










Biomimetic Poly(ethylene glycol)-based Hydrogels as a 3D Tumor Model for Evaluation 

of Tumor Stromal Cell and Matrix Influences on Tissue Vascularization 

 

by 

Saniya Ali 

Department of Biomedical Engineering 

Duke University 

 

Date:_______________________ 

Approved: 

 

___________________________ 

Jennifer L. West, Supervisor 

 

___________________________ 

Brenton D. Hoffman 

 

___________________________ 

Bruce Klitzman 

 

___________________________ 

William M. Reichert 

 

___________________________ 

George A. Truskey 

 

Dissertation submitted in partial fulfillment of 

the requirements for the degree of Doctor 

of Philosophy in the Department of 

Biomedical Engineering in the Graduate School 

of Duke University 

 

2015 

 

 









 

ABSTRACT 

Biomimetic Poly(ethylene glycol)-based Hydrogels as a 3D Tumor Model for Evaluation 

of Tumor Stromal Cell and Matrix Influences on Tissue Vascularization 

 

by 

Saniya Ali 

Department of Biomedical Engineering 

Duke University 

 

Date:_______________________ 

Approved: 

 

___________________________ 

Jennifer L. West, Supervisor 

 

___________________________ 

Brenton D. Hoffman 

 

___________________________ 

Bruce Klitzman 

 

___________________________ 

William M. Reichert 

 

___________________________ 

George A. Truskey 

 

Dissertation submitted in partial fulfillment of 

the requirements for the degree of Doctor 

of Philosophy in the Department of 

Biomedical Engineering in the Graduate School 

of Duke University 

 

2015 

 







 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Copyright by 

Saniya Ali 

2015 

 







iv 

Abstract 

To this day, cancer remains the leading cause of mortality worldwide1. A major 

contributor to cancer progression and metastasis is tumor angiogenesis. The formation 

of blood vessels around a tumor is facilitated by the complex interplay between cells in 

the tumor stroma and the surrounding microenvironment. Understanding this interplay 

and its dynamic interactions is crucial to identify promising targets for cancer therapy. 

Current methods in cancer research involve the use of two-dimensional (2D) monolayer 

cell culture. However, cell-cell and cell-ECM interactions that are important in 

vascularization and the three-dimensional (3D) tumor microenvironment cannot 

accurately be recapitulated in 2D. To obtain more biologically relevant information, it is 

essential to mimic the tumor microenvironment in a 3D culture system. To this end, we 

demonstrate the utility of poly(ethylene glycol) diacrylate (PEGDA) hydrogels modified 

for cell-mediated degradability and cell-adhesion to explore, in 3D, the effect of various 

tumor microenvironmental features such as cell-cell and cell-ECM interactions, and 

dimensionality on tumor vascularization and cancer cell phenotype.  

In aim 1, PEG hydrogels were utilized to evaluate the effect of cells in the tumor 

stroma, specifically cancer associated fibroblasts (CAFs), on endothelial cells (ECs) and 

tumor vascularization. CAFs comprise a majority of the cells in the tumor stroma and 

secrete factors that may influence other cells in the vicinity such as ECs to promote the 

organization and formation of blood vessels. To investigate this theory, CAFs were 
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isolated from tumors and co-cultured with HUVECs in PEG hydrogels.  CAFs co-

cultured with ECs organized into vessel-like structures as early as 7 days and were 

different in vessel morphology and density from co-cultures with normal lung 

fibroblasts. In contrast to normal lung fibroblasts (LF), CAFs and ECs organized into 

vessel-like networks that were structurally similar to vessels found in tumors. This work 

provides insight on the complex crosstalk between cells in the tumor stroma and their 

effect on tumor angiogenesis. Controlling this complex crosstalk can provide means for 

developing new therapies to treat cancer. 

In aim 2, degradable PEG hydrogels were utilized to explore how extracellular 

matrix derived peptides modulate vessel formation and angiogenesis. Specifically, 

integrin-binding motifs derived from laminin such as IKVAV, a peptide derived from 

the α-chain of laminin and YIGSR, a peptide found in a cysteine-rich site of the laminin 

β chain, were examined along with RGDS. These peptides were conjugated to 

heterobifunctional PEG chains and covalently incorporated in hydrogels. The EC tubule 

formation in vitro and angiogenesis in vivo in response to the laminin-derived motifs 

were evaluated.  

Based on these previous aims, in aim 3, PEG hydrogels were optimized to 

function as a 3D lung adenocarcinoma in vitro model with metastasis-prone lung tumor 

derived CAFs, HUVECs, and human lung adenocarcinoma derived A549 tumor cells. 

Similar to the complex tumor microenvironment consisting of interacting malignant and 
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non-malignant cells, the PEG-based 3D lung adenocarcinoma model consists of both 

tumor and stromal cells that interact together to support vessel formation and tumor cell 

proliferation thereby more closely mimicking the functional properties of the tumor 

microenvironment. The utility of the PEG-based 3D lung adenocarcinoma model as a 

cancer drug screening platform is demonstrated with investigating the effects of 

doxorubicin, semaxanib, and cilengitide on cell apoptosis and proliferation. The results 

from drug screening studies using the PEG-based 3D in vitro lung adenocarcinoma 

model correlate with results reported from drug screening studies conducted in vivo. 

Thus, the PEG-based 3D in vitro lung adenocarcinoma model may serve as a better tool 

for identifying promising drug candidates than the conventional 2D monolayer culture 

method.

























vii 

Dedication 

Bismillah hir-Rahman nir-Rahim. I would like to dedicate this thesis to my dad 

and mom, Dr. Amir Ali and Mrs. Shireen Ali, who have always inspired me to think 

outside of the box, innovate, and strive for excellence. Thank you for instilling in me 

good values of honesty, faith, and hard work. This would not have been possible 

without your support and prayers.







viii 

Contents

Abstract ......................................................................................................................................... iv 

List of Figures .............................................................................................................................. xii 

Acknowledgements ................................................................................................................... xix 

1. Introduction and Background ................................................................................................. 1 

1.1 Tumor microenvironment and its role in promoting tumor growth ........................ 1 

1.1.1 Stromal cells ................................................................................................................. 2 

1.1.2 Extracellular matrix ..................................................................................................... 3 

1.2 ECM in cancer initiation, progression, and metastasis ............................................... 8 

1.3 Cancer-associated fibroblasts ........................................................................................ 10 

1.4 Tumor angiogenesis and vascularization ................................................................... 12 

1.4.1 The Structure and formation of the microvasculature ......................................... 12 

1.4.2 The process of angiogenesis ..................................................................................... 13 

1.5 Engineering approaches to modeling the tumor microenvironment ..................... 15 

1.5.1 Differences in 2D versus 3D for modeling the tumor microenvironment ........ 16 

1.5.2 Natural biomaterials for tumor microenvironment engineering ....................... 19 

1.5.3 Synthetic biomaterials for tumor microenvironment engineering ..................... 24 

1.5.4 Poly(ethylene glycol)-based hydrogel matrices .................................................... 26 

2. Function and role of cancer-associated fibroblasts in tumor vascularization in an in 

vitro 3D biomimetic hydrogel matrix ....................................................................................... 33 

2.1 Introduction ..................................................................................................................... 33 

2.2 Materials & Methods ...................................................................................................... 38 







ix 

2.2.1 Isolation of Primary Lung Fibroblasts .................................................................... 38 

2.2.2 Cell Maintenance ....................................................................................................... 42 

2.2.3 αSMA and S100A4 Expression ................................................................................ 42 

2.2.4 Synthesis of PEG-RGDS and PEG-PQ-PEG ........................................................... 43 

2.2.5 Encapsulation of Cells in Degradable Hydrogels ................................................. 44 

2.2.6 Angiogenic Protein Secretion in Cell Medium ...................................................... 46 

2.2.7 Assessment of Vessel Assembly & Morphology................................................... 47 

2.2.8 Collagen IV and Laminin Deposition ..................................................................... 48 

2.2.9 Treatment with VEGF-A, FGF-2, and PDGF-BB Neutralizing Antibodies ....... 49 

2.2.10 Statistical Analysis ................................................................................................... 50 

2.3 Results .............................................................................................................................. 51 

2.3.1 Characterization of PEG-RGDS and PEG-PQ-PEG .............................................. 51 

2.3.2 αSMA and S100A4 protein expression ................................................................... 53 

2.3.3 CAFs enhance vessel formation .............................................................................. 54 

2.3.4 CAFs exhibit pericyte cell-like functions ............................................................... 56 

2.3.5 CAFs regulate basement membrane assembly ..................................................... 59 

2.3.6 Secreted angiogenic proteins are required for induction of tubule formation . 61 

2.4 Discussion ........................................................................................................................ 68 

2.5 Conclusion ....................................................................................................................... 75 

3. Influence of ECM-derived cues in modulating vessel assembly and endothelial cell 

tubulogenesis ............................................................................................................................... 76 

3.1 Introduction ..................................................................................................................... 76 







x 

3.2 Materials and Methods .................................................................................................. 80 

3.2.1 Cell Maintenance ....................................................................................................... 80 

3.2.2 Peptide Synthesis ....................................................................................................... 80 

3.2.3 Polymer Conjugation ................................................................................................ 80 

3.2.4 Encapsulation of Endothelial Cells and 10T1/2 Pericyte Precursors in 

Degradable Hydrogels ....................................................................................................... 81 

3.2.5 Assessing Tubule Morphology and Extracellular Matrix Protein Production . 82 

3.2.6 In vivo Angiogenesis Assay: Hydrogel Implantation into the Mouse Cornea . 84 

3.2.7 Statistics ...................................................................................................................... 85 

3.3 Results .............................................................................................................................. 85 

3.3.1 Encapsulated Endothelial Cells Exposed to Laminin-derived Peptides Form 

Tubule Networks ................................................................................................................ 85 

3.3.2 Collagen IV and Laminin Expression in Tubule Networks ................................ 86 

3.3.3 PEG-laminin Peptides Enhance the In Vivo Vascular Response ......................... 88 

3.4 Discussion ........................................................................................................................ 90 

3.5 Conclusion ....................................................................................................................... 95 

4. 3D In Vitro Lung Adenocarcinoma Model as a Drug Testing Platform of Anti-

Angiogenesis Drugs .................................................................................................................... 96 

4.1 Introduction ..................................................................................................................... 96 

4.2 Materials and Methods ................................................................................................ 103 

4.2.1 Cell Culture and Maintenance ............................................................................... 103 

4.2.2 Synthesis of PEG-RGDS and PEG-PQ-PEG ......................................................... 104 

4.2.3 Labeling Cells with CellTracker™ ........................................................................ 104 







xi 

4.2.4 A549 Tumor Cells Growth Relative to Time in Culture and Cell Concentration 

in 3D PEG Hydrogels ....................................................................................................... 105 

4.2.5 Triculture Encapsulation of Cells in Degradable PEG Hydrogels ................... 106 

4.2.6 Drug Treatment in 2D and 3D cultures ................................................................ 107 

4.2.7 Immunostaining ...................................................................................................... 108 

4.2.8 Assessing Cell Viability .......................................................................................... 110 

4.2.9 Assessment of Vessel Formation and Tumor Spheroid Growth ...................... 111 

4.2.10 Statistical Analysis ................................................................................................. 111 

4.3 Results ............................................................................................................................ 112 

4.3.1 A549 lung carcinoma cell in 3D PEG hydrogel system ...................................... 112 

4.3.2 Doxorubicin uptake in A549 lung carcinoma cells in 2D and 3D culture 

systems ............................................................................................................................... 115 

4.3.3 Response of A549 lung carcinoma cells in 2D and 3D culture systems to 

cytotoxic drugs .................................................................................................................. 117 

4.3.4 Vascularized 3D tumor model in Biomimetic PEG Hydrogels ........................ 122 

4.3.5 Responsiveness of Vascularized 3D Tumor Model to Anti-cancer Drugs ...... 124 

4.4 Discussion ...................................................................................................................... 130 

4.5 Conclusion ..................................................................................................................... 138 

5. Future Directions .................................................................................................................. 140 

5.1 Influence of Tumor-Associated Macrophages on Cancer Cells & Tumor 

Angiogenesis ....................................................................................................................... 140 

5.2 Engineering perfused 3D tumor models ................................................................... 142 

References .................................................................................................................................. 148 

Biography ................................................................................................................................... 170 







xii 

List of Figures 

Figure 1: Schematic of the biologic components within the tumor microenvironment. 

Adapted from Koontongkaew et al6. 
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Figure 3: Src phosphorylation of FAK promotes angiogenesis. A) Ligand-integrin 

binding prompts phosphorylation of FAK and activation of MEK/ERK2 pathway, 

leading to the activation of transcription factors that regulate cellular processes. Adapted 

from Marie et al33. B) FAK signaling can enhance mitogen-activated protein kinase 

(MEK1) phosphorylation leading to enhanced ERK2 phosphorylation. ERK2 nuclear 

translocation can enhance VEGF gene transcription and thereby stimulate angiogenesis. 
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Tumor stromal and cancer cells create a local metastatic niche that promotes survival, 
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Figure 6: Angiogenic Process. (A) Endothelial cells activate in response to VEGF 

gradient. (B) Tip cells migrate and secret proteinases to degrade the matrix. (C) Stalk 

cells proliferate, form large vacuoles, and merge to make tubules. (D) Pericytes migrate 
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Figure 7: In the presence of a photoinitiator and activating light, cells of interest can be 

encapsulated in PEG based hydrogels. Cell-responsive cues like PEG-RGDS for cell 

adhesion and PEG-PQ-PEG for matrix degradation can also be incorporated into the 

hydrogel backbone via covalent crosslinking of acrylate groups at the PEG terminus. 

Figure 8: A) 3.4 kDa PEG with acrylated fluorescein (green) was immobilized in specific 

areas with spatial control over location within 20 kDa PEG hydrogel. B) PEG gels with 
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an elasticity gradient were utilized to show that RAW 264.7 macrophages preferentially 
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Figure 9: Bioactivity can be incorporated in hydrogels with the addition of peptides. A) 

The collagenase-sensitive sequence GGGPQGIWGQGK (PQ) is conjugated to acrylate 

PEG-succinimidyl valerate (PEG-SVA) chain via the N-terminus and the amine group of 

the lysine at the C-terminus of the PQ peptide yielding PEG-PQ-PEG which serves as the 

polymer backbone. Cell-mediated degradation at the cleavage site (indicated by red 

arrow) occurs by cell-secreted matrix metalloproteinases (MMPs) 2 and 9. B) The cell-

adhesive ligand, RGDS, is conjugated to acrylate-PEG via the N-terminus to form PEG-

RGDS. PEG-RGDS permits cell adhesion to the matrix. C) PEG-PQ-PEG and PEG-RGDS 

are mixed along with cells and eosin Y photoinitiator to form a hydrogel precursor 
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Figure 10: Mice with somatically activated K-ras formed primary lung adenocarcinomas 

with no metastatic disease. When mated with mice with a p53 mutation, the 

heterozygous mutations induced formation of lung adenocarcinoma with widespread 
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Figure 11: Lung tissue isolated from KrasLA1, Krasp53, and wild type mice littermates 

were mechanically and enzymatically digested to acquire a cell suspension. The 

suspension was then incubated with Dynal magnetic beads conjugated with various 

antibodies to recognize cell surface receptors for certain cell types. After incubation with 

beads, the cell suspension was placed on a magnet to remove unwanted cells and to 
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Figure 12: MALDI-ToF conformation of PQ molecular weight at 1141 grams/mol. 

Figure 13: GPC analysis of PEG-PQ-PEG with the blue line representing PEG-SVA, the 
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Figure 14: GPC analysis of PEG-RGDS in which blue peak represents the PEG-RGDS 
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Figure 15: Expression of αSMA and S100A4. Differences in cell morphology and 

expression of αSMA and the calcium-binding protein S100A4 amongst the distinct cell 

lines tested were evaluated via immunostaining. Staining of cells with αSMA (shown in 

red) displays differences in cell morphology where 10T1/2 cells and normal lung 

fibroblasts (LF) have fewer cellular projections than the CAF cells. Minimal level of 
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αSMA actin staining was observed in normal lung fibroblasts. As compared to normal 

lung fibroblasts, CAFs expressed higher levels of αSMA and S100A4. Scale Bar = 50 µm.
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Figure 16: HUVEC cells with CAFs, LF, or 10T1/2 encapsulated in degradable PEG 

hydrogels underwent vascular network formation. A) The vessel-like networks were 

visualized as early as seven d after encapsulation by staining for cell nuclei via DAPI 

(indicated in blue) and endothelial cell intracellular junctions via PECAM-1 staining 

(indicated in green). B) To quantify the tubule formation response, average tubule 

diameter, total tubule length, branch points, and vessel density were evaluated. Scale 

Bar = 100 µm. 

Figure 17: Colocalization of αSMA around tubule networks. A) αSMA, a differentiation 

marker of smooth muscle cells shown in red, is present in pericyte-precursor 10T1/2 cells 

closely associating with EC tubule networks indicated by white arrows. Similarly, CAFs 

also express αSMA and wrap PECAM-1 positive (green) ECs (pointed out in white 

arrows). B) Quantitative analysis on the percent of tubules covered by αSMA reveals 

significantly higher colocalization of αSMA positive with tubules supported by 

CAFp53kras cells than 10T1/2, LF, and CAFkras cells (**p<0.01).  Scale Bar = 50 µm. 

Figure 18: Basement Membrane Assembly. A) Immunohistochemistry was performed to 

visualize laminin and collagen IV around tubules formed in the hydrogels. B) Areas of 

tubule structures in hydrogels were found to correspond to high amounts of collagen IV 

and laminin deposition. Laminin production was significantly higher (*p<0.05, ** p<0.01) 

in the co-culture of HUVEC cells with CAFp53kras in hydrogels as compared to 

HUVECs with LFs or 10T1/2 cells. Collagen IV production by cells was significantly 

higher in hydrogels with CAFkras co-cultured with HUVECs compared to the control 

groups. Scale Bar = 100 µm. 

Figure 19: Secretion of Angiogenic Proteins. A) VEGF-A, B) FGF-2, and C) PDGF-BB 

proteins in culture supernatant taken from co-culture of HUVEC cells with 10T1/2, 

normal LF, CAFkras, and CAFp53kras encapsulated in PEG hydrogels were quantified 

by sampling at 24 and 72 hr  and evaluated using ELISA. VEGF-A and FGF-2, which are 

up-regulated in tissues undergoing vascularization, were expressed significantly higher 

in co-cultures with CAFp53kras cells at both 24 and 72 hr after placement in the 

hydrogels (**p<0.01). In contrast, secretion of PDGF-BB by CAFs was approximately 50% 

less than by the pericyte precursor 10T1/2 cells. Statistical significance performed using 

single factor ANOVA with a subsequent post hoc Tukey test (n=3; **p< 0.01, *p<0.05). 
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Figure 20: A) & B) The ability of neutralizing antibodies against FGF-2 and VEGF in 

blocking cell metabolic activity was assessed via MTS assay with HUVECs. C) Metabolic 

activity of cells was also evaluated in the presence and absence of IgG isotype control 

antibody. Statistical significance performed using single factor ANOVA with a 

subsequent post hoc Tukey test (n=6; **p< 0.01, *p<0.05). 

Figure 21: Effect of neutralizing antibodies against PDGF-BB on the metabolic activity of 

pericytes. A) To validate the bioactivity of neutralizing antibody against PDGF-BB, 

metabolic activity of 10T1/2 cells in the absence or presence of neutralizing antibody was 

assessed via MTS assay. B) Cells were also evaluated in the presence and absence of IgG 

isotype control antibody. Statistical significance performed using single factor ANOVA 

with a subsequent post hoc Tukey test (n=6; **p< 0.01, *p<0.05). 

Figure 22: Effect of neutralizing antibodies against VEGF, FGF-2, and PDGF-BB on 

tubule formation. HUVECs were co-cultured with 10T1/2, LF, CAFkras or CAFp53kras 

cells in the presence or absence of neutralizing antibodies at 100 nM concentration in 

both hydrogel and cultured media for 7 d. Effect of neutralizing antibodies on tubule 

formation was observed by immunostaining PECAM-1 (shown in green) for ECs, αSMA 

(shown in red) for 10T1/2 cells or fibroblasts, and DAPI (shown in blue) for cell nuclei. 

Figure 23 : Tubule formation response to neutralizing antibodies was evaluated by 

quantifying vessel density in treated and untreated groups. Addition of neutralizing 

antibodies for FGF-2 and VEGF significantly reduced vessel formation in hydrogels with 

10T1/2, CAFkras, and CAFp53kras (**p<0.01). The influence of each individual growth 

factor on vessel network formation was abrogated with the addition of the 

corresponding neutralizing antibody. Unlike the other co-culture groups, the addition of 

neutralizing antibodies for FGF-2, VEGF, and PDGF-BB had very little to no effect in the 

HUVEC & LF co-culture group. Statistical significance performed using single factor 

ANOVA with a subsequent post hoc Tukey test (n=8; **p< 0.01, *p<0.05). 

Figure 24: The α, β, and γ subunits characterize the functions and properties of the 

laminin proteins. From Miner et al141. 

Figure 25: Images of cells labeled with DAPI for nuclei (blue) and phalloidin for actin 

filaments (red) in modified hydrogels were taken after 7 d in culture. To quantify the 

resulting tubule formation in vitro, the average tubule diameter and total tubule length 

per volume were calculated (*p<0.05). 

Figure 26: The amount of ECM proteins produced by tubules is dependent on the type 

of peptide presented to encapsulated cells. Images of cells in modified hydrogels (A) 
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were taken after 14 d in culture (B) Collagen IV and laminin deposition was quantified 

and found to correspond to areas of high tubule formation. (*p<0.05) 

Figure 27: Images of the angiogenesis response to modified hydrogels implanted in the 

cornea (A) were taken after 7 d post-implantation. For analysis of angiogenesis and 

blood vessel structure, (B) vessel density, (C) vessel diameter, and (D) branch points 

were calculated. * significantly different from PEG-YIGSR and PEG-IKVAV (p < 0.01). ¥ 

significantly different from all other groups (p < 0.05). ‡ significantly different from all 

other groups (p<0.01). + significantly different from PEG-YIGSR and PEG-IKVAV 

(p<0.05) 

Figure 28: Schematic of the hanging drop method where hanging cell suspension 

droplets on the underside of a lid of a TC plate leads to cells aggregating via gravity into 

a dense cell cluster at the bottom of the droplet by Tung et al67. 

Figure 29: Representation of the tumor microenvironment which consists of cancer 

epithelial cells within a 3D extracellular matrix interacting with non-malignant cells such 

as endothelial cells and cancer-associated fibroblasts. The need for the tumor to 

continuously grow and spread triggers angiogenesis and vessel formation. 

Figure 30: A549 cells seeded on tissue culture polystyrene plates (2D) adopt a flattened, 

cobblestone morphology whereas A549 cells encapsulated and cultured in PEG 

hydrogels (3D) form multicellular tumor spheroids. Majority of the cells in the tumor 

spheroids appear to be viable post 5 days in culture. 

Figure 31: Multicellular A549 tumor cell spheroids form as early as 3 d and appear to 

grow larger over time. Scale Bar = 50 µm (p**<0.01). 

Figure 32: Cell seeding concentration in PEG hydrogels affects tumor spheroid growth 

and size. A549 cells encapsulated at a concentration of 500 cells/µL produced 

significantly larger spheroids than all other concentrations tested (p**<0.01). 

Figure 33: Doxorubicin (DOX) drug uptake by cells in 2D and 3D was evaluated at 4 hr 

and 12 hr time point. Quantitative analysis of percentage of cells with dox localization in 

the nucleus does not show any significant difference in drug uptake between cells in 2D 

and 3D. Scale Bar = 25 µm and p**<0.01. 

Figure 34: Immunostaining of cleaved caspase-3 in HUVECs, A549 cells, and 

CAFp53kras cells cultured in 2D TC Plate or encapsulated in 3D PEG hydrogels and 

treated with anti-cancer drugs. Scale Bar = 50 µm 
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Figure 35: Quantitative analysis of the percentage of apoptotic cells post 24 hr drug 

treatment with doxorubicin, cilengitide, and semaxanib in cells cultured in 2D (red bar) 

versus in 3D (green bar). (n=4; *p<0.05 and **p<0.01; x is significantly different (p<0.01) 

than all other concentration groups tested in 2D; o is significantly different (p<0.01) than 

all other concentration groups tested in 3D). 

Figure 36: Immunostaining of ki67 in HUVECs, A549 cells, and CAFp53kras cells 

cultured in 2D TC Plate or encapsulated in 3D PEG hydrogels and treated with anti-

cancer drugs.  Scale Bar = 50 µm. 

Figure 37: Quantitative analysis of percentage of proliferative cells post 24 hr drug 

treatment with doxorubicin, cilengitide, and semaxanib in cells cultured in 2D (red bar) 

versus in 3D (green bar). (n=4; *p<0.05 and **p<0.01; x is significantly different (p<0.01) 

than all other concentration groups tested in 2D; o is significantly different (p<0.01) than 

all other concentration groups tested in 3D). 

Figure 38: A) Tri-culture of A549 cells with HUVECs and CAFs in degradable PEG 

hydrogels shows the formation of tumor spheroids, complex vessel networks, and vessel 

lumens. B) Extended focus images show that tumor spheroids are multicellular and that 

vascular lumen is present in vessel networks. C) Analysis of vessel formation and tumor 

spheroid growth shows that mean spheroid diameter (µm), total tubule length/volume 

(µm/mm3), and average tubule diameter (µm) increase with longer time in culture. (n=6; 

*p<0.05 and **p<0.01) 

Figure 39: A) Live and dead staining of untreated and doxorubicin (at 5 µM) or  

semaxanib (at 5 µM) treated 3D PEG hydrogels with either A549 cells only, triculture 

with HBVPs, or triculture with CAFp53kras cells. B) Quantitative analysis of percent cell 

viability. Scale Bar = 100 µm. (n=4; *p<0.05 and **p<0.01). 

Figure 40: Images of CellTracker™ labeled cells with HUVECs shown in green, 

CAFp53kras cells in red, and A549 cells in blue in 3D triculture and monoculture models 

with or without drug exposure. Scale Bar = 100 µm. 

