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ABSTRACT: Implantable hydrogels are designed to treat wounds
by providing structure and delivering additional cells to damaged
tissue. These materials must consider how aspects of the native
wound, including environmental chemical cues, affect and instruct
delivered cells. One cell type researchers are interested in delivering
are human mesenchymal stem cells (hMSCs) due to their
importance in healing. Wound healing involves recruiting and
coordinating a variety of cells to resolve a wound. hMSCs
coordinate the cellular response and are signaled to the wound by
cytokines, including transforming growth factor-f (TGF-$) and
tumor necrosis factor-a (TNF-a), present in vivo. These cytokines
change hMSC secretions, regulating material remodeling. TGF-$, x (um)
present from inflammation through remodeling, directs hMSCs to

reorganize collagen, increasing extracellular matrix (ECM) structure. TNF-@, present primarily during inflammation, cues hMSCs to
clear debris and degrade ECM. Because cytokines change how hMSCs degrade their microenvironment and are naturally present in
the wound, they also affect how hMSCs migrate out of the scaffold to conduct healing. Therefore, the effects of cytokines on hMSC
remodeling are important when designing materials for cell delivery. In this work, we encapsulate hMSCs in a polymer—peptide
hydrogel and incubate the scaffolds in media with TGF-§ or TNF-¢ at concentrations similar to those in wounds. Multiple particle
tracking microrheology (MPT) measures hMSC-mediated scaffold degradation in response to these cytokines, which mimics aspects
of the in vivo microenvironment post-implantation. MPT uses video microscopy to measure Brownian motion of particles in a
material, quantifying structure and rheology. Using MPT, we measure increased hMSC-mediated remodeling when cells are exposed
to TNF-a and decreased remodeling after exposure to TGF- when compared to untreated hMSCs. This agrees with previous
studies that measure: (1) TNF-a encourages matrix reorganization and (2) TGF-f signals the formation of new matrix. These
results enable material design that anticipates changes in remodeling after implantation, improving control over hMSC delivery and

healing.
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B INTRODUCTION

enzymes called matrix metalloproteinases (MMPs) and

Hydrogels are an important class of materials for the treatment
of wounds.'™'* These materials are designed to be implanted
into the wounded area to provide structure to the wound,
allowing it to heal more effectively. In addition to providing
structure, hydrogels can also serve as vehicles to deliver
additional cells to aide, progress, or enhance the healing
process.””"* A common cell type targeted for delivery is the
human mesenchymal stem cell (hMSC). hMSCs are chosen
for cell delivery due to their importance in wound healing,
including modulating the immune response and controlling the
formation of new tissue.'*™* To design a scaffold that can
effectively deliver hMSCs, the material must be able to be
remodeled by encapsulated cells and also cue cells to undergo
basic cellular functions, a critical feedback loop. hMSCs
remodel their surroundings irreversibly using cell-secreted
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reversibly by applying forces on the network using cytoskeletal
tension. hMSCs also regulate matrix degradation by secreting
tissue inhibitor of metalloproteinases (TIMPs), which bind to
MMPs on secretion, preventing their activity immediately
around the cell. MMP—TIMP complexes unbind further away
from the cell, resulting in spatial differences in MMP activity
and rheology.3’9 Within a hydrogel, cell function can be
manipulated through the addition of physical cues, such as
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matrix stiffness, and chemical cues, such as the addition of a
protein like bone morphogenetic protein-2 to induce osteo-
genesis.””' Scaffolds designed to enable cell-mediated
remodeling allow hMSCs to migrate out of the delivery
material and into the native wound environment to orchestrate
the healing process.”'"**~**

After implantation, hMSCs are not only influenced by cues
within the hydrogel scaffold, they also receive cues from the
native wound environment. The wound environment includes
several chemicals, including cytokines, which manipulate the
response of all cells required to heal the wound. Two cytokines
present in the wound as part of the wound healing cascade,
transforming growth factor-f (TGF-$) and tumor necrosis
factor-a (TNF-a), affect hMSC secretions of MMPs and
TIMPs, resultin§ in changes in cell-mediated scaffold
degradation."***™ This change in cell-mediated scaffold
degradation will affect cell function within the hydrogel
scaffold and change the feedback between the material
rheology presented to the encapsulated cell and the cell-
engineered rheology. This feedback is important because the
rheology of the local cell microenvironment has been shown to
manipulate cell functions including cell speed, morphology,
and lineage specification.'~*”'"*! Therefore, when designing
materials for in vivo cell delivery, these changes must be
accounted for. In this work, we characterize the effect of TGF-
B and TNF-a on hMSC remodeling to enable more effective
materials to be designed for hMSC delivery. Here, we add
another aspect of the wound environment, providing a more
accurate representation of how these materials will perform
when implanted in vivo where cytokines are present.

hMSCs migrate in vivo out of the bone marrow niche to the
wound site in response to a gradient of signaling molecules
from a wound."”"” These signaling molecules are released
during the first stage of the wound healing process,
hemostasis.'* After reaching the wound, hMSCs are directly
involved in the next three stages of wound healing:
inflammation, proliferation, and remodeling. Their activity is,
in part, controlled by cytokines present at the wound site. In
the inflammation stage, they regulate the degradation of
damaged extracellular matrix (ECM) by increasing MMP
secretions.'»*® During proliferation, they produce growth
factors and recruit other reparatory cells. Finally, in the
remodeling phase, they regulate the development of new
matrix by controlling MMP secretions and the deposition of
collagen.14 Because of the significant role hMSCs have in
wound healing, delivering supplemental hMSCs to a wound
has been studied as a treatment for chronic wounds, wounds
that remain in an inflamed state, and enhanced wound
repair.”'*** Much of the previous work on scaffold design for
hMSC delivery has focused on hMSC interactions with
material when exposed to cell growth media. Exploring
changes when a cell-laden scaffold is exposed to signaling
molecules present in the wound environment, such as TNF-a
and TGF-p, requires further study.

TNF-« is present primarily in the inflammatory stage.
is produced by macrophages present at the wound site as they
clear debris and bacteria. It suppresses the production of ECM
proteins and increases the secretion of MMPs in chorionic
cells, endometrial stromal cells, macrophages, and
hMSCs.>**%73%32 1t also inhibits the production of TIMPs,
facilitating network degradation bz secreted MMPs.”> TNF-q
is also present in chronic wounds.”>**> While TNF-a increases
degradation of the matrix and prevents new ECM formation,

14,26 14

TGEF-f exposure results in increased TIMP secretion,
inhibiting MMPs, and upregulates the formation of fibronectin,
contributing to the formation of new matrix in the proliferative
and remodeling phases.””**** Tethering TGF-f to a network
has also been found to induce chondrogenesis in encapsulated
hMSCs.>® TGF-f is not found in chronic wounds, suggesting
that its absence contributes to chronic wound formation.*
Understanding how each of these cytokines affects hMSC
function is important in the use of hMSCs as a wound repair
tool because these cytokines will be present in vivo when
hMSCs are delivered from an implantable scaffold.

