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Dear Dr. Braiman: 
 
I am pleased to submit an original research protocol entitled “Measuring Global Cellular Matrix Metalloproteinase 
and Metabolic Activity in 3D Hydrogels”, by Abdulaziz Fakhouri and Jennifer Leight, for consideration for 
publication in the Journal of Visualized Experiments. This manuscript builds on our prior work in which we 
developed a functionalized hydrogel which enabled 3D culture and facile measurement of matrix metalloproteinase 
(MMP) activity with a fluorogenic peptide sensor. 

In this manuscript, we describe a protocol for measuring cellular matrix metalloproteinase (MMP) and metabolic 
activity in 3D poly(ethylene glycol) (PEG) hydrogels in a 96-well format. This manuscript provides an in-depth 
protocol as a companion to our currently reviewed article in ASSAY and Drug Development Technologies. This 
technique involves a fluorogenic MMP-degradable peptide covalently incorporated in a 3D degradable hydrogel, in 
which cellular MMP and metabolic activity can be measured utilizing a conventional microplate reader and without 
cellular retrieval nor further sample processing. The modular design of this assay makes it adaptable to the 
detection of other proteases through the introduction of different fluorogenic peptide sequences. Here, we 
demonstrate the use of this assay with human melanoma cells encapsulated across a range of cell seeding densities 
within the MMP sensor functionalized hydrogel assay to determine the appropriate encapsulation density for the 
working range of the assay. The assay demonstrated here combines 3D cellular culturing, MMP and metabolic 
activity detection, and is suitable for wide variety of applications. 

We believe that this manuscript is appropriate for publication by the Journal of Visualized Experiments because it 
outlines an original technique which researchers in various disciplines can use to encapsulate cells in a 3D in vitro 
microenvironment and measure protease activity with minimal sample processing. Such an assay provides a 
practical, efficient and easily accessible 3D culturing platform for a wide variety of applications. 
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SUMMARY: 22 
Here, a protocol is presented for encapsulating and culturing cells in poly(ethylene glycol) (PEG) 23 
hydrogels functionalized with a fluorogenic matrix metalloproteinase (MMP)-degradable 24 
peptide. Cellular MMP and metabolic activity are measured directly from the hydrogel cultures 25 
using a standard microplate reader. 26 
 27 
ABSTRACT: 28 
Three-dimensional (3D) cell culture systems often more closely recapitulate in vivo cellular 29 
responses and functions than traditional two-dimensional (2D) culture systems. However, 30 
measurement of cell function in 3D culture is often more challenging. Many biological assays 31 
require retrieval of cellular material which can be difficult in 3D cultures. One way to address 32 
this challenge is to develop new materials that enable measurement of cell function within the 33 
material. Here, a method is presented for measurement of cellular matrix metalloproteinase 34 
(MMP) activity in 3D hydrogels in a 96-well format. In this system, a poly(ethylene glycol) (PEG) 35 
hydrogel is functionalized with a fluorogenic MMP cleavable sensor. Cellular MMP activity is 36 
proportional to fluorescence intensity and can be measured with a standard microplate reader. 37 
Miniaturization of this assay to a 96-well format reduced the time required for experimental set 38 
up by 50% and reagent usage by 80% per condition as compared to the previous 24-well 39 
version of the assay. This assay is also compatible with other measurements of cellular function. 40 
For example, a metabolic activity assay is demonstrated here, which can be conducted 41 
simultaneously with MMP activity measurements within the same hydrogel. The assay is 42 
demonstrated with human melanoma cells encapsulated across a range of cell seeding 43 
densities to determine the appropriate encapsulation density for the working range of the 44 

Manuscript Click here to access/download;Manuscript;59123_R1.docx

mailto:fakhouri.2@osu.edu
mailto:leight.1@osu.edu
http://www.editorialmanager.com/jove/download.aspx?id=924109&guid=cf44f609-f97b-4521-935e-04e73923e0a4&scheme=1
http://www.editorialmanager.com/jove/download.aspx?id=924109&guid=cf44f609-f97b-4521-935e-04e73923e0a4&scheme=1


  

assay. After 24 h of cell encapsulation, MMP and metabolic activity readouts were proportional 45 
to cell seeding density. While the assay is demonstrated here with one fluorogenic degradable 46 
substrate, the assay and methodology could be adapted for a wide variety of hydrogel systems 47 
and other fluorescent sensors. Such an assay provides a practical, efficient and easily accessible 48 
3D culturing platform for a wide variety of applications. 49 
 50 
INTRODUCTION: 51 
Three-dimensional (3D) culture systems often more closely recapitulate in vivo cellular 52 
responses than traditional two-dimensional (2D) culture systems, see several excellent 53 
publications1–3. However, utilizing 3D culture systems to measure cell function has been 54 
challenging due to the difficulty of cellular retrieval and further sample processing. This 55 
difficulty limits the measurement of many cellular functions in 3D culture systems. To overcome 56 
this difficulty, new techniques are needed that enable easy measurement of cell function within 57 
3D environments. One way to address this need is the development of materials that not only 58 
support 3D cell culture but also incorporate sensors to measure cell function. For example, 59 
several hydrogel systems have incorporated fluorogenic protease cleavable moieties to enable 60 
visualization of protease activity within 3D environments4–7. While these systems were 61 
originally utilized for microscopic imaging, these systems can also be adapted for use in a global 62 
matrix metalloproteinase (MMP) activity assay using a standard plate reader, enabling facile 63 
measurement of a cell function in a 3D environment8.  64 
 65 
MMPs, a superfamily of zinc proteases, play critical roles in normal tissue homeostasis and in 66 
many diseases. MMPs degrade and remodel extracellular matrix (ECM), cleave cell surface 67 
receptors and cytokines and activate other MMPs9,10. MMPs play critical roles in physiological 68 
processes such as wound healing and in diseases such as arthritis, atherosclerosis, Alzheimer’s, 69 
and cancer (see reviews in 9–11). In cancer, high MMP expression levels are strongly correlated 70 
with cancer metastasis and poor prognosis12. Furthermore, MMPs contribute to tumor 71 
progression by promoting cancer cell invasion and migration, cellular processes that are 72 
inherently 3D phenomena13, 14. Therefore, there is much interest in the ability to measure MMP 73 
activity in 3D culture in many contexts, including fundamental biological studies and drug 74 
screening assays.  75 
 76 
PEG hydrogels are widely used for 3D cell culture due to their high water content, resistance to 77 
protein adsorption, and tunable nature. PEG hydrogels have been functionalized with a number 78 
of moieties to direct cell function, such as with ECM mimetic peptides like RGD, RLD, and IKVAV 79 
to facilitate cell adhesion, or direct tethering of growth factors such as transforming growth 80 
factor-β (TGF-β)15,16. More recently, PEG hydrogels have been functionalized with sensor 81 
peptides that enable measurement of cell function as well5,8. Specifically, the use of a PEG 82 
hydrogel system functionalized with a fluorogenic MMP-degradable peptide enabled 83 
measurement of cellular MMP activity in 3D cultures with a standard plate reader and required 84 
no further processing. These systems are also compatible with other measurements of cellular 85 
function, including metabolic activity. Here, a protocol is described for the measurement of 86 
MMP activity of cells cultured in a 3D PEG hydrogel functionalized with a fluorogenic MMP-87 
degradable peptide, and results presented demonstrating the initial optimization experiments 88 



