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ABSTRACT
Three-dimensional (3D) cell culture systems more closely mimic

the in vivo cellular microenvironment than traditional two-

dimensional cell culture methods, making them a valuable tool in

drug screening assays. However, 3D environments often make

analysis of cellular responses more difficult, so most high-

throughput (HT) 3D assays have been limited to measurements of

cell viability. Yet, many other cell functions contribute to disease

and are important pharmacological targets. Therefore, there is a

need for new technologies that enable HT measurements of a

wider range of cell functions for drug screening. Here, we have

adapted a hydrogel system that enables cells to be cultured in a

3D environment and allows for the simultaneous detection of

matrix metalloproteinase (MMP) and metabolic activities. This

system was then characterized for utility in HT screening ap-

proaches. MMPs are critical regulators of tissue homeostasis and

are upregulated in many diseases, such as arthritis and cancer.

The developed assay achieved Z 0-factor values above 0.9 and 0.5

for enzymatic and cellular assays, respectively, intraplate coef-

ficients of variation (%CV) below 10% and 12%, respectively,

and signal measurement was unaffected by dimethyl sulfoxide, a

common solvent of therapeutic compounds. Human MMP-1, -2,

and -9 resulted in a significant increase in signal intensity. En-

capsulation of several cell types produced robust signals above

background noise and within the linear range of the assay.

Multiple drugs that are known to alter MMP activity were uti-

lized in a range of concentrations with a fibrosarcoma cell line to

demonstrate the feasibility of the assay for HT applications. This

assay combines 3D cellular encapsulation and MMP activity

detection in HT format, which makes it suitable for drug

screening and development applications.

Keywords: drug screening, drug development, PEG hydro-

gels, 3D cell encapsulation, high-throughput assay, matrix

metalloproteinases

INTRODUCTION

O
ver the past several decades, mounting evidence

has demonstrated that three-dimensional (3D)

in vitro culture systems more closely mimic the

in vivo cellular microenvironment than culture on

traditional two-dimensional (2D) tissue culture plastic. 3D

culture provides environmental cues similar to the in vivo

environment that are absent in 2D cultures, such as soluble

gradients and 3D cell–cell and cell–matrix adhesion cues.1–3

Such differences between 3D and 2D cultures have significant

effects on cell behavior and function. For example, human

mesenchymal stem cells differentiate to osteoblasts when

cultured on top of stiff gels (2D), but differentiate to chon-

drocytes when cultured within the same stiff gel (3D).4 3D

culture can also restore the differentiation state of chon-

drocytes after 2D culture.5 Fibroblasts in 3D matrices are more

spindle shaped and migrate faster compared with 2D matri-

ces.6 Using 3D cell spheroid models, researchers have been

able to recapitulate in vivo treatment resistance observed in

several cancers, including breast, colon, and pancreatic can-

cer, in an experimentally accessible in vitro setting.7–9

Because of the advantages of 3D culture systems, there is

great interest in adapting these systems for high-throughput

(HT) approaches. However, optimizing 3D systems for HT has

been hampered by increased cost, complexity, time and effort,

and the incompatibility of many standard biological assays

with both 3D culturing and HT approaches.10 Thus, current 3D

HT platforms assess a limited number of cell functions,

namely, cell viability and migration (see review10). However,

many other cell functions also contribute to disease progres-

sion and are targets for therapy. Here, we have developed a 3D
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culture system that includes a ‘‘built-in’’ biological assay, in

which no further processing is needed to measure cellular

matrix metalloproteinase (MMP) activity.11

In humans, MMPs are a family of 23 proteolytic enzymes

that cleave extracellular matrix (ECM) proteins as well as other

bioactive molecules, including surface receptors and cyto-

kines.12,13 MMPs play key roles in morphogenesis and wound

healing, and in diseases such as chronic tissue ulcers and

arthritis.12,14 MMPs are also critical regulators of several

‘‘hallmarks of cancer,’’ including migration, invasion, and

angiogenesis, processes that are inherently 3D phenomena.15

Elevated expression of many MMPs is associated with me-

tastasis and poor prognosis.15 MMP activity is regulated at

multiple levels, including expression, secretion, proenzyme

cleavage, and the action of endogenous inhibitors (i.e., tissue

inhibitors of metalloproteinases). Therefore, activity-based

measurements, such as cleavage of fluorescent reporters or

zymography, are critical, as mRNA and protein expression

assays are not sufficient to capture and integrate these mul-

tiple layers of regulation.

Despite the overwhelming evidence supporting the critical

role of MMPs in cancer progress, direct pharmacological inhi-

bition of MMP enzymatic activity has yet to yield clinical suc-

cess. This failure has been attributed to several factors, including

the broad-spectrum nature of the inhibitors and off-target ef-

fects due to the pleiotropic role of MMPs in normal tissue

function. To overcome these limitations, an alternative strategy

to reduce MMP activity would be to target the upstream cellular

signaling pathways regulating MMP activity. In addition, small

molecules developed to target other cell functions, such as cell

viability, are not routinely screened for their effect on MMP

activity due to the lack of compatible assays. However, a pre-

vious study has shown that several RAF/MEK kinase inhibitors

increased MMP activity and cell migration.16 Therefore, there is

a need for new technologies to perform HT measurement of

MMP activity. To address this need, a previously developed 3D

hydrogel system functionalized with an MMP-degradable

sensor to enable facile measurement of MMP activity was

miniaturized and optimized for HT applications.11

The 3D hydrogel system utilizes poly(ethylene glycol) (PEG)

hydrogels functionalized with a degradable type I collagen-

derived fluorogenic peptide sensor to measure MMP activity.11

PEG is a synthetic polymer that can be crosslinked to form a

biocompatible hydrogel and has similar water content to in vivo

tissue.11,17 By being able to precisely tune the chemical and

mechanical attributes of the hydrogel, the system can be opti-

mized to more closely recapitulate the in vivo microenviron-

ment of interest. In addition, PEG hydrogel polymerization is

often photoinitiated, enabling quick, user-controlled hydrogel

formation, making it more amenable to HT approaches than

traditional ECM hydrogels (i.e., collagen or reconstituted

basement membrane), which are slower and temperature sen-

sitive. Therefore, utilizing PEG hydrogels enables the automa-

tion of cell encapsulation with robotic liquid handlers, as

demonstrated by others.18

In this work, the 3D MMP hydrogel assay was miniaturized

and scaled up to facilitate drug screening applications. The

reproducibility and robustness of the HT assay were determined

using a bacterial collagenase type I enzyme and a fibrosarcoma

cell line (HT1080). The assay was validated with commercially

available human MMPs and encapsulation of several different

cell types. Finally, to demonstrate the ability of the system to

measure the effect of small-molecule drugs on cellular MMP

activity and for future HT applications, the HT1080 cell line was

treated with several drugs over a range of concentrations.