Synthetic implantable materials are designed to improve
wound healing outcomes by delivering additional hMSCs to
the wounded area and providing structure to the
wound.' 777733738 These scaffolds can incorporate physical
and chemical cues which direct hMSC function, such as a
physical gradient in stiffness inducin% durotaxis or a chemokine
gradient inducing chemotaxis.”"**~** Our scaffold uses a four-
arm poly(ethylene glycol)-norbornene (PEG-norbornene)
molecule as its backbone, which is cross-linked with an
MMP—degradable peptide sequence to form a gel net-
work.'™*"7"""* The inclusion of this peptide allows the
material to be degraded by cell-secreted MMPs.” We also
include an adhesion ligand, CRGDS, enabling cells to attach to
the network using i_ntegrins and pull on the scaffold using
cytoskeletal tension.”'" This platform has been extensively
studied and results in high cell viability after three-dimensional
(3D) encapsulation.” " Our scaffold mimics aspects of the
native microenvironment, allowing us to systematically add
complexity. While considerable work has been done to
understand how hMSCs interact with a variety of materials,
more could be done to better understand how cytokines
present in the pericellular region affect cell-mediated
remodeling of their microenvironment. To study how
hMSCs exposed to TGF-f or TNF-a remodel their local
microenvironment, we use multiple particle tracking micro-
rheology (MPT), a technique that measures spatiotemporal
rtheology around an individual hMSC migrating in our
hydrogel. ! #5114

Multiple particle tracking microrheology is a passive
microrheological technique that is used to characterize the
material around migrating hMSCs in our hydrogel.">**%'"*
MPT uses video microscopy to measure the Brownian motion
of embedded probe particles in the material to characterize
rheology."* ™" Spatial changes in rheology are determined by
splitting the viewing area into different regions and measurin:
the motion of the particles in each region separately.”>*""
Because TGF-f and TNF-a change hMSC remodeling
strategies, measurements of pericellular rheology are different
when these cytokines are present.”>*%>'" Additionally, these
changes in pericellular rheology significantly impact cell
motility, which will change how effective a material is at
hMSC delivery. This makes MPT especially useful for
understanding how individual hMSCs remodel their local
microenvironment differently in the presence of cytokines.

In this work, we characterize the changes in pericellular
rheology around migrating hMSCs exposed to TGF-f or TNF-
a in the fluid environment. We compare the remodeling
around these cells to pericellular remodeling around untreated
hMSCs. We measure increased remodeling around hMSCs
treated with TNF-a and decreased or similar remodeling
around hMSCs treated with TGF-f relative to untreated
hMSCs. We hypothesize that TNF-a increases hMSC
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remodeling because it increases the secretion of MMPs and
decreases secretion of TIMPs. TGF-f decreases remodeling
because previous work has shown that it decreases the hMSC
secretion of MMPs and increases the secretion of TIMPs.
These changes in cell secretions directly affect how the
pericellular region evolves over time. We measure that average
cell speeds are similar regardless of the cues presented in the
fluid environment. Finally, we measure that cells that have
remodeled their microenvironments more are more persistent,
migrating consistently in the same direction as opposed to a
random migration pattern. Specifically, hMSCs which have
remodeled the pericellular region past the gel—sol transition
are highly persistent. This is measured for hMSCs treated with
both cytokines, and the largest effect is measured in TNF-a
treated hMSCs. We hypothesize that these results are due to
changes in cell behavior after exposure to these cytokines.
These results provide important information about how
hMSCs will degrade their surroundings when implanted in
the native wound environment, which is important for their
use as a cell delivery vehicle.

B EXPERIMENTAL SECTION

hMSC Culture. hMSCs are obtained from Lonza in passage 2 and
plated in 150 cm? tissue culture Petri dishes (Corning) with growth
media. Growth media consists of 50 U mL™" penicillin/streptomycin
(Life Technologies), 1 ng mL™" recombinant human fibroblast growth
factor (hFGF, PeproTech), 0.5 ug mL~' Fungizone (Life
Technologies), and 10% fetal bovine serum (FBS, Life Technologies)
in a low-glucose Dulbecco’s modified Eagle’s medium (DMEM, Life
Technologies). Cells are passaged at 90% confluency. In all
experiments, hMSCs are used in passages 2—6.

Hydrogel Scaffold. Our hydrogel scaffold is composed of four-
arm star poly(ethylene glycol) (PEG)-norbornene (3 mM, M, =
20000 g mol™!, f = 4, where f is the number of functional groups,
Sigma-Aldrich and JenKem Technology) cross-linked with an MMP-
degradable peptide sequence, KCGPQG| IWGQCK (3.9 mM, M, =
1305 g mol ™!, f =2, | is the cleavage site, Bachem). This peptide
sequence is readily cleaved by hMSC-secreted MMPs.>*"** Once the
cross-linker has been broken by cell-secreted enzymes, it cannot
reform. This results in permanent degradation of the scaffold by
hMSCs. This enables cells to degrade their surrounding micro-
environment, spread and migrate within the scaffold.***”>* In the
absence of cells, a is uniform throughout the hydrogel and does not
change with time, and no degradation is measured.’

In all experiments, hydrogels are formed with a thiol:ene
stoichiometric ratio of 0.65. This low thiol:ene ratio results in a
hydrogel with a stiffness similar to adipose tissue when swollen (G’ =
300 Pa). This scaffold is widely used for cell encapsulation and results
in high cell viability.>**** An adhesion ligand, CRGDS (1 mM, M, =
594 g mol™’, f = 1, American Peptide Inc.), is tethered to the scaffold
to facilitate cell attachment to the network. To initiate gelation,
lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP, 1.7 mM), a
highly water-soluble photoinitiator, is added to the precursor
solution.>* 0.2% solids/volume of fluorescently labeled carboxylated
polystyrene probe particles (2a = 0.97 + 0.01 um, a is the probe
particle radius, Polysciences, Inc.) are added to the precursor solution
to enable MPT measurements. The pH of the precursor solution is
adjusted to 7 by adding 15 mM sodium hydroxide (Fisher Scientific)
to the solution as needed. Finally, hMSCs are suspended in 1X
phosphate buffered saline (1x PBS, Life Technologies) and added to
the precursor solution at a final concentration of 2 X 10° cells mL™".
This hydrogel composition is commonly used and well characterized
from previous work.>*>>33

The precursor solution is mixed and pipetted into a sample
chamber, described below. The sample chamber is placed under UV
light at S mW cm™ (365 nm light, UVP, LLC) for 3 min. The
polymers in the precursor solution react by step-growth photo-

polymerization, resulting in hMSCs evenly distributed within the 3D
gel network. Immediately after gelation, sample chambers are filled
with 4 mL of growth media without hFGF and incubated at 37 °C
and 5% CO,.

