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Abstract

During metastasis, disseminated tumor cells (DTCs) from the primary tumor infiltrate secondary 

organs and reside there for varying lengths of time prior to forming new tumors. The time delay 

between infiltration and active proliferation, known as dormancy, mediates the length of the 

latency period. DTCs may undergo one of four fates post-infiltration: death, cellular dormancy, 

dormant micrometastasis, or invasive growth which, is in part, mediated by extracellular matrix 

(ECM) properties. Recapitulation of these cell states using engineered hydrogels could facilitate 

the systematic and controlled investigation of the mechanisms by which ECM properties influence 

DTC fate. Toward this goal, we implemented a set of sixteen hydrogels with systematic variations 

in chemical (ligand (RGDS) density and enzymatic degradability) and mechanical (elasticity, 

swelling, mesh size) properties to investigate their influence on the fate of encapsulated metastatic 

breast cancer cells, MDA-MB-231. Cell viability, apoptosis, proliferation, metabolic activity, and 

morphological measurements were acquired at five-day intervals over fifteen days in culture. 

Analysis of the phenotypic metrics indicated the presence of four different cell states that were 

classified as: (1) high growth, (2) moderate growth, (3) single cell, restricted survival, dormancy, 

or (4) balanced dormancy. Correlating hydrogel properties with the resultant cancer cell state 

indicated that ligand (RGDS) density and enzymatic degradability likely had the most influence on 

cell fate. Furthermore, we demonstrate the ability to reactivate cells from the single cell, dormant 

state to the high growth state through a dynamic increase in ligand (RGDS) density after forty 

days in culture. This tunable engineered hydrogel platform offers insight into matrix properties 

regulating tumor dormancy, and the dormancy-proliferation switch, and may provide future 

translational benefits toward development of anti-dormancy therapeutic strategies.
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1. Introduction

Metastasis is a leading cause of cancer-associated mortality worldwide, with a dismal 5-year 

survival rate of only 26% for metastatic breast cancer patients in the United States [1-3]. 

Despite recent advances in the detection, diagnosis, and treatment of primary tumors, 

treatment of metastatic disease remains challenging. One of the major roadblocks toward 

prevention and treatment of metastasis is a poor understanding of the mechanisms 

underlying metastatic relapse as well as the factors that mediate latency that often occurs 

prior to relapse [4-7]. Cancer latency can occur in two general environments, near the 

primary tumor site and in secondary organs. Cells near the primary tumor that survive 

treatment can reside in a dormant state before becoming reactivated; which is often termed 

residual disease. Similarly, disseminated tumor cells (DTCs) that have infiltrated secondary 

organs can also acquire a dormant state before actively forming new tumors. The latency 

period for cells in both environments can vary from a few months to a few decades 

depending on multiple factors including molecular subtype of the primary tumor, 

microenvironmental regulation, systemic inflammation, and patient lifestyle amongst others 

[5,6,8-10].

Post infiltration of secondary organs, DTCs can undergo one of four fates: death via 

apoptosis or autophagy, single cell dormancy or dormant microcluster formation via 

environmental regulation, or overt growth characterized by aggressive progression. [4]. 

Recent evidence indicates that many types of DTCs, including those originating from breast 

tumors, can adopt different dormancy states including cellular dormancy characterized by 

the presence of solitary, quiescent cells and tumor mass dormancy characterized by small 

cell clusters that maintain overall tumoral homeostasis through a delicate balance between 

proliferation and death (dormant micrometastasis) [11,12]. The persistence of DTCs as 

solitary, dormant cells or dormant cell clusters is, in part, mediated by the stromal 

microenvironment. This complex milieu consists of signals originating from direct 

interactions with, and/or paracrine signaling from, stromal cells, endothelial cells, and 

immune cells as well as chemical and physical regulation from the extracellular matrix 

(ECM) [13-16]. Identifying mechanisms that mediate dormancy may provide an opportunity 

to preemptively target dormant tumor populations, delay metastatic relapse, and ultimately 

prolong patient survival.

The role of the ECM in regulating tumor dormancy and metastatic relapse has gained 

increasing attention in recent years. ECM-induced dormancy has been achieved via 

encapsulation of cancer cells in a multitude of both natural and synthetic biomaterials 

including collagen, agarose, poly(ethylene glycol) (PEG)-based blends, and interpenetrating 

networks (IPNs) of different materials [4,17]. Tuning matrix properties including stiffness 

and degradability to mediate cell-matrix interactions and to physically entrap cancer cells 

have been employed for dormancy-induction in three-dimensional (3D) in vitro models 

[18-21]. However, elucidating the individual contribution of these matrix properties toward 

dormancy induction and maintenance is necessary to gain deeper insight into mechanisms 

that mediate dormancy. Additionally, understanding how specific ECM properties regulate 

DTC fate with respect to inducing death, single cell dormancy, tumor mass dormancy, or 

Pradhan and Slater Page 2

Biomaterials. Author manuscript; available in PMC 2020 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



invasive growth could potentially aid development of new therapeutic strategies targeted 

toward the ECM [22-25].

Another important aspect concerning metastatic disease is the role of the ECM in regulating 

the dormancy-proliferation switch and escape of DTCs from the dormancy program toward 

unregulated growth. This phenomenon has been modeled in vitro via modulation of matrix 

properties (e.g. partial or complete enzymatic digestion of 3D matrix) [20], promotion of 

integrin engagement of dormant tumor cells with the surrounding matrix [26], and the 

addition of paracrine factors including pro-inflammatory cytokines and angiogenic growth 

factors to mediate cell cycle progression [27,28]. However, there is a lack of in vitro models 

that permit modulation of ECM properties in a dynamic, temporal manner over extended 

time periods to facilitate the investigation of the dormancy-proliferation switch of DTCs.

To investigate the influences of ECM biochemical (ligand (RGDS) density and 

degradability) and physical properties (stiffness and mesh size) on breast cancer cell fate, we 

developed a set of PEG-based hydrogels containing systematic variations in ligand (RGDS) 

density and crosslink density and implemented them to quantify the temporal response of 

encapsulated metastatic breast cancer cells with a focus on tumor dormancy. We employed 

simple hydrogel formulations composed of a base PEG-macromer containing the 

enzymatically degradable peptide sequence, GGGPQGIWGQGK, with varying 

concentrations of the integrin ligating peptide, RGDS (0-10 mM), and the non-degradable, 

co-monomer N-vinyl pyrrolidinone (NVP) (0-18.7 mM) resulting in 16 different hydrogel 

formulations. Varying the concentration of NVP allowed for controlled modulation of matrix 

adhesivity (RGDS conjugation efficiency), bulk stiffness, degradability, and mesh size. The 

influence of hydrogel properties on the behavior of encapsulated metastatic breast cancer 

cells with respect to viability, apoptotic death, proliferation, metabolic activity, invasiveness, 

and cluster formation was quantified over 15 days in culture. Using these metrics, we 

classified the resultant cancer cell phenotype as a function of hydrogel properties and 

demonstrated that hydrogels can be tuned to achieve four distinct phenotypic states. These 

states were classified as: (1) a high growth state characterized by increased proliferation and 

metabolism, minimal cell death, and a significant increase in cell density and the propensity 

to form invasive clusters, (2) a moderate growth state characterized by slightly lower 

proliferation, metabolic activity, and invasiveness compared to the high growth state, (3) a 

single cell, restricted survival, dormant state where a majority of the cells underwent 

apoptosis while the surviving cells remained solitary, quiescent and non-invasive with very 

low proliferation, and (4) a balanced dormancy state characterized by temporal consistency 

in cell viability, cell density, and metabolism, and a close balance between proliferation and 

death.

The individual contributions of hydrogel physical and biochemical properties toward 

induction of cancer cells into specific states is important for mechanistic investigations of 

ECM-induced dormancy. Despite increasing crosslink density with addition of NVP, 

differences in hydrogel bulk stiffness in the presence of encapsulated cells were fairly 

attenuated, and differences in mesh size of the hydrogel matrices were of significantly lower 

magnitude than the size of encapsulated cells. By deductive inference, matrix degradability 

and ligand (RGDS) density were postulated to be the major regulators of cancer cell fate in 
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this study. Overall, physical confinement of cancer cells via modulated matrix adhesivity and 

degradability helped maintain cancer cells in a dormant state in engineered in vitro 
microenvironments. Furthermore, we demonstrate the ability to phenotypically switch 

cancer cells from the single cell, restricted survival, dormant state to the high growth state 

via a dynamic increase in ligand (RGDS) density through 75 days in culture; recapitulative 

of metastatic relapse. This biomaterial-based regulation of cancer cell phenotype facilitates 

long-term investigation of ECM-regulated changes in cell phenotype and may be useful for 

investigating dormancy-associated mechanisms, metastatic relapse, and potentially aid in 

development of future therapeutic approaches to delay or prevent metastases.

2. Materials and Methods

2.1 Cell Culture

The triple negative, metastatic breast cancer line, MDA-MB-231, was purchased from 

American Type Culture Collection (ATCC) and cultured in Dulbecco’s Modified Eagle 

Medium (DMEM: Thermo Fisher) supplemented with 10% (v/v) fetal bovine serum (FBS: 

Thermo Fisher) and 1% (v/v) penicillin-streptomycin (Lonza). All cells were cultured in 

fibronectin coated (10 μg/mL) T25 flasks at 37°C and 5% CO2 and grown to 80% 

confluency before passaging. Prior to encapsulation in hydrogels, cells were serum starved 

via culture in serum free DMEM for 48 hours. Passages 35-40 were used for all studies.

