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Abstract

During the wound healing process, human mesenchymal stem cells (hMSCs) are recruited to the 

injury where they regulate inflammation and initiate healing and tissue regeneration. To aid in 

healing, synthetic cell-laden hydrogel scaffolds are being designed to deliver additional hMSCs to 

wounds to enhance or restart the healing process. These scaffolds are being designed to mimic the 

native tissue environments, which includes physical cues, such as scaffold stiffness. In this work, 

we focus on how the initial scaffold stiffness hMSCs are encapsulated in changes cell-mediated 

remodeling and degradation and motility of the encapsulated cells. To do this, we encapsulate 

hMSCs in a well-defined synthetic hydrogel scaffold that recapitulates aspects of the native 

extracellular matrix (ECM). We then characterize cell-mediated degradation in the pericellular 

region as a function of the initial microenvironmental stiffness. Our hydrogel consists of a 4-arm 

poly(ethylene glycol) (PEG) end-functionalized with norbornene which is chemically cross-linked 

with a matrix metalloproteinase (MMP) degradable peptide sequence. This peptide sequence is 

cleaved by hMSC-secreted MMPs. The hydrogel elastic modulus is varied from 80 to 2400 Pa by 

changing the concentration of the peptide cross-linker. We use multiple particle tracking 

microrheology (MPT) to characterize the spatio-temporal cell-mediated degradation in the 

pericellular region. In MPT, fluorescently labeled particles are embedded in the material and their 

Brownian motion is measured. We measure an increase in cell-mediated degradation and 

remodeling as the post-encapsulation time increases. MPT also measures changes in the 

degradation profile in the pericellular region as hydrogel stiffness is increased. We hypothesize 

that the change in the degradation profile is due to a change in the amount and type of molecules 
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secreted by hMSCs. We also measure a significant decrease in cell speed as hydrogel stiffness 

increases due to the increased physical barrier that needs to be degraded to enable motility. These 

measurements increase our understanding of the rheological changes in the pericellular region in 

different physical microenvironments which could lead to better design of implantable 

biomaterials for cell delivery to wounded areas.

Graphical Abstract
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Introduction

Human mesenchymal stem cells (hMSCs) play an essential role during the wound healing 

process. During healing, hMSCs are recruited to the injury to regulate inflammation, 

progress the wound to the proliferative phase and coordinate tissue formation. hMSCs can 

also specify lineage by differentiating into several cell types, including osteoblasts, 

chondrocytes and adipocytes.1-6 Due to these properties, hMSCs are encapsulated into 

synthetic scaffolds with well-defined microenvironments that can be implanted in a wound 

site to enhance or restart healing in chronic wounds.7-11 These scaffolds will mimic native 

tissue stiffness and be designed to deliver additional hMSCs to the wound, necessitating cell 

migration within and, eventually, out of the scaffold to the native tissue.12-22

To enable migration to the wounded areas, hMSCs degrade and re-engineer their 

microenvironment, creating micron-sized channels to migrate through by secreting matrix 

metalloproteinases (MMPs), proteolytic enzymes, and exerting cytoskeletal tension on the 

network. 1,5,12-14,20,23 During this process, hMSCs receive physical cues from the scaffold. 

These physical cues affect basic cellular processes, but cells are also changing these cues 

through scaffold degradation. This complex process depends on the stiffness of the initial 

environment. In this work, we focus on the effect of scaffold stiffness, a physical cue, on 

cell-mediated degradation and motility in a synthetic hydrogel scaffold. This scaffold 

recapitulates critical aspects of the native extracellular matrix (ECM) to enable cell 

migration and isolates the role of physical cues in this process.12-22,24
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Cell-responsive synthetic hydrogel scaffolds have been widely used as a powerful tool to 

study basic cellular functions and cell-material interactions in both 2D and 3D.12-22,24,25 

These hydrogels are degradable and biocompatible, enabling high cell viability, and also 

enable control over physical and chemical cues presented to cells.14,17,19,20,26 The design of 

these materials draws inspiration from cellular and developmental biology and regenerative 

medicine, slowly increasing the scaffold complexity to recreate in vivo environments in 
vitro.12,13,19,25,27-31 The ECM is a network of different collagens, elastin and glycoproteins 

which surrounds cells in all tissues and provides structural support to the tissue.5,24,32-34 

Physical and chemical cues from the ECM regulate cellular functions such as differentiation, 

migration and proliferation.14,33-35 Physical cues include matrix elasticity, which varies in 

the body from soft tissues, such as the brain at 100 Pa to bone which is 2–4 GPa.33 ECM 

composition is continuously changing during tissue development, wound healing and 

pathological conditions such as cancer progression and fibrotic disease. Therefore, it is 

important to investigate how microenvironmental stiffness alters cellular behavior to better 

understand cellular responses during wound healing and disease progression.

One type of material commonly used for cell encapsulation is a synthetic hydrogel scaffold 

based on a poly(ethylene glycol) (PEG) backbone. PEG is a bio-inert macromolecule and 

resistant to protein absorption. It has hydrophilic properties enabling high water absorption, 

which is essential for cell survival.15,16,25,36-38 Due to these advantages, we use a PEG-

peptide hydrogel scaffold for 3D hMSC encapsulation. In our hydrogel, PEG is end-

functionalized with norbornene and is chemically cross-linked with an MMP-degradable 

peptide sequence through radical-mediated step-growth photopolymerization.20,39 This 

peptide sequence is cleaved by hMSC-secreted MMPs.13,14,19,20,25,29,39-41 Therefore, this 

scaffold can be remodeled by 3D encapsulated hMSCs to enable motility and other basic 

processes. The physical microenvironment can also be varied by changing the concentration 

of the MMP-degradable peptide cross-linker. In this work, we vary physical cues initially 

presented to encapsulated hMSCs in the pericellular region to characterize cell-mediated 

degradation and motility.

Cells respond to the stiffness of their microenvironment through a process called 

mechanotransduction.24,33-35,42 In this process, cells apply force to deform their surrounding 

matrix. This mechanical force is then converted to biochemical signals through focal 

adhesion (FA) proteins. A FA is a complex protein that connects the intracellular actin-

myosin cytoskeleton to the extracellular adhesion ligands in the native ECM.24,33-35,42 FAs 

are connected to ECM adhesion ligands through integrins, which are a family of 

transmembrane proteins. Force applied to the matrix changes the composition or structure of 

the FAs and provides signals to the cell.33-35,42 Through this process, the cell not only 

applies force that enables basic processes but modifies the physical microenvironment and, 

subsequently, the signal they are receiving. This complex evolution of physical cues leads to 

changes in basic cellular processes and an increased need to understand these interactions 

for the design of implantable scaffolds that can inform and manipulate cellular processes.