To characterize how hMSCs respond to each cytokine, 100 ng
mL™! of TGF-B1 (referred to as TGF-f, PeproTech) or TNF-a
(PeproTech) are added to cell media immediately after 3D cell
encapsulation and incubated overnight at 37 °C and 5% CO,. This
cytokine concentration is chosen to mimic the concentration in a
wounded area of the body.*®

Data are taken 2—4 days after cell encapsulation. Data are collected
at these times because this gives enough time for cells to spread,
adjust to their environment, and resume normal function.

Device Fabrication. Cell-laden hydrogels are made in glass-
bottomed Petri dishes (d = 35 mm, no. 1.5 glass coverslip, MatTek
Corporation). The design of these sample chambers has been detailed
elsewhere.”>®”'"*> Briefly, a cylindrical polydimethylsiloxane
(PDMS, Dow Corning) tube is made from a flat PDMS sheet using
6 and 10 mm disposable biopsy punches (Acuderm Inc.). The tube is
~6 mm tall and has an outer diameter of 10 mm and an inner
diameter of 6 mm. To make PDMS sheets, a silicone elastomer base is
mixed with a curing agent at a ratio of 10:1 (ratio recommended by
manufacturer, Dow Corning). The solution is degassed and cured
overnight at 65 °C. PDMS tubes are cut out using biopsy punches and
attached to the glass bottom of the Petri dishes using uncured PDMS
and cured at 65 °C overnight. This PDMS tube is used to hold the
hydrogel precursor solution before gelation and limits particle drift in
the sample as the hydrogel scaffold is degraded by cell-secreted
enzymes.

Sample chambers are sterilized with 70% ethanol prior to the
addition of the hydrogel precursor solution. After sterilization, 17 uL
of the precursor solution is pipetted into the PDMS tubes and
photopolymerized as described above. This volume of precursor
solution is chosen so that the hydrogel swells isotropically within the
sample chamber and is not inhibited by the chamber walls.

Multiple Particle Tracking Microrheology. hMSC-mediated
degradation and remodeling of the pericellular region is characterized
using multiple particle tracking microrheology (MPT). MPT
measures the Brownian motion of probe particles embedded in the
material using video microscopy.*¥****°%>"%% Elyorescently labeled
carboxylated polystyrene probe particles (2a = 0.97 + 0.01 um,
Polysciences, Inc.) are added to the precursor solution prior to
gelation. Particle concentration, size, and surface chemistry are chosen
to limit particle—;)article, particle—polymer, and particle—cell
interactions.*»*¢*%

MPT data are collected using 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 high-speed camera (1024 X
1024 pixels, Miro M120, Vision Research Inc.) is used to record the
Brownian motion of probe particles with a frame rate of 30 frame s~
for a total of 800 frames with an exposure time of 1000 ys.*>%"°7
These parameters are chosen to minimize static and dynamic particle
tracking errors.”® To ensure cell survival, the microscope is fit with an
incubation chamber to keep the temperature at 37 °C and provide 5%
CO, during data acquisition.

To collect data, first a cell is located within the hydrogel and
positioned roughly in the center of the field of view. This allows the
cell to move approximately 80 ym in the x—y plane without leaving
the frame. After locating the cell, a brightfield image is taken to record
its location. Immediately after taking the brightfield image, a video of
particle motion is taken using fluorescence microscopy. This
procedure is repeated every 4—6 min for up to an hour unless the
cell leaves the field of view or goes out of focus. The stage position is
not changed until a new cell is located and the process begins again.

Classical tracking algorithms are used to identify the brightness-
weighted centroid of each particle within each frame of the collected
videos.””*” Particle positions in each frame are linked into a
trajectory, using a probability distribution function (PDF) that
accounts for the Brownian motion of a single particle.’”*” The
ensemble-averaged mean-squared displacement (MSD), (Ar*(z)), is
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calculated from these trajectories using (Ar*(7)) = (Ax*(7)) +
(Ay*()), where 7 is the lag time or separation time between frames
and x and y are coordinate directions in 2D.*****%°% Brownian
motion of probe particles is related to material and rheological
properties. For example, the MSD is directly related to the creep
compliance, J(7), using the generalized Stokes—Einstein relation

(ar(@) = ) 0

where kpT is the thermal energy and a is the probe particle radius.
The logarithmic slope of the MSD, a, is a variable used to quantify
the state of the material, where

v d 10g(A72(7:))

dlog7 | e (2)
a is a measure of the mobility of the particles, which is used to
determine the state of the material they are embedded in. @ — 0
indicates that probe particles are immobilized within a gel scaffold. &
= 1 indicates that particles are freely diffusing in a liquid. a values
between 0 and 1 indicate that the material is a viscoelastic gel or
liquid.*' = The transition of the material from a gel to a liquid is
determined by calculating the critical relaxation exponent, n, which
will be discussed further in the Results and Discussion section.
Microrheological measurements are analyzed at the shortest lag times
(0.033—1 s). At these short lag times, the longest relaxation time of
the material is measured. Since the shortest lag times are used, these
measurements also have a large number of points, resulting in
accurate measurements.

While the sample chamber used for these measurements is
designed to prevent drift, some drift can inevitably occur especially
in samples that are highly degraded. Sample drift can also be caused
by the cell moving in the material and applying forces to the network
and is not solely the result of the entire sample translating. For this
reason, we measure a region in the vicinity but without a cell and
determine if drift is occurring in the same direction. If there is drift in
the region without cells, the drift is corrected; otherwise, it is not
corrected.

Cell Speed and Persistence. Cell position is determined using
brightfield microscopy. Brightfield images are taken immediately
before collecting MPT data for each cell at each time point. After
locating the cell (t = 0 min), data are collected every 4—6 min around
each cell for approximately 20—65 min. The cell center is determined
using a program written in MatLab (Mathworks), which incorporates
Image] (NIH). The outer edge of the cell is traced, and the average
location of the points on this trace is the cell center (x; y;). This is
analogous to estimating the center of mass of the cell. These cell
centers are then used to calculate cell speed, v, during migration. Cell
speed between two subsequent measurements, vy, (um h7Y), is
calculated using

VG =2 + Gy, — )
Voep =
“® ty— b (3)

where (x; y;) is the initial location of the cell center at ¢; and (x;,1, y;,1)
is the location of the cell center at the next measurement, t;,,. Average
cell speed is then calculated as the average of all vy, which occur
during the measurement of that cell.

We also measure cell persistence, which is the tendency of a cell to
migrate in the same direction. To measure cell persistence, the cosine
of the angle between cell displacements, cos 6, is measured. cos @ is
calculated from the dot product of two consecutive cell displacements
with vectors X; and X,,, using

=2 -
X%y = XlIX, | cos O (4)

where [xl represents the magnitude of vector X. We use cos 6 2 0.8 as
a guide to establish cells are moving persistently. This occurs when
each subsequent displacement is within at most 37° of the previous
displacement.

