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ABSTRACT

Biological materials have length scale dependent structure enabling complex cell-material interactions
and driving cellular processes. Synthetic biomaterials are designed to mimic aspects of these biologi-
cal materials for applications including enhancing cell delivery during wound healing. To mimic native
microenvironments, we must understand how cells manipulate their surroundings over several length
scales. Our work characterizes length scale dependent rheology in a well-established 3D cell culture plat-
form for human mesenchymal stem cells (hMSCs). hMSCs re-engineer their microenvironment through
matrix metalloproteinase (MMP) secretions and cytoskeletal tension. Remodeling occurs across length
scales: MMPs degrade cross-links on nanometer scales resulting in micrometer-sized paths that hMSCs
migrate through, eventually resulting in bulk scaffold degradation. We use multiple particle tracking mi-
crorheology (MPT) and bi-disperse MPT to characterize hMSC-mediated length scale dependent pericellu-
lar remodeling. MPT measures particle Brownian motion to calculate rheological properties. We use MPT
to measure larger length scales with 4.5 pm particles. Bi-disperse MPT simultaneously measures two dif-
ferent length scales (0.5 and 2.0 pym). We measure that hMSCs preferentially remodel larger length scales
measured as a higher mobility of larger particles. We inhibit cytoskeletal tension by inhibiting myosin-
II and no longer measure this difference in particle mobility. This indicates that cytoskeletal tension is
the source of cell-mediated length scale dependent rheological changes. Particle mobility correlates with
cell speed across length scales, relating material rheology to cell behavior. These results quantify length
scale dependent pericellular remodeling and provide insight into how these microenvironments can be
designed into materials to direct cell behavior.

Statement of significance

Human mesenchymal stem cell (hMSC) remodeling is a complex process across many length

scales: single cross-links break on the nanometer scale, cellular extensions pull material and
degrade paths through the scaffold to enable motility on the micrometer scale and bulk scaf-
fold degradation occurs on macroscopic scales. We measure length scale dependent rheology
during cell-mediated remodeling of the pericellular region using bi-disperse MPT and MPT.
Bi-disperse MPT uses two particle sizes to quantify rheological changes on multiple length
scales in one measurement. We measure that cells preferentially re-engineer their microenvi-
ronment across length scales using enzymatic secretions and cytoskeletal tension. By charac-
terizing evolving length scale dependent rheology, new materials can be designed which better
mimic native tissue and instruct cell behavior.

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Native biological niches enable and direct cellular processes us-
ing both physical and chemical cues [1-5]. Physical cues include
pore size, scaffold architecture and rheological properties. These
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physical features are inherently length scale dependent and pro-
vide complex rheology, which is critical for cell-material interac-
tions [2,4,6-9]. During cell-material interactions, cells receive cues
from their microenvironment. They then remodel this microen-
vironment during basic processes. This creates a feedback loop,
which is essential for normal cellular functions, but can also be ex-
ploited to direct specific processes [2,6-14]. New materials that are
being designed to harness cellular function and instruct cells using
microenvironmental cues need to also incorporate length scale de-
pendent rheology in their design. But, characterization of length
scale dependent rheology, especially during cell-material interac-
tions, has been difficult. The use of microrheological techniques to
characterize spatio-temporal rheological changes in the pericellular
region during cell-material interactions has led to new information
about this feedback loop and the microenvironment cells create
[6-9,11,15,16]. In this work, we build off of previous microrheolog-
ical studies, which focused on a single length scale, and extend it
to characterize rheological evolution across length scales providing
new insight into cell-mediated re-engineering in response to mi-
croenvironmental cues.

Biological tissue is composed of a variety of complex compo-
nents and length scales which signal cells [2-4,17,18]. For exam-
ple, cartilage is abundant in the body and is a network of collagen
fibrils (Order of magnitude (OoM) 10 nm in diameter) interspersed
with aggregates of other proteoglycans, which form a complex ma-
trix (OoM 100 nm spacing between fibrils) that enable cell migra-
tion within and through this network [18]. In natural implantable
materials, reconstituted collagen matrices can be designed with
specified pore sizes (OoM 10 pm?) and rheology is controlled by
both mesh size and the thickness of the gel sample (OoM 100 pm)
[2,19]. Synthetic biomaterials take inspiration from these natural
scaffolds with an added goal of designing microenvironments that
can manipulate cellular processes [6,14,20-24].

Material properties such as stiffness, pore size and matrix com-
position are tuneable properties which have been shown to influ-
ence cell morphology, migration speed and lineage specification,
among others, in synthetic hydrogel scaffolds [2,25-27]. One im-
portant biomaterial design consideration is the variety of length
scales that cell-material interactions occur on. On macroscopic
scales, bulk scaffold degradation occurs due to cell-secreted en-
zymes and cytoskeletal tension [10]. On microscopic scales, indi-
vidual cells use cytoskeletal tension and enzymes called matrix
metalloproteinases (MMPs) to degrade tracks within the material
as they migrate several hundred microns [6]. On micrometer and
nanometer scales, cells locally remodel their environment by en-
zymatically degrading individual cross-links and applying forces
on the network prior to and during migration [6-9]. To harness
and manipulate cellular processes, a well-defined microenviron-
ment must be presented to encapsulated cells.

Our work uses a poly(ethylene glycol) (PEG)-peptide hydrogel
scaffold to 3D encapsulate human mesenchymal stem cells (hM-
SCs) [6,14,20,28,29]. This scaffold is widely used as a 3D cell cul-
ture platform [6-11,14,20,28-31]. A key design feature of this scaf-
fold is that it is degraded by cell-secreted MMPs [6,10,14,28,32,33].
This allows encapsulated hMSCs to degrade and remodel their
microenvironment using MMPs prior to and during migration
[28,32-34]. These enzymes break single cross-links (OoM 1 nm)
using secreted and membrane-bound MMPs on cellular exten-
sions (OoM 1 pm in diameter and 10 pm long) to degrade path-
ways through the local microenvironment [12,35]. In addition to
enzymatic degradation, cells also pull on their surrounding ma-
terial through the use of focal adhesions and the motor pro-
tein myosin-II [36,37]. hMSCs exert tension on the pericellu-
lar region and can displace large pieces of material impacting
larger length scales in the pericellular region (OoM 10 — 100 pm).
These two components of cell migration form the basis of cel-
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lular remodeling of the pericellular region across multiple length
scales [12].

In this work, we characterize real-time hMSC-mediated length
scale dependent changes in the pericellular region using multi-
ple particle tracking microrheology (MPT) and bi-disperse MPT.
MPT is a passive microrheological technique in which the Brown-
ian motion of fluorescent particles embedded in a sample is mea-
sured [28,38-44]. Particle Brownian motion is related to material
rheological properties by the Generalized Stokes-Einstein Relation
(GSER) [38,40,41,44-46]. MPT is uniquely positioned to measure
dynamic, local rheological changes around a migrating cell because
of the small sample volumes required and local measurement of
rheology using fluorescent microscopy. Due to these advantages,
MPT has been previously used to measure structural and rheolog-
ical changes in the pericellular region of cells migrating in hydro-
gels [6-9,15,16].

Previous work focused on characterization of the pericellular
region during basic cellular processes including measuring cell-
mediated remodeling prior to and during motility as well as
the deposition of extracellular matrix (ECM) [6-9,11,15,16]. The
work measuring cell-mediated remodeling during motility in PEG-
peptide hydrogels showed that the hMSC creates an environment
that enables spreading and attachment prior to motility through
the secretion of enzymes and inhibitors, with cytoskeletal tension
playing a minimal role [7-9,11]. Work by Hafner et al. also used
MPT to measure the change in material properties during hMSC
differentiation and quantify the change in rheology during depo-
sition of ECM in 2D human umbilical vein endothelial cell cul-
ture [16]. While these studies provide vital new information about
the rheology of the scaffold microenvironment, they use a single
probe particle size to characterize rheological properties. Due to
the complexity in cell-material interactions and the heterogene-
ity of the pericellular microenvironment, expanding MPT measure-
ments to include multiple particle sizes to characterize multiple
length scales, will provide additional information about the com-
plex microenvironments cells create to enable basic processes. To
quantify dynamic pericellular rheology on multiple length scales
simultaneously, we use bi-disperse MPT [47]. This measurement
technique uses the principles of MPT, but includes two different
sized particles in a single sample, to simulatenously characterize
multiple length scales.