MATERIALS AND METHODS
Fluorescent MMP-Degradable Peptide Synthesis

The fluorescent MMP-degradable peptide [GGPQGYIWGQK

(Dde)AdOO_C] was synthesized using Fmoc solid-phase peptide

synthesis (Liberty Blue� Peptide Synthesizer; CEM, Matthews,

NC) with a Rink Amide MBHA resin (EMD Millipore, Burlington,

MA) as described elsewhere,11 with the following modifications:

Fmoc-8-amino-3,6-dioxaoctanoic acid (AdOO; Chem-Impex

International, Wood Dale, IL) was used as the small hydrophilic

spacer between cysteine and MMP degradable peptide to in-

crease the hydrophilicity of the peptide over the previously

used aminohexyl spacer. Dabcyl succinimidyl ester (Anaspec,

Fremont, CA) and fluorescein NHS ester (Thermo Scientific�,

Pittsburgh, PA) coupling was performed as described,11 with

a shortened resin cleavage time of 2.5 h. The peptide was puri-

fied using high-performance liquid chromatography (LaChrom

Elite; Hitachi, Schaumburg, IL). The molecular weight of the

peptide was verified using matrix assisted, laser desorption-

ionization, time-of-flight (MALDI-TOF) mass spectrometry

(UltrafleXtreme�; Bruker, Billerica, MA).

PEG-NB Functionalization and Hydrogel Precursors
Eight-arm PEG amine (MW 40,000 Da, hexaglycerol core;

JenKem, Beijing, China) was functionalized with norbornene

(NB) end groups as previously described.19 End group func-

tionalization was verified by 1H NMR to be >90%. The pho-

toinitiator lithium phenyl 2,4,6 trimethylbenzoylphosphinate

(LAP) was synthesized as described elsewhere.20 The cross-

linker MMP-degradable peptide (KCGPQGYIWGQCK) and the

cell adhesion peptide (CRGDS) were purchased from American

Peptide Company, Inc. (Sunnyvale, CA) and GenScript� USA,

Inc. (Piscataway, NJ), respectively.
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Cell Culture
Adipose-derived human mesenchymal stem cells (hMSCs;

Lonza, Allendale, NJ) were cultured in low-glucose Dulbecco’s

modified Eagle’s medium (DMEM; Life Technologies�, Carls-

bad, CA) supplemented with 10% fetal bovine serum (FBS;

Seradigm, Radnor, PA) and 1 ng/mL human fibroblast growth

factor (PeproTech�, Rocky Hill, NJ) and used within four pas-

sages after thawing. Primary cervical fibroblasts (CFs) were

provided by Dr. Douglas Kniss (Columbus, OH) from nonma-

lignant hysterectomy samples from premenopausal women.

The Biomedical Institutional Review Board at The Ohio State

University approved tissue collections and following informed

consents were obtained.21 CFs were cultured in phenol red-free

high-glucose DMEM (Life Technologies) with 10% FBS and

used within two passages after thawing. Fibrosarcoma cells

(HT1080) (American Type Culture Collection [ATCC�], Mana-

ssas, VA; RRID: CVCL_0317) were cultured in 1640 RPMI media

(Life Technologies) supplemented with 10% FBS and used

within 20 passages after thawing. All media were supple-

mented with 2 mM L-glutamine, 10 U/mL penicillin, and

10 mg/mL streptomycin (all from Life Technologies). All cells

were maintained in a 37�C incubator at 5% CO2. For en-

capsulation experiments, cells were incubated for 24h in

phenol red-free growth media with 2 mM L-glutamine, 10U/mL

penicillin, 10mg/mL streptomycin, and 1% charcoal-stripped

FBS. All cells were tested for mycoplasma every 6 months with

a polymerase chain reaction-based kit (PromoKine, Heidelberg,

Germany) and were determined to be free of contamination.

Charcoal Stripping and Heat Inactivation of FBS
FBS was first heat inactivated at 55�C for 30min. In a se-

parate beaker, 0.25% weight/volume (w/v) (total serum volume

to be processed) activated charcoal (Sigma Aldrich, Burlington,

MA) and 0.025% w/v dextran (Sigma-Aldrich) were added. One

to two milliliters of FBS was added to the activated charcoal/

dextran and stirred until a homogeneous mixture formed. The

rest of the serum volume was then added and stirred for 30min

at 55�C. The serum was centrifuged at 3,000 rpm for 20min at

4�C, and the supernatant was transferred to another vessel. The

charcoal-dextran addition and incubation steps were repeated,

but at 37�C. The serum was centrifuged at 3,000 rpm for 20min

at 4�C and the supernatant was sterilized by passing through

0.45mm and then 0.2mm filters.

HT Assay Procedure
A hydrogel precursor solution consisting of 20 mM eight-

arm 40 kDa PEG-NB, 17.8 mM NaOH, 12.75 mM crosslinker

MMP-degradable peptide, 1 mM CRGDS, 2 mM LAP, and

0.25 mM fluorescent MMP-degradable peptide in phosphate-

buffered saline (PBS; Life Technologies) was briefly vortexed.

Because the MMP-degradable crosslinker peptide is solubi-

lized in an HCl solution, in experiments where the amount of

crosslinker was varied, the amount of NaOH was adjusted to

achieve a final pH of 7. Low, medium, and highly crosslinked

gels corresponded to thiol:ene ratios of 0.5, 0.7, and 0.9, and

used 8.75, 12.75, and 16.75 mM crosslinker peptides and 12.2,

17.8, and 23.4 mM NaOH, respectively.

For cell encapsulation experiments, a thiol:ene ratio of 0.7

was used and a concentrated cell suspension in PBS was added

to the hydrogel precursor solution to achieve a final cell

seeding density of 3 · 106 cells/mL, unless otherwise noted.

For hydrogels without cells, an equivalent volume of PBS was

used in lieu of suspended cells. Ten microliters of the hydrogel

precursor solution was pipetted into black, round-bottomed,

96-well plates (BrandTech� Scientific, Inc., Essex, CT) using a

single- or multichannel pipette. Hydrogel polymerization was

photoinitiated by exposure to 365 nm ultraviolet (UV) light

(UVP, model UVL-56, Cambridge, United Kingdom) at 4 mW/

cm2 for 3 min. After polymerization, 150 mL of assay media

was added to each sample well. PBS was added to the outer-

most and empty wells, and the moat between wells to reduce

sample evaporation.

For drug screening assays, encapsulated cells were treated

with sorafenib (SOR; Selleck Chemicals, Houston, TX), pacli-

taxel (PAC; Invitrogen�, Grand Island, NY), or gemcitabine

(GEM; Selleck Chemicals) in a range of concentrations (0.01–

50 mM), or dimethyl sulfoxide (DMSO) as a vehicle control. For

all assays, plates were incubated (at 37�C and 5% CO2) for 24 h.