Previous research has shown that physical properties of the ECM affect cell lineage 

specification, morphology and migration in 2D and 3D scaffolds.14,24,34,43 Engler et al. 

cultured hMSCs on 2D substrates with different elasticities to mimic different tissues. They 
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measured hMSCs differentiated into different lineages based on the stiffness of the substrate.
24 Changes in cellular elongation has also been studied in systems where cells are 

encapsulated in 3D in hydrogels.14,43 Kyburz et al. and Dikovsky et al. measured a decrease 

in cellular elongation as stiffness is increased.14,43 Kyburz et al. also showed that stiffness of 

a hydrogel scaffold changes cellular migration. They measured a decrease in cellular speed 

and percentage of cells migrating with an increase in hydrogel stiffness.14 From these 

studies, it is clear that physical cues change hMSC motility and other basic processes. This 

change in hMSC motility also suggests that there will be a change in hMSC-mediated 

degradation in the pericellular region.

To measure hMSC-mediated degradation and re-engineering in the pericellular region, we 

use multiple particle tracking microrheology (MPT). MPT measures the Brownian motion of 

fluorescent particles embedded in the hydrogel. Material rheological properties are then 

calculated from this Brownian motion using the Generalized Stokes-Einstein Relation.44-52 

We use MPT due to several advantages that make it ideal to characterize pericellular 

degradation. MPT is sensitive in the low moduli range which enables characterization of the 

weak gel network during critical phase transitions, i.e. gel to sol. This technique rapidly 

acquires data, ~ 30 s, enabling data collection of temporally evolving materials, such as 

during cell-mediated degradation, at a quasi steady-state. MPT also enables spatial 

characterization of the cell microenvironment. This technique uses video microscopy to 

capture particle movement enabling the rheological properties in the pericellular region to be 

quantified spatially.47-54

MPT was first used by Schultz et al. to measure dynamic cell-mediated re-engineering in the 

pericellular region caused by cytoskeleton tension and cell-secreted MMPs.20 In this work, 

they measure that hMSCs create a degradation profile where the greatest degradation is far 

from the cell center and immediately around the hMSC material remains in a gel phase, a 

reverse reaction-diffusion degradation profile.20 In our previous work, we investigated the 

role of cytoskeleton tension and cell-secreted MMPs in matrix degradation by inhibiting 

cytoskeleton tension.39 There was no change in the degradation profile around cells that 

could not exert tension on the scaffold suggesting that tension is playing a minimal role in 

matrix degradation and remodeling.39 From this result, we hypothesized that tissue 

inhibitors of metalloproteinases (TIMPs), a molecule secreted by hMSCs, inactivate MMP 

activity around the cell to create a microenvironment where the material remains stiff to 

enable attachment and spreading.5,55 We characterize the role of TIMPs in scaffold 

remodeling by inhibiting these molecules and measuring changes in the degradation profile.
41,56 We measure that cells change their degradation strategy and create profiles where the 

scaffold is degraded around the cell and cross-link density increases as distance from the cell 

center increases, a reaction-diffusion degradation profile. In all of these experiments, the 

stiffness of the hydrogels was kept constant with cells experiencing the same physical cues.

Here, we use MPT to measure dynamic cell-material interactions in PEG-peptide hydrogels 

that present different initial physical microenvironments to 3D encapsulated hMSCs over 6 

days. Hydrogel elasticity is changed by changing the concentration of the peptide cross-

linker. The initial hydrogel elastic moduli, Gi′, varies from 80 to 2400 Pa. As we increase 

scaffold elasticity, we measure changes in cellular degradation profiles in the pericellular 
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region. We hypothesize that these changes are due to a change in the amount of MMPs 

secreted by the cells at each stiffness in response to increased amount of cross-links that 

need to be degraded to create microchannels for migration. By increasing the cross-link 

density, we also measure a statistically significant decrease in cellular speed due to the 

increased physical barrier presented by stiffer materials. These measurements enhance our 

understanding of the strategy cells use to degrade their pericellular region and the 

microenvironments they engineer to initiate motility in response to hydrogel stiffness. This 

knowledge will lead to better design of pericellular regions in biomaterials that recapitulate 

physical aspects of native tissue with the goal of creating scaffolds that mimic these 

environments to deliver hMSCs to wounded areas.

Materials and Methods

hMSC Culture

Bone marrow derived hMSCs are purchased from Lonza in passage 2. hMSCs are cultured 

in a 150 cm2 tissue culture treated Petri dish (Sigma-Aldrich) with 35–45 mL of growth 

medium. Growth medium contains low-glucose Dulbecco’s modified Eagle’s medium 

(DMEM, Life Technologies), 0.5 μg mL−1 Fungizone (Life Technologies), 50 U mL−1 

Penicillin/streptomycin (Life Technologies), 10% fetal bovine serum (FBS, VWR) and 1 ng 
mL−1 recombinant human fibroblast growth factor (hFGF, PeproTech). hMSCs are incubated 

at 37°C and 5% CO2 with growth medium changed every 3–4 days. In all experiments, cells 

are passaged at ~ 90 % confluency. For all experiments, hMSCs from passage 2–6 are used.

Hydrogel Fabrication

The hydrogel precursor solution used for 3D cell encapsulation is composed of a four-arm 

star PEG end-functionalized with norbornene (PEG-N, 3 mM, Mn = 20 000 g mol−1, Sigma-

Aldrich) backbone that is chemically reacted with thiol residues in an MMP-degradable 

peptide sequence, KCGPQG↓IWGQCK (Mn = 1 305 g mol−1, Bachem). This peptide is 

cleaved by hMSC-secreted MMPs and enables cellular remodeling which creates 

microenvironments for cells to spread and migrate.14,20,39,40,57 To change the 

microenvironmental stiffness, different concentrations of the MMP-degradable peptide 

sequence are used. For all experiments, the concentration of PEG-N is kept constant and the 

concentration of the cross-linker is changed, which changes the ratio of thiol:ene (R) in the 

scaffold. Re-engineering and remodeling of the pericellular region around encapsulated 

hMSCs is measured for R = 0.55, 0.65, 0.7, 0.75, 0.85 and 1, which correspond to peptide 

concentrations of 3.3, 3.9, 4.2, 4.5, 5.1 and 6 mM and corresponding weight percentages of 

0.43, 0.51, 0.55, 0.59, 0.67 and 0.78 wt%. Information about changes in the MMP-

degradable peptide weight percentage, which is equivalent to the overall gel weight percent 

change, can be found in the Supplemental Information, Table S1.

