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Abstract

Proteases are involved in almost every important cellular activity, from embryonic morphogenesis 

to apoptosis. To study protease activity in situ, hydrogels provide a synthetic mimic of the 

extracellular matrix (ECM) and have utility as a platform to study activity, such as those related to 

cell migration, in three-dimensions. While 3-dimensional visualization of protease activity could 

prove quite useful to elucidate the proteolytic interaction at the interface between cells and their 

surrounding environment, there has been no versatile tool to visualize local proteolytic activity in 

real time. Here, micron-sized gels were synthesized by inverse suspension polymerization using 

thiolene photo-click chemistry. The size distribution was selected to avoid cellular uptake and to 

lower cytotoxicity, while simultaneously allowing the integration of peptide-based FRET sensors 

of local cell activity. Proteolytic activity of collagenase was detected within an hour via changes in 

fluorescence of embedded microgels; incubation of microgel sensors with A375 melanoma cells 

showed upregulated MMP activity in the presence of soluble fibronectins in media. The microgel 

sensors were readily incorporated into both gelatin and poly(ethylene glycol) (PEG) hydrogels and 

used to successfully detect spatiotemporal proteolytic activity of A375 melanoma cells. Finally, a 

tumor model was constructed from a hydrogel microwell array that was used to aggregate A375 

melanoma cells, and local variations in proteolytic activity were monitored as a function of 

distance from the cell aggregate center.
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Introduction

Cells are known to respond plastically to microenvironmental cues (e.g., matrix elasticity,1–4 

adhesive ligand density,3,5 dimensionality6,7 and interfacial geometry8), which collectively 

influence differentiation, morphology, proliferation, motility, and apoptosis. In these studies, 

synthetic hydrogel scaffolds have been widely used as physiologically relevant in vitro ECM 

mimics, and the ability to tune hydrogel properties has led to a versatile tool for studying 

cell behavior under defined microenvironmental conditions.9 In this regard, we have become 

particularly interested in measuring local cellular protease activity, and understanding the 

dynamic interplay between the influence of local matrix signals on protease secretion (e.g., 

outside-in signaling) and the feedback loop related to subsequent matrix remodeling (e.g., 

inside-out signaling). Proteases are involved in many essential cell processes, including 

growth,10 migration,10,11 proliferation,12 receptor activation,13,14 and apoptosis.12,15,16 High 

expression of proteases is often associated with various disease states, including 

inflammation,17 arthritis,18 tumor growth and invasion,10,19–21 affecting disease progression 

and drug resistance. Abnormal protease activity can be further correlated to the 

microenvironment of diseased tissues; for example, there is evidence showing that 

expression of proteases in disease cells can be responsive to stiffness,7 dimensionality of the 

culture platform,7,8 and cell-cell interactions.21–26 At the tumor-host interface, diffusion of 

secreted proteins and hormones affects protease activity of both tumor and host cells, 

altering cancer etiology, progression and metastasis of breast,23,27 melanoma,24 

pulmonary25 and ovarian26 tumors.

With a growing interest in cell-matrix interactions and how this influences the dynamics of 

proteolytic activity and matrix remodeling, new methods to visualize and measure 

spatiotemporal activity of proteases in real time are valuable. To date, gel zymography has 

been a workhorse for characterizing hydrolytic activity of proteases.28 Despite its broad 

applicability, the technique requires electrophoresis and mass calibration of gel substrates, 

both requiring careful sample preparation and processing before evaluation, and rendering 

the method unsuitable for real time monitoring of protease activity.28,29 Enzyme-linked 

immunosorbent assays (ELISAs) are useful for obtaining quantitative information about the 

presence of proteases, but no information is gained about their function and activity. In a 

similar manner, gene expression data obtained by PCR is a useful quantitative tool, but it 
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does not provide post-translational regulation information, such as activation of the zymogen 

to an active protease.28

To complement existing methods and address some of the shortcomings, recent studies have 

explored the development of protease sensing molecules, comprised of cleavable proteolytic 

substrates and covalently bonded FRET (Förster resonance energy transfer) fluorophore 

pairs29–36 to monitor proteolytic activity of caspase,30,31 MMPs,29,32,33 Alzheimer’s 

disease-associated proteases34 and Bacillus anthracis proteases35,36 in real time. However, in 

many tissue engineering applications (e.g., in vitro models of tumor microenvironments, 3D 

stem cell culture systems), significant challenges remain with respect to spatiotemporal 

monitoring of protease activity. Although several studies have attempted to monitor 

spatiotemporal protease activity, most have been limited to detecting membrane bound or 

intracellular proteases, rather than extracellular activity. Developing tools to enable 

spatiotemporal monitoring of secreted protease activity could prove complementary and 

quite useful, considering that many disease-related proteases are secreted rather than 

membrane bound (e.g., MMP-2, MMP-9, Cathepsin-b, etc.). Furthermore, observing 

extracellular signaling can be important when studying cell-matrix signaling or designing 

degradable scaffold for 3D cell culture and tissue regeneration. Some challenges for 

developing methods to detect local protease activity in 3D environments include (i) 

prevention of cellular uptake or diffusion of the sensor molecules, (ii) facile integration of 

the sensor molecules in various types of bioscaffolds, (iii) reducing cytotoxicity of the 

sensor molecules, and (iv) enhancing the sensitivity of the sensor.

