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CHAPTER I 

Introduction 

Triple negative breast cancer 

Cancer is characterized by an excess of cellular proliferation, evasion of the immune 

system, and metastasis to distant sites1. Over 260,000 women will be diagnosed with breast 

cancer in 2019, and over 40,000 will die from the disease (Figure 1), making it the second 

deadliest cancer among women2. Triple negative breast cancer (TNBC) is an aggressive subtype 

that lacks estrogen receptor (ER), progesterone receptor (PR), and HER2. ER and PR are both 

intracellular, nuclear receptors responsible for initiating transcription of DNA when activated by 

estrogen and progesterone, respectively3, 4. The HER2 receptor is one of four receptors found in 

the transmembrane human epidermal growth factor family. Basal-like breast cancers are an 

intrinsic subtype of breast cancer that share many similarities with TNBC. Most basal-like breast 

cancers are triple negative, and about 80% of TNBC are basal-like5. This overlap has led some to 

use the two names interchangeably for TNBC. Despite these similarities, these cancers cannot be 

treated as one subtype because basal-like breast cancers occasionally express ER or overexpress 

HER2, which contradicts the definition of TNBC. 

Molecular assays have shown that heterogeneity exists within a tumor of a TNBC patient, 

which presents a challenge for treatment and often leads to a poor prognosis for the patient6. 

TNBCs can be further divided into groups like claudin-low and interferon-rich. Claudin-low 

cancers show a cancer stem cell-like phenotype, and interferon-rich cancers overexpress genes 

normally regulated by interferons7. Genetic mutations are a staple of cancer development, and 
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about 10% of TNBC patients carry mutations on the BRCA1 and BRCA2 genes8. The BRCA1 

and BRCA2 genes have been shown to play a critical role in repairing DNA damage. They act as 

tumor suppressor genes and also play a role in cell division and apoptosis9. Furthermore, breast 

cancers with a BRCA1 mutation are likely to carry an additional mutation in the TP53 gene, 

another tumor suppressor8. The heterogeneity and lack of available targets make treating TNBC 

challenging. 

 

 

Figure 1: Breast cancer prevalence (adapted from Siegel et al.)2. 
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Current standard of care 

Despite recent advances in genomics and proteomics, conventional chemotherapy has 

remained the standard treatment for TNBC patients, as they lack the three key targeting 

receptors. While primary TNBC tumors exhibit high chemosensitivity, the rate of relapse is high 

at about 20%10. Taxanes and anthracyclines are two common chemotherapies offered to breast 

cancer patients. Taxanes function by inducing the overproduction of microtubules in cancer cells, 

disrupting functions necessary for cell survival11. Anthracyclines have been proposed to function 

through several different mechanisms, including DNA damage by free radicals, alkylation, or 

cross-linking and inhibition of topoisomerase, a nuclear enzyme that assists during the DNA 

unwinding and rewinding process of DNA replication12, 13. Platinum-based neoadjuvant 

chemotherapies are occasionally given to TNBC patients, but they remain controversial since 

blood toxicities can arise as a side effect14. 

Targeted therapies provide the possibility of personalized medicine for TNBC patients. 

Poly(adenosine diphosphate-ribose) polymerase (PARP) inhibitors, mitogen-activated protein 

kinase kinase  (MEK) inhibitors, and phosphoinositide 3-kinase (PI3K) inhibitors have all been 

recently investigated for treatment. Olaparib, a PARP inhibitor, has recently been approved as a 

targeted therapy for HER2-negative hormone-receptor positive breast cancer and TNBC15. It 

functions to prevent the repair of DNA double-strand breaks. Since cancer cells replicate more 

rapidly than normal cells, olaparib preferentially targets cancer cells15. MEK inhibitors are being 

tested for targeting the Ras-MAPK pathway that suppresses tumor-infiltrating lymphocytes in 

tumors by upregulating the expression of major histocompatibility complex (MHC)-I16. 

Alpelisib, a PI3K inhibitor, has also recently been approved as a targeted therapy for breast 

cancer, functioning by targeting PI3K in the PI3K/Akt/mTOR pathway17. 
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Many women have tumors surgically removed either by mastectomy or lumpectomy 

followed by radiation treatment. Lumpectomy followed by radiation, also known as breast 

conversion therapy (BCT), has proven to result in the same long-term survival as mastectomy, 

which makes it an appealing option due to the reduced invasiveness of the surgery18. Radiation is 

commonly administered in 2 Gy doses to a total of about 50 Gy19. Recurrence of breast cancer at 

the primary tumor site is possible for patients who undergo a mastectomy or BCT, but TNBC 

patients routinely have the greatest chance of experiencing recurrence20, 21. Recurrence may 

partly be due to circulating tumor cells (CTCs) that escaped the primary tumor and entered the 

circulatory system before the tumor was surgically removed. It is known CTCs can return to the 

primary tumor site instead of metastasize to a distant site and that patients with CTCs have a 

poorer prognosis than patients without CTCs, especially for metastatic breast cancers22, 23, 24. It 

has long been known that ionizing radiation is a carcinogen on breast tissue25. Preclinical studies 

have shown that radiation of normal tissue can cause tumor cell recruitment. Fibrosis, a common 

radiation-induced change in tissue, is a side effect in which the breast tissue stiffens. 

 

Extracellular matrix (ECM) 

The extracellular matrix (ECM) is a complex network of macromolecules that surrounds 

cells and gives shape, structure, and biochemical and biomechanical properties to tissue26, 27. It is 

composed of functional molecules secreted by cells, resulting in a three-dimensional structure 

that surrounds the cells, making it unique for each tissue28. Major components include collagens, 

laminin, fibronectin, proteoglycans, and glycosaminoglycans, but relative amounts are dependent 

on the type of tissue29. In breast cancer, collagens I, III, and V are increased while collagen IV is 

decreased, which is characteristic of the degradation of the basement membrane of the tissue29. 

Laminin-111 is an isoform of laminin that is a major part of the basement membrane and has 
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been shown to greatly decrease in breast cancer29. Laminin-332 production is upregulated in 

myofibroblasts to promote the survival, migration, and invasion of TNBC cells30. Fibronectin is 

expressed by both cancer-associated fibroblasts and cancer cells29, and has been shown to be 

upregulated by resident fibroblasts in metastatic sites31. These and other matrix components 

enable communication between cells and the ECM via biochemical and biomechanical cues 

(Figure 2). For example, cell-matrix interactions can inactivate apoptosis and induce anti-

apoptosis gene expression32, evade proliferative suppression for continuous growth33, 34, and 

induces angiogenesis35, 36. 

 

 

Figure 2: Interaction between cells and the ECM (adapted from Pickup et al.)37. 

 

 The physical properties of the ECM can be altered by malignant cells to enable tumor 

growth. It is widely accepted that cancer cells exhibit commonalities regardless of the tissue of 

origin, which are termed the hallmarks of cancer1. These hallmarks include a tumor’s ability to 

sustain proliferation, replicate to effectively become immortal, resist cell death, induce 
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angiogenesis, evade growth suppression, and become invasive. ECM stiffness is a property that 

contributes toward several of these hallmarks of cancer. It is thought that breast cancer cells can 

resist apoptosis in a stiff tumor by integrin ligation to the ECM, which can inhibit p53-induced 

apoptosis37. Vascularization to support a growing tumor is associated with increased stiffness. A 

stiff tumor promotes angiogenesis by upregulating VEGF2 expression, which promotes 

endothelial proliferation38. Metastasis of a malignant tumor type is dependent on ECM stiffness. 

Several studies have found that tumor metastasis was decreased when collagen crosslinking was 

inhibited to reduce the matrix stiffness37. The ECM is important for tumor cell proliferation 

because adhesion to the ECM is necessary to complete the cell cycle. Malignant breast tumors 

are able to supplement the natural ECM by producing their own, which they can use to increase 

proliferation and become metastatic34. 