  

needed for use of this assay. Human melanoma cells (A375) were encapsulated in the 89 
fluorogenic hydrogels over a range of seeding densities to determine the appropriate seeding 90 
densities that are within the working range of the assay. After 24 h of encapsulation, MMP and 91 
metabolic activity were measured utilizing a standard microplate reader. Next, MMP activity 92 
was normalized to metabolic activity to determine the seeding densities within the linear range 93 
of the assay. Finally, intra-plate coefficient of variation percentages (% CV) were calculated 94 
between triplicates to reflect the reproducibility of the obtained results. This method enables 95 
simple and fast 3D cell culture, and easy measurement of protease activity with minimal sample 96 
processing. 97 
 98 
PROTOCOL: 99 
 100 
1. Hydrogel components preparation 101 
 102 
1.1. Synthesize the fluorescent protease-degradable peptides as described elsewhere8, 103 
utilizing fluorescein as the fluorescent molecule and dabcyl as the quencher. Dissolve the 104 
peptide in DMSO to a concentration of 10 mM and store in a -80 °C freezer in small (~30 µL) 105 
aliquots to avoid repeated freeze-thaw cycles.  106 
 107 
NOTE: These peptides can also be purchased commercially. This protocol requires a C-terminal 108 
cysteine in the peptide sequence to enable covalent incorporation into the hydrogel polymer 109 
network.  110 
 111 
1.2. Prepare 8 arm 40 kDa poly(ethylene glycol) amine (PEG)-norbornene (NB) as 112 
described17. Verify end group functionalization of greater than 90% using 1H NMR. Dissolve 113 
PEG-NB in sterile phosphate buffer saline (PBS) at 25% w/v and store in -80 °C freezer in (~300 114 
µL) aliquots.  115 
 116 
NOTE: PEG functionalized with norbornene can also be purchased commercially. 117 
 118 
1.3. Synthesize the photo-initiator lithium phenyl 2,4,6 trimethylbenzoylphosphinate (LAP) 119 
as described elsewhere18. Dissolve LAP in sterile water to a concentration of 68 mM and store 120 
in a -80 °C freezer in (~300 µL) aliquots.  121 
 122 
NOTE: As an alternative, Irgacure (2-Hydroxy-4′-(2-hydroxyethoxy)-2-methylpropiophenone) 123 
can be used as the photo-initiator. LAP and Irgacure can be purchased commercially. 124 
 125 
1.4. Dissolve the MMP-degradable peptide crosslinker (KCGPQG↓IWGQCK) and the cell 126 
adhesion peptide (CRGDS) in sterile water to a concentration of 200 mM and 100 mM 127 
respectively, and store them in a -80 °C freezer in (~300 µL and ~30 µL) aliquots, respectively. 128 
 129 
2. Assay media preparation 130 
 131 



  

2.1. Prepare the heat-inactivated, charcoal stripped fetal bovine serum (FBS) for the MMP 132 
assay:  133 
 134 
NOTE: Proteases in FBS can produce a high background signal with the MMP assay; therefore, it 135 
is recommended to heat-inactivate and charcoal strip the FBS for the assay media.  136 
 137 
2.1.1. Inactivate 100 mL of FBS by heating for 30 min at 55 °C.  138 
 139 
NOTE: 100 mL of FBS was utilized here for aliquoting and storage at -20 °C for future use. 140 
Smaller volumes can be used as needed. 141 
 142 
2.1.2. Add 0.025% of activated charcoal and 0.0026% of dextran to a small amount of FBS 143 
(approximately 5 mL) and stir until a slurry is formed. Then, add the rest of the FBS and stir for 144 
30 min at 55 °C. 145 
 146 
2.1.3. Centrifuge at 1962 x g for 20 min at 4 °C. Then transfer the supernatant to another 147 
vessel. 148 
 149 
2.1.4. Repeat step 2.1.2 but at 37 °C followed by step 2.1.3. Sterilize the supernatant using a 150 
0.45 µm filter. 151 
 152 
2.2. Prepare assay media using media supplemented with 1% charcoal stripped FBS, 2 mM L-153 
glutamine, 10 U/mL penicillin, 10 µg/mL streptomycin.  154 
 155 
NOTE: Media without phenol red is recommended because it has less fluorescence 156 
interference. Other additions to the assay media such as insulin, growth factors, etc. may be 157 
added as long as the absorbance and fluorescence spectrum peaks do not overlap with the 158 
sensor (494 nm/521 nm). 159 
 160 
2.3. Dilute bacterial collagenase enzyme type I at 10 and 1000 µg/mL in the assay media as a 161 
positive control. 162 
 163 
3. Hydrogel preparation and cell encapsulation 164 
 165 
3.1. Prepare the hydrogel precursor solution. 166 
 167 
3.1.1. Add the reagents to a 1.5 mL tube in the following order, vortexing after addition of 168 
each component: 20 mM 8 arm 40 kDa PEG-NB, 12.75 mM crosslinker MMP-degradable 169 
peptide, 17.8 mM NaOH, 1 mM CRGDS, 2 mM LAP, and 0.25 mM fluorogenic MMP-degradable 170 
peptide.  171 
 172 
NOTE: Table 1 shows hydrogel precursor solution contents, stock concentrations, working 173 
concentrations, volume calculation formulas and the required volumes needed to make 120 µL 174 
of hydrogel precursor solution, which is sufficient to conduct an experiment with 10 hydrogels. 175 



  