Data Analysis and Statistics. For each treatment condition
(growth media (untreated), TGF-f, and TNF-a incubated cells) at
least three biological replicates are measured. For each biological
replicate, two gels are made per stock solution. Data are taken 2—4
days after hMSC encapsulation. This time is selected so that we can
characterize pericellular regions around cells at all stages of
degradation, from shortly after encapsulation to when previous
literature by Mazzeo et al. reported the bulk hydrogel degrades.” Data
are taken on cells throughout the day, and each pericellular region
may have a different extent of degradation based on the activity of that
individual cell. For this reason, we show data for all cells as an average
with a standard deviation to show the spread in the data.

For untreated hMSCs in growth media, 33 cells are characterized
on day 2, 28 cells are characterized on day 3, and 33 cells on day 4
post-encapsulation. For hMSCs treated with TGF-f, 30 cells are
characterized on day 2, 30 on day 3, and 33 on day 4 post-
encapsulation. For hMSCs treated with TNF-a, 33 cells are
characterized on day 2, 31 on day 3, and 31 on day 4 post-
encapsulation.

To show data of changes in rheological properties with time, data
from a single pericellular region is provided in the main text.
Representative data is selected by plotting the data for each cell and
selecting one which is representative of the data set. Additional data
sets are also provided in the Supporting Information (Figures S1—
S6).

Statistical significance is determined using the two-sample
Kolmogorov—Smirnov test. This test was chosen because it does
not rely on an underlying distribution and can measure changes in
distribution shape. Two samples are considered statistically significant
if p < 0.0S. Probability density functions are estimated from data using
a kernel smoothing function.

B RESULTS AND DISCUSSION

This work uses MPT to quantify spatiotemporal pericellular
rheology around encapsulated hMSCs when exposed to TGF-j
or TNF-a in the fluid environment. We compare these results
to cell-mediated re-engineering of the rheology of pericellular
regions around untreated hMSCs. First, we quantify
pericellular rheology using MPT in each treatment group
and relate the extent of remodeling with the change in cellular
secretions based on the cytokine present. We then quantify cell
speed for each treatment group. Finally, we quantify cellular
persistence, the tendency for a cell to migrate in the same
direction, and relate it to the degree of remodeling. This shows
that hMSCs that have remodeled the scaftold past the gel—sol
transition have more persistent migration. MPT and cell speed
results show that cytokines signal cells to modify material
rheology, which then results in differences in cell motility but
does not have a direct impact on cell speed.

MPT measures the Brownian motion of embedded probe
particles in the pericellular region.”>******% The logarithmic
slope of the MSD, a, quantifies the viscoelastic state of the
material when compared with the critical relaxation exponent,
n FHAHOLORO0ST 1 s the a value that defines the point where the
material transitions from a viscoelastic gel, with a sample-
spanning polymer network, to a viscoelastic sol, where the
sample is a series of disconnected polymer clusters or single
polymer chains.****°"*%%%7 o < p indicates that the material
is a gel, while @ > n indicates that the material is a sol."»%'"*
When a is within the error of the determined n value, the
material is in a transitional region, where the material is
undergoing a gel—sol phase transition. n has been determined
for this material in previous work and is n = 0.25 + 0.05."%%
n is a material property and does not change with the
concentration of cross-links."”*”>® Using n to define the
transition between gel and sol, we can quantify cell-mediated

https://doi.org/10.1021/acsbiomaterials.1c00871
ACS Biomater. Sci. Eng. XXXX, XXX, XXX—XXX



ACS Biomaterials Science & Engineering

pubs.acs.org/journal/abseba

rtheological changes in the pericellular region for each
treatment group.

We begin by measuring temporal pericellular rheology
changes around a single cell. Figure 1 shows representative
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Figure 1. o value measured for the entire pericellular region around
untreated, TGF-f or TNF-a treated hMSCs on days (a) 2, (b) 3, and
(c) 4 post-encapsulation. The shaded region is the phase-transition
region, defined as n = 0.25 =+ 0.05, where the material transitions from
gel to sol. Each line is data in a single pericellular region, which is
representative data for the entire data set. Error bars represent
standard error in a.

data of pericellular remodeling around three hMSCs on days
2—4 post-encapsulation (an additional set of data is provided
in the Supporting Information in Figure S1). The time the cell
is located at the beginning of MPT data acquisition is defined
as t = 0 min. On day 2 (Figure la), little remodeling is
measured for all three treatment groups. No cells have
remodeled the material to the transition region, and the
pericellular region remains a gel. At this early stage of
remodeling, hMSCs have only begun to secrete MMPs and
have had little time to degrade surrounding material. This is
measured by relatively low a values. Additionally, MPT
measures similar remodeling for each treatment group. While
previous reports have shown that the presence of cytokines
affects hMSC secretions,”>*7>73%3%35 this change is not great
enough to have a significant impact on cell-mediated

degradation and changes in pericellular rheology this soon
after encapsulation. Day 3 post-encapsulation (Figure 1b)
measurements are similar to day 2. Cells have not remodeled
enough of the material to transition the scaffold from a gel to a
sol.

On day 4 post-encapsulation (Figure 1c), differences in the
rheology of the pericellular region become more apparent for
hMSCs in each treatment group. a values for all treatments
increase with time, measuring that cross-links are being broken
by cell-secreted MMPs. The material around the untreated cell
does not cross into the transition region during MPT data
acquisition (60 min). This indicates that the material
surrounding the hMSC remains a gel, but the number of
cross-links has decreased. This agrees with previous studies,
which have measured that hMSCs have not significantly
remodeled their microenvironment."”** The a value for the
cell treated with TGE-f is similar to a values for the untreated
cell. The small difference that occurs between 20 and 35 min
may be due to increased cell motion or a difference in
reversible cell-mediated scaffold remodeling or irreversible cell-
mediated scaffold degradation. Both remain below the
transition region throughout the measurement time. Based
on previous reports, we hypothesize that this is because TGF-f
increases the production of TIMPs and decreases the
production of intracellular proteases including MMPs.'*%*
Both of these factors result in reduced matrix remodeling,
which is measured by lower a values around the TGF-J treated
cell when compared with a around the untreated cell. In
contrast, the cell treated with TNF-a remodels its surrounding
material with a values increasing through and above the
transition region over the course of the measurement time. o
increases past the transition region, indicating that the material
has transitioned to a sol and a sample-spanning network is no
longer present. While a sample-spanning network is no longer
present, there is still a dense concentration of polymer clusters
present in the pericellular region for a > n. We hypothesize
that increased remodeling by the TNF-a treated cell is due to
the effects the cytokine has on hMSC secretions. Previous
work shows that TNF-a increases the secretion of MMPs and
decreases the secretion of TIMPs. This would result in an
increase in active MMPs in the pericellular region that break
cross-links.”>***° The increase in enzyme and reduction of
inhibitor would result in more pericellular remodeling by the
hMSC.

