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Abstract

The mechanical microenvironment has been shown to act as a crucial regulator of tumor growth behavior and signaling, which is itself remodeled
and modified as part of a set of complex, two-way mechanosensitive interactions. While the development of biologically-relevant 3D tumor
models have facilitated mechanistic studies on the impact of matrix rheology on tumor growth, the inverse problem of mapping changes in
the mechanical environment induced by tumors remains challenging. Here, we describe the implementation of particle-tracking microrheology
(PTM) in conjunction with 3D models of pancreatic cancer as part of a robust and viable approach for longitudinally monitoring physical changes
in the tumor microenvironment, in situ. The methodology described here integrates a system of preparing in vitro 3D models embedded in
a model extracellular matrix (ECM) scaffold of Type I collagen with fluorescently labeled probes uniformly distributed for position- and time-
dependent microrheology measurements throughout the specimen. In vitro tumors are plated and probed in parallel conditions using multiwell
imaging plates. Drawing on established methods, videos of tracer probe movements are transformed via the Generalized Stokes Einstein
Relation (GSER) to report the complex frequency-dependent viscoelastic shear modulus, G*(ω). Because this approach is imaging-based,
mechanical characterization is also mapped onto large transmitted-light spatial fields to simultaneously report qualitative changes in 3D tumor
size and phenotype. Representative results showing contrasting mechanical response in sub-regions associated with localized invasion-induced
matrix degradation as well as system calibration, validation data are presented. Undesirable outcomes from common experimental errors and
troubleshooting of these issues are also presented. The 96-well 3D culture plating format implemented in this protocol is conducive to correlation
of microrheology measurements with therapeutic screening assays or molecular imaging to gain new insights into impact of treatments or
biochemical stimuli on the mechanical microenvironment.

Video Link

The video component of this article can be found at http://www.jove.com/video/51302/

Introduction

It is clear from a growing body of evidence in the literature that cancer cells, as with non-malignant mammalian epithelial cells, are highly
sensitive to the mechanical and biophysical properties of the surrounding extracellular matrix (ECM) and other microenvironment components1-9.
Elegant mechanistic studies have provided insights into the role of extracellular rigidity as a complex mechanosensitive signaling partner that
regulates malignant growth behavior and morphogenesis2,3,10,11. This work has been facilitated in particular by the development of 3D in vitro
tumor models that restore biologically relevant tissue architecture and can be grown in scaffold materials with tunable mechanics and imaged
by optical microscopy12-19. However, the other side of this mechanoregulatory dialog between tumor and microenvironment, through which
cancer cells in turn modify the rheology of their surroundings, remains somewhat more difficult to study. For example, during invasion processes,
cells at the periphery of a tumor may undergo epithelial to mesenchymal transition (EMT) and increase expression of matrix metalloproteases
(MMPs) that cause local degradation of ECM20-22, which in turn influences mechanosensitive growth behavior of other proximal tumor cells.
Through a variety of biochemical processes, cancer cells continually dial the local rigidity of their environment up and down to suit different
processes at different times. The methodology described here is motivated by the need for analytical tools that report local changes in the rigidity
and compliance of the ECM during growth, that can be integrated with 3D tumor models and correlated longitudinally with biochemical and
phenotypic changes without terminating the culture.

In search of an appropriate technique to implement in this context, particle-tracking microrheology (PTM) emerges as a strong candidate. This
method, pioneered originally by Mason and Weitz23,24, uses the motion of tracer probes embedded in a complex fluid to report the frequency-
dependent complex viscoelastic shear modulus, G*(ω) at micron length scales. This general approach has been developed with multiple
variations suited for different applications in soft-condensed matter, colloids, biophysics and polymer physics25-31. PTM has certain advantages
relative to other methods, since readouts of local viscoelasticity are provided by non-destructive video imaging of biochemically inactive tracer
probes that are incorporated at the time of culture preparation and remain in place over extended periods of growth. This is in contrast to gold
standard measurements with an oscillatory shear bulk rheometer, which necessarily requires termination of the culture and reports the bulk
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macroscopic rheology of the sample rather than point measurements within the complex 3D tumor microenvironment. Indeed a number of
studies have illustrated the utility of interpreting measurements of tracer probe movements in or around cancer or non-cancer cells to measure
deformations associated with cell migration32, mechanical stress induced by an expanding spheroid33, intracellular rheology34,35, and to map
mechanical stresses and strains in engineered tissues36, and relation between pore size and invasion speed37. Other techniques suitable for
microrheology, such as atomic force microscopy (AFM) can be implemented, but primarily for probing points at the sample surface and also may
pose culture sterility issues that complicate longitudinal measurements38.