2.2 PEG Macromer Synthesis and Characterization

Acrylate-PEG-SVA (MW: 3400 Da, Laysan Bio), the proteolytically degradable peptide 

sequence GGGPQG↓IWGQGK (PQ, MW: 1141.24 Da, ↓ denotes cleavage site) and the 

integrin-ligating peptide sequence RGDS (MW: 433.42 Da) (American Peptide) were 

purchased. Acrylate-PEG-SVA was reacted with the PQ peptide at a 2.1:1 molar ratio 

(PEG:peptide) in dimethyl sulfoxide (DMSO) with N,N-diisopropylethylamine (DIPEA) at a 

4:1 molar ratio (DIPEA:PQ) at room temperature for 48 hours to form the PEGylated, 

diacrylated, PEG-PQ-PEG (PEG-PQ) macromer (Fig. 1A). Similarly, acrylate-PEG-SVA 

was reacted with the RGDS peptide at a 1.1:1 molar ratio (PEG:peptide) in DMSO with 

DIPEA at a molar ratio of 2:1 (DIPEA:RGDS) to form the PEGylated, monoacrylated PEG-

RGDS macromer (Fig. 1B). A fluorophore analog, PEG-RGDS-Alexa Fluor 488 (PEG-

RGDS-488) was synthesized in a similar way as PEG-RGDS, with Alexa Fluor® 488 

succinimidyl ester (Thermo Fisher, dissolved in DMSO) being added to the reaction 

mixture, at a 1:1 molar ratio (fluorophore:peptide), of acrylate-PEG-SVA and RGDS after 24 

hours of reaction time. In all cases, reacted products were dialyzed against deionized (DI) 

water for 24 hours with 4 water changes (MWCO 3500, Regenerated Cellulose, Spectrum 

Laboratories). Dialyzed products were frozen, lyophilized, and stored at −80°C under argon. 

PEG-peptide conjugation was verified by gel permeation chromatography (GPC, Waters, 

aqueous phase).

2.3 Hydrogel Photopolymerization and Cell Encapsulation

PEG-PQ (MW: 7900 Da) was reconstituted in phosphate-buffered saline (PBS) to a final 

concentration of 5% w/v (6.3 mM). PEG-RGDS (MW: 3800 Da) was reconstituted in PBS 

to final concentrations of 0, 1, 5 and 10 mM. N-vinyl pyrrolidinone (NVP) was mixed with 
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the PEG-PQ and PEG-RGDS precursor solutions to final concentrations of 0.0, 0.5, 1.0 and 

2.0 μL/mL (0.0, 4.7, 9.4, and 18.7 mM) with the UV-sensitive photocrosslinker, lithium 

phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) at a final concentration of 10 mM (Fig. 

1C). 500 μm thick poly(dimethyl siloxane) (PDMS) spacers were fabricated using 

established protocols and 3 mm diameter holes were punched to form molds. For hydrogel 

characterization studies, 3 μL of polymer precursor solution was pipetted into the molds on a 

glass slide followed by exposure to UV light (Blak-Ray flood UV lamp, wavelength: 365 

nM, intensity: 10 mW/cm2) for 1 minute to form photocrosslinked hydrogels. Hydrogels 

were transferred to well plates and incubated in PBS at room temperature overnight to 

ensure removal of unconjugated moieties before use in the various assays described below.

For cell studies, MDA-MB-231s were trypsinized, counted, and re-suspended in prepolymer 

solution at 10×106 cells/mL. A strip of Parafilm was stretched on a glass slide to create a 

hydrophobic surface and 3 μL of the cell-containing polymer precursor solution was pipetted 

in droplets on the Parafilm surface (Fig. 1C). After UV exposure for 1 minute, 

photocrosslinked, cell-laden hydrogels were transferred to well plates and cultured in media 

for at least 15 days or longer, depending on the assay being performed. Cells in hydrogels 

were imaged under phase contrast every 5 days using an inverted Zeiss AxioObserver Z1 

microscope.

2.4 Characterization of PEG-RGDS Incorporation

The final concentration of photocoupled PEG-RGDS in acellular PEG-PQ hydrogels as a 

function of PEG-RGDS (0, 1, 5, and 10 mM) and NVP (0.0, 4.7, 9.4, 18.7 mM) 

concentrations in the prepolymer solution was quantified via fluorescence imaging and 

analysis. PEG-RGDS-488 was added to the prepolymer solution at a concentration of 0.5 

mM. The concentrations of PEG-RGDS were adjusted to 0.5. 4.5, and 9.5 mM to ensure the 

total concentrations of PEG-RGDS moieties were equal to 1, 5, and 10 mM respectively. As 

a control, prepolymer solution containing 0 mM PEG-RGDS-488 was used to quantify the 

background fluorescence intensity. Imaging was performed using a Zeiss AxioObserver Z1 

inverted fluorescent microscope equipped with a Zeiss AxioCam MRm camera. Images 

were acquired 200 μm from the bottom of the hydrogel to ensure imaging at the same z-

location in all hydrogels to account for swelling. A GFP filter cube (excitation: 450-490 nm, 

emission: 500-550 nm) was used with an excitation intensity of 20 mW/cm2 and acquisition 

time of 100 ms. The prepolymer solutions were pipetted into PDMS molds and imaged 

immediately to acquire an unbleached fluorescent baseline image. After 1 minute UV 

exposure, the hydrogels were imaged again under the same settings and the pre-crosslinked 

and post-crosslinked fluorescence intensities were analyzed using FIJI software (NIH, 

Version 1.52h) to obtain the percent reduction in fluorescence due to photobleaching. The 

bleached hydrogels were rinsed in PBS overnight to remove unconjugated PEG-RGDS and 

PEG-RGDS-488. Fluorescent images of the rinsed hydrogels were acquired using the same 

settings and the relative intensities were used to measure the conjugation efficiencies. A 

replicate of 4 hydrogels were measured for each condition.

The following assumptions were made to quantify the conjugation efficiency using this 

approach:
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1. PEG-RGDS and PEG-RGDS-488 have the same incorporation efficiency.

2. The molecular weights of PEG-RGDS and PEG-RGDS-488 are similar (based 

on molar ratios used during synthesis).

3. Overnight rinsing ensures complete removal of unconjugated moieties.

The following equations were used to quantify the concentration of conjugated PEG-RGDS 

in the hydrogels:

Relative bleaching (B) =
I1
I0

(1)

where I0 is the fluorescence intensity prior to crosslinking and I1 is the fluorescence 

intensity immediately after crosslinking which accounts for bleaching.

Relative conjugation (C) =
I2
I1

(2)

where I2 is the fluorescence intensity after rinsing and removal of unconjugated moieties.

Conjugated PEG‐RGDS concentration ([RGDS]) = C × R (3)

Where R is the initial PEG-RGDS concentration in the prepolymer solution (R = 1, 5 or 10 

mM PEG-RGDS).

2.5 Mechanical Characterization of Hydrogels

PEG-PQ hydrogels were polymerized by pipetting 15 μL of prepolymer solution into 3 mm 

diameter, 1 mm tall cylindrical PDMS molds followed by photocrosslinking as described in 

Section 2.3. Hydrogels were either acellular or laden with MDA-MB-231 cells (10×106 

cells/mL) for 1 or 15 days prior to testing. Cell-laden hydrogels contained 1 mM PEG-

RGDS in the prepolymer solution which was assumed to have minimal effect on the 

compressive modulus of the hydrogel compared to the acellular hydrogels with 0 mM PEG-

RGDS. Samples were loaded onto a Universal Testing System 3340 Series (Instron) using 

platens for unconfined compression testing in the presence of warm PBS. Samples were 

compressed using a 10 N load cell at 2 μm/s for 100 seconds with an initial load of 0.02 N to 

ensure uniform contact. The slope of a linear fit of the stress versus strain curve (within the 

first 20% of the strain compression) was calculated as the compressive modulus. A replicate 

of 3 hydrogels was used for each condition.

2.6 Swelling Ratio

PEG-PQ hydrogels with varying NVP concentrations (0.0, 4.7, 9.4, 18.7 mM) were 

photopolymerized and allowed to swell to equilibrium in PBS overnight at 4°C. Swollen 
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hydrogels were weighed in a carefully tared weighing balance and allowed to dry in ambient 

air for 6 hours. Dried hydrogels were reweighed and the swelling ratio calculated as follows:

Swelling ratio = Swollen Weight −Dry Weight
Dry Weight (4)

A replicate of 4 hydrogels was used for each condition.

2.7 Degradation Analysis

PEG-PQ hydrogels with varying NVP concentrations (0.0, 4.7, 9.4, 18.7 mM) containing 1 

mM methacryloxyethyl thiocarbamoyl rhodamine B (Polysciences) were photopolymerized 

and allowed to swell in PBS overnight. Collagenase IV (Worthington, 260 U/mg) was 

prepared in PBS at 100 μg/mL, warmed to 37°C and added to the swollen hydrogels. 

Hydrogels were incubated at 37°C and imaged at 15-minute intervals over 3 hours using a 

Zeiss AxioObserver Z1 inverted fluorescent microscope equipped with a Zeiss AxioCam 

MRm camera. A rhodamine filter cube (excitation: 538-562 nm, emission: 570-640 nm) was 

used with an excitation intensity of 27 mW/cm2 and acquisition time of 100 ms. The 

decrease in fluorescence intensity over time during degradation was measured using FIJI 

software to determine relative degradation. Hydrogels with 0.0 mM NVP incubated in PBS 

without collagenase were used as a control. This control was included as a reference to 

correct for any photobleaching of the fluorophore that might occur during time-lapse image 

acquisition. A replicate of 3 hydrogels was used for each condition.

2.8 Characterization of Hydrogel Mesh Size

PEG-PQ hydrogels with varying NVP concentrations (0.0, 4.7, 9.4, 18.7 mM) were 

photopolymerized and allowed to swell in DI water overnight. 3 kDa and 150 kDa 

fluorescein isothiocyanate (FITC)-labeled dextran (Thermo Fisher) were dissolved in DI 

water at 1 mg/mL. Swollen hydrogels were transferred to FITC-dextran solutions and 

allowed to incubate for 48 hours at 4°C to reach equilibrium. FITC-dextranfilled hydrogels 

were transferred to fresh well plates, excess solution blotted off, and DI water added to each 

sample to measure diffusion of FITC-dextran out of the hydrogels into the surrounding 

water. Samples of the DI water were collected every 15 minutes for 4 hours and the FITC-

dextran intensity was measured using a plate reader (Biotek Synergy, Excitation: 490 nm, 

Emission: 525 nm) until no change in fluorescence intensity was observed. An equal volume 

of DI water was added at each collection step. Fluorescence intensity values were 

normalized to the total intensity of released FITC-dextran over the experimental time course. 