An adhesion ligand, CRGDS (1 mM, Mn = 594 g mol−1, American Peptide, Inc.), is tethered 

to the hydrogel to enable cellular attachment to the scaffold through integrin binding on the 

cell surface. A highly water soluble photoinitiator, lithium phenyl-2,4,6-

trimethylbenzoylphosphinate (LAP) (1.7 mM) is added to the scaffold precursor solution to 

initiate a thiol:ene step-growth photopolymerization. LAP is synthesized using a previously 
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published protocol.58 This hydrogel has been widely used for 3D cell encapsulation and 

enables cellular migration and maintains high cell viability.14,17,19,20,54,58 All materials are 

dissolved in 1× phosphate buffered saline (1× PBS, Life Technologies) to the desired 

concentration. Fluorescently labeled 1 μm carboxylated polystyrene probe particles (0.2% 

solids per volume, 2a = 0.97 ± 0.01 μm where a is the particle radius, Polysciences, Inc) are 

added to the precursor solution to enable rheological characterization using MPT. Sodium 

hydroxide (15 mM, Fisher Scientific) is added to the solution to adjust the pH to 7. Finally, 

hMSCs are added to the precursor solution prior to gelation and results in a final 

concentration of 2 × 105 cells mL−1.

After mixing, the polymer precursor solution is added to a cylindrical polydimethylsiloxane 

(PDMS) chamber in the Petri dish described below. Upon exposure to UV light (365 nm, 10 

mW cm−2, UVP, LLC) for 3 mins radical-mediated photopolymerization is initiated and the 

hydrogel is formed. Sample chambers are then filled with 4 mL of growth medium (without 

FGF) and are incubated overnight at 37°C and 5% CO2 (Eppendorf, Inc.). MPT data are 

taken 3–6 days after cell encapsulation. This allows hMSCs to relax, spread and migrate in 

the scaffold. For all thiol:ene ratios, experiments are repeated three times and in each 

biological replicate two hydrogels are made.

In this work, our goal is to characterize the cellular response due to changes in the stiffness 

of their microenvironment. We change the stiffness of our material by changing the 

concentration of the cross-linker. By adding more cross-linker, due to the increase in 

physical barrier, we hypothesize that hMSCs will change their degradation strategies during 

migration. Furthermore, since the cross-link density is directly related to the hydrogel 

modulus, adding more cross-linker will result in changes in the hydrogel modulus. Also, 

increasing the concentration of the cross-linker will not affect the critical relaxation 

exponent, n, which defines the critical transition point of our hydrogel. This will be 

discussed in detail in the Results and Discussion.

3D Cell Encapsulation

hMSCs are cultured in a 150 cm2 tissue culture treated Petri dish in growth medium. Cell 

media is changed every 3–4 days. hMSCs are passaged after achieving 90 % confluency. For 

3D cell encapsulation, hMSCs are suspended in PBS and added to the hydrogel precursor 

solution prior to gelation at a final concentration of 2 × 105 cells mL−1. This low cell 

concentration is used to limit cell-cell interactions after encapsulation. The precursor 

solution is mixed and added to the PDMS tube in the glass-bottomed Petri dish. The solution 

is exposed to the UV light for 3 mins.

In all experiments, we use growth medium without any chemical cues to ensure that cells are 

not differentiating to different phenotypes where they would then deposit ECM into the 

system.17,59,60

Device Fabrication

A glass-bottomed Petri dish (D = 35 mm, no. 1.5 glass coverslip, MatTek Corporation) with 

a cylindrical PDMS chamber is used to fabricate and measure cell-laden hydrogels. The 

cylindrical chamber in the Petri dish is made from PDMS (Dow Corning) sheets. This 
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chamber is added to the dish to hold the hydrogel precursor solution and reduce particle drift 

in the hydrogel after cell-mediated degradation. PDMS is made by mixing silicone elastomer 

base and curing agent at a 10:1 ratio. This mixture is degassed and cured in an oven at 65°C 
overnight. 6 mm and 10 mm biopsy punches (Acuderm Inc.) are used to cut the cured PDMS 

sheets and create tube shape chambers with an inner diameter of 6 mm and an outer 

diameter of 10 mm. These chambers are attached to the glass bottom of the Petri dishes 

using uncured PDMS and cured overnight at 65°C.

Petri dishes are sterilized with 70% ethanol and 17 μL of hydrogel precursor solution is 

added to the PDMS chambers. This volume is used to allow the hydrogel to fully swell after 

media is added. Hydrogel scaffolds are formed by exposing the precursor solution to UV 

light for 3 mins. After hydrogel formation, Petri dishes are immediately filled with 4 mL of 

growth medium (without FGF) and incubated at 37°C and 5% CO2.

Bulk Rheology

Hydrogel unswollen and swollen moduli are measured using bulk rheology. For bulk 

rheology experiments, hydrogels are made in PDMS tubes (inner diameter of 8 mm and 

outer diameter of 10 mm) in the absence of cells. This hydrogel diameter is required to 

ensure that samples are the same size as the geometry being used to measure the scaffold. 

100 μL of hydrogel precursor solution is added to the PDMS chambers and 

photopolymerized. To measure the moduli of unswollen hydrogels, after polymerization 

hydrogels are loaded onto the rheometer (Ares G2, TA Instruments). These scaffolds are 

measured with an 8 mm sandblasted parallel plate to minimize slip. The elastic, G′, and 

viscous, G″, moduli are measured for all different thiol:ene ratios using frequency sweep 

between 0.1 and 40 Hz at 1% strain.

To measure swollen hydrogel moduli, after hydrogel polymerization PDMS tubes are 

removed and Petri dishes are filled with 3 mL of growth medium (without FGF) to allow the 

hydrogels to swell in all directions. Hydrogels are incubated at 37°C overnight. After 

incubation, media is removed and an 8 mm biopsy punch (Acuderm Inc.) is used to cut the 

hydrogel to ensure they fit under the geometry. Hydrogel swollen moduli are measured using 

a bulk rheometer following the same procedure as described above.

For all conditions, 3 hydrogels are tested and scaffolds are measured in the linear 

viscoelastic regime. All the bulk rheology experiments are done in the absence of cells.

Multiple Particle Tracking Microrheology

Multiple particle tracking microrheology (MPT) is a passive microrheological techniques 

that is used to measure spatio-temporal cellular re-engineering in the pericellular region. In 

MPT, fluorescently labeled probe particles are embedded in the hydrogel and their Brownian 

motion is tracked to measure material properties.44,47,49,51,61,62 Data are collected using an 

inverted microscope (Zeiss Observer Z1, Carl Zeiss AG) with a 63× objective (water 

immersion, N.A. 1.3, 1× optovar, Carl Zeiss AG). Probe movement is recorded at a frame 

rate of 30 frame s−1 for 800 frames using a high speed camera (1024 × 1024 pixels, Phantom 

Miro M120, Vision Research Inc.) with an exposure time of 1000 μs. These values are 

chosen to minimize static and dynamic particle tracking errors.62
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Particle tracking algorithms developed by Crocker and Grier are used to find particle 

positions in each frame by identifying their brightness-weighted centroid.44,63 Using a 

probability distribution function that accounts for Brownian motion, positions of a particle in 

all frames are linked together into a trajectory that tracks particle movement in the video.
44,63 Finally, the ensemble-averaged mean-squared displacement (MSD), ⟨Δr2 (τ)⟩ = ⟨Δx2 

(τ)⟩ + ⟨Δy2 (τ)⟩, is calculated from particle trajectories.48,53,54,63-65 τ is the lag time, which 

is the separation time between frames. The ensemble-averaged mean-squared displacement 

is related to rheological properties of the hydrogel using the Generalized Stokes-Einstein 

Relation (GSER). The GSER directly relates the MSD to the rheological properties of the 

hydrogel by

〈Δr2 (t)〉 = kBT
πa J (t) (1)

where a is the particle radius, kBT is the thermal energy and J(t) is the creep compliance.