Radiation can change the structure and function of ECM. Fibrosis is a result of radiation 

damage and is the phenomenon of increased fibroblast proliferation and increased ECM 

deposition39, 40. However, this does not imply an increase for all ECM components. For example, 

the amount of collagen in the ECM has been shown to decrease as an immediate reaction to 

radiation damage but increase after two weeks41. 

 

Biomaterials for studying the ECM 

 Researchers have used several different materials to study the ECM, including both 

synthetic and naturally derived materials. Polyglycolic acid (PGA) and poly(lactic-co-glycolic 

acid) (PLGA) are thermoresponsive synthetic materials that are commonly used in the human 

body for their low toxicity and well-characterized degradation42, 43. Thermoresponsivity is an 

important characteristic for matrix scaffolds because the gel must be injectable for in vivo 

testing. They have both been used to model adipose tissue. Fischbach et al. demonstrated that a 
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3-dimensional PGA matrix cultured with 3T3-L1 preadipocytes was an improvement over the 2-

dimensional PGA matrices that were used up until that point44. The 3-dimensional PGA gels 

were found to macroscopically resemble native adipose tissue when cultured in vitro, and the 

3T3-L1 cells encapsulated in the gels were able to grow into vascularized fat pads in vivo. 

Patrick et al. showed PLGA scaffold-induced adipogenesis when seeded with primary murine 

preadipocytes in an in vivo model45. In the control case without preadipocytes, the PLGA 

scaffold still induced adipogenesis, though to a lesser extent. Polyethylene glycol diacrylate is 

another thermoresponsive synthetic material that has been used in adipocyte models and can vary 

in stiffness, making it a clinical possibility for soft tissue in instances where adipose tissue 

implants are insufficient46, 47. 

Collagen gels are some of the most common naturally derived gels and have been used 

for decades to study the ECM. Collagen gels easily gel at physiological temperature because 

collagen is found throughout the body in the form of fibers. Pins et al. used a collagen I matrix to 

study the contractile forces on the matrix and the degradation of the matrix when cultured with 

fibroblasts, finding a connection between ECM degradation and matrix metalloproteinases 

through the proteinase plasmin48. Gentleman et al. showed that collagen fibers derived from 

bovine Achilles tendon enabled the growth of 3T3-L1 preadipocytes, resulting in mature adipose 

cells49. It was demonstrated that the collagen fibers allowed for a more homogeneous gel than 

previously reported, making collagen an improved option for soft tissue modeling. Vashi et al. 

showed that collagen I gel containing fibroblast growth factor-2 (FGF-2) supported the growth of 

adipose tissue when seeded on a graft in a tissue engineering chamber in the groins of mice50. 

The presence of the fat graft and FGF-2 both promoted adipogenesis, confirming that collagen I 

alone is insufficient for recapitulating adipose tissue. Starting with a collagen I matrix is 
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reasonable because collagen I is the most abundant collagen type in the human body27, but a 

matrix must contain other proteins for a more accurate representation of the interaction between 

multiple components. 

Matrigel is another common type of ECM hydrogel that has been used for decades to 

study tissue culture and cell-matrix interactions. Matrigel is primarily made of collagen IV, 

laminin, and heparin sulfate proteoglycan derived from a murine sarcoma51, which makes it 

thermoresponsive, with gelation at physiological temperature. Originating from a mouse, 

Matrigel cannot be used in humans and still has no direct human equivalent52. Kawaguchi et al. 

demonstrated that Matrigel can be used in combination with basic fibroblast growth factor 

(bFGF), a signaling protein for the induction of neovascularization, to study adipogenesis53. It 

was found that the Matrigel-bFGF hydrogel was able to promote adipocytes to replace the 

volume occupied by the gel, which was not the case when Matrigel was tested alone. Cronin et 

al. showed that Matrigel alone was able to induce an adipogenic response in their flow-through 

loop pedicle model54. Although this model did not supplement the Matrigel with bFGF, the 

Matrigel was perfused with a major murine leg blood vessel, allowing the gel access to proteins 

and growth factors normally found in a mouse. Similarly, Kelly et al. used Matrigel to 

demonstrate the effect of adipogenesis in adipose tissue when in contact with the vasculature55. 

Using this model to build on the work of Kawaguchi et al., it was shown that Matrigel and bFGF 

together induced angiogenesis but not adipogenesis. A source of adipose next to the model 

chamber easily induced adipogenesis, further demonstrating Matrigel as a possible model for 

adipose tissue when used appropriately.  

Collagen-hyaluronic acid gels have also been used to study cell-matrix interactions. 

Hyaluronic acid is an unsulfated glycosaminoglycan present in the ECM of soft tissue, and it has 
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been shown to play a role in angiogenesis, migration, and differentiation of progenitor cells56, 57. 

Adding hyaluronic acid to collagen gels results in a stiffer hydrogel than either collagen or 

hyaluronic alone and can better support the growth of chondrocytes and fibroblasts58, 59. It has 

also proven capable of preadipocyte and adipocyte culture and gelling at physiological 

temperature. Hemmrich et al. demonstrated a soft tissue model of a hyaluronic acid-based 

sponge in which additional hyaluronic acid resulted in further penetration of human 

preadipocytes and increasing vascularization compared to a previous model57. Campbell et al. 

used 3T3-L1 differentiated adipocytes cocultured with KIM-2 cells, a type of mammary 

epithelial cell, to demonstrate mammary organoid formation in a collagen-hyaluronic acid 

scaffold60. Davidenko et al. were able to demonstrate 3T3-L1 differentiation in a collagen-

hyaluronic acid model when the cells were given the necessary reagents, and the resulting cells 

showed upregulated expression of adipogenic genes after one week61. 

Alginate is a naturally occurring polysaccharide found in seaweed that has been used in 

ECM models. Alginate is composed of alternative blocks of mannuronic acid and guluronic acid, 

and the guluronic acid blocks can be crosslinked with the addition of divalent cations62. Gels 

based on alginate are thermoresponsive and can be tuned to specific strengths depending on the 

amount of crosslinking. For example, although alginate can be used for modeling soft tissue, 

Rowley et al. and Huebsch et al. demonstrated the possibility of recreating an osteogenic 

environment with arginyl-glycyl-aspartic acid (RGD)-modified alginate62, 63. Alginate does not 

contain mammalian cell binding sites and thus must be modified to promote the adhesion of cells 

in hydrogels62. Chaudhuri et al. used an alginate-Matrigel hydrogel to demonstrate that ECM 

stiffness and composition influence the phenotype of non-tumorigenic MCF10A cells epithelial 

cells64. In this example, Matrigel contained the necessary components for cell interaction. When 
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great control over the stiffness of the ECM is desired, alginate stiffness may be modulated based 

on the amount of divalent cation present. 

 

ECM hydrogels 

 ECM-derived hydrogels have great potential for study of cell-matrix dynamics and for 

future therapeutic devices. Derived from primary tissue, the resulting hydrogels are a more 

accurate representation of the environment that cells encounter. The advantage of using ECM 

from primary tissue comes from the fact that the ECM is a culmination of proteins secreted by 

the cells in a given tissue. These proteins serve both structural and functional purposes that 

promote the continued growth of the cells in a tissue and the shape of the organ28. It can be 

difficult to recapitulate these conditions in conventional synthetic gels or natural gels like 

collagen. The components of the ECM and their structure are tissue-specific, which would be 

difficult to mimic in a synthetic or collagen-based gel65, 66. The drawback of using ECM 

hydrogels is the low yield. Adipose cells are large and their lipid content occupies most of that 

volume. Preparing the ECM for use in hydrogels requires a process called decellularization, in 

which the cellular contents of a tissue are removed while causing minimal damage to the matrix. 

Additionally, decellularization of adipose tissue requires delipidation since lipids make up a 

large volume of the cells. Preservation of the matrix is important for recapitulating the 

environment seen by cells67. 