The cumulative mass of FITC-dextran released was analyzed from the measured 

fluorescence intensities and used to calculate the diffusion coefficient of FITC-dextran 

according to the equation below [21,29]:

Mt
M∞

= 1 − 8
π2exp −Dπ2t

4δ2 (5)
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where Mt is the mass of released FITC-dextran at time t, M∞ is the cumulative mass of 

FITC-dextran, Mt/M∞ is the fractional mass of FITC-dextran released, D is the effective 

diffusion coefficient, and 2δ is the hydrogel thickness (500 μm).

The theoretical mesh size of the hydrogels was estimated using the hindered solute diffusion 

in solventfilled-pores model based on the following equation:

D
D0

= (1 − λ2)(1 − 2.1044λ + 2.089λ3 − 0.948λ5) (6)

where D is the diffusion coefficient of 150 kDa FITC-dextran in hydrogels, D0 is the 

diffusion coefficient of 150 kDa FITC-dextran calculated from the Stokes–Einstein’s 

equation (2.09×10−7 cm2/s), and λ is a characteristic ratio of FITC-dextran hydrodynamic 

diameter to average pore diameter of the hydrogel matrix. The Stokes’ radii and 

hydrodynamic diameter of 150 kDa dextran was estimated to be 8.5 nm and 17 nm 

respectively, as provided by the manufacturer. A replicate of 4 hydrogels per condition were 

analyzed.

2.9 Quantification of Cell Viability

Cell-laden hydrogels at days 0 (6 hours post encapsulation), 5, 10, and 15 were rinsed twice 

in PBS for 15 minutes to remove excess media. The rinsed hydrogels were labeled using a 

Live/Dead® cell viability kit (Invitrogen) in PBS for 30 minutes according to manufacturer’s 

instructions. Labeled hydrogels were rinsed with PBS, transferred onto coverslips and 

imaged using structured illumination on a Zeiss AxioObserver Z1 inverted fluorescent 

microscope equipped with a Zeiss Apotome imaging system. Fluorescent z-stacks (z-height: 

150 μm, step size: 3 μm) were acquired and analyzed using FIJI software. The number of 

live and dead cells were manually counted in each z-stack to quantify cell viability and to 

determine the viable cell density. A minimum of 6 z-stacks from 3 independent hydrogels 

were quantified for each time point and each hydrogel condition.

2.10 Quantification of Early Apoptosis

Cell-laden hydrogels at days 0 (6 hours post encapsulation), 5, 10, and 15 were rinsed twice 

in 1X HEPES-buffered saline (HBS) supplemented with 2.5 mM CaCl2. Rinsed hydrogels 

were incubated in a solution containing CF568 Annexin V (Biotium, 1 μg/mL), an early 

apoptotic marker, at 37°C for 30 minutes. Cells were counterstained with Hoechst 33342 (10 

μg/mL) for nuclear staining. Stained cells were rinsed with HBS twice and imaged using 

structured illumination. Imaging and image analysis were conducted as described in Section 

2.9 and the percentage of cells positive for Annexin V quantified. A minimum of 6 z-stacks 

from 3 independent hydrogels were quantified for each time point and each hydrogel 

condition.

2.11 Quantification of Proliferation

Cell proliferation was measured via 5-ethynyl-2'-deoxyuridine (EdU) incorporation using 

the Click-It® EdU Imaging Kit (Invitrogen) following the manufacturer’s instructions. 
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Briefly, cell-laden hydrogels were incubated with media containing 10 μM EdU for 24 

hours, after which they were rinsed twice with PBS, and fixed with 4% paraformaldehyde at 

room temperature for 30 minutes. The cells were permeabilized with PBS-T (PBS + 0.2% 

(w/v) bovine serum albumin + 0.1% (v/v) Triton-X) for 15 minutes and blocked with 

blocking buffer (PBS + 3% fetal bovine serum) for 30 minutes. Cells were labeled with 

Alexa Fluor 555 azide (proliferating nuclei) and counter-stained with Hoechst 33342 (all 

nuclei) and imaged using structured illumination. Imaging and image analysis were 

conducted as described in Section 2.9. The percentage of nuclei positive for Alexa Fluor 555 

was quantified. A minimum of 6 z-stacks from 3 independent hydrogels were quantified for 

each time point and each hydrogel condition.

2.12 Quantification of Metabolic Activity

Metabolic activity of cells encapsulated in hydrogels was assessed using the Alamar Blue 

assay (Thermo Fisher). Briefly, cells encapsulated in hydrogels were cultured in phenol red-

free media. On days 0 (6 hours post encapsulation), 5, 10, and 15, hydrogels were rinsed 

twice with PBS and incubated in a working solution of Alamar Blue (10 μL of 10X stock 

+ 100 μL phenol red-free media) at 37°C for 4 hours. Resazurin in the working solution was 

converted to resorufin, the hydrogels were collected, transferred into fresh well plates with 

phenol red-free media, and the fluorescence intensity of the hydrogels was measured using a 

plate reader (Biotek Synergy, Excitation: 550 nm, Emission: 600 nm) to assess relative 

metabolic activity. Wells with phenol red-free media only were used as background controls. 

All values were normalized to day 0 values for each hydrogel condition. A minimum of 6 

independent hydrogels were quantified for each time point and each hydrogel condition.

2.13 Quantification of Cell and Cell Cluster Properties

Cell-laden hydrogels were cultured for 15 days, after which they were rinsed twice in PBS 

and fixed in 4% paraformaldehyde for 30 minutes at room temperature. The cells were 

permeabilized with PBS-T for 20 minutes, blocked with blocking buffer for 30 minutes, 

incubated with Alexa Fluor 568 phalloidin (Invitrogen) (25 μL/mL) for 1 hour (for F-actin 

staining) and counterstained with Hoechst 33342 (10 μL/mL) (for nuclear staining) for 30 

minutes. The cell-laden hydrogels were rinsed twice in PBS and imaged via confocal 

microscopy (Zeiss LSM 710) to obtain 3D z-stacks (excitation: 405 nm, 561 nm; emission: 

483 nm, 600 nm). 5 z-stacks (z-height: ~150 μm, step size: 3 μm) were obtained for each 

hydrogel condition and analyzed using FIJI software. Individual cells and cell clusters were 

manually traced and the percentage of single cells vs. clustered cells, rounded cells vs. 

invasive cells, non-invasive vs. invasive clusters, and single cell and cluster density were 

quantified for each hydrogel condition. Invasive cells/cell clusters were identified as those 

with a roundness value less than 0.80. In addition, for cell clusters, the projected area, Feret 

diameter, aspect ratio, circularity, and roundness were also quantified.

2.14 Classification of Cell States and Phenotypic Dormancy Metrics

To categorize cancer cell states as a function of hydrogel properties, specific phenotypic 

metrics (normalized viable cell density, normalized metabolic activity, new live and dead 

cell densities post encapsulation, and cluster features) measured on day 15 for each of the 16 

hydrogel formulations were comparatively analyzed. A scatter plot of normalized viable cell 
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density against normalized metabolic activity, both values normalized to day 0 values, was 

generated. Three distinct hydrogel clusters were observed. The cluster with high values for 

both metrics was assigned as a ‘high growth state’ and the cluster with low values for both 

metrics was assigned as a ‘single cell, restricted survival, dormancy state’. For hydrogels in 

the remaining cluster, the new live cell density post encapsulation (cells/mm3) was plotted 

against the new dead cell density post encapsulation (cells/mm3). The live and dead cell 

density in each hydrogel formulation on days 5, 10 and 15 was measured from viability and 

cell density measurements and the cumulative new live and new dead cell densities post 

encapsulation were calculated. The average standard deviation of measurements from all 

hydrogels was used to determine the uncertainty in the measurements; shown as deviation 

from the line with slope of 1. Hydrogels with a higher new live cell density compared to new 

dead cell density (falling beyond the bounds of the slope) were classified as a ‘moderate 

growth state’ while those with balanced new live and dead cell densities (falling within the 

indicated bounds) were classified in a ‘balanced survival, dormancy state’ and subjected to 

further analysis. A scatter plot of the percentage of clustered cells versus the cluster density 

was generated and two clusters were observed, one inducing ‘low density clusters’ and the 

other inducing ‘high density clusters’. Further, all measured metrics were normalized to the 

highest and lowest value measured for each metric on day 15. For each metric, a value of 0.0 

and 1.0 corresponded to the lowest and highest measured value among all 16 hydrogel 

formulations respectively. The normalized values were displayed as a heatmap and the 16 

hydrogel formulations were categorically grouped to elucidate differences and 

commonalities among each phenotypic state.

2.15 Reactivation of Dormant Tumor Cells

MDA-MB-231 cells were encapsulated in 5% (w/v) PEG-PQ hydrogels with 0 mM NVP 

and 0 mM PEG-RGDS. Live/Dead staining and EdU uptake assays were conducted every 15 

days. On day 40, 10 mM PEG-RGDS in PBS containing 10 mM LAP photoinitiator was 

prepared. Hydrogels were removed from media, rinsed twice in PBS for 15 minutes and 

incubated in the PEG-RGDS solution for 1 hour at 37°C to allow diffusion of PEG-RGDS 

into the hydrogel matrix. After 1 hour, hydrogels were removed, exposed to UV light for 1 

minute to photocouple PEG-RGDS to the PEG-PQ matrix, and cultured for another 35 days. 

Cell viability, viable cell density, and proliferation were quantified as described above 5, 15, 

and 35 days post PEG-RGDS coupling. A minimum of 6 z-stacks from 3 independent 

hydrogels were quantified for each time point and each hydrogel condition.

2.16 Statistical Analysis

All statistical analyses were conducted using Minitab 18 Statistical Software (Minitab Inc.). 

Normality of distribution and equality in variance among groups were evaluated. Assuming 

equal sample size of compared groups, one-way analysis of variance (ANOVA) with Tukey's 

family error rate of 5% was used to evaluate statistical significance between multiple groups. 

