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Abstract

Incorporation of degradable moieties into synthetic hydrogels has greatly increased the utility of

these three-dimensional matrices for in vitro cell culture as well as tissue engineering applications.

A common method for introducing degradability is the inclusion of oligopeptides sensitive to

cleavage by matrix metalloproteinases (MMPs), enabling cell-mediated remodeling and migration

within the material. While this strategy has been effective, characterization and measurement of

cell-mediated degradation in these materials has remained challenging. There are 20+ MMP

family members whose activity is regulated in space and time by a number of biochemical and

biophysical cues. Thus, the typical approach of characterizing cleavage of degradable moieties in

solution with recombinant enzymes does not easily translate to three dimensional cell-mediated

matrix remodeling. To address this challenge, we report here the synthesis of a cell-laden hydrogel

matrix functionalized with a fluorogenic peptide substrate to provide real-time, quantitative

monitoring of global MMP activity. Using this system, stimulation of MMP activity was observed

with growth factor treatment in mammary epithelial cells and compared to classical zymography

results. Further, the effect of biophysical cues on MMP activity of human mesenchymal stem cells

was also investigated where more rigid hydrogels were observed to increase MMP activity. The

regulation of MMP activity by these biochemical and biophysical cues highlights the need for in

situ, real time measurement of hydrogel degradation, and use of these functionalized hydrogels

will aid in future rational design of degradable synthetic hydrogels for in vitro cell studies and

tissue engineering applications.
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Introduction

Cellular encapsulation in synthetic hydrogels is a powerful methodology that has played a

significant role in the field of tissue engineering from the design of cell delivery systems to

more physiologically relevant three-dimensional culture systems [1,2]. Importantly,

synthetic hydrogel scaffolds can be engineered to provide cells with precisely defined

chemical and mechanical microenvironments that recapitulate critical aspects of the native

extracellular matrix (ECM). For example, adhesive ligands such as RGD are routinely

incorporated into synthetic hydrogels to promote integrin-mediated cell attachment and

survival (reviewed in [3]). Cell-mediated degradation is another key characteristic of the

native ECM that has been incorporated into synthetic hydrogel systems by the inclusion of

enzyme sensitive peptides in the polymer networks [4–6]. Susceptibility to enzymatic

degradation allows for cell-mediated remodeling and migration within cell-laden materials,

which are important for applications focused on delivery or recruitment of endogenous cells

for tissue repair. As these processes play critical roles in pathological disease as well as in

normal tissue morphogenesis and homeostasis, enzymatically degradable hydrogels are now

widely used for in vitro studies related to fundamental cell biology (e.g., cancer biology [7],

vasculogenesis [8,9], differentiation [10–12]) to provide a more physiologically relevant

three-dimensional microenvironment and also as a degradable scaffolds for in vivo tissue

repair [6,13–16].

In developing these biomaterials systems, a common approach for introducing degradability

has been the inclusion of oligopeptides with specific sequences sensitive to cleavage by

matrix metalloproteinases (MMPs), as MMPs play an integral role in ECM remodeling in

vivo. However, when deciding on the oligopeptide sequence, characterization of the

degradation kinetics is typically performed with the peptide in solution rather than

covalently tethered in a hydrogel matrix. In addition, the peptides are typically degraded

with collagenase, a mixture of MMPs secreted by bacteria, or individual recombinant

MMPs. Consequently, translating enzymatically driven degradation properties quantified in

solution to those occurring in materials designed for in vitro three dimensional (3D) culture

of cells or in vivo implantation applications is not necessarily straightforward. For example,

there are 20+ members of the MMP family whose activity is regulated at multiple levels in

space and time. Thus, even with a complete understanding of degradation kinetics of

peptides in solution, it remains difficult to ascertain how cellular activity within cell-laden

hydrogels changes and ultimately modulates matrix properties over time.

Matrix degradation and regulation of MMP activity are highly dependent on the cellular

microenvironment, and one might anticipate significant differences between 2D and 3D

environments. For example, in 3D culture, MMP activity has been shown to be necessary for

cell proliferation and migration in 3D [17–19], which is not necessarily true for many 2D

cultures. While a number of techniques have been developed to characterize MMP activity,
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such as gene expression analysis, zymography, and immunochemical assays, these assays

require extensive sample processing to obtain results, particularly for 3D cell culture, and do

not easily provide insight into temporal aspects of the regulation of MMP activity. To

provide a complementary approach and circumvent some of these limitations, fluorogenic

substrates that allow one to visualize MMP activity more easily have been developed.

Specifically, native proteins, such as collagen and fibronectin, have been heavily labeled

with fluorophores, rendering the intact protein non-fluorescent due to self-quenching. Upon

cleavage of the labeled protein by cellular secreted MMPs, the fluorophores are separated

and the fluorescence signal increases. Use of these heavily labeled proteins in cell culture

materials has enabled visualization of MMP activity and matrix degradation in space and

time without further sample processing [20–22]. However, the sensitivity of labeled native

proteins is often limited due to high background signal, and the cleavage sites are ill-defined

as the proteins are labeled randomly. To overcome these limitations, quenched fluorescent

peptide substrates have been developed, whereby close proximity of two fluorophores on the

intact peptide results in quenching, and cleavage by MMPs separates the fluorophores.