Overall, the results in Figure 1 show that for all treatment
groups, degradation increases over time due to the cumulative
effect of MMPs secreted by the cell degrading the network.
Additionally, the effects of the cytokine, TGF-f or TNF-q, on
hMSC secretions change the degree hMSCs remodel the
pericellular region. The data in Figure 1 is limited, however,
because it averages rheological properties over the entire field
of view. Previous work has shown that a varies si$niﬁcantly asa
function of distance from the cell center.”~**”'" Additionally,
the difference in spatial pericellular remodeling has been
attributed to cytoskeletal tension and the presence of MMPs
and TIMPs; the secretion of both molecules has been shown in
previous literature to change when TNF-a or TGF-f is in the
fluid environment.”” %% 11425293068 Bop these reasons, we
analyze changes in pericellular rheology as a function of
distance from the cell center for all treatment groups.

To measure spatial variation in pericellular rheology, we
divide the field of view into different regions. The first region is
a circle with radius Ry = 150 pixels (approximately 23.4 pm)
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centered at the cell center. Each subsequent region is a ring
centered at the same place. The outer radius of ring i, R,
follows R; = R;_; + 23.4 yum. The inner radius of the ring is the
outer radius of the previous ring: R;_;. The size of each ring is
chosen to ensure that enough particles are in the region for
accurate MPT measurements.””** Figure 2 shows that these
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Figure 2. Spatial variation of @ around three different hMSCs 4 days
post-encapsulation. « is represented by color: warm colors represent
gel (a < 0.2), cool colors represent sol (a > 0.3), and the transition
region is represented by an orange color (0.2 < @ < 0.3). Each
column represents a single cell in a particular treatment group: (a—c)
untreated, (d—f) TGF-§, or (g—i) TNF-a treated cells. In the
background of each graph is an image of the cell at that time point.
Data are collected after initially locating the cell at (a) 0, (b) 32, (c)
57, (d) 0, (e) 25, (f) 50, (g) 0, (h) 19, and (i) 26 min.

regions superimposed onto the image of the cell at the same
time point on day 4 post-encapsulation. Examples of data on
days 2 and 3 as well as an additional set for day 4 are provided
in the Supporting Information (day 2: Figures S2 and S3, day
3: Figures S4 and SS, day 4: Figure S6). The a value of the
material in each ring is represented by color with warm colors
representing a gel with lower a values (a < 0.2) and cool
colors representing a sol with higher a values (a > 0.3). The
transition from gel to sol occurs when a = n, which is
represented by an orange color (02 < n < 0.3). For the
untreated cell (Figure 2a—c), we measure minimal degradation
at 0 min (Figure 2a), indicated by the bright red color at all
distances from the cell center. At 32 and 57 min (Figure 2b,c),

we measure an increase in degradation, but the material does
not enter the gel—sol transition region. These results are
consistent with those in Figure 1.

The TGEF-f treated cell, shown in Figure 2d—f, does less
remodeling than the untreated cell. The color of each ring for
the TGF-f treated cell remains red everywhere throughout the
observation time, SO min, while the untreated cell has higher o
at the innermost ring in Figure 2c. These results are in
agreement with the TGF-f and untreated cell data in Figure 1.
The reduction in secreted MMPs and increase in TIMPs,
which has been shown in the literature to be caused by
incubation in TGF-$, results in minimal and spatially uniform
degradation with respect to distance from the cell center.””****

The TNF-a treated cell, shown in Figure 2g—i, begins with
similar measurements to the untreated and TGF-f treated
cells. At t = 0 min (Figure 2g), all regions around the cell are in
the gel state. As time progresses to t = 19 min, & increases in all
regions around the cell. Material immediately around the cell is
in the transition region (0.2 < a < 0.3), while regions further
away have transitioned and are in the sol state. This spatial
profile of degradation is consistent with previous results, which
characterized this profile as a reverse reaction-diffusion
degradation profile.””” Daviran et al. found that the regions
further away from the cell center (r > 70.2 ym) are where the
highest rate of MMP—TIMP unbinding occurs.” Because of
this, there are more active MMPs further from the cell,
resulting in scaffold degradation. In regions closer to the cell,
TIMPs are bound to MMPs, inhibiting their activity resulting
in minimal degradation. Despite evidence from previous
studies showing TNF-a increasing the secretion of MMPs
and decreasing the secretion of TIMPs, Figure 2h still has a
reverse reaction-diffusion profile because TIMPs and MMPs
are still present but at different concentrations than those
around untreated hMSCs.>>***° This changes by t = 26 min,
where a is more uniform than at ¢ = 19 min throughout the
field of view with a ~ 0.5. Since we hypothesize that there are
fewer TIMPs being secreted by the hMSC because of the
presence of TNF-a, more unbound and active MMPs are
present throughout the field of view. This results in
degradation near the cell, which is not measured at t = 19
min. The data in Figure 2 quantify the change in rheology
around a single cell in each treatment group. To look at how «
changes at each distance from the cell center on days 2—4
post-encapsulation, we plot the average a value, a,, at each
distance for each treatment group in Figure 3.

On day 2 post-encapsulation (Figure 3a), we measure
relatively low a,,, at all distances away from the cell center for
all treatment groups. This is because the cells have not had a
significant amount of time to remodel the pericellular region,
and this results in most of the material remaining in the gel
state. In all but the furthest region from the cell center, there is
a significant difference in remodeling around cells treated with
TGF-f and TNF-a, with a,, around untreated cells.
Treatment with TGF-f, which has been shown to suppress
MMP secretion and, therefore, matrix degradation in previous
literature, results in lower a,,,, which are uniform across the
field of view.”””?** In contrast, TNF-a treatment which
previous reports show increases the production of MMPs and
decreases TIMPs results in more scaffold degradation and
higher a,,, values at all distances up to 93.6 um from the cell
center.>>>573032 Additionally, the standard deviation in a for
the TNF-a treatment group is approximately 60% higher than
the untreated group. This larger spread in the a values for
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Figure 3. a,, for all samples in a given treatment group on days (a) 2,
(b) 3, and Ec) 4 post-encapsulation. Each bar represents a,, for
materials at a particular distance from the cell center. The data are
grouped by post-encapsulation day and the treatment group with red
representing untreated, blue representing TGF-f treated, and green
representing TNF-a treated cells. Error bars represent the standard
deviation. *p < 0.0S.