48,50,53,64,66-68 The logarithmic slope of the MSD, α = d log〈Δr2(τ)〉
d log τ , quantitatively identifies 

the state of the material.48,51-54,68,69 This will be discussed in detail in the Results and 

Discussion.

Data are collected 3–6 days after cell encapsulation which gives time for cells to spread in 

and degrade the network. Data are collected in a microscope incubation chamber which 

maintains samples at 5% CO2 at 37°C to provide a suitable environment for cells to remain 

viable. Brightfield microscopy is used to locate the position of a cell immediately before 

collecting MPT data at each time point. After locating a cell, data acquisition is begun and 

data are collected every 3–8 mins for approximately 15–60 mins around each cell. Time of 

data collection around each cell changes due to cell migration in the z direction and 

photobleaching of probe particles. Brightfield images are used to find the cell center, (xi, yi), 

and cell speed, vcell, using ImageJ (NIH Image). Cell speed is calculated using the cell 

center at the initial and final time, vcell =
((xf − x0)2 + (yf − y0)2)0.5

tf − t0
, where t is time, 0 is the 

initial and f is the final cell position.

Results and Discussion

In this work, we measure cell-mediated degradation around an hMSC encapsulated in 

different hydrogel stiffnesses to determine the role of this physical cue in cellular 

degradation strategies and migration. Hydrogel elastic moduli are varied by changing the 

cross-linker concentration. We use multiple particle tracking microrheology to measure the 

change in the degradation profile in the pericellular region in different hydrogel stiffnesses 

over 6 days. We also measure cell motility on different days. We then use the measured 

degradation profiles and cell motilities to determine a relationship between cell-mediated 

pericellular degradation and migration. These measurements give insight into how cellular 

behavior can be modified and potentially manipulated by the physical microenvironment.

First, bulk rheology is used to characterize the moduli of hydrogels with different thiol:ene 

ratios, R. For clarity only the elastic moduli, G′, is shown in Figure 1 for swollen gels in the 
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absence of cells. The elastic and viscous moduli for swollen and unswollen hydrogels are 

reported in the Supplemental Information, Figure S1 and S2, respectively. Cross-link 

density, ρ, is directly related to the elastic modulus, G′, using the equation G′ ~ αkBT where 

T is the temperature and kB is the Boltzmann constant. Therefore, changing the amount of 

cross-linker in the system will affect cross-link density and elastic modulus. As the amount 

of cross-links is changed, cells will experience different physical microenvironments which 

will affect the strategy used to degrade the scaffold, the amount of degradation in the 

pericellular region and motility. Changes in the modulus, cross-linking efficiency and the 

Flory-Stockmayer critical fraction of PEG reaction sites needed to form a gel for each 

thiol:ene hydrogel is included in Supplemental Information, Table S2. By increasing the 

thiol:ene ratio, more cross-links are formed and G′ increases. Our hydrogel swollen elastic 

moduli vary from 80 ± 83 Pa in a soft gel to 2400 ± 230 Pa in a stiff gel. The thiol:ene ratio 

R = 0.55 is the minimum ratio that forms a network using these materials. After swelling, 

the hydrogel is very soft; therefore, there is a large error in the elastic moduli at this 

stiffness. These elasticities mimic a wide range of elastic microenvironments in the body, 

such as brain, lung, adipose and endothelial tissue.35 After bulk characterization is complete, 

hydrogels are made with 3D encapsulated hMSCs and cell-mediated degradation in the 

pericellular region is characterized using multiple particle tracking microrheology.

MPT is used to measure rheological properties in the pericellular region as hMSCs degrade 

the scaffold. Using MPT, we track probe particle movement and calculate an ensemble-

averaged mean-squared displacement (MSD). The logarithmic slope of the MSD, 

α = d log〈Δr2(τ)〉
d log τ , quantitatively identifies the state of the material. 48,51,52,52,64,70,71 α = 1 

measures Brownian motion of particles in a liquid. α → 0 indicates probes are completely 

arrested in a gel network. 0 < α < 1 indicates that probes are in a viscoelastic liquid or gel 

state. To determine the state of the material, i.e. when the last sample-spanning network 

cluster breaks and the material transitions from a gel to a sol, α is compared to the critical 

relaxation exponent, n. If n < α the material is a viscoelastic liquid and if n > α the material 

is a viscoelastic solid.

n is determined using time-cure superposition.45,48,64,72-74 n is a material property and only 

changes when the underlying structure of the material (e.g. size of the polymer, number of 

arms on the PEG molecules and cross-linking chemistry) is changed. Previous work has 

shown that changing the cross-link density does not change the value of n.53,75-77 n also 

indicates the structure of the material. 0.1 < n < 0.5 indicates the material has a tightly cross-

linked network that stores energy. 0.5 < n < 1 indicates that the material has a loosely cross-

linked network which dissipates energy.48-54,56,64,69,70,72,73,78 For our hydrogel, we 

previously measured n by degrading a thiol:ene=0.65 hydrogel homogeneously using 

collagenase, a mixture of enzymes that are mostly MMPs that degrade the peptide cross-

linker. 41 Schultz et al. also calculated n for this hydrogel using thiol:ene = 0.55.54 The 

values from these two different studies are within error of each other. These experiments 

show that changing the concentration of the cross-linker does not change n. The value of n 
for this hydrogel is n = 0.25 ± 0.05.41,54 We define the gel-sol phase transition region as 0.2 

< α ≤ 0.3. In this region, the material is transitioning from a gel to a sol.41,54 This enables 

Daviran et al. Page 9

Biomacromolecules. Author manuscript; available in PMC 2021 August 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the quantitative identification of the state of the material in the pericellular region around 

encapsulated hMSCs.

hMSCs are encapsulated in hydrogels and incubated at 37°C and 5% CO2 before and during 

data acquisition. MPT data are collected 3–6 days after cell encapsulation. Data are 

organized by the post-encapsulation day. Within this post-encapsulation day, all experiments 

define t = 0 mins as the time that cells are located using brightfield microscopy and MPT 

data acquisition begins. MPT measurements are collected every 3–8 mins around each 

hMSC for 15–60 mins. Degradation and remodeling of the pericellular region is measured 

around 23–30 cells in each post-encapsulation day at each scaffold stiffness. Figure 2a-c 

shows the logarithmic slope of the mean-squared displacement, α, over time for hMSC-

mediated degradation in R = 0.55, 0.65, 0.7, 0.75, 0.85 and 1 on different post-encapsulation 

days. Each line represents changes in the state of the material around a single hMSCs. These 

data are representative of all measured cells. Different symbols in Figure 2a-c, represent data 

around single hMSCs encapsulated in scaffolds with different values of R. The gray box in 

each figure indicates the phase transition region, 0.2 ≤ α ≤ 0.3.