Resazurin, 1:10 v/v (alamarBlue�; Life Technologies), was

added to the wells containing encapsulated cells 6 h before the

final fluorescence well scan reading. A protocol and a video

illustrating the HT assay procedure can be found in this

publication.22

Fluorescence Measurements
Fluorescence measurements were conducted using the

SPECTRA Max M2 microplate reader (Molecular Devices, San

Jose, CA) at 494 nm/521 nm (excitation/emission) for the

fluorogenic peptide and 560 nm/590 nm for the metabolic

reagent, alamarBlue. An area scan was performed using the

opaque 96-well plate setting with a 3 · 3 matrix, and the av-

erage of each matrix was calculated.22

Enzymatic Hydrogel Degradation
Fluorescent functionalized hydrogels were made utilizing

20 mM eight-arm 40 kDa PEG-NB, 17.8 mM NaOH, 12.75 mM

crosslinker MMP-degradable peptide, 1 mM CRGDS, 2 mM

LAP, and 0.25 mM fluorescent MMP-degradable peptide in
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PBS. A stock concentration of 10 mg/mL collagenase type I

enzyme (Life Technologies) was made by reconstituting in

PBS, and further dilutions were made as indicated. MMP-1, -2,

and -9 (EMD Millipore) were activated following the manu-

facturer’s protocols and used at a final concentration of 1 mg/

mL. One hundred fifty microliters of assay buffer with or

without MMP-1, -2, or -9 was added to each well. Assay buffer

consisted of 50 mM Tris-HCl (Sigma-Aldrich), 10 mM CaCl2
(Fisher Scientific�, Pittsburgh, PA), 150 mM NaCl (Fisher

Scientific), 0.5% v/v sodium azide (Fisher Scientific), and

0.05% v/v Triton-X100 (Sigma-Aldrich). For MMP inhibition,

20 mM of the broad-spectrum MMP inhibitor GM6001 (Ab-

cam, Cambridge, MA) or an equivalent volume of DMSO ve-

hicle control was added.

Statistical Analysis
Each HT assay was completed three independent times with

three replicates per condition. All other experiments were

repeated at least three independent times. Data were analyzed

by GraphPad Prism 7 software (GraphPad Software, Inc., San

Diego, CA) using one-way ANOVA with Tukey multiple com-

parisons post-test, with a significance level set at p < 0.05.

RESULTS AND DISCUSSION
HT Assay Development

Three-dimensional microenvironments can be synthetically

generated to more closely mimic the in vivo tumor micro-

environment, making them a valuable tool in drug screen-

ing assays.1,10,17 However, 3D culture often makes analysis of

cellular responses to drug treatment more difficult; hence,

most 3D drug screening assays have been limited to mea-

surements of cell viability. However, many other cell func-

tions contribute to disease. For example, MMP activity is

upregulated during tumor progression and this increased

MMP activity can promote cancer cell invasion and migra-

tion.23,24 Therefore, there is a need for new technologies that

enable HT measurements of a wider range of cell functions.

To begin to address this need, we have adapted and char-

acterized a hydrogel culture system that enables the culturing

of single cells in a 3D microenvironment and detection of

MMP activity simultaneously. Previously, we developed a low-

throughput 3D fluorescent hydrogel system for measuring

global MMP activity.11 Briefly, this system measures MMP

proteolysis through the use of quenched fluorescent MMP-

degradable peptides covalently incorporated into a PEG hy-

drogel network during polymerization. Cleavage of the peptide

sensor by cell-secreted MMPs resulted in increased fluorescence

that was directly detected using a standard microplate reader. To

adapt this system for HT screening, the MMP sensor hydrogel

system was miniaturized to a 96-well format. First, a hydrogel

precursor solution, consisting of a PEG eight-arm macromer, an

MMP-degradable peptide crosslinker, a cell adhesion peptide

(CRGDS), photoinitiator, and the fluorescent MMP-degradable

peptide, was combined with a concentrated cell suspension in

PBS. The cell/hydrogel precursor solution was then pipetted into

each well, and hydrogel polymerization was photoinitiated by

exposure to long wavelength UV light (365 nm, 4 mW/cm2 for

3 min). Photoinitiated polymerization is a well-established

technique for cell encapsulation that does not significantly af-

fect cell viability.11,18,25,26 Cell culture media were added, and

the encapsulated cells were incubated (37�C, 5% CO2) for 24 h.

As an internal control for differences in cell number, cell

metabolic activity was measured using resazurin, a nonfluo-

rescent dye that is converted into a fluorescent molecule by a

reduction reaction in metabolically active cells. The excitation

and emission spectrum of resazurin is sufficiently separated

from the fluorogenic MMP sensor spectrum, enabling mea-

surement of both MMP activity and metabolic activity in the

same well. Resazurin was added to the wells 6 h before the

final plate read at 24 h. Fluorescence intensity was measured

using a microplate reader with an area well scan. A schematic

of the process is illustrated in Figure 1, and a protocol is

summarized in Table 1. The 96-well format eliminated several

steps from the previous 24-well protocol, reducing the time

needed per well by *50%. Furthermore, the total hydrogel

volume needed per well was reduced by 80% (50–10 mL)

compared with the previous 24-well format. This miniaturi-

zation also increased the number of possible conditions tested

per plate from 12 conditions in duplicate utilizing the 24-well

plate to 20 conditions in triplicate utilizing the 96-well plate.

For consistent fluorescence measurements using a plate

reader, it is essential that the hydrogels are centered within the

culture well. The importance of centering and having a re-

producible geometrical hydrogel shape has also been observed

by others.18 However, centering the gels proved to be difficult

and highly variable using standard flat-bottomed 96-well

plates, due to the liquid precursor solution being drawn up the

side of the well by surface tension and the resulting hydrogels

not evenly covering the bottom of the well. In the system

developed by Leight et al.,11 the hydrogel shape and centered

position were determined by the use of silicone gaskets acting

as a mold, whereas the 96-well system relies on surface ten-

sion for maintaining hydrogel shape until the polymerization

process is complete. In flat-bottomed plates, the hydrogel

precursor solution incompletely covered the bottom of the

well and formed a meniscus with the side wall in 46% – 7.3%

(mean – SD, n = 3) of the wells. This caused irregularly shaped

hydrogels that were not centered within the well, which
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increased the variability of the fluorescent measurements.

Fluorescent measurements of functionalized hydrogels in flat-

bottomed plates incubated for 24 h with collagenase type I

enzyme concentrations (0–1,000 mg/mL) had high coefficients

of variation (%CV) (the ratio of the standard deviation [SD] to

the mean) between triplicates (Fig. 2A). To overcome this

variability, round-bottomed 96-well plates were used, where

the curvature of the well centered the hydrogel by facilitating

the placement of the dispensing tip in the center of the well.

