
G) 5 H 80 l 5
p=l
T 70} N ©
4t = E 4}
e c 60| -
> 3 El
£ 4l g 50F 1 3 st
o
=2 @ 401 1 =
@ (1] @
s 2 Z 30} 1 % 2
Py E 1]
a 2 20} 1 &
1t 2 E T
S 10 1 8
0 w 0 0
1 2 3 1 2 3 1 2 3
Day Day Day
Figure2.

Hydrogel characterization for samples cultured in A-C) 20 nM MMP-2 D-F) 40 nM
MMP-9 and G-I) Macrophage conditioned media indicating the polymer dry weight
(A,D,G) equilibrium mass swelling ratio (B,E,H) and compressive modulus (C,FI). Filled
black circles represent samples cultured in buffer alone, while open circles represent samples
cultured with enzyme or conditioned media. Data are presented as mean with standard
deviation as error bars (n=3-4). * = p < 0.05 ** = p < 0.01 compare the buffer alone to the
buffer with enzyme.
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Figure 3.
Murine MSCs encapsulated in enzyme-sensitive and enzyme-insensitive PEG hydrogels

containing RGD and stained for F-actin. Images were taken A) the day of encapsulation in
enzyme sensitive hydrogels and after 7 days in B) enzyme-insensitive and C) enzyme-
sensitive hydrogels and D) enzyme-sensitive hydrogels with 10 uM batimastat. Scale bar =
250 pm.
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Figure 4.
Primary macrophages cultured on PEG hydrogels produce MMP-9. Staining is visualized

for F-actin cytoskeletal staining (top) and MMP-9 staining (bottom) for A,E) enzyme
insensitive hydrogels B,F) enzyme insensitive hydrogels + RGD C,G) enzyme sensitive
hydrogels and D,H) enzyme sensitive hydrogels + RGD. Scale bar = 50 pm. PEG hydrogels
with enzyme sensitive crosslinkers were subcutaneously implanted into dorsal pockets in
C57BL/6 mice for 28 days. Low levels of active MMP-9 (1) and MMP-2 (J) are produced by
primary macrophages cultured on PEG hydrogels for 24 hours. The production of MMP-9
was not statistically different for the different hydrogel chemistries employed, while MMP-2
production was lower in macrophages on the enzyme sensitive hydrogels. Data presented as
mean with standard deviation as error bars (n = 4-5). Sections were stained with Masson’s
trichrome and shown for K) enzyme sensitive hydrogels and L) enzyme sensitive hydrogels
with RGD which show no obvious signs of degradation /n vivo. A collagenous fibrous
capsule surrounding the hydrogel implants can be seen in both cases shown by the orange
arrows. A thin layer of inflammatory cells is also present at the surface of the hydrogel and
indicated by yellow arrows. White areas are artifacts that occurred during tissue processing.
Scale bar = 50 pm.
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