Figure 2a shows changes in the state of the material around hMSCs 3 days post-

encapsulation. For hMSCs encapsulated in the lowest cross-link density gel, R = 0.55, we 

measure degradation in the pericellular region with the α value increasing over time. At the 

time the cell is located, t = 0 mins, the material is in the viscoelastic gel phase, α = 0.19, and 

is about to enter the transition region. Over time, MMPs degrade the peptide cross-linkers 

and α increases until it passes through the gel-sol transition region at t = 30 mins. MMPs 

continue to degrade the network and the material is in the viscoelastic sol phase, α = 0.44 at 

40 mins. For hMSCs encapsulated in an R = 0.65 scaffold, after 30 mins the cell initiates 

degradation of the surrounding material but α does not reach the gel-sol transition region. As 

the scaffolds get stiffer (R ≥ 0.7) we measure no material degradation in the pericellular 

region of encapsulated hMSCs on the probe particle measurement length scale (1 μm). For 

these stiffnesses, hMSCs must degrade more peptide cross-linkers and this requires longer 

times. To characterize cell-mediated degradation in the pericellular region for higher 

hydrogel stiffnesses, we measure cellular degradation 4 and 6 days post-encapsulation.

Figure 2b shows changes in the state of the material around hMSCs 4 days post-

encapsulation. On the fourth day, hMSCs encapsulated in both low cross-link density gels, R 
= 0.55 and R = 0.65, degrade the scaffold from the gel phase (α → 0) into the the transition 

region (0.2 ≤ α ≤ 0.3) and finally to the sol phase (α = 0.61 and α = 0.58 for R = 0.55 and R 
= 0.65, respectively). For hMSCs encapsulated in R = 0.7 scaffolds 4 days post-

encapsulation, we measure the same trend of degradation as hMSCs encapsulated in R = 

0.65 gels at 3 days. The cell has started to degrade the scaffold and α is about to enter the 

gel-sol transition region by the end of the measurement window. We still measure no 

scaffold degradation around hMSCs encapsulated in R = 0.75, 0.85 and 1. At these higher 

stiffnesses, cells still require more time to degrade and re-engineer their local 

microenvironments.

Figure 2c shows changes in the logarithmic slope of mean-squared displacement 6 days 
post-encapsulation. At the beginning of data acquisition, material around the hMSCs 
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encapsulated in R = 0.55 and R = 0.65 gels is already degraded and is a viscoelastic liquid. 6 

days post-encapsulation we measure scaffold degradation from a gel to a sol around hMSCs 

encapsulated in R = 0.7 gels. On this day, hMSCs encapsulated in R = 0.75 and R = 0.85 

scaffolds have degraded their local microenvironments and α has reached the transition 

region. We still measure no degradation around hMSCs encapsulated in the highest cross-

link density hydrogels, R = 1. More examples of MPT measurements of the logarithmic 

slope of the MSD over time for each stiffness are provided in Figure 3S and 4S in the 

Supplemental Information.

From these measurements, we quantify the time that it takes an hMSC to degrade the 

scaffold past the gel-sol transition at each stiffness. We determine that facile degradation 

occurs in the lowest cross-link density gels, as is expected. We also determine that at the 

highest cross-link gel (R = 1), hMSCs do not substantially degrade their pericellular region, 

which we hypothesize will be correlated with minimal changes in the pericellular region and 

cellular speed. Next, we calculate cell speed to understand the impact of the extent of 

degradation and cell-mediated re-engineering of the pericellular region on migration.

Average cellular speed, vavg, is measured each day post-encapsulation for hMSCs 

encapsulated in hydrogels with different thiol:ene ratios, Figure 3a-c. We calculate cell 

speed for each day separately to determine how the extent of degradation changes motility. 

Figure 3a shows cellular speed for all measured days. To show there is a significant increase 

in cellular speed after 6 days, we plot average cellular speed for 3 and 4 days and 6 days 
post-encapsulation separately, Figure 3b and c, respectively. After 3 days of cell 

encapsulation, cellular speed is significantly decreased from vavg–day3 = 28 ± 27 μm hr−1 in 

low cross-link density gels (R = 0.55) to vavg–day3 = 3.6 ± 3.3 μm hr−1 in high cross-link 

density gels (R = 1), Figure 3b. As the networks become stiffer, hMSCs must degrade more 

peptide cross-linkers to create microchannels for migration. Therefore, stiffer networks with 

a higher cross-link density present a physical barrier for cell migration. We measure the 

same trend for 4 and 6 days post-encapsulation where cellular speed significantly decreases 

as initial cross-link density increases. 4 days post-encapsulation, vavg decreases an order of 

magnitude from vavg–day4 = 46±21 μm hr−1 in R = 0.55 to vavg–day4 = 3±2.5 μm hr−1 in R = 

1, Figure 3b. 6 days post-encapsulation, vavg decreases 10× from vavg–day6 = 330 ± 200 μm 
hr−1 in R = 0.55 to vavg–day6 = 3 ± 2.4 μm hr−1 in R = 1, Figure 3c.

In the lowest cross-link density gel, R = 0.55, the material is fully degraded in the 

pericellular region 6 days post-encapsulation. Due to the minimal material barrier for 

migration, cell speed, vavg–day6 = 330±200 μm hr−1, is significantly higher than cell speed 3 

and 4 days post-encapsulation, Figure 3c. As we discussed earlier, after 6 days hMSCs have 

more time to degrade the hydrogel and create microchannels, which enable facile migration. 

6 days post-encapsulation, vavg for hMSCs encapsulated in all thiol:ene ratios except R = 

0.85 and R = 1 is significantly increased, Figure 3c. Due to the significant increase in 

cellular speed for R = 0.55 and R = 0.65 on this day, the inset in Figure 3c is plotted to better 

illustrate cellular speed for R = 0.7, 0.75, 0.85 and 1. This shows that increased hMSC-

mediated degradation results in increased hMSC motility. Spatial rheological properties in 

the pericellular region also affect cellular migration in the hydrogel. Next, we use MPT to 
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measure hydrogel spatial evolution in the pericellular region to understand its role in cellular 

migration.