Hydrogels in round-bottomed plates were observed to have

a uniform shape. This uniformity was reflected by a reduction

in the %CV for fluorescent measurements of hydrogels ex-

posed to collagenase concentrations at or below 10 mg/mL,

compared with the flat-bottomed plates, and more consistent

readings across all concentrations (Fig. 2A). Low variability

between triplicates is a critical factor in the development of

HT assays and can affect the working range and sensitivity of

the assay. The working range is defined as 3 SDs above the

Fig. 1. A schematic of the high-throughput assay process. First, hydrogel precursor solution components are mixed with cells suspended
in PBS or an equal volume of PBS with no cells as a control. Then, precursor solution is pipetted into black, round-bottomed, 96-well plates
and polymerized with exposure to UV light for 3 min. Next, assay media with the desired treatment or enzyme of interest are added, and
plates are incubated for 18 h (37�C, 5% CO2). The metabolic activity reagent resazurin is then added, and plates are incubated for an
additional 6 h. MMP and metabolic activities are measured using a fluorescent microplate reader with a well scan protocol at the indicated
excitation/emission wavelengths. MMP, matrix metalloproteinase; PBS, phosphate-buffered saline; UV, ultraviolet. Color images are
available online.

Table 1. High-Throughput Assay Protocol

Step Parameter Value Description

1 Hydrogel precursor solution preparation 12mL/well A hydrogel precursor solution is prepared consisting of eight-arm 40 kDa PEG-NB, NaOH,

MMP-degradable crosslinker peptide, CRGDS, LAP, and MMP-degradable fluorescent peptide

in PBS. Cells suspended in PBS can be used in place of PBS volume.

2 Experimental plate preparation 10mL/well Hydrogel precursor solution is pipetted into black, round-bottomed, 96-well plates utilizing

single- or multichannel pipettes.

3 Hydrogel polymerization 3 min Hydrogel polymerization is photoinitiated by exposure to 365 nm UV light at 4 mW/cm2.

4 Addition of PBS to outer wells and moat 150mL/well PBS is added to the outermost and empty wells, and the moat between wells

to reduce evaporation.

5 Addition of assay media/enzyme/treatment 150mL/well Assay media with the desired treatment or enzyme of interest are added.

6 Incubation 18 h Plates are incubated at 37�C with 5% CO2.

7 Addition of metabolic activity reagent 15mL/well Metabolic activity reagent, resazurin, is added.

8 Incubation 6 h Plates are incubated for an additional 6 h (37�C, 5% CO2).

10 Data acquisition 2.5 s/well MMP and metabolic activities are measured by a fluorescent microplate reader

using a well scan protocol for each well.

LAP, lithium phenyl 2,4,6 trimethylbenzoylphosphinate; MMP, matrix metalloproteinase; NB, norbornene; PBS, phosphate-buffered saline; UV, ultraviolet.
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minimum detected signal (background), while the maximum

limit of the working range is 3 SDs below the maximum de-

tected signal. Because conditions in round-bottomed plates had

a lower %CV, the working range in the round-bottomed plates

was 15% larger than the flat-bottomed plates (Fig. 2B). There-

fore, black round-bottomed 96-well plates were utilized for all

subsequent assays due to the ease of pipetting consistently

centered gels, the increased working range of detection, and

reduced overall variability between triplicates. It is worth not-

ing that the curvature of the wells in round-bottomed plates

would also aid in future use of automated liquid handlers.

Round-bottomed plates would decrease the amount of time

spent calibrating placement of the dispensing tip in the center of

wells and offer an alternative solution for automated liquid

handlers that are not equipped with self-calibrating features.

HT Assay Characterization
To characterize the assay and determine its suitability for

HT applications, the detection limits and signal range were

determined. Hydrogels were incubated in a range of col-

lagenase type I enzyme concentrations (0–2,000 mg/mL)

at 37�C for 24 h to establish the dynamic range (maxi-

mum and minimum detected intensities) of the fluorescent

sensor-functionalized hydrogels. The upper limit of detection

was observed with collagenase concentrations at or above

1,000 mg/mL, while background noise levels were established

by negative control hydrogels with no collagenase (Fig. 3A).

From this dynamic range, the working range was calculated to

be between &0.02 and &575 mg/mL of collagenase (Fig. 3A).

This large working range over four orders of magnitude gives

this HT assay the flexibility to detect a wide range of MMP

concentrations, which is important since different cell types

can produce varying concentrations of MMPs.

Mechanical properties of the cellular microenvironment have

been shown to regulate a number of cell functions, includ-

ing cell morphology, migration, and MMP activity.11,18,27 The

mechanical properties of synthetic hydrogels, including PEG,

can be precisely tuned by varying the crosslinking density (i.e.,

the ratio of thiol groups in the crosslinking peptide to the NB

groups on the PEG macromer [thiols:enes]),18 or the structure of

the polymer building blocks (i.e., the number or length of

macromer arms) to recapitulate in vivo tissue properties without

affecting ligand density. However, changing the underlying

structure of the hydrogel may affect the porosity and diffusion

of molecules within the hydrogel. Therefore, to determine if

changes in mechanical properties of the hydrogel affect the

measurement of enzyme activity, the crosslinking density was

varied with three thiol:ene ratios (0.5, 0.7, and 0.9) corre-

sponding to low, medium, and high stiffness, respectively and

the hydrogels were exposed to a range of collagenase type I

enzyme concentrations (0–2,000mg/mL) (Fig. 3B). No signifi-

cant difference between the three ratios for each collagenase

concentration from 0.01 to 2,000mg/mL, indicating that vary-

ing the mechanical properties of the hydrogel did not affect the

performance of the assay.

An important attribute of HT assays is their tolerance to

DMSO, a common organic solvent used for reconstituting

therapeutic compounds. High concentrations of DMSO have

been observed to affect signal detection methods and enzyme

kinetics.28 To investigate the effect of DMSO in this assay, we

incubated the hydrogels with a range of concentrations of

DMSO (0%–2% v/v) with or without collagenase, or with

Fig. 2. Effect of plate geometry on fluorescent measurements. (A) %CV of RB and FB plates. n = 3, *p < 0.05. (B) WR based on the
fluorescence intensity (RFU) of the MMP fluorogenic peptide in RB and FB plates after incubation for 24 h with a range of collagenase type I
enzyme concentrations. n = 3 – SD, *p < 0.05. %CV, percent coefficient of variation; FB, flat bottom; RB, round bottom; RFU, relative
fluorescence units; SD, standard deviation; WR, working range.
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encapsulated cells (HT1080). This range of DMSO concen-

trations was selected due to most cellular applications lim-

iting DMSO to 1% of the total volume to avoid cellular

toxicity, which has been observed with higher concentra-

tions. There was no significant difference between signals

with or without collagenase for any of the DMSO concen-

trations (Fig. 3C). Similarly, there was no significant dif-

ference between signals of encapsulated cells for MMP

activity (Fig. 3C). Moreover, metabolic activity was not

significantly different than control at DMSO concentrations

of 1.5% (v/v) or less (Fig. 3D). Therefore, this assay can be

utilized to measure the effects of a wide variety of chemo-

therapeutic agents on cellular MMP and metabolic activity

without DMSO affecting signal detection.

