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Abstract 

Breast cancer is the leading cause of cancer deaths among females globally. The crosstalk between 

tumor microenvironment and neoplastic cells is the key for promoting tumor growth, stimulating 

tumor angiogenesis, and metastasis to distant organs. Thus, it is highly important to investigate 

tumor cell-matrix interactions to facilitate screening of different anti-cancer agents, individually 

or in combination. We, herein report, the development of an in vitro three-dimensional (3D) breast 

cancer model to investigate the effect of stromal crosslinking and consequent, stiffening on the 

angiogenic activity of cancer cells. Crosslinking of collagen gels was altered via non-enzymatic 

glycation and highly aggressive breast cancer cells, MDA-MB-231, were encapsulated in these 

gels. Cells encapsulated in glycated/stiffer matrices displayed an increased expression of pro-

angiogenesis-related signals. Inhibition of mechanotransduction pathways on the angiogenic 

activity of aggressive tumor cells in stiff matrices was investigated using Y-27632, blebbistatin, 

and cytochalasin D. Rho-associated kinase (ROCK) inhibitor, Y-27632, diminished the pro-

angiogenic signaling, thereby suggesting the potential dependence of breast cancer cells on the 

Rho/ROCK pathway in regulating tumor angiogenesis. Our findings highlight the potential of the 

developed model to be used as a tool to investigate matrix-associated tumor angiogenesis and 

screen different therapeutic agents towards inhibiting it. 
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Introduction 

Breast cancer is the most frequently diagnosed cancer and the leading cause of cancer death among 

females worldwide (1). When diagnosed early or at a localized stage, the five-year survival rate 

increases to 98% as compared to a 27% survival rate after metastases (2).  When tumors begin to 

grow beyond 1-2 mm3, the diffusion of nutrients and oxygen into the native tissue becomes 

insufficient to support the insatiable metabolic demands required for the continued growth and 

survival of the tumor cells (3). Consequently, the cells release a combination of angiogenic factors 

to recruit endothelial cells from neighboring blood vessels and induce the formation of new blood 

capillaries, not only to provide the cells with the necessary oxygen and nourishment required for 

the cells’ continued growth, but also to provide an avenue through which these cells can migrate 

and reach distant organs in the body (4). Therefore, angiogenesis, i.e. the formation of blood 

vessels from pre-existing vessels, becomes the rate-limiting step for tumors to grow and 

metastasize (5). Specifically, a change in the balance between regulatory pro- and anti- angiogenic 

factors, leading to the increase in the net stimulatory activity and the onset of angiogenesis, triggers 

metastatic tumor growth (6). 

Recent inquiries into tumor progression allude to the importance of microenvironmental 

cues in stimulating the aggressive phenotype of cancer cells (7, 8). As a major component of tumor 

microenvironment, extracellular matrix (ECM) is believed to play an important role in tumor 

development and metastasis (7, 8). The ECM is a complex network consisting of distinct 

macromolecules which result in a matrix with specific physical, biochemical, and mechanical 

properties (9). Together, these properties provide the structural support for the cellular components 

of tissues and pertain to the signaling mechanisms that determine the cell’s ability to sense and 

react to external mechanical forces, thereby actively regulating cell behavior and contributing to 



tumor progression (9-12).  Type I and IV collagen proteins are the most prevalent components of 

the ECM providing the main structural support for the interstitial matrix and the key component 

of the basement membrane, respectively (13, 14). Typically, tumor tissue undergoes continuous 

remodeling of the ECM, due to elevated production, deposition, and altered organization of 

collagen and related macromolecules, in tandem with increased metalloproteinase (MMP) activity 

(12). Cancer cells recognize the change in ECM crosslinking/increase in matrix stiffness and 

respond by generating increased traction forces on their surroundings through actomyosin and 

cytoskeleton contractility (15). This leads to a series of signaling cascades that regulate gene 

expression and result in enhanced cancer cell growth and migration and contribute to the invasive 

phenotype, commonly associated with tumors (16). 

Despite the importance of stroma remodeling/stiffening in tumor progression, how the 

microenvironmental cues are co-opted in the angiogenic response of the cancer cells remains 

unclear. In our previous studies, using mechanically tuned hydrogels we demonstrated that the 

matrix stiffening not only promotes cell proliferation and migration of the highly aggressive breast 

cancer cell line, MDA-MB-231, but it also correlates with higher levels of vascular endothelial 

growth factor (VEGF) expression (17). Another recent study has reported upregulated VEGF 

expression by hepatocellular carcinoma (HCC) cells when cultured on stiffer matrices (18). 

Together, these studies suggest the potential existence of a regulatory mechanotransduction 

pathway that may govern the angiogenic activity of tumor cells. We hypothesize that ECM 

remodeling leading to stiffening during tumor progression regulates the pro-angiogenic signaling 

of cancer cells and interruptions in the mechanotransductive pathway may have a therapeutic 

potential in disrupting vascularization and slowing tumor progression.  