 There exists a range of decellularization techniques that are dependent on tissue type. All 

of these techniques involve some combination of chemical, biologic, or physical agents67. 

Detergents are often used in decellularization protocols for removing nucleic acid content and 

penetrating cell membranes. Sodium dodecyl sulfate (SDS) is one of the most common 

detergents because it is effective in eliminating the nuclei from dense tissue while preserving 
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most of the native structure68. For thinner tissues, 3-[(3-cholamido-propyl)dimethylammonio]-1-

propanesulfonate (CHAPS) has been more effective at preserving the matrix structure. Ionic 

detergents are quite effective at disrupting the membrane and nucleus, but they nearly always 

cause some degree of denaturation. Some proteins can be renatured in a lipid environment69. 

Alternatively, Triton X-100 and sodium deoxycholate have proven effective in removing DNA 

in porcine urinary bladder tissue while better preserving the basement membrane of the ECM70. 

This study involved washing the tissue with Triton X-100 for 24 hours to achieve 

decellularization, but a shorter exposure of 1 hour can be used to permeabilize the cell 

membrane, enabling DNA damaging reagents easier access to the nucleus71. Additionally, Triton 

X-100 is a common reagent for membrane permeabilization in a number of assays72, 73, 74. Other 

chemical agents include acids and alcohols. Acetic acid is common for disrupting DNA but can 

damage collagen and weaken the ECM75. Peracetic acid has been used to remove residual 

nucleic acids after the DNA has been broken down by a reagent that is milder on the matrix than 

acetic acid. It is effective at concentrations as low as 0.1% v/v, which minimizes ECM damage76. 

Alcohols can also disrupt DNA or remove residual DNA from the matrix. A 75% ethanol/25% 

acetone solution can disrupt DNA68, but a dilute solution of 4% ethanol/0.1% peracetic acid can 

remove nucleic acids after the DNA has been broken down by a reagent that it milder on the 

ECM71. Alcohols are also extremely effective in removing lipid content. Several studies have 

shown methanol, ethanol, and isopropanol being more effective than lipase in removing lipids67, 

but n-propanol has proven effective in delipidation in porcine adipose tissue71. 

Biologics are important in decellularization where chemical agents are ineffective. 

Nucleases have been used to target DNA in place of detergents, with the advantage being their 

high specificity75. Trypsin is often used for cleaving cells from the matrix by targeting the 
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carboxyl groups of arginine and lysine at the cell-matrix interface75. This technique is widely 

used, but only for a limited period of time because long exposure to trypsin can cause 

irreversible damage to the ECM77. Ethylenediaminetetraacetic acid (EDTA) is a chelating agent 

that is often used in combination with trypsin. EDTA aids in dissociating cells from matrix 

proteins by binding and removing metal ions, possibly enabling trypsin further access to cell-

matrix proteins. EDTA alone cannot decellularize tissue, and therefore must be used in 

combination with trypsin or be followed by another decellularization reagent to be effective67. 

Pepsin is an enzyme found in the porcine gastrointestinal tract that has been used in several 

protocols to digest the triple helix structure of collagen in the ECM28. Lipase may be an 

alternative for eliminating lipid content, although elimination is incomplete when lipase is used 

alone. In instances where preservation of the ECM structure is unnecessary, collagenase may be 

used to intentionally damage collagen within the ECM67. 

Physical agitation can aid in the decellularization of thin tissues, and constant agitation is 

necessary for denser tissues75. Chemical and biologic solutions are more effective when the 

tissue is submerged and under constant agitation instead of remaining still. Freeze-thaw cycles 

can also improve the potency of chemical and biologic agents by disrupting cells and having a 

minimal effect on the mechanical properties of the matrix75. 

 

Radiation effects on ECM hydrogels of TNBC 

An ECM hydrogel model of breast tissue is needed for in vitro study of in vivo ECM 

changes as a result of radiation damage. While it is well-known that radiation induces fibrosis in 

tissue, it has recently been shown that CTCs can return to the primary breast cancer tumor site 

and reseed in response to radiation78. The same researchers then used an immunocompromised 

model to identify an important cytokine in the return of CTCs to the primary site (Figure 3)79. 
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The role of the ECM in influencing recruitment of CTCs and carrying cytokine gradients as a 

response to radiation damage is still unknown. With the proper ECM hydrogel, the breast tissue 

cellular environment can be recapitulated in the lab and tested before advancing to more costly in 

vivo studies. A number of adipose ECM hydrogels have been reported in the literature, but they 

are based on porcine adipose tissue or human lipoaspirate71, 80. Additionally, the effect of 

radiation damage on adipose ECM in a hydrogel model has not been investigated up to this 

point. The present work describes the development of adipose ECM hydrogels from murine 

mammary fat pads (MFPs) to evaluate how radiation-induced ECM changes alter tumor cell 

behavior. 

 

Figure 3: Influence of radiation on tumor cell recruitment to normal tissues (adapted from Rafat 

et al.)79.  
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CHAPTER II 

Characterization of ECM Hydrogels 

Introduction 

 Producing hydrogels from soft tissue ECM is a technique that has been used both as an 

analytical tool and a form of therapy67, 81, 82. ECM hydrogels serve as an improvement over 

conventional synthetic hydrogels because conventional gels fail to replicate the complexities of a 

tissue’s native environment. Collagen I is abundant in tissues but it is not the only component. 

Matrigel includes growth factors that are generally known to promote cell proliferation, but it is 

not tissue-specific. ECM has been shown to promote growth of tissue-specific cells for target 

organs as a result of existing growth factors83, including in vitro and in vivo adipogenesis84, 85. 

After decellularization, ECM material is capable of recapitulating the nanostructure and physical 

properties of tissue, as well as structural and functional proteins, including glycosaminoglycans 

and proteoglycans28. 

 The method of decellularization is an important part of maintaining the integrity of tissue 

ECM. Methods of decellularization have evolved and been adjusted for different tissue, and the 

choice of method is critical for ensuring complete decellularization while avoiding permanent 

ECM damage. The choice of reagents also depends on the tissue itself, which can cause reagents 

to be more effective or more destructive if the specimen varies greatly in thickness, density, or 

content67. A common decellularization reagent for causing DNA damage is SDS, and it has been 

used to decellularize adipose80, cardiac tissue67, and renal tissue82 among others. However, SDS 

can be harsh on tissues and alter structure and organization compared to gentler methods that 
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often use sodium deoxycholate or CHAPS74, 86. Adipose tissue in particular is challenging 

because adipocytes are largely made of lipid content that cannot be removed with a DNA-

damaging reagent. Delipidation can be achieved through alcohol washes, as shown in porcine 

tissue and skin71, 85, 87, 88 and human lipoaspirate89. Confirmation of decellularization is 

commonly done through hematoxylin and eosin staining to observe the removal of cell nuclei68, 

84 and Oil Red O staining to observe the elimination of lipids71, 80. 

After decellularization, the subsequent material must form hydrogels to be used in a 

research or therapy setting. Rheology is a common method for characterizing the physical and 

mechanical properties of ECM hydrogels65, 73, 90. The main outputs are measures of the storage 

modulus (G’) and loss modulus (G’’) of the material, which serve as indirect measures of the 

elastic potential and viscous dissipation, respectively91. Gelation is confirmed by demonstrating a 

storage modulus (G’) greater than loss modulus (G’’)92, 93, 94. Young’s modulus, a measure of 

stress of force per unit area over strain, can be calculated from the storage and loss modulus for 

comparison to stiffness of normal breast tissue64.  