Here, we describe a comprehensive protocol encompassing methods for growth of 3D tumor spheroids suitable for transfer into ECM with
embedded fluorescent probes for video particle-tracking and analysis methods for reliably mapping spatial changes in microrheology over time
in culture. In the present implementation, 3D tumor models are grown in multiwell format with a view towards incorporation of microrheology
measurements with other traditional assays (e.g., cytotoxicity) which this format is conducive to. In this representative illustration of this
methodology we culture in vitro 3D spheroids using PANC-1 cells, an established pancreatic cancer cell line known to form spheroids39, but
all measurements described herein are broadly applicable to study of solid tumors using a variety of cell lines suitable for 3D culture. Because
this method is inherently imaging-based it is ideally suited for co-registration of high-resolution microrheology data with large transmitted-
light fields of view that report changes in cell growth, migration and phenotype. The implementation of PTM integrated with transmitted light
microscopy in this manner assumes reproducible positioning of the microscope stage which is typically available on motorized commercial
widefield epifluorescence biological microscopes. The protocol developed below can be implemented with any reasonably equipped automated
fluorescence biological microscope. This is an inherently data-intensive method, which requires acquisition of gigabytes of digital video
microscopy data for offline processing.

In the following protocol, Protocol 1 pertains to the initial preparation of tumor spheroids which is described here using overlay on agarose but
could be substituted with a variety of other methods such as hanging drop40, or rotary culture41 techniques. Protocol 2 describes the process
of embedding spheroids in a collagen scaffold though alternatively, in vitro 3D tumors could be grown by encapsulation or embedding of
resuspended cells in ECM12,15, rather than single pre-formed non-adherent spheroids. Subsequent protocols describe procedures for obtaining
time-resolved microrheology measurements by acquiring and processing video microscopy data, respectively. Data processing is described
using MATLAB, making use of open source routines for PTM built on algorithms originally described by Crocker and Grier42, which have also
been extensively developed for different software platforms (see http://www.physics.emory.edu/~weeks/idl/).

Protocol

1. Culturing Tumor Spheroids

1. Mix 10 ml of cell culture grade water with 0.1 g of agarose to obtain a 1% agarose solution.
2. Heat agarose solution to above 70 °C (roughly 14 sec in a standard microwave or by using a heating plate) before aliquoting 40 μl of agarose

solution into a well on a 96-well plate.
3. Incubate plate at 37 °C for at least 1 hr while harvesting cells using standard techniques.
4. Use a hemacytometer to determine the concentration of cells in the suspension.
5. Dilute cell suspension to 1,000 cells/ml and add 100 µl of this dilution to the well containing the cured agarose bed.
6. Place the sample on a shaker overnight in an incubator set at 37 °C and 5% CO2.
7. Remove sample from shaker and add 100 µl of cell culture media.
8. Incubate spheroids until desired diameter is reached. For example, after 9 days, a spheroid will be approximately 450 µm in diameter. During

this time, fresh growth media can be added to the wells but aspiration should be avoided since this will result in removal of the spheroid.

2. Preparing 3D Tumor Spheroids Embedded in ECM

1. Prepare a work station with needed materials inside a laminar flow hood.
2. Prepare a diluted mixture of carboxylate-modified 1 μm diameter fluorescent tracer probes by adding 2 parts stock probes (2% solids) to 25

parts sterile water.
3. Remove a bottle of 3.1 mg/ml bovine collagen from the refrigerator and place it on ice.
4. Aliquot 125 μl of collagen into an empty 2 ml vial.
5. Add 50 μl of diluted tracer probe solution to the vial containing the collagen and vortex briefly to distribute probes.
6. Add 235 μl of appropriate cell culture media containing phenol red (which will turn yellow) for a total volume of 410 ml and vortex briefly

before removing 205 ml (half the total volume) and placing it in a new 2 ml vial. Vial 1 will contain the tumor spheroid and Vial 2 will be a
control mixture.

7. Add ~2 μl of 1 M NaOH to Vial 1 to bring the solution back to neutral pH (culture media containing phenol red should return to red). Note that
this will cause the mixture to begin curing if it is not kept on ice. Vortex briefly to mix, then return to ice rack immediately.
 