In our study, collagen-based matrices were prepared to develop 3D breast cancer model for 

studying matrix-dependent angiogenic activity of cancer cells. We used a non-enzymatic glycation 

approach to increase crosslinking and consequently, the stiffness of the gels while keeping the 

collagen density constant. Aggressive breast cancer cells, MDA-MB-231, were encapsulated 

within these gels and the release of angiogenic factors was profiled.  Further, to validate the 

developed model, the efficacy of inhibitors, targeting different mechanotransduction pathways, in 

impairing the angiogenic signaling of cancer cells was studied.  

 

Materials and Methods 

2.1 Materials 

Rat tail high concentration collagen type I was obtained from Corning (Bedford, MA). Sodium 

hydroxide, fluorescein isothiocyanate-dextran of 150K MW (FITC-dextran), sodium acetate, 

cysteine hydrochloride, sodium phosphate monobasic, sodium phosphate dibasic, papain 

suspension, cytochalasin D, and (-)-blebbistatin were procured from Sigma Aldrich (St. Louis, 

MO). Y-27632 and Na2EDTA were purchased from EMD Millipore (Kankakee, IL). Dulbecco’s 

Phosphate Buffer Saline (DPBS), RPMI Medium 1640, Penicillin-Streptomycin (Pen Strep), 

0.25% Trypsin-EDTA, fetal bovine serum (FBS), and collagenase Type I were acquired from 

Gibco by Life Technologies (Grand Island, NY). D-(-)-Ribose, Hoechst 33342, and Alexa FluorTM 

488 phalloidin were obtained from Thermofisher Scientific (Waltham, MA).  AlamarBlueTM cell 

viability reagent was purchased from Invitrogen by Thermo Fisher Scientific (Eugene, OR). 

Acetone, methanol, and glacial acetic acid were acquired from Fisher Chemical (New Jersey). 

Endothelial cell basal medium-2 (EBM-2) and EGM-2 SingleQuots growth factors were obtained 

from Lonza (Walkersville, MD). 



2.2 Fabrication of Collagen gels 

To fabricate mechanically tunable gels without altering the protein concentration, non-enzymatic 

pre-glycation of collagen, known as Maillard reaction, was carried out as described earlier (19). 

Briefly, collagen stock solutions were mixed with 500 mM ribose to form glycated collagen 

solutions with a final concentration of 0, 50, 100, 200, and 250 mM ribose in 0.02N acetic acid 

and incubated for 5 days at 4℃ (19). Following pre-glycation, collagen gels were fabricated 

according to the manufacturer’s protocol. Briefly, glycated collagen solutions were neutralized 

with 1M sodium hydroxide (NaOH) in 10X DPBS and diluted with distilled water. Collagen gels 

were formed by adding 250 µL of the neutralized solution to the wells of a 48-well plate and 

allowed to cross-link for 30 minutes in an incubator at 37℃ to form gels with a final collagen 

concentration of 1.5 mg/mL. 

2.3 Characterizations of Collagen gels 

2.3.1 Degradation 

To measure the rate of collagen gel degradation, the samples were incubated in 2.5 units/mL 

collagenase type I solution on a rotator shaker at room temperature. The weights of the gels were 

measured each day for 10 days, consecutively. The degradation ratio was calculated by 

normalizing the weights of the samples at each day to the weights of the samples on the day of 

fabrication. 

2.3.2 Swelling Ratio 

To measure the swelling ratio (Qm) of the collagen gels, the samples were incubated in DPBS for  

72 h on a rotator shaker at room temperature following gel formation. The weights of the hydrated 

gels were measured (Wwet). The hydrogels were then dried at 37℃ overnight, and their weights 



(Wdry) were measured. The swelling ratio of the hydrogels was then calculated using the following 

equation: 

𝑄𝑄𝑚𝑚 =
𝑊𝑊𝑤𝑤𝑤𝑤𝑤𝑤

𝑊𝑊𝑑𝑑𝑑𝑑𝑑𝑑
 

2.3.3 Diffusion 

To measure the rate of diffusion of macromolecules from the gels, FITC-dextran molecules of 

150KDa MW were added to the neutralized collagen gel solution at a concentration of 50 µg/mL 

(w/v), and the collagen gels were fabricated after incubation for 30 min at 37℃. The gels were 

washed and incubated in DPBS for seven days. Each day, the buffer solution containing the 

diffused molecules was collected and replaced with 500 µL of fresh DPBS. The fluorescence 

intensity for each sample was measured using SpectraMax M3 Multi-Mode Microplate Reader at 

excitation/emission wavelengths 495/519 nm. The diffusive release was calculated as a percentage 

using the following equation: 