To determine the assay robustness and reproducibility,

standard plate uniformity tests were performed to determine

the variability across multiple plates and multiple days. Uni-

formity tests were also used to determine the separation of each

signal level (Z 0-factor) and the suitability of the assay for HT

applications. The uniformity test determines spatial intraplate

and interplate uniformity and variability within the same day

and across different days of experimentation. The uniformity

tests were performed with collagenase enzyme or with HT1080

cells by producing high, medium (med) (approximately half the

intensity of high), and low (background) fluorescence signals

arranged in an interleaved format, as described elsewhere.29,30

For the uniformity test with the collagenase enzyme, func-

tionalized hydrogels were incubated with 1,000, 10, and 0mg/

mL collagenase type I enzyme, for 24 h (37�C, 5% CO2) (Fig. 5A).

For the encapsulated cell uniformity test, cells were treated

with the broad-spectrum MMP inhibitor GM6001 to identify

conditions that produce high, med, and low signals. HT1080

cells were encapsulated in the functionalized hydrogels at

3 · 106 cells/mL, and incubated for 24 h with GM6001 over

a range of concentrations from 0.01 to 500 mM (Fig. 4A). The

highest signal was observed in the control cells treated

Fig. 3. Assay characterization: detection limits, stiffness, and DMSO tolerances. (A) Dynamic and working range of the assay. Functio-
nalized hydrogels were incubated with a range of collagenase enzyme concentrations for 24 h and fluorescence intensities were measured
n = 3 – SD. (B) Fluorescence intensities of the functionalized hydrogels with low, medium, and high crosslinking ratios incubated in a range
of collagenase concentrations for 24 h. n = 3 – SD, *p < 0.05. (C) Fluorescence intensity of the functionalized hydrogels incubated with a
range of DMSO concentrations for 24 h with or without collagenase, or with encapsulated cells (HT1080). n = 3 – SD. (D) Metabolic activity
of HT1080 cells encapsulated in the functionalized hydrogels and incubated with a range of DMSO concentrations for 24 h, normalized to
metabolic activity at 0% DMSO. n = 3 – SD, *p < 0.05. DMSO, dimethyl sulfoxide.
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with DMSO vehicle control. From the dose/response curve

(Fig. 4A), the concentration of GM6001 that resulted in

50% inhibition (IC50) of MMP activity was determined to be

0.29 mM. MMP activity was completely inhibited, with a

fluorescence signal similar to background, with concentrations

greater than 5mM of GM6001. At concentrations greater than

100mM of GM6001, metabolic activity was significantly re-

duced (Fig. 4B). Therefore, a concentration of 10 mM was used

to produce the low signal in the uniformity tests. The Hillslope

was calculated to be 1.1, and this value was used to calcu-

late the interplate and interday fold shifts for the uniformity

tests (Table 2).

To test the uniformity of assay for measuring cell-secreted

enzymes, HT1080 cells were encapsulated in the functionalized

hydrogels at 3 · 106 cells/mL, and incubated for 24 h (37�C, 5%

CO2) with a broad-spectrum MMP inhibitor (GM6001) at 0.4 and

10mM, or DMSO control (Fig. 5B). The uniformity tests were

performed on three different days (day A, B, and C) utilizing three

separate plates each day (Fig. 5A, B). Each plate was incubated

for 24 h with a total of 32 wells for each signal level, as described

previously.29,30 Variability in average signal level, even in the

DMSO-treated control, was observed to be higher between days

with the encapsulated cells compared with the enzyme unifor-

mity test (Supplementary Fig. S1). Cell-based assays often have

higher variability31 similar to the results observed here, and can

be more sensitive to batch-to-batch variability.29 Therefore, the

results of the uniformity testwere normalized to the averagehigh

signal level per day to give a relative decrease in MMP activity

due to the MMP inhibitor, which resulted in a similar decrease in

signal across days (Fig. 5B).

To assess the HT assay performance, both the Z0-factor and

%CV of all the plates were calculated (Fig. 5C, D). Unlike signal-

to-background or signal-to-noise ratios, Z0-factor calculations

account for the variability in controls and samples and are

therefore a more accurate indicator of the measurement quality

of an assay.32 The Z0-factor is a ratio between the working

range and dynamic range to determine the overlap between

signal bands of the positive and negative controls. Z0-factor

values closer to 1 indicate large separation between signal bands

and values closer to zero indicate little separation between

signal bands. Values below zero indicate the assay is unsuitable

for screening applications due to overlapping signal bands.32

Based on previous values reported in the literature, we chose

a Z 0-factor value of 0.5 or greater as the acceptance threshold

for the enzymatic assay and 0.4 or greater for the cellular

assay.28–30,32 The Z0-factor was calculated from the high signal

control, produced by collagenase enzyme and HT1080 cells. The

Z0-factor values for the high signals for the nine plates incu-

bated with collagenase enzyme were above 0.9 and the %CV of

all three signal levels were below 10% (Fig. 5C). The Z0-factor

values for the high signals for the nine plates with encapsulated

cells were above 0.5 and the %CV of all three signal levels were

below 12% (Fig. 5D). The Z0 factor and %CV indicate that the

variability of this assay is suitable and within the acceptable

range for HT applications.29,30,32

Uniformity test results include edge effect, drift, Z0-factor,

%CVhigh, %CVmed, %CVlow, and interplate and interday fold

shifts of the med signals, and are summarized in Table 2 for

both enzymatic and cellular assays. The spatial intraplate

uniformity, evaluated by calculating the edge effect and drift

Fig. 4. MMP and metabolic activity of fibrosarcoma cells in response to MMP inhibitor (GM6001). (A) MMP activity of HT1080 cells,
encapsulated in the functionalized hydrogels at 3 · 106 cells/mL, and incubated for 24 h (37�C, 5% CO2) with GM6001 in a concentration
range from 0.01 to 500 mM. Triplicates of n = 3 experiments were fit with a nonlinear regression curve fit with variable slope. (B)
Measurement of metabolic activity normalized to the vehicle control for encapsulated cells treated with GM6001. n = 3 – SD, *p £ 0.05,
compared with the vehicle control.
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within the same plate, achieved values that ranged from 16%

to 22% and from 3% to 8%, respectively, for the enzymatic

assay and from 7% to 28% and from 3% to 7%, respectively,

for the cellular assay.29,30 Within the uniformity test, the edge

effects were more than 20% for some plates, with a mean – SD

of 19.5% – 1.74% for the enzymatic assay and 17.8% – 7.77%

for the cellular assay. Therefore, wells on the edges of the plate

(36 wells total) were not used for further studies. Eliminating

the edge wells reduces the edge effect to 14.95 – 5.12 for the

enzymatic assay and to 13.47 – 4.70 for the cellular assay.