In the case of unequal variance, the Games-Howell post-hoc test was employed following 

the ANOVA analysis. Unless otherwise indicated, p < 0.05 was considered statistically 

significant.
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3. Results

3.1 The Influence of NVP Concentration on PEG-PQ Hydrogel Properties

A set of complementary hydrogels containing systematic variations in ligand and crosslink 

density were generated using three components: PEG-PQ, PEG-RGDS, and NVP. The PEG-

PQ macromer was held constant at 5% (w/v) while the concentration of the integrin-ligating 

ligand, PEG-RGDS (0-10 mM), and the non-degradable co-monomer, NVP (0-18.7 mM), 

were varied (Fig. 1). The PEG-PQ backbone macromer allows cell-mediated degradation 

through matrix-metalloproteases (MMPs), including MMPs-2 and -9 [30]. The PEG-RGDS 

moiety allows integrin-mediated cell adhesion and tuning its concentration provides control 

over matrix adhesivity. The NVP moiety, on account of its acrylate side groups, provides 

additional crosslinks [31,32]. The concentration of PEG-RGDS in the prepolymer solution 

was either 0, 1, 5, or 10 mM. The concentration of NVP was 0.0, 4.7, 9.4, or 18.7 mM, 

which resulted in an increasing NVP/acrylate ratio of 0.00, 0.37, 0.74, and 1.48 and an 

increasing theoretical crosslink density of 0.0126, 0.0127, 0.0220, and 0.0313 mol/L in the 

hydrogels respectively.

To assess the influence of NVP on hydrogel properties, the following metrics were 

quantified: (1) PEG-RGDS concentration post crosslinking and rinsing, (2) compressive 

moduli with and without encapsulated cells, (3) swelling, (4) degradability, and (5) diffusion 

of dextran which was used to calculate (6) the theoretical mesh size of the hydrogels.

3.1.1 RGDS Incorporation—The presence of NVP significantly enhanced 

incorporation of PEG-RGDS into the hydrogels. In the absence of NVP (0.0 mM), the 

average conjugation efficiency of PEG-RGDS was 20.4 ± 1.1% for all PEG-RGDS 

concentrations, but in the presence of NVP (4.7-18.7 mM) conjugation efficiency increased 

significantly to 82.3 ± 2.5%. The increased conjugation efficiency is attributed to the 

presence of additional acrylates provided by the NVP and the increased NVP/acrylate ratio 

in the hydrogels. Hydrogels with 0 mM NVP contained final PEG-RGDS concentrations of 

0.2, 1.1, and 1.9 mM while those with 4.7-18.7 mM NVP contained 0.8, 4.2, and 8.2 mM for 

1, 5, and 10 mM PEG-RGDS in the prepolymer solutions respectively (Fig. 2A).

3.1.2 Compressive Moduli—The presence of NVP also increased the bulk 

compressive moduli of acellular hydrogels in a concentration-dependent manner, due to 

increased crosslinking of the PEG-PQ macromer (Fig. 2B). Compressive moduli of acellular 

hydrogels were 5.8, 15.1, 18.1, and 27.2 kPa for corresponding NVP concentrations of 0.0, 

4.7, 9.4, and 18.7 mM. However, the observed increase in hydrogel elasticity was attenuated 

in the presence of encapsulated cells (as measured on day 0). Cellular hydrogels crosslinked 

with 4.7, 9.4, and 18.7 mM NVP had reduced compressive moduli of 9.7, 12.3, and 14.0 kPa 

respectively. Potential causes of the measured decrease in elasticity with encapsulated cells 

may arise from multiple factors including substitution of hydrogel volume with cell volume 

and the inherent lower elasticity of cells (<1 kPa) compared to the acellular hydrogel matrix. 

For hydrogels with 0 mM NVP, cellular hydrogels appeared stiffer than acellular hydrogels 

(though not significantly different), possibly due to limitations in detection sensitivity of the 

compression testing system in the range measured. The compressive moduli of cell-laden 
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hydrogels on day 15 were significantly lower than corresponding values on day 0: 3.0, 3.6, 

6.3, and 6.9 kPa for NVP concentrations of 0.0, 4.7, 9.8, and 18.7 mM respectively. This is 

possibly due to cell-mediated hydrogel degradation over 15 days in culture. Although 

moduli of cellular hydrogels on days 0 and 15 increased significantly with increasing NVP 

concentration, the observed difference was not as pronounced as compared to that of 

acellular hydrogels. These moduli values correspond well with those obtained in previous 

studies with PEG-PQ hydrogels crosslinked with photopolymerization of Eosin Y in the 

presence of 16.5 mM NVP (~15-25 kPa) [30,33,34]. The presence of incorporated PEG-

RGDS is expected to have minimal effect on the bulk compressive modulus of acellular 

hydrogels compared to the presence of NVP as previously demonstrated [32].

3.1.3 Hydrogel Swelling—The effect of NVP concentration on hydrogel swelling was 

assessed and it was observed that increased NVP induced a gradual reduction in swelling 

from 1,725 ± 90% (0 mM NVP) to 1,188 ± 41% (18.7 mM NVP) due to increased crosslink 

density (Fig. 2C).

3.1.4 Hydrogel Degradability—To quantify the influence of adding additional, non-

degradable crosslinks via NVP on hydrogel degradability, hydrogels were exposed to 

collagenase IV and the degradation quantified with time via fluorescence imaging and 

analysis. Hydrogels with 0 mM NVP underwent complete degradation in 165 minutes (Fig. 

2D). However, hydrogels with 4.7, 9.4, and 18.7 mM NVP underwent partial degradation 

(83, 80, and 65% respectively) over 2 days. The reduction in hydrogel degradability may be 

attributed to two factors, non-degradability of the NVP co-monomer and reduced 

accessibility of the PQ peptide sequence in hydrogels with higher crosslink density. To 

verify whether degradability was hindered by reduced accessibility of degradable moieties to 

collagenase IV, the diffusion coefficient of collagenase IV was estimated according to 

equation (5). In this case, Mt/M∞ is the fractional mass of the degraded hydrogel, and D is 

the effective diffusion coefficient of collagenase IV. In hydrogels with 0.0, 4.7, 9.4, and 18.7 

mM NVP, the effective diffusion coefficients were calculated as 11.28×10−8 ± 7.41×10−8 

cm2/s, 3.84×10−8 ± 1.09×10−8 cm2/s, 3.05×10−8 ± 0.15×10−8 cm2/s, and 2.21×10−8 

± 0.20×10−8 cm2/s respectively. The gradual reduction, but no significant differences, in the 

effective diffusion coefficients indicates that hindered enzyme transport plays a negligible 

role in matrix degradability. Considering the high proteolytic concentration of collagenase 

used for the degradation assay (26 U/mL), it is expected that the rate of hydrogel 

degradation would be higher than the rate of collagenase diffusion through the hydrogel 

network. Therefore, reduced hydrogel degradation was primarily mediated by the inherent 

nondegradability of the NVP co-monomer.

3.1.5 Diffusion Behavior & Mesh Size—The effect of NVP concentration on the 

diffusion of fluorescent dextran was investigated to determine differences in the mesh size of 

hydrogels. The release of small molecule FITC-dextran of two molecular weights (3 kDa 

and 150 kDa) from the hydrogel was quantified over 255 minutes to obtain effective 

diffusion coefficients for the two species. For the 3 kDa FITC-dextran, the effective 

diffusion coefficients in hydrogels with 0.0-18.7 mM NVP varied from 1.39×10−7 

± 7.60×10−9 cm2/s to 1.20×10−7 ± 1.52×10−8 cm2/s, with no significant difference between 
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groups (Fig. 2E). However, in the case of 150 kDa FITC-dextran, the effective diffusion 

coefficients significantly reduced from 1.01×10−7 ± 6.55×10−9 cm2/s (0.0 mM NVP) to 

6.76×10−8 ± 1.72×10−8 cm2/s (18.7 mM NVP) (Fig. 2E). These differences in release 

kinetics can be attributed to differences in molecular weight of the two species. 3 kDa FITC-

dextran, owing to its smaller size, may be able to diffuse unhindered through the hydrogels 

with increased crosslink density, while 150 kDa FITC-dextran, owing to its larger size, may 

encounter higher diffusive resistance from a more densely crosslinked macromolecular 

network. These values are in accordance with previous observations of diffusive behavior in 

PEG-PQ hydrogels measured using protein molecules of molecular weights ranging from 

5.7 to 44 kDa, with Stokes radii of 1.3-2.6 nm [33].

To estimate differences in theoretical mesh size due to additional hydrogel crosslinking, the 

hindered solute diffusion in solvent-filled pores model was employed based on the diffusive 

behavior of 150 kDa FITC-dextran [21,35]. The estimated theoretical mesh size for 

hydrogels significantly reduced from 69 ± 5 nm (0.0 mM NVP) to 51 ± 9 nm (18.7 mM 

NVP), indicating that higher crosslink density of PEG-PQ hydrogels lends increased 

transport resistance to species of higher molecular weight (Fig. 2F). However, these mesh 

size values are sufficiently large enough to allow diffusion of nutrients, metabolites and 

oxygen necessary for cell growth.

3.2 Influence of Hydrogel Properties on Cell Viability and Early Apoptosis

To assess the role of hydrogel physical and biochemical properties on encapsulated cell fate, 

the viability (Fig. 3A-E) and early apoptosis (Fig. 3F-J) of MDA-MB-231 cells was 

evaluated at 5-day intervals for 15 days. Cell viability on day 0 (6 hours post encapsulation) 

was 83.9 ± 3.8% across all hydrogel formulations, indicating high viability and low 

phototoxicity during photopolymerization (Fig. 3B). A steady decrease in cell viability was 

observed in hydrogels containing 0 mM PEG-RGDS that reached a low of 39.4 ± 4.9% by 

day 15, likely due to the lack of integrin-ligation to the matrix (Fig. 3C-E). However, 

viability remained relatively high (82.7 ± 7.1%) in all other hydrogel formulations through 

day 15. Fluorescent images revealed the presence of large cell clusters with filopodial 

protrusions, indicative of invasive, aggressive tumor progression in hydrogels with 0 mM 

NVP and 1-10 mM PEG-RGDS (Fig. 3A). In other formulations (9.4-18.7 mM NVP and 

1-10 mM PEG-RGDS), cells predominantly appeared as either single cells or small, rounded 

clusters, recapitulative of indolent micrometastases [11,36]. Hydrogels with 0 mM PEG-

RGDS displayed solitary viable cells distributed amongst a mostly dead cell population. 