 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 (%) = 100 × 
𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑜𝑜𝑜𝑜 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑒𝑒𝑒𝑒𝑒𝑒ℎ 𝑑𝑑𝑑𝑑𝑑𝑑 (𝑔𝑔)

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑜𝑜𝑓𝑓 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑖𝑖𝑖𝑖 𝑡𝑡ℎ𝑒𝑒 𝑔𝑔𝑔𝑔𝑔𝑔 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑤𝑤𝑤𝑤𝑤𝑤ℎ (𝑔𝑔)
 

The release data of dextran was mathematically fitted to the following kinetic models: zero-order, 

first-order, and Higuchi model. The best fit was evaluated from the correlation co-efficient. 

Additionally, to determine the mechanism of macromolecule release through the collagen gels,  

the release data was fitted to Korsmeyer-Peppas model:  

 𝐹𝐹 =
𝑀𝑀𝑡𝑡

𝑀𝑀0
= 𝑘𝑘𝑡𝑡𝑛𝑛  

where F is the fractional release of the molecule, Mt is the amount of dextran diffused at any time, 

M0 is the total initial amount of dextran that was encapsulated within the gels, k is the 

kinetic constant, t is time, and n is the diffusional exponent. Where n ≤ 0.5, the transport of 

macromolecules can be defined by Fick’s diffusion alone. Where 0.5 > n ≤ 0.9, the transport of 



molecules is governed by both diffusion and polymer relaxation/erosion, and for n > 0.9, polymer 

relaxation/erosion define the release of molecules. The data fitting was carried out for 𝑀𝑀𝑡𝑡
𝑀𝑀0

= 60%. 

At least three independent experiments were performed with five replicates per experiment. 

2.3.4 Scanning Electron Microscope 

Collagen gels were dried overnight at 50℃. The dried samples were subjected to gold sputtering 

for 7 seconds. Images of the collagen fibers and pores were then captured using Zeiss scanning 

electron microscope (LEO 1455 VP).  

2.4 Cell Culture and Angiogenic Activity 

Highly invasive breast cancer cells (MDA-MB-231) were purchased from American Type Culture 

Collection (ATCC) and expanded in RPMI 1640 Medium supplemented with 10% (v/v) fetal 

bovine serum (FBS) and 1% (v/v) penicillin-streptomycin. Human umbilical vein endothelial cells 

(HUVECs) were obtained from (ATCC) and expanded in endothelial cell nasal medium-2 (EBM-

2) supplemented with 1% (v/v) penicillin-streptomycin and EGM-2 SingleQuot (containing FBS, 

hydrocortisone, hFGF, VEGF, R3-IGF-1, ascorbic acid, hEGF, GA-100, and heparin). Cells were 

cultured and incubated at 37℃ and 5%  CO2. In this study, MDA-MB-231 and MCF-7 cells were 

used up to passage 7. HUVECs were used up to passage 6. 

2.4.1 Cell Proliferation 

Following detachment from the flasks using 0.25% Trypsin-EDTA, resuspended cancer cells were 

incorporated into the collagen gels by adding the cells to neutralized collagen solutions at a density 

of 12.5 x 104 cells/gel and incubated in 300 µL of serum-free media at 37 ℃ and 5%  CO2 after gel 

formation. Collagen gels were collected and frozen immediately after gels were formed, and again 

after 2, 4, and 6 days. The collected samples were digested with papain solution at 37 ℃ for 3 h. 

The papain solution was created by dissolving 0.1M sodium acetate, 0.01M Na2EDTA, and 



0.005M cysteine hydrochloride in 0.2M sodium phosphate buffer (consisting of sodium phosphate 

monobasic and sodium phosphate dibasic) and adding papain suspension. Cell proliferation was 

assessed using Quant-iT™ dsDNA High-Sensitivity Assay Kit (Thermo Fisher, USA). The 

fluorescence intensity was then measured using SpectraMax M3 Multi-Mode Microplate Reader 

at excitation/emission wavelengths 480/530 nm. Cell proliferation over time was calculated as a 

percentage by dividing the fluorescence intensity of the gels at each day over the day of fabrication 

using the following equation: 

𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺ℎ (%) = 100 ×
𝑅𝑅𝑅𝑅𝑅𝑅𝐴𝐴𝐴𝐴𝐴𝐴 𝐷𝐷𝐷𝐷𝐷𝐷

𝑅𝑅𝑅𝑅𝑅𝑅𝐷𝐷𝐷𝐷𝐷𝐷 0
 

The data was collected from at least three-independent experiments, each of which was carried out 

in three replicates. 