NOTE: The spheroid is barely visible to the naked eye after 9 days of culture and its removal from the agarose bed is a delicate task. Use of a
dissection microscope may be helpful for some users. Maintaining the integrity of the spheroid during transfer is paramount.

8. Using a wide-mouth pipette tip, gently remove 40 μl of media from the well containing the tumor spheroid. Retain this 40 μl while conducting
the next step.

9. Check the well to see if the spheroid was removed in the previous step. If it was, add the 40 μl containing the spheroid to Vial 1. If not, place
the 40 μl back into the well and repeat the previous step.

10. Gently stir Vial 1 (do not risk vortexing, it may damage the spheroid) before transferring the mixture in 60 μl portions into three separate wells
of a 96-well plate. Inspect each well with a microscope after adding mixture to determine which well contains the spheroid.

11. Add ~2 μl 1 M NaOH and 40 μl of cell culture media to Vial 2 and vortex before aliquotting 60 μl of this mixture to an empty well in the 96-well
plate and labeling as a control.

12. Place the plate in a 37 °C incubator to cure for at least 1 hr.
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3. Construct Grid of Sample Points and Take a Video at Each Point

1. Transfer the sample plate from the incubator to the microscope stage. Allow 10 min for the sample to equilibrate with the room temperature if
a heated stage is not available.

2. Observe the sample with low powered objective lenses to make sure it is intact and ready for imaging. Determine the tumor position within
the well.

3. Decide how many sample points to take. Typically, 20 sample points in each well, distributed in concentric rings around the spheroid will
produce adequately detailed results.

4. Move the stage to each desired position and use microscope interfacing software to record the x and y coordinates (or record coordinates
manually if interfacing software is unavailable).

5. Switch the microscope to a high powered objective lens (typically 100X), and select the appropriate filter cube for the excitation wavelength of
the tracer probes. Use the list of points created in step 3.4 to move to the first point in the grid.

6. Adjust the focus to find the bottom of the well, then move up to find a field of view (fov) containing several in-focus tracer probes.
7. Observe the intensity histogram and adjust the exposure intensity and time to give the greatest dynamic range possible while ensuring that

the image does not become saturated.
8. Obtain a video sequence at a frame rate of 20-30 msec per frame (approximately 800 frames or 16-24 sec in length is recommended to

provide sufficient statistics for robust MSD calculation balanced with the need for minimizing acquisition time at each spatial grid point) and
save with an appropriate convention. During the recording, do not touch the microscope or table.

9. Repeat steps 3.6 to 3.9 for each sample point in the grid.
10. Repeat steps 3.3 to 3.10 for each well in the experiment.

4. Analyze Video Data to Compute Rheological Properties at Each Sample Point

1. Copy all video data to an analysis folder (possibly on a different computer).
2. Import image data into MATLAB or other analysis software.

 

NOTE: Extensive documentation regarding the set of MATLAB particle tracking routines adopted here is available at http://people.umass.edu/
kilfoil. The use of a custom calling function for automating processing of multiple files at different positions is recommended.

3. Calibrate the software by analyzing several frames of the video to appropriately determine selection and rejection parameters (size,
bandpass, etc) for identifying probe center positions. Extensive background for these crucial steps is described by Crocker and Grier.

4. Use the software to automatically determine each probe position for all video frames and then link these positions into trajectories.
5. Use the trajectory data to compute the mean squared displacement (MSD) as a function of lag time, being sure to apply the appropriate

spatial calibration factor (μm per pixel) for the specific objective lens, any pixel binning, etc (typically carried in meta-data).
6. Calculate G*(using the generalized Stokes-Einstein relation taken into consideration the limits of applicability of GSER for a particular

sample24,28,43. Alternatively, users may wish to interpret ECM properties directly from MSD by simply comparing power law scaling, plateau
values, indices of heterogeneity or other parameters.

7. Repeat steps 4.2 through 4.6 for each fov in the experiment.
8. Co-register position data from step 3.4 with viscoelastic modulii at a particular frequency of interest. Depending on the manufacturer of

the microscope used, this step can be facilitated by a custom routine which reads microscope metadata or position data can be tabulated
manually.