TNEF-a treated hMSCs suggests that increased MMP activity
creates more heterogeneity in the rheology of the pericellular
region, which agrees with spatial maps in Figure 2g—i. In
general, day 2 post-encapsulation results agree well with those
from Figure la, with most distances measured with a,,, < n.
For each treatment group on day 2 post-encapsulation, the
region furthest from the cell center has statistically significantly
higher a,,, than all other regions. R = 117 um is the distance
which previous studies have shown has high MMP-TIMP
unbinding, which leads to more active MMPs resulting in a
more degraded structure.” The only exception is when
comparing the regions 93.6 and 117 pm away from TNF-a
treated cells, where no statistically significant difference is
measured between the values of a,,. Because literature has
shown that TNF-a decreases TIMPs and increases MMPs, we
hypothesize that a,,, will be similar at 93.6 and 117 ym away
from TNF-a treated cells because there will be more active
MMPs closer to the cell center resulting in these regions
having similar degradation. It should be noted that the furthest
region measured, R = 117 um, has significantly fewer
measurements than the other regions. Additionally, the values
for a,, for untreated cells on days 2 and 3 at 117 ym from the
cell center are within error of one another, as well as, the values
for TNF-a treated cells. During MPT measurements, only
material up to approximately 80 ym away from the cell center
can be seen when the cell is centered in the field of view at t =
0 min. As the cell moves in the x—y plane, material further
from its center can be characterized. Because the cell needs to
move significantly in the x—y plane for this region to be
included in the field of view, fewer samples are measured in

this region. Because of this, an average of only 19 samples is
measured at R = 117 ym for each treatment group on each day
compared to all other regions, which each have an average of
263 samples for each treatment group on each day.

On day 3 post-encapsulation (Figure 3b), we continue to
measure different degrees of remodeling at different distances
from the cell center based on the treatment group. TGF-#
treated cells have statistically significant higher a,,, values at
234 and 70.2 um than untreated cell-mediated degradation.
While this difference is small, it is still statistically significant
and will be discussed with Figure 4, where the full distribution
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Figure 4. Three probability distributions of & values around cells from
Figure 3: (a) day 3 at 23.4 um, (b) day 3 at 70.2 ym, and (c) day 4 at
117 pm. In (a) and (b), the « distribution around untreated cells is
statistically different from each of the a distributions around TGF-f
and TNF-a treated cells (p < 0.05). In (c), all three distributions are
different from one another (p < 0.05). All distributions for all days
post-encapsulation and all distances from the cell center are available
in the Figure S7, Supporting Information.

of @ in this region is shown. This difference may be due to an
increase in actin stress fiber formation. A previous study found
that treatment of epithelial cells with TGF-f induces actin
stress fibers and upregulates the expression of actin-binding
proteins.”” An increase in actin-binding proteins in our hMSCs
would cause motile cells treated with TGF-f to exert more
force on their surrounding material to remodel and migrate.
This would result in an increase in probe mobility around
TGF-f treated hMSCs in regions close to the cell center. TNF-
a treated cells have statistically different distributions of @,
from untreated cells at all distances from the cell center. This is
likely due to increased heterogeneity in the scaffold structure
around hMSCs treated with TNF-a. This agrees with data
provided in Figure 2h,i, which shows significant variation in a
with respect to distance from the cell center around the TNF-a
treated cell. Finally, no data is collected at 117 um for TGF-#
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treated cells as none of these cells moved far enough in the
field of view for this region to be visible.

On day 4 post-encapsulation (Figure 3c), Ay for all
treatment groups is statistically different relative to previous
days. Notably, on day 4, there is a statistically significant higher
Qg in regions around cells treated with TNF-a than those
same regions around untreated and TGF-J treated cells. This is
likely due to increased MMP secretions, which TNF-a has
previously been reported to cause.””**7**** At 117 pm, all
three a,, are different from one another. Similar to previous
days, this may be due to the fact that regions further away from
the cell are where TIMPs unbind from MMPs."*’ This region
also has less data (average of 15 measurements for all
treatment groups at 117 pm compared to 279 measurements at
23.4—93.6 ym). The amount of data in each population being
compared has a direct impact on the outcome of a statistical
hypothesis test, and in this situation where the two populations
have such different sizes, it may contribute to the statistically
significant differences between the treatment groups. The
differences between each treatment group show how the
presence of cytokines in the pericellular region impacts hMSC-
mediated material remodeling. TGF-$ and TNF-a have been
shown in previous literature to change the secretion of MMPs
and TIMPs; the concentration of these molecules affects the
degree the surrounding material is degraded.”>”’ %33
Exposure to each cytokine in the fluid environment will
therefore change pericellular rheology since TNF-a increases
remodeling by hMSCs due to increased enzymatic activity and
TGEF-f decreases remodeling by hMSCs due to a decrease in
enzymatic activity.”>”"*%**?"*> Some of the differences
between treatment groups may not be entirely clear in Figure
3. Therefore, we also present probability distribution functions
of o values in Figure 4 to better understand the differences
measured in a,,, values.

Figure 4 shows probability distribution functions (PDFs) in
a used to calculate data presented in Figure 3 for 23.4 and 70.2
um on day 3 (Figure 4ab) and 117 ym on day 4 post-
encapsulation (Figure 4c). These distributions show how «a
varies at a particular distance for different cells on a given day.
A peak at @ = 0 indicates that most of the cells have no
degraded material at this distance, while higher a values
indicate more hMSC-mediated degradation in these regions.
Distributions for all distances from the cell center on all days
are available in the Supporting Information (Figure S7).

We will begin our discussion with day 3 post-encapsulation.
Figure 4a,b shows that all cells have a peak at @ = 0 with a
distribution skewed toward higher a. The peak at a = 0
indicates that the material is a gel because cells have not
degraded at this distance, and the skewness toward higher « is
a result of more material remodeling by hMSC-secreted
MMPs. At 23.4 um from the cell center, Figure 4a, the scaffold
in the pericellular region is mostly in the gel phase. At this
distance from the cell center, there are not many active MMPs
due to TIMPs binding to them immediately after secretion and
preventing their activity."”” The distribution of & around
untreated cells is skewed slightly to the right due to TIMPs not
binding all secreted MMPs leaving some free MMPs to
degrade the material and cytoskeletal tension reversibly
remodeling the scaffold. The distribution of a around TGF-f
treated cells is concentrated more tightly around o — 0. TGF-
B, which previous work has shown increases the production of
TIMPs, creates more TIMPs to bind secreted MMPs
immediately around the cell, causing more cells to be in

gelled material.””**** This results in a statistically significant
difference between the a distributions for the untreated and
TGF-f treatment groups at this distance. Additionally, there
are smaller peaks at higher a values for the a distribution
around TGF-f treated cells at 23.4 um from the cell center.
This may be due to an increase in filamentous actin in the
cytoskeleton of the hMSC. Previous reports show that long-
term (~48 h) exposure of human prostate cancer cells to TGF-
f-induced membrane ruffles formed actin stress fibers.”” An
increase in actin would enable the hMSC to apply force to the
network and reversibly remodel material more easily as it
migrates. This results in increased remodeling where cells
apply cytoskeletal tension to the network. We hypothesize that
a similar situation is occurring in Figure 4b, which is data for
day 3 post-encapsulation at 70.2 pgm. More TIMPs are
available to bind MMPs, causing the a distribution around
TGF-f treated cells to be more concentrated around a — 0,
resulting in a difference between the two treatment groups.