2.4.2 Immunostaining 

Cancer cells incorporated into collagen gels at a cell density of 2.5 x 104 cells/gel were stained 

with 1% (v/v) Hoechst 33342 dye for 5 min. The cells were then fixed and permeabilized with 1:1 

acetone:methanol solution at -20℃ for 20 min. The cells were then blocked with 5%  (w/v) BSA 

solution for 1 h, washed with 1X DPBS three times, and incubated with 2.5% (v/v) Alexa Fluor 

488-phalloidin antibody for 1 h at 37℃. Following which, the cells were washed three times with 

1X DPBS, and images were captured using Olympus laser scanning confocal microscope (FV 

1200) to visualize the actin arrangement of the cell. 

2.4.3 Quantification of released angiogenic-related factors  

To quantify the release of angiogenic factors by cancer cells as a function of microenvironment, 

cells were encapsulated within collagen gels at a density of 12.5 x 104 cells/gel in 48 well plates 

and incubated in serum-free media. Four days post-fabrication, the spent media was collected and 

concentrated using Vivaspin 2 (2000 MWCO) centrifugal concentrators. Angiogenic molecules in 



the media were measured via Proteome ProfilerTM Human Angiogenesis Array from R&D 

Systems. Bio-Rad Molecular Imager with ChemiDoc XRS+ Imaging System was used to image 

the membranes and the average intensity of each angiogenic factor was measured using the Image 

Lab Software (Version 4.1).  The angiogenesis array was run two times. 

2.4.4 Proliferation of HUVECs  

HUVECs were seeded in 96 well plates at a density of 1 x 104 cells/well and incubated in the 

presence of concentrated media (collected from encapsulated cancer cells after 4 days) containing 

released angiogenic factors at 37℃ and 5%  CO2. Cells incubated in endothelial cell growth media 

and serum-free RPMI media served as the positive and negative controls, respectively. After 48 h 

of incubation, AlamarBlue cell viability reagent was added to fresh media and allowed to incubate 

for 3.5 h at 37℃ and 5%  CO2, and the fluorescence intensity was then measured using SpectraMax 

M3 Multi-Mode Microplate Reader at excitation/emission wavelengths 570/595 nm. Cell growth 

was then calculated as a percentage using the equation below: 

𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺ℎ (%) = 100 𝑥𝑥 
(𝑅𝑅𝑅𝑅𝑅𝑅𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 − 𝑅𝑅𝑅𝑅𝑅𝑅𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏)

𝑅𝑅𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
 

 

The data was collected from at least three independent experiments with three replicates per 

experiment. 

2.5 Inhibition of Mechanotransduction Pathways 

Cancer cells were encapsulated within glycated (stiff) collagen gels at a density of 12.5 x 104 

cells/gel and incubated in serum-free media for 48 h at 37℃ and 5%  CO2. Following which, serum-

free media containing either 10µM of Y-27632, 50 µM of Blebbistatin, or 1µM of Cytochalasin 

D, inhibitors targeting different mechanotransduction pathways, were added to the cells for 48 h. 

Cells incubated in serum-free media without any inhibitors served as the control. The viability of 



the cells was assessed using AlamarBlueTM Cell Viability Reagent to ensure that the inhibitors 

were not toxic to the cells. Following incubation for 48 h, the media was collected, concentrated, 

and the profile of the released angiogenic factors was assessed via Proteome ProfilerTM Human 

Angiogenesis Array from R&D Systems.  

2.6 Statistical Analysis  

All experiments were conducted at least in triplicates and repeated three times. The data represents 

the mean ± S.E.M of three independent experiments. Statistical analyses were carried out using 

one way ANOVA with post-hoc Tukey HSD test. Differences between two sets of data were 

considered significant at p-value < 0.05. 

Results  

Non-enzymatic glycation is carried out through the Maillard reaction, where the aldehyde group 

on reducing sugars reacts with amino groups on collagen. The reaction produces a Schiff base 

which forms Amadori products that eventually form glycation end products. The accumulation of 

these end products in tissues results in a change in their mechanical and biochemical properties, as 

observed in conditions such as aging and diabetes (19). 

3.1 Fabrication and Characterization of Collagen Hydrogels 

The crosslinking of the collagen hydrogels was altered via non-enzymatic pre-glycation of 1.5 

mg/mL collagen with 250 mM ribose. The alteration of crosslinking via increase in ribose 

concentration had been demonstrated to increase the compressive modulus of the hydrogels from 

approximately 175 Pa (non-glycated) to 730 Pa (glycated with 250 mM ribose) (20). In this study, 

the integrity of the collagen gels was assessed by measuring enzymatic degradation profiles in the 

presence of collagenase. Over the 10-day period, a decrease in the normalized weights of the gels 

was observed, irrespective of ribose treatment (Fig 1A). This decrease in weights corresponded to 



their degradation in presence of collagenase. However, all the gels retained their physical integrity 

over the course of the 10 days indicating that the pre-glycation has no effect on the integrity of the 

gels (p-value > 0.05). 