Figure 41: Tubule formation (based on HUVEC cells organizing into tubules shown in 

Figure 40) was compared between triculture of A549 cells with HUVECs and CAFs with 

monoculture of HUVECs in 3D degradable PEG hydrogels with and without exposure 

to anti-cancer agents. Tumor spheroid diameter was quantified and compared between 

triculture and monoculture of A549 cells only.  (n=4; *p<0.05 and **p<0.01) 
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Figure 42: Time lapse images showing macrophages (labeled in green) interacting and 

closely associating with mCherry labeled endothelial cells during angiogenesis. From 
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Figure 43: Schematic of the bioreactor utilized in studies conducted by Hirt et al. for the 

culture of for (CRC) HT-29 cells in perfused 3D constructs. The bioreactor includes a 

perfusion chamber with a 3D porous scaffold and fluid flow dynamics is controlled by a 

pump connected with the bioreactor. B) Perfused 3D (p3D) cultures resulted in 

significantly higher cell proliferation than static 3D (s3D) cultures with proliferation in 

p3D cultures similar to in vivo xenografts. From Hirt et al231. 

Figure 44: Schematic of microfluidic system which consists of a PDMS housing with 

molded microchannels for perfused media (red) and buffer (blue) to provide fluid flow 

to PEG hydrogels (cyan) placed in the middle of the microchannels. From Cuchiara et 
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1. Introduction and Background  

Despite research advances, cancer remains the second most common cause of 

death, accounting for over 500,000 deaths per year in the United States2. Cancer arising 

in the lung is the second most prevalent type of cancer in both men and women2. With 

over 200,000 new cases diagnosed each year and 100,000 deaths annually in the U.S., 

lung cancer accounts for more deaths in men and women than any other cancer2. Lung 

cancer is most often diagnosed when the disease has progressed to stage III or IV when 

patients present symptoms. Once lung cancer has metastasized, the survival rate 

reduces significantly due to the limited treatment options that are effective2. Improving 

cancer therapies and patient outcomes requires useful research tools and models that 

represent the pathological environment observed in lung carcinoma. Additionally, we 

need more detailed knowledge of the tumor microenvironment and how its different 

components (i.e. different cells, extracellular matrix, etc.) regulate interactions leading to 

tumor invasion and metastasis. 

1.1 Tumor microenvironment and its role in promoting tumor 
growth 

The tumor microenvironment is a complex connective tissue framework 

consisting of cellular components (i.e. fibroblasts, vascular cells, immune cells, etc.), 

extracellular matrix (including basement membranes), and soluble factors (cytokines, 

chemokines, growth factors, etc.)3–5. Interactions between tumor cells and the stroma can 

promote the transformation to and proliferation of malignant cells3–5. 
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Figure 1: Schematic of the biologic components within the tumor 

microenvironment. Adapted from Koontongkaew et al6. 



1.1.1 Stromal cells  

The tumor stroma consists of a variety of non-tumor cells such as cancer-

associated fibroblasts (CAFs), immune cells, and cells that make up the vasculature such 

as endothelial cells and pericytes5,7. Crosstalk through direct cell-cell contacts or by 

secreted molecules between tumor cells and cells in the stromal compartment can lead to 

alterations in the stroma structure and by this means establish a more permissive and 

supportive environment for cancer cell invasion8,9. For example, stromal cells such as 







CAFs and endothelial cells secrete serine proteases and matrix metalloproteinases 

(MMPs) which facilitate extracellular matrix (ECM) degradation enabling cancer cells to 

migrate and invade through the tissue matrix10,11. Previous studies have shown that 

activated stromal cells can also promote the switching of cancer cells from a pre-

malignant to a malignant and invasive tumor phenotype via secretion of soluble factors 

such as transforming growth factor-beta (TGF-β) and epidermal growth factor (EGF) 

within the microenvironment6,12–14.  

Additionally, soluble factors, including fibroblast growth factor (FGF)15, insulin 

growth factor-1 and -2 (IGF-1 and -2)16, , and hepatocyte growth factor (HGF)17,18, 

platelet-derived growth factor (PDGF)19,20, can bind to receptors on cancer cells causing 

cell proliferation, inflammation, migration, and other tumor-promoting effects. In 

addition to stromal cells and their products, the evolving network of interactions 

between cancer cells and the ECM influence tumor transformation and progression as 

well21,22. 

1.1.2 Extracellular matrix 

The ECM consists of epithelial cells and stromal cells found within the tissue 

matrix23. The ECM provides structural support for cells and facilitates cell attachment 

and migration23,24. Additionally, the ECM is also involved in controlling the diffusion of 

nutrients and waste, mediating cell signaling factors, and regulating a wide variety of 

cellular processes which include growth, proliferation, differentiation, and apoptosis21. 
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These processes are regulated in part by the protein and polysaccharide composition of 

the ECM and the structural organization of these components. 





Figure 2: Functions of the ECM include providing anchorage to the basement 

membrane, controlling cell migration, facilitating the binding and diffusion of 

growth factors, and regulating cell-cell communication. From Lu et al21. 

 

The ECM is composed of glycosaminoglycans, proteoglycans, and fibrous 

proteins like collagen and elastin22,24,25. Collagen is the primary protein present in the 

ECM in most tissues. Collagen is present in different isoforms with specialized 

functions22. Cells interact with collagen molecules primarily through integrins to 

mediate cellular attachment22. Collagen molecules provide structural support to tissues 

and binding sites for other ECM proteins to organize the ECM network21. Elastin is 
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another structural protein in the ECM which, along with fibrillin, is responsible for 

tissue flexibility21. The ECM meshwork can affect the mechanical properties of the tissue. 

The tissue mechanical properties can impact a variety of cell behaviors such as cell 

migration for example21.  

ECM proteins and structures can govern various biological functions. One way is 

by presenting growth factor signals. Polysaccharides like heparin sulfate proteoglycans 

in the ECM can bind to numerous growth factors including angiogenic proteins like 

vascular endothelial growth factor (VEGF) that direct cell proliferation and 

migration26,27. Growth factors in the ECM can in turn stimulate cells to secrete ECM-

digesting enzymes28,29. The production of proteases such as MMPs by cells can lead to 

ECM remodeling. MMPs can act on collagen and laminin components of the ECM29. The 

cleavage of collagen and laminin proteins by MMPs during tissue remodeling can 

expose cryptic cell-binding sites that promote cellular invasion and migration30.  

ECM proteins like laminin have growth-factor binding domains that control cell 

signaling effects with or without proteolysis. Finally, integrins and other adhesion-

related receptors bind to ECM proteins like collagen, laminin, fibronectin and 

subsequently act as signal transduction receptors to initiate signaling pathways such as 

the FAK/Src and the MEK1/ERK2 pathways and thereby effect intracellular 

processes31,32. The focal adhesion kinase (FAK) pathway is activated by most integrins 

through interactions with cytoskeletal proteins talin and paxillin. Upon activation, FAK 

autophosphorylates Tyr397 which then creates a binding site for Src kinase. Src kinase in 
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turn phosphorylates a number of focal adhesion components that may activate other 

cascades such as the mitogen-activated protein kinase 1(MEK1) pathway. Activation of 

these protein tyrosine kinase (PTK) pathways can lead to transcription of genes 

regulating cell migration, differentiation, survival, and other functions. In fact, FAK–Src 

signaling promotes tumor angiogenesis31. Src phosphorylation of FAK leads to the 

activation of the MAPK/Erk pathway in which enhanced Erk2 phosphorylation can lead 

to increase VEGF gene transcription (Figure 3)31. Enhanced VEGF gene transcription 

stimulates angiogenesis and thus supports tumor growth. 
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Figure 3: Src phosphorylation of FAK promotes angiogenesis. A) Ligand-

integrin binding prompts phosphorylation of FAK and activation of MEK/ERK2 

pathway, leading to the activation of transcription factors that regulate cellular 

processes. Adapted from Marie et al33. B) FAK signaling can enhance mitogen-

activated protein kinase (MEK1) phosphorylation leading to enhanced ERK2 

phosphorylation. ERK2 nuclear translocation can enhance VEGF gene transcription 

and thereby stimulate angiogenesis. Adapted from Mitra et al31. 
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When assembled together, these ECM components, with their structural and 

functional diversity, impart unique mechanical and biochemical properties that are 

essential for regulating normal cell behavior and maintaining tissue homeostasis. 

Disorganization of ECM contributes to tumor growth and so therefore it is important to 

understand the changes in ECM composition and organization that occur during cancer 

initiation, progression, and metastasis. 

1.2 ECM in cancer initiation, progression, and metastasis 

Given that ECM properties govern a wide variety of cellular functions and that 

cells are able to remodel the matrix that in turn influences cellular processes and ECM 

function, it is apparent that ECM-cell interactions are vital for tissue development and 

function. In disease processes such as cancer, ECM dynamics may become abnormal. 

Abnormal ECM dynamics are well documented in clinical studies of cancer. For 

example, excess ECM production causes pathological tissues to be typically stiffer than 

normal tissue34–36. This increase in stiffness can be attributed to increased deposition of 

ECM components such as collagen I, II, III, V, and IX, and the up-regulation of lysyl 

oxidase (LOX) which covalently crosslinks collagens and elastins34–36. In fact 

overexpression of LOX has been observed in many cancers and is considered a poor 

prognostic marker34.  


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Figure 4: Normal ECM dynamics versus ECM in cancer. (A) Normal ECM 

dynamics are controlled to ensure a healthy microenvironment. (B) In cancer, 

activated fibroblasts or CAFs initiate changes to the ECM and increase expression of 

ECM remodeling enzymes. Tumor stromal and cancer cells create a local metastatic 

niche that promotes survival, rapid growth, and expansion of the malignant cells. 

Adapted from Lu et al21. 



Alterations to the ECM can facilitate tumor invasion and the formation of a 

metastatic microenvironment37. Cancer cell metastasis is a multistep process consisting 

of local invasion, survival in the circulation, and extravasation and colonization at 

distant sites38. These processes are supported by components of the ECM. For example 

secreted membrane type-matrix metalloproteinases (MT-MMPs) localize in tumor 

regions by binding to integrins or through interactions with heparin sulfate 
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proteoglycans or collagen type IV21,39,40. This localization of MT-MMPs promotes matrix 

degradation to enhance tumor growth, cancer cell migration and invasion, and 

angiogenesis39. MMPs enhance these effects not only by cleaving structural components 

of the ECM but also by the release of growth-factor binding proteins, cell-adhesion 

molecules, and tyrosine kinase receptors40. MMP and other protease activity (cathepsins, 

elastases, etc.) are increased in most tumors and more so in more invasive tumors41,42.  

Abnormal ECM can not only affect cancer cells but also contribute to changes in 

stromal cell behavior, leading to tumor-promoting angiogenesis by endothelial cells43. 

ECM fragments such as endostatin, tumstatin, arresten, and hexastatin, which are 

protein fragments cleaved from collagens type IV and XVIII by proteases like MMPs, 

cathepsin-L, and elastase, have potent inhibitory or stimulatory effects on endothelial 

cells during vessel formation44. Stromal cells such as CAFs constitute a major portion of 

the reactive tumor stroma and are actively involved in both degradation and synthesis 

of ECM18. As such, it is necessary to take a closer look on the role of CAFs in cancer 

progression and metastasis.  

1.3 Cancer-associated fibroblasts 

Cancer-associated fibroblasts (CAFs) are distinctly different from their normal 

counterparts. Unlike normal fibroblasts, CAFs either reside within the tumor margins or 

infiltrate the tumor mass, and are believed to facilitate cancer transformation and 

progression45. One mechanism by which CAFs may contribute to tumor growth and 
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migration through secretion of growth factors18,46. CAFs secrete a range of growth factors 

which enhance oncogenic potential 18. For example, CAFs secret insulin-like growth 

factor 1 (IGF1) and hepatocyte growth factor (HGF) which promote tumor cell survival 

and migration18,47. Other growth factors secreted by CAFs such as VEGF and FGF2 signal 

vascular cells and can stimulate angiogenesis13,18.  

In addition to secreting growth factors, CAFs are also involved in remodeling the 

ECM to generate a microenvironment more conducive to tumor growth48–50. For 

example, CAFs synthesize many of the constituents of the ECM such as collagens I, III, 

and V, as well as fibronectin7,18. Moreover, CAFs secrete increased levels of ECM-

degrading proteases such as MMP 2 and MMP 9, which aid in tumor cell invasion40,42,51.  

Several studies allude to the contribution of CAFs in supporting tumor growth 

and facilitating metastatic dissemination. Cunha and colleagues compared the effect of 

CAFs isolated from primary prostate tumors with normal fibroblasts cultured in 

combination with BPH-1 prostatic epithelial cells. The study showed that when prostatic 

epithelial cells were subcutaneously transplanted in combination with CAFs, massive 

tumors of greater than 1,300 mg in weight developed in vivo after 3 months, whereas 

tumor growth was meager (less than 10 mg in weight) in the presence of normal 

fibroblasts and BPH-1 cells. This indicates that CAFs create a niche that promotes cancer 

cell proliferation and tumor growth. Similarly, metastatic Ras-transformed human MCF-

7 breast cancer cells were co-injected subcutaneously in suspension with CAFs or 

normal fibroblasts in mice13. The mice that were injected subcutaneously with CAFs in 







combination with MCF-7 breast cancer cells developed tumors that were 2-fold larger in 

tumor volume (~600 mm3 after 50 d) than tumors that developed in the presence of 

normal fibroblasts with MCF-7 breast cancer cells (~325 mm3 in tumor volume). The 

enhanced growth in tumor size was attributed to increased cancer cell proliferation and 

tumor vascularization13.  

1.4 Tumor angiogenesis and vascularization  

Tumors face the increasing demand for nutrients and oxygen as they increase in 

size. This demand drives rapid angiogenesis, the process whereby new blood vessels 

sprout from the existing vasculature13. Moreover, tumor vasculature is the main route 

through which cancer cells migrate through the basement membrane and metastasize52.  

1.4.1 The Structure and formation of the microvasculature 

Capillaries are tubes composed of a monolayer of endothelial cells with an 

underlying specializing ECM structure, the basement membrane, and then supporting 

mural cells referred to as pericytes. Endothelial cells adhere together through cell-cell 

junctions to form a selectively permeable barrier. Pericytes or mural cells which are 

contractile surround the endothelial cells and the binding components of the intervening 

basement membrane (Figure 5). Additionally, pericyte cytoplasmic fingers are inserted 

into the introversions within the endothelium to form peg-and-socket type contacts53,54. 

These junctions are important for regulating vessel contractility and tone, permeability 

to metabolites, and stabilization for maturation 53. 
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Figure 5: New blood vessels form with endothelial cells organizing into 

lumens and tubules. The resulting immature capillaries are stabilized by pericytes. 

From Moon et al55. 

1.4.2 The process of angiogenesis 

Angiogenesis is an important factor in the progression of cancer and a well-

controlled process. The process of angiogenesis is triggered by exacerbated oxygen 

deprivation during rapid tumor growth. In response to hypoxia, hypoxia inducible 

factor 1 alpha (HIF1α) is overexpressed which turns on expression of VEGF by cells 

within the tumor microenvironment leading to a VEGF gradient as shown in Figure 6. 

Endothelial cells respond to the VEGF gradient by becoming activated. In order to 

migrate, endothelial cells release MMPs, specifically MMP-2 and MMP-955. MMPs 

degrade and loosen the matrix. Release of MMPs and the subsequent matrix 

degradation allows tumor cells to migrate and invade. In response to the released 

proteins, activated endothelial cells or tip cells extend filapodia and migrate in the 

interstitial space56,57.  A cord of endothelial cells known as, stalk cells, follow tip cells. 
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These cells proliferate and form connections to neighboring vessels. Subsequently, 

vacuoles form and merge to form tubules with hollow lumen. The formation of lumen 

and the start of blood flow help to reinforce vessel connections and junctions56,57. 

Following after, pericytes migrate to the newly formed vessel structures and position 

themselves at the budding front of the endothelial sprouts. Pericytes closely associate 

with endothelial cells and thereby stabilize the newly formed vessels56.  


Figure 6: Angiogenic Process. (A) Endothelial cells activate in response to 

VEGF gradient. (B) Tip cells migrate and secret proteinases to degrade the matrix. (C) 

Stalk cells proliferate, form large vacuoles, and merge to make tubules. (D) Pericytes 

migrate to the area of sprouting and deposit basement membrane to stabilize the 

newly formed vessels57. 

 

Gap junctions provide direct connections between the cytoplasm of pericytes and 

endothelial cells and enable the exchange of molecules. Pericytes are functionally 

significant in regulating capillary blood flow and maintenance of vessel formation and 

maturation. Loss of pericyte coverage on vessels results in hyper-dilated and leaky 

vasculature58. Reports suggest that tumor vasculature is irregularly covered by pericytes 

which may contribute to vessels in the tumor being immature and leaky59,60. The amount 

of pericyte coverage is lower in breast60,61 and lung carcinoma59,62 than in corresponding 

normal tissues. The low degree of pericyte invasion and association with endothelial 
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cells observed with breast and lung carcinomas raises the possibility of the involvement 

of alternative mural cells in the tumor stroma replacing critical functions of pericytes61. 

In the last step of angiogenesis, new ECM is deposited to form basement membrane to 

surround blood vessels. The basement membrane of the tumor vasculature is more 

porous and leaky than normal which further facilitates tumor cell metastasis61.  

 
 

1.5 Engineering approaches to modeling the tumor 
microenvironment 

To obtain a more complete understanding of the biochemical and stromal 

cellular factors that promote tumor angiogenesis, in vitro culture platforms that model 

the tumor microenvironment can be utilized. There are several important design 

principles and functions to consider in engineering a tumor mimicking culture system. 

Ideally these platforms would mimic the physical properties of the natural ECM found 

in tissues and provide adequate physical support for both tumor and vessel growth. The 

scaffold should also allow the diffusion of nutrients and growth factors and provide a 

means of incorporating cells within the structure. Additionally, the scaffold should also 

be degradable and permit cell migration. To engineer systems that meet these 

requirements, both 2D and 3D culture substrates made from natural or synthetic 

materials have been utilized which will be reviewed in the following sections. 
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1.5.1 Differences in 2D versus 3D for modeling the tumor 
microenvironment 

The majority of cancer studies have been conducted with 2D monolayer cultures, 

where cells are usually grown on a flat polystyrene (PS) or glass surface with or without 

cell-adhesive protein coatings63. Although 2D monolayer culture models have provided 

extensive fundamental knowledge on cancer cell biology, recent studies conducted in 3D 

culture platforms have emphasized some of the shortcomings of 2D culture models. 

Differences in cell morphology64,65, proliferation66, and drug metabolism67 have been 

noted between cells grown as 2D monolayers and in 3D culture environments in which 

cells in 3D display behaviors more closely to what is observed in vivo. Weaver and 

colleagues showed that both malignant and non-malignant HMT-3522 breast cells 

appeared similar in morphology under 2D culture conditions. However, cells behaved 

very differently when cultured in 3D65. Non-malignant HMT-3522 breast cells grown in 

3D using Matrigel™ (MG) organized into polarized, acini structures that are analogous 

in morphology to those found in healthy breast tissue in vivo.  In contrast to non-

malignant cells, the malignant HMT-3522 breast type cells formed disorganized, 

abnormal masses that resembled tumor cell aggregates in vivo.  Treatment of these 

malignant cell aggregates with a β1 integrin function inhibiting antibody in 3D culture 

caused the cells to lose their abnormal structure and revert to a normal phenotype and 

morphology analogous to non-malignant cells65. When non-malignant breast cells were 

treated with the same inhibiting antibody in 3D, the cells underwent apoptosis. This sort 
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of differential response between malignant and non-malignant cells was not observed 

under 2D culture conditions. Both cell types grown in 2D underwent apoptosis upon 

treatment with β1 integrin function inhibiting antibody. This study emphasizes that the 

extracellular cues in a 3D microenvironment differ from 2D and how cells respond to 

these cues can trigger different cellular functions and interactions. 

In addition to cell morphology, profound differences in the proliferative 

properties of cells cultured in 2D as opposed to a 3D microenvironment have also been 

reported. For example, Jeanes and colleagues showed that primary mammary epithelial 

cells (MECs) cultured on 2D surface have a poor growth response showing a burst of 

proliferation initially after which proliferation halts with cells either undergoing 

apoptosis or becoming senescent after only 2 or 3 days in culture66. In comparison to 2D 

culture conditions, MECs cultured in a 3D basement membrane matrix derived from 

Engelbreth-Holm-Swarm mouse sarcoma formed spherical acini and proliferated 

steadily over a period of 8 to 10 days66. This steady proliferation of MECs in 3D mimics 

more closely to the steady growth of mammary cells in the body. 

Apart from differences in the cell morphology and proliferation, cells grown in 

3D culture have exhibited differences in resistance to cancer therapeutic agents when 

compared to 2D controls. Tung and colleagues showed that A431 human epithelial 

carcinoma cells grown as 3D cell aggregates in comparison to cells cultured in 2D 

responded differently when treated with the same concentration of a common 

chemotherapeutic called 5-fluorouracil (5- FU)67. Following a 96-hour treatment with 10 
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mM of 5-FU, cells in 2D were reduced to less than 5% viability whereas cells treated with 

the same concentration in 3D persisted at ~75% viability. Results indicate that the 3D 

A431 cancer cell spheroids were more resistant to the apoptotic effects of 5-FU67. 

According to the authors, one means by which cell spheroids in 3D display higher 

resistance to drugs as compared to cells in 2D could be explained by the diffusive 

blockade of drugs caused by the multiple layers of cells in a tumor spheroid structure. 

Tumor spheroids consist of multi-layers of interacting cells whereas cells in 2D culture 

conditions form a monolayer of cells spread out on a surface. The distance that anti-

cancer drugs need to diffuse through a 2D monolayer is much shorter than cells in 3D. 

In 2D, the drug only needs to diffuse through the cell membrane to have an effect 

whereas in 3D a drug needs to diffuse across multi-layers of cells before reaching cells in 

the inner core of the spheroid. Additionally, scaffolds for culturing cells in 3D can also 

serve as a barrier for drug diffusion, especially in the case of hydrophobic drugs such as 

paclitaxel that can potentially adsorb to the scaffold material. The diffusion across multi-

layers of cells or across the thickness of a 3D scaffold more closely mimics the situation 

in the body in which a cancer therapeutic needs to diffuse through multiple layers of 

cells or tissues to reach target tumor cells. Results of studies discussed above indicate 

that cells grown in 3D are more analogous to their existence in vivo and as such may be 

exploited as valid testing platforms for anti-cancer drug candidates. 

Furthermore, by utilizing tissue engineering techniques, 3D cell culture 

platforms can potentially be engineered to simulate an environment that better mirrors 
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tumors in the body by regulation of matrix composition, density, stiffness and selective 

incorporation of adhesion molecules and signaling factors. As a well-defined 

environment, 3D culture platforms can allow more control over experimental 

manipulations to test different hypotheses. By recapitulating the properties of the tumor 

microenvironment, 3D in vitro culture systems can provide more biologically relevant 

information, allow for better evaluation of anti-cancer drug candidates, and overall 

provide a better understanding of the molecular mechanisms underlying tumor 

progression and drug metabolism. To engineer microenvironments for supporting 

tumor growth, both natural and synthetic materials have been employed which will be 

reviewed in the following section. 

1.5.2 Natural biomaterials for tumor microenvironment engineering 

Natural materials such as MG, collagen, hyaluronate, and fibrin are most 

commonly used since they are the components or similar to the components of ECM68. 

Overall, these natural ECM-based matrices can provide abundant integrin binding sites 

and growth factors that naturally support and promote cell adhesion and interactions. 

Furthermore, natural materials like MG and collagen can be degraded by cells to permit 

migration and cell infiltration into the surrounding environment. Finally, mechanical 

properties of collagen and MG can be easily manipulated or tailored to specific matrix 

elasticities with the addition of chemical cross-linkers or collagen.  
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MG has been widely used in cancer studies as a 3D culture system to support cell 

adhesion and migration. MG is reconstituted basement membrane extracted from 

Englebreth-Holm-Swarm (EHS) mouse tumor cells and contains a high amount of 

laminin in addition to other matrix protein and growth factors69. Bissell and colleagues 

have utilized MG to recapitulate in vivo characteristics of breast cancer through 3D 

culture of human breast cancer cells70. MG has also been widely used to study 

angiogenesis. For example, using MG Mukai and colleagues showed the formation of 

vessel-like structures by umbilical cord blood EPCs and by human umbilical vein 

endothelial cells (HUVECs)71. The abundance of growth factors and ECM protein 

inherent in MG signals endothelial cells to migrate and organize into capillary-like 

networks. Haralabopoulos et al. tested the effect of thrombin on endothelial cell tubule 

formation in vitro and angiogenesis in vivo using MG72. In in vitro studies using MG, 

thrombin was shown to induce differentiation of endothelial cells into capillary 

structures with this effect dependent on the dose of thrombin. Studies in vitro showed 

that thrombin at a concentration of 0.3 IU/mL increased the formation of capillary-like 

structures in MG by 70%. Studies in vivo showed a 10-fold increase in endothelial cell 

infiltration in response to thrombin in MG injected subcutaneously72. MG has also been 

used in studies evaluating angiogenic inhibitors as potential cancer therapies. For 

example, Khoo and colleagues tested angiogenic inhibitors, SU6668 and suramin, with 

endothelial colony-forming cells (ECFCs) in MG to evaluate the effect of drugs in 

reducing tubule formation73. Although the use of MG has resulted in important findings, 
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there are certain drawbacks that need to be considered. MG allows little experimental 

control over matrix bioactivity and makes comparing studies difficult due to its batch to 

batch variability and unknown amounts and identities of growth factors. 

Collagen is one of the most abundant proteins found in the ECM of most tissues 

and is the most widely used tissue-derived natural material. Similar to MG, The natural 

proteolytic degradation of collagen allows cells to easily infiltrate the material thereby 

promoting interaction with neighboring cells. Also, collagen abundantly presents the 

short amino acid sequence, RGD (Arg-Gly-Asp)74, which binds to receptors on cell 

surfaces and facilitates cells to adhere to the matrix. Endothelial cells have been shown 

to organize into branching tubules with lumens that resemble capillary networks found 

in vivo when cultured in a 3D collagen matrices75. The mechanical properties of collagen-

based gels can be altered with the addition of collagen during formation for studies 

examining cellular response to matrix stiffness76. Reinhart-King and colleagues 

investigated the use of collagen I substrates for evaluating matrix stiffness on 

endothelial cell tubule network formation where compliant substrates (E=200 Pa) were 

able to support endothelial cell migration and organization into vessel-like networks as 

compared to stiff substrates (E=10,000 Pa)76. The use of collagen hydrogels has also been 

demonstrated in cancer research. Rylander and colleagues demonstrated the use of 

collagen type I hydrogels to study tumor biology. They showed that MDA-MB-231 

breast cancer cells cultured in collagen formed 3D cancer spheroids with a necrotic core 

similar to what is usually observed in vivo77. Though collagen meets certain scaffold 
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design criteria and provides a more defined environment that MG, there are some 

limitations to using collagen for engineering the tumor microenvironment. One of the 

methods by which the mechanical properties of collagen are altered is by changing the 

concentration of collagen in the matrix. Changing the concentration of collagen to alter 

mechanical properties in turn alters the concentration of sites bound by integrin 

adhesion receptors, the proteolytic degradation rate, and porosity. Controlling matrix 

stiffness without changing the matrix density is difficult with collagen-based constructs. 