Incorporation of these fluorogenic peptide substrates into 3D hydrogel matrices has enabled

visualization of MMP activity and matrix degradation by migrating fibroblasts and tumor

cells [23–25]. The increased resolution of these probes have allowed researchers to observe

the localization of MMP activity at the leading edge of migrating cells [24]. Further, these

substrates have also been used to visualize MMP-2 activity in vivo in mouse tumor models

[26].

Motivated by the ability of these fluorogenic substrates to capture the spatial distribution of

cellular MMP activity, we sought to synthesize functional hydrogel systems that would

allow real time measurements in global MMP activity and matrix degradation in a

quantitative manner. The ability to measure changes in global MMP activity is a critical step

towards better understanding how cells locally remodel and degrade matrices over time,

thereby affecting the physical and chemical properties of their microenvironment. Such

knowledge is important to improving the field’s understanding of how cells exchange and

receive information from the extracellular environment and will aid in the engineering of

biomaterials that promote cell motility and tissue regeneration.

Here, we report the synthesis of a cell-laden hydrogel matrix functionalized with fluorogenic

peptides to provide real-time, quantitative monitoring of global MMP activity. This

approach is based on a quenched fluorogenic MMP degradable peptide substrate (Dabcyl-

GGPQG↓IWGQK-Fluorescein-AhxC) that is covalently tethered to the matrix as a pendant

functionality; the fluorescence of this reporter probe can be monitored over time in a multi-

well format by a standard plate reader for facile measurement of MMP activity in 3D cell

cultures. The design and characterization of the quenched fluorogenic MMP sensitive

peptide in solution and coupled to a hydrogel are detailed. Additionally, the utility of the

fluorogenic substrate functionalized hydrogels is demonstrated by investigating the effects

of both biochemical and biophysical cues on MMP activity in 3D cell culture.
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Materials and Methods

Synthesis of fluorescently labeled peptide substrates

Peptides (GGPQG↓IWGQK(Dde)AhxC, GGIQQWGGPK(Dde)AhxC) were synthesized

using solid phase peptide synthesis on a Tribute Protein Synthesizer (Protein Technologies)

with a Rink Amide MBHA resin (Novabiochem). Fmoc protected amino acids were

purchased from Chem-Impex. A dabcyl succinimidyl ester (Anaspec) was coupled on resin

to the amino terminus in dimethyl formimide (DMF) with 6 equivalents N,N’-

diisopropylethylamine (DIPEA) and reacted overnight. Reaction completion was confirmed

by a negative ninhydrin test. An orthogonally protected lysine (Lysine-Dde) (Anaspec) was

deprotected two times using 2% hydrazine monohydrate in DMF for 10 minutes, and

exposure of the free amine was confirmed by a positive ninhydrin test. Fluorescein NHS

ester (Life Technologies) was coupled to the free amine as described for the dabcyl NHS

ester. Peptides were cleaved from the resin using trifluoroacetic acid (TFA), phenol,

triisopropyl silane, water (95/2.5/1.25/1.25 v/v), allowed to react at room temperature for 4

hrs, and precipitated three times in chilled diethyl ether. Peptides were purified by semi-

preparative reverse phase high pressure liquid chromatography (AutoPurification HPLC,

Waters) using a 15 min (30–60%) gradient of acetonitrile in water and expected mass was

confirmed by matrix assisted laser desorption ionization time-of-flight mass spectrometry

(Applied Biosystems DE Voyager).

Hydrogel precursor chemistry and characterization

PEG-norbornene (PEG-NB) was synthesized from a 4-arm PEG hydroxyl (Mn~20,000)

(JenKem Technology USA) as described elsewhere [27]. Briefly, 5-norbornene-2-carboxylic

acid (predominantly endo isomer; Alfa Aesar) was first converted to a dinorbornene

anhydride using N,N’-dicyclohexylcarbodiimide (0.5 eq. to norbornene; Sigma Aldrich) in

dichloromethane. The 4-arm PEG monomer was then reacted overnight with the norbornene

anhydride (5 eq. to PEG hydroxyls) in dichloromethane. Pyridine (5 eq. to PEG hydroxyls)

and 4-dimethylaminopyridine (0.05 eq. to PEG hydroxyls) were also included. The reaction

was conducted at room temperature under argon. End group functionalization was verified

by 1H NMR. The photoinitiator lithium phenyl-2,4,6-trimethylbenzoylphosphinate (i.e.,

lithium acylphosphinate; LAP) was synthesized as described [28]. The peptide crosslinker,

KCGPQG↑IWGQCK, and cell adhesion peptide, CRGDS, were purchased from American

Peptide Company.