 The following decellularization and hydrogel formation protocol was based on a 

combination of previous published protocols investigating porcine lungs and human 

lipoaspirate71, 80, 95. The main decellularization process was developed to use Triton X-100 only 

to permeabilize the cell membranes, sodium deoxycholate over SDS to preserve the murine 

mammary fat pad tissue structure, and an alcohol wash for delipidation. This method has enabled 

the study of ECM from murine MFPs. 
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Methods 

 

Preparation and ex vivo radiation of murine MFPs 

Animal studies were performed in accordance with guidelines and protocols approved by 

the Vanderbilt University Institutional Animal Care and Use Committee. Athymic Nu/Nu mice 

(8-10 weeks) were sacrificed by carbon dioxide (CO2) asphyxiation followed by cervical 

dislocation. MFPs were collected from sacrificed mice using pre-sterilized scissors and forceps 

in 15 mL conical tubes containing complete RPMI media (RPMI 1640 supplemented with 1% 

penicillin-streptomycin and 10% fetal bovine serum). Select MFPs were irradiated ex vivo to 20 

Gy, a dose used to induce radiation damage in previous studies78, 79, by exposure to a source of 

cesium-137 while the remaining received 0 Gy (control). MFPs were incubated for two or seven 

days at 37 °C and 5% CO2 to promote wound healing and allow the tissue to undergo changes in 

ECM deposition and remodeling. After incubation, the MFPs were rinsed in phosphate-buffered 

saline (PBS) and stored at -80 °C overnight in separate 15 mL conical tubes corresponding to 

their irradiation and incubation status. Final variables tested are seen in Table 1. The shorthand 

in Table 1 is used from this point onward. 

 

Table 1: MFP variables. 

  Incubation time (days) 

  2 7 

Radiation dose 
(Gy) 

0 2d 0Gy 7d 0Gy 

20 2d 20Gy 7d 20Gy 
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Decellularization 

MFPs were decellularized after storage at -80 °C for a minimum of 12 hours. MFPs were 

thawed and weighed, and 2 mm by 2 mm by 2 mm pieces were removed from the tissues using 

scissors and forceps for hematoxylin and eosin (H&E) staining, Oil Red O staining, and 

immunohistochemistry (IHC) for a pre-decellularization reference. Pieces saved for H&E 

staining and IHC were stored in 10% neutral buffered formalin (NBF) for 24 hours, rinsed in 

PBS, and stored in 70% ethanol until paraffin embedding and sectioning. Pieces saved for Oil 

Red O staining were submerged in 10% NBF for 24 hours at 4 °C, rinsed 3 times in PBS for 5 

minutes each, submerged in 30% sucrose for 48 hours at 4 °C, and frozen in OCT. OCT cassettes 

containing samples were frozen in 2-methylbutane, which was cooled by liquid nitrogen. 

Cassettes were stored at -80 °C once the OCT turned from clear to opaque. Decellularization 

began with MFPs placed in a 6 cm dish containing 5 mL of a 0.02% trypsin/0.05% EDTA 

solution for 1 hour at 37 °C. Trypsin was used to break extracellular peptide bonds, and EDTA 

was used to chelate residual metallic ions67. The MFPs were then rinsed three times with 

deionized (DI) water in a strainer and weighed. Between each wash of DI water, the MFPs were 

manually massaged with forceps. Next, the MFPs were spun in 60 mL of 3% Triton x-100 

solution per 1 g of tissue and stirred for 1 hour at room temperature. At that length of time, 

Triton x-100 was a potent chemical of cell lysis without unnecessary damage to the ECM70, 71. 

The MFPs were again rinsed, massaged, and weighed. Next, the MFPs were spun in 60 mL of 

4% deoxycholic acid per 1 g of tissue and stirred for 1 hour at room temperature to disrupt 

DNA70. The MFPs were rinsed, massaged, weighed, and left to sit in 1% penicillin-streptomycin 

overnight at 4 °C to prevent bacterial contamination. The following day, the MFPs were weighed 

and then spun in 60 mL of 4% ethanol/0.1% peracetic acid per 1 g of tissue for 2 hours at room 
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temperature. In dilute solutions, ethanol and peracetic acid are both capable of removing the 

remaining broken down DNA71. The MFPs were rinsed, massaged, and weighed. Finally, the 

MFPs were spun in 60 mL of 100% n-propanol per 1 g of tissue for 1 hour at room temperature. 

n-propanol was used for potent delipidation, a major concern considering MFPs are largely made 

of adipose cells71. 2 mm by 2 mm by 2 mm pieces were again removed for H&E staining, Oil 

Red O staining, and IHC for comparison between normal and decellularized tissue. The 

remaining tissue was stored in -80 °C for a minimum of 12 hours in a 15 mL conical tube. Table 

2 shows the drastic decrease in mass of working material. Over 90% of the mass was removed in 

all cases. 

 

Table 2: Loss of material by decellularization. Values represent average weight ± standard 
deviation (SD). 

Tissue weight (mg) 
Control 
(0 Gy) 

Irradiated 
(20 Gy) 

Initial MFP weight 103.81 ± 40.68 87.96 ± 30.24 

After decellularization 5.15 ± 1.97 5.89 ± 2.82 

After lyophilization 1.34 ± 0.75 1.24 ± 0.49 

Total mass loss (%) 99 99 

 

Lyophilization 

Lyophilization is the process of freezing a material, bringing it to vacuum pressure, and 

sublimating the ice. It has been used in previous adipose tissue decellularization procedures to 

achieve a brittle material than can be milled into a powder for ECM solution ready for gelation71, 
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80. Decellularized tissues were removed from -80 °C and placed on dry ice. The 15 mL conical 

tube caps were replaced with delicate task wipes bound to the conical tube using rubber bands. 

The tissues were placed on a lyophilizer for 48 hours. The tissues were then returned to dry ice, 

had the conical tube caps replaced, and were stored at -80 °C for a minimum of 12 hours. 

 

Pregel formation 

Lyophilized tissues were removed from -80 °C storage and weighed (Table 2). In a 

shallow container filled with liquid nitrogen, a hand-held mortar was pre-chilled. Tissues were 

then milled in the mortar by a pestle attached to a hand-held electric drill. Milling was carried out 

in 1-minute intervals for a minimum of 5 minutes to achieve the consistency of a powder. Each 

condition was milled individually. Using the weights of the tissues prior to milling, the necessary 

amounts of pepsin and hydrochloric acid (HCl) were calculated to achieve a final solution of 1% 

w/v sample powder and 0.1% w/v pepsin in 0.01 M HCl as has been previously described95. 

Pepsin is a digestive enzyme found in the porcine gastrointestinal tract that breaks down 

proteins, and HCl was included to activate the enzyme28. Pepsin and HCl were combined in a 15 

mL conical tube prior to addition of sample powder to ensure that the sample powder was added 

to a homogeneous solution. Once in solution, the samples were spun with stir bars for 48 hours at 

room temperature. After 48 hours, the digested solutions were placed on ice for 5 minutes and 

brought into a biosafety cabinet. A volume of 10x PBS was added to each solution to result in a 

final concentration of 1x PBS. Finally, 10% v/v 0.1 M sodium hydroxide (NaOH) was added to 

each solution to reach pH 7.4, resulting in the pregel solution. The pH was tested using pH paper. 

Raising the pH to pH 7.4 is necessary to inactivate the pepsin. The pregel solutions were stored 

at 4 °C until use. The resulting solutions corresponded to the conditions in Table 1. 
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Rheology 

Pregel solution was transported on ice for rheological measurements. The rheometer was 

equipped with a 25 mm diameter plate. Rotational mapping and determining the zero gap of the 

machine was done at the start of each day. Silicone polymer (Silly Putty) was used to form a 

basin around the bottom plate. A volume of 500 μL of pregel was pipetted onto the bottom plate 

at room temperature, and the upper plate was lowered until the liquid spread to occupy the entire 

space between the plates. When properly occupying the volume, the pregel formed a disc of 

liquid between the plates. The gap size for all runs was between 900 and 1,000 µm. With the 

pregel loaded, mineral oil was added to the basin around the bottom plate until the sides of the 

pregel disc were covered. Submerging the pregel in mineral oil prevented evaporation during 

long runs. 