Prior to characterizing the degradation profile cells create in the pericellular region at each 

stiffness, we first quantify the percentage of cells that have remodeled their 

microenvironment 3, 4 and 6 days post-encapsulation. We define cell-mediated remodeling 

as an increase in the α value in the pericellular region over time. Figure 4 is the percentage 

of cells that have remodeled their surrounding microenvironment at each hydrogel stiffness. 

Gi′ is the initial hydrogel swollen moduli without encapsulated cells. As hydrogel stiffness 

increases, 3 days post-encapsulation the percentage of cells that have remodeled their 

pericellular region decreases from 86% in R = 0.55 to 0% in R = 1. We measure the same 

decreasing trend in the percentage of cells remodeling the material 4 and 6 days post-

encapsulation. As post-encapsulation time increases, the percentage of cells that have 

remodeled their microenvironment encapsulated in the same stiffness increases. As time 

passes, cells have more time to secrete MMPs and degrade their microenvironment. This 

increased remodeling is also directly correlated to the increase in hMSC motility. To better 

understand how re-engineering and remodeling in the pericellular region changes with 

hydrogel stiffness, we measure spatial changes in the α value in the pericellular region to 

characterize the profile of degradation at each hydrogel stiffness.

Before discussing spatial MPT data in the pericellular region, first we define six different 

profiles of degradation: (1) reaction-diffusion, (2) reverse reaction-diffusion, (3) no pattern, 

(4) uniform, (5) not degraded and (6) degraded. All profiles are illustrated in Figure 5. In 

Figure 5, α is plotted versus the distance from the cell center, which is the x-axis labeled 

radius. Radius equal to zero is the center of the cell and an increasing radius value moves 

spatially further from the cell center. The gray box in these graphs indicates the gel-sol 

phase transition region. Each of these profiles shows that there is spatial heterogeneity in the 

pericellular region due to cell-mediated re-engineering. This cannot be captured with bulk 

rheological measurements. Bulk rheology will measure the average stiffness of these 

heterogeneous cell-engineered microenvironments along with scaffold that has not been 

degraded.

The reaction-diffusion profile, Figure 5a, is where α is increasing as a function of distance 

away from the cell center. The reverse reaction-diffusion profile, Figure 5b, is a profile 

where α is decreasing as a function of distance from the cell center. A no pattern profile is 

defined as a profile where α does not follow any specific pattern as a function of distance 

from the cell center or when α at different time points is a mixture of different types of 

degradation profiles, Figure 5c. Figure 5d is a uniform profile where α at different time 

points is not changing as a function of distance from the cell center. Not degraded profiles, 

Figure 5e, are where α ≃ 0 at every distance from the cell center at each time point. Figure 

5f is a degraded profile, which is defined as a profile where the pericellular region is in a 

viscoelastic liquid phase at the time that the cell is located. In this profile, the value of α is 

measured for the entire pericellular region and is greater than 0.6 at t = 0 mins. This value 

remains constant over the data acquisition window. Since this profile is calculated for the 

entire pericellular region, there may be variations as a function of distance from the cell 

center.
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To define the type of degradation, we compare the values of α at each specified region 

around an encapsulated hMSC. First, a linear regression model is fit to the mean-squared 

displacement data at each defined region (region 1 is 23 μm < r < 46 μm, region 2 is 46 μm < 

r < 69 μm and region 3 is 69 μm < r < 92 μm). The slope of the regression line is the α value 

in these regions (α1, α2 and α3). In order to find whether two α values (α1 and α2, α2 and 

α3 and α1 and α3) are different, we perform a hypothesis test on the two α values from the 

regression models at two distance from the cell center with a p-value less than 0.05 to 

determine whether the two values are significantly different. Once the slopes at each 

specified region are compared we define a degradation profile.

Figure 6 shows profiles of degradation in the pericellular region in R = 0.75 hydrogels 3, 4 

and 6 days post-encapsulation. To characterize the degradation profile in the pericellular 

region, we measure α for different regions around the cell. The radius of the first ring is 23 

μm and and the radius of each subsequent ring increases with an increment of 23 μm, (ri+1 = 

ri + 23 μm). These are the same types of MPT measurements shown in Figure 5 except in 

Figure 6 they are plotted as a spatial map. The color of each ring corresponds to the value of 

α for the particles within each specified region. Warm colors indicate the material is a gel 

and cool colors indicate the material is a liquid. The red-orange to light orange colors are the 

transition region, where the material undergoes a phase transition from a gel to a liquid, 0.2 

≤ n ≤ 0.3. Black rings indicate that there are not enough statistics or probe particles in that 

specified area to calculate a statistically significant value of α. A brightfield image of each 

cell at each time point is behind the MPT data with the cell outlined in gray. t = 0 mins is the 

time that data acquisition is begun. Degradation profiles in Figure 6, show the types of 

degradation that the majority of the cells are experiencing on each day in R = 0.75 

hydrogels.

MPT measures no degradation in the pericellular region of hMSCs 3 days post-

encapsulation in R = 0.75 hydrogels, Figure 6a-d. On this day, α is approximately 0 across 

the measured field of view through time or a not degraded profile. Figure 6e-h is the spatial 

rheological changes around an hMSCs 4 days post-encapsulation. We again measure a not 

degraded profile in the pericellular region of the hMSC on this day. 6 days post-

encapsulation, two types of degradation profiles are measured around the majority of cells. 

First, Figure 6i-l is a reaction-diffusion profile, which is measured around 25% of cells. At t 
= 0 mins the material has passed the gel-sol transition region and the greatest degradation is 

immediately around the cell. In Figure 6i, we measure high α values in the area closest to 

the cell and α decreases as a function of distance from the cell center. In this profile, MMPs 

are secreted from the hMSC and are reacting with the peptide cross-linkers while diffusing 

through the hydrogel network. A reaction-diffusion profile around encapsulated hMSCs can 

be seen at different time points of data acquisition around this cell, Figure 6j-l.

We also measure a no pattern profile 6 days post-encapsulation around 38% of encapsulated 

hMSCs in R = 0.75 scaffolds, Figure 6m-p. At t = 0 mins and t = 18 mins we do not measure 

any specific pattern in the pericellular region. For these time points α has a higher value 

immediately around the cell, but as the distance from the cell center increases α first 

decreases and then increases in the farthest region from the cell center. At t = 42 mins, 

Figure 6o, we measure the greatest degradation furthest from the cell center, which is a 
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reverse reaction-diffusion profile. At t = 55 mins, Figure 6p, the profile of degradation 

changes to a reaction-diffusion degradation profile. The degradation profile around the 

hMSC on this day does not following any specific pattern. Most of the measured no pattern 

degradation profiles, 80%, in all hydrogel stiffnesses happen when α is near and in the gel-

sol transition region, which is the case in Figure 6m-p.