To address some of these issues, we incorporated protease sensor molecules into micron-

sized hydrogel spheres that could be easily incorporated into cell-laden biomaterial systems. 

The size of the microgel particles was selected based on previous reports37,38 to avoid 

cellular uptake. Since the diameter of the microgel sensors is larger than the mesh size of 

natural ECM components39,40 or synthetic hydrogels,41 they are readily embedded in 3-

dimensional cell culture matrices by simply mixing them during gel preparation. In addition, 

proteolytic activity can be detected in real time and in situ without disturbing the 

surrounding cellular microenvironment. By conjugating the fluorogenic substrates to the 

microgel, background fluorescence is reduced and cost-effective in situ monitoring is 

achieved since the bulk hydrogel does not need to be modified with expensive dyes. By 

functionalizing the microgels, one can easily introduce varying concentrations of the sensor 

peptides by reaction of the thiol group in the cysteine residue to achieve desired levels of 

sensitivity or detection of targeted protease activity. To demonstrate an application for these 

microgel sensors in cancer biology, we prepared aggregates of a A375 melanoma cell line in 

a hydrogel well array. The array was laden with our micro-sensors, and protease activity was 

monitored as a function of time and space in a tumor-like microenvironment.

Materials and Methods

Synthesis of MMP Sensor Peptides

MMP degradable sensor peptides, which have a fluorophore and a quencher molecule at 

each end, were synthesized as previously reported.29 Briefly, an MMP degradable peptide, 

GGPQG ↓ IWGQK(Dde)-AhxC was synthesized on a Tribute Peptide Synthesizer (Protein 
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Technologies) at 0.25 mmol scale on MBHA Rink amide resin using Fmoc solid phase 

chemistry with 2-(1H- benzotriazolyl)-1,1,3,3-tetramethyluronium hexafluoro- phosphate 

(HBTU) as a coupling reagent. To conjugate the dabcyl group to the amine group on the N-

terminus of a glycine unit, dabcyl-NHS ester and the synthesized peptides were reacted with 

1% (v/v) N,N-Diisopropylethylamine (DIPEA) in DMF overnight. The orthogonally 

protected Dde group on the lysine residue was de-protected using 10 ml of 2% hydrazine 

monohydrate in DMF for 10 min, twice. The exposed free amine group was confirmed by a 

positive ninhydrin test and covalently functionalized with fluorescein using the same 

methods for dabcyl functionalization. After washing with DMF, methanol and DCM, the 

peptides were cleaved from the beads using a cleavage cocktail (trifluoroacetic acid: 

triisopropyl silane: water = 90:2.5:2.5 (v/v) and 50 mg/ml phenol). These peptides were 

precipitated three times in chilled diethyl ether and dried under vacuum for 4 hours. The 

crude fluorogenic peptide G(dabcyl)GPQG ↓ IWGQK(Fluorescein)AhxC was purified by 

HPLC (Waters Delta Prep 4000) on a C18 column with linear 20% to 90% gradient of 

acetonitrile to water. Purified peptides were lyophilized and stored in a −80 °C freezer 

before usage. Synthesis and purification were verified by MALDI-TOF mass spectrometry.

Preparation of Hydrogel Precursors

The monomer, PEG-norbornene, was synthesized from amine functionalized PEG using the 

HBTU/DIPEA pair as an activator. 8-arm PEG amine (hexaglycerol) (MW 40 kDa or 10 

kDa) was purchased from JenKem Technology and dried in a vacuum oven overnight before 

modification. The carboxyl group of 5-norbornene-2-carboxylic acid (2 equivalents per 

amine group) was activated with HBTU (2 equivalents per amine group) and DIPEA (4 

equivalents per amine group) for 10 min in amine-free DMF. PEG amine was separately 

dissolved in amine-free DMF and added to the above solution; the mixture was left to react 

overnight. This solution was precipitated twice in pre-chilled diethyl ether and dialyzed 

against deionized water in dialysis tubing (MWCO 5 kDa) for 2 days to remove unreacted 

species. The product was then lyophilized and dissolved in deionized water to make stock 

solutions at a final concentration of 20 wt% and stored in a −80 °C freezer. The 

photoinitiator, lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP), was synthesized as 

previously reported.42

Synthesis of Microgels by Inverse Suspension Polymerization

Microgels were prepared using an inverse-suspension polymerization where the hydrophilic 

aqueous phase contained all monomer, initiator and crosslinker. The aqueous phase was 

suspended in a hydrophobic continuous phase, which was composed of hexane with 3 wt% 

of 3:1 weight ratio of SPAN™ 80 (sorbitan monooleate) and Tween™ 80 

(polyethyleneglycol-sorbitanmonooleate).43 The aqueous phase, which contained 100 μl of 

10 mM 10 kDa 8-arm PEG-norbrnene, 36 mM Dithiothreitol (DTT), 10 mM LAP and 4 mM 

sensor peptide dissolved in PBS buffer solution, was added to 900 μl of continuous phase. A 

micrometer sized suspension was prepared by quickly vortexing this solution, and the 

suspension was stabilized during polymerization by a stabilizer (SPAN™ 80 and Tween™ 

80) and continuous mechanical stirring at 150 rpm. The aqueous phase of the suspension 

was polymerized into insoluble microgels by irradiating with 4 mW/cm2 of 365 nm light for 

3 min using an Omnicure series 1000 (EXFO) light. Excess SPAN™ and TWEEN™ was 
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removed by washing with hexanes, 3 times, isopropanol once and PBS twice. Finally, 1 wt% 

microgels solutions were refrigerated, stored, and used within a month.