Cell culture

hMSCs were isolated from bone marrow (Lonza) and cultured in low glucose DMEM (LG

DMEM) supplemented with 10% fetal bovine serum (FBS), 1 ng/mL human fibroblast

growth factor (PeproTech), 50 U/mL penicillin and 50 U/mL streptomyosin (Life

Technologies). Cells were passaged at 80% confluency, and used for experiments up to

passage 6. MCF10A cells (ATCC) were cultured as described [29] and treated with BSA

vehicle control or 1 ng/ml TGF-β1 (PeproTech). For MMP inhibitor experiments, hMSCs

were treated with DMSO control or 100 μM GM6001 (EMD Millipore). For studies

comparing substrates coupled to the hydrogel or in solution, 25 nmoles of the fluorogenic
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MMP degradable peptide or a commercial fluorogenic peptide substrate, Mca-PLGL-Dpa-

AR-NH2 (R&D Systems), were added to 1 mL of 1% FBS LG DMEM for 24 hrs.

Hydrogel preparation and cell encapsulation

3 mM (6 wt%) PEG-NB, MMP degradable crosslinker (KCGPQG↓IWGQCK), 0.5 mM

CRGDS, 2 mM photoinitiator LAP, and 0.5 mM fluorogenic peptide substrate were

vortexed briefly. For low, medium, and high crosslinked gels, 3.9, 4.5, and 5.5 mM MMP

degradable peptide were used, respectively. Cells were encapsulated by adding a

concentrated cell suspension (10×106 cells/mL) in phosphate buffered saline (PBS) to the

PEG precursor solution to achieve the desired seeding density. Cells were encapsulated at a

density of 1×106 cells/mL unless otherwise noted. 50 μL of PEG precursor-cell solution

were pipetted into a rubber gasket with a 6 mm (inner diameter) on a thiolated coverslip to

covalently link the hydrogel to the coverslip, and exposed to 365 nm light at an intensity of

4 mW cm−2 for 3 minutes. Coverslips (12 mm, No. 1.5, Fisher Scientific) were thiolated as

previously described [30] via liquid deposition (0.5% (3-mercaptopropyl)trimethoxysilane

(Sigma Aldrich)) in 95% ethanol/water solution for 3 min, rinsed in 95% ethanol/water, and

dried at 80°C. Post-encapsulation, gels were incubated in 10% FBS LG DMEM for 2 hrs,

then 1% FBS LG DMEM for the duration of the experiment.

Fluorescence measurements

Fluorescence measurements were conducted with a Synergy H1 microplate reader (BioTek),

at 494 nm excitation (ex)/ 521 nm emission (em) for the fluorogenic peptide and 560nm ex/

590nm em for alamarBlue (Life Technologies). Solution studies of peptide cleavage used 10

μM peptide and 20 μg/ml of 200 units/mg collagenase (unless otherwise noted) (Sigma

Aldrich) or 20 μg/ml proteinase K (Sigma Aldrich) in phosphate buffered saline (PBS pH

7.4). For studies with the fluorogenic peptides conjugated to PEG hydrogels and

encapsulated cell experiments, an area scan was performed using a 24 well plate format with

a 7×7 matrix, and the average was calculated for the entire matrix.

Enzyme Kinetics

Serial dilutions in PBS of the fluorogenic peptide substrate from 0.0625 to 250 μM were

exposed to 1, 5, or 10 μg/ml collagenase and fluorescence measurements taken every 2 min

for 60 min. Similar kinetic constants were observed for each concentration of collagenase,

and data presented are from 5 μg/ml collagenase trials. IGOR Pro software (Wavemetrics,

Inc.) was used to solve for k*.

Zymography

MCF10A cells were encapsulated (2×106 cells/ml), and gels incubated in growth media for

2 hr. Gels were rinsed 2x with PBS, and media replaced with DMEM-F12, 1% pen-strep.

Conditioned media was collected after 24 hrs, frozen, and lyophilized. Samples were

reconstituted in PBS and protein levels measured by absorbance at 280 nm with a

spectrophotometer (Thermo Scientific, Nanodrop 1000). Samples were loaded into a 10%

zymogram gel (Life Technologies) with Precison Plus Dual Color Protein Standard (Bio-

Rad), and zymography assay performed as described [31]. Zymogram gels were scanned to

Leight et al. Page 5

Biomaterials. Author manuscript; available in PMC 2014 July 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



digital images (Epson, Perfection 4490 Scanner), converted to gray scale, and levels

adjusted with Adobe Photoshop. ImageJ (NIH) software was used for quantification.

Rheology

30 uL gels were polymerized in 1 mL syringes, swollen in PBS overnight, and loaded onto a

rheometer (TA Instruments, Discovery HR-3). 8 mm parallel plate geometry were used to

measure the swollen gel modulus at 25ºC using a frequency sweep between 0.5 and 100

rad/s at an oscillatory strain of 0.5% and a gap size of 1500–2000 μm. Measurements were

taken in the linear viscoelastic response regime.