Additionally, collagen has a limited range of mechanical properties (E = 0.1 - 10 kPa) and 

is potentially immunogenic78–80. Similar to MG, collagen matrices permit limited 

experimental control over bioactivity with variable bioactivity from material batch-to-

batch resulting in inconsistencies in cellular response. 

Like collagen, hyaluronate is also degraded by enzymes, specifically, 

hyaluornidase which is produce by many types of cells. Hyaluronate is a 

glycosaminoglycan component in the natural ECM and has been shown to promote cell 

communication and organization of vessel-like structures81. Ratliff et al. encapsulated 

endothelial progenitor cells in hyaluronate hydrogels and demonstrated the formation 

of vessel networks82. Gurski and colleagues have synthesized hyaluronic acid-based 3D 

matrices to generate a tumor model for anti-cancer drug screening with prostate tumor 

cells83. Their studies showed that prostate tumor cells residing in the hyaluronic acid-

based 3D matrix formed distinct cell clusters which grew, resembling tumors in vivo and 
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underwent apoptosis to a higher degree than cells in 2D in response to anti-cancer drug 

treatment83.  

The use of fibrinogen, a plasma glycoprotein, that is enzymatically converted to 

fibrin gel via interaction with thrombin68,81, to form cell culture substrates has also been 

thoroughly investigated. A study conducted by Liu et al. demonstrated the use of fibrin 

hydrogels to investigate effects of hydrogel stiffness on cancer cell behavior84. They 

encapsulated murine B16-F1 melanoma cells within fibrin hydrogels with mechanical 

stiffness ranging from 90 to 1050 Pa and evaluated changes in cell morphology84. The 

mechanical stiffness of fibrin gels was altered via modulating the concentration of fibrin 

where gels with 1, 4, 8 mg/mL fibrin corresponded to 90, 420, 1,050 Pa in elastic stiffness. 

Despite the potential increase in the presentation of integrin ligands and slower 

proteolytic degradation as a result of increasing fibrin concentration, the results of the 

study indicated that fibrin gels of 90 Pa were optimal for cancer cell proliferation and 

spheroid formation. Hall et al. demonstrated the use of fibrin hydrogels with covalently 

immobilized VEGF-A and FGF-2 to probe the effect of pro-angiogenic growth factors on 

endothelial cells85. As endothelial cells infiltrated into the 3D fibrin based scaffold and 

degraded it, immobilized growth factors were released thereby inducing the formation 

of vessels and promoting angiogenesis85. Growth factor release from fibrin gels was 

controlled by using different fibrin concentrations and various cross-linking densities81. 

Fibrin has certain drawbacks that limit its use as a well-defined 3D tumor 

microenvironment. Fibrin, unlike collagen, is not an ECM protein but instead represents 
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the provisional matrix at the earliest stages of wound healing. Similar to collagen, 

controlling matrix stiffness of fibrin gels without altering cell adhesion peptide density is 

challenging. As with other natural materials, the inherent batch-to batch variability can 

limit repeatability of results and the scope at which conclusions can be translated to 

actual in vivo processes.  

1.5.3 Synthetic biomaterials for tumor microenvironment engineering 

Synthetic materials are often chosen for engineering microenvironments since 

they allow for more control over modification of mechanical and sometimes biochemical 

properties of the material. Unlike natural materials that possess a high degree of batch to 

batch variability and are potentially immunogenic, synthetic materials can be a safer 

alternative that can be readily produced consistently. With the numerous advantages 

that synthetic materials offer, synthetic polymer scaffolds can be designed to mimic 

aspects of the tumor microenvironment in an effort to guide and support cancer studies. 

Some of the most commonly used synthetic biomaterials include poly(lactic-co-glycolic 

acid) (PLGA), polycaprolactone (PCL), and poly(ethylene glycol) (PEG).  

PLGA is a highly porous material that degrades by hydrolysis of ester bonds in 

the polymer backbone. The utility of PLGA scaffolds as a 3D microenvironment for 

creating de novo engineered vasculature has been demonstrated78,81. Endothelial-

progenitor cells from human umbilical cord blood along with human smooth muscle 

cells seeded on PLGA scaffolds formed capillary-like structures throughout the 
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scaffold86. Due to its pliability and slower degradation, PCL also serves as a useful 

candidate for fabricating scaffolds to model tumor angiogenesis in vitro. Previous work 

has shown that PCL has the ability to support EC proliferation and differentiation. 

Chung et al. in 2005 demonstrated that in contrast to unmodified PCL substrate, PCL 

modified with RGD peptide on the surface enhanced the growth and proliferation of 

human endothelial cells and induced tubule formation87. It is important to note that 

synthetic materials like PLGA and PCL innately lack bioactivity and therefore resist cell 

adhesion. To improve cell affinity, functionalization of these synthetic materials is 

required which typically involves nonspecific physical adsorption of peptides and 

growth factors. In some cases, additional processing of PLGA or PCL constructs is 

required for functionalization which can involve solvent casting and chemical leaching. 

These methods allow very little control in the amount and orientation of biomolecules 

immobilized in the material making it difficult to study the mechanistic effects of 

specific ECM components or signaling molecules on tumor growth dynamics. 

Additionally, PLGA has limited mechanical range (E = 0.5—2 MPa) that may not be 

typical of cancerous tissue (E = 1-100 kPa)88,89. Also PLGA tends to lose its mechanical 

integrity quickly between 2 to 4 weeks due to its rapid degradation in aqueous 

solutions88,90. These drawbacks of PLGA limit its use for tissue engineering applications.  

Unlike PCL and PLGA constructs, poly(ethylene glycol) (PEG) based scaffolds 

can be easily modified with peptides and proteins with high control over covalent 

immobilization, orientation, and presentation of biomolecules to investigate cellular 
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processes and functions91–94. Additionally, the mechanical properties of PEG based 

scaffolds are tunable via varying polymer chain length or percent weight polymer. PEG 

hydrogels have been developed and tested for promoting vascularization and 

morphogenesis of endothelial cells91,92,94. PEG-based scaffolds offer special advantages 

for engineering 3D tumor microenvironments that will be discussed in detail in the next 

section.  

1.5.4 Poly(ethylene glycol)-based hydrogel matrices 

Poly(ethylene glycol) diacrylate (PEGDA) is an FDA approved polymer that 

intrinsically exhibits high hydrophilicity and therefore strong affinity with water 

molecules. This hydrophilic nature of PEGDA prevents interaction with the 

hydrophobic domains of proteins causing PEGDA to be resistant to protein adsorption 

and consequently nonspecific cell adhesion95,96. As such, PEGDA acts as a ‘‘blank slate” 

into which bioactivity can be incorporated by covalent attachment of proteins and 

peptides thereby creating a controlled microenvironment where cell interactions are 

driven primarily by the incorporated biomolecules55. The mechanism by which 

hydrogels are formed dictates how biomolecules and cells are incorporated into a 

scaffold.  

One mechanism of forming PEGDA hydrogels is photopolymerization. Key 

advantages of fabricating hydrogels via photopolymerization are that the process is 

rapid, spatiotemporally controllable and mild enough to be carried out in the presence 
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of cells78,97. Free radicals, created by cleaving photoinitator molecules upon light 

exposure, initiate addition polymerization of the acrylate termini of liquid PEGDA 

macromers to form hydrogels97. In this work, a visible light sensitive photoinitator, eosin 

Y, was utilized due to its high biocompatibility and stability. Eosin Y is excited to a 

triplet state upon illumination with visible light at ~525 nm and participates in a single 

electron redox reaction with an electron donor from triethanolamine (TEOA)98. The 

radicals from TEOA then initiate a rapid addition polymerization of PEG macromers. 

These mild photocrosslinking conditions permit cellular encapsulation within PEGDA 

hydrogels while maintaining high cell viability99. 

Photopolymerizable PEGDA hydrogels can be modified to be bioactive with the 

incorporation of peptides and proteins that elicit a cellular response. For example, the 

peptide Argininin-Glycine-Aspartic Acid-Serine (abbreviated as RGDS), which serves as 

an integrin binding motif for cells, can be covalently crosslinked and immobilized into a 

PEG hydrogel network to promote cell adhesion and spreading. The chemistry for 

incorporating peptides or proteins simply involves reacting a hetero-bifunctional 

acrylate PEG to a free amine or terminal carboxyl group on proteins or peptides to form 

acrylol-PEG-biomolecule which then can be incorporated into the hydrogel matrix as it 

is crosslinked. Following this chemistry, PEGDA hydrogels can also be rendered 

degradable through the incorporation of a cleavable subunit with reactive amines on 

both ends of the peptide into the polymeric backbone100. To form a hydrogel, cells of 

interest can be combined with PEG conjugated moieties and a photoinitator to form a 
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hydrogel precursor solution. Upon exposure to light, acrylate groups at the ends of the 

PEG are covalently cross-linked leading to the formation of a hydrogel with 

immobilized cell-responsive cues that enable cell adhesion and proteolytic degradation 

of the matrix. 

 

 

Figure 7: In the presence of a photoinitiator and activating light, cells of 

interest can be encapsulated in PEG based hydrogels. Cell-responsive cues like PEG-

RGDS for cell adhesion and PEG-PQ-PEG for matrix degradation can also be 

incorporated into the hydrogel backbone via covalent crosslinking of acrylate groups 

at the PEG terminus.  



Degradation of the hydrogel matrix is necessary to allow cell migration and 

tissue remodeling. By controlling degradation, the release of bioactive molecules and 

tissue infiltration can essentially be controlled100. Ideally, degradation kinetics can be 

controlled to follow the rate of tissue formation. The mechanisms by which 

photopolymerizable hydrogels can be made to degrade include hydrolysis of ester 
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linkages or enzymatic cleavage. Enzymatically degradable hydrogels can be degraded 

naturally by cell secreted enzymes like MMPs and hyaluronidase68,78. The rate of 

degradation will be dependent on the number of substrates per polymer chain and the 

affinity of enzymes for the degradable substrate. Additionally, the concentration of 

enzymes and inhibitors in the environment and permeability of matrix to enzymes will 

also affect degradation kinetics.  

The incorporation of peptides that are susceptible to degradation by cellular 

proteolytic enzymes in PEGDA hydrogels has been demonstrated in previous 

studies91,100–102. Raeber and colleagues demonstrated the use of protease-sensitive PEG 

hydrogels to evaluate migration of dermal fibroblasts. Cell migration of dermal 

fibroblasts in PEG hydrogels functionalized with a MMP-sensitive peptide was 

compared with natural materials like collagen matrix in the presence of both a MMP 

inhibitor and inducer. In their study, Raeber and colleagues showed that fibroblast cells 

in PEG-based hydrogels were more sensitive to the MMP modulators, as compared to 

natural materials, where a MMP inducer increased the number of migrating cells 

significantly and a MMP inhibitor suppressed cell migration102. In an effort to study 

angiogenesis, Moon et al. incorporated protease sensitive peptide sequence 

GGGPQGIWGQGK (abbreviated PQ) in the polymer backbone. The PQ peptide 

sequence is sensitive to cleavage by cell secreted MMP2 and MMP991. Moon et al. 

showed that endothelial cells encapsulated in protease sensitive PEG hydrogels with 
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covalently immobilized RGDS organized into stable tubule networks within 7 d in 

culture91.  

In addition to control over bioactivity and degradation kinetics, PEG hydrogels 

allow for tuning mechanical properties. Unlike natural materials, matrix stiffness of 

synthetic PEG hydrogels can be precisely tuned by changing the molecular weight of the 

PEG polymer chain where the use of higher molecular weight PEG chain can produce 

more compliant substrates due to lower crosslinking densities. Matrix stiffness can also 

be tuned by altering the concentration of PEG in a hydrogel where higher percentage of 

polymer weight by volume will yield more stiff substrates. Unlike natural materials such 

as collagen and fibrin, PEG is inert and thus changing the hydrogel stiffness by altering 

the concentration of PEG does not alter the bioactivity of the matrix. By these methods, 

the mechanical properties of PEG hydrogels can be tuned over a broad range and 

designed to mimic the mechanical stiffness of malignant tissue. A study conducted by 

Nemir et al. demonstrated the capability of tuning matrix elasticity of PEG hydrogels103. 

By controlled mixing of low and high molecular weight PEG polymers during 

polymerization, Nemir and colleagues were able to produce hydrogels with an elasticity 

gradient varying in a linear range from 2 to 100 kPa103. Additionally, a photomask was 

employed during photo-polymerization to pattern specific regions of 3.4 kDa polymer 

chain length PEGDA within 20 kDa PEG hydrogel thereby demonstrating that varying 

stiffness can be spatially patterned within hydrogels103. 
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Figure 8: A) 3.4 kDa PEG with acrylated fluorescein (green) was immobilized 

in specific areas with spatial control over location within 20 kDa PEG hydrogel. B) 

PEG gels with an elasticity gradient were utilized to show that RAW 264.7 

macrophages preferentially adhere to stiff regions after 48 h. From Nemir et al103.  

These patterned hydrogels can be utilized to study the influence of matrix 

rigidity on cellular behavior. Nemir et al. showed that when RAW 264.7 macrophages 

were seeded on gradient hydrogels, the cells preferentially attached to stiffer areas of the 

hydrogel after 48 h post seeding (Figure 8). Overall, PEG hydrogels can provide 

supportive framework, maintain high cell viability, and present both biochemical and 
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mechanical stimuli to direct the formation of various tissues and allow for studying 

cellular mechanisms and functions. Due to its versatility and advantages, the PEGDA 

based hydrogel system was utilized in this work to closely mimic the vascularized 

tumor microenvironment. 


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2. Function and role of cancer-associated fibroblasts in 
tumor vascularization in an in vitro 3D biomimetic 
hydrogel matrix 

2.1 Introduction 

Blood vessels consist of two types of interacting cells, endothelial cells, which 

form the inner lumen of the vessel, and mural cells such as pericytes that envelop the 

surface of the vessel53. Pericytes, which are contractile cells located adjacent to the 

basement membrane of normal capillaries, stabilize vessel walls and are required for 

endothelial cell proliferation and survival61. During normal tissue development and 

angiogenesis, newly formed vessels supported by pericytes mature, stabilize, and cease 

to proliferate. In contrast to angiogenesis in normal tissue, blood vessel formation in 

tumors is not as tightly regulated and continue to proliferate58. Reports also suggest that 

the amount of pericyte coverage on vessels is lower in pathological tissue, such as breast 

and lung carcinoma, than in normal tissue61. The low degree of pericyte invasion and 

association with endothelial cells observed in tumors raises the possibility of the 

involvement of alternative mural cells in the tumor stroma replacing critical functions of 

pericytes and supporting vessel formation in tumors61. There are reports suggesting that 

CAFs have the potential to create a milieu that can promote the formation of blood 

vessels and thereby support cancer cell growth, invasion, and metastasis104–106.  CAFs 

express a number of factors such as VEGF and FGF-2 that regulate angiogenesis and 

endothelial cell proliferation, migration, and behavior104. Based on these functions, we 
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postulate that CAFs may play a direct role in influencing ECs to form vessels and 

function like pericytes to stabilize vessel networks in tumors. 

To explore this hypothesis, a lung adenocarcinoma mouse model developed by 

Gibbons et al. with defined metastatic potential was utilized. Mice expressing a K-ras 

mutation develop lung adenocarcinomas that become locally advanced but do not 

metastasize47,107,108. However, mice that express the same K-ras mutation along with a 

p53 mutation (p53R172H) produce primary lung adenocarcinoma with widespread 

metastatic disease47,107,108. Previous studies on these K-ras and p53 mutant mice have 

revealed that their lung tumors mimic the transcriptional features of tumors from 

patients with lung adenocarcinoma with poor-prognoseses108. CAFs were isolated from 

the tumor stroma of lungs of Kras LA1/+ mice (CAFkras) and from mice expressing both 

the Kras mutation and p53 mutation (CAFp53kras). As a comparison, normal mouse 

lung fibroblasts (LF) were isolated from wild-type littermates. The role of fibroblasts 

from metastasis and non-metastasis prone lung tumors in promoting vascular formation 

has not been fully elucidated. CAF cells have the potential to influence the tumor 

microenvironment by release of growth factors and MMPs, and production of ECM to 

create a cancer cell growth promoting niche7,18,46,47. Unlike non-invasive tumors, 

metastatic tumors are active and dynamic. The connective tissue and the ECM are 

continually remodeled through dynamic processes such as ECM degradation and 

production by MMPs4. The ECM turnover at metastatic sites is unrestrained. Studies 

suggest that at the site of metastatic tumors, through interactions with each other and 
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directly or indirectly with cancer cells, CAF cells become distinct from normal 

fibroblasts in that they display uncontrolled growth, increased proliferation potential, 

abnormal migratory behavior, and higher contractility4,49. This altered function results in 

increased secretion of ECM proteins and growth factors such as insulin-like growth 

factor 1 (IGF1) and hepatocyte growth factor (HGF) which contribute to tumor cell 

survival and migration18,47. Taken together, these functions of CAFs have led us to 

believe that such metastasis-associated fibroblasts could represent a variant of 

fibroblasts that have a more active role in supporting cancer growth and may be 

functionally and phenotypically distinct from normal fibroblasts amnd fibroblasts from 

benign tumor sites. To date, the functional properties and differences between 

metastasis associated and non-metastasis associated tumor-derived CAFs have not been 

characterized and remain an area to be investigated. 

The goal of our study is to understand some of the intrinsic properties and 

behavior of CAFs from K-ras and p53 mutant mice that may regulate blood vessel 

structure and formation. Previous work investigating the role of CAFs in tumors has 

provided tremendous amount of information to understanding CAFs; however work 

thus far has been restricted to two-dimensional culture109,110. There are several limitations 

to 2D cell culture to consider in investigating the tumor stroma. A major limitation of 2D 

cell culture is its lack of ECM architecture. The ECM in tissues in vivo is 3D, complex and 

dynamic in its composition and stiffness. Through mechanical forces and interactions 

with cell integrins, the ECM provides signaling cues to cells which in turn induce a 
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cascade of molecular and cellular events such as changes in cell shape, motility, and 

proliferation and affect the morphogenesis of cellular structures. By their ability to 

resemble more closely to the in vivo environment, 3D cell culture studies can provide 

information on cell function and behavior that is more relevant to actual in vivo 

physiological processes. Therefore, it is important to use a 3D in vitro cell culture 

microenvironment. We utilized 3D degradable poly(ethylene glycol) diacrylate 

(PEGDA) hydrogels described in the previous section and depicted in Figure 9 to culture 

endothelial cells with CAFs and LFs to evaluate the influence of CAFs on endothelial 

cell-cell interactions and the formation of vessel networks. 



Figure 9: Bioactivity can be incorporated in hydrogels with the addition of 

peptides. A) The collagenase-sensitive sequence GGGPQGIWGQGK (PQ) is 

conjugated to acrylate PEG-succinimidyl valerate (PEG-SVA) chain via the N-
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terminus and the amine group of the lysine at the C-terminus of the PQ peptide 

yielding PEG-PQ-PEG which serves as the polymer backbone. Cell-mediated 

degradation at the cleavage site (indicated by red arrow) occurs by cell-secreted matrix 

metalloproteinases (MMPs) 2 and 9. B) The cell-adhesive ligand, RGDS, is conjugated 

to acrylate-PEG via the N-terminus to form PEG-RGDS. PEG-RGDS permits cell 

adhesion to the matrix. C) PEG-PQ-PEG and PEG-RGDS are mixed along with cells 

and eosin Y photoinitiator to form a hydrogel precursor solution. Upon exposure to 

light, the acrylate groups are covalently cross-linked leading to the formation of a 

three-dimensional, biomimetic hydrogel. 



In numerous published studies, we have utilized MMP-2 and MMP-9 sensitive, 

RGD-modified PEGDA hydrogels depicted in Figure 9 as 3D scaffolds to grow 

microvascular networks91,92,94. Prior work utilizing this system has shown that ECs co-

cultured with mural cells in PEGDA-based hydrogels organize into tubules91. A common 

source for ECs is the human umbilical vein endothelial cells (HUVECs). HUVECs have 

the ability to form primitive tubule structures. However, for these primitive tubules to 

mature and stabilize over longer periods of time, they require interaction with mural cell 

types such as pericytes or smooth muscle cells (SMCs)91.  10T1/2 cells are mouse MSCs 

known to be precursors to pericytes and smooth muscle cells and were utilized in co-

culture with HUVECs in this work. Upon interaction with ECs, 10T1/2 cells up-regulate 

alpha smooth muscle actin, express basement membrane components such as collagen 

IV and laminin91,94. Previously, we have shown that HUVEC cells, when co-cultured 

with 10T1/2 cells in 3D hydrogels, organize into stable, lumenized tubule networks that 

are similar in structure and function to microvascular networks in vivo91,92,94. These 
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tubule networks are stable for at least 28 d in culture, whereas tubule structures formed 

by HUVECs alone regress in 6 d91,94. 

The purpose of this study is to probe the function and contribution of CAFs to 

vascularization. To obtain more biologically relevant information, 3D PEG-based 

hydrogels were utilized to culture ECs with either metastasis-associated CAFs or non-

metastasis-associated CAFs. For comparison, normal lung fibroblasts were co-cultured 

with ECs. ECs cultured with 10T1/2 cells served as a positive control group. In addition 

to vessel structure, the ability of CAFs to interact with ECs, support newly formed 

endothelial-tubule networks, and remodel the extracellular matrix was evaluated. 

2.2 Materials & Methods 

2.2.1 Isolation of Primary Lung Fibroblasts 

Prior to initiation, all mouse experiments were approved by the University of 

Texas MD Anderson Cancer Center Institutional Animal Care and Use Committee 

(IACUC). Cell lines were derived as previously published107. Prior to initiation, all 

mouse experiments were approved by the University of Texas MD Anderson Cancer 

Center Institutional Animal Care and Use Committee (IACUC). Cell lines were derived 

as previously published107. Normal lung fibroblasts or cancer-associated fibroblasts were 

isolated from the lungs of syngeneic WT 129/SV mice, KrasLA1, and KrasLA1/+; p53R172HDG/+ 

mice. Briefly, a 20 mm incision was made on the left side of the anesthetized mouse. 

344SQ cells (a metastatic lung cancer cell line), described previously47,107 as expressing 
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the miR-200b-200a-429 gene cluster, were injected subcutaneously in a single-cell 

suspension of 1 million cells in phosphate-buffered saline (PBS) in the posterior flank. 

After surgery, mice were monitored daily for three weeks and then were euthanized and 

examined for visible metastases.  

 

 

Figure 10: Mice with somatically activated K-ras formed primary lung 

adenocarcinomas with no metastatic disease. When mated with mice with a p53 

mutation, the heterozygous mutations induced formation of lung adenocarcinoma 

with widespread metastatic disease. Adapted from Roybal et al47. 

Cells were harvested from lung tumor tissues from mice47. Lung tissues from 

mice were dissociated into single cell suspensions using both enzymatic digestion (3 

mg/mL collagenase and 1.6 mg/mL dispase II) and mechanical separation using a 

GentleMacs Dissociator (Miltenyi Biotec, Lung_01 and Lung_02 programs). Cells were 

centrifuged and washed with Hanks Buffer Salt Solution (HBSS) containing 2% fetal 

bovine serum (FBS) and subjected to red blood cell lysis buffer according the 

manufacturer’s directions (BioLegend). Remaining cells were washed with HBSS-FBS 

and passed through 30 and 40 µm filters to create a single cell suspension. Viability and 

cell number were determined using the Invitrogen Countess. Magnetic beads (Dynal; 
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Invitrogen) were conjugated to antibodies targeting for different cell-type receptors: 

anti-CD45 and anti-CD68 (Leukocytes), anti-PECAM (endothelial cells), anti-Epithelial 

cell adhesion molecule (EpCAM) (epithelial cells), and anti-F4/80 (macrophages). Cells 

were mixed with each antibody-conjugated magnetic bead suspension and the beads 

were pelleted by magnet to clear the bound cells and to collect the remaining unbound 

cells. Unbound cells were subjected to magnetic beads conjugated with anti-Thy-1. 

Thymocyte antigen-1 (Thy-1), a marker expressed by primary fibroblasts111. Thy-1 

positive cells were collected and eluted off the beads using HBSS-FBS with 0.5% bovine 

serum albumin (BSA) and 2 mM Ethylenediaminetetraacetic acid (EDTA). 
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Figure 11: Lung tissue isolated from KrasLA1, Krasp53, and wild type mice 

littermates were mechanically and enzymatically digested to acquire a cell 

suspension. The suspension was then incubated with Dynal magnetic beads 

conjugated with various antibodies to recognize cell surface receptors for certain cell 

types. After incubation with beads, the cell suspension was placed on a magnet to 

remove unwanted cells and to acquire fibroblasts. From Roybal et al47. 