 The effect of pre-glycation treatment on the swelling ratio of the collagen gels was also 

investigated. The swelling ratio of the gels decreased from 73.8 ± 10.9 (collagen gels without 

ribose treatment) to 49.6 ± 6.5 (collagen treated with 250 mM ribose), although the change was 

not significant different (p-value > 0.05). In addition, the internal microstructure of the collagen 

gels was also studied using scanning electron microscopy. The ribose treatment resulted in more 

prominent and larger/thicker collagen fibers (Fig 1B) possibly due to aggregation resulting from 

Maillard reaction. Our observations are in agreement with earlier studies (20). Considering that 

collagen concentration and consequently, cell-adhesive sites are same for non-glycated as well as 

the glycated gels, thicker fibers suggest enhanced local cell adhesion sites (21). To assess whether 

non-enzymatic pre-glycation altered the free volume available for transport of macromolecules 

across the hydrogels, the macromolecular release kinetics was investigated. For the purpose, 

collagen disks (with or without incubation with 250 mM ribose) were fabricated encapsulating 

FITC-conjugated (150kDa) dextran. Figure 1C demonstrates no significant difference in the 

cumulative release (% release) of dextran over a span of 7 days as a function of ribose treatment. 

The release data were fitted to various kinetic models. Higuchi and Korsemeyer-Peppas 

models/equations fitted better, as manifested from the correlation coefficients (Table 1), 

irrespective of collagen glycation. Further, the average values of diffusional exponent (n) for the 

collagen gels, obtained from Korsemeyer-Peppas model, were found to be greater than 0.5, but 

less than 0.9 (Table 1), thereby suggesting that the transport of macromolecules across the gels is 

via, non-Fickian or anomalous transport. This refers to a combination of both, diffusion as well as 



polymer relaxation/erosion. No significant difference (p-value > 0.05) in dextran release profile 

from either of the collagen hydrogels indicates that ribose treatment did not affect the transport of 

macromolecules. Taken together, these studies highlight that pre-glycation altered the crosslinking 

and mechanical properties of the gels without impacting the integrity or swelling ratio of collagen 

matrices. This further suggests that any difference observed in cellular behavior/secretory 

activities will be primarily due to altered cell-matrix interactions resulting from altered ECM 

crosslinking. 

3.2 Effect of Matrix Stiffness on Cancer Cell Behavior  

To study the impact of ECM crosslinking and subsequent stiffening on cellular behavior, highly 

invasive breast cancer cells (MDA-MB-231) were encapsulated within collagen gels of varying 

pre-glycation. DNA quantification was used to assess the cell proliferation 2-, 4-, and 6-days post 

encapsulation. As observed in Fig 2A, cells remained viable and an increase in cell growth was 

observed irrespective of gel glycation compared to day 0 (p-value < 0.05). Moreover, no difference 

in cell growth was observed between glycated and non-glycated gels (p-value> 0.05) indicating 

collagen glycation does not impact the proliferative potential of the cancer cells. 

 To assess whether modulating collagen crosslinking/gel stiffness caused any 

morphological changes of cancer cells, four days post-fabrication, the F-actin cytoskeleton of 

MDA-MB-231 cells was stained by Alexa Fluor 488 conjugated phalloidin antibody.  The confocal 

images (Fig 2B) demonstrated primarily round cells with very few cells with invadopodia in the 

non-glycated gels. On the other hand, in case of glycated gels, the cells with invadopodia were the 

majority with very few displaying a round or blebbing phenotype.  

3.3 Effect of Matrix Stiffness on Angiogenesis 



To investigate how collagen glycation/gel stiffness influences the release of angiogenic factors by 

the cancer cells, four days post-fabrication, the conditioned media was collected and the 

angiogenic molecules were measured via Proteome Profiler Human Angiogenesis. The release of 

pro-angiogenic molecules by MDA-MB-231 cells encapsulated within collagen gels treated with 

250 mM ribose was compared with those encapsulated with collagen gels without treatment with 

ribose (0 mM) (Fig 3A). As observed, glycated (stiffer) gels stimulated angiogenic signaling of 

the cancer cells as manifested from enhanced secretion of pro-angiogenesis related factors.  In 

addition, multiple pro-angiogenesis factors including angiogenin, angiopoietin-1, CXCL16, EGF, 

EG-VEGF, endoglin, FGF acidic, FGF basic, FGF-4, FGF-7, HGF, Leptin, MCP-1, MMP-8, 

PDGF-AA, PDGF-AB/PDGF-BB, PIGF, VEGF-C were released only when the cells were 

encapsulated within glycated/stiffer gels. On the other hand, comparison of secretion of anti-

angiogenic molecules revealed no drastic difference in the secretory signatures of cancer cells 

when matrix crosslinking/stiffness was altered (Fig 3B). Few anti-angiogenesis factors including 