In this work, we quantify changes in pericellular rheology
around encapsulated hMSCs on three different length scales: 0.5,
2.0 and 4.5 pm. Bi-disperse MPT simultaneously measures 0.5 and
2.0 pm probe particle mobility and MPT measures 4.5 pm par-
ticle mobility in separate experiments. We measure significantly
more remodeling on the larger measured length scales. We hy-
pothesize that this is a result of the two strategies hMSCs use
to remodel their microenvironments: (1) enzymatic degradation
by cell-secreted MMPs and (2) cytoskeletal tension. Because inhi-
bition of MMP activity results in little to no scaffold remodeling
and motility [8], we measure pericellular remodeling around hM-
SCs which cannot apply tension by inhibiting myosin-II to deter-
mine the role of cytoskeletal tension on the remodeling of each
length scale. We next investigate how cellular forces influence the
trajectories of each particle size to determine if particles are being
directed to where forces are applied. Finally, we correlate the rheo-
logical state of the material on each length scale with cell motility.
Overall, this work shows that hMSCs preferentially remodel larger
length scales using cytoskeletal tension. Understanding how length
scale dependent rheology changes cell motility and other basic cel-
lular processes will enable design of new instructive biomaterials
that mimic microenvironments cells create. These new materials
could spatially direct motility and enhance and manipulate other
cellular processes to be used as implantable scaffolds to improve
wound healing and tissue regeneration.
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2. Materials and methods
2.1. Hydrogel composition

Hydrogels are photopolymerized from an aqueous precursor so-
lution that includes the hydrogel backbone, MMP-degradable cross-
linker, adhesion ligand and other components [6,9,20,31,48]. The
hydrogel backbone molecules are 4-arm star PEG-norbornene (f =
4 where f is the number of reactive functional groups, 3 mM,
M, =20,000 g mol~!, Sigma-Aldrich). The peptide cross-linker
(KCGPQG | IWGQCK where | designates the cleavage site, f =2,
3.9 mM, M, = 1,305 g mol~!, Bachem) and cellular adhesion lig-
and, CRGDS (f=1, 1 mM, M, =594 g mol~!, American Peptide
Inc.) are included in the precursor solution. The pH of the precur-
sor is adjusted to 7 using NaOH (10 mM, Fisher scientific). Thi-
ols in the cysteines in both the cross-linker and cellular adhesion
ligand react with -enes on the backbone in a radically mediated
step-growth reaction which forms a cross-linked gel structure [49].
This peptide cross-linker sequence is chosen because it is cleaved
by most cell-secreted MMPs resulting in degradation, enabling cell
migration [14,21,33]. The adhesion ligand is included to enable in-
tegrin binding, which is necessary for cell attachment and migra-
tion [6-9,31].

The ratio of thiol groups in the cross-linker and -ene groups in
the backbone is 0.65 : 1, which controls the stiffness of the hydro-
gel [31]. This ratio produces a hydrogel with a similar stiffness to
adipose tissue (~ 100 Pa) [31].

In addition to the gel components, the precursor solution also
includes probe particles for microrheological measurements and
hMSCs which are isotropically encapsulated during the gelation
reaction. The hydrogel is cross-linked by exposing the precur-
sor solution to UV light at 365 nm (5 mW/cm?, Analytik Jena,
UVP UVL-56) in the presence of a photoinitiator, lithium phenyl-
2,4,6-trimethylbenzoylphosphinate (LAP, 1.7 mM). LAP is used be-
cause it is highly water soluble and not cytotoxic [10,20,48]. It
is synthesized using previously published protocols [48]. Hydro-
gels cross-linked by step-growth polymerization have homoge-
neous structures and previous studies have shown that degrada-
tion by enzymes alone results in MPT measurements of homoge-
neous microenvironments during degradation. Heterogeneities will
be present in the structure, but they are much smaller than the
length scale measured by our probe particles [28,50].

2.2. Probe particles

Carboxylated fluorescent polystyrene probe particles (Poly-
sciences, Inc.) of varying size are added to the precursor solu-
tion to enable microrheology measurements. The size of all par-
ticles used for these experiments are much larger than the native
mesh size of the gel scaffold. This enables characterization of net-
work properties [38,39,41,44]. All particles use the same yellow-
green fluorophore with excitation and emission wavelengths of
441 and 486 nm, respectively. Bi-disperse MPT uses 0.5 pm (2a =
0.49 4+ 0.01 pm, where a is the particle radius, C.V. = 3% where
C\V. is the coefficient of variation in the diameter of the parti-
cle) and 2.0 pym (2a = 2.00 +0.08 pm, C.V. = 5%) particles. These
particles are added to the same precursor solution for simultane-
ous length scale dependent rheological measurements at concen-
trations of 0.1% and 0.5% solids per volume for the 0.5 and 2.0 pm
particles, respectively. This particle concentration is selected to bal-
ance having enough particles in the field of view for statistically
significant MPT measurements and increasing particle separation
distance to minimize particle-particle interactions.

Methoxy-PEG-amine molecules (mPEG-NH,, M, = 750 g mol~!,
Sigma-Aldrich) are covalently tethered to the surface of the 0.5 and
2.0 um particles using a previously published procedure to pre-
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vent particle aggregation, which would invalidate microrheological
measurements [51]. This size of PEG molecule is chosen for PEGy-
lation because it does not significantly change the radius of the
probe particles. From calculations, we estimate that the reaction
conditions used provide enough PEG to fully cover the particle sur-
face. Particles are PEGylated in a separate reaction and subsequent
washing removes any potential contamination of the samples with
PEGylation reaction components. PEGylated particles are measured
in honey solutions and their diffusivity is calculated. We measure
that PEGylated particles have the same diffusivity as bare particles
of the same size. These results are provided in the Supplementary
Material (Figure S12).

Separate MPT experiments use 4.5 pm (2a =4.30 +0.27 pm,
CV.=7%) particles at a concentration of 0.5% solids/volume.
4.5 wm particles did not aggregate and, therefore, PEG was not
added to the surface of these particles.

The range of particle sizes is limited by the experimental appa-
ratus and tracking algorithm. Particles smaller than 0.5 pm would
be too small to accurately locate the brightness-weighted centroid
of the particle with MPT tracking algorithms and particles larger
than 4.5 pm sediment prior to encapsulation in the hydrogel scaf-
fold [38,44,53]. Particle sizes are also selected due to their rele-
vance in cell migration. Wolf et al. measured the affect of matrix
pore size on cell migration in reconstituted collagen. They found
that the pore size optimal for migration was 5—7 pm in diame-
ter and that pores smaller than 2 pm greatly impeded migration
of T-blast cells [2].

All particles are prepared the same way for bi-disperse MPT and
MPT experiments, regardless of size or surface chemistry. Prior to
use in an experiment, particles are washed by repeated centrifuga-
tion (Eppendorf centrifuge 5424) and resuspension. 0.5 pm parti-
cles are centrifuged at 7,000 RPM for 5 min. 2.0 and 4.5 pm par-
ticles are centrifuged at 5,000 RPM for 5 min. After three washing
cycles, particles are sonicated (Branson CPX1800) for at least 15
min to break up any aggregates which may have formed during
washing cycles. Particles are then added to the precursor solution
prior to polymerization at the concentrations specified above. Con-
trol experiments measure that the presence of particles in the gel
scaffold does not have a significant effect on the elastic modulus
or gel structure. The results for these experiments are provided in
the Supplementary Material (Figure S13).

2.3. hMSC culture and encapsulation

hMSCs are purchased from Lonza in passage two. They are
cultured in growth media at 37°C and 5% CO,. Growth media
is a mixture of low-glucose Dulbecco’s modified Eagle Medium
(DMEM, Life Technologies) and 10% fetal bovine serum (FBS, Life
Technologies). 0.5 pg mL! Fungizone (Life Technologies), 50 U
mL! penicillin/streptomycin (Life Technologies) and 1 ng mL™! re-
combinant human fibroblast growth factor (hFGF, PeproTech) are
added to the media. Cells grow to ~ 90% confluency before being
used for an experiment or passaged. hMSCs are encapsulated in
a hydrogel scaffold after trypsinization from the cell culture plate
(150 mm x 25 mm Treated Cell Culture Dish, Corning Inc.) and
resuspension in media without hFGF. They are added to the pre-
cursor solution at a final concentration of 2 x 10° cells mL!. This
low concentration is chosen to minimize cell-cell interactions in
the hydrogel scaffold.