Cells collected from beads were centrifuged, washed with HBSS-FBS, and plated 

in Alpha-MEM Medium (Cell-Gro, Corning) containing 20% FBS, 1 mM sodium 

pyruvate (Gibco), 2 mM L-glutamine (Gibco), and 100 mg/100 U penicillin-streptomycin 

(Gibco). Wild-type mice (WT129/SV mice) did not develop tumors, and therefore 

fibroblasts derived from lungs of WT129/SV mice are designated as normal lung 

fibroblasts or LF. Fibroblasts derived from KrasLA1 mice are labeled as CAFkras and 

fibroblasts derived from KrasLA1/+; p53R172HDG/+ mice are labeled CAFp53kras. 
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2.2.2 Cell Maintenance 

CAFp53kras, CAFkras, and LF were cultured in Minimum Essential Medium 

Eagle Alpha Modification (Gibco, North Andover, MA) with 20% FBS (Lonza, 

Walkersville, MD). HUVECs (Lonza) were grown in endothelial basal medium (EBM), 

supplemented with an EGM-2 BulletKit™ containing ascorbic acid, human fibroblast 

growth factor-B (h-FGFb), heparin, hydrocortisone, VEGF, insulin-like growth factor, 

GA-1000 (gentamicin, amphotericin-B), and 2% fetal bovine serum (Lonza). 10T1/2 

pericyte precursor cells (American Type Culture Collection, Manassas, VA) were 

cultured in Dulbecco’s Modified Eagle’s Medium (DMEM; Gibco) supplemented with 

10% fetal bovine serum and 2 mM L-glutamine, 1000 U/mL penicillin, and 100 mg/L 

streptomycin (Sigma, St. Louis, MO). Experiments were conducted with CAFp53kras, 

CAFkras, and LF cells from passages to 2 to 9. HUVEC cells were used from passages 2 

to 8, and 10T1/2 cells were used from passages 15 to 18. All cells were incubated at 37°C 

and 5% CO2, and medium was changed every other day. 

2.2.3 αSMA and S100A4 Expression 

Expression of alpha smooth muscle actin and the calcium-binding protein 

S100A4 was assessed via immunohistochemistry. Alpha smooth muscle actin (αSMA) is 

a differentiation marker of smooth muscle cells and S100A4 is a protein shown to be 

upregulated in metastatic cells and involved in regulating cell proliferation, migration, 

and extracellular transduction112. Cells seeded at 8,500 cells/cm2 on polystyrene plates 
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were fixed with 4% paraformaldehyde for 20 min at room temperature and then rinsed 

with PBS three times at room temperature. After fixation, cells were then permeabilized 

with 0.125% Triton-X in PBS for 10 min, rinsed three times with PBS, and then incubated 

with 5% BSA for 30 min. After blocking, cells were incubated with primary antibodies at 

room temperature for 1 hour. The primary antibodies were mouse anti-αSMA (1:500 in 

PBS with 0.1% BSA, Abcam, Cambridge, UK) and rabbit anti-S100A4 (1:250 in PBS with 

0.1% BSA, Abcam). Cells were rinsed in PBS three times and then incubated with Alexa 

Fluor 647 donkey anti-mouse IgG (1:500 in in PBS with 0.1% BSA, Invitrogen) for αSMA 

expression or Alexa Fluor 488 donkey anti-rabbit IgG (1:500 in in PBS with 0.1% BSA, 

Invitrogen) for S100A4 expression for 1 hr at room temperature to visualize the binding 

of the primary antibodies. Following another PBS wash, cells were finally exposed to 2 

µM  4',6-diamidino-2-phenylindole (DAPI) in HBS with 0.1% BSA for 30 min to visualize 

cell nuclei and imaged using a Zeiss Axio Observer widefield fluorescence microscope 

with a 20x objective (Carl Zeiss Microscopy, Jena, Germany).The excitation/emission 

wavelengths used for observing Alexa Flour 488 were 488 nm/519 nm, for Alexa Fluor 

647 was 633 nm/665 nm, and for DAPI were 405 nm/421 nm.  

2.2.4 Synthesis of PEG-RGDS and PEG-PQ-PEG 

The cell-adhesive peptide RGDS (American Peptide, Sunnyvale, CA) was 

conjugated to acryloyl-PEG-succinimidyl valerate (PEG-SVA, 3400 Da, Laysan Bio Inc., 

Arab, AL) to form PEG-RGDS (Figure 9 ). The RGDS peptide was first dissolved in 
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anhydrous dimethyl sulfoxide (DMSO) with 2 mol diisopropylethylamine (DIPEA) and 

then added dropwise to dry acryloyl-PEG-SVA at a molar ratio of 1:1.2 (PEG:RGDS). 

The resulting product was then purified via dialysis against ultrapure water in a 

regenerated cellulose membrane (MWCO 3,500; Spectrum Laboratories, Inc., Rancho 

Dominguez, CA) and lyophilized. PEG-PQ-PEG was synthesized by reacting PEG-SVA 

with the MMP 2 and MMP 9 sensitive peptide sequence GGGPQGIWGQGK (PQ) at a 

molar ratio of 2:1 (PEG:PQ). MMP-2 and MMP-9, secreted by ECs, cleave the PQ peptide 

in the polymer backbone resulting in the degradation of PEG hydrogel91,92. The PQ 

peptide was synthesized on an APEX 396 solid phase peptide synthesizer (Aapptec, 

Louisville, KY) using standard Fmoc chemistry and characterized via matrix-assisted 

laser desorption/ionization-time-of-flight mass spectrometry (MALDI-ToF; Bruker 

Daltonics, Billerica, MA). Conjugation of PQ to PEG was achieved in process similar to 

that for PEG-RGDS but with a PEG-SVA:PQ peptide molar ratio of 2:1 generating an 

MMP-degradable segment attached to PEG at the N-terminus and at the lysine residue 

at the C-terminus (PEG-PQ-PEG) (Figure 9). Successful conjugation of the peptide to 

PEG was confirmed via gel permeation chromatography (GPC) with UV-VIS and 

evaporative light scattering detectors (GPC, Polymer Laboratories, Amherst, MA). 

2.2.5 Encapsulation of Cells in Degradable Hydrogels 

In order to elucidate how CAFs influence ECs in the formation, stability, and 

proliferation of microvascular networks, HUVECs were encapsulated in 5 µL 
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degradable hydrogels with either 10T1/2 cells, CAFp53kras, CAFkras, or LF at a ratio of 

4:1 (HUVECs:CAFs) with a total cell density of 30,000 cells/µL. Hydrogels were formed 

from a pre-polymer solution composed of 10% (w/v) PEG-PQ-PEG and 3.5 mM PEG-

RGDS in sterile HEPES-buffered saline (HBS) containing 1.5% (v/v) triethanolamine, 1 

mM eosin Y, and 3.5 µL/mL N-vinyl-2-pyrrolidone (NVP). The test groups for this study 

were the following: (1) HUVEC cells with CAFp53kras, (2) HUVEC cells with CAFkras, 

and (3) HUVEC cells with LF (control) and (4) HUVEC cells with 10T1/2 (positive 

control). Previous work has shown that HUVECs and 10T1/2 cells, pericyte precursors, 

encapsulated in degradable hydrogels undergo tubule network formation by 7 d91,94; 

therefore, this co-culture was utilized as a positive control group. All cells were 

detached from plates using 0.05% trypsin-EDTA and pelleted by centrifuging at 700 x g 

for 4 min. The cell pellets were then re-suspended in the pre-polymer solution to 

concentrations of 30,000 cells/µL (24,000 cells/µL of HUVECs to 6,000 cell/µL of CAFs, 

LFs, or 10T1/2 cells). 5 µL droplets of cell-laden polymer were sandwiched between a 

Sigmacote® functionalized (a hydrophobic surface treatment prepared as described 

below, Sigma, St. Louis, MO) glass slide and a methacrylate-modified cover glass (a 

surface treatment that mediates covalent attachment of the hydrogel to glass prepared as 

described below) separated by a 380 µm polydimethylsiloxane (PDMS) spacer. 

Sigmacoted glass slides were prepared by washing each glass slide in 70% ethanol and 

then submerging the slide in Sigmacote® for 1 min before washing the slide with 70% 

ethanol. Sigmacote® is a clear, colorless solution of a chlorinated organopolysiloxane in 
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heptane that reacts with surface silanol groups on glass to produce a hydrophobic, 

water-repellant thin film. Methacrylate-modified coverslips were prepared by first 

cleaning round 12 mm diameter coverslips in a piranha solution consisting of 30 mL of 

sulfuric acid and 13 mL of hydrogen peroxide. After 1 hr in piranha solution, coverslips 

were washed thoroughly with DI water three times, then with 200 proof ethanol three 

times, and then with 190 proof ethanol for three times. Following washing, the 

coverslips were incubated overnight at room temperature in a solution containing 2% 

3(trimethoxysilyl) propyl methacrylate in 95% ethanol. The methacrylate-modified 

coverslips were then washed with 70% ethanol, dried, and stored in a clean flask under 

argon at 4°C until ready for use. The pre-polymer solutions were cross-linked under 

white light at a power of 200 mW/cm2 for 35 s to form hydrogels that were then 

immersed in EGM-2 media (Lonza) and incubated at 37°C in a 5% CO2 environment for 

up to 7 d. Media was replenished every other day. 

2.2.6 Angiogenic Protein Secretion in Cell Medium 

The amounts of angiogenic proteins secreted by cells in the media were 

quantified using a VEGF-A ELISA kit (R&D Systems, Minneapolis, MN), PDGF-BB 

ELISA kit (R&D), and FGF-2 ELISA kit (Abcam) according to the manufacturers’ 

instructions. Medium was collected from gels with encapsulated cells in culture for 24 hr 

and 72 hr. VEGF-A, FGF-2, and PDGF-BB measured from EGM-2 media controls was 

subtracted from the measured protein content collected from hydrogel samples. 
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2.2.7 Assessment of Vessel Assembly & Morphology 

Hydrogels were fixed in 4% paraformaldehyde for 20 min and then washed with 

PBS. Encapsulated cells were permeabilized with 0.5% Triton-X for 30 min and then 

washed with PBS. Afterwards, nonspecific binding was blocked by incubation with 1% 

BSA overnight. Hydrogels were then incubated with a 1:200 dilution of goat anti-platelet 

endothelial cell adhesion molecule-1 (PECAM-1) (Santa Cruz Biotechnology, Dallas, 

Texas) and 1:100 dilution of mouse anti-αSMA (Abcam, Cambridge, UK) in HBS with 

0.1% BSA overnight on a rocker table at 4°C to stain endothelial cells and cells with a 

mural cell phenotype, respectively. Hydrogels were rinsed in PBS 5 times at 1 hr 

intervals and then incubated with a 1:400 dilution of Alexa Fluor 532 donkey anti-goat 

IgG (Invitrogen) and Alexa Fluor 647 donkey anti-mouse IgG (Invitrogen) overnight at 

4˚C to visualize the primary antibodies. Samples were then rinsed with PBS and exposed 

to 2 µM DAPI in HBS for 30 min to stain cell nuclei. The hydrogels were visualized 

using a confocal microscope (Zeiss 5-LIVE, Plan-Apochromat 20x objective with 0.8 NA) 

with a z-stack depth of 20 µm with 1 µm thick slices. Imaris software (Bitplane Inc., 

South Windsor, CT) was used to trace and measure tubule length and tubule diameter, 

and count vessel branch points in three fields of view for each hydrogel (n = 3-4 

hydrogels per experimental group, FOV =318 µm x 318 µm). The colocalization function 

in the Imaris analysis software was utilized to assess percent of tubules covered by 

αSMA positive cells. Vessel density was quantified from images of anti-PECAM staining 

of endothelial cell intercellular junctions as previously described113. Briefly, vessel 
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density is measured using the anti-PECAM channel image and counting the number of 

pixels that contain part of the vessel image and dividing these by the total number of 

pixels for a given image113. This measurement provides information on the fraction of the 

image area occupied by the vessels. 

2.2.8 Collagen IV and Laminin Deposition 

Basement membrane deposition was assessed via immunohistochemical staining 

for collagen IV and laminin. Hydrogels were first fixed in 4% paraformaldehyde for 20 

min and then washed with PBS 3 times. After fixation, 0.5% Triton-X was for 30 min 

added to permeabilize cells, followed by a PBS wash. Blocking of nonspecific binding 

was accomplished by incubating with 1% BSA overnight on a rocker at 4°C and then 

washing with PBS. Hydrogels were then incubated with primary antibodies on a rocker 

table at 4˚C overnight. For these studies, primary antibodies were rabbit anti-collagen IV 

(1:200 in PBS with 0.1% BSA, Abcam, Cambridge, MA) and chicken anti-laminin (1:200 

in PBS with 0.1% BSA, Sigma, St. Louis, MO). Hydrogels were rinsed in PBS five times at 

one-hour intervals and then incubated with a 1:400 dilution of Alexa Fluor 488 donkey 

anti-rabbit IgG (Invitrogen) or Alexa Fluor 488 goat anti-chicken IgG (Invitrogen) 

overnight at 4 ˚C on the rocker to visualize the primary antibodies. Subsequently, 

samples were rinsed with PBS and then imaged using a Zeiss 510 inverted confocal 

microscope under a 20x objective with a z-stack depth of 20 µm with 1 µm thick slices. 

Relative amounts of laminin and collagen IV production around tubules were 
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determined by measuring Alexa Fluor 488 pixel intensity in ImageJ (National Institutes 

of Health, Bethesda, MD) and normalizing to cell number using the DAPI pixel 

intensity. 

2.2.9 Treatment with VEGF-A, FGF-2, and PDGF-BB Neutralizing 
Antibodies 

To inhibit VEGF-A and FGF-2 activity in conditioned EGM-2 media, the effect of 

neutralizing antibodies against VEGF-A and FGF-2 antibodies on HUVEC metabolic 

activity was assessed using a colorimetric assay kit based on the reduction of 3-(4,5-

dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, 

inner salt; MTS] to formazan by NAD(P)H-dependent cellular oxidoreductase enzymes. 

For the assay, HUVECs were seeded on 96-well tissue-culture treated dishes at a 

concentration of 15,625 cells/cm2 and cultured in EGM-2 media at 37°C and 5% CO2. 

After 1 day of culture, neutralizing VEGF-A and FGF-2 antibodies were added to the 

wells. Both goat polyclonal anti-VEGFA and goat polyclonal anti-FGF-2 (R&D Systems, 

Minneapolis, Minnesota) were added at concentrations ranging from 0 to 100 nM for up 

to 3 d. The use of these antibodies for blocking VEGFA and FGF-2 binding and signaling 

have been demonstrated in previous studies with HUVECs114,115. A goat polyclonal anti-

PDGF-BB antibody (Abcam, Cambridge, UK), demonstrated as a blocking antibody 

previously116, was tested with 10T1/2 at a concentration ranging from 0 to 100 nM. After 

3 d of treatment with neutralizing antibodies, 20 µL of MTS reagent (Promega, Madison, 

WI, USA) was added for every 100 µL media in each well, mixed, and incubated for 3 hr 
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at 37°C and 5% CO2. To measure the amount of soluble formazan produced by cellular 

reduction of MTS, the well plate was read at an absorbance of 490 nm. Similarly, the 

effect of a PDGF-BB neutralizing antibody on 10T1/2 cell proliferation was assessed via 

the same MTS assay.  

To assess the effect of inhibiting VEGF-A, FGF-2, and PDGF-BB on the formation 

of microvascular networks, exogenous VEGF-A, FGF-2, and PDGF-BB were neutralized 

by the addition of 100 nM anti-VEGF-A, anti-basic FGF, and anti-PDGF-β neutralizing 

antibodies in the hydrogel precursor solution before photo-polymerization and 

additionally added in the EGM-2 media for 7 d. This concentration was selected based 

on the 2D monoculture dose response studies.  Media supplemented with the 

appropriate neutralizing antibody was replenished every day. An isotype-matched goat 

IgG was used as a control. Tubule formation was assessed after treatment with each of 

the neutralizing antibodies for the following co-culture test groups: (1) HUVEC cells 

with CAFp53kras, (2) HUVEC cells with CAFkras, and (3) HUVEC cells with LF and (4) 

HUVEC cells with 10T1/2. Tubule formation was evaluated by measuring vessel density 

after staining for PECAM and DAPI as described in previous sections.

2.2.10 Statistical Analysis 

Single factor ANOVA and subsequent post hoc Tukey test were used to analyze 

vessel formation and ECM production. For each analysis, p<0.05 was considered to be 

significant. All data is presented as mean ± standard deviation.  
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2.3 Results 

2.3.1 Characterization of PEG-RGDS and PEG-PQ-PEG 

The protease sensitive sequence GGGPQGIWGQGK (abbreviated PQ) was 

incorporated into the polymer backbone to render hydrogels degradable by cell secreted 

MMP-2 and MMP-9. The protease sensitive sequence was synthesized and its molecular 

weight was confirmed at 1141 grams/mol via matrix-assisted laser 

desorption/ionization-time-of-flight mass spectrometry (MALDI-ToF; Bruker Daltonics, 

Billerica, MA) shown in Figure 12.  

 

 

Figure 12: MALDI-ToF conformation of PQ molecular weight at 1141 

grams/mol. 
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Conjugation of the MMP-sensitive peptide PQ and cell adhesive peptide RGDS 

to PEG-SVA was confirmed via GPC. Figure 13 shows GPC analysis of PEG-PQ-PEG 

with the blue line representing PEG-SMC, the red line representing PEG-PQ-PEG. 

Figure 14 shows GPC analysis of PEG-RGDS in which the blue peak represents the PEG-

RGDS and red peak represents unreacted PEG-SVA. 

 

Figure 13: GPC analysis of PEG-PQ-PEG with the blue line representing PEG-

SVA, the red line representing PEG-PQ-PEG. 
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Figure 14: GPC analysis of PEG-RGDS in which blue peak represents the PEG-

RGDS and red peak represents unreacted PEG-SVA. 

2.3.2 αSMA and S100A4 protein expression 

Examination of CAFs and LFs in culture revealed clear differences in cell 

morphology, spreading, and expression of αSMA and S100A4 protein (Figure 15). 

CAFkras cells displayed a more rounded morphology similar to LF and had fewer 

cellular projections than CAFp53kras cells. As opposed to LF, CAFp53kras and CAFkras 

cells appear to be more elongated with greater cellular projections. Moreover, 

CAFp53kras cells appear to express αSMA and S100A4 protein at higher levels than LFs 

and CAFkras cells.   
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Figure 15: Expression of αSMA and S100A4. Differences in cell morphology 

and expression of αSMA and the calcium-binding protein S100A4 amongst the 

distinct cell lines tested were evaluated via immunostaining. Staining of cells with 

αSMA (shown in red) displays differences in cell morphology where 10T1/2 cells    

and normal lung fibroblasts (LF) have fewer cellular projections than the CAF cells. 

Minimal level of αSMA actin staining was observed in normal lung fibroblasts. As 

compared to normal lung fibroblasts, CAFs expressed higher levels of αSMA and 

S100A4. Scale Bar = 50 µm. 



2.3.3 CAFs enhance vessel formation  

We hypothesis that secreted molecules produced by CAFs enhance tumor 

vascularization, modify vessel structure, and regulate basement membrane assembly. 

All of these functions can subsequently enhance cancer cell invasion and metastasis. To 

test this hypothesis, ECs were co-cultured with CAFs and LFs in 3D in PEGDA 

hydrogels. HUVECs with CAFs, LFs, or 10T1/2s encapsulated in degradable PEGDA 

hydrogels underwent vascular network formation, with the extent of this response 

dependent upon the metastatic potential of the CAFs. The vessel-like networks were 
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visualized as early as 7 d after encapsulation by staining for cell nuclei via DAPI and 

endothelial cell intracellular junctions via PECAM-1 staining (Figure 16). To quantify the 

tubule formation response, average tubule diameter, total tubule length, branch points, 

and vessel density were calculated.  



Figure 16: HUVEC cells with CAFs, LF, or 10T1/2 encapsulated in degradable 

PEG hydrogels underwent vascular network formation. A) The vessel-like networks 
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were visualized as early as seven d after encapsulation by staining for cell nuclei via 

DAPI (indicated in blue) and endothelial cell intracellular junctions via PECAM-1 

staining (indicated in green). B) To quantify the tubule formation response, average 

tubule diameter, total tubule length, branch points, and vessel density were 

evaluated. Scale Bar = 100 µm. 

ECs co-cultured with CAFp53kras had a significantly higher total tubule length 

per volume and vessel density when compared with all other groups (p<0.01). Total 

tubule length per volume for vessels formed by ECs co-cultured with CAFp53kras was 

about 2.5 fold higher than vessels formed by ECs co-cultured with CAFkras or 10T1/2. 

Additionally, vessel-like networks formed with the co-encapsulation of CAFp53kras 

cells with ECs were significantly more branched than all other groups (p<0.01). The 

number of branch points for vessel structures in hydrogels with HUVECs and 

CAFp53kras was about 5-fold higher than the average number of branch points for 

vessels consisting of HUVECs and 10T1/2. 

2.3.4 CAFs exhibit pericyte cell-like functions  

Interactions between endothelial cells and mural cells like pericytes are crucial 

for vascular formation and stabilization. Similar to the 10T1/2 pericyte precursor cells, 

CAFs also appear to express αSMA. This observation led us to hypothesis that CAFs 

may be acting like pericytes in the tumor. To test this hypothesis, we evaluated CAFs 

with endothelial cells co-cultured in 3D in PEG hydrogels and quantified percent of 

tubule coverage by αSMA positive cells. The percent of tubules covered by αSMA 

positive CAFs was compared with percent of tubules covered by 10T1/2 pericyte cells. 
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Higher magnification images focused in on vessel-like networks (Figure 17) clearly show 

that CAFs expressing αSMA (indicated in red) are closely associating with endothelial 

cells.  
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Figure 17: Colocalization of αSMA around tubule networks. A) αSMA, a 

differentiation marker of smooth muscle cells shown in red, is present in pericyte-

precursor 10T1/2 cells closely associating with EC tubule networks indicated by  
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white arrows. Similarly, CAFs also express αSMA and wrap PECAM-1 positive 

(green) ECs (pointed out in white arrows). B) Quantitative analysis on the percent     

of tubules covered by αSMA reveals significantly higher colocalization of αSMA 

positive with tubules supported by CAFp53kras cells than 10T1/2, LF, and        

CAFkras cells (**p<0.01).  Scale Bar = 50 µm.  

Similar to the function of pericytes in vivo, CAFs cover the endothelial tubule 

network (indicated with white arrows) and thereby provide support and stabilization to 

the newly-formed tubules. The percent of tubules covered by αSMA positive 10T1/2 and 

CAF cells was quantified. The 10T1/2 pericyte cell coverage of the endothelium vessel 

area is partial, ranging from 20% to 35%. The highest αSMA coverage around 

microvessels is found in networks formed by endothelial cells supported by 

CAFp53kras cells. The percent of tubule networks covered by CAFp53kras cells ranges 

from 35% to 55% and is significantly higher than all other co-culture groups. 

2.3.5 CAFs regulate basement membrane assembly  

To determine if CAFs regulate ECM deposition, immunohistochemistry was 

performed visualize collagen IV and laminin in the hydrogels. Relative amounts of 

laminin and collagen IV were determined by measuring Alexa Fluor 488 pixel intensity 

and normalizing against DAPI pixel intensity. ECM proteins, such as collagen IV and 

laminin, are secreted during vascular development, and provide structural support to 

newly formed capillaries91. Areas of tubule structures in hydrogels were found to 

correspond to high amounts of collagen IV and laminin deposition (Figure 18).  
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Figure 18: Basement Membrane Assembly. A) Immunohistochemistry was 

performed to visualize laminin and collagen IV around tubules formed in the 

hydrogels. B) Areas of tubule structures in hydrogels were found to correspond to 

high amounts of collagen IV and laminin deposition. Laminin production was 

significantly higher (*p<0.05, ** p<0.01) in the co-culture of HUVEC cells with 

CAFp53kras in hydrogels as compared to HUVECs with LFs or 10T1/2 cells.     

Collagen IV production by cells was significantly higher in hydrogels with       

CAFkras co-cultured with HUVECs compared to the control groups.                         

Scale Bar = 100 µm.  

 

Laminin production was significantly higher (p<0.05) in the co-culture of 

HUVECs with CAFp53kras in hydrogels as compared to HUVECs with 10T1/2 cells. 
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Collagen IV production by cells was significantly higher in hydrogels with CAFkras co-

cultured with HUVECs compared to the control groups. The amount of collagen 

production in hydrogels with CAFkras and HUVECs was 32% greater than with LFs 

encapsulated with HUVECs. Moreover, laminin and collagen IV accumulation was 

visualized on the periphery of the tubules (Figure 18).

2.3.6 Secreted angiogenic proteins are required for induction of 
tubule formation  

Growth factors play an important role in tumor growth and angiogenesis by 

their influence on tumor cell proliferation and neovascularization. To determine if CAFs 

secrete growth factors that are known to regulate the formation and stability of EC 

tubule networks, we screened all co-cultures with HUVECs in hydrogels VEGF-A, FGF-

2, and PDGF-BB production. (Figure 19). VEGF-A and FGF-2, which stimulate 

endothelial cells to migrate and proliferate and are up-regulated in tissues undergoing 

vascularization,117 were significantly higher in co-cultures with CAFp53kras cells. In 

contrast to the expression of FGF-2 and VEGF, PDGF-BB in the culture medium (Figure 

19) was approximately 50% less for CAFs than for the 10T1/2 pericyte cells.  
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Figure 19: Secretion of Angiogenic Proteins. A) VEGF-A, B) FGF-2, and C) 

PDGF-BB proteins in culture supernatant taken from co-culture of HUVEC cells    

with 10T1/2, normal LF, CAFkras, and CAFp53kras encapsulated in PEG hydrogels 

were quantified by sampling at 24 and 72 hr  and evaluated using ELISA. VEGF-A 

and FGF-2, which are up-regulated in tissues undergoing vascularization, were 

expressed significantly higher in co-cultures with CAFp53kras cells at both 24 and 72 

hr after placement in the hydrogels (**p<0.01). In contrast, secretion of PDGF-BB by 

CAFs   was approximately 50% less than by the pericyte precursor 10T1/2 cells. 

Statistical significance performed using single factor ANOVA with a subsequent  

post hoc Tukey test (n=3; **p< 0.01, *p<0.05).  

 

The ability of HUVECs to form capillary-like structures in the presence or 

absence of neutralizing antibodies against VEGF-A, FGF-2, and PDGF-BB was also 

evaluated. The neutralization capabilities of these antibodies at a range of concentrations 

were first tested via a metabolic activity assay with HUVEC and 10T1/2 cells. Because 

VEGF-A and FGF-2 are known to stimulate endothelial cell proliferation, neutralizing 

antibodies against VEGF-A and FGF-2 were tested with HUVECs. Neutralizing antibody 
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against PDGF-BB was tested with 10T1/2 cells. Results in Figure 20 indicate that 

metabolic activity of HUVECs is significantly reduced upon treatment with either 

neutralizing antibody against VEGF-A or FGF-2 at 1 nM concentration. 