ADAMTS-1, angiostatin/plasminogen, endostatin/collagen XVIII, platelet factor 4, serpin B5, and 

vasoinhibin were released only by cells encapsulated within the stiffer gels, albeit the expression 

level was very low. Further, for quantitative analysis of angiogenic signaling of MDA-MB-231 

cells, the signal intensities of the pro-angiogenic factors released by the cells encapsulated within 

glycated gels were normalized with respect to the non-glycated gels. The expression levels of 

multiple pro-angiogenic molecules including activin A, amphiregulin, artemin, IL-1β, persephin, 

uPA, and VEGF were upregulated (normalized values > 1.5) (Fig 3C) whereas the expression 

levels of anti-angiogenic molecules remained unchanged (0.5 < normalized values < 1.5) (Fig 3D).  

To study the effect of this angiogenic cocktail on the proliferation of endothelial cells, 

conditioned media was collected 4 days post-encapsulation of MDA-MB-231 cells within collagen 



gels. HUVECs were seeded at a density of 1 x 104 cells/well in 96 well plates in the presence of 

conditioned media, and their cell growth was assessed using Alamar Blue Cell Viability Reagent. 

HUVECs cultured in presence of supplemented endothelial cell growth media and serum-free 

RPMI media acted as the positive and negative controls, respectively. To quantitatively assess the 

effect of conditioned media on growth of HUVECs, proliferation of cells was normalized with 

respect to cells incubated in supplemented endothelial cell media. Figure 3E shows an increase in 

growth of endothelial cells in the presence of conditioned media collected from MDA-MB-231 

cells incubated in the stiffer gel.  

3.6 Effect of Mechanotransduction Inhibitors on Angiogenesis 

The impact of inhibition of mechanotransduction pathways on angiogenic activity of cancer cells 

was explored. Towards this goal, 10 µM Y-27632, 50 µM blebbistatin, and 1 µM cytochalasin D 

were added to aggressive breast cancer cells embedded within stiff collagen matrices. Y-27632 is 

a widely used Rho/ROCK inhibitor that binds to the catalytic site of these kinases thereby 

inhibiting their activity and the formation of stress fibers (22). Blebbistatin is a myosin II inhibitor 

that binds to the myosin-ADP-Pi complex and interferes with the phosphate release process, 

thereby preventing proper crosslinking of actomyosin (23). Cytochalasin D is a widely used actin 

inhibitor that inhibits both the polymerization and depolymerization of actin subunits by binding 

to actin filament ends (24). After 48 h of incubation with the inhibitors, the serum-free media was 

collected and assessed for the released angiogenic factors. Figure 4A shows the normalized signal 

intensities of the factors released by cells from gels in presence of inhibitors with respect to those 

released in the absence of inhibitors. Y-27632, downregulated the expression of multiple 

molecules including angiogenin, angiopoietin-1, amphiregulin, artemin, FGF acidic, GDNF, GM-

CSF, IGFBP-1, IL-1β, MIP-1a, MMP-8, PD-ECGF, PDGF-AA, PDGF-AB/BB, uPA, VEGF (pro-



angiogenic factors) (Fig 4A). On the other hand, in the presence of blebbistatin and cytochalasin 

D, the expression of the angiogenic factors primarily remained unchanged; however, secretion of 

few factors including IL-8, MIP-1a, and PD-ECGF was upregulated. The cell viability was tested 

to assess whether the alteration in angiogenic signaling is due to the cytotoxicity of the 

pharmacological inhibitors. However, no difference in the viability of the cells incubated in the 

presence of different inhibitors was observed when compared to those incubated in the absence of 

inhibitors (Fig 4B). This suggests that differential expression of angiogenesis-related factors by 

MDA-MB-231 in the presence of pharmacological inhibitors can be attributed only to the 

inhibition of mechanotransduction events. 

Discussion 

Recent studies attempting to better understand the factors influencing tumor progression have 

drawn attention to components of the tumor microenvironment, specifically the ECM. The 

continuous remodeling of the ECM contributes to a stiffer matrix in tumor tissue, thereby 

activating signaling pathways that stimulate tumor progression through increased cell proliferation 

and migration (16). However, little is known about how this increased stiffness affects the 

signaling pathways that control the angiogenic activity of cancer cells. Breast tissue, considered a 

soft tissue under physiological conditions, stiffens markedly with tumor development leading to 

alteration in the micro-environmental physical forces (25, 26). In this current study, we sought to 

understand how this matrix stiffening alters the pro-angiogenic activity of cancer cells and whether 

inhibition of mechanotransduction permit regulating their stiffness-dependent secretory activity. 