 A time sweep was performed for 60 minutes at constant temperature (37 °C), constant 

strain (0.5% strain), and constant frequency (1 Hz). Next, a strain sweep was performed from 0% 

to 2% strain at constant temperature (37 °C) and constant frequency (1 Hz). Finally, a frequency 

sweep was performed from 0.01 Hz to 3 Hz at constant temperature (37 °C) and constant strain 

(0.5% strain). All runs were done in triplicate, and all runs were performed after the pregel 

material had equilibrated to 37 °C. The process was repeated for each pregel solution. For all 

runs on the rheometer, a storage modulus (G’) and loss modulus (G’’) was obtained. Young’s 

moduli were calculated using Equation 1: 

 � = 2�(1 + �) Equation 1 

Where 

� = ���� + ���� 

� =
�

�
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E is Young’s modulus, G is shear modulus, G’ is storage modulus, G’’ is loss modulus, � is 

Poisson ratio of the material, σ is stress, and ε is strain. The Poisson ratio was assumed to be 0.5. 

 

Scanning electron microscopy (SEM) 

 

Critical point drying 

For a visualization of the effect of decellularization and the structure of the decellularized 

ECM, hydrogels were formed on glass coverslips. Coverslips were sterilized in an autoclave, 

brought into a biosafety cabinet, and individually placed into 6-well plate wells. A volume of 50 

µL from each pregel solution was deposited onto the sterile coverslips and was incubated for 1 

hour at 37 °C to form the hydrogel. Next, the wells were filled with 3 mL of fixative: 2% 

glutaraldehyde, 4% paraformaldehyde, and 0.1 M sodium cacodylate buffer (pH 7.3). The 

hydrogels were incubated in fixative for a minimum of 1 hour at 4 °C. Next, the fixative was 

aspirated, and the hydrogels were washed with 1 mL of 0.1 M sodium cacodylate buffer for 5 

minutes at room temperature. Buffer washing was repeated once. Next, the buffer was aspirated, 

and the hydrogels were submerged in 1 mL of 1% osmium tetroxide (OsO4) for 1 hour at room 

temperature. The OsO4 was aspirated, and the hydrogels were washed with 2 mL of Milli-Q 

water for 5 minutes. Milli-Q water washing was repeated once. Next, the hydrogels were 

dehydrated by submergence in 2 mL of 50%, 70%, 90%, 100%, and 100% ethanol solutions for 

10 minutes each at room temperature. 

Hydrogels on coverslips were brought to a Tousimis Samdri-PVT-3D critical point dryer 

(CPD) in 100% ethanol. The hydrogels were placed in the CPD holder submerged in 100% 

ethanol until the machine was ready. The CPD was warmed for a minimum of 3 minutes prior to 
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use. Once warmed, the liquid CO2 tank was opened. The chamber was then opened to insert the 

CPD holder and filled with 100% ethanol prior to securely closing the chamber. The chamber 

was cooled by opening a valve to bring liquid CO2 into the machine until the temperature within 

the chamber reached 0 °C. Once at 0 °C, a valve was opened to fill the chamber with liquid CO2. 

The chamber was purged and filled a minimum of three times until the exhaust showed no 

escaping liquid to ensure complete exchange of ethanol with liquid CO2. The chamber was filled 

with liquid CO2, all valves were closed, and the heater was turned on to begin critical point 

drying. The machine reached the critical point of CO2 (1,072 psi, 31 °C) and was maintained for 

a minimum of 4 minutes. Next, the heater was turned off and pressure was slowly released from 

the chamber to 400 psi by opening a bleed valve. A separate purge valve was used to release the 

remaining pressure in the chamber to 0 psi. The chamber was then opened and the tissues were 

removed. Samples were then placed on carbon tape on a pre-labeled metal stub. Samples were 

immediately coated with gold-palladium. 

 

Sputter coating 

The Cressington Sputter Coater 108 was turned on, and the vacuum inside the chamber 

was released via a venting knob. The lid was lifted and the chamber was removed so that 

samples could be inserted. Once the samples were inserted, the chamber was replaced and the lid 

was closed. A vacuum was pulled using a vacuum pump. An attached argon tank was opened to 

allow flow to the machine. The vacuum was allowed to approach a pressure of 0.2 mbar in 5-10 

minutes. A set knob was used to open the argon gas valve slightly, allowing the pressure to rise 

to 0.4 mbar for 10 seconds. The set knob was closed to regain and the vacuum. Opening and 

closing the set knob was repeated until the pressure inside the chamber reached 0.05 mbar. Next, 
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the set knob was opened to slowly increase the pressure to 0.08 mbar/35 mA, and sputter coating 

with gold-palladium was started. After 30 seconds, a coating thickness of 178.5 Å coating was 

automatically stopped. The vacuum pump was turned off, the set knob was fully closed, and the 

argon tank was closed. The chamber was reopened to retrieve that samples, and the sputter coater 

was left under vacuum. 

 

Imaging 

Imaging was conducted on a Quanta FEG 250 SEM. The microscope chamber vacuum 

was vented before each opening and pumped after each closing to prevent damage to the 

machine. All images were obtained at an accelerating voltage of 5 kV and a spot size of 3. 

FibrilTool, an ImageJ plugin for quantifying alignment, was used to quantify the alignment of 

hydrogel fibers96. 

 

Hematoxylin and eosin (H&E) staining 

Paraffin-embedded tissues were sectioned at 5 μm onto glass slides by the Vanderbilt 

University Medical Center Translational Pathology Shared Resource (VUMC TPSR). Slides 

were deparaffinized and rehydrated, rinsed under running water for 5 minutes, and nuclei were 

stained with hematoxylin for 3 minutes. The slides were rinsed under running water for 5 

minutes and then differentiated in a 0.3% acid alcohol (2 dips) solution to reduce excess 

background staining for the hematoxylin. Slides were rinsed under running water for 5 minutes, a 

bluing agent was added for 30 seconds to stop differentiation, and slides were rinsed again. The 

slides were then dehydrated with 95% ethanol for 30 seconds, counterstained with eosin for 90 

seconds, and then dehydrated in 3 changes of 100% ethanol. Slides were then dipped in two 
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100% xylene solutions for 5 minutes each and then mounted with DPX (distyrene, a plasticizer 

[tricresyl phosphate], and xylene). 

 

Oil Red O staining 

A 0.5% Oil Red O solution was prepared prior to staining. Immediately before staining, 

Oil Red O solution was filtered with a 0.45 µm filter. 5 μm and 30 μm section slides of normal 

and decellularized MFPs that had incubated in sucrose were dipped in 100% propylene glycol for 

2 minutes and then immediately placed into Oil Red O solution for 2 hours at room temperature. 

Slides were then differentiated in 85% propylene glycol for one minute, rinsed twice with PBS, 

and stained with hematoxylin for 1 minute. The slides were then rinsed twice with DI water and 

coverslipped with the aqueous-based mounting medium Fluoromount-G. 