Overall, these results demonstrate that the presence of PEG-RGDS, even at low 

concentrations, is sufficient to maintain high viability, and that NVP in the range of 4.7-18.7 

mM does not significantly influence viability.

In addition to viability, cells undergoing apoptotic death were also quantified by labeling for 

the early apoptosis marker, annexin V. On day 0 (6 hours post encapsulation), in all hydrogel 

formulations, cells generally displayed low staining for annexin V (2.6 ± 1.6% of all cells 

were positive), reconfirming low cytotoxicity during photopolymerization (Fig. 3G). Cells in 

hydrogels with 0 mM PEG-RGDS displayed a high degree of early apoptosis (55.7 ± 7.7%) 

on day 15, consistent with the viability data (Fig. 3F-J). However, hydrogels containing 
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PEG-RGDS (1-10 mM) displayed significantly lower early apoptosis (15.4 ± 4.1%) through 

day 15, irrespective of NVP concentration. These results reinforce the observation that the 

presence of PEG-RGDS, even at low concentrations, prevents apoptosis and maintains high 

viability. Notably, the majority of DTCs that infiltrate secondary organs often undergo 

apoptosis thereby leading to inefficiency in the hematogenous route of metastasis [4]. 

Hence, observations in the 0 mM PEG-RGDS hydrogels may correlate well with the native 

scenario in recapitulating the fate of DTCs in secondary microenvironments.

3.3 Influence of Hydrogel Properties on Proliferation, Cell Density and Metabolic Activity

In addition to viability and apoptosis, the fate of encapsulated MDA-MB-231 cells was also 

monitored through quantification of proliferation, viable cell density, and metabolic activity. 

Proliferation was estimated indirectly as a measure of cell cycle progression (G0/G1 

transition), via incorporation of EdU within newly synthesized DNA of dividing cell 

populations. Cells positive for EdU incorporation were classified as proliferative (Fig. 4A). 

On day 0 (24 hours post encapsulation), the percent of EdU+ cells in all hydrogel 

formulations was 10.8 ± 1.4%, consistent with that in 2D cultured cells with 48 hours of 

serum starvation (Fig. 4B). Through day 15, in hydrogels with 0 mM NVP, proliferation 

increased with increasing PEG-RGDS concentration (up to 47.2 ± 4.1% in 10 mM PEG-

RGDS hydrogels on day 15), possibly due to increased cell-matrix adhesion and a high 

degree of matrix permissiveness (high degradability, larger mesh size) (Fig. 4B-E). However, 

with increasing NVP concentration (4.7-18.7 mM), proliferation was restricted to lower 

values (10.0 ± 5.2% on day 15), irrespective of PEG-RGDS concentration. This was 

possibly due to additional crosslink density (and reduced degradability and mesh size) that 

physically restricted cancer cells from undergoing division and confined them in a state of 

cell cycle arrest.

Concomitant with proliferation, the viable cell density, as measured using viability images, 

also showed dual dependence on PEG-RGDS and NVP concentrations (Fig. 4F-I). On day 0 

(6 hours post encapsulation), viable cell density was measured to be 8,612 ± 378 cell/mm3 

for all hydrogel formulations (Fig. 4F). Through day 15, in hydrogels with 0 mM PEG-

RGDS, viable cell density dropped significantly to 4,209 ± 509 cell/mm3, owing to high 

levels of apoptosis and low proliferation (Fig. 4I). In hydrogels with 0-4.7 mM NVP and 

1-10 mM PEG-RGDS, viable density increased significantly with increasing PEG-RGDS 

concentration (16,779 ± 4,516 cell/mm3 on day 15), owing to increased proliferation and 

matrix permissiveness. However, in hydrogels with 9.4-18.7 mM NVP, viable cell density 

increased moderately (10,699 ± 593 cell/mm3) through day 15, irrespective of RGDS 

concentration.

In terms of the normalized viable cell density (normalized to day 0 values), quantification at 

day 15 revealed a 0.5-fold decrease in hydrogels with 0 mM PEG-RGDS (regardless of NVP 

concentration), a 2.9-fold increase in hydrogels with 0 mM NVP and 10 mM PEG-RGDS, 

and a 1.2-fold increase in hydrogels with 9.4-18.7 mM NVP and 1-10 mM PEG-RGDS. In 

general, these observations are in accordance with a close, though not exact, balance 

between proliferation and apoptotic death, in hydrogels with 9.4-18.7 mM NVP. The results 

also underscore the role of increased matrix crosslink density, and subsequent decrease in 
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degradability, in restricting proliferation and maintaining viability to maintain overall 

tumoral homoeostasis.

The metabolic activity of encapsulated cells in hydrogels with varying PEG-RGDS and NVP 

concentrations also showed similar trends as proliferation and viable cell density above (Fig. 

4J-M). Hydrogels with 0 mM NVP and 1-10 mM PEG-RGDS showed significantly 

increased metabolic activity through day 15 depending on PEG-RGDS concentration (7.93 

± 4.02-fold increase normalized to day 0), owing to increased proliferation and viable cell 

density. Hydrogels with 0 mM PEG-RGDS displayed decreased metabolic activity due to 

significant cell death (0.67 ± 0.12- fold decrease on day 15 normalized to day 0). However, 

hydrogels with 4.7-18.7 mM NVP showed a moderate increase in metabolic activity when 

normalized to day 0 values (2.49 ± 0.67-fold increase on day 15 normalized to day 0), in 

accordance with previous observations of low proliferation and near constant viable cell 

density.

Further, metabolic activity values were normalized against viable cell density values in each 

hydrogel formulation, at each time point, to estimate metabolic activity on a per viable cell 

basis. Cells in hydrogels with 0 mM NVP and 1-10 mM PEG-RGDS displayed a distinct 

increase in cellular metabolic activity dependent on matrix adhesivity as compared to day 0 

values (3.19 ± 0.98-fold increase normalized to day 0). Interestingly, values for other 

hydrogel formulations did not show a clear trend, indicating that surviving dormant (or low 

proliferative) cell populations do not undergo a significant change in metabolic activity over 

the course of 3D culture. Notably, metabolic activity measured here is a combined effect of 

two cooperative, and competitive, pathways: glycolysis and oxidative phosphorylation. 

While the relative contribution of each mechanism toward overall cancer cell metabolism in 

different hydrogel formulations is not known, it would be of interest to probe the 

dependency of encapsulated cells on either mechanism induced by varying matrix 

properties.

Overall, proliferation, viable cell density and metabolic activity were observed to be jointly 

regulated by matrix crosslink density, degradability and matrix adhesivity and modulating 

these parameters can provide a roadmap toward control of breast cancer cell phenotypic 

states within engineered hydrogels.

3.4 Regulation of 3D Morphology via Tuning of Hydrogel Properties

To assess the influence of hydrogel properties on regulating invasiveness and formation of 

micrometastatic cell clusters, encapsulated cells were fixed, fluorescently labeled for F-

actin, and counterstained with Hoechst (nuclei) on day 15 post encapsulation. The 

percentage of the cell population existing as single cells or cell clusters was quantified and 

the density and shape characteristics indicative of invasiveness measured. Hydrogels with 

0.0-4.7 mM NVP and 1-10 mM PEG-RGDS showed increasing percentages of cells in 

clusters (70.6 ± 22.7% of total cells), as invasive single cells (50.0 ± 30.8% of total cells), as 

invasive cell clusters (66.5 ± 26.8% of total clusters) and a high cluster density (1,348 ± 444 

clusters/mm3), with increasing PEG-RGDS concentration (Fig. 5A-F). Additionally, 

fluorescent images also revealed a high degree of cellular protrusions and elongated colony 

features (Fig. 5A). These observations are recapitulative of invasive growth dependent on 
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increasing cell-matrix adhesive interactions. Hydrogels with 0 mM PEG-RGDS contained a 

high percentage of single cells (89.4 ± 5.1% of total cells), which were rounded and non-

invasive (99.3 ± 0.5% of total cells), and a low cluster density (256 ± 156 clusters/mm3) with 

absence of invasive clusters, likely due to lack of integrin ligation with the matrix. Hydrogels 

with 9.4-18.7 mM NVP and 1-10 mM PEG-RGDS contained variable percentages of 

clustered cells (19.0 – 52.6% of total cells) and low percentages of invasive cells (8.4 ± 3.3% 

of total cells) and invasive cell clusters (16.2 ± 3.9% of total clusters). Interestingly, 

hydrogels with 9.4 mM NVP, 10 mM PEG-RGDS and those with 18.7 mM NVP, 1-10 mM 

PEG-RGDS displayed high cluster density (1,370 ± 86 clusters/mm3), simulative of dormant 

micrometastasis. Notably, rounded, non-invasive, single cells quantified here may include 

dead cells which may have undergone apoptosis prior to day 15 of morphometric analysis. 

Hence, while single cell density varied across different hydrogel formulations, this metric is 

not as predictive of invasiveness or dormancy as compared to cell clusters which resulted 

only from growth of live cells (Fig. 5F).

Further morphometric analysis of cluster features revealed that hydrogels with 0.0 mM NVP 

and 1-10 mM PEG-RGDS displayed clusters with high area (2,435 ± 461 μm2), diameter (75 

± 10 μm), aspect ratio (1.66 ± 0.06), and low circularity (0.68 ± 0.06) and roundness (0.67 

± 0.02), dependent on PEG-RGDS concentration, all indicative of invasive and aggressive 

growth. Hydrogels with 0 mM PEG-RGDS displayed clusters with the lowest area (445 ± 85 

μm2), diameter (28 ± 3 μm) and invasiveness, while other hydrogel formulations displayed 

intermediate sized clusters (area: 705 ± 233 μm2, diameter: 34 ± 6 μm) with low 

invasiveness. These morphometric observations were also corroborated with phase contrast 

images which demonstrated the presence of increased large clusters in hydrogels with 0.0 

mM NVP and 1-10 mM PEG-RGDS while high numbers of single, rounded cells were 

observed in hydrogels with 0 mM PEG-RGDS, and intermediate numbers of single cells and 

clusters in the remaining hydrogel formulations. Overall, these observations are in 

accordance with previously measured cellular metrics supporting the dual role of matrix 

crosslink density and matrix adhesivity in regulating cell-matrix interactions and physical 

confinement of cells toward dormant phenotypes [19,21,37,38].