Culture of Melanoma Cells

The A375 cell line was cultured in RPMI 1640 media without phenol red, supplemented 

with 10% fetal bovine serum (FBS), 100 U ml−1 penicillin and 100 μg ml−1 streptomycin. 

Cells were cultured on tissue culture treated flasks at 37 °C in 5% CO2 atmosphere an 

incubator.

Characterization of Microgel Size and Analysis of the Fluorescence Reporter

Fluorescent images of microgel sensors were taken from a spinning disk confocal setup 

(Operetta PerkinElmer® High Content Screening System), and both the size and 

fluorescence intensity were analyzed using the ‘Find Nuclei’ function in the Harmony® 

software, and only the particles that had a roundness of higher than 0.7 were utilized for 

analysis. A Cermax Xenon Fiber (Excelitas) was used as the optic light source, and the 

fluorescence of microgels was scanned by excitation at 460~490 nm and measurement of 

emission at 500~550 nm for 200 ms with an excitation power of 50%. To analyze the size 

distribution of the microgel sensors, 2 μl of a 1 wt% solution of particles and 100 μl of PBS 

solution were added to a well plate (384 PerkinElmer® cell carrier), and this solution 

remained static for 30 min before taking images to allow the microparticles to settle to the 

bottom of the wells. The fluorescent images of microgel sensors were acquired by taking a 

z-stack at 5 μm intervals. The diameter of over 900 microgel sensors was analyzed from 

their maximum z-stack projection images assuming a circular shape.

Measurement of cellular uptake, cell viability, number, and morphology

100 μl of concentrated A375 melanoma cell solutions (≥ 105 cells/ml) was transferred to a 

glass bottom well plate (384 PerkinElmer® cell carrier). After 4 hours, unattached cells and 

media were aspirated and the wells were refilled with 100 μl of fresh RPMI media 

supplemented with 10% FBS. In each well, the microgel sensors (synthesized with 0.1 mM, 

0.4 mM, or 4 mM sensor peptides) or soluble sensor peptides (0.1 mM, 1 mM) were added. 

To test cellular uptake of sensor molecules, bright-field and z-stack fluorescent images were 

collected immediately after the addition of sensor molecules and again at one-day after.

To test cell viability, dead cells were identified by ethidium homodimer uptake (Molecular 

Probes). After 24 hours of incubation with the sensor molecules, cell culture media was 

aspirated, and the A375 cells were exposed to the ethidium homodimer solution (2 μl/ml) for 

30 min, and then rinsed in RPMI media. The total number of cells were identified by the 

bright-field image, and the number of dead cells were identified by the red fluorescence of 

DNA-bound ethidium homodimer. After 3 days of incubation, cells were labelled with 

CellTracker™ Red (Molecular Probes), and cellular morphology and number were quantified 

from the fluorescence images by Harmony® software.

Monitoring Proteolytic Activity in Collagenase Solutions

As a positive control, changes in the fluorescence intensity of the microgel sensors was 

followed during exposure to various collagenase solutions. 10 ng/ml, 100 ng/ml, 200 ng/ml, 
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1 μg/ml, 5 μg/ml of Collagenase Type-1 (Worthington, 300 U/mg) solutions were prepared 

in PBS and 100 μl of this was added to each well (384 PerkinElmer® cell carrier) containing 

2 μl of 1 wt% microgel sensors. Fluorescence images (70 μm z-stack at 5 μm intervals) of 

microgel sensors were taken automatically every 5 min for an hour. The initial fluorescence 

intensity of the microgel sensors before adding collagenase solutions was denoted as F0 to 

calculate the fluorescence change (F/F0) of microgels over time.

Monitoring Proteolytic Activity of Cancer Cells as a Function of Culture Conditions

A375 cells were cultured using various media conditions (RPMI media supplemented with 

or without either 10% FBS or 33 μg/ml of human fibronectin (Alfa Aesar)), and the 

fluorescence change (F/F0) in the microgel sensors was monitored as a real time measure of 

MMP activity. To study some of the potential pathways involved, 10 μM FAK inhibitor-14 

(Y15, Sigma)44 or 500 μM ERK inhibitor (3-(2-Aminoethyl)-5-((4-

ethoxyphenyl)methylene)-2,4-thiazolidinedione, Calbiochem)45 was added to the 

fibronectin-supplemented culture solution. 10 μl of 106 A375 cells/ml of solution and 10 μl 

of 1 wt% microgel sensors were added to 80 μl of each culture media in the well plate (384 

PerkinElmer cell carrier). As a negative control, the fluorescence changes in the microgels 

incubated in each culture media without A375 melanoma cells were monitored. 

Fluorescence images (70 μm z-stack at 5 μm intervals) of microgel sensors in each media 

condition with or without cells were collected by an Operetta PerkinElmer® High Content 

Screening System. The initial fluorescence of the microgel sensors, right after adding the 

culture media, was utilized as F0 to calculate fluorescence change (F/F0) of the microgels. 

To normalize fluorescence changes of microgels, F/F0 of the microgel sensors with A375 

cells were divided by the fluorescence change of microgels without A375 cells in each 

media conditions.