Other methods, such as sealing membranes, could also be used

to reduce the edge effect further.33

Z0-factor values for the high signals were above 0.5, with a

Z0-factor range from 0.91 to 0.94 for the enzymatic assay and

Table 2. High Throughput Assay Robustness, Reproducibility and Performance

Enzymatic Cellular

Parameter Min - Max Threshold Min - Max Threshold Formula

Intraplate

Edge effect (%)

Max:row meanmed - Min: row meanmed

Overall meanmed
� 100With edge wells 16 - 22

£20

7 – 28

£20
Without edge wells 11 - 22 6 - 19

Drift (%)

Max: column meanmed - Min: column meanmed

Overall meanmed
� 100With edge wells 3 - 8

£20

3 - 7

£20
Without edge wells 2 - 7 2 - 9

Z’-Factora 0.91 - 0.94 ‡0.5 0.57 - 0.81 ‡0.4
(Meanhigh - 3 � SDhigh=

ffiffiffi
n
p

) - (Meanlow + 3 � SDlow=
ffiffiffi
n
p

)

Meanhigh - Meanlow

CVhigh (%) 1.1 - 2.0

£15

2.6 - 4.4

£20
SD=

ffiffiffi
n
p

Mean
� 100CVmed (%) 4.3 - 4.9 2.0 - 5.9

CVlow (%) 6.9 - 8.3 7.5 - 11.9

SDmed activity (%) 4.2 - 5.1 £15 3.1 - 10.8 £20 Med activity =
Smed - Meanlow

Meanhigh - Meanlow
�100

Interplate, interday

Fold shift between

plates
1.0 - 1.6 £2 1.0 - 1.1

£2

For all

plates

100 - Med activity plate a

� �
�Med activity plate b

100 - Med activity plate b

� �
�Med activity plate a

 ! 1
Slope

Fold shift between

days
1.1 - 1.7 £2 1.1 - 1.5

£2

For all

days

100 - Meanmed activity day a

� �
�Meanmed activity day b

100 - Meanmed activity day b

� �
�Meanmed activity day a

 ! 1
Slope

Three black round bottom 96-well plates were used each day for three consecutive days in an interleaved signal manner. For low, med, and high signals in the

enzymatic uniformity test, our functionalized hydrogels were incubated for 24 h (37�C, 5% CO2) in 0, 10 and 1000mg/mL collagenase type I enzyme, respectively. n = 32

for each signal level in each plate for a total of nine plates. For low, med, and high signals in the cellular uniformity test, HT1080 cells (3 x 106 cells/mL) were encapsulated

in the functionalized hydrogels and incubated for 24 h (37�C, 5% CO2) in 10 mM, 0.4mM and DMSO control of broad spectrum MMP inhibitor GM6001, respectively. n = 32

for each signal level in each plate for a total of nine plates.
an is number of replicates per concentration to be used in the application assay (triplicates here).

CV, coefficient of variation; SD, standard deviation; Med, medium; Min, minimum; Max, maximum.
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from 0.57 to 0.81 for the cellular assay, indicating that the

assays’ measurement quality is within excellent range. The

range of %CV for the high, med, and low (background) signals

was from 1.1% to 2.0%, from 4.3% to 4.9%, and from 6.9% to

8.3%, respectively, for the enzymatic assay, and from 2.6%

to 4.4%, from 2.0% to 5.9%, and from 7.5% to 11.9%, re-

spectively, for the cellular assay, all of which are below the

acceptance threshold of 15% and 20%, respectively.29,30 For

the enzymatic assay, the interplate and interday fold shifts

were all below the acceptance threshold of 2 (ranging from

1.0 to 1.6 and from 1.1 to 1.7, respectively). For the cellular

assay, the interplate and interday fold shifts ranged from 1.0

to 1.1 and from 1.1 to 1.5, respectively. The metrics described

above indicate that this HT 3D MMP activity assay is re-

producible and robust, making it well suited for screening

applications.

Assay Validation with Human MMPs
and Encapsulated Cells

Bacterial collagenase was used in the characterization

studies as a model enzyme due to its ease of use, requiring

no activation step, and low cost. Collagenase is also often

used for digestion assays since it is known to degrade ECM

components such as type I collagen, from which the fluores-

cent MMP-degradable peptide and the crosslinker MMP-

degradable peptide sequences (GPQGYIWGQ) were derived, as

given in Refs.34–36

To validate the ability of assay to detect MMP activity, we

utilized commercially available purified human MMPs. The

fluorescent MMP-degradable peptide sequence has been char-

acterized for specificity elsewhere and was found to be cleaved

by MMP-1, -2, -3, -7, -8, and -9.36–38 Here, MMP-1, -2, and -9

were used for validation in the HT MMP assay. After enzyme

Fig. 5. Plate uniformity with collagenase enzyme and HT1080 cells. (A) 96-well plate uniformity test using high, medium (approximately
half the intensity of high), and low (background) fluorescence signals arranged in an interleaved format by adding 1,000, 10, and 0 mg/mL
collagenase type I enzyme to the functionalized hydrogels, respectively. Each plate was incubated for 24 h with a total of 32 wells for each
signal level. (B) Normalized 96-well plate uniformity test was performed by utilizing low, medium, and high fluorescence signals arranged
in an interleaved format by culturing HT1080 cells (3 · 106 cells/mL) with 10, 0.4 mM, and DMSO control of the broad-spectrum MMP
inhibitor GM6001, respectively. Each plate was incubated for 24 h with a total of 32 wells for each signal level. Signal levels were
normalized to the mean of the high signal for each day. (C) Z0-factor for high signals and %CV for all three signal levels (high, medium, and
low) were calculated from the enzymatic plate uniformity test. (D) Z0-factor for high signals and %CV for all three signal levels (high,
medium, and low) were calculated from the cellular plate uniformity test.
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activation, the functionalized hydrogels were incubated for

24h (37�C, 5% CO2) with each MMP and a broad-spectrum

MMP inhibitor (GM6001) or DMSO vehicle control. Fluores-

cence intensity of conditions incubated with MMPs was sig-

nificantly higher than the controls containing no MMPs, and

all conditions treated with GM6001 were significantly lower

than those not treated with the inhibitor. Furthermore, treat-

ment with GM6001 completely abrogated the increase in

fluorescence induced by treatment with each MMP (Fig. 6).