Towards this goal, we developed 3D scaffolds of varying compliances (175 kPa and 730 kPa) 

using a non-enzymatic pre-glycation approach. The highly aggressive breast cancer cells (MDA-

MB-231) were encapsulated in the collagen gels and the angiogenesis-related factors secreted by 



the cells were profiled. The increase in stiffness translated to the expression of multiple pro-

angiogenic factors that were not expressed by the cells encapsulated in the compliant gels 

(angiogenin, angiopoietin-1, FGF acidic, basic, FGF-4, and FGF-7, PDGF, CXCL16, EGF, EG-

VEGF, Endoglin, HGF, Leptin, MCP-1, MMP-8, PDGF-AA, PIGF, VEGF-C ) along with an 

upregulation of several pro-angiogenic factors that were expressed in both including activin A, 

amphiregulin, artemin, IL-1β, persephin, uPA, and VEGF. Our observations are consistent with 

other studies (17, 27-29) that demonstrated matrix-stiffness dependent alteration of angiogenic 

signaling of different cell lines.  Our earlier studies have demonstrated that human bone marrow 

derived MSCs prefer matrices of optimal stiffness for maximal expression of VEGF (27). On the 

other hand, human dermal fibroblasts exhibited a preference for compliant matrices for optimal 

angiogenic activity (28). Similarly, the matrix-stiffening mediated enhanced secretion of 

angiogenic factors by lung cancer cells as well as breast cancer cells (17, 29).  

In tumors, VEGF is secreted by cancer cells and surrounding stroma and contributes to 

tumor progression and invasion, increased blood vessel density, and metastasis (30, 31). Moreover, 

VEGF and PDGF both play a role in inducing intussusceptive angiogenesis, a process found in 

many cancers including breast cancer (30). The upregulation of MMP (matrix metalloproteinase) 

and uPA (urokinase plasminogen activator) in the stiffer matrices is of key significance as they 

have been shown to modulate VEGF-mediated cell invasion by degrading the basal membrane and 

extracellular matrix and allowing endothelial cells to migrate and form sprouts (30, 32). FGF has 

been shown to not only play a role in tumor angiogenesis, but also have a role in initiation or 

promotion of tumorigenesis (33). Angiogenin, which was only expressed by cells in the stiffer 

matrix promotes tumoral growth and angiogenesis (34), and angiopoietin-1 stimulates vessel 

maturation and their stabilization (30). Leptin, the hunger-inhibiting hormone, was also expressed 



only by the cells encapsulated in the stiffer matrix, and studies have highlighted its role in breast 

carcinogenesis as it affects ER signaling and aromatase activity (35-37). In our study, 

amphiregulin, which is an EGF-related peptide, was overexpressed by highly aggressive MDA-

MB-231 cancer cells encapsulated in stiffer matrices. This is consistent with other studies where 

the frequency and levels of amphiregulin expression are generally higher in invasive breast tumors 

than in localized carcinoma or in normal breast tissue (38).  

 Earlier studies have shown that the altered mechanical cues from the microenvironment 

enhance integrin clustering and recruitment of focal adhesion proteins and subsequently alter 

cytoskeletal organization (12, 39). In this study, we observed formation of actin-based protrusion 

of plasma membranes when MDA-MB-231 cells were encapsulated within the glycated/stiffer 

gels, thereby suggesting that the differential secretory responses of MDA-MB-231 cells may be 

partly related to the cell contractility or cytoskeletal reorganization. The local interactions between 

F-actin, myosin filaments, and various crosslinking proteins govern force generation, dynamics, 

and reorganization of the intracellular cytoskeleton. The cytoskeleton is responsible for many 

essential cellular functions including migration, adhesion, and mechanotransduction (40). We 

utilized different mechanotransduction inhibitors to evaluate their effect on angiogenic signaling 

of cancer cells. Our study demonstrated that ROCK inhibitor, Y-27632, downregulated the 

expression of the pro-angiogenic factors, suggesting the involvement of ROCK signaling pathway 

in the stiffness-dependent pro-angiogenic signaling of MDA-MB-231 cells. On the contrary, 

blebbistatin and cytochalasin D did not influence the expression of most of the pro-angiogenic 

molecules and upregulated the expression of few. Although this was somewhat unexpected, we 

anticipate that different mechanisms by which actin filament disruptors and the Rho kinase 

inhibitor affect the cytoskeleton may play a role in the angiogenic activity of the cancer cells. Y-



27632 is a specific inhibitor of ROCK activity. As a major effector of RhoA, ROCK modulates 

actin cytoskeleton organization, stress fiber formation, and smooth muscle contraction via 

phosphorylation of myosin light chain (MLC) and LIM kinase (LIMK) and has been associated 

with matrix-stiffness induced mechanotransduction (22). Blebbistatin selectively inhibits non-

muscle myosin II in an actin-detached state (23) thereby inhibiting ATP-binding required for motor 

activity and actin cross-linking, independently of MLC phosphorylation (41). On the other hand, 

cytochalasin D inhibits actin polymerization and induces depolymerization of actin filaments (24). 