2.4. Hydrogel formation and hMSC treatments

17 pL of precursor solution is added to the center of the sam-
ple chamber inside a polydimethylsiloxane (PDMS) ring. Details of
the sample chamber are provided in the next section. This small
amount of hydrogel is used to enable 3D isotropic swelling of the
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scaffold during incubation. The precursor solution is exposed to
UV light (365 nm, 5 mW cm~2, Analytik Jena, UVL-56) for 3 min-
utes. After photopolymerization, sample chambers are filled with
4 mL of growth media without hFGF and incubated at 5% CO, and
37°C (Eppendorf, Inc.). After 2 hours, media is replaced with media
without hFGF containing either myosin-II inhibitor, (-)-blebbistatin
(Sigma Aldrich) in DMSO (Life Technologies), or adding only DMSO
to the media (control conditions). Control experiments done by the
Leight group at Ohio State University show that blebbistatin has a
minimal effect on the activity of cell-secreted MMPs [52]. The final
concentrations of (-)-blebbistatin and DMSO in the hydrogel incu-
bation media are 50 pM and 29 pM, respectively. The DMSO con-
centration is held constant for both myosin-II inhibited and control
experiments. After replacing the media, hydrogels are incubated
overnight prior to microrheological data collection.

2.5. Sample chamber fabrication

Hydrogels are prepared inside a PDMS ring attached to a glass-
bottomed Petri dishes (D = 35 mm, MatTek Corporation). This sam-
ple chamber is used to reduce drift of probe particles and trans-
lation of the hydrogel during microrheological measurements [6-
9,44]. PDMS is used to enable nutrient diffusion from the media
into the sample chamber, to ensure high viability of encapsulated
hMSCs. The inner PDMS ring is cut from a flat sheet of PDMS.
The flat sheet of PDMS is made in a large Petri dish (150 x 50
mm, Falcon) by mixing cross-linking agent with silicone elastomer
base at a 1: 10 ratio, degassing and curing overnight at 65°C. A
short (h ~ 6 mm) ring of PDMS with an inner diameter of 6 mm
and outer diameter of 10 mm is cut from the sheet using biopsy
punches (Integra Biosciences). The PDMS ring is attached to the
glass-bottomed Petri dish using uncured PDMS and incubating at
65°C overnight. Dishes are sterilized with 70% ethanol in water
prior to use in an experiment.

2.6. Multiple particle tracking microrheology and bi-disperse MPT

Multiple particle tracking microrheology (MPT) and bi-disperse
MPT are passive microrheological techniques that characterize
temporal and spatial rheological properties [39,41,43-46,53]. MPT
has several advantages, including: measuring low moduli materi-
als over a large frequency range, requiring small sample volumes,
rapidly acquiring data and collecting data using imaging enabling
spatial characterization in the field of view [39,41,43-46,53]. These
advantages make microrheology ideal for characterizing the peri-
cellular region. MPT also has limitations including a low upper
measurable moduli limit (G’ < 4 Pa) and only being able to quan-
tify certain rheological properties when the criteria for the GSER
are met [39,41,44]. These limitations are considered when design-
ing the experiments done in this work. We do not quantify mod-
uli using the GSER because cellular remodeling invalidates the as-
sumption that particle motion is purely Brownian [41,43,44,46]. Al-
though we cannot calculate the moduli, we can still characterize
changes in the network structure and state of the material during
cellular remodeling.

During an experiment, a cell is located and centered in the field
of view, a circle of radius 80 um. As the cell moves, the field of
view remains the same. This defines the pericellular region char-
acterized in each experiment.

Bi-disperse MPT data (simultaneous measurement of 0.5 pm
and 2.0 pm particles) are collected on an inverted microscope
(Zeiss Observer Z1, Carl Zeiss AG) with a 63x water immersion
objective (N.A. 1.3, 1x optovar, Carl Zeiss AG). A 40x air immer-
sion objective (N.A. 0.75, EC Plan-Neofluar, Carl Zeiss AG) is used
for MPT experiments that use 4.5 pm particles. The magnification
is lowered for the 4.5 um particles so that the brightness of these
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particles does not saturate the image and prevent accurate particle
tracking. The field of view analyzed for experiments using 4.5 pm
particles is reduced to be the same as the field of view for the ex-
periments using 0.5 and 2.0 pm particles to enable direct compar-
ison. Although the 4.5 pm particle field of view is reduced, there
are still enough particles included in the measurement to ensure
statistically significant MPT measurements [38].

The microscope is equipped with an incubation chamber, en-
abling data to be collected at 37°C and 5% CO,. 800 frame videos
(~ 30 s) of particle motion are collected using an exposure time
of 1 ms and frame rate of 30 frames s™! (1024 x 1024 pixels, Miro
M120, Vision Research Inc.). These settings are used to minimize
static and dynamic particle tracking errors for the 0.5 wm par-
ticles [54]. Static error for 2.0 and 4.5 pm particles are deter-
mined by immobilizing particles on a glass substrate in 1M NaCl
in water. The immobilized particles are then tracked and the mea-
sured mean-squared displacement (MSD, (Ar?(7))) is the static er-
ror. The static error is then subtracted from future measurements.
Static error is quantified for these particles because it is more
significant than dynamic error. After data collection, particles are
tracked using particle tracking algorithms [53,55].

For MPT experiments, particle positions are identified from the
brightness-weighted centroid [38,44,53,55]. Each particle’s bright-
ness profile covers multiple pixels allowing us to distinguish dif-
ferently sized particles in bi-disperse MPT measurements [44,47].
After particle positions are identified in each frame of the video,
a probability distribution function is used to link particles through
the frames in the video into trajectories [38,44,53,55]. These data
are then used to calculate an ensemble-averaged mean-squared
displacement (MSD, (Ar2(t))). The measured MSD is a measure of
particle mobility and defined as (Ar2(1)) = (AX2(T)) + (Ay2(T)).
The logarithmic slope of the MSD, a = %;(r»’ is a measure of
the state of the material [38,39,44]. Since the conditions in these
experiments invalidate the GSER, including cells pulling on mate-
rial, we use o to determine the state of the material and quantify
particle mobility on each length scale [41]. @ =1 indicates that
particles are freely diffusing in a liquid and o = 0 is when parti-
cles are arrested in a gel scaffold. 0 < o < 1 occurs in a viscoelas-
tic sol or gel with the transition occuring when « = n where n is
the critical relaxation exponent. o > n indicates a viscoelastic sol
while o <n occurs in a viscoelastic gel [7,8,38,39,44]. We deter-
mine n for our material on each length scale, as described in the
Results and Discussion.

For bi-disperse MPT, particles are tracked using the brightness-
weighted centroid as described above. An additional step which
uses a calculated radius of gyration based on the "weight” of the
brightness of each pixel and the total brightness of all pixels in
the particle is included to group particles by their size using the
squared radius of gyration, RZ, defined as

(1)

where I is the moment of inertia of the particle and B is a weight
corresponding to the sum total of the brightness of the pixels of
the particle [47]. I is defined by

=3 (b (2 + %)) (2)

where b; is the brightness of a pixel a distance r; from the
brightness-weighted centroid of the particle. The 1/6 term is
added because a particle is approximated as a collection of square
prisms (pixels) which have a moment of inertia of 1/6 [47,55].
This allows the tracking algorithm to identify particles separately
by their size. Once a single particle size is tracked, their positions
are linked into trajectories as described above and an ensemble-
averaged MSD is calculated. This is repeated twice on a single
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movie to track each particle size separately enabling rheological
characterization as a function of probe particle size.

Prior to characterization of the pericellular region, bi-disperse
MPT is used to characterize degradation of a PEG-norbornene hy-
drogel in the absence of cells at 37°C using collagenase. The aver-
age mesh size of our hydrogel network is on the order of 10 nm
which is several orders of magnitude smaller than the size of parti-
cles used. This means that any particle motion measured is due to
enzymatic degradation during collagenase experiments or cellular
remodeling during cellular experiments. The collagenase degrada-
tion experiments determine the critical relaxation exponent, n, at
both length scales. A more in-depth discussion of n is provided in
the Results and Discussion and the Supplementary Material. Briefly,
a hydrogel without cells is made with 0.5 and 2.0 pm particles.
The gel is incubated in collagenase (0.5 mg/mL, Fisher Bioreagents).
Collagenase is a mixture of enzymes secreted by Clostridium his-
tolyticum which uniformly breaks the MMP-degradable cross-linker
in our scaffold resulting in gel degradation [10,28]. Every 3 —5
minutes, a video is collected of particle motion using fluorescence
microscopy for at least 2 hours to ensure the gel is completely de-
graded. Data are collected in 4 hydrogels made from 4 different
stock solutions to ensure reproducibility.