DNA content analysis

PEG-NB hydrogels were rinsed twice with PBS, and degraded in 1 mL of 2 mg/ml

collagenase in PBS for 1 hr at 37ºC. The collagenase cell solution was transferred to an

epitube and centrifuged at 1000 RPM for 5 min. 0.95 mL of collagenase supernatant was

removed carefully to not disturb the cell pellet. The cell pellet was resuspended, washed in

0.95 mL of PBS, and centrifuged again. 0.95 mL of PBS were removed, and the cell pellet

was resuspended in the remaining volume. Cells were frozen at −70ºC and thawed twice to

lyse cells. DNA content was measured using Quant-It Picogreen DNA quantification kit

(Life Technologies) according to manufacturer’s instructions.PEG-NB hydrogels without

cells, but with the fluorogenic MMP peptide, were processed in a similar manner and used

as a blank.

Data analysis

Each experiments was performed three independent times with two replicates per condition.

Data was analyzed with Graphpad Prism 3 software, using a one-way ANOVA with

Tukey’s multiple comparison posttests or a two-way ANOVA with Bonferroni posttests.

Statistical significance was determined when p<0.05.

Results and Discussion

Design and characterization of a quenched fluorogenic MMP-sensitive peptide substrate

MMP degradable hydrogels are often used to culture a number of different cell types,

including primary cells, progenitor cells, and cell lines. Cells interact with and degrade these

matrices, allowing the cells to spread, proliferate, and migrate within the matrix. This

remodeling of the matrix is typically inferred by observations of cell morphology and

motility when encapsulated in these hydrogel systems; Figure 1 shows a phase contrast

image of human mesenchymal stem cells (hMSCs) encapsulated within a PEG hydrogel

crosslinked with MMP degradable peptide linkers. Prior to sufficient degradation and

remodeling of the matrix (2 hrs post-encapsulation), hMSCs remain rounded (Fig. 1a).

However, after 24 hrs of culture, the cells have remodeled the local surrounding matrix and

are able to spread within the gel (Fig. 1b). While changes in cell morphology are readily

visualized, characterizing the actual degradation of the gel by the resident cells can be

difficult, especially as a function of time. Understanding the degradation properties of the

gel is important for designing instructive degradable synthetic matrices for cell biology

applications, where material properties dictate a number of cell functions. Additionally, for
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tissue engineering applications, careful control of material degradation is critical for

determining the persistence time of the material in vivo, the ability of local or delivered cells

to infiltrate, as well as the kinetics of growth factor or drug release.

To better characterize the global MMP activity that drives the degradation and remodeling

of synthetic hydrogels, we synthesized a cell culture platform with a peptide based MMP

sensor covalently incorporated into the hydrogel to measure MMP activity in situ.

Specifically, a quenched MMP sensitive peptide substrate was constructed, Dabcyl-

GGPQG↓IWGQK-Fluorescein-AhxC (where ↓ denotes the cleavage site), using a peptide

sequence based on the native collagen sequence, GPQG↓IAGQ. The tryptophan substitution

for alanine increases the cleavage kinetics of the peptide [32]. This sequence is also often

used as a peptide linker in PEG hydrogels to render the gels sensitive to cell mediated

degradation, and is the same sequence used here to crosslink the hydrogels during

polymerization [6,8,11]. Previously, this sequence was demonstrated to be sensitive to

cleavage by a number of MMPs, including MMPs 1, 2, 3, 7, 8, and 9, making it an

appropriate choice to investigate global MMP activity [33].

To this peptide sequence, an aminohexyl (Ahx) spacer and a C-terminal cysteine residue

were added for covalent incorporation as a pendant group into synthetic PEG hydrogels

(Fig. 2a). A fluorophore and a quencher, fluorescein and dabcyl, were coupled to the peptide

on either side of the cleavage site. The proximity of the quencher and fluorophore when

coupled to the intact peptide results in a significant decrease in fluorescence intensity of the

fluorophore, i.e. quenching. Degradation of the peptide by MMPs separates the fluorophore

from the quencher, resulting in a dramatic increase in fluorescence intensity, thus generating

a signal corresponding to MMP activity. A control peptide, with the same sequence in a

scrambled order (GGIQQWGPG), was constructed in a similar manner.

Cleavage of the fluorogenic peptide substrates was first characterized in solution with

collagenase, a commercially available mixture of MMPs, by observing fluorescence

generation measured with a microplate reader (excitation at 494 nm, emission at 521 nm).

Cleavage of the MMP substrate by collagenase resulted in a linear increase in fluorescence

at short times (<30 minutes) and plateaued at over a five-fold increase in fluorescence (f/f0 =

fluorescence intensity/fluorescence intensity measured at time zero) (Fig. 2b). Increasing

collagenase concentration increased the rate of the change in fluorescence intensity. To

verify the specificity of our peptide probe for MMP activity, the scrambled fluorogenic

substrate was also tested, and importantly, the scrambled substrate was less susceptible to

cleavage by collagenase (Fig 2c). Incubation of the scrambled substrate with 20 μg/ml

collagenase for 15 minutes generated a slight increase in fluorescence intensity (~15%) as

compared to the MMP degradable substrate, which had over a five-fold (500%) increase in

fluorescence. To investigate if the reduced fluorescence intensity observed with the

scrambled substrate was due to reduced quenching of the fluorophore, the scrambled

substrate was incubated with proteinase K, an enzyme with a broad specificity that cleaves

peptide bonds after hydrophobic residues. Incubation with proteinase K resulted in a five-

fold increase in fluorescence, confirming that the scrambled substrate was indeed quenched.
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To investigate if the addition of fluorophores to the MMP cleavable peptide interfered with

enzyme degradation, the degradation of the fluorogenic peptide substrate was modeled using

Michaelis-Menten enzyme kinetics [34–36] and accounting for deactivation of the enzyme

as a first-order decay (detailed in Supplementary information). Assuming an average

molecular weight for collagenase of 100 kDa, values for k* ranged from 9 000 to 15 000

M−1 s−1 (Fig. 2d). These values for k* are the same order of magnitude as previously

measured values reported for k* for purified MMPs [32] and indicate that the addition of

fluorophores to the peptide did not appear to hinder the ability of MMPs to cleave the

peptide in solution.