To account for loss of the hydrogel solution due to pipetting, increase the total volume by 20%. 176 
The commercial peptides are often supplied in an acidic hydrogen chloride solution; therefore, 177 
NaOH is added to achieve a final pH of 7. pH of the final solution should be confirmed by the 178 
user. 179 
 180 
3.1.2. Divide the hydrogel precursor solution into multiple 1.5 mL tubes, one tube per 181 
condition being tested.  182 
 183 
NOTE: Several control conditions in which hydrogels are prepared without the addition of cells 184 
are suggested. For a negative control, to account for non-specific degradation of the 185 
fluorogenic sensor, one hydrogel condition can be incubated with the vehicle control or the 186 
experimental media alone if there are no treatment conditions. For a positive control and for 187 
calibration between experiments, hydrogels can be incubated with a protease known to cleave 188 
the fluorogenic sensor. For example, two concentrations of bacterial collagenase were used 189 
here.  190 
 191 
3.2. Encapsulate cells in hydrogels. 192 
 193 
3.2.1. Prepare a single cell suspension as appropriate for the cell type being used. For 194 
example, wash a 10 cm dish of A375 melanoma cells with 10 mL of PBS. Trypsinize cells using 195 
0.05% trypsin and incubate at 37 °C and 5% CO2 for 3 min. Count cells with a hemocytometer to 196 
determine total cell number.  197 
 198 
3.2.2. Centrifuge the cell solution at 314 x g for 3 min, aspirate culture media, then re-suspend 199 
cells in PBS at approximately three times the highest required seeding density for the 200 
experiment. For example, a cell suspension with a density of 21 x 106 cells was used here to 201 
achieve a final encapsulated density of 7 x 106 cells/mL. 202 
 203 
3.2.3. Count the cells again to ensure an accurate cell concentration. 204 
 205 
3.2.4. Add suspended cells and PBS to each tube of hydrogel precursor solution according to 206 
the required seeding density (0.25, 0.5, 1, 2, 3, 4, 5, 6, and 7 x 106 cells/mL in this example). Add 207 
PBS to conditions with no cells in lieu of suspended cells.  208 

 209 
NOTE: All conditions should have the same final hydrogel precursor solution volume to ensure 210 
the ratio between the hydrogel components and PBS is constant. Do not vortex tubes that have 211 
cells in them, pipette up and down vigorously without creating bubbles in order to mix the 212 
precursor solution. 213 
 214 
3.2.5. Dispense 10 µL of the hydrogel precursor solution into a sterile black round bottom 96-215 
well plate, ensuring that the tip is centered in the middle of the each well while dispensing. 216 
 217 
3.2.6. Polymerize hydrogel precursor solution by exposing the plate to ultra violet (UV) light at 218 
4 mW/cm2 for 3 min.  219 



  

 220 
NOTE: The UV lamp (UVL-56 Handheld UV Lamp, UVP, Upland, CA) produces UV-A light at a 221 
long UV wavelength (365 nm), which does not affect cellular viability. 222 
 223 
3.2.7. Add 150 µL of assay media to all wells except for the positive control conditions without 224 
encapsulated cells. To the positive controls, add 150 µL of collagenase enzyme solution. 225 
 226 
3.2.8. Add 150 µL of PBS to the outer wells of the plate to reduce evaporation during 227 
incubation. 228 
 229 
4. Data acquisition and metabolic activity measurement 230 
 231 
4.1. Measure fluorescence immediately post-encapsulation to establish a baseline 232 
fluorescence measurement and ensure uniformity in hydrogel polymerization. Read the plate 233 
using a fluorescence microplate reader utilizing an opaque 96-well plate protocol with an area 234 
scan setting at 494 nm/521 nm (excitation/emission). This will be the 0 h read. 235 
 236 
4.2. Incubate plate in a humidified incubator at 37 °C and 5% CO2 for 18 h. 237 
 238 
4.3. Add metabolic activity reagent (resazurin) at 1:10 (v/v) for each well. 239 
 240 
4.4. Incubate plate in a humidified incubator at 37 °C and 5% CO2 for an additional 6 h.  241 

 242 
NOTE: This incubation time may vary depending on cell type. 243 
 244 
4.5. Measure fluorescence at 24 h post-encapsulation. Read the plate using a fluorescence 245 
microplate reader utilizing an opaque 96-well plate protocol with an area scan setting at 494 246 
nm/521 nm (excitation/emission) for MMP activity and 560 nm/590 nm (excitation/emission) 247 
for metabolic activity.  248 
 249 
REPRESENTATIVE RESULTS: 250 
The current assay was adapted from a previously developed and characterized 3D hydrogel 251 
culture system functionalized with a fluorogenic MMP cleavable sensor8. The fluorogenic MMP 252 
sensor used here consists of a peptide sequence, GPLAC(pMeOBzl)↓WARKDDK(AdOO)C (↓ 253 
indicates the cleavage site) that was previously optimized for cleavage by MMP-14 and MMP-254 
1119. The peptide is labeled with a fluorescent molecule (fluorescein) and a quencher molecule 255 
(dabcyl) on either side of the cleavage site (Figure 1). Upon exposure of the fluorogenic sensor 256 
to the appropriate protease, the fluorophore and quencher are separated, and fluorescence 257 
increases. Here, the assay was miniaturized from a 24-well plate to a 96-well plate format, 258 
eliminating several steps in the encapsulation process and reducing the time needed to 259 
perform an experiment by 50%. Further, it reduced the volume of reagents consumed by 80%, 260 
as hydrogel volumes were reduced from 50 µL to 10 µL per well. Moreover, by using a 96-well 261 
plate, 20 conditions in triplicates could be tested instead of the 12 conditions in duplicates per 262 
24-well plate. A schematic of the cell encapsulation process is illustrated in Figure 2. Label 1 and 263 



  