 

Figure 20: A) & B) The ability of neutralizing antibodies against FGF-2         

and VEGF in blocking cell metabolic activity was assessed via MTS assay with  

HUVECs. C) Metabolic activity of cells was also evaluated in the presence and 

absence of IgG isotype control antibody. Statistical significance performed            

using single factor ANOVA with a subsequent post hoc Tukey test (n=6; **p< 0.01, 

*p<0.05). 
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Figure 21: Effect of neutralizing antibodies against PDGF-BB on the metabolic 

activity of pericytes. A) To validate the bioactivity of neutralizing antibody against 

PDGF-BB, metabolic activity of 10T1/2 cells in the absence or presence of neutralizing 

antibody was assessed via MTS assay. B) Cells were also evaluated in the presence 

and absence of IgG isotype control antibody. Statistical significance performed using 

single factor ANOVA with a subsequent post hoc Tukey test (n=6; **p< 0.01, *p<0.05). 
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Figure 22: Effect of neutralizing antibodies against VEGF, FGF-2, and PDGF-

BB on tubule formation. HUVECs were co-cultured with 10T1/2, LF, CAFkras or 

CAFp53kras cells in the presence or absence of neutralizing antibodies at 100 nM 

concentration in both hydrogel and cultured media for 7 d. Effect of neutralizing 

antibodies on tubule formation was observed by immunostaining PECAM-1 (shown 

in green) for ECs, αSMA (shown in red) for 10T1/2 cells or fibroblasts, and DAPI 

(shown in blue) for cell nuclei.  

 







 

Figure 23 : Tubule formation response to neutralizing antibodies was 

evaluated by quantifying vessel density in treated and untreated groups.           

Addition of neutralizing antibodies for FGF-2 and VEGF significantly reduced           

vessel formation in hydrogels with 10T1/2, CAFkras, and CAFp53kras             

(**p<0.01). The influence of each individual growth factor on vessel network 

formation was abrogated with the addition of the corresponding neutralizing 

antibody. Unlike the other co-culture groups, the addition of neutralizing           

antibodies for FGF-2, VEGF, and PDGF-BB had very little to no effect in the           

HUVEC & LF co-culture group. Statistical significance performed using single      

factor ANOVA with a subsequent post hoc Tukey test (n=8; **p< 0.01, *p<0.05). 
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Similarly, metabolic activity of 10T1/2 cells measured via MTT assay was significantly 

blocked by neutralizing antibody against PDGF-BB at concentrations of 1 nM or higher 

(p<0.01). The initial assessment of neutralizing antibodies against VEGF and FGF-2 on 

HUVECs and neutralizing antibody against PDGF-BB on 10T1/2 cells showed that the 

metabolic activity of cells was significantly reduced at a 100 nM concentration of each of 

the neutralizing antibodies. Therefore, in subsequent studies, we used neutralizing 

antibodies blocking all three growth factors at a concentration of 100 nM. Blocking 

VEGF-A, FGF-2, and PDGF-BB was also tested for their effect on tubule formation. 

Tubule formation in the presence or absence of neutralizing antibodies against 

angiogenic growth factors was assessed via staining for PECAM-1 for ECs, αSMA for 

10T1/2 or CAFs, and DAPI for nuclei. Interestingly, tubules formed in co-cultures of 

HUVECs with 10T1/2, LF, or CAFkras cells seemed to be more affected by neutralizing 

antibodies than co-culture groups with CAFp53kras cells. As shown in Figure 22, the 

addition of neutralizing antibodies for FGF-2 and VEGF-A significantly abrogated 

tubule formation in hydrogels containing 10T1/2, CAFkras, and CAFp53kras cells 

(p<0.01). In contrast to cells untreated or treated with IgG control antibody, ECs and 

CAF cells exposed to neutralizing antibody against PDGF-BB significantly decreased the 

formation of branch, capillary networks (p<0.05).  
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2.4 Discussion 

We have utilized a unique PEG hydrogel system to study the influence of 

important cell constituents from the tumor microenvironment on vascular development 

in 3D. Specifically we investigated CAFs which abundantly populate the tumor stroma 

and have the potential to impact the surrounding cells and the environment by secretion 

of various growth factors21. We hypothesized that the secreted molecules produced by 

CAFs could enhance tumor vascularization and modify vessel development. To test this 

hypothesis, CAFs were isolated from non-metastasis associated lung tumors of Kras-

mutant mice (CAFkras) and from metastasis associated tumors of mice expressing both 

the Kras and p53 mutations (CAFp53kras). CAFs were tested and compared with 

normal lung fibroblasts and pericyte-precursor 10T1/2 cells. First, differences in αSMA 

and S100A4 expression amongst the different lung-derived cells was assessed by 

immunofluorescence staining. There were less αSMA positive normal lung fibroblasts as 

compared to CAFp53kras cells. In contrast to normal lung fibroblasts, CAFs appeared to 

express higher levels of αSMA. S100A4 is a protein shown to be elevated in growth 

stimulated tumor cells during morphogenic conversion from an epithelial to 

mesenchymal phenotype118. Additionally, S100A4 expression levels are up-regulated 

during oncogenic transformation from benign to metastatic tumors118. Similar to αSMA, 

S100A4 protein also appeared to be expressed more in CAFp53kras cells as compared 

with normal lung fibroblasts and CAFkras cells.  
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The phenotype dissimilarities amongst the non-metastatic prone versus 

metastatic prone CAFs and normal lung fibroblasts and 10T1/2 cells led us to question if 

these cells have varying capabilities in inducing endothelial cell (ECs) organization into 

vessel-like networks. Visible differences in the formation of vessel-like networks were 

observed when ECs were co-cultured with CAFs and normal lung fibroblasts in 3D in 

PEGDA hydrogels. The degree of vessel network formation varied with the metastatic 

potential of the CAFs. For example, CAFs from lung tumors in p53 and Kras mutant 

mice induced vessel formation with a particularly heightened response compared to 

CAFs from mice that express the K-rasG12D allele alone, which develop lung 

adenocarcinomas that do not metastasize. In comparison with all other co-culture 

groups, CAFp53kras cells in association with ECs arranged in tubule networks with 

significantly greater total tubule length per volume and vessel density. Heterogeneity in 

the degree of vessel formation in lung tumors varying in metastatic potential is 

consistent with previous findings59,119. Tubule networks formed by HUVECs and 

CAFp53kras were dissimilar to tubules formed by HUVECs and 10T1/2 cells. Tubule 

networks generated by ECs co-cultured with CAFp53kras cells exhibited more extensive 

branching. Quantitative analysis of changes in vessel architecture and formation also 

revealed differences in tubule diameter between the groups tested. Tubules generated 

by ECs co-cultured with CAFp53kras cells were significantly smaller in diameter than 

tubules formed by HUVECs and 10T1/2. Extensive branching and smaller diameter are 

characteristics of vessels found in tumors as opposed to vessels in normal tissues61. The 
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endothelial tubular structures formed by HUVECs and 10T1/2 cells are more similar to 

capillary structures in their cellular organizations and morphology found in healthy, 

non-pathological tissues in vivo55,91.  

Similar to the 10T1/2 pericyte cells, CAFs also express αSMA and make specific 

focal contacts with endothelial cells. The close association of mural cells like pericytes 

with endothelial cells in the blood vessel wall is a crucial behavior for vessel maturation, 

stabilization, and maintenance. One of the causes for abnormal vascular morphogenesis 

is the lack of pericytes wrapping the vessel endothelium, leading to abnormal junctions 

and vascular leakage. By wrapping around endothelial cells and providing support to 

newly formed vessel-like structures, CAFs exhibit at least some of the functions and 

properties of mural cells or pericytes. The percent of tubule coverage by αSMA-positive 

CAF cells was quantified and compared with 10T1/2 pericyte cells. Significantly higher 

αSMA coverage around microvessels is found in networks formed by endothelial cells 

supported by CAFp53kras cells. The heterogeneity in αSMA coverage observed between 

the co-culture groups may reflect the variation in the morphology between CAFs and 

pericytes in that CAFs are elongated with multiple cytoplasmic processes encircling the 

capillary endothelium and covering a large vessel area whereas the 10T1/2 pericyte cells 

are more compact. 

Another mechanism by which CAFs stabilize tubule formation may be related to 

the production of basement membrane proteins such as collagen IV and laminin7,10,120. As 

shown, both laminin and collagen IV accumulated in the center and close periphery of 
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tubules. Amount of deposition of both collagen IV and laminin was dependent on the 

type of cells co-cultured with the HUVEC cells. Collagen IV and laminin deposition was 

greater in co-cultures with CAFs and significantly higher in co-cultures with CAFkras 

cells as compared to the control groups. Increase in laminin is an indication of 

maturation of vessels while collagen IV deposition influences the structural integrity 

and stiffness of the basement membrane121,122. Previous studies suggest that the varied 

composition and structural organization of some ECM proteins, such as collagen, can 

alter ECM stiffness which in turn enhances cell growth and survival and promotes 

migration123. Furthermore, increase in collagen and laminin deposition, and enhanced 

MMP activity are behaviors implicated in tumor progression51. ECM deposition and 

increased tissue stiffness have been noted to enhance tumor progression through 

altering integrin signaling, focal adhesions, and Rho/Rho associated protein kinase 

pathway activation120,124,125. The Rho/Rho associated protein kinase pathway activation 

leads to beta-catenin activation, which in turn induces tumor growth, enhances 

endothelial cell-cell contact, and consequently, vessel formation126.  

The process of regulating vascularization requires the precise coordination of 

various signaling molecules to form stable and functional vessels117,127,128. The balance of 

growth factors determines whether ECs remain in a state of homeostasis or whether they 

proceed to the state of hyper-vascularization instigating tumor growth and metastasis10. 

CAFs found predominately in the reactive tumor stroma have been implicated to play a 

crucial role in tumor progression by producing specific growth factors that regulate 
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angiogenesis104–106. The aforementioned reasons led us to investigate if angiogenic 

growth factors secreted by CAFs could potentially correlate with proliferation and 

vascularization in invasive lung adenocarcinoma. We have studied the expression of a 

panel of angiogenic growth factors, specifically FGF-2, VEGF-A, and PDGF-BB, derived 

from a co-culture of HUVECs with CAFs in hydrogels. Primary CAFkras and 

CAFp53kras cells were evaluated in comparison with LFs. VEGF-A, which stimulates 

ECs to migrate and proliferate and is up-regulated in tissues undergoing 

vascularization117, was expressed significantly higher in co-cultures with CAFp53kras 

cells at both 24 and 72 hr after placement in the hydrogels. This finding suggests that 

metastatic prone lung adenocarcinoma derived CAFs could signal ECs to migrate into 

lung tumors and interact with CAFs to form vessels.   

Similar to VEGF-A, the expression of FGF-2 was significantly higher in co-

cultures with CAFp53kras cells than all other groups. FGF-2 is involved in a wide range 

of activities that includes promotion of angiogenesis, chemotaxis, cellular differentiation 

and tissue repair129,130. Tumor expression of both VEGF-A and FGF-2 is associated with 

poor survival and metastatic prone outcomes131. In a study involved in evaluating 

concentration of FGF-2 and VEGF-A in serum samples from cancer patients with 

metastatic carcinomas, investigators observed a positive correlation between the 

progression rate of metastatic lesions and tumor microvessel density with a higher 

expression of both growth factors131. Imbalanced production of angiogenic growth 

factors, for instance high levels of VEGF-A expression, may explain the unusual features 
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found in tumor blood vessels. The tumor vasculature usually consists of unstable, 

disorganized, leaky, and premature blood vessels that provide a structural basis for 

cancer invasion and metastasis132.  

In contrast to the expression of FGF-2 and VEGF-A, secretion of PDGF-BB by 

CAFs was approximately 50% less than by the pericyte precursor 10T1/2 cells. PDGF-BB 

growth factor affects mural cells including pericytes and PDGFR-expressing smooth 

muscle cells, but not ECs133,134. Release of PDGF-BB induces the recruitment of pericytes 

and/or SMCs to support and stabilize blood vessels formed by ECs135,136. The decreased 

expression of PDGF-BB observed in co-cultures with CAFs and ECs in our study could 

explain why progressive tumors are manifested with high degree of disorganized 

primitive blood vessels. These primitive vessels may be poorly coated with pericytes, or 

perhaps the pericytes are displaced by CAFs. Previous studies have found that deletion 

of PDGF-BB in mice leads to the formation of leaky and hemorrhagic blood vessels due 

to the lack of pericytes and vascular SMCs supporting and stabilizing nascent vessel 

structures137.  

Our results suggest that survival of ECs and enhancement of vessel sprouting is 

dependent upon exogenous angiogenic-specific growth factors. To support this idea, we 

tested the effects of blocking antibodies directed at VEGF-A, FGF-2, and PDGF-BB. 

Neutralizing antibodies bind to soluble VEGF-A, FGF-2, and PDGF-BB growth factors 

secreted by cells and thereby prevent their binding to cell receptors and downstream 

signaling. Blocking antibodies directed at VEGF-A, FGF-2, and PDGF-BB were added to 







HUVEC co-cultures with CAFs, LFs, and 10T1/2 cells in hydrogels and to the culture 

supernatant for up to 7 d. The effect of neutralizing antibodies on tubule formation was 

quantified via vessel density. As a control, hydrogels were also treated with an IgG 

isotype antibody with no relevant specificity for any of the target proteins. Treatment 

with neutralizing antibodies against VEGF, FGF-2, or PDGF-BB significantly inhibited 

vessel formation. Strikingly, blocking VEGF and FGF-2 had a dramatic effect on ECs. 

Treatment with neutralizing antibodies to VEGF-A and FGF-2 disrupted endothelial cell 

tubule formation. Tubule structures appeared isolated or assembled in clumps of 

rounded cells or short, unbranched tubule cords. Hydrogels treated with neutralizing 

antibody against PDGF-BB exhibited a significant reduction in vessel density as 

compared with IgG treated hydrogels. This could be due to 10T1/2 pericyte cursor cells 

making less focal contacts with ECs and thereby not providing the necessary support for 

stable tubule networks. These studies reflect the dominant contribution of exogenous 

VEGF-A, FGF-2, and PDGF-BB signaling during endothelial cell tubule formation but 

does not exclude the involvement of other growth factors, which may vary depending 

on culture conditions. It is important to keep in mind that other signaling factors for ECs 

can be produced by tumor cells or other stromal cells. These results indicate that a 

mechanism by which CAFs signal endothelial cells to assemble into tubule structures is 

via secretion of VEGF, FGF-2, and PDGF-BB. Our results also emphasize the role that 

VEGF-A, FGF-2, and PDGF-BB may have as a therapeutic target of the tumor 
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microenvironment, specifically in stromal-infiltrating cells such as ECs and CAFs that 

contribute to tumor vascularization. 

2.5 Conclusion 

The current work focused on CAFs derived from lung adenocarcinomas with 

varying metastatic potential and their involvement in the formation, stability, and 

proliferation of microvascular networks. Several findings presented in this study 

complement a growing body of evidence that the contribution of CAFs to tumor cell 

proliferation and motility include several secreted factors with various biological 

functions that drive the formation of tumor vessels and modulate vessel assembly. In 

this study conducted in 3D biomimetic hydrogel, we showed that CAFs express αSMA 

and closely associate with vessel cells in a fashion similar to pericytes. These findings 

support our underlying hypothesis that CAFs may be pericyte precursors and play a 

mural cell-like role. Additionally, CAFs appear to regulate the basement membrane via 

secretion of ECM proteins such as collagen IV and laminin to stabilize nascent tubules. 

Overall, this work provides a better understanding of how the complex crosstalk 

established between ECs, CAFs and their surrounding ECM affects vessel formation. 

Controlling this complex crosstalk can provide means for developing new therapies to 

target vessels that potentially enhance tumor survival and growth. 
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3. Influence of ECM-derived cues in modulating vessel 
assembly and endothelial cell tubulogenesis 

A significant portion of this chapter is from Saniya Ali, Jennifer E. Saik, Dan J. Gould, 

Mary E. Dickinson, and Jennifer L. West. Immobilization of cell-adhesive laminin 

peptides in degradable PEGDA hydrogels influences endothelial cell tubulogenesis. 

BioResearch Open Access. 2013, 2(4). 



3.1 Introduction 

In the previous section, we observed the accumulation of laminin surrounding 

vessel networks composed of endothelial cells and CAFs. A mechanism by which CAFs 

can enhance vessel formation may be related to the production of ECM proteins, such as 

laminin, as  vessel development is mediated by interactions between cells and the 

ECM25,138. These matrix interactions regulate several cellular functions, including 

adhesion, proliferation, migration, and differentiation.139,140 

Laminins, present at high density in the microvascular basal lamina, are family 

of heterotrimeric glycoproteins, with each protein containing one α, β, and γ chain141,142. 

The α, β, and γ subunits characterize the functions and properties of the laminin 

proteins. For example, the α chain is central in determining integrin ligand specificity, 

whereas the β subunit connects to the cytoskeleton and affects multiple signaling 

pathways143.  
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Figure 24: The α, β, and γ subunits characterize the functions and properties of 

the laminin proteins. From Miner et al141.  

 

Laminin can interact with cells through integrins. This integrin binding occurs at 

specific motifs. Several cell binding motifs based on laminin-derived peptides have been 

investigated to modulate cell adhesion and spreading including those based on the 

RGD, IKVAV, and YIGSR amino acid sequences144,145.  

The extensively studied RGD sequence is found in many ECM proteins and 

serves as binding motif for multiple cell surface integrin receptors. For example, 

HUVECs seeded upon RGDS-modified poly(ethylene glycol) diacrylate (PEGDA) 

hydrogels showed increased spreading and adhesion 24 h post-seeding when compared 

to the same cells on the unmodified polymer or polymer modified with RGES146. In other 
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work with this peptide, PEG hydrogels functionalized with protease-cleavable peptide 

sequences and RGDS showed that immobilized RGDS facilitated initial cell adhesion 

while degradation of the polymer from cell secreted matrix metalloproteinases 

facilitated cells to spread, migrate, and organize into capillary-like networks in co-

cultures consisting of endothelial and mesenchymal stem cell progenitor cells91. 

Furthermore, adhesion and proliferation studies using HUVECs indicated that cells 

spread better on the RGDS-modified surface147,148. 

IKVAV, a peptide derived from the α-chain of laminin, has been previously 

shown to induce endothelial cell adhesion and subsequent tubule formation149. In a 

study conducted by Grant et al., the IKVAV peptide demonstrated increased endothelial 

cell mobilization, capillary branching, and vessel formation in both a murine 

angiogenesis assay and experiments with the chick yolk sac/chorioallantoic 

membrane150. Immobilized IKVAV on collagen type I hydrogels, stimulated vascular 

endothelial cells to migrate, adhere, and form capillary networks151. This immobilized 

peptide has also been shown to mediate revascularization of ischemic tissue152, making it 

of great interest to those seeking to induce microvascular networks de novo.   

The integrin receptor ligand YIGSR, found in a cysteine-rich site of the laminin β 

chain153, has been extensively investigated as a mediator of cell adhesion153,154. Various 

studies have demonstrated that YIGSR plays a key role in endothelial cell-to-cell 

interactions and tubule formation148,155,156.  In one study, incorporation of YIGSR in a 

polyurethane urea scaffold resulted in improvement in endothelial cell adhesion, 
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proliferation, migration, and ECM production155–158. In another study, surface 

presentation of both RGD and YIGSR peptides was shown to increase endothelial cell 

tubule formation as opposed to unmodified materials155. When RGD and YIGSR were 

tested separately, YIGSR-modified MG induced endothelial cells to organize in tubules, 

while RGD-modified MG only supported cell attachment, providing key evidence that 

these peptides have separate effects on endothelial cells155. 

In the present study, we demonstrate that the degree of endothelial cell 

tubule formation varies with the peptide sequences presented in the material. 

Laminin-derived peptides were conjugated to heterobifunctional poly(ethylene 

glycol) (PEG) chains and covalently incorporated in PEGDA hydrogels. In 

response to these immobilized peptides, encapsulated HUVECs organized into 

extensive networks of capillary-like structures in 3D. Pericyte precursor cells 

(10T1/2s) stabilized the resulting structures. Additionally, hydrogels 

incorporated with laminin-derived peptides and implanted in the mouse cornea 

stimulated the formation of functional blood vessels. This work shows that 

YIGSR, IKVAV, and RGD peptides have different abilities to modulate vessel 

assembly and long-term tubule stability both in vitro and in vivo. Based on these 

results, we believe that laminin derived peptides play an integral role in 

regulating the formation of microvasculature in tumors. 
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3.2 Materials and Methods 

3.2.1 Cell Maintenance 

Human umbilical vein endothelial cells (HUVECs; Lonza, Walkersville, MD; 

passages 2-5) were grown in endothelial growth medium (EGM-2) supplemented with 

ascorbic acid, epidermal growth factor, fibroblast growth factor, heparin, 

hydrocortisone, insulin-like growth factor, GA-1000 (gentamicin, amphotericin-B), and 

2% fetal bovine serum (Lonza). 10T1/2 pericyte precursor cells (American Type Culture 

Collection, Manassas, VA; passages 15-18) were cultured in Dulbecco’s Modified Eagle’s 

Medium (DMEM) (Gibco, North Andover, MA) supplemented with 10% fetal bovine 

serum and 2 mM L-glutamine, 1000U/mL penicillin, and 100 mg/L streptomycin (Sigma, 

St. Louis, MO). All cells were incubated at 37°C and at 5% CO2.  

3.2.2 Peptide Synthesis  

The laminin-derived sequences YIGSR and IKVAV were synthesized on an 

APEX 396 solid phase peptide synthesizer (Aapptec, Louisville, KY) using standard 

Fmoc chemistry. After purification, the peptides were characterized via MALDI-ToF 

(Bruker Daltonics, Billerica, MA).  The same methods were used to generate the 

protease-sensitive peptide sequence, GGGPQGIWGQGK (PQ). 

3.2.3 Polymer Conjugation  

The cell-adhesive peptide RGDS (American Peptide, Sunnyvale, CA) was 

conjugated to acryloyl-PEG-succinimidyl carboxymethyl (PEG-SCM, 3400 Da, Laysan 
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Bio Inc., Arab, AL) to form PEG-RGDS following the same synthesis and purification 

methods outlined in chapter 2, section 2.2.4. The PQ peptide conjugation was achieved 

in process similar to that for PEG-RGDS but with a PEG-SCM:PQ peptide molar ratio of 

2:1 generating an MMP-degradable segment that is flanked on both sides by PEG (PEG-

PQ-PEG). The same reaction and purification protocols were followed for the laminin 

peptides, YIGSR and IKVAV, to yield PEG-IKVAV and PEG-YIGSR. Successful 

conjugation of the peptide to PEG was confirmed via a gel permeation chromatography 

system equipped with UV-VIS and evaporative light scattering detectors (GPC, Polymer 

Laboratories, Amherst, MA).  

3.2.4 Encapsulation of Endothelial Cells and 10T1/2 Pericyte 
Precursors in Degradable Hydrogels 

HUVECs and 10T1/2 cells were encapsulated in degradable hydrogels in order to 

observe the effects of covalently immobilized IKVAV and YIGSR on tubule formation. 

HUVEC and 10T1/2 cells were encapsulated at ratio of 4:1. Hydrogels were formed from 

prepolymer solutions composed of 10% (w/v) PEG-PQ-PEG in sterile HEPES buffered 

saline (HBS) containing 1.5% (v/v) triethanolamine, 1 mM eosin Y, and 3.95 µL/mL N-

vinyl-2-pyrrolidone (NVP). PEG-peptides were added to the prepolymer solution to 

create four treatment groups: (1) 3.5 mM PEG-IKVAV, (2) 3.5 mM PEG-YIGSR, (3) 3.5 

mM PEG-IKVAV with 1.0 mM PEG-RGDS, and (4) 3.5 mM PEG-YIGSR with 1.0 mM 

PEG-RGDS. A prepolymer solution containing 3.5 mM PEG-RGDS alone was used as a 

control group. HUVECs and 10T1/2 were harvested using trypsin-EDTA and pelleted by 
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centrifuging at 700 x g for 4 min. The cell pellets were then resuspended in the 

prepolymer solutions to concentrations of 10,000 cells/µL. 5 µL droplets of cell-laden 

polymer were sandwiched between a Sigmacote® functionalized (prepared as described 

below, Sigma, St. Louis, MO) glass slide and a methacrylate-modified cover glass 

(prepared as described below) separated by a 380 µm polydimethylsiloxane (PDMS) 

spacer. For the process and protocols on preparation of Sigmacote® functionalized glass 

slide and Methacrylate-modified coverslips, please refer to Chapter 2, Section 2.2.5. The 

solutions were cross-linked under white light at a power of 200 mW/cm2 for 35 s to form 

hydrogels that were then immersed in EGM-2 media and incubated at 37°C in a 5% CO2 

environment for up to 28 d. Media on the hydrogels was replenished every other day. 

3.2.5 Assessing Tubule Morphology and Extracellular Matrix Protein 
Production 

Endothelial cell tubule formation was evaluated by measuring total tubule length 

per volume and average tubule diameter in hydrogels that were stained to visualize 

actin filaments and cell nuclei. Hydrogels were first fixed in 4% paraformaldehyde for 20 

min and then washed with phosphate buffered saline (PBS, pH 7.4). Next, a 0.5% Triton-

X solution was added for 30 min to permeabilize encapsulated cells. Following another 

PBS wash, nonspecific binding was blocked by incubation with 1% bovine serum 

albumin (BSA) overnight. Gels were finally exposed to a 1:100 dilution of rhodamine 

phalloidin (Invitrogen, Carlsbad, CA) containing 2 µM of 4',6-diamidino-2-phenylindole 

(DAPI) in HBS with 0.1% BSA for 2 h to stain actin and cell nuclei, respectively. The 
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hydrogels were visualized using a confocal microscope (Zeiss 5-LIVE, Plan-Apochromat 

20x objective with 0.8 NA) with a z-stack depth of 20 µm. Imaris analysis software 

(Bitplane Inc., South Windsor, CT) was used to trace and measure tubule length and 

tubule diameter in three fields of view for each hydrogel (n = 3 hydrogels per 

experimental group, FOV =318 µm x 318 µm)73,159. 