Data for cell experiments are collected 18 — 72 hours after
hMSC encapsulation. Hydrogels are fully swollen after incubation
in media for 4 hours, removing the impact of hydration state on
the measurements [10]. All cell-laden hydrogels are incubated in
media at 37°C and 5% CO, throughout the entire experiment, in-
cluding during data acquisition. Upon finding a cell in the hydrogel,
a brightfield image is taken to record the position of the cell which
is used to calculate cell velocity. The time this picture is taken is
t = 0 min. Immediately after taking the brightfield image, a video
is collected using fluorescence microscopy to capture particle mo-
tion in the pericellular region. This process is repeated every 4 — 8
minutes for up to 1 hour, or until the cell has gone out of focus or
left the field of view. Data collection is limited to an hour due to
photobleaching of probe particles in the pericellular region.

To measure spatial changes in the material around an encapsu-
lated cell, particles in different non-overlapping regions are charac-
terized separately. Each region is a concentric ring centered on the
cell center with outer radius R. The first region is a circle with a
radius Ry = 23.4 pm (150 pixels). The next region is a ring with
inner diameter Ry =23.4 pm and outer diameter R, = 46.8 pm.
Each subsequent ring’s outer radius is determined by R;,; =R; +
23.4 pm and the inner radius is R;,; = R;. The width of the ring
is chosen such that each region contains enough particles to en-
sure statistical significance of the MPT measurements. If a particle
moves from one ring to another, the data will stop being recorded
in the first ring and start being recorded in the second.

2.7. Cell speed and cell center determination
The center of mass of the cell is estimated from brightfield im-

ages using Image] (NIH Image). These points are used to calculate
a cell velocity between consecutive time points,

Ve =x0)" + (5 -30)°

tr —to

(3)

Veell =

where (xg,Yo) is the position of the cell at a given time, ty, and
(x5, y5) is the position of the cell at a later time, t;.

2.8. Data analysis and statistics
Statistical significance is determined by a heteroscedastic t-test

for Fig. 3. In Figs. 4 and 6 statistical significance is determined us-
ing a two-sample Kolmogorov-Smirnov (KS) test. We use the KS
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test to determine statistical significance in Figs. 4 and 6 because
they do not have Gaussian distributions (an assumption in the het-
eroscedastic t-test) and because it is more sensitive to changes in
shape of the distribution [56]. In Fig. 7 statistically significant dif-
ferences between the slopes of each correlation are determined
from analysis of variance (ANOVA). The difference and standard er-
ror in each fit are used to calculate a t-statistic which is then used
to calculate a p-value. Distributions shown in Figs. 4, 5 and 6 are
calculated by using a kernel density function. This is done to avoid
assumptions about the shape of the distribution or the bin sizes
and placements.

Bi-disperse MPT data are taken around 72 total cells, 37 are un-
treated and 35 are treated with blebbistatin. In a single pericellular
region, data are collected temporally for an average of 35 min (526
temporal samples for 0.5 and 2.0 um particles). 21 cells are mea-
sured on day 1: 10 treated with blebbistatin and 11 untreated. 28
cells are measured on day 2: 14 treated and 14 untreated. 23 cells
are measured on day 3: 11 treated and 12 untreated. MPT mea-
surements using 4.5 pm particles are taken for 80 total cells, 40 are
untreated and 40 are treated with blebbistatin. In a single pericel-
lular region, data are collected temporally for an average of 55 min
(897 temporal samples for 4.5 pm particles). The increased data
collection time for cells with 4.5 pm particles is due to the lower
magnification objective used, which samples a larger space that
cells remain in for longer times. 31 cells are measured on day 1: 16
untreated and 15 treated. 32 cells are measured on day 2: 15 un-
treated and 17 treated. 17 cells are measured on day 3: 9 untreated
and 8 treated. By day 3, there is a significant loss of 4.5 pm par-
ticles due to gravitational sedimentation and the measurement is
biased towards lower particle mobilities for the remaining 4.5 pm
particles so less data are collected for 4.5 pm particles on day 3.

3. Results and discussion

In this work, we characterize remodeling in the pericellular
region using bi-disperse multiple particle tracking microrheology
(MPT) (simultaneous measurement with 0.5 and 2.0 pm particles)
and MPT (4.5 pm particles). We begin by characterizing the tem-
poral changes in the pericellular region around 3D encapsulated
hMSCs. These measurements indicate that larger length scales are
remodeled more than the 0.5 pm length scale. We hypothesize
that this is due to enzymatic degradation by secreted MMPs and
cytoskeletal tension applied to the network. Previous work indi-
cated that MMP inhibition results in no pericellular remodeling
or motility [8]. Therefore, bi-disperse MPT and MPT are used to
measure the pericellular region around untreated hMSCs and hM-
SCs that cannot pull on the network due to myosin-II inhibition
to determine the role of tension in scaffold remodeling. We cor-
relate the measured rheology with cell speed, relating pericellular
remodeling to basic cellular processes. Characterizing the microen-
vironments cells create during basic processes will enable design
of new implantable materials that mimic these microenvironments
to manipulate cell behavior to enhance wound healing and tissue
regeneration.

Prior to characterization of cell-laden scaffold remodeling, the
gel-sol transition must be measured. The critical relaxation ex-
ponent, n, identifies the gel-sol transition and is measured with
bi-disperse MPT during isotropic hydrogel degradation in the ab-
sence of cells using collagenase [28,57]. n is a material property
and will only be changed if the degradation reaction mechanism
or structure (i.e. size of the polymer or cross-linker) of the ma-
terial changes [38,58-62]. n has been previously determined for
this material using MPT with 1.0 pm particles, n = 0.25 £ 0.05 [6-
8,28]. This low value of n (n < 0.5) indicates that this scaffold has
a densely cross-linked structure. In our degradation experiments,
we use bi-disperse MPT with the goal of determining whether
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Fig. 1. Rheological state in the pericellular region around untreated hMSCs mea-
sured with bi-disperse MPT and MPT. Data are shown for (a) 1, (b) 2 and (c) 3 days
post-encapsulation. Each line shows the change in o = %;(”) through time of a
single pericellular region. Color represents the probe particle size. All data are rep-
resentative of measurements taken on the specified day. Bi-disperse MPT measures
the same field of view with 0.5 and 2.0 pm particles and MPT measures pericellular
region with 4.5 pm particles. The shaded gray area is the gel-sol transition region
(n=0.25+0.05).

isotropic degradation of this material with collagenase is length
scale dependent, which would result in a different value of n. Bi-
disperse MPT measures n = 0.17 + 0.08 and n = 0.23 4 0.08 for 0.5
and 2.0 pm particles, respectively. These values are within error of
one another and agree well with previously reported values. From
these measurements, we conclude that the evolving rheology dur-
ing the gel-sol phase transition of this network is not length scale
dependent and the same critical phase transition point is measured
regardless of particle size.

Once n is determined, we can characterize cell-mediated degra-
dation. Fig. 1 shows representative data of the change in o over
time, with t = O min being the time data acquisition is begun. Each
line is the measurement of the pericellular region around a sin-
gle cell and the color of the line represents the particle size used
for the measurement. Representative data was selected by plotting
the data for all cells and selecting one which was representative
of the data set. These plots show differences in remodeling on
each length scale in pericellular regions around untreated hMSCs
on days 1 (Fig. 1a), 2 (Fig. 1b) and 3 (Fig. 1c) post-encapsulation.
As hMSCs remodel their network, the o value of the pericellular
region increases with time, indicating that particle mobility is in-
creasing and the scaffold is being degraded. To determine the state
of the material « is compared to n [44,60,63]. If @ < n the mate-
rial is a gel with a sample-spanning network. If & > n the material
is a sol with no sample-spanning network structure. In Fig. 1, the
gel-sol transition region is represented by a gray shaded area. On
later days post-encapsulation, higher o values are measured be-
cause cells have had more time to remodel and degrade the sur-
rounding scaffold.