The a distributions around TNF-a treated cells in Figure
4a,b also have a peak at @ = 0 because the material around
most cells at these distances tends not to be degraded. By day 3
post-encapsulation, most cells have not remodeled past the
gel—sol transition because cell-secreted MMPs have not had
enough time to break cross-links. This agrees with data shown
in Figure 1. There are some cells treated with TNF-a which
have degraded these regions, which are shown by the skewness
to a &~ 0.4, the second peak of each a distribution around
TNE-a treated cells in Figure 4a,b. These regions are degraded
because of the increase in MMPs and decrease in TIMPs,
which TNF-a has been shown in previous reports to cause in
hMSCs.”>** %% We attribute the statistically significant
difference between the a distributions around TNF-a treated
and untreated cells to the difference in skewness between them
caused by the change in hMSC secretions changing the
degradation in these regions.

Figure 4c shows PDFs in a for 117 um away from the cell
center for all three treatment groups on day 4 post-
encapsulation. The distribution for untreated cells has two
peaks, one at @ ~ 0 and the other at @ ~ 0.5. This indicates
that two distinct populations of untreated cells exist, producing
two peaks in the distribution. The peak at @ = 0 is from
hMSCs that have not degraded their microenvironment at this
distance. The peak at @ & 0.5 is from cells that have degraded
their microenvironment past the gel—sol transition at this
distance from the cell center. The distribution of @ around
TNF-a treated cells at this distance is concentrated at higher a
values with a single peak around a & 0.5. Notably, nearly the
entire distribution is above the gel—sol transition, & > n = 0.25
+ 0.05. Since this region has the greatest rate of MMP—TIMP
unbinding and TNF-a has been shown in the literature to
increase MMP-mediated remodeling, it shifts the distribution
to higher @, which are above the gel—sol transition.”>*873%32
When comparing a distributions around untreated cells and
TNF-a treated cells, the differences become more evident. The
right peak in o measured around untreated cells is similar to
the one created by TNF-a treated cells. This is because in this
region, around untreated cells, MMPs unbind from TIMPs,
resulting in scaffold degradation. The increase in MMP
secretions caused by TNF-a and decrease in TIMP secretions
results in a single peak for the distribution of @ around TNF-a
treated cells, where all cells have degraded the material at this
distance. Due to this, we measure a similar distribution of a
between untreated and TNF-a treatment groups at this

https://doi.org/10.1021/acsbiomaterials.1c00871
ACS Biomater. Sci. Eng. XXXX, XXX, XXX—XXX



ACS Biomaterials Science & Engineering

pubs.acs.org/journal/abseba

distance. The a distribution around TGF-f treated cells is
different from the other two. It has a single peak at a = 0.17,
indicating that the material is mostly in the gel state or
transitional region. We hypothesize that this region is less
degraded despite the increase in MMP—TIMP unbinding
because of the increase of TIMPs and decrease of MMPs,
which previous literature has shown TGF-f3 causes.””***> We
hypothesize that if given enough time, the « distribution
around TGF-f treated cells would transition to a sol as the
reduced number of MMPs are allowed to continue to degrade
the scaffold.

Now that we have shown how cells in each treatment group
remodel their microenvironment, we describe cell motility.
Figure S shows distributions of cell speeds as a function of the
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Figure 5. Cell speed for each treatment group on each day. Each
marker represents the average speed of a single cell calculated by
averaging the speed of each step, vy, using eq 3. A single outlier is
present 3 days post-encapsulation for a control cell, which is outside
the range of the y-axis, which is cut so that the data is more visible.
This graph is reproduced with all data shown in the Supporting
Information (Figure S8). *p < 0.0S.

treatment group and post-encapsulation day. The average
speed of each treatment group is similar on all days post-
encapsulation. Most cells have speeds between 0 and 40 pm
h™". We measure statistically significant differences between
the speeds of TNF-a treated cells and untreated cells on day 2
post-encapsulation. On this day, most cells that are untreated
or treated with TNF-a have cell speeds between 10 and 20 ym
h™". A few TNF-a treated cells have significantly higher speeds,
upwards of 40 ym h™'. We attribute the difference in these
distributions to the fast-moving TNF-a treated cells which
have quickly remodeled their surroundings due to an increase
in MMP secretions and decrease in TIMP secretions, which
TNF-a has been shown to cause in previously published
results.”**7%** Statistical significance in cell speed is also
measured between TNF-a treated cells and both untreated and
TGEF-f treated cells on day 3 post-encapsulation, with the
TNF-a treatment group having more cells concentrated at
lower speeds than the TGF-f treatment group.

We attribute these differences in speed to changes in cellular
secretions caused by the presence of cytokines in the fluid
environment. These changes in secretions change pericellular
rheology, which correlates with cellular speed.'’ Figure 3a
shows that TNF-a has a higher a,,, than untreated cells on day
2 post-encapsulation. This correlates with a higher average
speed measured for TNF-a treated cells on day 2 post-
encapsulation in Figure 5. The results from these two figures
agree and indicate that cells that remodel their microenviron-
ment more have higher cell speeds. Similarly, on day 3, each

treatment group has a similar o
30 ym h'.

On day 4 post-encapsulation, we measure no statistical
significance between cell speeds of each treatment group. From
Figure 3c, TGF-f treated and untreated cells have similar
pericellular a,,,; values on day 4 post-encapsulation, and we
also measure that they have similar cell speeds, Figure 5. While
the a,,, value around TNF-a treated cells is significantly higher
on day 4 than other treatment groups, cell speed remains
comparable with the other two groups. This may be because by
day 4, cells treated with TNF-a have degraded their
surroundings and are not able to effectively attach to the
network, limiting their migration. Cell migration persistence is
also important for determining if hMSCs are migrating
effectively. If cells are not persistent, they are less likely to
migrate out of the hydrogel and into the wound. To measure
the impact of cytokines on hMSC persistence, we quantify
persistence by measuring the cosine of the angle between
subsequent cell displacements and relate it to pericellular
rheology.

In addition to affecting how hMSCs remodel their
surroundings, cytokines are also responsible for directing
hMSCs to the wounded area by a concentration gradient.'”
hMSCs receive these cues and migrate up the gradient from
regions of low concentration far from the wound to regions of
higher concentration at the wound. Our future experiments
will provide gradients in cytokines, but the present experiments
provide cyotkines isotropically in the incubation fluid. In order
for cells to be motile and persistent, they must degrade their
microenvironment, and this degradation is altered by cytokines
through their effects on MMP and TIMP secretions.
Additionally, we are studying two cytokines that occur at
significantly different times during the wound healing process:
TNF-a which is present early in the healing process when
hMSCs may not be present at the wound and TGF-f which is
present when the wound is entering its later stages of healing
and hMSCs are coordinating the process. Because of this, we
hypothesize that TNF-a will increase cellular persistence
because it increases remodeling by hMSCs. Cells in more
remodeled microenvironments will be able to move more
freely through their surroundings since there is less structure
and will, therefore, be more persistent. Conversely, we also
hypothesize that treatment with TGF-£ will not significantly
improve the persistence of cells because it encourages the
formation of new matrix, preventing cells from being able to
remodel and migrate freely within our scaffold. We quantify
persistence by calculating the cosine of the angle between cell
displacements, cos 6. Values of cos @ near 1 indicate that cell
displacements occur relatively in line with one another and
that the cell is persistent. Values of cos @ that are much less
than 1 or negative indicate that the cell is moving randomly
and is not persistent.