Monitoring Spatiotemporal Collagenase Activity in 3D

For 4-dimensional (time and 3-dimensional space) monitoring of MMP activity, three types 

of matrix gel solutions (precursor solutions prior to gelation) were prepared. Non-degradable 

hydrogels were prepared with 5 mM 40 kDa 8-arm PEG-norbornene, 36 mM DTT, 10 mM 

LAP and 0.5 wt% microgels. MMP-degradable hydrogels were polymerized with 5 mM of 

40 kDa 8-arm PEG-norbornene, 36 mM DTT, 10 mM LAP and 0.5 wt% microgels. 15 μl of 

each solution was added to the wellplate (384 PerkinElmer cell carrier, well dimension 3.26 

mm (length) × 3.26 mm (width) × 13.1 mm (height)), and microgels were immediately 

encapsulated in the matrix gel solution by illuminating the solution under 20 mW/cm2 of 

365 nm UV light for 3 min. Lastly, gelatin hydrogels were prepared from 15 wt% gelatin 

(Gelatin from porcine skin, gel strength 300, Type A, Sigma) solubilized in PBS with 0.5 wt

% microgel sensors suspended in the solution. To solidify the gelatin, the mixture was 

transferred from a 97 °C dry block heater to a 4 °C refrigerator for 5 min. After swelling in 

80 μl of PBS for more than 2 hours, 20 μl of concentrated collagenase solution (5 mg/ml) 

was added on top of the prepared hexahedral shaped hydrogels (3.26 mm × 3.26 mm × ~ 1 

mm). Spatial information related to collagenase activity was acquired by imaging the sensor 

particles from the bottom of the gel to top every 20 min for 200 min, using an Operetta 

PerkinElmer® High Content Screening System.

Shin et al. Page 6

ACS Biomater Sci Eng. Author manuscript; available in PMC 2019 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Monitoring of MMP Activity of Cancer Cell Aggregates in 4D

15 wt% gelatin was solubilized in PBS using a 97 °C dry block heater, and 0.5 wt% 

microgels was suspended in the solution. 20 μl of this suspension was then added to well 

plates (384PerkinElmer cell carrier) and placed in a 4 °C refrigerator for 5 min to solidify 

the gelatin. To make a cylindrical empty well inside the gelatin hydrogel, hydrogels were 

punctured with a syringe needle (BD PrecisionGlide Needle) which was cut to a length of 

1cm. 100 μl of a A375 cell suspension (106 cells/ml) was then added to the top of each 

hydrogel, and the cells were centrifuged down to the empty well inside the hydrogel at 1200 

rpm for 2 min to from an aggregate. Next, the remaining supernatant was aspirated, and 10 

μl of the 15 wt% gelatin solution was added to the top of each cell-laden hydrogel and 

quickly placed in 4 °C refrigerator for 5 min. 100 μl of cell culture media was added to each 

well, and the prepared hydrogel constructs, embedding the cancer cell aggregate, were 

incubated in the incubator for 3 days before taking images. Fluorescence of microgel sensors 

surrounding the cell aggregates were monitored by collecting z-stack images using a 

spinning disk confocal microscope (Perkin Elmer, Operetta). From the fluorescence images, 

the x, y position of each microgel center and cell aggregate center (x0, y0) was calculated, 

and the distance from the cell aggregate center to each microgel was calculated as 

.

Statistical Analyses

All of the statistical analyses used in the experiments were conducted using a one-way 

ANOVA coupled with Tukey’s multiple comparison tests (Prism 6; GraphPad Software Inc). 

The mean microgels fluorescence intensity of each maximum z-stack projection image 

(0.014 cm2 or 0.0035 cm2 area), containing at least 5 microgel sensors per image, was taken 

as an individual data-point. Data were collected from at least three replicate measurements 

of more than two individual experiments, and presented as mean ± SEM. Asterisk indicates 

a statistically significant difference between each group (* P<0.05, ** P<0.01, *** P<0.001, 

****P<0.0001).

Results and Discussion

Design and Synthesis of the Microgel Sensors

Figure 1 illustrates the general formulation and methods for synthesizing the microgel 

sensors. To fabricate micron-sized particles, an inverse suspension polymerization method 

was utilized, where all reagents (i.e., monomers, crosslinkers, protease sensor peptides and 

initiators) were solubilized in an aqueous solution, and the resulting solution was suspended 

in a hydrophobic continuous phase (Figure 1-a). To combine the advantages of a step-growth 

polymerization with the facile introduction of cysteine-containing sensor peptides, a thiol-

ene photoclick reaction was used, specifically reacting PEG-norbornene with DTT (Figure 

1-b). The step growth thiol-ene photopolymerization was conducted under ambient 

temperature and atmosphere by illumination with UV light (4 mW/cm2, centered around 365 

nm) for 3 min. Here, initiators form radicals under UV light illumination and react with 

thiols to form thiyl radicals. Thiyl radicals attack on the site of electron rich norbornenes to 

begin the step growth polymerization. The reaction propagates as thiyl radicals are 
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regenerated by norbornene radicals. Since the hydrogel microspheres synthesized by this 

method incorporate the functional peptides uniformly and throughout the bulk of the 

particle, the microgels have a high loading capacity for sensor peptides. As a model 

fluorogenic substrate that can detect proteolytic activity, we used an MMP- cleavable FRET-

based sensor peptide that has been previously reported.29 This sensor peptide is composed of 

a proteolytically cleavable GPQG ↓ IWGQ motif and a fluorophore (fluorescein) - quencher 