2 correspond to steps 3.1 and 3.2 in the protocol, respectively. Labels 3 to 5 correspond to 264 
steps 3.2.5 to 3.2.7 in the protocol. Labels 6 to 9 correspond to steps 4.2 to 4.5 in the protocol. 265 
 266 
To establish the detection limits and signal range of the assay, the hydrogels functionalized with 267 
the fluorogenic MMP-degradable peptide were incubated with a range of concentrations (0 to 268 
2000 µg/mL) of bacterial collagenase enzyme type I. After 24 h of incubation at 37 °C, a plate 269 
reader was used to measure the fluorescence (Figure 3). From these measurements, the 270 
dynamic (lowest and highest detected signals) and working range (3 standard deviations above 271 
the lowest detected signal and 3 standard deviations below the highest detected signal) were 272 
determined. After 24 h of incubation, it was observed that the lowest detected signal was 273 
produced by negative controls (background noise) at 0 µg/mL collagenase, while the highest 274 
detected signal was produced by 1000 µg/mL collagenase or above, where the signal begins to 275 
plateau (Figure 3). From the dynamic range, the working range was calculated to be between 276 
≈0.16 µg/mL and ≈474 µg/mL of collagenase, a wide signal range across four orders of 277 
magnitude. 278 
 279 
For cell culture assays, the appropriate cell density that results in fluorescence readings within 280 
the working range of the assay must be determined for each cell type. Here, representative 281 
data is presented for the melanoma cell line A375, encapsulated in a range of densities from 282 
0.25 to 7 x 106 cells/mL. Fluorescence intensity was acquired utilizing a standard microplate 283 
reader at two different time points: 1) directly after encapsulation (0 h) and 2) after 24 h of 284 
encapsulation. At 0 h, fluorescence readings were low across seeding densities (Figure 4A), as 285 
expected. After 24 h of culture (Figure 4B), MMP activity was directly proportional to the 286 
seeding density, in which more cells resulted in more cleavage of the fluorogenic MMP 287 
cleavable sensor and higher fluorescence intensity. As internal controls, hydrogels containing 288 
no cells were incubated with 0, 10, and 1,000 µg/mL of collagenase type I enzyme to indicate 289 
the low, medium and high levels of the signal respectively (as determined by the collagenase 290 
signal range characterization in Figure 3) and represented by dashed lines in Figure 4B. Further, 291 
the working range limits were calculated from the 0 and 1000 µg/mL signals and represented 292 
by dotted lines in Figure 4B. Seeding densities at or greater than 1 x 106 cells/mL fall within the 293 
limits of the working range. Metabolic activity measurements of the A375 cell line were also 294 
directly proportional to the cell seeding density (Figure 4C). Previously, MMP activity has been 295 
normalized to metabolic activity as an internal control to determine MMP activity on a per cell 296 
basis8. Normalizing MMP activity to metabolic activity across seeding densities resulted in no 297 
significant difference in MMP activity at seeding densities greater than 2 x 106 cells/mL (Figure 298 
4D). To determine variability between triplicates in each plate (intra-plate variability), the 299 
coefficient of variation percentage (% CV) was calculated for both MMP and metabolic activity 300 
and is summarized in Table 2. % CV below 20% indicates that the intra-plate variability within 301 
triplicates is acceptable for the system to produce consistent results20,21. 302 
 303 
FIGURE AND TABLE LEGENDS: 304 
Figure 1: The fluorogenic MMP-degradable peptide design. The fluorogenic MMP-degradable 305 
peptide consists of a backbone peptide GPLAC(pMeOBzl)↓WARKDDK(AdOO)C (↓ indicates the 306 
cleavage site) that determines the specificity of the sensor. The peptide is labeled with a 307 



  

quencher (dabcyl) and a fluorophore (fluorescein), which is unquenched (fluoresces) when the 308 
backbone peptide is cleaved by MMP. A thiol group is conjugated to the backbone peptide to 309 
enable covalent reaction with norbornene functional groups in the PEG molecule, coupling the 310 
sensor to the hydrogel. 311 
 312 
Figure 2: Assay schematic. The hydrogel precursor solution components are mixed with cells 313 
suspended in PBS. The precursor solution is then pipetted into black, round bottom, 96-well 314 
plates and polymerized by exposure to UV light for 3 min. Assay media is added, and plates are 315 
incubated for 18 h (37 °C, 5% CO2). The metabolic activity reagent resazurin is then added, and 316 
plates are incubated for an additional 6 h. MMP and metabolic activity are measured using a 317 
fluorescent microplate reader with a well scan protocol at the indicated excitation/emission 318 
wavelengths. 319 
 320 
Figure 3: Dynamic and working range of the assay. Hydrogels functionalized with fluorogenic 321 
MMP-degradable peptide were incubated with a range of concentrations of collagenase 322 
enzyme type I for 24 h at 37 °C and fluorescence intensity was measured. Dotted lines 323 
represent the dynamic and working range. n = 3, mean ± standard deviation (SD). 324 
 325 
Figure 4: Effect of seeding density of melanoma cell line A375 on MMP activity. (A) Initial 326 
measurement (0 h) of MMP activity for A375 cell line encapsulated over a range of seeding 327 
densities. n = 3 mean ± SD. (B) Measurement of MMP activity at 24 h. 0, 10 and 1000 µg/mL of 328 
collagenase are represented by dashed lines. Dotted lines represent the working range (WR) 329 
calculated from collagenase controls. n = 3, mean ± SD. (C) Measurement of metabolic activity 330 
for A375 cell line encapsulated for 24 h over a range of seeding densities and incubated with 331 
resazurin for 6 h. n = 3, mean ± SD. (D) A375 MMP activity normalized to metabolic activity. N = 332 
3, mean ± SD. 333 
 334 
Table 1: Hydrogel precursor solution preparation. 335 
 336 
Table 2: Intra-plate % CV of the assay with A375 cell line. 337 
 338 
DISCUSSION: 339 
3D in vitro cell culture recapitulates many important aspects of the in vivo environment. 340 
However, 3D culture also makes assessing cell function and signaling challenging, as many 341 
biological assays require cellular retrieval and large numbers of cells. Therefore, the 342 
development of a simple 3D culture system that enables measurement of cellular function 343 
without further sample processing would greatly increase the utility of 3D culture systems. The 344 
3D system described here can be adapted for a variety of different applications. The sequence 345 
of the fluorogenic sensor can be changed to detect other proteases. For instance, the 346 
fluorogenic cleavable sensor sequence (GPQG↓IWGQK) which can be cleaved by MMP-1, -2, -3, 347 
-7, -8, and -9, was previously utilized to detect melanoma MMP activity in response to 348 
chemotherapeutics22. The use of the PEG hydrogel system also enables precise independent 349 
tuning of the cellular microenvironment, including the mechanical properties, the degradability, 350 
and the matrix adhesion moieties within the hydrogel. The adhesion molecule RGD used in this 351 