The cleavage of the utilized fluorescent MMP-degradable

peptide sequence here with MMP-1, -2, and -9 is consistent

with what has been reported in literature,36–38 and validates

the detection of a variety of MMPs by the degradation of the

fluorescent MMP-degradable peptide. The measured fluores-

cent intensity of the peptide incubated with human MMPs was

greater than the background noise and within the working

range of the assay (Fig. 6). These results demonstrate that

human MMPs produce signals that are detectable in the HT

MMP assay.

The assay was then characterized for measurement of MMP

activity produced by encapsulated cells. Primary cells are often

more sensitive to in vitro culture conditions than immortalized

cell lines, and therefore, two primary cell types, hMSCs and

human cervical fibroblasts (CFs), and one immortalized cell line,

HT1080, were chosen to highlight the range of cell types com-

patible with this assay. hMSCs are nontumorigenic primary stem

cells that play an important role in tissue regeneration and can

be derived from a variety of tissues, including bone marrow and

adipose tissue. hMSCs are highly motile through ECM and

basement membranes and are known to express a number of

MMPs, including MMP-2.39 hMSCs have also been observed to

degrade PEG hydrogels crosslinked with the same peptide se-

quence used here, and to cleave a similar fluorescent MMP-

degradable peptide to the one utilized in this work.11,26,40 CFs are

nontumorigenic primary cells derived from human patients

undergoing a hysterectomy. Cervical tissue is highly fibrous and

undergoes extensive remodeling processes associated with

pregnancy and birth, involving MMP-2 and -9 production.41

Finally, HT1080 cells, an immortalized, highly metastatic fi-

brosarcoma cell line, has been observed to produce a high level

of MMP activity.23,42

To determine the seeding densities that are within the linear

range of the assay and produce a signal greater than back-

ground noise, hMSCs, CFs, and HT1080 cells were encapsu-

lated over a range of densities (0.25–7 · 106 cells/mL), and

MMP activity and metabolic activity were measured (Fig. 7A).

The background noise was measured from control hydrogels

without cells and is represented with a dashed line (Fig. 7A).

For hMSCs, CFs, and HT1080 cells, the minimum seeding

density, which produced a detectable signal greater than the

background noise of the assay, was 0.5 · 106 cells/mL. The

MMP activity increased linearly with increasing the cell

seeding density above 0.5 · 106 cells/mL. The endpoint of the

assay is also important to determine if the selected seeding

density is within the linear range of the assay. For example,

encapsulating HT1080 cells at a seeding density of 2 · 106

cells/mL, the MMP activity signal was observed to increase

linearly until 48 h (the last time point measured) (Fig. 8).

However, the MMP activity signal began to plateau at 24 h for

HT1080 cells seeded at 6 · 106 cells/mL.

Metabolic activity was also proportional to the number of

encapsulated cells within the range of cell seeding densities

tested (Fig. 7B). Previously, metabolic activity has been used

as an internal control to determine MMP activity on a ‘‘per

cell’’ basis.11 Normalizing MMP activity to metabolic activity

resulted in no change across seeding density at densities

greater than 0.5 · 106 cells/mL (Fig. 7C). This is important to

define the appropriate seeding densities for the assay, which

are the densities that are above the minimal detectable density

(0.5 · 106 cells/mL) yet are also within the linear portion of the

normalization curve (Fig. 7C). For the cell types tested here,

seeding densities between 2 and 6 · 106 cells/mL would be

appropriate. Each condition was plated in triplicate and re-

peated for n = 3 experiments. As illustrated here (Fig. 7C), the

appropriate cell density required to be within the linear range

of the assay can vary by cell type, and therefore, to have a

signal within the linear range of the assay, cell type, cell

Fig. 6. Functionalized hydrogel degradation with human MMPs.
Fluorescent intensity of the functionalized hydrogels incubated
with human MMP-1, -2, and -9 for 24 h, with the broad-spectrum
MMP inhibitor GM6001 or DMSO vehicle control. Background and
medium fluorescence intensities are represented with 0 and 10 mg/
mL of collagenase, respectively, and are plotted on the right Y axis
of the graph, represented by dashed lines. n = 3 – SD, *p < 0.05.
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seeding density, and time point of the final measurement need

to be determined experimentally.

Effect of Drug Treatment on MMP Activity
of the Fibrosarcoma Cell Line HT1080

To determine the feasibility of the newly developed assay

for drug screening applications and to observe the effects of

chemotherapeutics on MMP activity, we treated HT1080 cells

with several drugs over a range of concentrations. While

HT1080 cells have been previously shown to express high

levels of MMPs, it is not known how drug treatment affects

MMP activity in fibrosarcoma cells.

Here, several clinically used drugs with different mecha-

nisms of action were chosen to investigate their effect on

MMP activity. SOR, which has been used in clinical trials to

treat fibrosarcoma,43 is a small-molecule multikinase inhibi-

tor that arrests cancer cell growth, invasion, and migration.44

SOR targets RAS/RAF kinases45 and therefore may have an

effect on the HT1080 cell line, which is known to have an

N-RAS mutation.46,47 SOR has also been found to decrease the

Fig. 7. Effect of seeding density on MMP activity measurements for several cell types. (A) MMP activity of hMSCs, CFs, and HT1080s
encapsulated over a range of seeding densities and incubated for 24 h. Background noise represented by dashed lines. n = 3 – SD. (B)
Metabolic activity of hMSCs, CFs, and HT1080 cells encapsulated over a range of seeding densities and cultured for 24 h. n = 3 – SD. (C)
hMSC, CFs, and HT1080 MMP activity normalized to metabolic activity. n = 3 – SD. CF, cervical fibroblast; hMSC, human mesenchymal stem
cell.
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expression of MMPs in hepatocellular carcinoma cells.44,48

PAC inhibits mitosis through depolymerization of microtu-

bules and has been shown to decrease HT1080 tumor growth

in mice.49–51 In human melanoma cells, PAC has previously

been found to decrease the secretion of MMP-2 and -9.52 GEM

is a fluorinated nucleoside analogue that replaces deox-

ycytidine to arrest DNA replication and induce apoptosis.53

However, in contrast to the increased MMP activity observed

with SOR and PAC, no significant changes in MMP-2 ex-

pression levels were observed in pancreatic cell lines treated

with GEM.54 PAC and GEM have been used in the clinic to

treat soft tissue sarcomas.55

HT1080 cells were encapsulated in functionalized hydro-

gels at a density of 3 · 106 cells/mL and treated with SOR, PAC,

GEM or DMSO vehicle control, over a range of concentrations

(0.01–50 mM) for 24 h, for a total of 25 conditions and 75

wells. To replicate the same number of wells in the previous

24-well plate format, it would have required three plates and

two additional hours for the experimental setup. Overall MMP

activity was not significantly different than the vehicle con-

trols throughout the range of concentrations used for each

drug (Fig. 9A).