(dabcyl) FRET pair (Figure 1-c). When the fluorescein and dabcyl FRET pairs are in close 

proximity (e.g., usually under 5~10 nm), the transfer of excited energy from the donor to 

acceptor molecule is efficient46 (i.e., EFRET = 1/(1 + (R/R0)6)) and fluorescence of the 

fluorescein is effectively quenched. Proteolytic activity was detected by monitoring any 

increases in the fluorescence of the microgel sensors as cleaved quencher molecules (dabcyl) 

diffuse away from the microgels and FRET from fluorescein to dabcyl disappears.

Size Distribution and Cellular Uptake Analysis

The diameter of over 900 microgel sensors was analyzed based on their maximum cross-

sectional area taken from z-stack images of microgel sensors. The number average diameter 

of the synthesized microgels (28 ± 5 μm, n>900) was similar to the size of A375 melanoma 

cells (24 ± 11 μm, n>2000). Over 98.6% of the particles had a number averaged diameter 

between 10 μm and 50 μm (Figure 2-a). We targeted microgel sensors in this size range to 

minimize internalization by cells, and experiments were conducted to verify this.

To compare cellular uptake of sensor peptides, when solubilized in media or incorporated in 

microgel sensors, A375 melanoma cells were incubated with 0.1 mM sensor peptides, 1 mM 

sensor peptides or sensor peptides incorporated into microgel sensors (synthesized with 0.1 

mM, 0.4 mM or 4 mM sensor peptides) with a negative control without any sensing 

molecules. Figure 2-b shows fluorescent images of the sensing molecules overlayed with a 

bright-field image of the plated cells. The image was taken immediately (< 5 min) after 

either 1 mM of soluble sensor peptides or 754 ± 97 sensor microgels (containing 4 mM 

sensor peptides) were introduced to the A375 cell culture. This representative image shows a 

high degree of cellular uptake of the sensor peptides by A375 cells, and the uptake is 

observed as the high intracellular fluorescence viewed in the combined brightfield and 

fluorescent images. After 1 day of incubation with 1 mM of the soluble sensor peptides, 

localized intracellular fluorescence, as well as alteration in the A375 cell shape were 

observed (Figure S1-a, left, Supporting information). In contrast, when the sensor peptides 

were immobilized in the microgels, there was negligible uptake by the cells. The microgels 

remained in the extracellular space, and negligible fluorescence was observed intracellularly 

in the A375 cells (Figure 2-b, right, Figure S1-a, right, Supporting information). The 

microgels can be observed as the spherical objects in the fluorescent images (when a high 

excitation power is used). This results demonstrates that the microgels prevent cellular 

uptake and preserves the ability of the microgels to potentially detect spatial proteolytic 

information of cell-secreted enzymes.

Further analysis of cell viability, using a live/dead cell viability assay (dead only for this 

assay), showed possible cytotoxicity of the sensor peptides when they were introduced at 

higher concentrations (i.e., >1 mM). Here, dead cells were fluorescently labeled red by 
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ethidium homodimer-1, and the total cell population was observed by bright field images. 

Figure 2-c and Figure S1-b (Supporting Information) quantify the cellular viability when 

A375 cells were incubated with microgel sensors and sensor peptides for 3 days. When 

A375 cells were incubated with 1 mM of sensor peptides in solution, >16% of the cells 

fluoresced red. In comparison to this, sensor peptides immobilized in microgels could be 

incorporated at high levels without measurable increases in cytotoxicity. When A375 cells 

were incubated with microgel sensors, which were synthesized with 0.1 mM, 0.4 mM, or 4 

mM sensor peptide concentrations, the percentage of dead cells was not significantly 

different from the percentage of dead cells under normal culture conditions.

In addition, we observed that the morphology and number of cells can be affected by the 

sensor peptides when the sensor peptides are introduced solubly. After 3 days of incubation 

with a 1 mM sensor peptide solution, there was a significantly lower average cell number 

(1400 ± 200 cells/cm2) and cell area (180 ± 10 μm2) compared to A375s cultured without 

the soluble peptide (average cell number (11000 ± 900 cells/cm2) and cell area (230 ± 10 

μm2)) (Figure S1-c, Supporting Information). This result further motivated our approach to 

immobilize the peptide sensors into the microgels, as highly concentrated, soluble peptide 

sensors can have unintended effects on cell morphology and survival.

Monitoring Proteolytic Activity in Solution in Real Time

The fluorescence change (F/F0) in the microgel sensors was measured in real time when 

exposed to various concentrations of collagenase solutions. Figure 3-a shows a typical image 

of the microgel sensors when exposed to a 1 μg/ml collagenase solution. As collagenase 

cleaves the sensor peptides incorporated in the microgels, the fluorescence intensity 

increases with time. A fluorescence intensity profile, within the microgels and along the 

diameter, showed evenly distributed fluorescence before and after cleavage of the quencher 

group by collagenase. This supports the assumption that the sensor peptides were 

incorporated evenly throughout the microgels and that the MMP activity was not sterically 

excluded from any regions within the particles (Figure S2, Supporting Information).