Figure 6 shows the PDFs of cos 6 with respect to a. After
three measurements are made of a given cell, a dot product is
calculated from the resultant two displacements and cos @ is
calculated using eq 4. This value of cos 8 is paired with the last
a value of the three measured time points a(t;) into a single
point: (a(t;), cos 6). Here, a is determined from all particles in
the entire field of view. The calculation is repeated using cell
positions at ¢, t;,, and f;, until each cell location has been
used to calculate a cos@. Only values of cosd whose two
vectors have an average magnitude greater than 1 um are
considered in Figure 6. This is done to prevent calculating

avg and all cell speeds are ~10—
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Figure 6. Persistence of hMSCs measured as cosf vs a for all
treatment groups ((a—c) untreated, (d—f) TGF-$, and (g—i) TNF-a
treated cells) on (a, d, g) days 2, (b, ¢, h) 3, and (g, f, i) 4 post-
encapsulation. Data are presented as a smoothed probability density
function with yellow and orange representing high probability and
blue and green representing lower probability. Probability is
normalized by the maximum probability in that image to enable
comparison between images.

cos @ for cells that are not moving, where the measured change
of cell displacement will be within the error of accuracy of the
cell center identification. Each point is grouped by post-
encapsulation day and the treatment group. These points for
each treatment group and post-encapsulation day are then used
to calculate the PDFs in Figure 6.

On day 2 post-encapsulation (Figure 6a,d,g), we measure
that most samples have @ values close to zero, which is
expected since the cells were recently encapsulated and have
not had time to remodel their microenvironment. The peak of
the probability distribution is concentrated at high cos @ and
low «a for all treatment groups. This indicates that in material
which is not degraded, most cells are persistent with high cos 6,
but many cells are also not persistent. For each distribution,
there are also some higher a values. These high values result in
cos 6 values closer to 1. This is shown by the light blue at high
cosf and a. This indicates that environments that are
remodeled lead to cells that have more persistent displace-
ments. As the material is remodeled by hMSCs, their ability to
migrate is easier and they start to migrate in a single direction.
They may also be following previously degraded paths in the
material, which are easier to degrade further and migrate
through.

Day 3 post-encapsulation PDFs (Figure 6b,e;h) have similar
trends to day 2 with distributions concentrated at low « values.
cos 6 is concentrated at ~0.8 for untreated cells and is fairly
uniform for TGF-f treated cells and concentrated at ~0.8 for
TNEF-a treated cells. Measurements at higher a values

correspond to higher cos @ for untreated and TGF-f treated
cells. At high cos 8, the distribution for TGF-f treated cells
reaches higher @ values near a & 0.5. We hypothesize that the
increase in filamentous actin as well as increased remodeling by
day 3 for hMSCs treated with TGF-f enables some cells to be
more persistent in this treatment group.”” TNF-a treated cell
measurements become more concentrated at high cos 6 than
on day 2 because these cells have had more time in the
hydrogel and are beginning to degrade and migrate through
the scaffold.

On day 4 post-encapsulation (Figure 6¢,fi), we continue to
measure that most samples for untreated and TGF-f treated
cells have a < n, which is the same as the results given in Figure
3c. When a > n, cells tend to have more persistent migration
with cos @ — 1. This is shown in the untreated group (Figure
6¢), where a population is shown having a & 0.6 and cos 0 ~
0.8. In the TGF-f treatment group (Figure 6f), there is a tail
extending from the peak of the distribution at @ ~ 0.1 and
cos = 1 toward @ = 0.4 at high values of cos 6. In TNF-a
treated cells on this day, the primary peak of the PDF has a =
0.4 and cos@ = 0.8, indicating that most cells which have
degraded their material past the gel—sol transition region are
highly persistent. These results show that hMSCs which are
encapsulated in a gel are not persistent. Once an hMSC has
remodeled its surroundings to a sol, it will tend to migrate in a
straight path and be persistent. The increased persistence of
TNEF-a treated hMSCs can occur in part due to the increased
secretion of MMPs and reduced secretion of TIMPs, which
TNF-a has been shown to cause in previous reports.”>>*~3%>
These conditions result in increased remodeling, making the
surrounding material easier to migrate through since there are
fewer cross-links present to impede cell motility. This allows
the cell to migrate persistently. Additionally, as hMSCs are
migrating in the scaffold by day 4, they may migrate through
paths already degraded in the material, which will result in
higher persistence.

The results in Figure 6 show that hMSCs in more remodeled
environments (@ > n) migrate in a more persistent manner,
while those surrounded by the gel (@ < n) migrate more
randomly. Additionally, cells that remodel more readily, such
as those treated with TNF-@, are more persistent by day 4 due
to their enhanced ability to degrade material prior to migration
and the cumulative effect of the previous degradation of the
material. We hypothesize that significant persistent migration
would occur if cytokines are presented to cells in a
concentration gradient mimicking the in vivo environment
during the wound healing process.

B CONCLUSIONS

In this work, we characterize spatiotemporal remodeling of the
pericellular region by migrating hMSCs in response to TGF-f
and TNF-a provided in the fluid environment. We measure
that TGF- treated cells remodel their surroundings less than
TNEF-a treated cells. This is due to the effects each cytokine
has been shown to have on hMSC secretions in various
previous studies.””*’******35 TGE-f encourages the for-
mation of new matrix by decreasing the production of MMPs
and increasing the production of their inhibitors, TIMPs,
which decreases matrix degradation. By contrast, TNF-a
encourages degradation and remodeling by increasing MMP
secretions and decreasing TIMP secretions. We characterize
spatial changes in pericellular rheology around encapsulated
cells and find that the presence of cytokines impacts this
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remodeling. We measure that the region with the highest
MMP—-TIMP unbinding has significant differences between
each treatment group attributed to the presence of these
cytokines and their effects on the concentrations of MMPs and
TIMPs.”'* Additionally, we measure that cells that have
degraded past the gel—sol transition have more persistent
migration, while those that have not degraded past the gel—sol
transition migrate randomly. This directly links the rheology of
the pericellular region to cell persistence.

The results of this work are important for the design and use
of implantable wound healing scaffolds because knowing how
hMSCs will remodel the scaffold in the presence of cytokines
will provide a better understanding of how these materials will
function in vivo. Additionally, it may lead to the design of more
complex materials, which present cytokines to hMSCs to
instruct cell function toward the goal of enhanced cell delivery
and a resolved wound.
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