Fig. 1a shows representative data 1 day post-encapsulation. We
measure higher « values for 2.0 pm particles than 0.5 pm parti-
cles around untreated cells indicating that the larger length scale
measured by the 2.0 pm particles is remodeled more and enters
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the gel-sol transition region. The 4.5 ptm « value remains low be-
cause these particles are much larger and their mobility is inhib-
ited by the surrounding network. On day 2 (Fig. 1b), we measure
similar particle mobility for 0.5 and 2.0 pm particles as on day
1. The 4.5 pm particles have increased mobility relative to day 1
as cell-mediated scaffold degradation has broken more cross-links
which previously had restricted the mobility of these larger par-
ticles. Finally by day 3 (Fig. 1c¢), we measure the most significant
remodeling of the pericellular region on the 0.5 and 2.0 pm length
scales. 2.0 pm particles continue to be more mobile than 0.5 pm
particles but both measure that the material has been degraded to
a sol. The « values for the 4.5 nm particles are low on this day.
This is likely due to 4.5 pm particles that were in degraded areas
of the hydrogel settling out of the material under gravity. There-
fore, 4.5 pm particles available for MPT measurements are trapped
in the remaining gel structure that has not been remodeled by en-
capsulated hMSCs. Additional data for cellular degradation is pro-
vided in the Supplementary Material (Figure S1).

Fig. 1 shows how hMSCs remodel different length scales in the
material. The increased remodeling of larger length scales is coun-
terintuitive. For example, in a Newtonian fluid smaller particles
would have a higher diffusivity than larger particles. Additionally,
in this hydrogel scaffold during enzymatic degradation in the ab-
sence of cells we measure 0.5 um particles have higher mobility
than 2.0 um particles when the scaffold has completely degraded.
We hypothesize that encapsulated hMSCs are preferentially remod-
eling larger length scales in the material prior to and during motil-
ity.

The o values plotted in Fig. la-c, are the « value from the
ensemble-averaged MSD for the entire field of view (approximately
30 — 100 particles). Previous work has shown that « varies signif-
icantly as a function of distance from the cell center [6-9]. Addi-
tionally, cytoskeletal tension will cause local remodeling and likely
has a more significant impact on regions closer to the cell center
due to the length scale of cellular extensions that apply this ten-
sion. To investigate cell-mediated changes in rheology as a function
of distance from the cell center, we separate the pericellular region
into different spatial rings and quantitatively identify the state of
the material, reported as «, in each ring.

Fig. 2 is a spatio-temporal map of the rheological properties
of the pericellular region around an untreated hMSC measured
with bi-disperse MPT. This is representative data and additional
plots of pericellular regions are provided in the Supplementary
Material, Figures S2-4. In Fig. 2, a brightfield image of the cell is
in the background and in the foreground are a series of colored
rings. The color of each ring represents the « value of the parti-
cles within that ring. This divides the field of view into a series
of regions that are distance R from the cell center. Warm colors
represent low « values corresponding to a gel a < 0.2. Conversely,
cool colors represent higher o values where the material is a sol
o > 0.3. The gel-sol transition region is represented by orange col-
ors (0.2 < o < 0.3). Black rings are rings which do not have suffi-
cient particles within the region for an accurate measurement of
the MSD.

At the start of data acquisition around a hMSC on day 1 post-
encapsulation (t = 0 min, Fig. 2a and b), we measure all rings have
low o values on both the 0.5 and 2.0 pm length scales indicating
that probe particles are arrested in a gel network where little to no
cell-mediated degradation has occurred. At t = 15 min, we mea-
sure little to no degradation on the 0.5 um length scale, og5,m ~
0, and higher o values on the 2.0 um length scale, a9 m = 0.2,
Fig. 2c and d, respectively. This indicates that the scaffold is be-
ing degraded and remodeled on the 2.0 um length scale and has
reached the gel-sol transition region, 0.2 <« < 0.3. At 35 min,
Fig. 2e and f, we measure a large increase in oy g, m While agsm
remains at values below or in the gel-sol transition region. On the
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Fig. 2. Spatial degradation profiles in a single pericellular region around an un-
treated hMSC measured with bi-disperse MPT. These profiles use simultaneous
measurements from (a, ¢ and e) 0.5 and (b, d and f) 2.0 um particles. Each row
is a single time measurement, the time bi-disperse MPT measurements begin is 0
min. Rings divide the field of view into regions a distance R from the cell cen-
ter to quantify spatial rheological changes. The color of each ring represents the
o value for particles within that ring. This value indicates the state of the mate-
rial with warm colors indicating a viscoelastic gel state and cool colors indicating
a viscoelastic sol state. The transition region is 0.2 <« < 0.3 and is represented by
orange colors. Degradation profiles are shown at (a and b) 0, (c and d) 15 and (e
and f) 35 min. (a and b) At 0 min the material is a gel around the cell on both
length scales. (c and d) At 15 min more degradation is measured on the 2.0 pm
length scale than on the 0.5 pm scale, which continues at (e and f) 35 min.

2.0 um scale, material immediately around the cell center has tran-
sitioned from a gel to a sol. The difference in ags5,m and azgum
is apparent in this map of the pericellular region, but this is only
a single measurement. Therefore, we compare measurements on
both length scales for all pericellular regions characterized with bi-
disperse MPT.

Fig. 3 plots the average o value at each distance R from the
cell center with error bars representing the standard deviation.
Data are organized by the post-encapsulation day and all cell mea-
surements and times for a single cell measurement are combined
based on their distance from the cell center, R. On day 1 post-
encapsulation, Fig. 3a, we measure low o values because hMSCs
have not had sufficient time to degrade the material. This results
in the same « values for each particle size as a function of R with
the only significantly different value at R = 117 pm. Previous work
in the same hydrogel scaffold measures the greatest degradation
around an encapsulated hMSC at R = 117 pm on the 1 pm length
scale [7-9]. Although these results seem to match with our mea-
surement, scaffold degradation alone would not account for 2.0 pm
particles having higher mobility than 0.5 pm particles in this re-
gion. This contributes to the hypothesis that the degradation strat-
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Fig. 3. Average « value for all pericellular regions around untreated hMSCs at var-
ious distances from the cell center (a) 1, (b) 2 and (c) 3 days post-encapsulation.
The distance from the cell center R is shown at the bottom of the figure. Data are
represented as an average across multiple experiments with standard deviation rep-
resented by the error bar. x : p < 0.05.

egy hMSCs are using is preferentially remodeling the 2.0 pm length
scale more than the 0.5 pm length scale.

On day 2 post-encapsulation, Fig. 3b, we measure that « val-
ues increase compared to day 1. hMSCs have had more time to
remodel the material and the cumulative effect of this remodel-
ing on the network results in more mobile particles and higher o
values. o g, m is significantly higher than ags,m at all distances
from the cell center except the farthest region from the cell cen-
ter, R = 140.4 pm. The lack of significance in the furthest region
from the cell center is due to a low number of measurements in
this region. In order for this region to be measured, the cell must
move towards the edge of the field of view during data acquisition.
This does not occur in all cells and, therefore, the number of mea-
surements made in this region is small. Day 3 postencapsulation,
Fig. 3¢, provides similar trends to day 2, but the « values increase
further. We also measure a larger o value for 2.0 pm particles in
all but the farthest region from the cell center on this day.

The difference in the « values shown in Fig. 2 and 3 between
the 0.5 and 2.0 um particles is unexpected given: (1) diffusivity
predicts smaller particles will move more than larger particles, (2)
scaffold degradation generally proceeds by the degradation of sin-
gle cross-links to larger structures, which would be measured by
smaller particles before larger particles and (3) the results from
our collagenase degradation experiments where o5, m is always
equal to or greater than a; g, m. We also measure n values for both
particles sizes that are within error of each other indicating that
the phase transition happens at the same point and with the same
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structure regardless of length scale. The collagenase degradation
experiments indicate that enzymatic degradation will not result
in length scale dependent rheological properties during scaffold
degradation, but hMSCs remodel the pericellular region using both
MMP-secreted enzymatic degradation and cytoskeletal tension.

As cell-secreted MMPs break cross-links, the material can also
be moved by cytoskeletal tension. We hypothesize that the differ-
ence in mobility of 0.5 and 2.0 pm particles is due to cytoskeletal
tension. Cellular extensions reach into a region and attach to mate-
rial where they can then exert tension to enable migration. These
extensions remodel larger length scales in the material, which re-
sults in a scaffold with a pore structure which does not restrict
migration [2]. In bi-disperse MPT, we hypothesize that 2.0 pm par-
ticles are trapped in a pore structure of similar length scale and
are measuring the movement of the scaffold when tension is ap-
plied. If the pore size is on the order of a few microns, the 0.5 pm
particles are able to diffuse within this pore structure and this in-
creased mobility is not measured. In order to test this hypothesis,
we compare measured cell-mediated scaffold degradation around
untreated and myosin-II, which applies cytoskeletal tension, inhib-
ited hMSCs [64,65].