9. Use 3D interpolation functions to generate a spatial rheology map of the ECM.

Representative Results

To verify the validity of G*(ω) measurements at localized positions within a complex model tumor microenvironment, two initial validation
experiments were conducted. First, we sought to validate our measurements against the "gold standard" of bulk oscillatory shear rheometry.
We prepared identical samples of collagen matrix (without cells) at a concentration of 1.0 mg/ml collagen. These samples were probed with
a bulk rheometer (TA Instruments AR-G2, using 40 mm parallel plate geometry) and by PTM (using the same parameters as throughout this
protocol) and the resulting measurements of G'(ω) and G" (ω) were compared (Figure 2A). Excellent agreement was found between the two
measurements. Secondly, to establish the ability of this protocol to measure point changes in ECM rheology we prepared a 1.0 mg/ml collagen
matrix and embedded tracer beads. The sample was then treated with a centralized injection of 5 μl dispase (Figure 2B), which rapidly digests
collagen. After incubating for 3 hr to allow localized collagen digestion to occur, video data was taken at varying distances from the injection site,
and measurements of G'(ω) and G"(ω) were made in each case. The magnitude of G"(ω = 1 rad/sec) was found to be larger than that of G'(ω =
1 rad/sec) at the injection site. Measurements taken at increasing distances from the injection site were found to have an increasing magnitude
of G*, as well as an increasing ratio of G' to G" (Figure 2C). The size of the highly degraded region of ~2 mm is consistent with an estimated
distance of diffusion of a protein with hydrodynamic radius RH = 1 nm (the molecular weight of dispase is 32.5 kDa) through digested collagen

with viscosity of η = 10-3 Pa·sec at 37 °C: , where . Therefore the results agree with the expected
softening of the matrix near the injection site, and demonstrate our ability to make accurate, localized measurements of matrix rheology.

Representative data from a 3D tumor model prepared according to this protocol is shown in Figure 3. Video data was collected at 19 fixed
locations within the collagen scaffold, forming a rough grid around the tumor (Figure 3A). This coordinate data was combined with calculated
values of G'(ω) to create a spatial map of ECM stiffness (Figure 3B). This spatial map clearly reveals a zone of heightened rigidity immediately
proximal to the tumor spheroid at day 2, which could be correlated with the deposition of collagen IV, laminin V and other basement membrane
components deposited by the spheroid itself17,18,44,45, or local compression of the ECM by the expanding spheroid.
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Tumor growth and matrix invasion events were monitored over 4 days. Two regions were identified as having either no evidence of invasive cells
at the tumor periphery, or pronounced evidence of invading cells (Figure 3C). PTM measurements were taken at regions 1 and 2 over 4 days. By
day 4, there was a significant difference in G' (reported at 1 rad/sec) between the two regions (Figure 3D). Frequency-dependent measurements
of G' and G" for regions 1 and 2 on day 4 show significant softening of the ECM at region 2, the invasive region (Figure 3E). On day 4 region two
exhibits a liquid-like viscoelastic response, evident by viscous scaling of the G" plot (Figure 3E).

Representative sub-optimal results from common experimental and analysis errors are shown in Figure 4. Perhaps the most obvious source
of error lies in the stability of the setup on which video microscopy is performed. If the lab bench is displaced or if there is some other external
source of vibration, bead trajectories can be artificially influenced, which results in a drift in the data. Drift causes the MSD to increase
dramatically at high lag times (Figure 4A) which also causes the G'(ω) and G"(ω) calculated values to increase sharply at low frequencies
(Figure 4B). Drift can be reduced through the use of a pneumatic, air cushioned lab bench, and by simply taking care to not bump the setup
while videos are being recorded. Additionally, drift may be removed during post processing using software routines. These routines are suitable
for removing drift which is approximately uniform over a known time interval. Erratic drift (perhaps caused by bumping the stage during data
acquisition) is more problematic. Therefore it is important to make sure that the sample remains mechanically isolated from the environment
during data collection.

Another potential source of unclear results comes from improper interpretation of sample heterogeneity. Although the ability to observe and
quantify spatial heterogeneity in a sample is indeed one of the noted strengths of PTM26 (and something that is lost in traditional bulk rheology
measurements), improper grouping of clusters of probe trajectories can lead to incorrect conclusions. Given that changes in ECM rigidity
reported by this methodology are inherently heterogeneous, as is the material itself, in any given field of view, there could be a few tracer probes
that are not elastically confined by collagen fibers and thus free to stochastically explore larger water-filled pores (Figure 4C). These "loose"
probes exhibit mobility approximately consistent with a purely viscous environment. Since data for all probes is averaged before viscoelastic
moduli are calculated, having a few loose probes in a given sampling region (field of view) can produce frequency dependent plots of G*(ω) that
vary wildly (Figure 4D).