We next sought to integrate this fluorogenic substrate reporter system into a material to

create functional gels that would enable quantitative measurements of MMP activity of

encapsulated cells. Inclusion of a thiol-containing cysteine residue in the design of the MMP

degradable fluorogenic substrate allows facile incorporation into a number of synthetic

hydrogel systems, including photoinitiated thiol-ene reactions [27,28] as well as Michael-

type additions with vinyl sulfones [6,37] or acrylate moieties [38,39]. Here, a thiol-ene

poly(ethylene glycol) (PEG) hydrogel system was used, where a functionalized PEG (PEG-

norbornene – PEG-NB) can be crosslinked with a bis-cysteine degradable peptide in the

presence of a photoinitiator and upon exposure to an appropriate wavelength of light (Fig. 3)

[28]. The MMP degradable fluorogenic substrate and a cell adhesion peptide, CRGDS, were

incorporated using a similar thiol-ene reaction. Since the light and active radicals generated

during photoinitiated polymerizations have the potential to adversely affect the fluorophores

coupled to the fluorogenic peptide substrate, we performed solution studies mimicking the

photopolymerization reaction and observed no adverse effects on the fluorogenic peptide

substrate (Supplementary Fig. 1).

The fluorogenic peptide substrate was next incorporated as a pendant functionality of the gel

at a concentration of 0.5 mM, which is approximately 4% of the total norbornene

functionalities that exist at the thiol:ene ratio used for gel formation. Selecting the peptide

concentration is a balance between achieving the desired sensitivity for monitoring

degradation, but not significantly altering the hydrogel structure when studying cells in their

microenvironment. To measure changes in fluorescence intensity throughout the hydrogel

during MMP degradation, area scans of the wells were performed using a microplate reader.

As a general observation, the fluorescence intensity was localized to the hydrogel at early

time points, as the pendant peptide sequence became cleaved (Fig. 4a). However, over time

during collagenase degradation, the fluorescence increases and becomes more diffuse

throughout the well as the structure of the gel itself is eroded, releasing the fluorogenic

substrate into the buffer solution (Fig. 4a). Thus, to capture changes in global fluorescence,

the average fluorescence intensity of the area scan of the entire well was used. PEG-NB

hydrogels containing the fluorogenic peptide substrate were exposed to a range of

collagenase concentration from 1.25 to 500 μg/ml, and increased fluorescence was observed

over three orders of magnitude of collagenase concentration (Fig. 4b,c).

To assess the sensitivity of this functional material system as an assay for MMP activity, the

calibration curve and precision profiles were plotted for fluorescence measurements of

fluorogenic substrate functionalized hydrogels incubated with collagenase. The precision
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profile was determined by calculating the relative standard deviation (RSD), i.e. the standard

deviation divided by the mean and multiplied by 100% [40]. The working range was defined

as the range where the relative standard deviation is less than 20%. At 5 minutes, the

working range was observed to be between 35 and 500 μg/ml of collagenase (Fig. 4b).

Increasing incubation time decreased the variance observed and increased the sensitivity. At

60 minutes, the RSD was below 20% for all concentrations tested, with a working range of

1.25 to 500 μg/ml collagenase (Fig. 4c). Previous studies have demonstrated that 300 μg/mL

collagenase will completely degrade similar hydrogel networks in 24 hrs [35]; thus, we

believe an upper detection limit of 500 μg/ml of collagenase will be sufficient for most cell

culture conditions where the gels persist for greater than a week in culture. The lower limit

of detection necessary for cell studies is more difficult to estimate, as the total MMP enzyme

activity is not known and may change dramatically with culture conditions (i.e., cell density,

growth factors, material properties). However, a detectable range of three orders of

magnitude of enzyme concentration at sixty minutes suggests that at even longer time scales

(>24 hrs) the fluorogenic substrate functionalized gels will provide detectable fluorescent

signals for a variety of culture conditions, even at very minimal enzyme concentration. The

ability of our system to capture MMP activity in situ from the initial encapsulation through

the extended culture times provides a distinct advantage over other methods to measure

MMP activity and should prove useful for studying cell-mediated degradation and

remodeling of degradable hydrogels.

Quantification of cellular MMP activity within fluorogenic substrate-functionalized
hydrogels

We next sought to test the ability to in situ observe and characterize MMP activity of cells

encapsulated in this “reporter” hydrogel culture system. Human mesenchymal stem cells

(hMSC) were encapsulated in the PEG-NB hydrogels with the fluorogenic peptide substrate.