In order to quantify the difference in @ we define a new pa-
rameter, A«, defined as

(4)

A« quantifies relative changes in particle mobility and differences
in scaffold structure based on length scale. Materials with the
same microstructure on both length scales will have the same
value of «, leading to Aa ~ 0. Ax ~ 0 is measured in a Newto-
nian fluid, Figure S5. Samples with more degraded larger length
scales will have more mobile larger particles resulting in A« > 0.
Similarly, materials with less structure on smaller scales will result
in Aa < 0 because the motion of the larger particles is hindered
while smaller particles can move more freely. Fig. 4a-c is the dis-
tribution of A« for pericellular regions around both untreated and
myosin-II inhibited hMSCs measured with bi-disperse MPT. Using
all data of measured particle motion in each region R, identified in
the inset in Figs. 4a-c, for the same cell treatment a kernel smooth-
ing function is used to calculate the probability density. Additional
A« distributions for R > 70.2 pm are provided in the Supplemen-
tary Material, Figure S6.

In Fig. 4a-c, pericellular regions around untreated hMSCs have
distributions of A« that are skewed towards positive values. This
indicates that 2.0 pm particles are more mobile than 0.5 pm par-
ticles and the material is more remodeled on the 2.0 ym length
scale. The A« value in pericellular regions around myosin-II inhib-
ited hMSCs show particle mobility is roughly the same for 0.5 and
2.0 pm particles and the distribution is centered around A« ~ 0.
These measurements indicate that cytoskeletal tension is the cause
for the positive skewness in A«a. A« distributions around un-
treated and myosin-II inhibited hMSCs are also statistically signif-
icant in regions nearest the cell shown in Fig. 4a-c. Cellular forces
are applied in the region nearest the cell (Fig. 4a) and material is
displaced further away from the cell center due to tension (Fig. 4b
and c). When hMSCs apply force to the network, we hypothesize
that the larger 2.0 um particles are trapped in the pores of the par-
tially degraded network and are pulled with the network. Since the
scaffold has degraded, the smaller 0.5 pm particles still have hin-
dered mobility but are not trapped in the pore structure and can
roll through pores resulting in a measurement of limited particle
motion. To determine whether this is a probable explanation for
the difference in particle mobilities, we calculate whether 2.0 pm
particles are directed towards force centers during our measure-
ments.

To identify force centers within a sample we use the following
steps: (1) calculate the representative particle vector using all dis-

Aa = 20pm — X0.5um-
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Fig. 4. Histograms of A« values at various distances from the cell R for pericellular
regions around both untreated and myosin-II inhibited hMSCs. Data are shown for
regions (a) 23.4, (b) 46.8 and (c) 70.2 pm from the cell center. The inset for each
plot shows the region around the cell where data are collected. Distributions that
are centered indicate no difference between the measurements by 0.5 and 2.0 pym
particles. Distributions skewed to the right indicate 2.0 pm particles have greater
mobility and distributions skewed to the left indicate 0.5 pm particles have greater
mobility. The untreated and myosin-II inhibited distributions are all significantly
different from one another with p < 0.05.

placements in a particle trajectory and repeat this for all particles
of a given size in a sample, (2) extend each particle vector to the
edge of the field of view to determine the long term movement of
the particle and (3) identify the nearest locations where extended
particle vectors intersect. Regions which have a high concentration
of intersections are force centers. If particles are undergoing Brow-
nian motion, there will be minimal force centers identified in the
sample.

An average particle vector is calculated using both x and y com-
ponents. The x component of the vector, Ax;, is calculated using

Tmax

bD

7=0.033 s

_ X[z —Xo

Ax; (5)

where Tmax is the duration the particle is in frame, x| is the ini-
tial position of the particle and x|, is the position of the particle ©
seconds later. All measurements begin at the first frame when the
particle is located. The y component, Ay;, is calculated the same
way using y coordinates of the particle positions. The calculated
vector, (Ax;, Ay;), for each particle is then extended from the ini-
tial particle location to the edge of the field of view. This is done
to project the particle motion beyond what is captured in our lim-
ited data acquisition time of ~ 30 s. After particle vectors are ex-
tended, intersections of vectors are identified. Since probe parti-
cles can leave the field of view and re-enter and can be assigned
a new particle number depending on the time out of view, we re-
quire that an intersection occur outside of the distance a particle
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Fig. 5. Spatial probability density of intersections between vectors extended from
(a-f) 0.5 and (g-1) 2.0 pum probe particles in pericellular regions around (a-c and g-
i) untreated and (d-f and j-1) myosin-II inhibited hMSCs. Probability is normalized
by the maximum probability in each sample and represented by a color bar with
yellow and green representing high probability and blue representing low probabil-
ity. The initial cell center is indicated by a diamond. (a-c) and (g-i) are measure-
ments of the same pericellular region around an untreated hMSC and (d-f) and (j-1)
are from the same pericellular region around a myosin-II inhibited hMSC. Data are
taken (a, g) 5, (b, h) 27, (c, i) 43, (d, j) 5, (e, k) 21 and (f, 1) 44 min after bi-disperse
measurements are begun in that pericellular region. (a-f) For 0.5 pm particles, in-
tersections occur throughout the field of view indicating that probe particles are
undergoing Brownian motion. (g-i) Pericellular regions measured around untreated
hMSCs with 2.0 pm particles, have intersections concentrated in specific regions in
the field of view indicating that these particles are being pulled towards a force
center. (j-1) Pericellular regions measured around myosin-II inhibited hMSCs with
2.0 pm particles have trajectory intersections randomly dispersed throughout the
field indicating that their movement is Brownian. (For interpretation of the refer-
ences to color in this figure legend, the reader is referred to the web version of this
article.)

would diffuse in water during our data acquisition window. This
ensures that we are not allowing a particle to intersect with itself.
Details of this calculation are outlined in the Supplementary Ma-
terial. Outside of this range, we identify the intersection with the
shortest summed distance between the point of intersection and
the initial locations of the two particles whose vectors make that
intersection. The average vector would measure directed particle
motion if a particle is stuck in the network and is being pulled
by cellular traction. If particles are being pulled, this intersection
will likely occur where force is being generated. For samples where
only Brownian motion occurs, calculated vectors will point in ran-
dom directions.

The concentration of intersections is used to identify force cen-
ters. Fig. 5 shows representative images of spatial probability den-
sity of intersections of 0.5 and 2.0 pm particles in a pericellular
region around either an untreated or myosin-II inhibited hMSC.
Color is used to represent the normalized probability density of
intersections in the field of view. This two-dimensional probabil-
ity density function (PDF) is calculated from particle intersections
using a kernel smoothing function. The probability is normalized
by the maximum probability in each image to enable side-by-side
comparisons that are not biased by the number of particles in the
collected data. A high probability, represented by yellow, indicates
that intersections are concentrated in this region and it is a force
center.
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Intersection of 0.5 nm particles in pericellular regions around
untreated hMSCs and myosin-II inhibited hMSCs are shown in
Fig. 5a-c and Fig. 5d-f, respectively. In each pericellular region
there is a maxima, but on average these maxima cover a large area
of the image and a high probability of intersections is measured
throughout the image. This large spread in the PDF indicates that
0.5 pm particles are intersecting across the entire image meaning
that the particle motion is Brownian and not directed. The PDFs
for both the untreated (Fig. 5a-c) and myosin-II inhibited 0.5 pm
particle intersections (Fig. 5d-f) show similar spreads in particle
intersections indicating that this length scale is not affected by cel-
lularly applied forces.

PDFs for 2.0 pm particle intersections in pericellular regions
around untreated and myosin-II inhibited hMSCs are shown in
Fig. 5g-i and Fig. 5j-1, respectively. PDFs calculated for pericellu-
lar regions around untreated hMSCs show small regions of con-
centrated intersections, Fig. 5g-i. This indicates that probe parti-
cles are being pulled to small regions in the field of view likely
due to the hMSC applying force on the network during migration.
This occurs after the scaffold has been partially degraded and the
2.0 pm particles are trapped in the porous network, which is dis-
placed and pulled towards the region where force is applied. In
contrast to the intersections in the pericellular regions around un-
treated hMSCs, 2.0 pm particle intersections around myosin-II in-
hibited hMSCs are occurring randomly throughout the pericellular
region, shown in Fig. 5j-1, and are similar to the PDFs calculated
for 0.5 pm particles. This indicates that 2.0 pm particles around
myosin-II inhibited cells are not directed and are instead undergo-
ing Brownian motion. The transition from small, high probability
regions to an increased spread in the intersection locations shows
that cytoskeletal tension is responsible for directed particle motion
on these larger length scales.