Figure 3-b shows the fold change in fluorescence intensity of the microgel sensors as a 

function of time, normalized to the initial fluorescence intensity of the microgels. When the 

microgel sensors were exposed to collagenase solutions of varying concentrations, from 10 

ng/ml to 5 μg/ml, a maximum ~5 fold increase in F/F0 was observed. Although the 

maximum F/F0 was smaller than that of the soluble form sensor peptide (F/F0 = 9.2 ± 0.6, 

n=5), possibly due to radical mediated damage of the fluorophore or a quencher, the lowest 

limit of detection (LOD) was under 10 ng/ml throughout all measurements taken (Table S1, 

Supporting Information). In comparison, no significant change in fluorescence was observed 

from the 0 ng/ml control over 1 hour. In the low collagenase concentration range (10 ~ 200 

ng/ml), a linear increase of F/F0 was observed over the course of an hour. In the higher 

collagenase concentration range (1 ~ 5 μg/ml), the slope of F/F0 was steeper at the initial 

time point, but eventually reached a plateau as most of the fluorogenic sensor peptides were 

cleaved. The dabcyl (quencher) containing peptide fragments diffuse away and only the 

fluorophore (fluorescein) containing peptide fragments remained in the microgel sensors.
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Figure 3-c demonstrates that the sensitivity of the microgel sensors was dependent on the 

time point and concentration of the collagenase solution (Figure 3-c). In highly concentrated 

collagenase solutions, the microgel sensors showed the highest sensitivity at earlier 

measurement time points, before most of the sensor peptides were cleaved. In dilute 

collagenase solutions, higher sensitivity was obtained by extending the measurement time. 

For example, microgel sensors in 5 μg/ml collagenase solution showed significantly higher 

fluorescence changes (p ≤ 0.0001) than the microgel sensors in 1 μg/ml collagenase solution 

after 5 min, but showed negligible fluorescence changes after 1 hour. In contrast, microgel 

sensors in a 200 ng/ml collagenase solution did not show a significant fluorescence change 

after 5 min of exposure. As the exposure time to collagenase solution increased, the level of 

significance also increased. The p-value for this was ≤0.05 after 30 min and ≤0.001 after 1 

hour. These results show that the optimal measurement time point can be chosen depending 

on the target collagenase concentration. These results also show that higher sensitivity at the 

lower protease concentration can be obtained by choosing longer exposure time to the 

protease solution.

Measuring Proteolytic Activity of Cancer Cells in Serum-Free versus Serum-Supplemented 
Media

To better assess whether the microgel sensors can detect changes in cellular MMP activities 

in 2-dimensional culture environments, A375 cells were cultured in media supplemented 

with either serum, fibronectin, or without any serum components. Culture conditions were 

chosen based on published reports showing upregulated gelatinase (MMP-2 and MMP-9) 

activities in the presence of fibronectin47–49. In these reports, MMP activity was detected 

using conventional zymography, thus MMP activity could not be monitored in real time.

Here, A375 melanoma cells were cultured with microgel sensors in RPMI media 

supplemented with either 10% serum, 33 μg/ml of fibronectin, or without any serum 

components. A375 melanoma cells, which show upregulated MMP-2 expression, were 

chosen as model cancer cells to compare our results with published results47. Additionally, 

microgel sensors were incubated without cells in each culture condition to ensure that there 

was no significant cleavage or inhibition of cleavage of the microgel sensors due to serum 

components (Figure S3, Supporting Information). After 2 days of incubation, the microgel 

fluorescence intensity increased by 1.8 ± 0.5 fold or 2.5 ± 0.2 fold in serum supplemented or 

fibronectin supplemented media, respectively. In comparison, no significant fluorescence 

change was detected for the microgel sensors when they were incubated with A375 cells 

without serum components. Without serum components, the microgels showed a delayed 

and lower fluorescence change (F/F0 = 2.0 ± 0.1) after 4 days of incubation in comparison to 

the serum supplemented (F/F0 = 2.7 ± 0.8) or fibronectin supplemented (F/F0=3.0 ± 0.5) 

conditions. This result shows the ability to detect the difference in MMP activity in cells as a 

function of culture environment and over time. Here, delayed MMP activation and lower 

proteolytic activities were observed in the absence of serum, as serum-components likely 

interact with tumor cells to promote MMP expression and activation.

Among the serum components, we found that fibronectin is one of the key factors that can 

activate MMPs. The microgel sensors in fibronectin supplemented media with A375 cells 
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showed significantly higher (p<0.01) fluorescence changes after only two days compared to 

the microgel sensors in serum supplemented media. As most of the sensor peptides are 

cleaved in the microgels by day 4, the difference decreases. To examine potential signaling 

pathways, A375 cancer cells were incubated with either FAK or ERK inhibitors. In both 

cases, a significant decrease in MMP activity was observed (Figure 4-b) after 12 hours of 

culture, supporting the notion that MMP activation is related to FAK/ERK pathway and is 

consistent with the previous reports based on zymography techniques.50,51

Monitoring Spatiotemporal Collagenase Activity in 3D

Microgel sensors were used to detect spatiotemporal MMP activity by embedding them in 

either synthetic hydrogels (PEG) or naturally derived hydrogels (gelatin). To explore 

spatiotemporal MMP activity, first the gels were exposed to collagenase solutions, 

introduced at the top gel surface, and the fluorescence change of the microgel sensors was 

monitored every 10 min for 2 hours as the collagenase solution diffused through the gel. The 

microgels were categorized by their location in the z-direction within the 3-dimensional 

hydrogels. Microgels located at the top (700~1050 um), middle (350~700 um), and bottom 