To visualize collagen IV and laminin, hydrogels were first blocked with 1% BSA 

overnight and then incubated with primary antibodies on a rocker table at 4 ˚C for an 

additional overnight period to insure antibody infiltration into the samples. For these 

studies, primary antibodies included rabbit anti-collagen IV (1:100 in PBS with 0.1% 

BSA, Abcam, Cambridge, MA) and chicken anti-laminin (1:200 in PBS with 0.1% BSA, 

Sigma, St. Louis, MO). Hydrogels were rinsed in PBS five times at one-hour intervals 

and then incubated with a 1:400 dilution of Alexa Fluor 488 donkey anti-rabbit IgG 

(Invitrogen) or Alexa Fluor 488 goat anti-chicken IgG (Invitrogen) overnight at 4 ˚C to 

visualize the primary antibodies. Subsequently, samples were rinsed with PBS and then 

imaged using a confocal microscope under a 20x objective. Image slices of 1 µm 

thickness from a z-stack of 20 µm deep in the gel were taken for three fields of view 

from each of three hydrogels.  Relative amounts of laminin and collagen IV were 

determined by measuring Alexa Fluor 488 pixel intensity in ImageJ (National Institutes 

of Health, Bethesda, MD), and normalizing against DAPI pixel intensity. 
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3.2.6 In vivo Angiogenesis Assay: Hydrogel Implantation into the 
Mouse Cornea  

All animal procedures in this study were approved by the Institutional Animal 

Care and Use Committee (IACUC) at Baylor College of Medicine. In order to assess the 

effects of laminin peptides on tubule formation in vivo, degradable PEGDA hydrogels 

were implanted into the corneas of Flk1-myr::mCherry transgenic mice according to 

previously published procedures160. These transgenic mice express an endothelial cell 

specific fluorescent protein that allows formed tubules to be visualized via fluorescence 

microscopy161. Briefly, a Von Graefe knife was used to generate micropockets by partial 

thickness incisions into the cornea of anesthetized mice. Hydrogels were formed from 

prepolymer solutions composed of 10% (w/v) PEG-PQ-PEG in sterile HBS containing 10 

µL/mL of 300 mg/mL 2,2-dimethoxy-2-phenylacetophenone (DMAP) in NVP and 320 ng 

soluble PDGF-BB & 80 ng FGF-2 per gel. PDGF-BB and FGF-2 were added to the gels to 

initiate the angiogenic response of vessels from the limbus of the eye. PEG-peptides 

were added to the prepolymer solution to create four treatment groups: (1) 3.5 mM PEG-

IKVAV, (2) 3.5 mM PEG-YIGSR, (3) 3.5 mM PEG-IKVAV with 1.0 mM PEG-RGDS, and 

(4) 3.5 mM PEG-YIGSR with 1.0 mM PEG-RGDS. A prepolymer solution containing 3.5 

mM PEG-RGDS alone was used as a control. Once hydrogel solutions were formulated, 

0.12 µL of polymer solution was injected into a mold made of two glass slides separated 

by a 125-µm PDMS spacer.  Following 2 min of exposure to ions wavelength UV light 

(365 nm, 10 mW/cm2), the polymerized gels were immediately implanted in the cornea 
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micropockets. For analysis of blood vessel structure and angiogenesis, mice corneas 

were harvested 7 d post-implantation and fixed in 4% formaldehyde. A 543 nm laser on 

the Zeiss LSM 510 META confocal microscope (Plan Apochromat 20X/0.75 NA objective) 

was used to excite the mCherry fluorophore in order to visualize and acquire z-stack 

images of endothelial cells that had migrated and invaded into the modified hydrogels. 

FARSIGHT software (http://farsight-toolkit.org/wiki/Main_Page) was used to measure 

vessel diameter and count vessel branch points in the acquired images (n =5-7).  

3.2.7 Statistics 

Single factor ANOVA and subsequent Bonferroni post hoc tests were used to 

analyze vessel formation and extracellular matrix production. For each analysis, p < 0.05 

was considered to be significant. 

3.3 Results 

3.3.1 Encapsulated Endothelial Cells Exposed to Laminin-derived 
Peptides Form Tubule Networks 

HUVECs and pericyte-precursor cells encapsulated in degradable PEGDA 

hydrogels underwent tubulogenesis with the extent of this response dependent upon the 

combination of laminin-derived peptides included in the polymer matrix. The tubule 

networks were visualized as early as 7 d after encapsulation by staining for cell nuclei 

via DAPI and actin filaments via phalloidin (Figure 25). Tubules persisted up to 28 d, 

with the highest tubule formation response observed in hydrogels with both PEG-

YIGSR and PEG-RGDS. The tubule formation response to immobilized peptides was 

http://farsight-toolkit.org/wiki/Main_Page
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quantified for average tubule diameter and total tubule length. All groups, when 

compared individually, showed an increase in tubule diameter and total tubule length 

per volume over time (Figure 25). Additionally, cells that were exposed to a combination 

of PEG-YIGSR and PEG-RGDS had a significantly higher tubule length and tubule 

diameter when compared with all other treatment groups (*p<0.05). 

 

Figure 25: Images of cells labeled with DAPI for nuclei (blue) and        

phalloidin for actin filaments (red) in modified hydrogels were taken after 7 d           

in culture. To quantify the resulting tubule formation in vitro, the average                 

tubule diameter and total tubule length per volume were calculated (*p<0.05). 



3.3.2 Collagen IV and Laminin Expression in Tubule Networks 

Extracellular matrix proteins are generated by vessel cells in the process of tubule 

formation and establishment of long-term stability. In light of this, 
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immunohistochemistry was performed to measure production of collagen IV and 

laminin in the experimental hydrogels.  

 

Figure 26: The amount of ECM proteins produced by tubules is dependent           

on the type of peptide presented to encapsulated cells. Images of cells in modified 

hydrogels (A) were taken after 14 d in culture (B) Collagen IV and laminin        

deposition was quantified and found to correspond to areas of high tubule  

formation. (*p<0.05) 

 

Regions of defined tubule formation in hydrogels were found to correspond to 

areas with high amounts of collagen IV deposition (as measured by pixel intensity). 

Specifically, cells exposed to a combination of PEG-YIGSR and PEG-RGDS showed the 

highest expression of this important ECM protein (Figure 26), which was further found 
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to increase over time and to be dependent on the type peptide sequences presented. In 

treatment groups with PEG-YIGSR alone and combinations of PEG-IKVAV or PEG-

YIGSR with PEG-RGDS, the amount of collagen IV increased significantly from 7 d to 28 

d (p<0.05) as tubules were stabilized and maturing. For all time points, collagen IV 

production by cells was significantly higher (p<0.01) in gels with PEG-YIGSR as 

compared to those with PEG-IKVAV. Furthermore, the addition of PEG-RGDS to PEG-

IKVAV or PEG-YIGSR induced more collagen production than when PEG-IKVAV or 

PEG-YIGSR was presented alone. For example at 14 d, the amount of collagen 

production in hydrogels with PEG-YIGSR co-immobilized with PEG-RGDS was 35% 

greater than with PEG-YIGSR alone.  

Laminin deposition was also highly dependent on the peptide sequences 

presented as evidenced by significantly higher (p<0.05) protein accumulation in all 

treatment groups containing PEG-YIGSR as compared to those with PEG-IKVAV alone 

(Figure 26). Specifically, at 7 d hydrogels with PEG-YIGSR contained 25% more laminin 

than those with PEG-IKVAV. 

3.3.3 PEG-laminin Peptides Enhance the In Vivo Vascular Response 

To investigate the impact of laminin derived peptides in vivo, hydrogels were 

implanted into corneal micropockets created in Flk1-myr::mCherry transgenic mice. 

Using this established angiogenesis assay91,160, we demonstrate that the addition of 

IKVAV and YIGSR peptides to PEGDA hydrogels enhances cell organization into vessel 
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networks as visualized by the mCherry fluorescence of mouse endothelial cells (Figure 

27). Soluble PDGF-BB and FGF-2 were added to the hydrogels with immobilized 

peptides to induce angiogenesis from the limbal vessels of the eye. Covalent 

immobilization of either PEG-IKVAV or PEG-YIGSR with PEG-RGDS produced tubules 

with a significantly greater vessel density and tubule branching than did treatment 

groups with either peptide alone (p<0.01). Conversely, presentation of PEG-IKVAV in 

combination with PEG-RGDS induced vessels of smaller diameter, suggesting that the 

type of peptide presented to cells for attachment plays a critical role in determining 

vessel morphology.  





Figure 27: Images of the angiogenesis response to modified hydrogels 

implanted in the cornea (A) were taken after 7 d post-implantation. For analysis of 

angiogenesis and blood vessel structure, (B) vessel density, (C) vessel diameter, and 

(D) branch points were calculated. * significantly different from PEG-YIGSR and 

PEG-IKVAV (p < 0.01). ¥ significantly different from all other groups (p < 0.05). ‡ 
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significantly different from all other groups (p<0.01). + significantly different from 

PEG-YIGSR and PEG-IKVAV (p<0.05)  



3.4 Discussion 

A mechanism by which tumor angiogenesis is regulated involves cell adhesion 

and interaction with ECM. Cell surface integrins recognize and bind to short peptide 

sequences on ECM proteins which can then initiate signaling events that exert cellular 

effects. Previous studies have shown laminin, the predominant glycoprotein in the 

basement membrane, to simulate tumor cell adhesion162, migration163, and 

metastasis162,164. We postulate that laminin may also contribute to tumor growth and 

metastasis by promoting tumor angiogenesis.  

To investigate this theory, in our current work we explored the effects of cell 

binding motifs based on laminin-derived peptides on tubule formation and 

angiogenesis. Specifically, immobilized RGDS, YIGSR, and IKVAV, which are known to 

influence cell migration and invasion, were investigated. In 3D degradable scaffolds, 

PEG-YIGSR and PEG-IKVAV alone and in combination with PEG-RGDS induced 

HUVEC tubule formation as early as 7 d and tubules maintained up to length of the 

study (4 weeks). Immobilized laminin-derived peptides enhanced cell-cell interactions 

and promoted the formation of long-lasting tubule structures. In comparison with all 

other treatment groups, cells exposed to PEG-YIGSR in combination with PEG-RGDS 

arranged in stable tubule networks with a significant increase in total tubule 







length/volume and average diameter over a 4-week period. This rapid increase in 

vascularization is a desirable effect for sustained tumor cell survival and proliferation 

over a long period of time.  At 28 d, tubules in hydrogels with PEG-YIGSR & PEG-RGDS 

were 86% greater in tubule length/volume than those with only PEG-RGDS. The 

biological effects of YIGSR are mediated by its binding to 67 kDa laminin receptor157,165. 

The 67 kDa laminin receptor mediates cell attachment and spreading. Increased 

expression of the receptor correlates with cell proliferation and migration165. Endothelial 

cells have been reported to express high levels of 67 kDa laminin receptor that is 

localized with actin filaments166. The carboxyl terminal of 67kDa laminin receptor binds 

to the peptide YIGSR which induces down regulation of mitogen-activated protein 

kinase phosphatase-1 (MKP-1) expression and dephosphorylation of mitogen-activated 

protein kinase (MAPK)165. Higher MAPK activity induced by the 67 kDa laminin 

receptor has been previously correlated with expression of matrix metalloproteinases 

and enhanced vessel invasion, growth and angiogenesis167. 

The trend of increased vessel growth in the presence of YIGSR correlates well 

with previous in vivo and in vitro studies that have shown that YIGSR promotes 

attachment, proliferation, migration, and spreading of endothelial cells154,155,157,158. In a 

recent study, endothelial cells seeded in polyurethane urea-modified PEG scaffolds 

containing YIGSR showed higher levels of cell migration and collagen production158. 

Other studies have shown that when RGDS and YIGSR sequences were covalently 

attached to amine-modified glass, endothelial cell attachment and spreading were 
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enhanced significantly168. Although RGDS has been shown to promote cell binding, 

YIGSR enhances cell-to-cell interactions155,157. Results from our current study suggest that 

if RGDS and YIGSR are presented simultaneously from the commencement of complex 

cell interactions, their additive signaling promotes formation of mature, stable vessels. In 

fact, vessel density was significantly higher in hydrogels with both YIGSR and RGDS 

then hydrogels with YIGSR alone. The possibility of an additive effect is further 

supported by the fact that collagen IV production for the PEG-RGDS/PEG-YIGSR 

combination was significantly greater for the duration of the 4 weeks as compared to 

any of the other experimental groups. The in vivo results corroborate this finding with a 

significantly greater vessel density and more extensive branching for the PEG-

YIGSR/PEG-RGDS treatment as compared to PEG-YIGSR alone. After only 7 d in vivo, 

the average blood vessel density under combined PEG-YIGSR and PEG-RGDS 

conditions was approximately twice that of hydrogels with only PEG-RGDS or only 

PEG-YIGSR. This suggests that the presence of the RGDS peptide further enables YIGSR 

to initiate formation of complex, defined vasculature. Previous studies have 

demonstrated the combination of these two peptides25,168. In a study of bovine artery cell 

adhesion, cells exposed to YIGSR and RGDS sequences in combination adhered more 

readily to amine-modified168. The additive effect was also observed in modified 

fluorinated ethylene propylene films, which displayed greater neural cell aggregation 

and anchorage in the presence of the two peptides25. These combination effects on cell 
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adhesion, aggregation, and motility increase the likelihood that such a relationship may 

hold true for tubule formation in tumor angiogenesis as well.  

Hydrogels modified with laminin-derived peptides and implanted in the mouse 

cornea induced vessel formation, with a particularly heightened response when the 

materials contained a combination of YIGSR and RGDS. Tubules formed in gels with 

YIGSR or IKVAV co-immobilized with RGDS displayed higher vessel density in vivo 

than gels with YIGSR or IKVAV alone. Similar findings were illustrated when 

combinations of cell adhesion peptides derived from laminin (YIGSR and PDSGR) and 

fibronectin (PHSRN and RGDS) were covalently attached to a poly(dimenthylsiloxane) 

substrate to facilitate the adhesion of corneal epithelial cells169. Multiple peptides on the 

substrate resulted in greater adhesion than modification with the individual peptides. 

Results in vivo also show that the response to a YIGSR-RGDS combination includes 

vessels of higher branch points than all other groups. These results suggest that specific 

combination of these laminin-derived motifs results in different vessel morphologies. 

Higher vessel density and branching are morphological characteristics of vessels 

observed in tumors60,170. Weidner and colleagues evaluated women with invasive breast 

adenocarcinoma and found an increase in risk of tumor metastasis of 1.17 fold for every 

10 fold increase in microvessel density as compared to women without metastatic 

tumors171. In addition to vessel density, vessel branching count has also been found to 

have a positive correlation with aggressive tumor growth in patients with astrocytic 

brain tumors172. The correlation between vessel morphologies in tumors reported in 
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previous studies and the vessel response observed in our hydrogels with immobilized 

laminin-derived peptides suggests that YIGSR and IKVAV may be cell binding domains 

that are functionally important in tumor angiogenesis and may be responsible in 

producing the morphological characteristics of tumor vessels. 

The mechanism by which laminin-derived peptides stabilize vessel formation 

may be related to production of basement membrane proteins, including laminin and 

collagen IV, as the ECM layer is necessary for tissue development and vessel 

stabilization138,173. In the current work, the accumulations of both laminin and collagen 

IV were shown to depend on the type and combination of peptides presented, and 

laminin deposition, in particular, varied significantly with time in culture. Previous 

studies suggest that the varied composition and structural organization of the ECM 

during vessel development may have important effects on endothelial cell behavior and 

tubule morphogenesis25,138. In this process, the maturation of vessels is accompanied by 

an increase in laminin174,175, and collagen IV influences the structural integrity of the 

basement membrane176,177. Endothelial cell binding to laminin and collagen IV is 

mediated by integrins and influences cell migration and proliferation174–177. Cell binding 

to both proteins is mainly mediated by the αvβ3 integrin, which is the same integrin that 

was shown to induce endothelial cell adhesion in response to immobilized peptide 

fragments such as IKVAV and YIGSR178. Several findings suggest that laminin fragments 

such as IKVAV and YIGSR can induce greater susceptibility to cell-triggered proteolysis, 

which permits tumor cell invasion and subsequent ECM matrix remodeling, both of 
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which are necessary for vessel formation and tumor angiogenesis179,180. In addition to 

endothelial cells, αvβ3 integrin is also expressed on a variety of tumor cells and has been 

shown to stimulate MMP activity181,182 and release of growth factors such as TGF182,183 

that can promote tumor progression. As such, inhibition of αvβ3 integrins to prevent 

ligand binding and thereby disrupt cell interactions with the ECM could potentially 

serve as a treatment option for reducing tumor angiogenesis and growth.  

3.5 Conclusion 

In this study, we have shown that ECM-derived motifs, which are known to 

regulate the adhesion, migration, and proliferation of endothelial cells, instigated the 

formation of stable vessel-like networks both in vitro and in vivo 149,156.The covalently 

immobilized cell adhesion ligands PEG-RGDS, PEG-IKVAV, and PEG-YIGSR have 

differing effects on tubule formation when presented to endothelial and pericyte 

precursor cells individually or in combinations. Presentation of PEG-RGDS and PEG-

YIGSR together induced greater tubule length and diameter in vitro, while resulting in 

greater vessel density and branching in vivo. The results of this study indicate that 

laminin derived peptides localized in a matrix can enhance the formation of blood 

vessels. These findings can be exploited as a strategy to inhibit cell survival and 

angiogenesis in growing tumors by targeting integrin binding motifs. Inhibiting integrin 

binding may be an attractive strategy for cancer therapy. 


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4. 3D In Vitro Lung Adenocarcinoma Model as a Drug 
Testing Platform of Anti-Angiogenesis Drugs  

4.1 Introduction 

The rise in the development of new anticancer agents presents a great challenge 

to the cancer research community to evaluate, identify, and incorporate promising drug 

candidates into clinical practice. Evaluation of anticancer agents depends on the 

interaction of in vitro, preclinical, and clinical research where ideally results from in vitro 

studies and preclinical animal models converge towards clinical trials and eventually to 

standard of patient care184. However, in current practice the translational process is not 

so straightforward. In many cases, drugs candidates that are shown to be effective on 

tumor cells in in vitro studies show nominal effect on tumors in animals or humans184–186. 

Many drugs that are tested through the use of standard in vitro methods for high 

efficacy and low toxicity and that are selected as promising drug candidates tend to fail 

in clinical trials184–187. In fact, more than 95% of anti-cancer drug candidates fail in clinical 

studies188. One reason for this is that the experimental models utilized commonly in 

cancer therapy research and drug discovery do not represent the disease state 

sufficiently.  

The validity of an experimental model depends on how closely it mimics in vivo 

conditions. For decades, cancer studies have used 2D monolayer cultures to evaluate the 

safety and efficacy of anti-cancer agents. Two-dimensional studies involve functional 

assays where monolayer of cells are exposed to different drug concentrations and 
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response is monitored via metabolic or proliferation assays63. In general, in vitro studies 

are essential to the development and testing of anti-cancer therapies. They have the 

potential to facilitate the selection of promising drug candidates and the effective dosage 

for translation to preclinical and clinical studies. Additionally, to move forward to 

preclinical studies with animals and receive approval by the Institutional Animal Care 

and Use Committee (IACUC), data and results are required from in vitro studies to 

develop protocols for studies in animals. Compared to animal tumor models, in vitro 

methods are less expensive and less time consuming, thereby allowing higher 

throughput evaluation of multiple anticancer agents. Despite their importance for anti-

cancer drug testing, 2D in vitro methods fail to mimic the natural phenotype and 

behavior of cells exhibited in the target tissue microenvironment189.  

For preclinical studies, animal in vivo xenograft models are most commonly 

used190,191. In these models, human tumor explants and cells are transplanted usually 

subcutaneously into immunocompromised mice so that they do not reject the 

transplantation of human cells. Although there are several advantages to using human 

tumor xenografts, these models do not permit the manipulation of or independent 

control over parameters that affect tumor progression and vascularization such as 

mechanical forces, nutrient gradients, cell-cell interactions, or oxygen tension190. 

Furthermore, tumors in animal xenograft models do not behave like the tumors found in 

humans due to physiological differences190–192. For example, tumors in animals usually 

grow at a faster rate than human tumors, which results in immature vessels that cannot 
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compare to the tumor-feeding vessels found in humans which have usually developed 

and stabilized over a long period of time192. Also, with immunodeficiency, the mice lose 

the lymphocyte-mediated response to tumor cells that is observed in humans190. The lack 

of T- and B- cell responses in immunocompromised mice weakens their value to predict 

drug activity and efficacy of cancer in humans in whom an active immune system is 

present.  

Due to these inherent pitfalls, striking differences in anti-cancer drug effects on 

cells have been observed in 2D conventional testing methods and preclinical models. For 

example, a study aimed at evaluating the therapeutic effects of Gefitinib®, a potent 

epidermal growth factor receptor (EGFR) inhibitor, with A431 human squamous 

carcinoma cells showed that the drug tested in 2D monolayer culture studies inhibited 

both EGFR and MET receptor tyrosine kinase signaling resulting in a significant 

decrease in cancer cell proliferation & viability193. However, a different response was 

observed in in vivo studies with Gefitinib® treated mice bearing A431 tumor cell 

xenografts194. Studies in vivo showed that treatment with the EGFR inhibitor alone had 

no pronounced effect on cell apoptosis and tumors developed resistance to treatment194. 

Only combined treatment with a MET inhibitor, in addition to Gefitinib®, reduced 

tumor volume significantly194.  

The challenge of evaluating new drugs and eventually integrating them into the 

clinical routine can be accomplished by using experimental models that more closely 

represent the pathological properties of the target tissue or disease. To improve drug 
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development and testing in the early phase, the use of 3D in vitro culture systems has 

been suggested as a potential link to bridge the gap between 2D conventional cultures 

and animal model studies195,196.  The support for using 3D in vitro systems stems from 

many reported studies that have suggested and verified that cells grown in 3D are more 

representative of their natural state in vivo77,89,197–200. The most common approach 

implemented for 3D culture of cancer cells is tumor cells spheroids67,201. Micro-scale 

tumor cell spheroids are most commonly formed by the hanging drop method in which 

cells self-aggregate into a dense cluster by hanging cell suspension droplets on the 

underside of a lid of a TC plate (Figure 28)67. 

 

Figure 28: Schematic of the hanging drop method where hanging cell 

suspension droplets on the underside of a lid of a TC plate leads to cells aggregating 

via gravity into a dense cell cluster at the bottom of the droplet by Tung et al67. 

 

Although tumor cell spheroids have been demonstrated as 3D models for cancer 

drug testing, there are several drawbacks to this method that limit their reproducibility 

and utility. The formation of tumor spheroids provide little to no control over 
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uniformity in architecture and cell-cell interactions196. Cells spontaneously aggregate 

into clusters due to gravitational forces and form their own 3D geometry which may or 

may not be representative of tumors in the in vivo environment. Also, certain 

physiological structures and processes of the tumor microenvironment such as 

vascularized tumors are challenging to recapitulate in 3D tumor cell spheroid models.  

To overcome these limitations, 3D tissue engineering scaffolds have been 

proposed as an alternative strategy to engineer the tumor microenvironment. The tumor 

microenvironment consists of tumor cells within a 3D matrix, surrounded by stromal 

cells such as endothelial cells and fibroblasts that interact with each other and the 

extracellular matrix. Through these interactions, tumor cell behavior and growth is 

modulated. Tumor growth in the microenvironment is also facilitated and dependent on 

the formation of blood vessels (Figure 29).  
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Figure 29: Representation of the tumor microenvironment which consists of 

cancer epithelial cells within a 3D extracellular matrix interacting with non-malignant 

cells such as endothelial cells and cancer-associated fibroblasts. The need for the 

tumor to continuously grow and spread triggers angiogenesis and vessel formation. 

 

We demonstrate the feasibility of a tumor mimicking 3D platform in facilitating a 

better understanding of the biochemical and stromal cellular factors that promote tumor 

growth and elicit in vivo-like drug sensitivity. Focusing specifically on lung tumors, a 3D 

multicellular metastatic lung adenocarcinoma in vitro model encompassing metastatic-

prone lung-derived CAFs, HUVECs, and human lung adenocarcinoma derived A549 

tumor cells was established within degradable PEG hydrogels. Due to the extensive 

research on the behavior, function, and drug response of A549 cells shown in previous 

studies202–205, we chose to incorporate human A549 lung carcinoma cells in our 3D tumor 
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model as the malignant cell type. Similar to the complex tumor microenvironment 

consisting of interacting malignant and non-malignant cells, the 3D lung 

adenocarcinoma PEG-based model consists of both tumor and stromal cells that support 

vessel formation and tumor cell growth. Within the 3D PEG scaffold, ex vivo lung tumor 

traits were observed to be very similar to those in vivo with respect to tumor cell 

morphology and growth kinetics.  

Drug sensitivity of cancer cells to standard anti-cancer drugs with the potential 

of disrupting cell-cell interactions and vessel development were evaluated using the 3D 

lung tumor model. Due their strong clinical relevance to lung adenocarcinoma202,203,206–208, 

small-molecule inhibitors such as doxorubicin, cilengitide, and semaxanib were selected 

for our studies to evaluate their effect on tumor and stromal cells found in the cancer 

microenvironment. Cilengitide is a cyclic pentapeptide that blocks αvβ3 and α5β1 

integrins and has shown to disrupt cell-cell and cell-ECM interactions209. Doxorubicin 

acts via intercalating with DNA and by this means inhibiting DNA replication203,206. 

Semaxanib is a receptor tyrosine kinase inhibitor and indicated in inhibiting 

angiogenesis and endothelial cell proliferation207. The effect of drugs on tubule 

formation, tumor spheroid growth, and cell proliferation and viability was assessed 

using the 3D in vitro lung tumor model and compared with conventional 2D monolayer 

cell culture. 
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4.2 Materials and Methods 

4.2.1 Cell Culture and Maintenance  

A549 lung carcinoma epithelial cells (ATCC, Manassas, VA) were cultured in F-

12K Medium (ATCC) and supplemented with 10% FBS and 1000 U/mL penicillin, and 

100 mg/L streptomycin (Sigma, St. Louis, MO). HUVECs (Lonza) were grown in 

endothelial basal medium (EBM), supplemented with EGM-2  bullet kit containing 

ascorbic acid, epidermal growth factor, fibroblast growth factor, heparin, 

hydrocortisone, insulin-like growth factor, GA-1000 (gentamicin, amphotericin-B), and 

2% FBS (Lonza). CAFp53kras cells were cultured in Minimum Essential Medium Eagle 

Alpha Modification (Gibco, North Andover, MA) with 20% FBS (Lonza, Walkersville, 

MD). Human brain vascular pericytes (HBVP) (ScienCell, Carlsbad, CA) were grown in 

proprietary pericyte medium consisting of basal medium with 10% FBS (ScienCell), 5% 

v/v of pericyte growth supplement (PGS; ScienCell), and 5% v/v penicillin/streptomycin 

solution (P/S; ScienCell). To promote cell adhesion and optimal cell survival, HBVP cells 

were cultured in T-75 flasks coated with poly-l-lysine. Poly-l-lysine (PLL; SceinCell) was 

dissolved in sterile tissue culture grade water at a concentration of 150 µg/mL. For even 

coating of PLL on the plastic surface, the T-75 flask was incubated with PLL solution and 

placed on a rocker at room temperature for 4 hr prior to cell seeding. Experiments were 

conducted with CAFp53kras (see section 2.2.1 on isolation of CAFs from mice) from 

passages to 2 to 9. HUVEC cells were used from passages 2 to 8, and HBVP were used 
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from passages 2 to 8. All cells were incubated at 37°C and 5% CO2, and medium was 

changed every other day. 