  

work is a fibronectin-derived sequence and enables integrin-mediated adhesion. Other 352 
adhesion molecules such as (RLD) and (IKVAV) that are derived from fibrinogen and laminin 353 
respectively could be utilized to activate other types of integrin receptors. For example, it was 354 
demonstrated that altering the adhesion molecules changed the elongation of aortic valvular 355 
interstitial cells (VIC), which may have an effect on aortic valve stenosis15. The hydrogel 356 
crosslinker sequence can control the degradability of the hydrogel and encapsulated cellular 357 
behavior within the hydrogel. For example, it was demonstrated that fibroblasts had increased 358 
proliferation and cell spreading when cultured in faster degrading hydrogels, which may 359 
expedite the healing process in vivo23. Mechanical properties of the microenvironment can also 360 
regulate cell function, and hydrogel stiffness can be modified by altering the number of arms in 361 
the PEG macromer, PEG molecular weight and the ratio between PEG and crosslinker.  362 
 363 
Because MMP activity varies by cell type, for each new cell type it is important to conduct an 364 
encapsulation density optimization experiment as demonstrated here. After 24 h of 365 
encapsulation, MMP and metabolic activity were directly proportional to cell seeding density. 366 
However, at longer times the fluorescent signal can plateau, therefore the timing of the assay 367 
may have to be optimized by the user8. The specific protease sensor can also affect the working 368 
range and timing of the assay. The working range of the assay can be determined by conducting 369 
a signal range experiment with no cells and a proteolytic enzyme over a wide concentration. 370 
Inclusion of several no cell hydrogel conditions incubated with enzyme controls enables 371 
establishment of the low (background noise), medium and high levels of signal within each 372 
assay (0, 10 and 1000 µg/mL of collagenase here). This gives an indication of where the signals 373 
produced by cells fall within the working range of the assay. This assay is also compatible with 374 
other fluorescent sensors that do not have overlapping excitation and emission spectra, such as 375 
the metabolic activity assay used here as an internal control to calculate MMP activity on per 376 
cell basis, as previously reported8. MMP activity normalized to metabolic activity demonstrated 377 
the validity of this approach for seeding densities at or above 2 x 106 cells/mL, in which there 378 
was no significant change across seeding densities. This normalization is crucial to identify the 379 
appropriate seeding densities that are within the working range of the MMP activity curve and 380 
within the linear portion of the normalization curve. 381 
 382 
While the assay can be adapted for several purposes, there are several limitations and critical 383 
aspects the user should consider, specifically regarding interference with the fluorescent signal 384 
and preparation of the hydrogels. First, care must be taken with the choice of culture media 385 
and additional treatments, as these can have an overlapping absorbance spectrum or 386 
opaqueness that may interfere with the detection of fluorescence or quench the signal. It is 387 
recommended to use culture media that does not contain phenol red. Also, some drug 388 
treatments are fluorescent (e.g., doxorubicin), or have absorbance spectrum that overlaps with 389 
the excitation/emission spectrum of the fluorophore (e.g., curcuminoids). A second aspect that 390 
can affect the performance of the assay is the hydrogel preparation. Because of the high 391 
viscosity of the hydrogel precursor solution, care needs to be taken to ensure thorough mixing 392 
of the hydrogel solution and careful pipetting practices to prevent unequal fluorophore content 393 
or hydrogel solution volume in each well. Pre-wetting of the pipette tips and using low-394 
retention tips can help reduce variability. Another important aspect of hydrogel preparation is 395 



  

the hydrogel shape and location in wells. The hydrogel should be centered within the well and 396 
of a uniform shape to enable accurate fluorescence measurements with less variability15. Here, 397 
the use of round bottom plates aids in centering the pipette tip in each well and the production 398 
of semi-spherical hydrogels consistently across all wells. 399 
 400 
By adapting the 3D protease-degradable hydrogel system, real-time protease and metabolic 401 
activity readouts can be detected in a 3D microenvironment with minimal sample processing. In 402 
addition, the use of the synthetic PEG hydrogel reduces the batch-to-batch variability observed 403 
with naturally derived ECM hydrogels. Furthermore, utilizing PEG hydrogels enables fine-tuning 404 
of chemical and mechanical cues of hydrogels for an improved control of the 405 
microenvironment. Moreover, the PEG hydrogel polymerization described here is a photo-406 
initiated process, making it quick and more amenable to high throughput methodologies than 407 
classic natural ECM hydrogels (i.e., collagen or Matrigel), which are slower and temperature 408 
sensitive. This quick, user-controlled polymerization allows the scaling-up of the system to be 409 
further automated using robotic liquid handlers, as demonstrated by others15. 410 
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Precursor Solution Contents Stock Conc. Working Conc. Volume Formula
Example volume for 

10 gels (µL)

PEG-NB (wt%) 25 10 working conc.*total volume / stock conc. 48.00

Crosslinker MMP-degradable 

peptide  (mM)
200 8. 75 to 18.75 Stoichiometry (thiols:enes) (0.5 to 1) 5.25 to 7.65

NaOH (M) 1 - 28% of the crosslinker volume 1.47 to 3.14

RGD pendant peptide (mM) 100 1 working conc.*total volume / stock conc. 1.20

LAP (mM) 68 2 working conc.*total volume / stock conc. 3.53

Fluorescent MMP-degradable 

peptide (mM)
10 0.25 working conc.*total volume / stock conc. 3.00

1X PBS (for all conditions) - -
total volume - sum of all precursor 

components
57.56 to 49.88

number of hydrogels (10 hydrogels) * 

hydrogel volume (10 µL) * 20% extra
120.00Total Volume = 

Table 1: Hydrogel Precursor Solution Preparation
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1.81 ± 

1.59
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0.48

1.38 ± 

1.51

2.06 ± 
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0.90 ± 

0.34

1.48 ± 

0.20

2.03 ± 

2.24

2.51 ± 

0.46

1.33 ± 

0.49

1.24 ± 

0.33

4.24 ± 

1.02

2.65 ± 

0.33

Metabolic 

Activity

0.46 ± 

0.12

2.85 ± 

1.03

2.66 ± 

1.64

1.95 ± 

0.96

3.45 ± 

1.48

1.96 ± 

1.92

2.92 ± 

1.46

3.98 ± 

3.86

1.26 ± 

0.53

1.05 ± 

0.39
- -

%CV Mean ± 

Standard 

Deviation (%)

Seeding Density (*10
6
 Cells/mL)

Collagenase 

Control 

Table 2: Intra-plate %CV of the assay with A375 cell line
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Name of Material / Equipment Company
Catalog Number / 