Improper software calibration can lead to errors during video collection and analysis. During video data collection, it is important to observe the
intensity histogram and adjust the exposure time to give the greatest dynamic range possible while ensuring that the image does not become
saturated. The analysis computes refined center positions for each tracer probe by integrating the intensity value of each pixel. If the image
is saturated, this integration will be less accurate due to a 'flat top' section of the intensity profile. Additionally, the feature finding calibration is
an extremely critical step in ensuring accurate results. Proper choice of selection parameters is paramount. This process has been described
extensively by Crocker and Grier42, Savin and Doyle43, and others.
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Figure 1. Schematic of Experimental Procedure. (A) Tumor spheroids are formed on agarose beds, and then transferred into a 3D matrix
containing embedded tracer probes. (B) Video data is taken at several points within the sample well, both adjacent to and far away from the
tumor spheroid. (C) The stochastic motion of the probes in each video is analyzed in order to determine the local rheological properties of the
matrix at each sample point. This data is compiled into a spatial mapping of ECM stiffness throughout the well. Please click here to view a larger
version of this figure.
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Figure 2. Verification of Measurements.(A) The components of G*(ω) are shown here. The calculated values of G'(ω) and G"(ω) using PTM
are very similar to those obtained via a bulk rheometer. (B) 5 μl of dispase was added to the center of a well with radius r = 8.5 mm containing
1.0 mg/ml collagen to measure spatial changes in G*(ω). (C) Calculated values of G'(ω) and G"(ω) at the site of the dispase injection, 1.5 mm
from the site, and 3 mm from the site. Additionally, a control measurement was made in a well containing the same collagen gel but with no
dispase treatment. Near the treatment site G'(ω) is smaller than G"(ω). As the gel is sampled further from the treatment site the values of G'(ω)
become larger than G"(ω), and the magnitude of G*(ω) increases. Measurements were taken 2.5 hr after dispase injection. Please click here to
view a larger version of this figure.
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Figure 3. Quantifying changes in ECM rheology concomitant with onset of local matrix invasion. (A) The well containing a PANC-1 3D
spheroid is probed at multiple locations throughout the collagen ECM surrounding the tumor. (B) Coordinate data is combined with calculated
G'(ω) for each location to produce a spatial ECM rigidity map. (C) Tumor growth and invasion behavior were monitored over 4 days. Two
regions were identified as having either no interaction with invading cells (region 1, blue asterisk) or heavy interaction with invading cells which
spontaneously branched out from the large primary multicellular spheroid mass (region 2, red asterisk). (D) Rheological measurements were
taken at regions 1 and 2 over 4 days. By the fourth day, there was a significant difference in G' (reported at 1 rad/sec) between the two regions.
(E) Frequency dependent measurements of G'(ω) and G"(ω) for regions 1 and 2 on day 4 show significant softening of the ECM at region 2,
precisely correlated with the presence of invasive populations. G'(ω) and G"(ω) values calculated using a power law fit to MSD data are shown
as filled and unfilled point respectively. On day 4, region two exhibits a liquid-like viscoelastic response as is evident by viscous scaling of the
G"(ω) plot and the absence of the fit line for G'(ω). Please click here to view a larger version of this figure.
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Figure 4. Data from sub-optimal results due to drift and incorrect interpretation of ECM heterogeneity. (A) The MSD of a tracer probe
confined in a complex material follows power law scaling <Δr2(τ)> ~ τα (0 ≤α ≤ 1). Accordingly, MSD values should approach a plateau at long
lag times. Drift in the sample can artificially eliminate this behavior, leading to escalating MSD values at long lag times. (B) The long lag time
drift in the MSD will cause the values of G'(ω) and G"(ω) to become significantly erroneous at short frequencies. Drift can be eliminated or
reduced either by ensuring that the sample is mechanically isolated during data collection or by using software routines to remove drift during
the analysis. (C) Even in a small field of view, two distinct varieties of probe trajectories may be present. In this example, most of the probes
are confined in the matrix, but a few are 'loose' - their trajectories are much less constrained. (D) Attempting to interpret MSD data from both
constrained and unconstrained probes at the same time without proper interpretation of sample heterogeneity will confound measurements of
viscoelastic moduli. Please click here to view a larger version of this figure.