We hypothesize that as hydrogel stiffness is increased, cells are changing the molecules that 

they secrete to regulate scaffold degradation. Cells are sensing the physical 

microenvironment surrounding them and responding to it. Specifically, we hypothesize that 

hMSCs are secreting more MMPs and less TIMPs to overcome the physical material barrier 

presented to them in the scaffold to migrate. This increase in the amount of MMPs secreted 

by cells changes the degradation profile to a no pattern profile when degrading to the phase 

transition region and, finally, to a reaction-diffusion profile after the phase transition. 

Previously, Leight et al. have encapsulated hMSCs in this synthetic hydrogel with an MMP 

fluorogenic substrate to monitor MMP activity when different physical and chemical cues 

are presented to cells from the network.79 They measure an increase in MMP activity when 

hydrogel stiffness is increased.79 As the stiffness increases, cells secrete more MMPs to 

overcome the physical barrier for migration, which results in faster degradation of the 

scaffold. For R = 0.75 gels, we measure an increase in pericellular degradation 6 days post-

encapsulation and also a significant increase in cell motility, Figure 3c. Examples of the 

profiles of degradation in the pericellular region for other hydrogel stiffnesses are provided 

in Figure 5S-9S in the Supplemental Information.

To further quantify cell-mediated pericellular degradation profiles at each stiffness, we 

categorize degradation profiles to one of the six different degradation profiles defined above. 

Then, we plot the percentage of cells that create each type of degradation profile at each 

stiffness in a stacked bar graph, Figure 7. Figure 7a-c shows the percentage of cells in each 

degradation category at each stiffness 3, 4 and 6 days post-encapsulation, respectively. For 

hMSCs encapsulated in R = 0.55 gels, all six different types of degradation profiles are 

measured 3 days post-encapsulation, Figure 7a. At this stiffness the initial cross-link density 

is low, therefore, cells can easily degrade the hydrogel and become motile. As the material is 

degraded to the phase transition region, spatial heterogeneity increases and the majority of 

the cells, 23%, degrade their surrounding environment using a no pattern mechanism of 

degradation. As hydrogel stiffness is increased to 270 Pa (R = 0.65) the main type of 

degradation changes to a reverse reaction-diffusion profile. Previously we showed that this 

profile of degradation is created by an hMSC simultaneously secreting MMPs and TIMPs. 

These two molecules create MMP-TIMP complexes, which inhibit MMP activity creating an 

environment immediately around the cell that remains stiff to enable cell relaxation, 

spreading and attachment to the network prior to migration.20,39,41 By further increasing the 

thiol:ene ratio we did not measure any degradation in the pericellular region of hMSCs 3 

days post-encapsulation, Figure 7a.

Figure 7b shows the profiles of degradation for each stiffness 4 days post-encapsulation. On 

this day, for both low cross-link density hydrogels, R = 0.55 and R = 0.65, we measure all 

six types of degradation profiles. Since cells have more time to degrade their 

microenvironment, the number of cells that have completely degraded their pericellular 

Daviran et al. Page 14

Biomacromolecules. Author manuscript; available in PMC 2021 August 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



region is increased from 14% to 27% and 0% to 30% in R = 0.55 and R = 0.65, respectively. 

For R = 0.7 gels, 10% of the cells create a no pattern profile and another 10% create a 

reverse reaction-diffusion degradation profile. By increasing the stiffness of the hydrogel, 

previous studies have shown that cells are secreting more MMPs to degrade the hydrogel 

and become motile. This increase in MMP activity can be the reason why we measure no 

pattern profiles around encapsulated hMSCs on this day because we are measuring more 

hMSCs transitioning their pericellular region from a gel to a sol. By further increasing the 

thiol:ene ratio to R = 0.75, we measure a low percentage of cells creating reaction-diffusion 

and no pattern profiles. We again hypothesize that the increase in scaffold stiffness causes an 

increase in MMP secretion and decrease in TIMP secretion. This will change the profiles to 

reaction-diffusion and no pattern profiles. We measure no degradation in the pericellular 

region in our highest cross-link density hydrogels, R = 0.85 and R = 1.

Six days after cell encapsulation, the percentage of the cells that have fully degraded their 

pericellular region increased to 100% in R = 0.55 and 53% in R = 0.65, Figure 7c. In R = 

0.65 gels, much of the scaffold is degraded 6 days post-encapsulation and due to the increase 

in spatial heterogeneity we measure no pattern profiles in the pericellular region of 11% of 

the cells. As we discussed earlier, 6 days gives time for cells encapsulated in medium and 

high cross-link density hydrogel scaffolds to degrade their microenvironments. On this day, 

we measure an increase in the percentage of the cells that have degraded their 

microenvironments for R = 0.7, 0.75 and 0.85 hydrogels. For R = 0.7 gels, 30% of the cells 

are creating a no pattern profile when they degrade the hydrogel scaffold to the gel-sol 

transition. At this stiffness, MMP secretions are increasing and results in phase transitions in 

the pericellular region.79 We hypothesize that at this stiffness, TIMP secretion is not high 

enough to create a reverse reaction-diffusion profile. The second dominant degradation 

profile at R = 0.7 is the uniform profile. We hypothesize that at this intermediate scaffold 

stiffness, hMSCs are increasing MMP secretion but are also secreting TIMPs, which are 

regulating scaffold degradation and enabling uniform degradation in the pericellular region.

Six days post-encapsulation and further increasing the stiffness to R = 0.75, approximately 

38% of cells create a no pattern profile and 25% create a reaction-diffusion profile in their 

surrounded microenvironment. At this stiffness, we hypothesize that hMSCs change their 

degradation strategy by increasing MMP secretions and decreasing TIMP secretions, which 

would change the degradation profile to a reaction-diffusion profile. By further increasing 

hydrogel stiffness, R = 0.85, we no longer measure a reaction-diffusion profile. At this 

stiffness, 15% of cells create a reverse reaction-diffusion profile to degrade the scaffold and 

31% of the cells are degrading their pericellular region uniformly. Here, we hypothesize that 

the increase in the number of cross-links is higher than the increased MMP secretion. 