Model

1X Phosphate Buffered Saline Fisher Scientific 10-010-049

Activated charcoal Sigma-Aldrich C3345

Black round bottom 96-well plate Brand-Tech 89093-600

Cell adhesion peptide (CRGDS) GenScript USA Inc. custom made

Collagenase enzyme type I Life Technologies 17100-017

Dextran Sigma-Aldrich D4876

DMEM High Glucose Media Invitrogen 11965118

Fetal bovine serum (FBS) Seradigm 1500-500

Fluorescence microplate reader BioTek Cytation 3

Hemocytometer Hausser Scientific Co. 3200

L-glutamine Life Technologies 25030-081
MMP-degradable peptide crosslinker 

(KCGPQG↓IWGQCK)
GenScript USA Inc. custom made

NaOH Fisher Scientific S318500

Penicillin /streptomycin Life Technologies 15140-122

Resazurin (Alamar Blue) Life Technologies DAL1100

UV light UVP 95-0006-02

Table of Materials Click here to access/download;Table of Materials;JOVE - List of Materials.xlsx

http://www.editorialmanager.com/jove/download.aspx?id=924110&guid=84edbec0-46be-4456-ad9e-1037611b8c41&scheme=1
http://www.editorialmanager.com/jove/download.aspx?id=924110&guid=84edbec0-46be-4456-ad9e-1037611b8c41&scheme=1


ARTICLE AND VIDEO LICENSE AGREEMENT 

Title of Article: 

Author(s):  

Item 1 (check one box): The Author elects to have the Materials be made available (as described at 

http://www.jove.com/author) via:      Standard Access       Open Access 

Item 2 (check one box): 

 The Author is NOT a United States government employee. 
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ARTICLE AND VIDEO LICENSE AGREEMENT 

1. Defined Terms.  As used in this Article and Video License
Agreement, the following terms shall have the following
meanings: “Agreement” means this Article and Video License
Agreement; “Article” means the article specified on the last
page of this Agreement, including any associated materials
such as texts, figures, tables, artwork, abstracts, or summaries 
contained therein; “Author” means the author who is a
signatory to this Agreement; “Collective Work” means a work,
such as a periodical issue, anthology or encyclopedia, in which
the Materials in their entirety in unmodified form, along with a
number of other contributions, constituting separate and
independent works in themselves, are assembled into a
collective whole; “CRC License” means the Creative Commons
Attribution-Non Commercial-No Derivs 3.0 Unported
Agreement, the terms and conditions of which can be found
at: http://creativecommons.org/licenses/by-nc-
nd/3.0/legalcode; “Derivative Work” means a work based
upon the Materials or upon the Materials and other pre-
existing works, such as a translation, musical arrangement,
dramatization, fictionalization, motion picture version, sound
recording, art reproduction, abridgment, condensation, or any
other form in which the Materials may be recast, transformed,
or adapted; “Institution” means the institution, listed on the
last page of this Agreement, by which the Author was
employed at the time of the creation of the Materials; “JoVE”
means MyJove Corporation, a Massachusetts corporation and
the publisher of The Journal of Visualized Experiments;
“Materials” means the Article and / or the Video; “Parties” 
means the Author and JoVE; “Video” means any video(s) made
by the Author, alone or in conjunction with any other parties,
or by JoVE or its affiliates or agents, individually or in
collaboration with the Author or any other parties,
incorporating all or any portion of the Article, and in which the
Author may or may not appear.

2. Background.  The Author, who is the author of the Article,
in order to ensure the dissemination and protection of the
Article, desires to have the JoVE publish the Article and create
and transmit videos based on the Article.  In furtherance of
such goals, the Parties desire to memorialize in this Agreement
the respective rights of each Party in and to the Article and the
Video.

3. Grant of Rights in Article.  In consideration of JoVE agreeing
to publish the Article, the Author hereby grants to JoVE,
subject to Sections 4 and 7 below, the exclusive, royalty-free,
perpetual (for the full term of copyright in the Article,
including any extensions thereto) license (a) to publish,
reproduce, distribute, display and store the Article in all forms,
formats and media whether now known or hereafter
developed (including without limitation in print, digital and
electronic form) throughout the world, (b) to translate the
Article into other languages, create adaptations, summaries or
extracts of the Article or other Derivative Works (including,
without limitation, the Video) or Collective Works based on all
or any portion of the Article and exercise all of the rights set
forth in (a) above in such translations, adaptations,
summaries, extracts, Derivative Works or Collective Works and
(c) to license others to do any or all of the above.  The
foregoing rights may be exercised in all media and formats,
whether now known or hereafter devised, and include the
right to make such modifications as are technically necessary
to exercise the rights in other media and formats.  If the “Open
Access” box has been checked in Item 1 above, JoVE and the
Author hereby grant to the public all such rights in the Article
as provided in, but subject to all limitations and requirements
set forth in, the CRC License.
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ARTICLE AND VIDEO LICENSE AGREEMENT 

4. Retention of Rights in Article.  Notwithstanding the
exclusive license granted to JoVE in Section 3 above, the
Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or
teaching classes, and to post a copy of the Article on the
Institution’s website or the Author’s personal website, in each
case provided that a link to the Article on the JoVE website is
provided and notice of JoVE’s copyright in the Article is
included.  All non-copyright intellectual property rights in and
to the Article, such as patent rights, shall remain with the
Author.

5. Grant of Rights in Video – Standard Access.  This Section 5
applies if the “Standard Access” box has been checked in Item
1 above or if no box has been checked in Item 1 above.  In
consideration of JoVE agreeing to produce, display or
otherwise assist with the Video, the Author hereby
acknowledges and agrees that, Subject to Section 7 below,
JoVE is and shall be the sole and exclusive owner of all rights of
any nature, including, without limitation, all copyrights, in and
to the Video.  To the extent that, by law, the Author is
deemed, now or at any time in the future, to have any rights
of any nature in or to the Video, the Author hereby disclaims
all such rights and transfers all such rights to JoVE. 

6. Grant of Rights in Video – Open Access.  This Section 6
applies only if the “Open Access” box has been checked in
Item 1 above.  In consideration of JoVE agreeing to produce,
display or otherwise assist with the Video, the Author hereby
grants to JoVE, subject to Section 7 below, the exclusive,
royalty-free, perpetual (for the full term of copyright in the
Article, including any extensions thereto) license (a) to publish,
reproduce, distribute, display and store the Video in all forms,
formats and media whether now known or hereafter
developed (including without limitation in print, digital and
electronic form) throughout the world, (b) to translate the
Video into other languages, create adaptations, summaries or
extracts of the Video or other Derivative Works or Collective
Works based on all or any portion of the Video and exercise all
of the rights set forth in (a) above in such translations,
adaptations, summaries, extracts, Derivative Works or
Collective Works and (c) to license others to do any or all of
the above.  The foregoing rights may be exercised in all media
and formats, whether now known or hereafter devised, and
include the right to make such modifications as are technically
necessary to exercise the rights in other media and formats.
For any Video to which this Section 6 is applicable, JoVE and 
the Author hereby grant to the public all such rights in the
Video as provided in, but subject to all limitations and
requirements set forth in, the CRC License.