Our data show that neither the inhibition of non-muscle myosin II nor the inhibition of actin 

polymerization govern the pro-angiogenic signaling of MDA-MB-231 cells. Instead, we show that 

the angiogenic activity of the breast cancer cells is dependent on the activation of Rho/ROCK 

pathway. Our study implies that stromal crosslinking influences the paracrine signaling of cancer 

cells and inhibiting the ability of the cells to sense the alteration of matrix stiffness may decrease 

their angiogenic activity. The model, thus developed, can be a powerful tool in identifying agents 

capable of interrupting the mechanotransduction pathways that can potentially regulate tumor 

angiogenesis. Further modifications via inclusion of endothelial cells as well as pericytes to obtain 

a more physiologically relevant model may permit screening of anti-angiogenic agents, 

individually or in combination of mechanotransduction inhibitors.  

Conclusion 

Identification of new signaling hubs regulating angiogenic signaling of cancer cells will permit 

development of novel therapeutic interventions. In this study, the tumor model with varying matrix 

crosslinking/stiffness was developed to investigate the influence of matrix stiffness in guiding pro-

angiogenic signaling of breast cancer cells and the potential of the model to screen the inhibitors 

of mechanotransduction pathways that can regulate angiogenic activity of cancer cells. Our study 



demonstrated matrix-dependent upregulation of angiogenic activity of breast cancer cells and that 

inhibition of mechanotransduction pathway, especially via interruption of Rho/ROCK pathway via 

Y-27632 abated their angiogenic potential. The study highlights that the tumor model can be used 

for studying the effect of microenvironment on cancer cell behavior/characteristics and for 

screening newly developed or existing anti-angiogenic agents, individually or in presence of 

interrupters of mechanotransduction pathways.  
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Figure Captions 

Figure 1. (A) Degradation of non-glycated and glycated collagen gels monitored over 10 days. Error bar 

S.E.M (N=3). (B)Scanning electron microscope images of collagen network. (C) Percentage of dextran 

released from collagen gels (0 mM and 250 mM) over 7 days. Inset shows the release of dextran at early 

time points. Error bar S.E.M (N=3). 

Figure 2. MDA-MB-231 cancer cells were encapsulated in soft (0 mM) and stiff (250 mM) collagen 

matrices, and the impact of matrix mechanics on proliferation and morphology was investigated. (A) 

Proliferation of MDA-MB-231 cells in glycated and non-glycated gels was assessed after 2, 4, and 6 days 

and compared to the day of fabrication. Error bar S.E.M (N=3) (*p-value<0.05 in comparison to day 0). 

(B) The confocal images of the cells displaying the arrangement of actin fibers (green). Hoechst 33342 

(blue) stained the nuclei of the cells. The scale bar corresponds to 50 µm. 

Figure 3. Effect of matrix stiffness on angiogenic activity of MDA-MB-231 cells. The mean pixel density 

of (A) pro-angiogenic factors and (B) anti-angiogenic factors released by MDA-MB-231 cells 

encapsulated in non-glycated (0 mM ribose) and glycated (250 mM ribose) collagen gels assayed via 

Angiogenesis Proteome Profiler. (C-D). The expression of angiogenesis-related factors released by MDA-

MB-231 encapsulated within glycated gels was normalized with respect to those released from non-

glycated gels. The normalized expression of (C) pro-angiogenic factors and (D) anti-angiogenic factors. 

The closely dashed and widely dashed lines corresponds to the relative expression of 0.5 and 1.5, 

respectively. (E) The proliferation of HUVECs in the presence of conditioned media collected at Day 4 

was normalized with respect to that in presence of HUVECs media (control). Error bar S.E.M (N=3). 

Figure 4. Effect of mechanotransduction inhibitors on angiogenic signaling of MDA-MB-231 

encapsulated in stiff (250 mM) collagen gels. (A) The normalized expression of pro-angiogenic factors in 

the presence of inhibitors relative to the signals released by cells in the absence of inhibitors. (B) The cell 

viability of MDA-MB-231 cells incubated with and without inhibitors was not affected. 
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Table 1.  Comparison of correlation coefficients for different kinetic models and diffusion exponent as a 

function of collagen glycation. 

Ribose 
Concentration 

Zero-
order First Order Higuchi 

Model 
Korsemeyer-
Peppas model 

Diffusion 
exponent 

0 mM 0.8147  0.5774 0.9933 0.9843 0.567838 ± 
0.031 

250 mM 0.8399 0.6119 0.9984 0.9919 0.627931 ± 
0.009 

 

 

 

 

 

 

 

 

 

 

 