Therefore, the majority of the encapsulated cells at this stiffness are degrading the scaffold 

uniformly, Figure 7c. At R = 1, we only measure remodeling by 13% of the encapsulated 

hMSCs and they have remodeled their surrounded microenvironment uniformly. These 

results suggest that since cells continuously adapt to their environment, understanding 

changes in cell behavior in scaffolds that recapitulate different tissue stiffnesses is the first 

step to better understanding cell-material interactions within materials that are being 

designed to mimic these environments.
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Microenvironmental stiffness changes cellular degradation profiles and hMSC degradation 

strategies. In soft hydrogels, R = 0.65 (Gi′ = 270 Pa), TIMPs regulate the activity of MMPs 

and create a reverse reaction-diffusion profile in the pericellular region. This environment 

gives hMSCs more time to relax and spread in the network prior to migration.41,56 As 

hydrogel stiffness increases, we hypothesize that cells secrete more MMPs and less TIMPs 

to degrade and re-engineer the hydrogel faster and become motile.79-81 This change in cell-

mediated biomolecule secretion changes the degradation profile to a no pattern profile at R = 

0.7 (Gi′ = 350 Pa), which correlates with pericellular regions that are undergoing a phase 

transition. By further increasing hydrogel stiffness to R = 0.75 (Gi′ = 640 Pa), cells secrete 

more MMPs resulting in a reaction-diffusion degradation profile. At R = 0.85 

(Gi′ = 1780 Pa), the increase in MMP secretion measured by Leight et al. is not high enough 

compared to the increased number of cross-links that need to be degraded to enable motility.
79-81 At this stiffness, the degradation profile changes to a uniform profile. For the stiffest 

gels, R = 1 (Gi′ = 2400 Pa), cells are not able to degrade the gel during the data acquisition 

window and at the length scale of our measurements.

Conclusion

In this work, we use passive microrheological measurements to characterize dynamic re-

engineering in the pericellular region around hMSCs encapsulated in well-defined hydrogel 

scaffolds with different cross-link densities. The stiffness of the hydrogel is varied by 

changing the concentration of the cross-linker. The initial swollen elastic moduli of our 

hydrogels vary from 80–2400 Pa. By using MPT, we characterize rheological changes 

around hMSCs at each stiffness. MPT measurements enable the characterization of the time 

and extent of degradation of the material on different days. MPT measures that as the elastic 

modulus of our hydrogels increase, the time for cells to initiate material degradation 

increases. At higher hydrogel stiffnesses, cells need more time to degrade cross-linkers and 

become motile. MPT also measures changes in the degradation profiles created by hMSCs 

as hydrogel stiffness is increased. Changes in the degradation profiles indicate changes in 

hMSC degradation strategies, which we hypothesize includes changes in cell secretions, i.e. 

MMPs and TIMPs, at each stiffness. Measurements of the degradation profiles in the 

pericellular region are related to the initial modulus of the material and show that as the 

scaffold stiffness increases cells no longer create environments where they spread and attach 

prior to becoming motile. Instead in stiffer regions we measure uniform or reaction-diffusion 

degradation profiles, which is related to increased MMP secretion. This change in 

degradation profile will change cell motility from a two step process of stretching and then 

becoming motile to a process where cells migrate once the material is soft enough to enable 

motility.

We measure cell migration speed to understand the effect of stiffness. As the time post-

encapsulation increases, we measure an increase in cellular migration. After days of 

encapsulation, cells have more time to secrete MMPs and degrade the scaffold to create 

microchannels to migrate through. By increasing cellular stiffness, we measure a decrease in 

cellular speed due to an increased physical barrier for migration. Understanding cellular 
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speed and extent of degradation for different stiffnesses could inform design of implantable 

materials that mimic native environments and deliver cells to wounds in different tissues.

Overall, cell-material interactions are complex and the physical environment around a cell 

plays an important role in regulating cellular function and behavior. Not only are the 

physical environments of native tissue diverse but ECM elasticity also changes during 

fibrotic and degenerative diseases and cancer development. Therefore, the use of 3D 

hydrogels that mimic aspects of the native ECM to study these dynamic and complex 

interactions will increase our knowledge of how cells interact with their microenvironment 

within each tissue. Our study characterizes dynamic cell-material interactions at different 

elasticities which can be used to better understand changes in cellular behavior during 

various diseases and will lead to better design of biomaterials for cell delivery to wounded 

areas.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: 
Swollen elastic moduli for hydrogels with different thiol:ene ratios. The thiol:ene ratio, 

R = tℎiol
ene , is varied to make hydrogels with different stiffnesses to mimic elasticity of 

different tissues in the body.
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Figure 2: 

Changes in the logarithmic slope of the mean-squared displacement, α = d log〈Δr2(τ)〉
d log τ , over 

time for hMSCs encapsulated in R = tℎiol
ene = 0.55, 0.65, 0.7, 0.75, 0.85 and 1 (a) 3, (b) 4 and 

(c) 6 days post-encapsulation. The gray box in each figure indicates the phase transition 

region, 0.2 ≤ α ≤ 0.3, which quantitatively identifies the transition from a gel to a sol when 

hMSC-secreted MMPs degrade the last sample-spanning network cluster in the hydrogel.
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Figure 3: 
Effect of hydrogel stiffness on average migration speed of hMSCs (a) 3–6 days, (b) 3 and 4 

days and (c) 6 days post-encapsulation. Cellular speed decreases significantly as R = tℎiol
ene  or 

cross-link density increases. Cells encapsulated in low cross-link density hydrogels have a 

significant increase in speed due to the lower physical barrier for cell migration (*p < 0.05).
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Figure 4: 
The percentage of cells that have remodeled the pericellular region at each stiffness. The 

percentage of cells that have remodeled their pericellular region increases with time when 

they are encapsulated in the same stiffness. This percentage also decreases as hydrogel 

stiffness increases.
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Figure 5: 
Six different profiles of degradation are defined in the pericellular region from MPT 

measurements. The types of degradation profiles are (a) reaction-diffusion, (b) reverse 

reaction-diffusion, (c) no pattern (d) uniform, (e) not degraded and (f) degraded. The data 

presented in this figure are examples taken from actual measurements.
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Figure 6: 
Spatial degradation profiles around hMSCs encapsulated in R = 0.75 hydrogels measured 

with MPT (a-d) 3 (e-h) 4 and (i-p) 6 days post-encapsulation. Two degradation profiles 6 

days post-encapsulation are shown, which are (i-l) a reaction-diffusion and (m-p) a no 

pattern degradation profile. MPT data are collected after locating the cell 3 days post-

encapsulation at (a) 0, (b) 12, (c) 24 and (d) 48 mins, 4 days post-encapsulation at (e) 0, (f) 

21, (g) 35 and (h) 49 mins and 6 days post-encapsulation at (i) 0, (j) 14, (k) 28, (l) 42, (m) 0, 

(n) 18, (o) 42 and (p) 55 mins. The color of each ring represents α = d log〈Δr2(τ)〉
d log τ , which 

determines the state of the material in the scaffold.
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Figure 7: 
Percent of cells in each degradation category (a) 3, (b) 4 and (c) 6 days after hMSC 

encapsulation. We measure six different profiles of degradation in the pericellular region: 

reaction-diffusion, reverse reaction-diffusion, no pattern, uniform, not degraded and 

degraded. Cells change the amount and types of molecules they secrete to create different 

degradation profiles in response to microenvironmental stiffness.
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