(0~350 um) planes were analyzed in real time (Figure 5-a,b). The synthetic hydrogels used 

to encapsulate the microgel sensors were prepared by photo-initiated thiol-ene 

polymerization and crosslinked with either non-degradable DTT or proteolytically 

degradable KCGPQG ↓ IWGQCK. By simply suspending the microgel sensors within the 

pre-polymer solution, the microgels were easily immobilized throughout the bulk of the 

hydrogel and at a spacing that was controlled by the initial microgel loading concentration.

In the DTT crosslinked (MMP non-degradable) PEG hydrogels (Figure 5-c), rapid and large 

fluorescence changes were observed at the top compared to the middle and the bottom of the 

hydrogel, which provides a measure of the diffusion of collagenase from the top to the 

bottom of the ~1 mm thick gel. Fluorescence intensity of the microgel sensors increased at 

the middle of the hydrogel after 140 min. This result agrees well with the theoretically 

estimated diffusion time scales. Assuming the hydrodynamic radius (rH) of MMPs as 5 nm, 

the mesh size (ζ) of the thiol-ene polymer network as 15 nm,5,52,53 the diffusion coefficient 

of MMPs in free solution (Dwater) as 4.5×10−7 cm2 s−1,54 and the cross-sectional radius of 

the polymer chain (rf) as 0.51 nm,55 the diffusion coefficient of the MMPs (D) inside the 

hydrogel was approximated by the following equation.56

(1)

From this equation, the value for the diffusivity of collagenase (D) in the PEG hydrogel was 

calculated to be 1.6×10−7 cm2 s−1. Then, the approximate diffusion time scale for MMPs to 

travel 350 μm can be estimated using the following equation, time=distance2/2D, which is 

derived from Fick’s law.57 Solving this equation yield an estimated time scale for diffusion 

of 65 min, which agrees well with our results.

When the microgel sensors were encapsulated in a KCGPQG↓IWGQCK crosslinked (MMP-

degradable) PEG hydrogel (Figure 5-d), the time scale for diffusion to the bottom of the 
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hydrogel was much faster, as the diffusivity of the collagenase increases with gel 

degradation and the gel dimensions decrease with erosion. The microgels near the top of the 

hydrogel showed an abrupt fluorescence increase at the beginning, but the fluorescence 

intensity decreased as the hydrogel eroded and the microgel sensors settled down to the 

middle of the hydrogel. The fluorescence change of the microgel increased over 1.5 fold in 

the middle and bottom in 20 min and 40 min, respectively. The faster and higher change in 

fluorescence in the microgels shows a faster diffusion of MMP in proteolytically degradable 

hydrogels than in the non-degradable hydrogels. Similar spatiotemporal protease activity 

profiles (i.e., a spatiotemporal fluorescence changes in the microgels) were observed when 

the microgel sensors were encapsulated in gelatin (Figure 5-e), a denatured form of collagen 

that is a natural ECM component and contains MMP degradable motifs. The immediate 

fluorescence change was observed at the top of hydrogel followed by a fluorescence change 

at the middle after 40 min and at the bottom after 100 min. The fluorescence intensity at the 

top of the hydrogel decreased as the gelatin gel eroded. Collectively, these results show the 

ability of the microgel sensors to monitor local changes in protease activity, and that 

proteolytically degradable PEG hydrogels were degraded by collagenases in a manner that is 

very similar to a gelatin hydrogel, which is susceptible to collagenases. Finally, the 

technique allows one to study the diffusion of various enzymes throughout hydrogels, when 

non-degradable hydrogels are employed.

Spatiotemporal Proteolytic Activities Surrounding Tumor Cell Aggregates

It is often very difficult to predict spatial activity of proteases because protease activities are 

regulated by their natural activators and inhibitors. In addition, the diffusivity of proteases is 

dynamically changing as protease secreted from cells remodel local microenvironments. To 

address these problems, protease sensor microgels were utilized to visualize in situ protease 

activity in 3D from A375 melanoma cells. To mimic aspects of a tumor microenvironment, 

A375 cell aggregates were embedded in a gelatin hydrogel (Figure S4, Supporting 

Information). The gelatin gel was prepared to have a gel-sol transition temperature higher 

than 37 °C by using higher bloom and weight percent gelatin.58,59 The change in 

fluorescence over time (F/F0) of microgels located near the bottom of the hydrogels was 

monitored, and the correlation of F/F0 with the distance from the cell aggregate center in the 

xy plane was analyzed. After 3 days of incubation, we observed higher local fluorescence of 

microgel sensors near the cell aggregate center. Particles were grouped based on their 

distance from the cell aggregate center, and F/F0 of each particle was analyzed. Results in 

Figure 6-a and Figure S5 indicate that more proteolytic activity was observed near the gel-

aggregate interface (distance<500 μm). Figure 6-b shows a contour map of the fluorescence 

of each microgel sensors (n=413) when co-encapsulated with a cell aggregate (radius = 230 