The results shown in Fig. 5 provide a map of particle intersec-
tions in a single pericellular region. To further quantify these in-
tersections and provide a measure of force centers in all pericel-
lular regions, we calculate the average nearest neighbor separation
distance between intersections, (N.N.§). (N.N.§) is affected by the
number of particles in the sample. As the number of particles in-
creases, the number of intersections increases. This will result in a
lower (N.N.§) even when particle trajectories are random. To ac-
count for this, we determine how (N.N.§) changes when an in-
creasing number of random uniformly distributed points, Nj,, are
placed in the field of view. An equation describing how (N.N.5)
changes with respect to N, is then fit. For each sample, the
calculated (N.N.§) for particles is normalized by the value from
the equation. Normalized (N.N.§) values equal to 1 indicate that
the intersections among particles are uniformly and randomly dis-
tributed. Values less than 1 indicate that the intersections are more
concentrated. Details of how (N.N.§) varies with respect to Ny, are
given in the Supplementary Material (Section S3).

Fig. 6 shows the smoothed probability distribution function of
the normalized (N.N.§) for 0.5 and 2.0 pm particles for all cells
on each of the 3 days post-encapsulation. When holding post-
encapsulation day and particle size constant while changing treat-
ment condition, no significance is measured. When myosin-II is in-
hibited, the hMSC must adopt a different migratory strategy which
may not impact (N.N.§). However we do measure differences when
varying particle size, post-encapsulation day and when comparing
pericellular region data with water samples.

We will begin by discussing how (N.N.§) varies between
particle sizes while keeping treatment condition and post-
encapsulation day constant. In the pericellular region around un-
treated hMSCs, Fig. 6a-c, we measure a statistically significant
lower value of (N.N.§) for 2.0 pym particles than (N.N.§) for 0.5 pm
particles on all days regardless of treatment condition. This shows
that the larger 2.0 pym particles have more directed motion re-
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Fig. 6. The distribution of the average nearest neighbor distance, (N.N.§), for peri-
cellular regions around (a-c) untreated and (d-f) myosin-II inhibited hMSCs on day
(aand d) 1, (b and e) 2 and (c and f) 3 post-encapsulation. Lower values of (N.N.§)
indicate intersections are closer together while high values indicate a more uniform
distribution of intersections throughout the field of view. For all measurements,
2.0 pm particle (N.N.§) is significantly lower than (N.N.§) calculated with 0.5 um
particles (p < 0.05).

gardless of cellular treatment. We hypothesize that in the pericel-
lular regions around untreated hMSCs, this is quantifying 2.0 pm
particles intersecting at force centers, as we see in Fig. 5g-i. We
also measure on average that (N.N.§) is similar in pericellular re-
gions around myosin-II inhibited hMSCs. Here, we hypothesize this
is due to degradation of the scaffold occurring at smaller length
scales first resulting in lower diffusivity of these larger particles.

When holding treatment condition and particle size constant
and comparing measurements made on different days, we see
no significant changes over the course of the experiment for
0.5 pm particle (N.N.§) in pericellular regions around untreated
hMSCs. This is likely because this length scale is measuring enzy-
matic scaffold degradation in the pericellular region which occurs
throughout our observation window. This is also true for 0.5 pm
particle (N.N.§) in myosin-II inhibited populations with the excep-
tion of day 1 and day 3 where we measure a statistically different
(N.N.8) distribution. The day 3 distribution has a lower peak and is
broader than both the day 1 and 2 distributions, reflecting the va-
riety of microenvironments created by the hMSC during later stage
remodeling and relatively high motility. When comparing (N.N.§)
measured for 2.0 pm particles in pericellular regions around un-
treated hMSCs, statistically significant differences only occur when
comparing day 3 to days 1 and 2. The mean (N.N.§) is lowest for
2.0 pm particles on day 3 indicating that these particles are in-
tersecting the closest on this day, likely due to cytoskeletal ten-
sion. By day 3, hMSCs are exerting forces on the network to move
rapidly and the pericellular region has been degraded. No signif-
icance is measured by 2.0 pum particle (N.N.§) when comparing
pericellular regions around myosin-II inhibited hMSCs on different
days. This is likely because without hMSCs pulling on the network,
only cell-secreted MMPs can remodel the network structure and a
significant amount of degradation must occur for 2.0 pm particles
to move freely.

When comparing each particle size in each treatment condition
with the measured (N.N.§) for water, we measure how the pericel-
lular region differs from a purely diffusive environment with no
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Fig. 7. Correlations between cell speed and pericellular rheology, «, for (a-c) un-
treated and (d-f) myosin-II inhibited hMSCs on day (a and d) 1, (b and e) 2 and (c
and f) 3 post-encapsulation. The line of best fit is shown. These correlations relate
the rheology of the material to the measured cell behavior. A table of significance
p-values, from comparison of the slopes of each correlation is provided in the Sup-
plementary Material, Table S1.

length scale dependent structure. The distribution for water can
be found in the Supplementary Material (Figure S11). The (N.N.5)
measured for 0.5 pm particles in water is very narrow, resulting in
statistically significant differences when compared to the (N.N.§)
measured for 0.5 pm particles for pericellular regions around un-
treated hMSCs on day 3 and pericellular regions around myosin-II
inhibited hMSCs on days 2 and 3. This is likely due to the het-
erogeneous microenvironments probed by the 0.5 pm particles on
these later days when significant remodeling has occurred. This in-
creased remodeling flattens and broadens the (N.N.§) relative to
the water distribution resulting in a statistically significant dif-
ference. Statistical significance is always measured for (N.N.§) for
2.0 pm particles in pericellular regions when comparing with wa-
ter regardless of treatment condition or day. This is likely because
the movement of these large particles are significantly changed by
both the structure of the material in the pericellular region and
hMSC-mediated remodeling, neither of which are present in the
water sample.

Together, Figs. 4, 5 and 6 show that hMSCs use cytoskeletal ten-
sion during migration to remodel the pericellular region on the
2.0 pm length scale. Since this indicates that length scale depen-
dent rheology of the pericellular region is an important factor in
cell motility, we correlate the rheology of the pericellular region
with cell speed. This correlates the state of the material measured
at different length scales with the ability for a cell to effectively
migrate through that material. Fig. 7 shows the results of these
correlations. The slope, m, of each correlation is determined and
compared for significance against other measurements on that day.
A full table of slope values is provided in Table 1. A table contain-
ing statistical significance for slope comparisons is provided in Ta-
ble S1.

On day 1 post-encapsulation, Fig. 7a and d, hMSCs are begin-
ning to remodel their microenvironment through MMP secretions
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Table 1

Values of the slope, m, calculated from fitting the value of «
versus cell speed (data plotted in Fig. 7). The values are given
as the slope plus or minus the standard error.

Untreated Myosin-II Inhibited
Slope (x10%)  Slope (x103%)
0.5 pm 21+04 5.0+0.2
Day1 20um 3.4+04 51+0.2
45pum  36+1.0 44405
0.5 pym 36+0.2 31+02
Day2 20pum 49+0.2 3.7+03
4.5 pm 7.0+ 0.5 56+0.5
0.5 pm 12+02 34+03
Day 3 2.0 pm 1.8+03 34403
4.5 pm 09+0.2 1.6+0.2

and are limited to lower cell speeds and « values. The slopes of
these correlations are only statistically significant (p < 0.05) be-
tween the 0.5 and 2.0 pm particles around untreated hMSCs. The
slope is smaller for the 0.5 pm particles, indicating that less re-
modeling needs to occur on this length scale than on the 2.0 pm
length scale to enable the same cell speeds. There is no signifi-
cant difference measured as a function of length scale for myosin-
II inhibited hMSCs. When comparing between the untreated and
myosin-II inhibited hMSCs, we measure that the slope of 0.5 pm
particles of pericellular regions around untreated cells is signifi-
cantly lower than any length scale measured around myosin-II in-
hibited hMSCs. Again this indicates that untreated hMSCs require
less pericellular remodeling on the 0.5 pm length scale to achieve
the same motility. The slope measured by 2.0 pm particles around
untreated hMSCs is also significantly smaller than the slopes mea-
sured by 0.5 and 2.0 pm particles around myosin-II inhibited hM-
SCs. The slope measured by 4.5 nm particles around untreated hM-
SCs is not statistically significant when compared to slopes around
myosin-II inhibited hMSCs at any length scale. At this larger length
scale, significant enzymatic degradation needs to occur for 4.5 pm
particles to become motile. On day 1 post-encapsulation, hMSCs
have not had enough time to degrade the scaffold resulting in low
values of o for these particles.