 

Immunohistochemistry 

5 μm sections of paraffin-embedded tissues were made by the VUMC TPSR and 

mounted on glass microscope slides. Slides were first dewaxed in xylene and rehydrated in 

ethanol baths of decreasing concentrations of ethanol until reaching 100% DI water. Next, slides 

were heated in a container of 10 mM citric acid at pH 6 with 0.05% Tween 20 by a 95-100 °C 

water bath. Slides were heated for 30 minutes to make the antigen presentable to forthcoming 

antibodies and then cooled for 30 minutes. Slides were then washed in PBS three times for 5 

minutes each. Next, slides were submerged in 35% hydrogen peroxidase for 10 minutes at room 

temperature, which reduced endogenous peroxidase activity of the cells in the sample and 

eliminated background during the future horseradish peroxidase (HRP) step. Next, slides spent 1 

minute in DI water and then the PBS wash was repeated. An ImmEdge hydrophobic barrier pen 
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was used to draw around the samples to limit the amount of antibody needed to cover the 

samples. Next, slides were submerged in 1% Tween 20 in PBS to permeabilize the membranes 

of the cells in the sample. Then the slides were blocked with 10% normal goat serum for 1 hour 

at room temperature to reduce non-specific staining. Next, the samples were covered with avidin 

for 15 minutes and then rinsed in PBS three times for 30 seconds each. Slides were then covered 

with biotin for 15 minutes and then rinsed in PBS three times for 30 seconds each. Avidin 

blocked endogenous biotin, and then biotin was added to amplify the signal. Slides were covered 

with a primary antibody and left overnight at 4 °C. The primary antibodies included rabbit anti-

mouse collagen I, rabbit anti-mouse collagen IV, rabbit anti-mouse fibronectin, and rabbit anti-

mouse laminin. The following day, slides were washed in PBS three times for 5 minutes each. 

Slides were covered with a secondary antibody for 1 hour at room temperature to amplify the 

signal of the primary antibody and washed again in PBS three times for 5 minutes each. Next, 

slides were covered with biotin and streptavidin conjugated to HRP for 45 minutes at room 

temperature to further amplify the signal. The slides were washed in PBS three times for 5 

minutes each. Next, 3,3’-diaminobenzidine tetrahydrochloride (DAB) in HRP solution was 

added to the slides and monitored closely. DAB was used to visualize positive staining by 

changing to a brown color when bound to HRP. Slides were placed in DI water as soon as brown 

was visible to quench the reaction. The samples were covered with hematoxylin for 10 seconds 

to stain nuclei and visualize cells. Slides were gently rinsed by a slow stream of running tap 

water and were then dehydrated by a 75% ethanol bath, a 95% ethanol bath, and finally a 100% 

ethanol bath. Dehydrated slides were covered with DPX mountant, and a coverslip was applied. 

Staining was imaged under a brightfield microscope, and analysis was conducted in ImageJ by 
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subtraction of background staining, conversion to a binary image, and quantification of the 

resulting positive staining.  

 

Results  

Characterization of the hydrogels revealed that radiation plays a role is changing the 

morphology and physical properties of adipose ECM hydrogels. H&E staining of MFPs prior to 

decellularization demonstrated normal adipose tissue structure (Figure 4A-D). Decellularization 

collapsed the structure as expected due to the removal of adipocytes. A decrease in nuclei was 

seen in all conditions after decellularization, confirming decellularization (Figure 4E-H). Oil Red 

O staining confirmed delipidation of the tissue (Figure 4I-K). An unirradiated MFP sample 

demonstrated the effect of delipidation, but the sample showed the same deformity seen in the 

H&E staining as a result of decellularization (Figure 4I, J). All H&E and Oil Red O sections 

were cut in 5 µm sections, except Figure 4K, which was an unirradiated MFP sample prior to 

decellularization that was cut at 30 µm. The sectioning technique or the Oil Red O procedure 

was suspected of changing the adipose morphology due to the excess Oil Red O in Figure 4I. 

The thicker section confirmed lipid staining. 
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Figure 4: Histology of decellularization. A-H: H&E staining of 5 µm sections before and after 

decellularization. Nuclei were apparent in normal tissue (A-D) and were not visible in 

decellularized tissue (E-H) regardless of MFP radiation exposure. I-K: Oil Red O staining of 5 

µm sections before and after decellularization (I, J) and a 30 µm section before decellularization 

(K). Lipids were visibly eliminated after delipidation (before: I, after: J). A thicker section 

revealed positive lipid staining with adipose cells maintaining morphology. Scale bars of A-H: 

100 µm. Scale bars of I-K: 50 µm. Representative images C, D, G, H: N = 3. Remaining images: 

N = 2. 

 

IHC was performed to see the effect of decellularization and radiation on ECM 

components, and it revealed that the decellularization process did not remove key ECM 

components as expected. Figure 5 shows positive staining for four ECM components, and Figure 
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6 shows the results of IHC staining for collagen I, collagen IV, fibronectin, and laminin. 

Collagen I was increased as a result of decellularization for MFPs that were irradiated for 7 days 

after irradiation, with one condition showing a statistically significant increase of over 150%. 

Collagen IV also increased after decellularization for the MFPs that were incubated for 7 days 

after irradiation. The remaining of conditions did not significantly change as a result of 

decellularization. 

Ex vivo irradiation minimally altered the ECM components as analyzed by IHC. A 

trending decrease in collagen I of 22% and 36% was seen in both normal and decellularized 

MFPs that were incubated for 2 days following irradiation, respectively. That decrease was no 

longer observed after 7 days of incubation. Collagen IV showed no difference after 2 days of 

incubation, but after 7 days of incubation, both normal and decellularized MFPs showed a 

trending increase in response to radiation. Decellularized MFPs that were incubated for 2 days 

and normal MFPs that were incubated for 7 days showed a trending increase in fibronectin, while 

decellularized MFPs that were incubated for 7 days showed a trending decrease in fibronectin. 

An increasing trend in laminin was found in both normal and decellularized MFPs that were 

incubated for 2 days, while decellularized MFPs that were incubated for 7 days showed a 

trending decrease in laminin. 

 

 

Figure 5: IHC staining of ECM components. Representative images of a control and positive 

staining for collagen I, collagen IV, fibronectin, and laminin. Scale bars: 100 µm. N = 3. 
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Figure 6: ECM components in response to decellularization and radiation. Percent area of 

positive staining of collagen I (A), collagen IV (B), fibronectin (C), and laminin (D). 

Error bars represent SD. Two-tailed Student’s t-test, *p < 0.05.  

N = 3. 

 

Rheology confirmed the formation of a gel-like material based on storage modulus 

maintaining a value greater than loss modulus after a time sweep92 (Figure 7A-D). Young’s 
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modulus was calculated using Equation 1 and data from the last 10 minutes of each time sweep. 

The results are seen in Table 3. The hydrogels were found to be in the linear elastic regime and 

show strain dependence (Figure 7E-H) and frequency dependence (Figure 7I-L) similar to other 

decellularized adipose tissue pregels64. Time sweep rheology showed similar storage and loss 

moduli for the pregels derived from MFPs incubated for 2 days, regardless of radiation exposure. 

MFPs that were incubated for 7 days following irradiation showed a marked decrease in storage 

modulus compared to the equivalent control and when compared to the other irradiated condition 

in which the MFP was incubated for 2 days (Figure 7D). This indicated that self-healing 

mechanisms of ex vivo radiation damage within the MFPs were time dependent. 
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Figure 7: Rheology of hydrogels. Time sweeps (A-D), strain sweeps (E-H), and frequency sweeps (I-L). Error bars represent SD. 

Time and strain sweeps: N = 4. Frequency sweeps: N = 3. 
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Table 3: Young's moduli of hydrogels. Values represent the average of the last 10 minutes ± SD. 

N = 3. 

2d 0Gy (Pa) 2d 20Gy (Pa) 7d 0Gy (Pa) 7d 20Gy (Pa) 

0.469 ± 0.265 0.609 ± 0.336 0.563 ± 0.294 0.271 ± 0.138 

 

 The morphology of the ECM hydrogels varied depending on MFP incubation time and 

radiation. SEM images revealed a noticeable morphological change in ECM structure of pregel 

derived from the unirradiated MFPs incubated for 7 days (Figure 8A-H). The ECM structure 

appeared flatter and the fibers appeared thicker than the equivalent irradiated condition, which 

resembled both of the conditions derived from MFPs incubated for 2 days. A similar trend was 

found quantitatively by anisotropic measurement of the ECM fibers. Anisotropy is a measure of 

directional dependence, or the degree of alignment, of a material property based on a set of 

variables. With the tool used in this method, 0 corresponds to an array of fibers with no order and 

1 corresponds to perfectly ordered fibers. In this case, the variables are the incubation time and 

radiation exposure. The ECM derived from unirradiated MFPs incubated for 7 days showed the 

lowest degree of anisotropy, while the others had relatively equal levels of anisotropy (Figure 

8I). 
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Figure 8: Hydrogel structure and alignment. SEM images at 10,000x magnification (A-D) and 

50,000x magnification (E-H). Anisotropy of ECM hydrogel fibers at 50,000x magnification (I). 