7. Government Employees.  If the Author is a United States
government employee and the Article was prepared in the
course of his or her duties as a United States government
employee, as indicated in Item 2 above, and any of the
licenses or grants granted by the Author hereunder exceed the
scope of the 17 U.S.C. 403, then the rights granted hereunder
shall be limited to the maximum rights permitted under such

statute.  In such case, all provisions contained herein that are 
not in conflict with such statute shall remain in full force and 
effect, and all provisions contained herein that do so conflict 
shall be deemed to be amended so as to provide to JoVE the 
maximum rights permissible within such statute. 

8. Likeness, Privacy, Personality.  The Author hereby grants
JoVE the right to use the Author’s name, voice, likeness,
picture, photograph, image, biography and performance in any
way, commercial or otherwise, in connection with the
Materials and the sale, promotion and distribution thereof.
The Author hereby waives any and all rights he or she may
have, relating to his or her appearance in the Video or
otherwise relating to the Materials, under all applicable
privacy, likeness, personality or similar laws.

9. Author Warranties.  The Author represents and warrants
that the Article is original, that it has not been published, that
the copyright interest is owned by the Author (or, if more than
one author is listed at the beginning of this Agreement, by
such authors collectively) and has not been assigned, licensed,
or otherwise transferred to any other party. The Author
represents and warrants that the author(s) listed at the top of
this Agreement are the only authors of the Materials.  If more
than one author is listed at the top of this Agreement and if
any such author has not entered into a separate Article and
Video License Agreement with JoVE relating to the Materials,
the Author represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each of them had
been a party hereto as an Author. The Author warrants that
the use, reproduction, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not violate, infringe
and/or misappropriate the patent, trademark, intellectual
property or other rights of any third party.  The Author
represents and warrants that it has and will continue to
comply with all government, institutional and other
regulations, including, without limitation all institutional,
laboratory, hospital, ethical, human and animal treatment,
privacy, and all other rules, regulations, laws, procedures or
guidelines, applicable to the Materials, and that all research
involving human and animal subjects has been approved by
the Author's relevant institutional review board.

10. JoVE Discretion.  If the Author requests the assistance of
JoVE in producing the Video in the Author’s facility, the Author
shall ensure that the presence of JoVE employees, agents or
independent contractors is in accordance with the relevant
regulations of the Author's institution.  If more than one
author is listed at the beginning of this Agreement, JoVE may, 
in its sole discretion, elect not take any action with respect to
the Article until such time as it has received complete,
executed Article and Video License Agreements from each
such author.  JoVE reserves the right, in its absolute and sole
discretion and without giving any reason therefore, to accept
or decline any work submitted to JoVE.  JoVE and its
employees, agents and independent contractors shall have
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full, unfettered access to the facilities of the Author or of the 
Author’s institution as necessary to make the Video, whether 
actually published or not.  JoVE has sole discretion as to the 
method of making and publishing the Materials, including, 
without limitation, to all decisions regarding editing, lighting, 
filming, timing of publication, if any, length, quality, content 
and the like. 
 
11.  Indemnification.  The Author agrees to indemnify JoVE 
and/or its successors and assigns from and against any and all 
claims, costs, and expenses, including attorney’s fees, arising 
out of any breach of any warranty or other representations 
contained herein.  The Author further agrees to indemnify and 
hold harmless JoVE from and against any and all claims, costs, 
and expenses, including attorney’s fees, resulting from the 
breach by the Author of any representation or warranty 
contained herein or from allegations or instances of violation 
of intellectual property rights, damage to the Author’s or the 
Author’s institution’s facilities, fraud, libel, defamation, 
research, equipment, experiments, property damage, personal 
injury, violations of institutional, laboratory, hospital, ethical, 
human and animal treatment, privacy or other rules, 
regulations, laws, procedures or guidelines, liabilities and 
other losses or damages related in any way to the submission 
of work to JoVE, making of videos by JoVE, or publication in 
JoVE or elsewhere by JoVE.  The Author shall be responsible 
for, and shall hold JoVE harmless from, damages caused by 
lack of sterilization, lack of cleanliness or by contamination 
due to the making of a video by JoVE its employees, agents or 
independent contractors.  All sterilization, cleanliness or 
decontamination procedures shall be solely the responsibility 
of the Author and shall be undertaken at the Author’s 

expense.  All indemnifications provided herein shall include 
JoVE’s attorney’s fees and costs related to said losses or 
damages.  Such indemnification and holding harmless shall 
include such losses or damages incurred by, or in connection 
with, acts or omissions of JoVE, its employees, agents or 
independent contractors. 
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Editors and Reviewers Comments Responses 

 

The authors would like to thank the editors and reviewers for their insightful comments which 
greatly improved the manuscript. The authors carefully considered editorial and reviewers’ 
comments and revised the manuscript accordingly. Changes made to the main manuscript are 
underlined. Moreover, responses to reviewers and their corresponding location in the revised 
manuscript can be found below. 

 

Editorial comments: 
1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are 
no spelling or grammar issues. 

The manuscript has been read thoroughly and all lingual issues were corrected.  

 
2. 1.1, 2.1, 3.1, 3.2: Please revise the protocol to contain only action items that direct the 
reader to do something (e.g., “Do this,” “Ensure that,” etc.). The actions should be described in 
the imperative tense in complete sentences wherever possible. Avoid usage of phrases such as 
“could be,” “should be,” and “would be” throughout the Protocol. Any text that cannot be 
written in the imperative tense may be added as a “Note.” Please include all safety procedures 
and use of hoods, etc. However, notes should be used sparingly and actions should be 
described in the imperative tense wherever possible. 
Steps 1.1, 2.1, 3.1 and 3.2 were revised and rewritten in the imperative tense (Protocol section, 
steps 1.1, 2.1, 3.1 and 3.2). 

 

3. 2.1.1: What volume of FBS is used? 
We typically process 100 mL of FBS at one time, although the protocol could be scaled up or 
down, depending on user needs. This has been clarified in the manuscript (Protocol section, step 
2.1.1).  

 

4. 3.2.1: Please describe how this is done and specify the concentration of trypsin and the 
reaction conditions. 
Step 3.2.1 was further clarified and manuscript was revised accordingly (Protocol section, step 
3.2.1). 

 

5. Figure 2: Please change “hr” to “h” for the time unit. 
Figure was revised, and hr changed to h throughout the manuscript.  