Discussion

In this protocol we introduce a robust and widely applicable strategy for longitudinally tracking local changes in ECM rigidity in 3D tumor
models. We envision that this methodology could be adopted by cancer biologists and biophysicists interested in mechanosensitive behavior
implicated in matrix remodeling during tumor growth and invasion processes. Precise quantification of matrix degradation kinetics could be
particularly valuable to those studying the activity of matrix metalloproteases, lysyl oxidase or other relevant biochemical species in 3D tumor
models that are directly linked to matrix remodeling. Beyond the application to 3D tumor models described here, one could further imagine
the implementation of this approach in conjunction with other disease model systems in which modification of matrix rheology over time plays
important roles46,47. The utility of this method continues to be enhanced through software improvements that further automate the process
and allow for increased throughput studies. This will result in increasingly detailed snapshots of the physical landscape of many samples,
simultaneously, for use in multi-well formats.

Here we specifically describe the implementation of passive particle-tracking microrheology in 3D tumor models, which is well suited for
measurement of linear viscoelastic response in the range of ~tens of Pascal typical of commercially available extracellular matrix products
(bovine collagen, EHS-tumor extracts or commercial nanofiber scaffolds). The observation of stochastic, thermally driven motion, even with
high numerical aperture optics to quantify small probe displacements, is inherently limited to the linear regime of these relatively soft ECM
environments, but investigators desiring to probe more rigid materials may be able to adapt this protocol for use with active manipulations via
optical48 or magnetic trapping49 of probes. Since the optical or magnetic tweezers probe a single point within a sample and do not affect the
integrity of the sample, these techniques could possibly be incorporated into the above protocol to obtain longitudinal measurements of more
rigid samples.

It is important to observe that other cell generated forces may also contribute to tracer probe movements at various time scales. For example,
during cell migration occurring over the course of hours and days in culture, clusters of probes will be pushed and pulled due to cell movements
and it is indeed this motion that is utilized in traction force microscopy50,51. The thermally driven probe movements which are analyzed to obtain
microrheology data take place on the order of seconds, a clearly separable time scale. While it is also true that the slower dynamics of stresses
and strains associated with traction forces can contribute to local changes in rheology36, a strength of this imaging-based approach lies in
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the ability to correlate visual and rheological changes in the sample. For example in the representative results in Figure 3, an obvious matrix
invasion and cell migration event is correlated with a change in G′ of nearly four orders of magnitude during the time this migration takes place.

The protocol described here assumes that users have access to a microscope with a motorized stage that provides reproducible positioning
of the sample. Labs that do not have this instrumentation could still make point measurements using marks or other visual cues in the sample
or sample carrier to allow repeated measurements at the same point, though it would likely be difficult to achieve the same reproducibility in
positioning as shown in the representative longitudinal measurements here. For the purposes of these representative results above, positioning
on the z-axis was kept approximately constant. However, the protocol could also be amended to include additional measurements along the
z-axis in order to create a 3D rheological map of the sample. The method could also be modified to utilize a scanning laser confocal or a
multiphoton techniques for 3D sectioning though scan speeds would impose a limitation on the upper frequency limits accessible that may or
may not be problematic for a given application.

In this method, a significant time constraint is imposed by the necessity of returning live cells to the incubator. Without a time-lapse weather
station enclosure to control for temperature, humidity, and CO2 levels, image acquisition time must be minimized. Even with the proper
equipment, data collection takes up large amounts of time and digital memory, which are both subject to practical limitations. For instance, with
microscope and camera used in this study, it would take roughly 35 hr to take the roughly 4,000 videos necessary to map a single well on a 96-
well plate using a 100X objective lens with no space between fields of view. These factors impose constraints on the number of data points that
can realistically be collected. The level of detail is, therefore subject to the practical constraints imposed by time available for data collection, data
storage space and the availability of an environmental housing.

The ability to quantify changes in ECM rheology could be further integrated alongside imaging-based methods for quantification of therapeutic
response in 3D tumor models17,18,52,53. The multi-well 3D model culture system adopted in both methods suggests a parallel implementation
providing correlation between cytotoxic response and modification of the mechanical environment. This could facilitate development of further
strategies that explicitly target the mechanical phenotype or elucidate the impact of existing therapeutics in this capacity. Such insight could
be directly relevant to approaches to enhance drug delivery through dense collagen-rich tumor stroma. For example, in the context of the
representative illustration of this protocol presented here with in vitro pancreatic tumor models, the evaluation of matrix degradation following
interventions could be used in screening stromal depletion regimens, an increasingly important therapeutic paradigm for pancreatic cancer54.
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