The encapsulated cells were incubated for 2 hrs in full serum media, and then the media was

exchanged for low serum (1%) media for the duration of the experiment to minimize

cleavage of the fluorogenic substrate by serum components, which increases the background

signal. After 24 hrs, over an 8 fold increase in fluorescence intensity was observed

indicating cell secretion of active MMPs and degradation of the matrix (Fig. 5a). To verify

that this increase in fluorescence was due specifically to MMP activity of the hMSCs,

several control conditions were investigated. hMSCs were encapsulated in PEG-NB

hydrogels functionalized with the scrambled substrate, shown above to be less sensitive to

cleavage by MMPs, to quantify nonspecific peptide cleavage. Fluorescence measurements

of the scrambled substrate functionalized gels did not show a statistically significant

increase in fluorescence over the control gels (gels functionalized with the MMP substrate

without cells), indicating the peptide sequence was critical for the increased fluorescence

observed with the MMP fluorogenic substrate (Fig. 5a). In addition, incubation with a

general MMP inhibitor, GM 6001, also reduced the increased fluorescence intensity

observed with hMSCs encapsulated in the functionalized hydrogels to levels similar to the

control, further demonstrating the cleavage specificity of the fluorogenic substrate by

MMPs. Fluorogenic substrate functionalized gels without cells cultured under identical

conditions were observed to have an approximately two-fold increase in fluorescence, likely
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due to proteases present in the serum in the culture media. However, this increase was much

less than that observed in gels with encapsulated cells.

Covalent coupling of the fluorogenic peptide to the hydrogel network enables monitoring of

MMP activity in situ (i.e., that the peptide does not diffuse away during extended culture

times) giving better insight into the degradation environment experienced by the same

peptide sequence used to crosslink the degradable hydrogel. In contrast, commercially

available MMP cleavable fluorogenic substrates do not contain the chemical functionalities

necessary for covalent incorporation into hydrogel systems and are typically used to assay

MMP activity in conditioned media that is removed from the cell culture. To compare our

fluorogenic substrate to commercially available materials and to determine if the covalent

coupling is necessary to observe cell-mediated MMP activity, the fluorogenic MMP

degradable peptide substrate was coupled to the PEG-NB hydrogel during polymerization,

or an equivalent amount (25 nmoles) per culture condition of fluorogenic substrate (the

MMP fluorogenic peptide or a commercial substrate) was added to the cell culture media

after polymerization. After 24 hrs, the fluorogenic substrates added solubly to the cell

culture media showed a large increase in fluorescence that was not significantly different

between the control condition (gel with no cells) and the encapsulated cell condition.

However, a three-fold increase in fluorescence intensity was observed in the PEG-NB

hydrogels with the coupled fluorogenic MMP degradable peptide substrate as compared to

the control condition (Fig. 5b). Increased fluorescence of the soluble substrates as compared

to the tethered substrate in the control conditions suggests non-specific cleavage of the

soluble peptides. The decreased degradation of the coupled fluorogenic substrate could

possibly be attributed to increased stabilization due to covalently attaching the substrate to

the PEG hydrogel, similar to the stabilization of proteins covalently linked to PEG

molecules observed by others [41,42]. Although MMP activity could potentially be detected

with higher concentrations of soluble peptide, these results suggest that covalent coupling of

the peptide probe to the hydrogel network enhances sensitivity and decreases non-specific

degradation of the fluorogenic peptide substrate.

Fluorogenic MMP substrate functionalized hydrogels were then used to measure MMP

activity of hMSCs at different seeding densities over time. hMSCs were encapsulated in

PEG-NB hydrogels functionalized with the MMP degradable substrate over a range of

seeding densities from 0.2 to 2 × 106 cells/mL and fluorescence intensity observed. As

expected, increasing seeding density increased MMP activity as indicated by higher

fluorescence measurements (Fig. 5c). However, a two fold increase in the seeding density

did not result in two times the increase in fluorescence activity, possibility indicating a role

for cell-cell interactions or paracrine signaling in regulating MMP activity. The

functionalized hydrogel reporter system also enables measurements to be taken over time for

the same samples. Fluorescence increased with culture time, and did not appear to plateau

even after three days in culture. Collectively, these results demonstrate the feasibility of

using the fluorogenic peptide substrate to measure MMP activity of encapsulated cells in 3D

culture over time.
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Sensing the regulation of MMP activity by soluble factors

A number of growth factors and cytokines can induce MMP expression (e.g., TNF-α, EGF,

bFGF, IL-1, and TGF-β). For example, TGF-β has been demonstrated to increase MMP

activity in mammary epithelial cells in traditional two-dimensional culture [43,44].

However, how TGF-β induced MMP expression translates to matrix degradation and MMP

activity levels in a 3D microenvironment is less well understood.