Scale bars of A-D: 10 µm. Scale bars of E-H: 2 µm. Error bars represent SD. Representative 

images: N = 3. Anisotropic data: N = 2. 
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Discussion 

The decellularization process proved effective, but the hydrogel formation gave 

unexpected results. Histology confirmed decellularization and delipidation of tissue while 

deforming the ECM. Adipose cells are large and globular, with lipids occupying most of their 

volume. Delipidation likely caused the deformation by allowing the ECM to occupy the volume 

that was previously occupied by lipids. The changes in morphology observed in Figure 4 have 

been seen by other researchers89, which indicates this is an inherent characteristic of adipose 

tissue. Young et al. used the same stains to demonstrate that this deformation occurs as a result 

of delipidation as opposed to the other parts of a decellularization procedure80. An increase in 

collagen I was seen in samples after 7 days of incubation. This may be explained by the effect of 

the incubation time prior to decellularization. Qualitatively, it has been demonstrated that 

decellularization of adipose tissue may increase the collagen I content within the ECM71, 80. 

Quantitatively, it has been reported that decellularization of adipose tissue is capable of 

increasing collagen via a hydroxyproline assay, which measures total collagen content84. 

We evaluated collagen I, collagen IV, laminin, and fibronectin as they are prominent 

components of adipose ECM29. While our analysis did not reveal significant differences in these 

components following radiation or decellularization, these experiments were limited by tissue 

loss at each processing step, which reduced the available material for IHC staining. Future 

experiments will examine additional tissues with larger surface areas to more accurately evaluate 

ECM components following irradiation. 

The resulting ECM hydrogels were mechanically softer than expected. The Young’s 

moduli of normal breast tissue ranges from 90-945 Pa, but Table 3 shows that none of the 

hydrogels achieved 1 Pa64. Despite the low Young’s moduli, time sweeps showed that the 
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hydrogels were capable of maintaining a gel-like material with a storage modulus greater than a 

loss modulus (Figure 7A-D). It has been reported that a porcine bladder ECM hydrogel may vary 

in storage modulus between 5-25 Pa depending on the concentration of ECM in the resulting 

hydrogel76, which may explain the low storage moduli in the current hydrogels. The porcine 

bladder ECM was digested in a pepsin solution such that it contained 1% w/v ECM powder. The 

same concentration was used for the current hydrogels, but using adipose tissue likely resulted in 

a softer hydrogel as an inherent trait of the tissue. 

The morphology of most hydrogels appeared similar to previously reported SEM images 

of decellularized adipose tissue (Figure 8A-H)80, 89. The structure is fibrillar and has depth, 

further confirming the presence of a hydrogel. The exception to this was the hydrogel derived 

from unirradiated MFPs that were incubated for 7 days, suggesting that radiation damage 

promoted ECM deposition. After 2 days of incubation, no change was found as a result of 

radiation tissue damage. After 7 days of incubation, the irradiated MFPs may have responded on 

a cellular level against the damage by depositing ECM despite incubating ex vivo, which is 

indicative of fibrosis in the tissue40. We did not, however, observe these changes using IHC. The 

discrepancy may be due to the presence of other components in the ECM, the sensitivity of the 

IHC method, or the lack of sufficient material to comprise representative samples as described 

above. It is possible that these key components remained while the ECM lost structure as a result 

of sitting ex vivo for 7 days without a stimulus, which may have led to a decrease in ECM fiber 

alignment (Figure 8I). 
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 CHAPTER III 

Cellular Interactions with ECM-derived Hydrogels 

Introduction 

The ECM plays a major role in regulating cell behavior. Largely made of collagen, 

fibronectin, laminin, and glycosaminoglycans and proteoglycans, ECM regulates the 

differentiation, proliferation, and migration of cells throughout tissue37, 97, influences the 

differentiation of endothelial cells in close proximity, and influences immune activity98. In breast 

tissue, the ECM has additional responsibilities, including the progression of breast 

development99, and the regulation of lactation and involution before and after pregnancy98. 

Changes to the ECM can influence the behavior of cells and vice versa. Fibrosis is a common 

result of excess cellular deposition of collagen I, which is the largest component of ECM29, but 

fibrosis can also result from cellular deposition of other ECM components like fibronectin98. In 

solid tumors, the ECM continues to play a major role. Tumors are known to have increased ECM 

deposition and to become stiffer as the tumor progresses98, 100, 101. Increased ECM stiffness may 

enhance cancer cell invasiveness or expression of ECM-destructive MMPs102. This increased 

stiffness can make treatment difficult by inducing hypoxic regions that can become resistant to 

therapy98. 

Radiation treatment is a form of therapy that has drastic impacts on the ECM. It has been 

shown that radiation induces fibrosis, likely through increased pro-inflammatory cytokines like 

TGFβ that promote fibroblast proliferation39, 103, 104. Recently, is has been shown that radiation to 

the primary site of a resected tumor can promote recurrence to the primary site, especially in 
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TNBC20, 78, 79. Changes to the ECM at the primary site, like fibrosis, seem to create an 

environment that is suitable for recurrence, and radiation seems to influence circulating tumor 

cells back to that site. 

Previous work has been published on adipose ECM hydrogels. Most researchers have 

used porcine adipose tissue or human lipoaspirate due to their abundance. Previous hydrogel 

formation protocols have used GFP-labeled cells to visualize movement and growth through 

hydrogels94, 105, 106, and the F-actin within cells has been used to observe the cellular 

cytoskeleton84. Quantitatively, luciferase-labeled cells are commonly used in in vivo models for 

cell tracking and for a method of cell counting22, 79. In this study, murine TNBC 4T1 cells were 

cultured in ECM hydrogels. Changes in proliferation and cell morphology were observed as a 

function of MFP incubation time and radiation exposure. 

 

Methods 

 

Cell culture 

 4T1 cells were grown for encapsulation in hydrogels. 4T1 cells are a metastatic strain of 

murine TNBC that has been used to study the effects of radiation on breast tissue79. One line was 

labeled with GFP and luciferase, and a second line was unlabeled. Cells were grown to 70-80% 

confluence, pelleted, and resuspended in pregel solution at a concentration of 100,000 cells/mL 

pregel solution and 500,000 cells/pregel solution. GFP- and luciferase-labeled 4T1 cell-pregel 

solution was deposited into the wells of 16-well chamber slides at volumes of 30 µL or 50 µL. 

Unlabeled 4T1 cell-pregel solution was deposited into the wells of 16-well chamber slides and a 

96-well plate at volumes of 30 µL or 50 µL The chamber slides and plate were incubated for 30 
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minutes at 37 °C to induce gelation. A volume of 100 µL of complete RPMI media was then 

added to each well. The hydrogels were incubated for 48 hours at 37 °C. 

 

Fluorescence imaging 

Hydrogels seeded with GFP- and luciferase-labeled 4T1 cells were imaged at 0, 24, and 

48 hours following the addition of 100 µL of RPMI media. The GFP label on the cells enabled 

visualization of proliferation in the hydrogel over time. Cells were visible at an 

excitation/emission of 488/520 nanometers (nm). The same hydrogels were then measured on the 

In Vivo Imaging System (IVIS). 

 

In Vivo Imaging System measurements 

After the 48-hour fluorescence imaging time point of the GFP- and luciferase-labeled 

4T1 seeded hydrogels, luciferin was added to a final concentration of 167 μg/mL. The mixture 

was incubated for 10 minutes before luminescence imaging on an IVIS. The same regions of 

interest (ROIs) were used for all experiments for consistency.  