 

Rebuttal Letter Click here to access/download;Rebuttal Letter;JOVE -
Reviewers Responses.docx

http://www.editorialmanager.com/jove/download.aspx?id=923566&guid=0ad0d2be-9dd0-4d1f-90e3-76d452f87f6e&scheme=1
http://www.editorialmanager.com/jove/download.aspx?id=923566&guid=0ad0d2be-9dd0-4d1f-90e3-76d452f87f6e&scheme=1


6. Table 2: Please define SD. 
SD is the standard deviation. Table 2 was revised accordingly. 

 

7. Discussion: As we are a methods journal, please also discuss critical steps within the protocol, 
any modifications and troubleshooting of the technique, and any limitations of the technique. 
Authors would like to thank the editors for their comments to improve this manuscript. As a 
supplement to notes mentioned in the protocol that elaborate on critical steps and 
considerations the assay user should be aware of, the discussion section was revised to expand 
on possible sources of variability and ways to address them  (Discussion section). 

 
Reviewers' comments: 
 
Reviewer #1: 
 
This manuscript describes the development of an assay to measure two cellular functions 
simultaneously in a 3D hydrogel culture system without further sample treatments, such as 
matrix digestion. The assay is an adaptation of a previously published method. Here, sample 
size is reduced, saving time and volume of reagents used. The system seems to give 
reproducible results for this A375 cell system. This interesting assay contributes to the 
development of high throughput analyses of 3D cell culture systems. 
 
The introduction gives a concise background of the topic and establishes the significance of the 
work. The methodology described here is adequate and seems to be simple, appropriate for 
general use in cellular studies, and bioengineering. The experiments are well carried out and 
the results are clear. Overall, manuscript data appear to be correct and thorough. 
 
There are just a couple of questions: 
(1) Since gels are polymerized within the 96 well plate, I understand the hydrogel is stuck to the 
bottom of the well. Then, is it important that some parts of the gel are not equally exposed to 
media? Especially for longer term experiments? And is this assay still reproducible at later time 
points? 

PEG is a very hydrophilic material, with the final hydrogel composed of greater than 95% water, 
enabling rapid diffusion with the surrounding media and no loss of cell viability near the bottom 
of the well. The timing of the assay is dependent on cell type and cell density, at later time 
points all of the fluorogenic MMP peptide will be cleaved and the signal will plateau. Therefore 
we recommend using the cell density optimization experiment described here to determine the 
appropriate cell density to be within the linear range of the assay at the 24 hour time point. We 
have more clearly addressed this in the text (Discussion section, 2nd paragraph). 

 
(2) Minor comments: line 111, LAP initiator is also commercially available (since this is pointed 
out for Irgacure) and line 196, please describe lamp. 



The manuscript was revised and LAP was noted as commercially available (Protocol section, step 
1.3). The lamp description was added to the manuscript (Protocol section, step 3.2.6), model 
number (95-0006-02) is listed in the materials list table. 

 
Reviewer #2: 
 
Manuscript Summary: 
The work describes the protocol for detecting MMP activity in cell-laden hydrogels formed by 
thiol-ene photopolymerization. 
 
Major Concerns: 
No major concern. 
 
Minor Concerns: 
Line 61: "poly (ethylene glycol)' should be revised as 'poly(ethylene glycol)'. 

Manuscript was revised accordingly. 

 

Line 64: Please specify which MMPs were the target of analysis. 

The MMP-degradable peptide sequence used here for the fluorogenic sensor was previously 
developed for specificity to MMP-11 and MMP-14 (Mucha et .al 1998). This has been clarified in 
the manuscript (Results section, 1st paragraph). 

 

Line 71: 'phenomenon' should be replaced with 'phenomena'. 
Corrected. 

 

Line 72: 'necessitate 3D in vitro systems for further study' should be rewritten as a separate 
sentence. 
Manuscript was revised and recommended changes have been made (Introduction section, 2nd 
paragraph). 

 

Line 85: 'described' should be replaced with 'required'. 
Corrected (Introduction section, 3rd paragraph). 

 

Line 101: Please specify the type of fluorophore used. 
The fluorogenic peptide was labeled with fluorescein (fluorophore) and dabcyl (quencher). The 
manuscript was revised to include this information (Protocol section, step 1.1, Results section, 
1st Paragraph, and Figure 1). 



 

Line 117: Since the hydrogels were also crosslinked by MMP sensitive peptide, please comment 
on whether there is competition between cleavage of MMP-sensitive linker vs. cleavage of 
MMP-sensitive fluorescent probe. 
There may be competition between the cleavage of the MMP-degradable crosslinker and 
fluorescent MMP-degradable sensor. However, in a separate manuscript currently under 
revision, we have found experimentally that varying the amount of crosslinker did not affect 
cleavage of the fluorescent sensor across a range of collagenase concentrations.   

 

Line 196: Please specify the type of UV light source and wavelength. 
The lamp specifications (UVL-56 Handheld UV Lamp, UVP, Upland, CA) were added to the 
manuscript (Protocol section, step 3.2.6). The UV light source produces UV-A light at a long UV 
wavelength (365nm). 

 

Lines 279-281: Please rewrite these two sentences. It's not clear what the authors mean by 
'limited in measuring cellular functions'/ 
Using 3D culturing systems to measure cellular function has been challenging due to the 
difficulty of cellular retrieval and limited cell number, limiting subsequent biological assays in 
the type of assay and/or the number of possible conditions. This is now more clearly described 
in the discussion (Discussion section, 1st paragraph). 

 

Line 297: Please discuss why the readings have high variation at lower cell density. 
Figure 1B: A collagenase activity 'standard curve' should be established (not just 0, 10, 1000 
ug/mL). 

At lower seeding densities, cells produce weak signal that overlaps with the background noise. 
This overlap creates variability within triplicates and between experiments on different days.  

A standard curve was performed for the MMP sensor using a range of collagenase 
concentrations (0 to 2000 µg/mL) (Figure 3). From this curve, the working range was calculated 
as, three standard deviations above the minimum (background) and below the maximum 
detected signals. Sample signals that fall within the working range can be considered 
statistically significantly different from background noise with 99.7% confidence. Hydrogels 
incubated with collagenase enzyme at 0, 10 and 1000 µg/mL  are used as positive controls in the 
cell density experiment (Figure 4) to indicate where the signals produced by cells fall within the 
working range of the assay. Manuscript was revised and necessary changes were made to 
reflect the discussed issue (Discussion section, 2nd paragraph). 

 