3.5 Phenotypic Classification of Cancer Cell States

The above data indicates that hydrogel properties influence the fate of encapsulated MDA-

MB-231 cells. To better elucidate the role of hydrogel properties in dictating cancer cell fate, 

a phenotypic classification scheme was implemented based on the quantified cell metrics. 

First, normalized viable cell density was plotted against normalized metabolic activity on 

day 15, both normalized against day 0 values, for cells in each hydrogel formulation (Fig. 

6A). Cells cultured in hydrogels with high values for both metrics were grouped into a ‘high 

growth state’ and those with low values (<1) for both metrics were grouped into a ‘single 

cell, restricted survival state’. The remaining hydrogel formulations (Cluster A) were 

analyzed for a balance between live and dead cell densities post encapsulation (Fig. 6B). The 

live and dead cell densities for each hydrogel formulation post encapsulation were 

quantified. The line with slope of 1 represents a perfect balance between the new live cell 

density and the new dead cell density arising over the course of the 15-day culture period. 

This balanced growth/death parameter space represents a dormant tumor state where the 
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population of viable tumor cells remains fairly constant over time. Values above this line 

represents the parameter space where live cell density increases faster than dead cell density, 

thereby showing a moderate or slow increase in cell density. Accordingly, hydrogels 

displaying higher live cell density compared to dead cell density were grouped into a 

‘moderate growth state’. The remaining hydrogels (Cluster B) fell within the error band of 

balanced live and dead cell density (dotted and dashed orange lines) indicating a balance 

between growth and death and the cells in hydrogels in this cluster were characterized as a 

‘balanced dormancy state’. This cluster was further evaluated for cluster features by plotting 

the percentage of the cell population residing in cell clusters versus the cluster density. The 

data indicates that all 6 hydrogel formulations have similar percentages of cells residing in 

cell clusters but that hydrogels with the highest crosslink density had a significantly higher 

cluster density.

To obtain a comprehensive view of the cell metrics pertaining to each cell state, the 

quantified cellular metrics were scaled against a phenotype score ranging from 0.0 to 1.0 and 

visualized using a heatmap (Fig. 6D). The measured cell metrics on day 15 were normalized 

to the highest (1.0) and lowest values (0.0) for each corresponding metric and were clustered 

based on the hydrogel classification scheme described above. From the generated heatmap, 

cells encapsulated in hydrogels containing 0.0 mM NVP and 5-10 mM PEG-RGDS (high 

growth state) had the highest scores for viability, viable cell density, proliferation, cellular 

metabolic activity, invasiveness, and the lowest apoptotic cell death and single cell density. 

Hydrogels with 0 mM PEG-RGDS (single cell, restricted survival, dormancy state) 

displayed completely contrasting scores for these features, in accordance with previous 

observations. Hydrogels with 0.0 mM NVP and 1 mM PEG-RGDS and those with 4.7 mM 

NVP and 1-10 mM PEG-RGDS (moderate growth state) were characterized by high scores 

for viability but lower scores for other growth/invasion metrics compared to the high growth 

state thereby indicating that lowering matrix adhesivity or increasing matrix crosslink 

density significantly reduced the growth and invasive potential. Cells cultured in hydrogels 

that induced the balanced dormancy state (9.4 mM NVP or 8.7 mM NVP and 1-10 mM 

PEG-RGDS) displayed lower scores for cell and cluster invasiveness and cluster area 

compared to the two growth states. These observations underscore the hypothesis that tumor 

dormancy can be induced by conjointly increasing matrix crosslink density with a non-

degradable comonomer and decreasing matrix adhesivity, which results in physical 

confinement of encapsulated cancer cells and restricted cell-matrix interactions.

Overall, this phenotypic classification scheme facilitated the categorization of hydrogel 

formulations into groups that support specific cancer cell states, recapitulative of DTCs in 

the secondary niche post extravasation. Additionally, factors underlying these phenotypic 

changes were also attributed to specific physical and biochemical properties of the hydrogel 

formulations. This analysis provides a clear demarcation within the hydrogel property space 

for directing the fate of model DTCs toward specific states.

3.6 Dynamic Switching Between Cancer Cell States

Metastatic recurrence occurs when single dormant tumor cells or dormant microclusters, 

upon being activated by microenvironmental cues, switch from a dormant state to a growth 
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state. Some of these cues include altered presentation of ECM proteins, stromal secretions, 

or integrin ligation with matrix proteins. In this study, the ability to dynamically tune matrix 

adhesivity (and subsequently cell-matrix interactions) that enables a phenotypic switch from 

dormancy to growth was demonstrated. Hydrogels with 0.0 mM NVP and 0 mM PEG-

RGDS were used for long-term culture of MDA-MB-231 cells to induce a single cell, 

restricted survival, dormant state that was verified through quantification of viability, viable 

cell density and proliferation on days 0, 15 and 30 post encapsulation (Fig. 7A-C). In the 

absence of PEG-RGDS, viability dropped significantly from 85.9 ± 2.9% to 36.2 ± 4.8% 

over 30 days with a simultaneous decrease in viable cell density from 8,511 ± 774 cells/mm3 

to 1,135 ± 203 cells/mm3 and low proliferation at 7.7 ± 2.5 %. The live cells appeared as 

solitary, single cells interspersed among a majority of dead cells. On day 40, a solution 

containing 10 mM PEG-RGDS was added to the hydrogels and chemically coupled via 

photocrosslinking. Post coupling of PEG-RGDS, cell viability and proliferation increased 

significantly over an additional 35 days in culture to 89.9 ± 4.7% and 61.1 ± 4.8% 

respectively. The reactivated, previously dormant single cells were able to proliferate and 

reach a viable cell density similar to day 0 values (8,300 ± 1,895 cells/mm3). Reactivated 

cells also showed increased spreading, filopodial protrusions, and cluster formation with 

similar values to those cultured in 0 mM NVP and 10 mM PEG-RGDS hydrogels. While 

PEG-RGDS coupling is a simple approach to induce reactivation, the results are reminiscent 

of the dormancy-proliferation switch and invasive regrowth, which may occur in native 

conditions due to stromal deposition of integrin-ligating proteins. Overall, dynamic 

modulation of matrix adhesivity enabled the switch from a single cell, restricted survival, 

dormancy state to a high growth state and recapitulation of the metastatic relapse 

phenomenon.

4. Discussion

Tumor dormancy and the cancer latency period are important considerations toward long-

term control and prevention of metastasis. Though modeling of the metastatic cascade using 

in vitro systems has been widely studied, modeling of tumor dormancy and cancer cell 

quiescence in engineered hydrogels is still in a nascent phase and gaining rapid attention 

[4,17,24]. In this study, we utilized the systematic tuning of hydrogel adhesivity and 

crosslink density to mimic potential fates of DTCs in foreign microenvironments of 

secondary organs post extravasation. Although this is a simplistic approach toward modeling 

of complex organ-specific microenvironments, specific hydrogel formulations implemented 

here may recapitulate some aspects of matrix conditions that induce tumor dormancy. 

Hydrogels lacking adhesive ligands (0 mM PEG-RGDS) mimic when DTCs in secondary 

organs fail to establish integrin-mediated adhesion required for matrix engagement and 

survival [39]. Hydrogels with the lowest degradability (18.7 mM NVP) may mimic the 

situation where DTCs are unable to locally degrade the matrix of the foreign 

microenvironment. By exploring the adhesivity and crosslink density landscape, we 

demonstrate that both factors influence breast cancer cell fate and that careful tuning of these 

hydrogel properties can be implemented to induce a desired response; at least over 15 days 

in culture. Using NVP as a comonomer in the polymer precursor, the matrix adhesivity, 

crosslink density, stiffness, and mesh size were altered across different hydrogel 
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formulations. Differences in bulk compressive moduli of hydrogels, particularly in the 

presence of cells, were fairly attenuated. Differences in theoretical mesh size between 

hydrogels was significantly small compared to size of cells. Hence, by deduction, matrix 

degradability and adhesivity are surmised to have the highest degree of influence over 

regulation of cancer cell fate but warrant future studies for validation. Furthermore, we 

demonstrate that a dynamic increase in hydrogel adhesivity results in reactivation of cells 

from a dormant state to an actively proliferative state.

One of the key considerations toward developing an in vitro tumor dormancy model is 

achieving a delicate balance between cell proliferation and death over extended time periods, 

thereby sustaining an overall tumoral homeostasis (with constant viability and viable cell 

density). Toward this end, we have demonstrated the maintenance of MDA-MB-231 cells in 

states of single cell restricted survival dormancy (death >> proliferation), balanced 

dormancy (death ≈ proliferation), low growth (death < proliferation) and high growth (death 

<< proliferation) over at least 15 days in culture (Fig. 8). Previous studies on ECM-mediated 

tumor dormancy demonstrated that physical confinement of cancer cells within dense, non-

degradable matrices restricts cells from forming invasive protrusions, limits cell cycle 

progression and potentially induces apoptotic cell death over 7 days in culture [18,19]. 