4.2.2 Synthesis of PEG-RGDS and PEG-PQ-PEG  

For conjugation of the cell-adhesive peptide RGDS and protease sensitive 

peptide sequence GGGPQGIWGQGK (PQ) to PEG-SVA, refer back to chapter 2, and 

section 2.2.4.  

4.2.3 Labeling Cells with CellTracker™ 

Prior to encapsulations, cells were labeled with CellTracker™ dyes (Thermo 

Fisher Scientific, Waltham, MA) to differentiate cells and their interactions in triculture 

in a single hydrogel. Specifically, HUVECs, CAFp53kras cells, and A549 cells were 

labeled with CellTracker™ green CMFDA (Ex. 492/Em. 517), red CMTPX (Ex. 577/ Em. 

602), and blue CMF2HC (Ex. 371/Em. 464), respectively. To prepare the cell 

CellTracker™ dyes, 4 µL of sterile DMSO was added to a 50 µg CellTracker™ dye vial 

and mixed to dissolve the dye. Following this, 500 µL of cell media was added to the dye 

vial and mixed thoroughly. All of the CellTracker™ dye was added to 4.5 mL of cell 

media. Following preparation of CellTracker™ media solution, cell media from T-75 

flasks was aspirated and cells were rinsed with PBS once before adding the 5 mL of 

media with CellTracker™ dye. Cells were incubated with the dye solution at 37°C and 

5% CO2  for 1.5 hr. Media with CellTracker™ dye was aspirated and 15 mL of fresh cell 

https://www.google.com/search?biw=1305&bih=766&q=waltham+ma&stick=H4sIAAAAAAAAAOPgE-LSz9U3MCooMTBJU-IAsTOqjE21tLKTrfTzi9IT8zKrEksy8_NQOFYZqYkphaWJRSWpRcUAAxikqkQAAAA&sa=X&sqi=2&ved=0CJYBEJsTKAEwF2oVChMI6_iN8YP1yAIVhEcmCh33Ng08
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culture media was added to the flasks. Cells were incubated overnight and then washed 

with sterile PBS twice before detaching cells with trypsin-EDTA. 

4.2.4 A549 Tumor Cells Growth Relative to Time in Culture and Cell 
Concentration in 3D PEG Hydrogels 

To evaluate growth profile and formation of A549 tumor spheroids in culture in 

3D over time, A549 lung epithelial cells were encapsulated at a concentration of 500,000 

cells/mL in 5% w/v PEG-PQ hydrogels with 3.5 mM RGDS and cultured for up to 5 d. To 

determine the effect of cell concentration on the formation of tumor spheroids, A549 

lung epithelial cells were incorporated in 5% w/v PEG hydrogels with 3.5 mM RGDS at 

different cell concentrations ranging from 250 cells/µL to 22,500 cells/µL. Cells in gels 

were fixed at 6, 24, 72, or 120 hr post encapsulation. Cells were fixed in 4% 

paraformaldehyde for 20 min and then washed with PBS. Encapsulated cells were 

permeabilized with 0.5% Triton-X for 30 min and then washed with PBS. Afterwards, 

nonspecific binding was blocked by incubation with 1% BSA overnight. Hydrogels were 

rinsed in PBS five times and exposed to a 1:100 dilution of rhodamine phalloidin 

(Invitrogen) containing 2 µM 4',6-diamidino-2-phenylindole (DAPI) in HBS with 0.1% 

BSA for 2 hr to stain actin and cell nuclei. The hydrogels were visualized using a 

confocal microscope (Zeiss 510, Plan-Apochromat 20x objective with 0.8 NA) with a z-

stack depth of 50 µm with 2 µm thick slices (at excitation/emission wavelengths: 

405nm/421nm for DAPI, and 633nm/665nm for phalloidin).  Imaris software was used to 

measure the diameter of tumor cell spheroids in 3D. 
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4.2.5 Triculture Encapsulation of Cells in Degradable PEG Hydrogels 

HUVEC cells at a concentration of 20 million cells/mL were encapsulated in 5 µL 

degradable hydrogels with CAFp53kras or HBVP at a concentration of 2 million 

cells/mL, and A549 cells at a concentration of 500,000 cells/mL. The total cell density in a 

hydrogel was 22.5 million cells/mL. Hydrogels were formed from a pre-polymer 

solution composed of 5% (w/v) PEG-PQ-PEG and 3.5 mM PEG-RGDS in sterile HEPES 

buffered saline (HBS) containing 1.5% (v/v) triethanolamine, 1 mM eosin Y, and 3.5 

µL/mL N-vinyl-2-pyrrolidone (NVP). All cells were detached using 0.05% trypsin-EDTA 

and pelleted by centrifuging at 700 x g for 4 min. The cell pellets were then re-suspended 

in the pre-polymer solution to concentrations of 22.5 million cells/mL. 5 µL droplets of 

cell-laden polymer were sandwiched between a Sigmacote® functionalized (prepared as 

described in chapter 2 section 2.2.5, Sigma, St. Louis, MO) glass slide and a 

methacrylate-modified cover glass (prepared as described in chapter 2 section 2.2.5) 

separated by a 380 µm polydimethylsiloxane (PDMS) spacer. The pre-polymer solutions 

were cross-linked under white light for 40 s to form hydrogels. All gels containing 

HUVECs were immersed in EGM-2 media (Lonza) and incubated at 37°C in a 5% CO2 

environment for up to 5 d. Media was replenished every other day. For comparison 

studies between tri-culture with HUVEC monoculture or A549 monoculture in 3D, cell 

seeding density for the cell type was kept constant in between tri-culture and 

monoculture. For example, HUVEC cells at concentration of 20 million cells/mL were 
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encapsulated for hydrogels with monoculture of HUVECs and hydrogels with 

triculture. 

4.2.6 Drug Treatment in 2D and 3D cultures 

Cell-laden hydrogel constructs were maintained for 5 d before treatment with 

drugs. The dose response for doxorubicin (Sigma-Aldrich, St. Louis, MO), cilengitide 

(Medkoo Biosciences, Chapel Hill, NC), and semaxanib (Medkoo Biosciences) were 

evaluated both in 2D and 3D culture at concentrations 0, 1, 5, and 10 µM in cell medium. 

Cells were exposed to drugs for 24 hr after which drug containing media was removed 

and fresh media was added to the cells before proceeding to fixation and analysis. The 

average weight of our triculture hydrogel was approximately 15.2 ± 3.5 mg (n = 8 gels). 

Hydrogels were treated by adding the drug directly in 1 mL of media. Based on this 

information, we were able to calculate 1015.25 mg as the average weight for each 

experimental well. To compare with drug concentrations reported as mg/kg in 

preclinical and clinical studies, we administered (at the highest concentration of 10 µM 

in our studies) approximately 5 mg/kg for doxorubicin, 2 mg/kg for semaxanib, and 5.5 

mg/kg for cilengitide. These concentrations fall within the range that have been tested 

and reported in A549 tumor cell xenograft studies or clinical studies202,205,207,208,210,211.  

For evaluating doxorubicin uptake in tumor cells cultured in 2D, A549 cells were 

seeded in a 2-well glass chamber slide at a density of 500,000 cells/cm2 and cultured for 5 

d at 37°C and 5% CO2 before treatment with 10 µM doxorubicin. After 4 hr and 12 hr 
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post incubation, cells and hydrogels were rinsed with PBS twice to remove unbound 

free doxorubicin. Following rinses, Hoechst 33342 dye (0.3 µg/ml final concentration, 

Invitrogen-Molecular Probes, CA) in PBS was also added to cells in culture and 

incubated for at least 30 min at 37°C to stain for the cell nucleus. Cellular uptake of 

doxorubicin was assessed by fluorescent microscopy at excitation and emission 

wavelength of 488 nm and 585 nm using a confocal microscope (Zeiss 510, Plan-

Apochromat 20x objective with 0.8 NA).  For evaluating drug uptake in tumor cells 

encapsulated in hydrogels and cultured in 3D, A549 cells were encapsulated in 5 µL 

degradable hydrogels (as described in section 4.2.4) at a concentration of 500 cells/uL 

and cultured for 3 d at 37°C and 5% CO2 before treatment with 10 µM doxorubicin. Just 

as with 2D culture, cellular uptake of doxorubicin in cells in 3D was assessed by 

fluorescent microscopy using confocal microscope (Zeiss 510, Plan-Apochromat 20x 

objective with 0.8 NA) also after 4 hr and 12 hr post treatment. The colocalization 

function in the Imaris analysis software was utilized to assess percent of cells with 

doxorubicin in the nucleus. Relative amount of doxorubicin accumulation in the nucleus 

of cells in 2D and 3D was determined by measuring pixel intensity of doxorubicin (488 

nm) in the nucleus (defined by Hoechst dye) in Image J.  

4.2.7 Immunostaining 

Cell proliferation and apoptosis was assessed via immunohistochemistry for ki67 

to indicate proliferative cells (s-phase) and caspase-3 for apoptotic cells. For examining 
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cells in 2D, cells were seeded on polystyrene plates were fixed with 4% 

paraformaldehyde for 20 min at room temperature and then rinsed with PBS three times 

at room temperature. After fixation, cells were then permeabilized with 0.125% Triton-X 

in PBS for 10 min, rinsed three times with PBS, and then incubated with 5% BSA for 30 

min. After blocking, cells were incubated with either primary antibody against Ki67 or 

caspase-3 at room temperature for 1 hour. The primary antibodies were rabbit anti-ki67 

(1:250 in PBS with 0.1% BSA, Abcam) and rabbit anti-caspase-3 (1:250 in PBS with 0.1% 

BSA, Cell Signaling Technologies, Danvers, MA). Cells were rinsed in PBS three times 

and then incubated with Alexa Fluor 488 donkey anti-rabbit IgG (1:400 in in PBS with 

0.1% BSA, Invitrogen) for caspase-3 or ki67 expression for 1 hour at room temperature to 

visualize the binding of the primary antibodies. Following another PBS wash, cells were 

finally exposed to 2 µM 4',6-diamidino-2-phenylindole (DAPI) in HBS with 0.1% BSA for 

30 min to cell nuclei and imaged using a Zeiss Axio Observer widefield fluorescence 

microscope with a 20x objective (Carl Zeiss Microscopy, Jena, Germany). 

For examining cells encapsulated in PEG hydrogels in 3D, hydrogels were fixed 

in 4% paraformaldehyde for 20 min and then washed with PBS. Encapsulated cells were 

permeabilized with 0.5% Triton-X for 30 min and then washed with PBS. Afterwards, 

nonspecific binding was blocked by incubation with 1% BSA overnight. Half of the 

hydrogels from testing group were incubated with a 1:250 dilution of rabbit anti-

caspase-3, while the other half of hydrogels were incubated with 1:250 dilution of rabbit 

anti-ki67 in HBS with 0.1% BSA overnight on a rocker table at 4°C to stain apoptotic cells 
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and proliferative cells, respectively. Hydrogels were rinsed in PBS five times at one-hour 

intervals and then incubated with a 1:400 dilution of Alexa Fluor 488 donkey anti-rabbit 

IgG (Invitrogen) overnight at 4˚C to visualize the primary antibodies. Samples were then 

rinsed with PBS and exposed to a 1:100 dilution of rhodamine phalloidin (Invitrogen) 

containing 2 µM 4',6-diamidino-2-phenylindole (DAPI) in HBS with 0.1% BSA for 2 hr to 

stain actin and cell nuclei. The hydrogels were visualized using a confocal microscope 

(Zeiss 510, Plan-Apochromat 20x objective with 0.8 NA) with a z-stack depth of 50 µm 

with 2 µm thick slices (at excitation/emission wavelengths: 488 nm/519 nm for ki67 or 

caspase-3, 405nm/421nm for DAPI, and 633nm/665nm for phalloidin).  Image J software 

was used to count cells positive for ki67 or cleaved caspase-3 in each hydrogel (n = 4 

hydrogels per experimental group).   

4.2.8 Assessing Cell Viability 

Cell viability was assessed using the LIVE/DEAD® viability/cytotoxicity kit as 

per manufacturer’s instructions. Briefly, control (untreated) and drug treated cell 

encapsulated hydrogels 24 hr post drug treatment were incubated in 2 µM calcein-AM 

and 4 µM ethidium homodimer-1 (Ethd-1) in PBS for 30 min at 37°C. Hoechst 33342 dye 

(0.3 µg/ml final concentration, Invitrogen-Molecular Probes, CA) in PBS was also added 

to cells in culture and incubated for at least 30 min at 37°C to stain for the cell nucleus. 

Cells were imaged on the confocal microscope (Zeiss 510, Plan-Apochromat 20x 

objective with 0.8 NA) with a z-stack depth of 50 µm with 2 µm thick slices (at 
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excitation/emission wavelengths: 488 nm/519 nm for calcein-AM, 555nm/600nm for 

Ethd-1, and 405nm/421nm for Hoechst 33342 dye). Percentage of viable cells was 

calculated by counting number of live cells over total cell population (determined from 

cell nuclei staining) in a field of view for each image per hydrogel (n=4 hydrogels).   

4.2.9 Assessment of Vessel Formation and Tumor Spheroid Growth 

Imaris software (Bitplane Inc., South Windsor, CT) was used to trace and 

measure tubule length per volume and tubule diameter in 3D images with CellTracker™ 

green stained endothelial cells. Imaris software was also used to measure the diameter 

of a tumor cell spheroid in 3D images with A549 cells by tracing at multiple planes 

through the center of the spherical structure. Diameter values for all spheroids within a 

field of view were averaged to get a mean spheroid diameter value.   

4.2.10 Statistical Analysis 

Single factor ANOVA and subsequent post hoc Tukey test were used to analyze 

vessel formation and tumor spheroid growth over time in culture. Two factor ANOVA 

and subsequent post hoc Tukey test were used to analyze drug efficacy at different 

concentrations on vessel formation and tumor spheroid growth. For each analysis, 

p<0.05 was considered to be significant. All data is presented as mean ± standard 

deviation. 
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4.3 Results 

4.3.1 A549 lung carcinoma cell in 3D PEG hydrogel system  

A549 lung epithelial carcinoma cells encapsulated in 3D PEG hydrogels display 

different cell interactions and morphology than cells cultured in 2D. A549 lung tumor 

cells cultured in 3D organized into multicellular agglomerates in 3D culture whereas 

cells seeded in 2D TC plastic remained in cobblestone-like, flat morphology (Figure 30). 

To evaluate growth profile and behavior of tumor cells in culture in 3D over time, A549 

lung epithelial cells were encapsulated at a concentration of 500,000 cells/mL in 

degradable PEG hydrogels and cultured for up to 5 d. Cells in gels were fixed at 6, 24, 

72, or 120 hr post encapsulation and stained with phalloidin for actin filaments and 

DAPI for cell nuclei. Spheroid formation was assessed by measuring the diameter of 

tumor cell spheroids. Our results show that tumor cells form spheroids that appear to 

grow larger with prolonged time in culture (Figure 31).  Average size of tumor 

spheroids formed after 5 d in culture was 42.1 ± 4.3 µm and consisted of multiple cells 

coalescing into a single spheroid. The diameter of tumor spheroids increased by more 

than 2-fold from 24 hr in culture to 120 hr in culture. Figure 32 shows the effect of A549 

cell seeding density on spheroid size. Interestingly, the spheroid size increased with cell 

density up to 1000 cells/µL. Beyond this cell concentration, spheroid growth was 

stunted, which was evident by the decrease in mean spheroid diameter with increasing 

cell concentration. Strikingly, lung carcinoma cells encapsulated at a concentration of 

1000 cells/µL produced spheroids similar in size to cells encapsulated at 500 cells/µL 
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after 5 d in culture. Average spheroid size at the end of 5 d was found to be 39.5 ± 2.0 

µm for cell concentration of 500 cells/µL and 43.5 ± 4.7 µm for cell concentration of 1000 

cells/µL. With consideration of optimal spheroid growth characteristics and size 

distribution, cell concentration of 500 cells/µL for a 5 µL cell-laden degradable PEG 

hydrogel was chosen for establishing a vascularized 3D tumor model.  

 



Figure 30: A549 cells seeded on tissue culture polystyrene plates (2D) adopt a 

flattened, cobblestone morphology whereas A549 cells encapsulated and cultured in 

PEG hydrogels (3D) form multicellular tumor spheroids. Majority of the cells in the 

tumor spheroids appear to be viable post 5 days in culture. 
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Figure 31: Multicellular A549 tumor cell spheroids form as early as 3 d and 

appear to grow larger over time. Scale Bar = 50 µm (p**<0.01). 
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Figure 32: Cell seeding concentration in PEG hydrogels affects tumor spheroid 

growth and size. A549 cells encapsulated at a concentration of 500 cells/µL produced 

significantly larger spheroids than all other concentrations tested (p**<0.01).  



4.3.2 Doxorubicin uptake in A549 lung carcinoma cells in 2D and 3D 
culture systems 

Tumor cell spheroids in 3D and cells seeded in 2D were incubated with 10µM 

doxorubicin for 4 hr or 12 hr. At these time points, the fluorescent intensity was 

measured from cells with drug uptake in the nucleus. Colocalization analysis of Hoechst 

33342 fluorescent signal for the cell nuclei with fluorescent signal from doxorubicin was 

conducted to determine percent of cells with localization of the drug in the nucleus 

(Figure 33). Between 4 hr and 12 hr post treatment, the percent of cells with drug 
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localized in the nucleus increased by 8-fold. No significant difference for doxorubicin 

uptake, based on nuclear fluorescence of doxorubicin, between cells in 2D and 3D at 12 

hr post drug incubation was observed (p<0.01).  

 



Figure 33: Doxorubicin (DOX) drug uptake by cells in 2D and 3D was 

evaluated at 4 hr and 12 hr time point. Quantitative analysis of percentage of cells 

with dox localization in the nucleus does not show any significant difference in drug 

uptake between cells in 2D and 3D. Scale Bar = 25 µm and p**<0.01. 


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4.3.3 Response of A549 lung carcinoma cells in 2D and 3D culture 
systems to cytotoxic drugs 

Immunostaining for ki67 and cleaved caspase-3 was performed to compare the 

drug response of A549 lung carcinoma cells cultured in 2D and 3D and to study anti-

cancer drug induced effects on proliferation and apoptosis, respectively. For a direct 

comparison of cells in 2D and 3D, cells were seeded at a concentration of 500 cells/µL in 

a 5 µL cell laden hydrogel for 3D studies and 1250 cells/cm2 for 2D studies in a single 

well of a 24 -well plate and cultured for 5 d before treated with drugs in media for 24 hr.  

To understand the effect of anti-cancer drug on each cell type independent of 

interactions with other cells, cell proliferation and apoptosis post drug treatment were 

first compared between 2D and 3D monoculture of HUVECs, A549 cells, and 

CAFp53kras cells. Significant differences in cell apoptosis and proliferation between 

cells in 2D and 3D were observed. For HUVEC, A549, and CAFp53kras cells, the 

percentage of cells positive for cleaved caspase-3 were found to be significantly higher in 

2D culture as compared to 3D culture. Percentage of apoptotic cells was 1.6- and 2.1-

folds less in 3D cultures as compared to 2D monolayer culture of A549 cells with 10 µM 

cilengitide or semaxanib treatment, respectively. This decrease in drug sensitivity 

detected in cells cultured in 3D systems as compared to cells cultured in 2D resembles 

drug sensitivity of tumors in vivo197,212,213. 

Similar to the analysis of apoptotic cells, immunostaining of ki67 (proliferative 

marker) of cells in 2D and 3D showed significant differences in the percentage of 







proliferative cells between 2D and 3D culture systems post drug treatment. Compared to 

conventional 2D culture conditions, the percentage of proliferative cells post treatment 

with cilengitide, semaxanib, or doxorubicin was found to be significantly higher in cells 

cultured in 3D (p<0.01). 

 

Figure 34: Immunostaining of cleaved caspase-3 in HUVECs, A549 cells, and 

CAFp53kras cells cultured in 2D TC Plate or encapsulated in 3D PEG hydrogels and 

treated with anti-cancer drugs. Scale Bar = 50 µm
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Figure 35: Quantitative analysis of the percentage of apoptotic cells post 24 hr 

drug treatment with doxorubicin, cilengitide, and semaxanib in cells cultured in 2D 

(red bar) versus in 3D (green bar). (n=4; *p<0.05 and **p<0.01; x is significantly 

different (p<0.01) than all other concentration groups tested in 2D; o is significantly 

different (p<0.01) than all other concentration groups tested in 3D). 
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Figure 36: Immunostaining of ki67 in HUVECs, A549 cells, and CAFp53kras 

cells cultured in 2D TC Plate or encapsulated in 3D PEG hydrogels and treated with 

anti-cancer drugs.  Scale Bar = 50 µm. 
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Figure 37: Quantitative analysis of percentage of proliferative cells post 24 hr 

drug treatment with doxorubicin, cilengitide, and semaxanib in cells cultured in 2D 

(red bar) versus in 3D (green bar). (n=4; *p<0.05 and **p<0.01; x is significantly 

different (p<0.01) than all other concentration groups tested in 2D; o is significantly 

different (p<0.01) than all other concentration groups tested in 3D). 


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4.3.4 Vascularized 3D tumor model in Biomimetic PEG Hydrogels  

The vascularized 3D tumor model was developed by encapsulating HUVEC cells 

with CAFp53kras and A549 cells in 5% (w/v) degradable PEG-PQ hydrogels with 3.5 

mM PEG-RGDS. To differentiate the behavior and locations of these cells in the 

hydrogel, HUVECs, CAFp53kras cells, and A549 lung cancer cells were labeled with 

green, red, and blue CellTracker™, respectively before encapsulation. HUVEC cells 

organized into interconnected and lumenized vessel-like networks visible as early as 3 d 

with CAFp53kras cells closely associating with vessel-like structures. To quantify vessel 

formation over time in culture, total tubule length per volume and average tubule 

diameter were evaluated. At 72 hr or 120 hr in culture, vessels had an average tubule 

diameter of 26.0 ± 2.2 µm and 29.9 ± 1.6 µm, respectively. Total tubule length per volume 

of vessels increased over time with significantly higher total tubule length/volume at 120 

hr in culture (p<0.01) with a value of 1153.4 ± 143.8 µm/mm3 as compared to 24 hr in 

culture where total tubule length/volume was 559.8 ± 93.3 µm/mm3. Connections 

between tumors and vessels predominately consisting of HUVECs and CAFp53kras 

were observed at the periphery of vessels and became more visibly apparent with 

prolonged time in culture. Interaction of tumor cells with HUVECs or CAFp53kras does 

not seem to hinder tumor cell proliferation or spheroid formation as evident by the 

increase in tumor spheroid diameter over time. Extended focus images also indicate 

vascular lumen formation and tumor spheroids consisting of multiple interacting tumor 

cells (Figure 38B). 
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Figure 38: A) Tri-culture of A549 cells with HUVECs and CAFs in degradable 

PEG hydrogels shows the formation of tumor spheroids, complex vessel networks, 

and vessel lumens. B) Extended focus images show that tumor spheroids are 

multicellular and that vascular lumen is present in vessel networks. C) Analysis of 

vessel formation and tumor spheroid growth shows that mean spheroid diameter 

(µm), total tubule length/volume (µm/mm3), and average tubule diameter (µm) 

increase with longer time in culture. (n=6; *p<0.05 and **p<0.01) 

 







4.3.5 Responsiveness of Vascularized 3D Tumor Model to Anti-cancer 
Drugs 

The response of A549 tumor cell only and vascularized tumor 3D culture models 

to anti-cancer drugs was evaluated. In previous work (chapter 2), we have demonstrated 

that CAFp53kras cells derived from metastasis-associated lung tumors can influence 

ECs and enhance vessel formation via secretion of angiogenic growth factors such 

VEGF-A and FGF-2. Additionally, their ability to closely interact with EC vascular 

networks suggests that CAFp53kras cells can potentially act as pericytes by supporting 

and stabilizing vessel formation. To determine if malignant tumor stromal cells like 

CAFs and their interaction with tumor cells contributes to drug resistance and enhanced 

tumor cell survival, we compared drug response in between two types of tumor 

angiogenesis 3D models with one containing human brain vascular pericytes (HBVP) as 

mural cells and the other containing CAFp53kras cells along with a A549 tumor only 3D 

model. These 3D culture models were treated with 5 µM doxorubicin or semaxanib. The 

anti-cancer drugs were added to the hydrogel culture in 1 mL of media. Cell viability of 

untreated and drug treated cells was evaluated and quantified (Figure 39).  
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Figure 39: A) Live and dead staining of untreated and doxorubicin (at 5 µM) or  

semaxanib (at 5 µM) treated 3D PEG hydrogels with either A549 cells only, triculture 

with HBVPs, or triculture with CAFp53kras cells. B) Quantitative analysis of percent 

cell viability. Scale Bar = 100 µm. (n=4; *p<0.05 and **p<0.01). 
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Similar cell viability was observed in 3D triculture with HBVPs versus CAFs post 

treatment with doxorubicin. It seems that substitution of HBVPs with CAFs in 3D 

triculture did not significantly enhance overall cell survival upon treatment with 

doxorubicin. In contrast to doxorubicin, cells treated with semaxanib displayed 

differences in cell viability between the tumor only model and 3D triculture models 

containing HBVPs or CAFs. The 3D triculture model containing CAFs exhibited 1.5-fold 

higher percent cell viability than the 3D triculture with HBVPs. As opposed to the 3D 

triculture model with HBVPs, vessel-like structures and tumor cell spheroids were still 

visible in the triculture group containing CAFs after treatment with semaxanib. This 

observation indicates that CAFs may enhance survival of ECs and contribute to greater 

drug resistance than vascular pericytes.  
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Figure 40: Images of CellTracker™ labeled cells with HUVECs shown in 

green, CAFp53kras cells in red, and A549 cells in blue in 3D triculture and 

monoculture models with or without drug exposure. Scale Bar = 100 µm. 
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Figure 41: Tubule formation (based on HUVEC cells organizing into tubules 

shown in Figure 40) was compared between triculture of A549 cells with HUVECs and 

CAFs with monoculture of HUVECs in 3D degradable PEG hydrogels with and 

without exposure to anti-cancer agents. Tumor spheroid diameter was quantified and 

compared between triculture and monoculture of A549 cells only.  (n=4; *p<0.05 and 

**p<0.01) 
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In addition to assessing cell viability, drug response to doxorubicin, semaxanib, 

and cilengitide was assessed at concentrations ranging from 0 to 10 µM for effects on 

endothelial tubule network formation in between HUVEC monoculture in 3D hydrogels 

and vascularized 3D tumor model.  The vessel networks formed predominately by 

HUVECs and CAFp53kras cells in the vascularized 3D tumor model were significantly 

reduced under semaxanib and doxorubicin treatment relative to the untreated control, 

whereas vessel-like networks sustained and were visually apparent in the cilengitide 

treated hydrogels. Comparing total tubule length per volume in the drug treated groups 

relative to untreated controls, HUVECs in 3D monoculture were more sensitive to drug 

treatment than the HUVECs in vascularized 3D tumor model perhaps due to the 

increased levels of angiogenic growth factor (Chapter 2). For example, when the 3D 

tumor-angiogenesis model was treated with 1 µM concentration of cilengitide, less than 

a 10% decrease in total tubule length per volume was observed as compared to 

hydrogels with HUVECs alone (p<0.01). Treatment with cilengitide at the same 

concentration in 3D hydrogels with HUVEC monoculture caused a significant reduction 

in total tubule length/volume (p<0.01) relative to untreated control. The difference in 

drug sensitivity between 3D HUVEC monoculture and 3D triculture was more 

pronounced at higher concentrations of cilengitide. For example, shown in Figure 41 

total tubule length/volume decreased by ~30% relative to untreated control in the 3D 

triculture after treatment with 5 µM cilengitide, whereas tubules in the 3D HUVEC 

monoculture treated at the same dosage decreased by ~80% relative to the untreated 
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control. With all the drugs tested, a significant difference was visualized between 3D 

HUVEC monoculture and the vascularized 3D tumor model.  