± 3 μm). In this graph, (0,0) indicates the cell aggregate center (x0, y0). This graph visualizes 

the secreted protease activity of a tumor aggregates and shows that significant proteolytic 

activities were observed in close proximity to cell aggregates (distance<500 μm). In 

addition, this result showed that MMP activity is a function of distance from the A375 

cancer cell aggregate in the scale of a few hundred micrometers.
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Conclusions

Microgel sensors were synthesized with proteolytically susceptible fluorogenic peptides to 

detect spatiotemporal proteolytic activity of cells. The number averaged diameter of the 

microgel sensors was 28 μm ± 5 μm and this size minimized cellular uptake by A375 

melanoma cells. The microgel sensors were used to detect collagenase activities as low as 10 

ng/ml and were further used to visualize differences in MMP activity of A375s in the 

presence and absence of fibronectins. The microgel sensors were easily incorporated in 

hydrogels used for 3D cell culture, and both synthetic (PEG) and natural (gelatin) hydrogels 

were prepared by simply suspending the microgel sensors in the precursor solutions prior to 

gelation. Studies with collagenase solutions, allowed spatiotemporal visualization of local 

collagenase activity on the order of hundreds of microns. Finally, a model cancer 

environment was constructed by aggregating A375 cells and embedding them in a gelatin 

hydrogel loaded with the microgel sensors. Results of spatial MMP activity allowed 

visualization of a high local activity near the cell aggregate, and spatially varying MMP 

activity several hundreds of microns away that depends on diffusion of the MMP from the 

cancer cell aggregate in 3D microenvironments.
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Figure 1. 
(a) Schematic illustration of the inverse suspension polymerization method along with the 

chemical composition of the microgel sensors. Dithiothreitol (DTT) is the dithiol, 8-arm 10 

kDa PEG-norbornene is the multi-ene, G(dabcyl)GPQG↓IWGQK(Fluorescein)AhxC acts as 

the functional sensor peptide and lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) 

serves as the photoinitiator. (b) Mechanism of the thiol-ene reaction. Reproduced with 

permission from ref 5. Copyright 2009 Wiley. (c) Protease sensing mechanism of the 

microgel sensors.
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Figure 2. 
Size distribution and cellular uptake of the microgel sensors. (a) The size distribution of the 

microgel sensors was analyzed from fluorescent images (n=990). (b) Fluorescent images of 

A375 cells which were incubated with 1 mM Peptide sensors or microgel sensors 

(synthesized with 4 mM sensor peptides). Scale bars, 100 μm. (c) Percentage of dead cells 

detected by staining with ethidium homodimer.
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Figure 3. 
Real time monitoring of fluorescence change (F/F0) in the microgel sensors in a collagenase 

solution. (a) Typical image of microgel sensors in a 1 μg/ml collagenase solution right after 

exposure (left), after 30 minutes (middle) and after an hour (right). Scale bars, 50 μm. (b) 

Fluorescence change (F/F0) monitored for 1 hour in various concentrations of collagenase 

solution. (c) Fluorescence changes (F/F0) in the microgel sensors in 0 ng/ml, 200 ng/ml, 1 

μg/ml and 5 μg/ml collagenase concentrations after 5 min, 30 min and after an hour.
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Figure 4. 
(a) Fluorescence changes (F/F0 ) of microgel sensors in various culture media after two days 

and after four days of incubation with A375 cells. 0.1 wt% microgel sensors and 105 

cells/ml of A375 cells were incubated in 100 μl culture media supplemented with either 10% 

FBS, 33 μg/ml of fibronectins, or without any serum components. The highest fluorescence 

changes was observed in the fibronectin supplemented media indicating MMP activation in 

presence of this adhesion protein. (b) Treatment with either FAK inhibitor (FAK inhibitor 

14) or ERK inhibitor (3-(2-Aminoethyl)-5-((4-ethoxyphenyl)methylene)-2,4-

thiazolidinedione) led to decreased MMP activation for A375s in the fibronectin 

supplemented media.
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Figure 5. 
(a) Three-dimensionally reconstituted image of microgel sensors encapsulated in various 

hydrogels. A collagenase solution was applied to the top of hydrogel and changes in F/F0 of 

the microgel sensors were analyzed as a function of space and time. Microgel sensors were 

categorized according to their location in the z-direction as top (700~1050 μm), middle 

(350~700 μm) and bottom (0~350 μm). (b,c,d) Spatiotemporal fluorescence change (F/F0) of 

microgel sensors after an exposure to a 5 mg/ml of collagenase solution on the top of (c) 

DTT crosslinked PEG hydrogels and (d) KCGPQG↓IWGQCK crosslinked PEG hydrogels 

and (e) gelatin hydrogels.
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Figure 6. 
(a) Fluorescence intensity in the microgel sensors with distance (d) from the cell aggregate 

center after 3 days’ incubation with a A375 melanoma cancer cell aggregate. Z-stack images 

were projected in the xy plane such that (x0,y0) is the location of the cell aggregate center 

and (x,y) represents the center of each microgel. The distance from the cell aggregate center 

to each microgel was calculated as . (b) Contour map depicting the 

fluorescence of each microgel surrounding a cell aggregate, where the origin of the graph 

(x0,y0), represents the center of the cell aggregate. The contour map was compiled from 

superimposed fluorescence images for all microgel sensors collected from three different 

A375 cell aggregates.
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