Similarly, we observe that matrix physical and biochemical properties jointly regulate these 

different states of cancer cells (Fig. 8). When encapsulated in the softest hydrogels with high 

degradability and high adhesivity, cancer cells are directed toward the high growth state 

(characterized by high viability, proliferation, metabolic activity, and large sized, high 

density, invasive clusters). When hydrogel adhesivity is lowered, or crosslink density is 

slightly raised (with a small increase in stiffness and small reduction in degradability), 

cancer cells are induced toward a moderate growth state (characterized by high viability, but 

moderate proliferation, metabolic activity, and moderate-sized, high density, invasive 

clusters). When hydrogel crosslink density is increased further, cancer cells are restricted to 

a state of balanced dormancy (characterized by high viability, low proliferation, moderate 

metabolic activity, and presence of low or high density, non-invasive clusters). Finally, with 

complete absence of matrix adhesivity (irrespective of crosslink density), cancer cells are 

directed toward a single cell, restricted survival, dormant state (characterized by low 

viability, proliferation, metabolic activity, and no cluster formation). In this study, cellular 

metrics pertaining to dormancy have been quantified over a 15-day culture period. As cancer 

latency periods tend to span years to decades [9], longer culture periods (~3-4 weeks) would 

be helpful in simulating and determining: 1) the furthest time point to which these states can 

be maintained in the respective hydrogel formulations and 2) spontaneous phenotypic 

switching of cancer cells from one state to another within the same hydrogel formulation.

One limitation of the present acrylate-based crosslinking scheme is that several matrix 

properties are changed through the introduction of the non-degradable comonomer NVP. 

Increasing NVP concentration leads to increased crosslink density and in turn, increased 

compressive moduli and RGDS coupling with simultaneously decreased mesh size and 

hydrogel degradability. Decoupling the influence of these properties (stiffness, degradability, 

mesh size, adhesivity) and their independent control is necessary to further elucidate the 

dominant factor inducing cellular quiescence and dormancy [40,41]. From material 

characterization studies, it is evident that with addition of NVP, compressive moduli of the 
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cell-encapsulated PEG-PQ hydrogels increased over a moderate range. The temporal 

variation in stiffness detected by individual dormant or invasive tumor cells in the immediate 

vicinity of their surrounding matrix would be of further interest. From the present data, it 

can be surmised that this range would vary between ~9-27 kPa at the initial time point (when 

cells are dispersed as single cells and would mostly sense the hydrogel matrix in the 

immediate vicinity) to ~3-7 kPa at the final time point (when cells form clusters, degrade the 

local matrix and sense the lower stiffness of adjoining cells).

Similar to stiffness changes, diffusion of small molecule dextran (150 kDa) and mesh size 

were also observed to vary with NVP concentration. With increasing crosslink density, the 

effective diffusion coefficient was observed to decrease, which might hinder the transport of 

nutrients and metabolites through the hydrogel volume over longer length scales. In this 

study, fabricated hydrogels were sufficiently small, such that diffusion in any direction from 

the cell culture media would be <500 μm, thereby avoiding depletion of nutrients or oxygen. 

Any cell death that occurred could be attributed to apoptosis or other spontaneous cellular 

mechanisms, and not to hypoxia or necrosis. Likewise, the gradual reduction of mesh size of 

the PEG-PQ matrix with increasing NVP concentration is expected to have minimal effect 

on cell viability, apoptosis, proliferation, or metabolic activity, but may hinder the formation 

of minor cellular protrusions and filopodial sensing of encapsulated cells [42,43]. Notably, 

the theoretical mesh size estimated in this study range from ~50-70 nm, which is 

significantly smaller than the size of single cells or individual cellular protrusions. Cells 

encapsulated in matrices with pore cross sections <7 μm2 primarily have to rely on MMP-

dependent proteolytic degradation to form invadopodia and invasive clusters [42,44]. Hence, 

in this hydrogel system, matrix degradability, along with matrix adhesivity, is expected to 

play a more significant role than mesh size or stiffness in controlling 3D cancer cell 

behavior, although stiffness cannot be completely ruled out.

Characterization of hydrogel degradation indicates reduced degradability with increased 

incorporation of non-degradable NVP. It is expected that cells encapsulated in matrices with 

higher NVP may be limited in degradation of their immediate local matrix, thereby affecting 

cellular processes including proliferation, invasion and cluster formation. In future studies, 

the change in expression profile of cancercell secreted MMPs in these different hydrogel 

matrices could be further investigated to gain insight into matrix permissiveness toward 

cancer cells. Additionally, investigation of the expression profile of cancer cell-secreted 

ECM proteins and integrin engagement would shed light on differences in matrix 

remodeling between dormant and invasive sub-populations.

Investigation of the dormancy-proliferation switch and escape from tumor dormancy 

program is important toward recapitulation of metastatic relapse. To specifically investigate 

the role of matrix biochemical properties toward escape from dormancy, we altered matrix 

adhesivity without influencing matrix crosslink density to induce the phenotypic switch. In 

hydrogels inducing single cell, restricted survival, dormancy, encapsulated cancer cells were 

maintained in long-term culture (75 days) during which the rate of decrease in viability and 

viable cell density gradually slowed over the course of the first 30 days. Upon coupling of 

PEG-RGDS in the matrix on day 40, cells transitioned to the high growth state with 

increasing proliferation and viable cell density until day 75 when the experiment was 
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terminated. This phenomenon is simulative of the situation where stromal cells in the 

dormant niche secrete proteins that dormant cancer cells can bind to and be directed towards 

metastatic growth. Although we demonstrate the transition of cancer cells from the single 

cell restricted survival dormancy state to the high growth state, it can be surmised that 

addition of PEG-RGDS to PEG-PQ matrices belonging to other dormancy states can also be 

reactivated toward the high growth state. Similarly, including NVP in the hydrogel matrix 

along with PEG-RGDS could potentially induce the cells to switch from a single cell 

dormancy state to a balanced dormancy state or a moderate growth state. Among the current 

ECM-induced dormancy platforms that model metastatic relapse, the dormancy-proliferation 

switch is achieved via: 1) partial dissociation of cell-restrictive matrix to increase matrix 

permissiveness and allow invasive growth [20], 2) complete dissociation of matrix and 

reseeding of dormant cell clones on two dimensional (2D) surfaces to promote cell 

spreading and growth [20], and 3) addition of pro-inflammatory cytokines and angiogenic 

growth factors to encapsulated cells to reactivate specific signaling processes mediating cell 

cycle progression [27,28]. Complete dissociation of the cell-restrictive matrix leads to loss 

of dimensional context experienced by cancer cells within native microenvironments and 

reactivation using soluble signaling factors bypasses the physical and biochemical restriction 

imposed by the encapsulating matrix. Using the demonstrated approach, cells can be 

continuously maintained under a dynamic 3D microenvironment, thereby maintaining 

dimensional context throughout long-term culture.

Tumor dormancy has been studied in vivo where cancer cells injected in mice can persist as 

solitary single cells or form small multicellular foci with balanced apoptosis and 

proliferation in different organs over several days [11,12,36]. In vitro studies have also 

examined the role of ECM properties in regulating tumor cell behavior in the context of 

tumor cell phenotype and dormancy [37,45]. Physical confinement of cancer cells in non-

degradable matrices or matrices with reduced degradability has been exploited to induce 

dormancy-like behavior in encapsulated cells [18-21]. Similarly, the findings from this study 

underscore the role of matrix degradability and adhesivity in regulating cancer cell fate 

toward tumor dormancy. Although the developed in vitro model is limited towards specific 

cell-matrix interactions (integrin ligation with RGDS), it could be expanded further via 

incorporation of organ-specific proteins or peptide formulations that better recapitulate the 

composition of specific secondary organs harboring dormant tumor cells [46-49]. Overall, 

we demonstrate hydrogel-induced direction of MDA-MB-231 cells toward different 

phenotypic states. Though this cell line represents the metastatic triple negative breast cancer 

subtype (TNBC), other breast, prostate, and colon cancer cell lines could be used in future to 

generalize dormancy studies using the hydrogel platform developed here [50]. Particularly, 

breast cancer (estrogen receptor, ER+ subtype) and prostate cancer cells are known to lie 

dormant in the bone marrow for long time periods (years to decades) prior to metastatic 

growth. Intelligent design of this hydrogel platform, along with co-culture with bone marrow 

stromal cells, could help establish a synthetic, tunable, bone marrow niche-mimetic hydrogel 

(with matching physical and biochemical cues) for long-term dormancy studies [47,51,52]. 

Additionally, genomic and proteomic characterization of dormant and invasive 

subpopulations in different hydrogel formulations could potentially help identify dormancy 

signatures and provide dormancy-specific drug targets. In the future, this hydrogel platform 
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could be implemented for high-content phenotypic screening of compound libraries to 

identify potential candidates to treat dormant cancer cells [53-57]. This method would 

eventually help segregate between compounds having differential efficacy against invasive, 

proliferative populations and dormant, quiescent populations.

5. Conclusion

Investigation of ECM-induced changes in 3D cancer cell behavior is important in the context 

of studying metastasis, invasion and dormancy. In vitro models that recapitulate a wide 

range of these behaviors via modulation of matrix properties can facilitate such 

investigations. In this study, we demonstrated the ability to tune matrix physical and 

biochemical properties including crosslink density, degradability, and adhesivity. MDA-

MB-231 cells encapsulated within hydrogels with well-controlled properties underwent 

distinct phenotypic changes as quantified through multiple cellular metrics. Based on these 

metrics, hydrogel formulations were phenotypically classified into specific states that 

recapitulated the full spectrum of potential fates experienced by DTCs in secondary tissue 

niches post extravasation. Specifically, tuning of matrix crosslink density, degradability and 

adhesivity resulted in direction of cancer cells toward phenotypic states of high growth, 

moderate growth, single cell restricted survival dormancy, balanced dormancy. Furthermore, 

dynamic modulation of matrix adhesivity was employed to investigate the transition of 

cancer cells from a dormant state to a high growth state, recapitulative of metastatic relapse. 

Overall, this synthetic and tunable hydrogel-based platform facilitates investigation of tumor 

dormancy and could potentially aid in discovery and development of dormancy-associated 

molecular targets and drugs.
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Fig. 1: Macromer Synthesis & Hydrogel Photopolymerization.
(A) [1] Acrylate-PEG-SVA (PEG-SVA) was reacted with the matrix metalloproteinase 

cleavable peptide sequence, [2] GGGPQGIWGQGK (PQ), to yield the [3] PEG-PQ 

macromer consisting of the PQ sequence flanked by two PEG chains, each containing a 

terminal acrylate group. (B) A similar reaction was performed with the integrin ligating 

peptide sequence, [4] RGDS, to yield the [5] PEG-RGDS macromer with one PEG chain 

with a terminal acrylate group. (C) [3] PEG-PQ (5% w/v) and [5] PEG-RGDS (0-10 mM) 

were photocrosslinked with the comonomer n-vinyl pyrrolidinone (NVP) (0.0-18.7 mM) via 

photoinitiation of lithium phenyl-2,4,6-trimethylbenzoyl phosphinate (LAP) to generate 3 

μL hydrogel droplets with a diameter of ~1.5 mm and height of ~1 mm (Scale bar = 1 mm). 