Drug response to doxorubicin, semaxanib, and cilengitide was assessed at 

different concentrations ranging from 0 to 10 µM on tumor spheroid size in between 

A549 3D tumor only models and 3D tumor-angiogenesis model.  Tumor spheroid size 

decreased by more than half in 5 µM doxorubicin treated groups relative to the 

untreated control in both A549 3D tumor only and 3D tumor angiogenesis triculture. In 

contrast to doxorubicin treatment, treatment of the 3D tumor angiogenesis culture with 

semaxanib at 5 µM concentration caused a reduction of tumor spheroid size by only 

20%. All drugs at maximum concentration hindered tumor spheroid growth or 

disintegrated vessel-like networks. Significant decreases in tumor spheroid diameter 

were detected in A549 only 3D cultures as a result of doxorubicin or semaxanib 

treatment at 5 and 10 µM concentrations relative to untreated control. A549 cells 

consistently displayed enhanced survival within the vascularized 3D tumor model than 

in the 3D A549 monoculture after drug treatment. 

4.4 Discussion   

To see if our proposed culture system is capable of recapitulating aspects of 

tumor cell behavior observed in vivo, we encapsulated A549 lung adenocarcinoma cells 

alone in degradable PEG hydrogels and monitored cell morphology and behavior in 3D 

over the time course in culture for up to 5 d. A549 cells were also seeded and cultured 
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on tissue-culture treated plastic in 2D. Bright-field microscopy of A549 lung epithelial 

cancer cells revealed clear differences in cell-cell interactions and morphology between 

2D and 3D culture. A549 lung adenocarcinoma cells adopt a flattened morphology when 

grown on 2D plates and form round or oval cell aggregates with strong cell-cell 

adhesion when cultured in PEG hydrogels in 3D. Similar findings have been reported in 

previous studies in which A549 lung epithelial cells have shown differential growth 

morphologies in 3D MG as compared to cells cultured in 2D214. Specifically with A549 

cells, Cichona and colleagues showed that lung epithelial cells embedded in 3D MG into 

spheroid agglomerates whereas cells seeded in 2D tissue culture plastic remained in 

cobblestone-like morphology214. Moreover, gene expression profiles associated with 

organized cell structures in 3D MG correlated with lung patient outcomes and thus 

indicating that tumor cells organizing into spheroids in 3D parallels cancer cells in the in 

vivo microenvironment where cell-cell and cell-ECM interactions are realistic214,215.  In 

our studies tumor cell spheroids in PEG hydrogels formed as early as 3 d and appeared 

to grow larger in size with prolonged culture. Average size of tumor spheroids formed 

after 5 d in culture was about 42.1 ± 4.3 µm and consisted of multiple cells coalescing 

into a single spheroid. 

To examine how 2D and 3D in vitro microenvironments affect cell response to 

drugs, proliferation and apoptosis was evaluated after drug treatment via 

immunostaining of ki67 and cleaved caspase-3, respectively. 2D and 3D cultures of 

HUVECs, A549 cells, and CAFp53kras cells were examined separately as monocultures 
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upon drug treatment with cilengitide, semaxanib, or doxorubicin at varying drug 

concentrations from 0 to 10 µM. Cilengitide, semaxanib, and doxorubicin are all anti-

cancer agents that have been indicated for use in the treatment of lung cancer and act via 

different mechanisms. Cilengitide acts by inhibiting αvβ3 and α5β1 integrins202. 

Semaxanib inhibits VEGF-R2 (KDR/Flk-1) and doxorubicin intercalates with DNA and 

induces double-stranded DNA breaks216,217. Analysis of cells positive for ki67 

(proliferation marker) in both 2D and 3D culture systems after drug treatment revealed 

significant differences in the inhibition of cell proliferation in 2D relative to 3D. 

HUVECs, A549, and CAFp53kras cells cultured in 2D all showed a significant reduction 

in the percentage of proliferative cells after drug treatment as compared to the untreated 

control. With 1 µM doxorubicin treatment, the percentage of proliferative cells in the 2D 

culture with A549 cells after drug exposure dropped to approximately 50% whereas 

>90% of the untreated cells remained proliferative. In contrast to A549 cells cultured and 

treated with drugs in 2D, A549 cells encapsulated as a monoculture in 3D PEG 

hydrogels required a higher concentration of doxorubicin at 5 µM to exhibit a ~50% 

reduction in the percentage of proliferative cells. These drug screening studies for cell 

monocultures in 2D and 3D systems suggest that 1 µM drug concentration 

demonstrated to be effective in 2D was not sufficient to elicit a similar decrease in cell 

proliferation or increase in cell apoptosis in the 3D culture system. The immunostaining 

analysis of cleaved caspase-3, a cell apoptotic marker, revealed significantly less 

apoptotic cells in 3D versus cells in 2D when treated with the same drug at the same 
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concentration. Our results on the effects of drugs on cell apoptosis and proliferation in 

between cells in 2D and 3D potentially indicate increased drug resistance of cells in 3D 

culture systems as opposed to conventional 2D monolayer culture systems. This 

behavior of cells in our 3D PEG hydrogel system reflects a more clinically relevant 

situation in which tumor cells in vivo display drug resistance causing the drug to be 

ineffective at the same dosage as cells treated in 2D conventional conditions212,213. 

To understand the differences in cytotoxic responses of the drugs observed in 2D 

and 3D culture systems, we examined the penetration and uptake of doxorubicin into 

the spheroids. The poor penetration of cytotoxic drugs into tumor spheroids has been 

indicated as one of the mechanisms by which decreased cytotoxicity is observed in 3D 

cultures as opposed 2D cell cultures197,218. Results from our uptake studies with 

doxorubicin suggest that the average percent of A549 cells with doxorubicin localized in 

the nucleus is not significantly different between cells in 2D and 3D. Although no 

significant differences in the uptake of doxorubicin were evident between cells in 2D 

and 3D, our results show that doxorubicin uptake is time dependent. Significantly less 

cells in both 2D and 3D had drug localized in the nuclei at 4 hr post drug incubation as 

opposed to 12 hr post drug incubation.  

Similar doxorubicin uptake between cells cultured in 2D and 3D suggests that 

drug transport through the hydrogel is not a key factor driving the differential cell 

responses. A study conducted by Fischbach et al. suggests that cell integrin interaction 

with ECM molecules in the microenvironment is differentially regulated in 2D relative 
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to 3D culture and may be one of the underlying factors responsible for the variances in 

drug sensitivity in cells in 2D versus in 3D. Fischbach and colleagues showed with oral 

squamous cell carcinoma cells (OSCC-3) cultured in 2D on RGDS functionalized alginate 

disks, or cultured in 3D within unmodified alginate, or cultured in 3D with RGDS 

modified alginate showed that 3D culture in RGDS modified alginate resulted in 

significantly enhanced IL-8 levels relative to 2D culture on RGDS modified alginate 

disks199. The upregulation of IL-8 can potentially enhance tumor cell proliferation and 

contribute to decrease chemosensitivity199. The differential response to drugs observed in 

our studies in between cells in 2D and 3D culture conditions could be attributed to 

differences between 2D and 3D cell-matrix interactions.  

To simulate the multi-cellular environment and cell-cell interactions of tumors in 

vivo in our 3D biomimetic culture system, the A549 lung cancer epithelial cells were 

encapsulated with the HUVECs and CAFs derived from lung tumors into a single 

hydrogel. Our past studies with co-culture of HUVEC and CAFp53kras cells at specific 

cell concentrations and ratios have shown these stromal cells to closely associate, 

interact, and organize into highly branched vessel networks. In order to simulate the in 

vivo tumor microenvironment, cell encapsulation with vessel generating cells along with 

A549 lung cancer cells in our 3D PEG based culture system was optimized so that vessel 

formation and tumor spheroid growth could occur concurrently as it occurs in tumors in 

vivo. Figure 38 shows the cell-cell interactions over time that lead to the formation of 

vessels and tumor cell spheroids in our protease degradable 3D cell culture system. In 
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this environment, encapsulated cells remodel the 3D environment by secreting MMP-2 

and MMP-9 that facilitate matrix degradation and thereby enable cells to migrate and 

organize into vessel structures and tumor spheroids. In conjunction with the formation 

of vessels networks and multi-cellular tumor spheroid, additional tumor-mimicking 

properties such as tumor contact with vessels, vascular lumens, tumor cell proliferation 

and growth were observed as early as 3 d in culture. HUVEC cells (labeled with green 

CellTracker™) organized into tubule networks that increased in proportion to tumor 

spheroid growth. Unlike other reported angiogenesis assays175, the biomimetic 3D in 

vitro culture system supports vessel formation without reliance on exogenous pro-

angiogenic growth factors to promote angiogenic vessel formation. Moreover, labeling 

each cell type with a different CellTracker™ before encapsulation into PEG hydrogels 

allowed for investigating cellular behavior, cell-cell interactions, and drug efficacy in 

real time. One of the limitations to our 3D in vitro culture system is that majority of the 

multi-cellular tumor spheroids were approximately 40-45 µm in diameter. Since the 

maximum diffusion limit of oxygen is 100-200 µm219,220, the tumor spheroids formed in 

our 3D in vitro system are too small in diameter to see effects of hypoxic or necrotic 

regions in the center of the spheroid.  Nonetheless, we demonstrate the feasibility of our 

vascularized 3D tumor model as a more accurate drug testing platform. HUVECs, A549, 

and CAFp53kras cells were encapsulated and cultured in degradable PEG hydrogels for 

5 d to allow for the formation of vessel-like structures and tumor spheroids before drug 

treatment. Semaxanib, cilengitide, and doxorubicin were evaluated in the vascularized 
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3D tumor model for their effect on tubule formation and tumor spheroid growth. In 

general, tubule structures in the vascularized 3D tumor model were significantly greater 

in total tubule length per volume before and after treatment with drugs as compared to 

gels with HUVECs only. It seems that interaction of HUVECs with lung tumor cells and 

CAFs enhances tubule network formation. To demonstrate the feasibility of our 

vascularized 3D tumor model for testing angiogenesis inhibitors, we utilized semaxanib, 

a potent and selective inhibitor of the Flk-1/KDR VEGF receptor tyrosine kinase, which 

has demonstrated its anti-angiogenic potential in preclinical and clinical studies207,217,221. 

In our study, when cells in the vascularized 3D tumor model were treated with 

semaxanib, total tubule length per volume and tumor spheroid diameter were both 

significantly reduced relative to the untreated control. These results correlate with 

previously reported results from drug studies conducted in vivo using animal models. 

Studies in vivo have shown semaxanib to reduce vessel density in tumors, induce tumor 

regression, and cause apoptosis of endothelial cells in a colon tumor metastasis model221. 

Semaxanib was shown in tumors implanted in nu/nu mice to reduce the growth of 

tumors upon treatment at a dose 25 mg/kg. When tumors were resected from drug-

treated animals, the tumors in semaxanib treated animals were significantly reduced in 

tumor volume relative to untreated animals and appeared to be pale white. This 

unhealthy color of tumors resected from animals treated with semaxanib was attributed 

to reduced blood supply from inhibition of tumor angiogenesis221,217. Another set of 

studies conducted in vivo using a A549 lung tumor xenograft mouse model showed that 
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with semaxanib treatment tumor growth and blood vessels were significantly reduced 

relative to the untreated mice207,208.   

Results from preclinical studies with doxorubicin also correlate with drug effects 

on tumor growth witnessed in our 3D tumor microenvironment drug testing platform. 

For example, Singh and colleagues mixed human lung carcinoma A549 cells in MG and 

subcutaneously injected it in nude mice (BALB/c nu/nu)205. Mice treated with 4 mg/kg 

doxorubicin displayed approximately ~61% decrease in tumor weight after 8 d when 

compared with saline injected mice205. In comparison, our 3D lung adenocarcinoma 

model treated with doxorubicin at the highest concentration (~4 mg/kg) displayed a 

~60% decrease in tumor spheroid diameter relative to untreated controls.  

Interestingly, treating cells in the 3D tumor microenvironment mimicking model 

with cilengitide (at 1 µM and 5 µM) concentration did not significantly reduce tumor 

spheroid size relative to the untreated control. As opposed to the 3D tumor 

microenvironment model, 5µM cilengitide treatment in the tumor cell only 3D cultures 

caused a 2-fold reduction in tumor spheroid size relative to the untreated control. 

Cilengitide demonstrated its anti-angiogenic potential in our 3D tumor 

microenvironment mimicking model with a significant reduction in total tubule 

length/volume at drug concentrations of 5 µM and 10 µM relative to the untreated 

group. Results from previous studies conducted with cilengitide in in vivo lung 

carcinoma models corroborate our observations222. Reynolds and colleagues tested the 

efficacy of cilengitide in reducing tumor growth and angiogenesis in Lewis lung 
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carcinoma (LLC) tumor xenografts in mice178,222. Treatment of 200 mg/kg cilengitide in 

LLC mice did not suppress tumor growth significantly relative to tumors in saline 

injected mice222. In the same study, analysis of microvessel sprouting in mouse aortic 

rings with 48 hr treatment with cilengitide at concentrations ranging from 0 to 50 µM 

showed significant reduction in vessel sprouting relative to the untreated control only at 

concentrations above 20 µM222. Similar findings have also been reported in mouse 

glioblastoma models in which tumor size in cilengitide treated mice stayed unchanged 

(~1 to 2 mm in tumor size) during the entire length of the study (63 d). In the same 

study, angiogenesis evaluated by staining of CD31 for endothelial cells in resected 

tumors decreased significantly relative to control tumors223.  

4.5 Conclusion  

In this work, we demonstrate that our 3D in vitro lung adenocarcinoma model in 

biomimetic PEG hydrogel with interacting lung epithelial and stromal cells more closely 

mimics the tumor microenvironment in vivo. Specific conditions representative of the in 

vivo tumor microenvironment such as tumor cell proliferation, continuous tumor 

spheroid growth, and vessel formation were also exhibited in our 3D in vitro tumor 

model. Moreover, results from drug studies with doxorubicin, cilengitide, and 

semaxanib on tumor growth and vessel formation in our 3D in vitro culture system 

corresponded with findings reported in vivo preclinical studies205,221,222. This correlation in 

results between the 3D in vitro culture model and preclinical studies demonstrates that 
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our 3D culture system describe in this work could be utilized for the rapid screening of 

anti-cancer agents. Overall, our biomimetic 3D in vitro model can serve as a more 

reliable bridge to preclinical studies and a better anti-cancer therapy predicting platform 

than the conventional 2D monolayer cultures. 
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5. Future Directions 

5.1 Influence of Tumor-Associated Macrophages on Cancer 
Cells & Tumor Angiogenesis 

We have demonstrated the use of PEG hydrogels modified with cell adhesive 

and enzymatically degradable peptides to study the influence of stromal cells like 

cancer-associated fibroblasts on lung epithelial cancer cells and endothelial cells. Our 

findings have provided greater insight into the role of stromal cells, cell-cell, and cell-

ECM interactions in contributing to tumor growth.  

Future work in similar in vitro culture system could explore the influence of 

inflammatory cells that habitat the tumor stroma on cancer cell behavior. Tumor 

associated macrophages (TAM) comprise the major inflammatory cellular component of 

the stroma of many tumors and are capable of promoting tumor growth and progression 

by release of growth factors and chemokines. Several reports suggest that TAM produce 

growth factors and cytokines such TGFβ224, interleukin-6 (IL-6)225,226, tumor-necrosis 

factor (TNF)227, and VEGF225,226 that can stimulate tumor cell proliferation, promote 

invasion and metastasis, and simulate angiogenesis. These growth factors and cytokines 

can act on tumors by remodeling tissue via activation of MMPs, directing cell migration, 

and stimulating angiogenic-factor production and vessel formation225. Future studies 

could incorporate TAM in 3D in vitro culture system in co-culture with epithelial cancer 

cells to investigate the role of TAM in cell-cell interactions and signaling that contribute 

to tumor cell proliferation and migration. In addition to growth factors and cytokines, 
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research findings also suggest that macrophages found in the tumor stroma produce 

matrix-metalloproteases, such as MMP-2 and MMP-9. MMPs 2 and 9 can degrade 

proteins of the extracellular matrix thereby paving the way for tumor cell invasion and 

migration42,228. Macrophages have also been implicated in promoting blood vessel 

formation225,229. Macrophages can potentially exert a dual influence on blood vessel 

formation. On one hand macrophages produce molecules like VEGF that are 

proangiogenic and stimulate endothelial cells to migrate and organize into vessel 

structures. On the other hand, recent work published by Hsu et al. suggests that another 

mechanism by which macrophages can contribute to angiogenesis is by exhibiting 

pericyte-like behavior to closely associate and align with newly formed vessels and 

thereby provide long-term vessel support and stability229. Hsu et al. implanted PDGF-BB 

and FGF-2 releasing hydrogels in the corneal micro-pocket of Flk1-myr::mCherry 

transgenic mice229. Time-lapse studies showed macrophages migrating to the site of 

angiogenesis and closely interacting with mCherry labeled endothelial tip cells and 

surrounding vessels in a fashion similar to pericytes (Figure 42). Future work could 

incorporate tumor-associated macrophages in combination with vascular cells in a 3D in 

vitro system to further investigate the functional role of TAMs in promoting tumor 

angiogenesis.  
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Figure 42: Time lapse images showing macrophages (labeled in green) 

interacting and closely associating with mCherry labeled endothelial cells during 

angiogenesis. From Hsu et al229. 

 

5.2 Engineering perfused 3D tumor models 

The 3D biomimetic PEG-based tumor model described in previous sections is 

capable of advancing our understanding on the effects of cell-ECM and cell-cell 

interactions on tumorigenesis and vascularization. We have demonstrated that 3D 

tumor models that more closely represent the cancer microenvironment can essentially 

improve the predictive performance of cancer therapies and drugs. Potential future 

work could seek to improve this system by incorporating other important pathological 

properties of the cancer microenvironment, such as fluid flow. The increase in 

permeability of solutes and water within a tumor due the leaky microvessels causes a 

rise in the interstitial fluid pressure. This localized increase in interstitial fluid pressure 

causes fluid flow from tumor mass into the surrounding environment. Interstitial fluid 
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flow is an important feature of the tumor microenvironment and has been shown to 

influence tumor cell phenotype via flow-derived shear stress230,231.  

Flow-derived shear stress has shown to effect tumor cell proliferation and 

migration230,231. Polacheck and colleagues used a microfluidic cell culture system to 

culture MDA-MB-231 breast cancer cells in a 3D collagen I matrix and investigate the 

influence of interstitial flow on the directional bias of cell migration230. Net migration 

vectors for cells in control devices without flow showed cell migration to be random 

whereas cells under flow at a rate of 3.0 µm/s preferentially migrated in the upstream 

direction of flow. The fraction of cell population migrating upstream than downstream 

was dependent on the interstitial flow rate. A flow rate of 3.0 µm/s induced more cells to 

migrate upstream than an interstitial flow rate of 0.3 µm/s. Polacheck and colleagues 

also observed that flow induced phosphorylation of focal adhesion kinase (FAK) 

indicating that flow-induced tension in integrins provided the upstream migratory 

stimulus230. Flow-derived shear stress has also shown to create gradients of chemokines 

that enhance cancer cell invasion and metastasis232. A study conducted by Shield et al. 

showed increase in the metastatic potential of MDA-MB-435S melanoma cells when 

exposed to flow. The metastatic potential in the MDA-MB-435S cells was activated upon 

binding of lymphatic endothelial cell-secreted CCL21 ligand to the CCR7 receptor on 

tumor cells232. CCR7 is implicated in lymph node metastasis. At physiologically relevant 

flow velocity of 0.2 µm/s, fluid flow increased the concentration of CCL21 ligand at the 

downstream side of the cell causing the distribution of the chemokine factors 
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downstream thereby creating an autologous gradient that provided a positive 

chemotactic signal to tumor cells. 

To recapitulate tumor-mimicking fluid dynamics, the use of bioreactors to 

include perfusion in 3D culture systems has been demonstrated. A perfused 3D cell 

culture system refers to the continuous flow of media through a construct for the supply 

of nutrients. The development of perfused 3D tumor models can better recapitulate drug 

transport and overcome diffusional limitation in static culture systems. Perfusion flow 

rate is regulated to control shear stress and drug transport within 3D constructs233. 

Santoro and colleagues have demonstrated the utility of flow perfusion bioreactor for 

culturing Ewing sarcoma cells on electrospun PCL 3D scaffolds233. Cancer cells that were 

exposed to mechanical stimulation via flow-derived shear stress produced more insulin-

like growth factor (IGF-1) when compared with 3D tumor constructs under static 

conditions. The effect of IGF-1R inhibitor dalotuzumab on cells cultured in perfused 3D 

constructs was compared with cells under static conditions. Increase in flow rate from 

0.04 to 40 mL/min resulted in high shear stress and increase in drug transport within the 

construct. Despite increase in drug transport, the Ewing sarcoma cells cultured in 

perfused 3D PCL constructs displayed more resistance to IGF-1R inhibitor dalotuzumab. 

This effect could be due to the higher levels of IGF-1 produced by cells under 

mechanical stimulation counteracting the effects of the IGF-1R inhibitor dalotuzumab. 

The same effect was not observed in the control group with cells cultured under static 

conditions233. Additionally, perfused 3D tumor models have been demonstrated to 







mimic cellular behavior and proliferation more closely to the in vivo tumor 

microenvironment. In a study conducted by Hirt et al., colorectal cancer (CRC) HT-29 

cells were cultured in 2D, in collagen sponges in static conditions, or in perfused 

bioreactors (Figure 43), or injected subcutaneously in mice231.  



Figure 43: Schematic of the bioreactor utilized in studies conducted by Hirt et 

al. for the culture of for (CRC) HT-29 cells in perfused 3D constructs. The bioreactor 

includes a perfusion chamber with a 3D porous scaffold and fluid flow dynamics is 

controlled by a pump connected with the bioreactor. B) Perfused 3D (p3D) cultures 
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resulted in significantly higher cell proliferation than static 3D (s3D) cultures with 

proliferation in p3D cultures similar to in vivo xenografts. From Hirt et al231.  

 

Perfused 3D (p3D) cultures resulted in significantly higher cell proliferation than 

static 3D (s3D) cultures with cellular morphology and proliferation similar to in vivo 

xenografts. Cells in 2D treated with the chemotherapeutic drug, 5-Fluorouracil (5-FU), 

underwent apoptosis post treatment whereas no significant change in apoptotic cell 

numbers was evident in cells in p3D cultures and xenografts upon drug treatment231. 

Studies conducted by Santoro et al. and Hirt et al. highlight how incorporating fluid flow 

in 3D tumor model can accurately represent mechanical influences in the cancer 

environment and affect the efficacy of potential drug therapies. Incorporating fluid flow 

in degradable PEG hydrogels has been demonstrated and accomplished previously with 

the use of a microfluidic system shown in Figure 44.  

 

 

Figure 44: Schematic of microfluidic system which consists of a PDMS 

housing with molded microchannels for perfused media (red) and buffer (blue) to 

provide fluid flow to PEG hydrogels (cyan) placed in the middle of the 

microchannels. From Cuchiara et al234.  
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Cuchiara et al. integrated a degradable PEG hydrogel with encapsulated HUVECs and 

10T1/2 cells in a microfluidic hydrogel fabricated by soft lithographic and 

photolithographic techniques (Figure 44). The system was used to perfuse self-

assembled microvascular networks. Cuchiara et al. showed that incorporating flow 

through cell-laden hydrogels via microfluidic channels maintained high cell viability for 

cells near the media channels. However, cell viability decreased significantly with 

increased distance from the media channels. Similar to the studies conducted by 

Cuchiara et al., future studies could involve incorporating a 3D tumor 

microenvironment mimicking model (described in chapter 4) to investigate changes in 

cancer cell survival with perfused vessel networks in 3D hydrogels.   
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