Here, we investigated the effect of TGF-β on MMP activity of MCF10As, a human

mammary epithelial cell line, encapsulated in 3D PEG-NB hydrogels using the newly

developed fluorogenic peptide substrate. Because TGF-β can also have cytostatic effects,

MMP activity was normalized to metabolic activity using a commercially available reagent,

alamarBlue, which utilizes a non-fluorescent molecule that is reduced in the mitochondria of

living cells to become highly fluorescent. The metabolic activity reagent and the fluorogenic

MMP substrate have distinct fluorescence spectrums (excitation/emission: 560nm/590nm

and 494nm/521nm, respectively); thus, we were able to measure MMP activity and

metabolic activity with the same well concurrently, and demonstrating the facile nature of

the peptide reporter approach in combination with other standard cellular assays.

Using our newly developed functionalized hydrogel system, a significant increase in MMP

activity was observed after 24 hrs of TGF-β1 treatment (Fig. 6a). A similar increase in MMP

activity was also observed using a standard MMP activity assay, zymography. After 24 hrs

of TGF-β1 treatment, conditioned media was collected, and MMP activity of the gelatinases

(MMP-2 and 9) was analyzed by gelatin zymography. An approximate three-fold increase in

pro-MMP-2 (latent MMP-2, 72 kDa) and a two-fold increase of the active form of MMP-2

(63 kDa) were observed by zymography (Fig. 6b). Additionally, a band corresponding to

MMP-9 (84 kDa) was observed with TGF-β treatment, but not in the control condition in

two out of three experiments. While TGF-β1 treatment was observed to increase MMP

activity using both our newly developed functionalized hydrogels and zymography, a

smaller increase in MMP activity was observed with the functionalized gels (1.5 fold) than

with zymography (2–3 fold). This difference may be due to the fact that the fluorogenic

substrate is cleaved by a number of MMPs, but zymography can only assess two members

of the MMP family. It is not known what fraction of the cleavage of the MMP degradable

peptide is due to MMP-2 and MMP-9, therefore direct conclusions cannot be drawn from

zymography data to the extent of degradation of the matrix. However, utilizing the

fluorogenic substrate functionalized gels may provide more accurate insight into the global

degradation of the gel, as it measures the cleavage of the same peptide sequence as that used

to crosslink the gel.

Monitoring MMP activity as a function of microenvironmental properties

In addition to soluble factors, material properties can regulate a number of cell functions,

including proliferation, apoptosis, and differentiation [45–47]. Extending these observations

to 3D studies has been more difficult, where degradability of the matrix is necessary for cell

functions, such as proliferation and migration, but this degradation also simultaneously

changes the material properties. Material properties, such as elasticity, can be robustly tuned

in synthetic hydrogels a priori; however, characterizing how these properties change with
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time due to MMP activity of encapsulated cells has remained challenging. Towards a better

understanding of how MMP activity is regulated in 3D, we investigated whether elasticity

would affect MMP activity of hMSCs, as elasticity is known to influence cell spreading and

other functional properties of hMSCs (e.g. proliferation, differentiation) [48,45,49,50]. To

tune hydrogel elasticity, the crosslinking density of the PEG-NB hydrogels was varied.

Specifically, by increasing the concentration of peptide crosslinker while holding the

concentration of PEG-NB constant, the shear modulus of the material, as measured by

rheology, also increased, resulting in a range of shear moduli from 200 to 1200 Pa (Fig. 7a).

Previous studies have shown this range of moduli to be relevant for a number of 3D cell

behaviors, including cell spreading, differentiation, migration, and morphogenesis [51–55].

hMSCs were next encapsulated in functionalized hydrogels of varying moduli and the MMP

activity quantified at 24 hours. Higher MMP activity was observed in stiffer hydrogels,

nearly three times higher than hMSCs cultured in the softest gels (Fig. 7b). As a control, cell

number was also quantified by DNA content in addition to metabolic activity. After

fluorescence intensity was measured, the PEG-NB hydrogels were degraded by collagenase

and centrifuged to recover the encapsulated cells. The cells were lysed, and DNA content

measured. A similar trend of increasing MMP activity in stiffer hydrogels was also observed

when MMP activity was normalized to DNA content (Supplementary Fig. 2), confirming the

effect of matrix stiffness on MMP activity. These observations highlight the importance of

observing matrix degradation and MMP activity in situ: degradation of these materials was

not uniform in all culture conditions, and the rate of degradation changed depending on

biochemical and biophysical cues from the 3D microenvironment. By measuring MMP

activity in situ of the same degradable peptide sequence, one can better characterize this

cell-mediated matrix remodeling. For future studies, it will be interesting to correlate the

observed changes in MMP activity with changes in material properties as a function of time

and spatial location.

Conclusions

Coupling of a quenched MMP sensitive fluorogenic peptide to a hydrogel provides a simple

method for quantitation of cellular MMP activity within synthetic hydrogels. Using a

standard plate reader in a microwell format, changes in fluorescence intensity were observed

over several orders of magnitude of enzyme concentration while still being sensitive enough

to detect as little as 2 μM of enzyme. Furthermore, covalent tethering of the fluorogenic

substrate to a PEG hydrogel enabled kinetic measurements of MMP activity in cell-laden

hydrogels over several days in culture. Importantly, addition of a soluble cue, TGF-β1,

increased MMP activity in mammary epithelial cells, which was confirmed by zymography.