Fig. 7b and e show correlations between cell speed and scaffold
rheology 2 days post-encapsulation. Measurements of untreated
and myosin-II inhibited hMSCs and their pericellular regions now
show significant length scale dependence, evidenced by the curves
separating in Fig. 7b and e. For untreated cells, measurements of
the pericellular region with 0.5 pum particles is significantly lower
than the larger length scales. This indicates that on the 0.5 pm
length scale there is less movement of the probe particles for the
same cell motility measured at larger length scales. hMSCs are ac-
tively pulling on the network to remodel larger length scales, lead-
ing to a significant increase in m with particle size. On day 2,
the scaffold has been partially degraded and the movement of the
2.0 and 4.5 pm particles is still restricted by the remaining pore
structure. This results in these particles having directed motion
when tension is applied to the network by the hMSC. This directed
motion results in a higher « value for the larger particles while
smaller particles can roll through the porous degraded scaffold.

For mysoin-II inhibited hMSCs 2 days post-encapsulation, no
significant difference is measured between m values character-
ized with 0.5 and 2.0 pm particles. These results are similar to
the measurement of A« in Fig. 4. The difference in « decreases
when myosin-II is inhibited, indicating that there is little to no
difference in scaffold remodeling between the 0.5 and 2.0 pm
length scales. For myosin-II inhibited hMSCs, the slope measured
by 4.5 pm particles is significantly larger than the 0.5 and 2.0 pm
particle measurements. These larger length scales are on the order
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of the degradation length scale required for effective cell migra-
tion [2]. Finally, we measure a significant decrease in the slope of
0.5 and 2.0 ym particles around myosin-II inhibited hMSCs when
compared to 2.0 nm particles around untreated hMSCs. This indi-
cates that there is less remodeling on the 0.5 and 2.0 pm length
scale when myosin-II is inhibited giving further evidence that cy-
toskeletal tension is remodeling the scaffold at the 2.0 um length
scale around untreated hMSCs. The slope correlating cell motility
with pericellular rheology measured by 4.5 pm particles around
untreated hMSCs is significantly higher than any measured length
scale in the myosin-II inhibited hMSC pericellular regions. This is
again likely due to the increased degradation from the combination
of cytoskeletal tension and MMP secretions by untreated hMSCs.

On day 3 post-encapsulation, Fig. 7c and f, the values of m are
lower than previous days for all untreated hMSCs and the cor-
relation for the 4.5 pm length scale for myosin-II inhibited cells.
For untreated hMSCs, this decrease in m is because 3 days post-
encapsulation hMSCs have remodeled the pericellular region and
are motile. Since the scaffold is being minimally remodeled on this
day, the effects of cytoskeletal tension are small and the values of
o are above the gel-sol transition but are no longer directed, which
would result in « > 1. Therefore, the slope is decreased because
o <1 and cell speed increases. On this day, no significant differ-
ence is measured between the 0.5 and 2.0 pm particles. This is
likely due to the increased degradation of the scaffold with pore
sizes that are now larger than 2.0 pm particles enabling diffusion
of these probes. When forces are applied to the network, these
larger particles which would have been moved with the matrix on
days 1 and 2, can now move through the degraded matrix as it is
pulled and are therefore not measuring cytoskeletal tension during
motility. Measurements for myosin-II inhibited hMSCs also have no
significant difference between 0.5 and 2.0 pm slopes. No signifi-
cant difference is measured on any day post-encapsulation around
myosin-II inhibited cells, confirming that there is no length scale
dependent rheological changes during cell-mediated enzymatic re-
modeling of the pericellular region. The value of m measured by
4.5 pm particles have the lowest slope for both conditions on this
day. By day 3, only 4.5 nm particles still trapped in the gel scaffold
remain in the field of view. In degraded regions of the scaffold,
these particles have settled out under gravity. Since the available
particles for MPT measurements are embedded in the gel, the mea-
surement is biased towards lower « values, leading to low values
of m on day 3 for both treatment conditions. We also measure a
statistically significant reduction in the number of 4.5 pm particles
available for microrheological measurements on day 3 as compared
to previous days. We will not discuss 4.5 nm particles further due
to the lack of statistics in the measurement.

Finally, when comparing the untreated and myosin-II inhibited
hMSC remodeling and motility 3 days post-encapsulation, we mea-
sure a significantly lower value of m around untreated hMSCs for
both 0.5 and 2.0 pm particles. This indicates that around untreated
hMSCs, there is less scaffold degradation and remodeling for the
same cell speed than for myosin-II inhibited hMSCs. This indicates
that there is increased degradation of the scaffold, which would re-
sult in higher « values, measured around myosin-II inhibited hM-
SCs. Additionally, myosin-II inhibited hMSCs have also been mea-
sured to have a significant decrease in cell speed when compared
to untreated hMSCs [6]. This would also lower the value of m for
myosin-II inhibited cells.

Overall, the correlations between « and cell speed, Fig. 7, show
the importance of length scale dependent rheology in enabling
cell motility, a basic cellular process. We determine that cytoskele-
tal tension remodels the 2.0 pm length scale of a partially de-
graded scaffold. In these scaffolds, the 2.0 pm particles are mea-
suring cytoskeletal tension and are being pulled with the net-
work. 0.5 pm particles are measuring a more open porous net-
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work and can slip through the network when force is applied.
4.5 nm particles also measure cytoskeletal tension applied to the
network. Combining these correlations with measurements of A«
show that the difference in 0.5 and 2.0 pm particle mobility is re-
moved when cytoskeletal tension is inhibited, Fig. 4. Additionally,
the identification of force centers in Figs. 5 and 6 indicate that
hMSCs use different strategies to remodel the pericellular region
at different length scales. Namely, enzymatic degradation remod-
els the 0.5 pm length scale while cytoskeletal tension remodels the
2.0 and 4.5 pm length scales. This leads to heterogeneous environ-
ments with specifically engineered rheology that enables basic cel-
lular processes.

4. Conclusions

This work uses bi-disperse MPT and MPT to characterize the
length scale dependent rheology of the pericellular region of a mi-
grating hMSC. During remodeling, we measure significant differ-
ences across length scales, quantified by A«, with larger length
scales being more remodeled than smaller length scales. When
cytoskeletal tension is inhibited, all length scales are remodeled
similarly, indicating that larger length scales are remodeled by cy-
toskeletal tension. To further characterize the impact of cytoskele-
tal tension on the surrounding material, intersections between pro-
jected particle vectors are identified. These show that smaller par-
ticles are not directed by cellularly applied forces while larger par-
ticles are. When myosin-II is inhibited, intersections remain ran-
dom for 0.5 and 2.0 um particles. This confirms that this larger
length scale is remodeled primarily by tension. (N.N.§) quantifies
how material on each length scale is modified on different days
post-encapsulation indicating that larger length scales are more di-
rected and that the distribution of (N.N.§) changes as remodeling
progresses. Finally correlations between the state of the material
and cell motility are measured on each length scale. Larger length
scales require more remodeling for a given cell speed than smaller
length scales.

This work characterizes changes in length scale dependent rhe-
ology in the pericellular region, building on previous work which
used traditional MPT [6-9]. These results show that hMSCs re-
model their microenvironment by changing material properties
on different length scales using different mechanisms of scaffold
degradation. MMPs degrade the pericellular region on small length
scales resulting in the increase in pore structure. Cytoskeletal ten-
sion remodels larger length scales through the application of force
on the network. Additionally, this work contributes to the grow-
ing body of work emphasizing the importance of length scale in
the design and functionality of biomaterials. Characterizing these
unique, heterogeneous pericellular regions are key to enabling the
design of new materials that can be instructive to encapsulated
cells by mimicking these microenvironments to enhance migration
and cell delivery after implantation.
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