MDA-MB-231 cells were encapsulated at a density of 10×106 cells/mL and the hydrogels 

transferred to media containing wells for culture and subsequent analysis.
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Fig. 2: Hydrogel Characterization.
(A) RGDS incorporation into PEG-PQ hydrogels as a function of NVP and PEG-RGDS 

concentration in the pre-polymer solution. NVP enhanced PEG-RGDS coupling resulting in 

an incorporation efficiency of 82.3 ± 2.5% which is significantly higher than 20.4 ± 1.1% 

achieved without NVP. * indicates p<0.05. n=4 hydrogels per formulation. (B) Compressive 

modulus of acellular and cell-laden hydrogels as a function of NVP concentration and cell 

culture time. Acellular hydrogels with increasing NVP concentration displayed a linear 

increase in the compressive modulus from 5.8 ± 2.0 kPa to 27.2 ± 2.1 kPa for the 0 and 18.7 

mM NVP groups respectively. Day 0, cell-laden hydrogels functionalized with 1 mM RGDS 

displayed reduced stiffness compared to acellular hydrogels, except for the 0 mM NVP 

group, and exhibited a moderate linear increase in the compressive modulus with increased 

NVP concentration from 9.4 ± 0.8 kPa to 14.0 ± 0.4 kPa for the 0 and 18.7 mM NVP groups 

respectively. By day 15, cell-laden hydrogels were significantly softer than their acellular 

and day 0 counterparts but still maintained a moderate increase in elastic modulus with 

increased NVP. #, $, & indicates p<0.05 between acellular hydrogels, cellular (day 0) and 

cellular (day 15) hydrogels respectively; * indicates p<0.05 between acellular, cellular (day 

0) and cellular (day 15) hydrogels for each NVP concentration. n=3 hydrogels per condition. 

(C) Hydrogel swelling as a function of NVP concentration. Hydrogels with 4.7-18.7 mM 

NVP displayed lower swelling compared to those without NVP. * indicates p<0.05. n=4 

hydrogels per condition. (D) Hydrogel degradation as a function of NVP concentration. 

NVP incorporation significantly reduced degradability of PEG-PQ hydrogels exposed to 

collagenase IV in a NVP concentration-dependent manner. The control condition refers to 

hydrogels with 0 mM NVP incubated in PBS without collagenase to account for 
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photobleaching. * indicates p<0.05. n=4 hydrogels per condition. (E) The effective diffusion 

coefficient was calculated for 3 kDa and 150 kDa FITC-labeled dextran from release studies. 

Diffusion of 3 kDa FITC-dextran was not influenced by NVP but diffusion of 150 kDa 

FITC-dextran was impeded via addition of NVP. (F) The theoretical mesh size of hydrogel 

networks calculated from release studies of 150 kDa FITC-labeled dextran. A gradual 

reduction in mesh size with increasing NVP concentration was observed. Dashed line 

indicates the hydrodynamic diameter of 150 kDa dextran based on the Stokes-Einstein 

equation. * indicates p<0.05. n=4 hydrogels per condition. All values represent mean ± 

standard deviation.
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Fig. 3: Cell Viability & Early Apoptosis.
(A) Representative maximum intensity z-projections from 3D images stacks of MDA-

MB-231s encapsulated in hydrogels with varying NVP and PEG-RGDS concentrations after 

15 days in culture. 231s were labeled with calcein AM (green: live cells) and ethidium 

homodimer (red: dead cells). (B-E) 3D surface plots of cell viability as a function of NVP 

and PEG-RGDS concentration over 15 days in culture at 5-day intervals. (F) Representative 

maximum intensity z-projections from 3D image stacks of 231s fluorescently labeled for 

Annexin V (red: an early apoptosis marker) and Hoechst (cyan: nuclei). (G-J) 3D surface 

plots of the percent of the cell population positive for Annexin V expression as a function of 

NVP and PEG-RGDS concentration over 15 days in culture at 5-day intervals. n=6 z-stacks 

from 3 hydrogels per condition. (A,F) Scale bar = 100 μm.
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Fig. 4: Cell Proliferation, Viable Cell Density & Metabolic Activity.
(A) Representative maximum intensity z-projections from 3D images stacks of MDA-

MB-231s encapsulated in hydrogels with varying NVP and PEG-RGDS concentrations after 

15 days in culture. Cells were labeled with EdU to indicate active DNA or S-phase synthesis 

(red) and counterstained with Hoechst (cyan: nuclei). Scale bar = 100 μm. (B-E) 3D surface 

plots of the percent of the cell population positive for EdU as function of PEG-RGDS and 

NVP concentration over 15 days in culture at 5-day intervals. (F-I) 3D surface plots of 

normalized viable cell density as a function of PEG-RGDS and NVP concentration over 15 

days in culture at 5-day intervals. All data points were normalized to the initial viable cell 

density at day 0, 8612 ± 378 cells/mm3 (average ± std. dev. of all hydrogels). n=6 z-stacks 

from 3 hydrogels per condition. (J-M) 3D surface plots of normalized metabolic activity as a 

function of PEG-RGDS and NVP concentration over 15 days in culture at 5-day intervals. 

All data points were normalized to day 0 values for each hydrogel condition. n=5 hydrogels 

per condition.
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Fig. 5: Cell & Cell Cluster Morphology Analysis.
(A) Representative maximum intensity z-projections from 3D image stacks of MDA-

MB-231 cells in PEG-PQ hydrogels with varying PEG-RGdS and NVP concentrations 

fluorescently labeled with phalloidin (red: F-actin) and Hoechst (cyan: nuclei) after 15 days 

in culture. (B) Representative cell/cluster traces used for classification of cell and cell cluster 

invasiveness. (A-B) Scale bar = 100 μm. Quantification of (C) the percent of the cell 

population residing as single cells or in cell clusters, (D) single cell invasiveness based on 

morphology, (E) cell cluster invasiveness based on morphology, and (F) single cell and cell 

cluster density in each hydrogel formulation. All data is from day 15 of culture. n=5 z-stacks 

from 3 hydrogels per condition. All values represent mean ± standard deviation.
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Fig. 6: Phenotypic Classification of Cancer Cell States.
The phenotype of MDA-MB-231 cells encapsulated in the 16 different hydrogel 

formulations was classified via cluster analysis. (A) Plotting normalized viable cell density 

versus normalized metabolic activity, as measured at day 15, both normalized to day 0 

values, revealed three distinct clusters in cell behavior. The uppermost cluster in green 

contains hydrogels that induced a significant increase in both viable cell density and 

metabolic activity and were classified as a ‘high growth state’. The lowermost cluster in red 

contains hydrogels that induced a significant decrease in both viable cell density and 

metabolic activity and were classified as a ‘single cell, restricted survival, dormant state’. 

The cluster in blue (Cluster A) was subjected to further analysis. (B) Plotting the appearance 

of new live cells and new dead cells post encapsulation revealed the potential presence of 
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two populations of cells, those in a dormant state and those in a moderate growth state. A 

slope of 1, indicated by the dashed orange line, represents a perfect balance between cell 

proliferation and death and indicates a situation where the total cell population would not 

change with time. The smaller dashed orange lines represent error in these measurements. 

Hydrogels that fell above the error of the line were characterized as a ‘moderate growth 

state’ while those falling within the error were characterized as a ‘balanced survival, 

dormancy state’. Those in the dormancy state (Cluster B) were subjected to further analysis. 

(C) Plotting the percent of clustered cells versus the cluster density indicates that all six 

hydrogels induced a similar percentage of the cell population to form clusters but with 

variations in cluster density. Though cells in these hydrogel formulations were in a dormant 

state, four of the hydrogel formulations (darker blue cluster on the right) induced a 

significantly higher cell cluster density. (A-C) Each point represents a PEG-PQ hydrogel 

matrix with a specific PEG-RGDS and NVP concentration. Values represent average ± 

standard deviation. (D) Heat map of hydrogels categorized into four states based on a 

phenotype score ranging from 0.0 to 1.0 estimated from specific cellular metrics.
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Fig. 7: Reactivation of Dormant Tumor Cells.
(A) Representative maximum intensity z-projections from 3D image stacks of MDA-

MB-231s encapsulated in hydrogels with 0 mM PEG-RGDS and 0.0 mM NVP on day 0, 

activated with 10 mM PEG-RGDS on day 40 and cultured for 35 additional days. Top row: 

cells labeled with calcein AM (green: live cells) and ethidium homodimer (red: dead cells). 

Bottom row: cells labeled with EdU (red: proliferative cells) and Hoechst (cyan: nuclei). 

Scale bar = 100 μm. (B) Quantification of cell viability (green), proliferation (red) and (C) 

viable cell density over 75 days. Arrow indicates coupling of 10 mM PEG-RGDS. * 

indicates p<0.05. n=6 z-stacks from 3 hydrogels per condition. Values represent mean ± 

standard deviation.

Pradhan and Slater Page 35

Biomaterials. Author manuscript; available in PMC 2020 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 8: Proposed Scheme.
Based on physical and biochemical properties of the matrix, cancer cells can be directed 

toward one of four states: 1) high growth, 2) moderate growth, 3) single cell, restricted 

survival, dormancy, and 4) balanced survival dormancy. When cells are encapsulated within 

hydrogels with high degradability and high adhesivity, they are directed towards the high 

growth state. When the matrix degradability is slightly increased, or matrix adhesivity is 

decreased, they are restricted to a moderate growth state. In the complete absence of matrix 

adhesivity, cells are induced towards single cell, restricted survival, dormancy. When matrix 

degradability is further decreased, cells are restricted towards a balanced survival state (with 

low or high cluster density).
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