Fig. 8. Time course of HT1080 cells. Measurement of MMP ac-
tivity for HT1080 cells encapsulated in two seeding densities (2 and
6 · 106 cells/mL) and incubated for 48 h. n = 3 – SD.

Fig. 9. Effect of drug treatment on MMP activity of the fibrosar-
coma cell line. HT1080 cells were encapsulated and treated with a
range of concentrations (0.01–50 mM) of each drug and incubated
for 24 h. Resazurin was added 6 h before the 24-h read. (A) Mea-
surement of MMP activity normalized to the vehicle control of
encapsulated cells treated with SOR, PAC, and GEM. n = 3 – SD, no
significance compared with the vehicle control. (B) Measurement
of metabolic activity normalized to the vehicle control for encap-
sulated cells treated with SOR, PAC, and GEM. n = 3 – SD, *p < 0.05,
compared with the vehicle control. (C) MMP activity normalized to
metabolic activity for encapsulated cells treated with SOR, PAC,
and GEM. n = 3 – SD, *p < 0.05, compared with the vehicle control.
GEM, gemcitabine; PAC, paclitaxel; SOR, sorafenib.
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Drug treatment can also affect cell viability and cell num-

ber, therefore a metabolic activity assay was performed si-

multaneously in the same wells with the MMP activity assay.

Metabolic activity, while not a direct measurement of cell

number or cell viability, is commonly measured in drug

screening assays as an overall indicator of cellular health as

these assays are easy to use and inexpensive. Tetrazolium salt

assays MTT and MTS are the most common metabolic activity

assays used to detect cellular viability, cytotoxicity, and

proliferation in HT drug screenings.56,57 Here, resazurin,

which fluoresces when oxidized by cellular mitochondria, was

chosen to measure metabolic activity because the excitation

(560 nm) and emission wavelengths (590 nm) are sufficiently

separated from the fluorescein signal of the MMP sensor to

enable measurement of both MMP activity and metabolic

activity within the same well using a standard plate read-

er.11,16 In addition, previous work with pancreatic cancer cells

and a panel of chemotherapeutics has demonstrated that

resazurin produces comparable results to viability staining

using calcein AM with no significant difference in the 50%

inhibition concentration (IC50) between both methods.31 Me-

tabolic activity of HT1080 cells was significantly reduced

compared with vehicle controls with SOR at 5, 10, and 50 mM

and PAC at 50 mM (Fig. 9B). No significant effect on metabolic

activity was observed with GEM. For SOR treatment, meta-

bolic activity was reduced in a dose-dependent manner, and a

similar trend is observed with PAC treatment for concentra-

tions above 10 mM.

To control for changes in cell viability with drug treatment

and determine cellular MMP activity on a ‘‘per cell’’ basis, the

MMP activity of each sample was normalized to its metabolic

activity (Fig. 9C). HT1080 cells treated with high concen-

trations of SOR (10 and 50 mM) had significantly higher MMP

activity per cell compared with vehicle controls, but not cells

treated with PAC or GEM. Although the metabolic activity

was significantly less than vehicle control at 5 mM of SOR

(Fig. 9B), MMP activity was not significantly different than

vehicle control on a per cell basis (Fig. 9C). Similarly, with

PAC treatment at 50 mM, metabolic activity was significantly

less than vehicle control (Fig. 9B), but there was no signifi-

cant difference in MMP activity on a per cell basis (Fig. 9C).

In previous studies with melanoma cells, utilizing a similar

fluorescent MMP-degradable hydrogel system, conditions

in which drug treatment upregulated MMP activity also in-

creased 3D cell migration.16 Further investigation will be

needed to determine if the increased MMP activity with SOR

treatment observed here also regulates fibrosarcoma cell

invasion and migration, cell functions critical to tumor

progression and metastasis.

The system developed here measures global MMP activity

and metabolic activity simultaneously in response to vari-

ety of compounds. To follow up on promising leads, these

measurements could be complemented by further studies,

such as cell viability experiments or to explore the mech-

anisms of action by which the drugs affect MMP or meta-

bolic activity. A metabolic activity reagent (resazurin) was

utilized here as an overall cell health indicator, other assays

could be used to directly measure cellular viability such as

live/dead staining assays with calcein AM and ethidium

homodimer. MMP activity is regulated at multiple levels

(i.e., expression, secretion, proenzyme cleavage, and en-

dogenous inhibitors), and future explorations could be

targeted at determining which of these levels are modulated

to affect final MMP activity.

In conclusion, MMPs are critical regulators of cancer pro-

gression, and assays that can measure MMP activity will be

critical in the development of new therapeutic strategies.

While MMP activity detection systems such as gelatin zy-

mography are well established and widely used, these systems

have not been compatible with HT approaches. Therefore,

developing an MMP activity detection system that is suitable

for HT and combines simplicity, adaptability, and ease of

access to other researchers will be valuable. To this end, a 3D

low-throughput MMP activity assay was miniaturized to a 96-

well plate format and characterized for reproducibility and

robustness. The assay was validated with human MMPs and

several cell types. A fibrosarcoma cell line was treated with

several chemotherapeutic drugs in a range of concentrations to

demonstrate the ability of this assay to measure MMP activity in

response to drug treatment. Interestingly, it was found that SOR

increased MMP activity per cell in a dose-dependent manner.

While a specific fluorescent metalloproteinase-degradable

peptide was used here, the assay and methodology are not

sensor specific and would be amenable to the incorporation of

other fluorescent reporter molecules. The use of other de-

gradable substrates would enable the detection of proteolytic

subgroups beyond MMPs, such as serine, threonine, or cys-

teine proteases. In addition, although the system was dem-

onstrated here for single-cell encapsulation, the system could

likely also be adapted for the encapsulation of 3D spheroids,

such as those produced by the hanging-drop method or with

low-attachment plates.
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Abbreviations Used

2D ¼ two-dimensional

3D ¼ three-dimensional

CF ¼ cervical fibroblast

%CV ¼ percent coefficient of variation

DMEM ¼ Dulbecco’s modified Eagle’s medium

DMSO ¼ dimethyl sulfoxide

ECM ¼ extracellular matrix

GEM ¼ gemcitabine

hMSC ¼ human mesenchymal stem cells

HT ¼ high throughput

LAP ¼ lithium phenyl 2,4,6 trimethylbenzoylphosphinate

MALDI-TOF ¼ matrix-assisted, laser desorption-ionization, time-of-flight

MMP ¼ matrix metalloproteinase

MTS ¼ 3-(4,5dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-

2-(4-sulfophenyl)-2H-tetrazolium

MTT ¼ 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide

NB ¼ norbornene

PAC ¼ paclitaxel

PBS ¼ phosphate-buffered saline

PEG ¼ poly(ethylene glycol)

RFU ¼ relative fluorescence units

SD ¼ standard deviation

SOR ¼ sorafenib
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