Use of this system also provided new insight into how material properties affect cell-

mediated degradation of synthetic hydrogels, as we observed increasing MMP activity with

increasing matrix stiffness for hMSCs cultured in these gel environments. In summary,

functionalization of synthetic hydrogels with our newly developed fluorogenic MMP

substrate provides a valuable tool to characterize the cell-mediated degradation properties of

synthetic degradable hydrogels that is not easy to observe in solution or with select

recombinant MMPs. Given the broad importance of MMPs, we anticipate that this method
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could easily be extended to other MMP sensitive peptide sequences, and should allow

unique experiments studying the dynamics of cellular activity in 3D hydrogel culture.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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2D two dimensional

3D three dimensional

ECM extracellular matrix

hMSC human mesenchymal stem cells

LAP lithium phenyl-2,4,6-trimethylbenzoylphosphinate

MMP matrix metalloproteinase

PEG-NB poly(ethylene glycol)-norbornene

RSD relative standard deviation
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Figure 1. hMSCs encapsulated in PEG-NB hydrogels
for (a) 2 hr and (b) 24 hr. Scale bar = 50 μm.
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Figure 2. Design and characterization of fluorogenic peptides
(a) Sequence and design of MMP degradable peptide and control scrambled peptide. MMP

or collagenase cleavage of the degradable peptide (↓ indicates cleavage site), but not the

scrambled control, separates the quencher, dabcyl (Dab), from the fluorophore, fluorescein

(Fl), allowing excitation of the fluorophore. A C-terminal cysteine residue allows for

coupling to PEG-norbornene. (b) Increase in fluorescence intensity (fluorescence/original

fluorescence) of the MMP degradable peptide exposed to collagenase (coll) over 50 minutes.

(c) MMP degradable and scrambled peptides exposed to collagenase or proteinase K (prot.
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K) for 15 min. (d) Representative experimental data and theoretical modeling of enzymatic

degradation of the MMP degradable fluorogenic peptide by 5 μg/ml collagenase. n = 3 ±

SEM.
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Figure 3. Fluorogenic substrate functionalization of PEG-NB hydrogel
(a) Hydrogel formation by polymerization of PEG-NB (4 arm MW~20 000), MMP

degradable crosslinker (KCGPQG↓IWGQCK), cell adhesion peptide (CRGDS), MMP

fluorogenic peptide, and photoinitiator (LAP) exposed to 4 mW cm−2 of 365 nm light for 3

minutes.
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Figure 4. Sensitivity of fluorogenic substrate functionalized hydrogels
(a) Before exposure to MMPs or collagenase, the fluorogenic substrate is localized within

the hydrogel, as reflected by a microplate reader area scan of a PEG-NB hydrogel swelled

for 2 hrs in PBS post-gelation. After 60 minutes of collagenase degradation, the MMP

fluorogenic peptide and the hydrogel structure are degraded, and increased diffuse

fluorescence is observed. Calibration curve (f/f0 ) and precision profile (%RSD ) for

PEG-NB hydrogels with 0.5 mM MMP fluorogenic peptide at (b) 5 minutes and (c) 60
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minutes of collagenase degradation. Working range indicated for the range of collagenase

concentrations where the relative standard deviation is less than 20%. n = 3 ± SD.
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Figure 5. Measurement of MMP activity of hMSCs
(a) Change in fluorescence intensity of MMP fluorogenic peptide or scrambled peptide by

hMSCs encapsulated in PEG-NB hydrogels, treated with DMSO control or an MMP

inhibitor (GM6001), or a hydrogel in media without cells, cultured for 24 hrs. (b) Fold

change in fluorescence relative to control gels without cells of MMP fluorogenic substrates

in cell culture conditions for 24 hrs. hMSCs were encapsulated in a PEG-NB with MMP

fluorogenic peptide coupled to PEG-NB or an equivalent amount of the MMP peptide or a

commercial substrate added to the media. Dashed line indicates baseline level of control gels
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without cells. (c) Degradation of MMP degradable peptide by hMSCs encapsulated at

different seeding densities and fluorescence intensity measured every 24 hrs for three days.

n = 3 ± SEM, ** p < 0.01.
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Figure 6. TGF-β1 stimulation of MMP activity of MCF10As
(a) MMP activity normalized to metabolic activity of MCF10As encapsulated in PEG-NB

hydrogels, treated with 1 ng/ml TGF-β1 or BSA (control) for 24 hrs. (b) Representative

gelatin zymogram of two experiments and quantification of conditioned media from

MCF10As encapsulated in PEG-NB hydrogels and treated with TGF-β1 for 24 hrs. n = 3 ±

SEM,* p < 0.05, ** p < 0.01 as compared to control condition.
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Figure 7. Effect of hydrogel crosslinking on MMP activity
(a) Shear modulus of PEG-NB hydrogels with increasing crosslinking density. (b) MMP

activity normalized to metabolic activity of hMSCs encapsulated in varying stiffness

hydrogels. n = 3 ± SEM, *** p < 0.001.
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