 

Viability assay 

An Invitrogen Molecular Probes LIVE/DEAD Viability/Cytotoxicity Kit for Mammalian 

Cells was used to investigate the cytotoxicity of the ECM hydrogels. After culturing unlabeled 

4T1 cells for 48 hours in hydrogel, the remaining liquid was aspirated off the surface of the 

hydrogels in both the 96-well plate and 16-well chamber slide. Dulbecco’s PBS (DPBS) was 

added to each well and then aspirated to rinse the cells. A volume of 100 µL of DPBS containing 

1 µM calcein acetoxymethyl (AM) and 2 µM ethidium homodimer was added to each well and 
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incubated for 30 minutes at room temperature. Calcein AM is capable of entering live cells and 

was used to visualize live cells by fluorescing as a result of intracellular esterase activity. 

Ethidium homodimer is capable of entering dead cells with permeabilized membranes and was 

used to visualize dead cells by fluorescing as a result of binding to nucleic acids107. The 16-well 

chamber slide was imaged on a fluorescent microscope, and the 96-well plate was read on a plate 

reader. For both, calcein AM was observed at excitation/emission of 494/517 nm. Ethidium 

homodimer was observed at excitation/emission of 528/645 nm. Viability was calculated as the 

live cell counts over the sum of the live cell counts and dead cell counts for a live percentage. 

 

F-actin stain 

After culturing GFP- and luciferase-labeled cells for 48 hours in hydrogel, the cells were 

stained with phalloidin conjugate to visualize the F-actin cytoskeleton. The remaining liquid was 

aspirated off the surface of the hydrogels in the 16-well chamber slides, and PBS was added and 

then aspirated to rinse the wells. A volume of 200 µL of 10% NBF was added to the wells and 

incubated for 20 minutes at room temperature. Next, the NBF was aspirated, and the wells were 

washed with PBS three times. A single wash consisted of the wells sitting with a volume of 200 

µL of PBS for 5 minutes followed by aspiration of the liquid. Next, 200 µL of 0.1% Triton x-100 

in PBS was added to the wells and incubated for 5 minutes at room temperature. The wells were 

then washed with PBS three times. Next, 100 µL of the working solution was added to the wells 

and incubated for 1 hour at room temperature in the dark. The working solution consisted of 

1000x phalloidin conjugate (iFluor 594 dye) diluted to 1x in PBS with 1% bovine serum albumin 

(BSA) and 20 mM Hoechst 33342 diluted to 0.002 mM. Phalloidin conjugate was used to stain 
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for F-actin filaments, and Hoechst 33342 was used to visualize cells by staining nuclei. The 

wells were then washed with PBS three times.  

To image the slides, the PBS was aspirated, the chamber was removed, and the gasket 

holding the chamber to the slide was removed. Fluoromount-G mounting medium was applied 

and a coverslip was added. The mounting medium was left to cure for a minimum of 5 minutes. 

Finally, the slide was imaged under a fluorescent microscope at excitation/emission of 590/618 

nm to visualize the actin filaments and an excitation/emission of 361/497 nm to visualize the 

nuclei. FibrilTool was used to quantify the alignment of F-actin. Images of phalloidin conjugate 

staining were merged with images of nuclei staining in ImageJ to determine the locations of 

cells. The channel of the phalloidin conjugate stain was quantified by using the polygon tool to 

outline the borders of cells and FibrilTool to quantify anisotropy. 

 

Results 

In vitro culturing of murine TNBC cells in MFP ECM hydrogels showed the effect of 

irradiated ECM hydrogels on the morphology and proliferation of embedded cells (Figure 9). 

GFP images of the hydrogels 48 hours after inoculation showed similar amounts of proliferation 

in both irradiated and control conditions regardless of incubation time, cell seeding 

concentration, or cell-pregel seeding volume. One exception was found between Figure 9B and 

Figure 9F and Figure 9J and Figure 9N, where radiation may have increased proliferation. This 

indicates that seeding density may influence cell-matrix interactions. A seeding concentration of 

500,000 cell/mL was considered a maximum based on preliminary experiments to prevent the 

cells from becoming overconfluent after 48 hours. 
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Figure 9: Proliferation of 4T1 cells in ECM hydrogels. Representative images of GFP- and 

luciferase-labeled 4T1 cells at 48 hours after gelation. Scale bars: 200 µm. A-H, J-P: N = 2. I: N 

= 1. 

 

Bioluminescent measurements revealed increasing trends in proliferation in hydrogels 

derived from irradiated MFPs following 2-day incubation when seeded with a lower cell 
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concentration, though these differences were not statistically significant (Figure 11). Differences 

in the volumes of cell-pregel solution, which alters cell density, had a lesser impact. The 

hydrogels seeded at the higher concentration remained consistent throughout, indicating that the 

effect of radiation on the decellularized ECM may have been overpowered by the number of 

cells seeded. A viability assay showed that the ECM hydrogels were not cytotoxic to 4T1 cells 

(Figure 11A, B) with over 95% viability in all conditions (Figure 11C). 

 

 

Figure 10: Bioluminescence of encapsulated 4T1 cells. Bioluminescent signal seen in GFP- and 

luciferase-labeled 4T1 cells at 48 hours after gelation. Error bars represent SD. N = 3. 
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Figure 11: Cell viability. Viability assay performed on unlabeled 4T1 cells at 48 hours after 

gelation. Representative images of live (green, A) and dead (red, B) cells in control and 

irradiated conditions. Quantification of fluorescent staining (C). Scale bars: 200 µm. Error bars 

represent SD. N = 3. 

 

Staining of F-actin revealed a similar cytoskeleton structure across all conditions (Figure 

12). Quantitatively, anisotropic measurements indicated that hydrogels seeded at the highest cell 

concentration and the largest volume consistently showed increased alignment when MFPs were 

irradiated regardless of incubation time (Figure 13). The same increase was seen in the hydrogels 
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fabricated using a lower volume but seeded at the same concentration but only when MFPs were 

incubated for 7 days. Among the hydrogels seeded at the lower concentration, changes in 

anisotropy did not consistently follow changes in seeding volume or radiation exposure. 

 

 

Figure 12: F-actin of 4T1 cells in hydrogels. Representative images of GFP- and luciferase-

labeled 4T1 cells stained 48 hours after gelation. Phalloidin conjugate stained F-actin (red) and 

Hoechst 33342 stained nuclei (blue). Scale bars: 50 µm. N = 1. 
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Figure 13: F-actin alignment. Anisotropy of F-actin within GFP- and luciferase-labeled 4T1 cells 

stained 48 hours after gelation. N = 1. 

 

Discussion 

Although some interesting trends were observed, the hydrogel system requires further 

development to better model the effects of radiation-induced recurrence. Differences in 

proliferation were not significant after 48 hours using the two concentrations of 100,000 

cells/mL and 500,000 cells/mL of pregel (Figure 9 and Figure 10). While not statistically 

significant, an increasing trend in bioluminescence was seen in response to radiation damage in 

the 2-day incubation condition when hydrogels were seeded at the lower concentration. This may 

indicate that the irradiated ECM produced an environment conducive to tumor cell survival, 

though future studies are needed for confirmation. For all radiation exposure and incubation 

conditions, the hydrogels seeded with a lower cell concentration had less variability than those 
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seeded at a higher concentration. F-actin staining revealed interesting differences in cytoskeletal 

alignment that were dependent on radiation dose as well as cell density (Figure 12). An 

increasing trend was seen in response to radiation regardless of incubation time for all hydrogels 

seeded at a higher cell concentration but only when seeded in a larger volume (Figure 13). This 

suggests that the irradiated ECM may influence tumor cell invasion and migration properties. 

 No hydrogel formulation was cytotoxic to 4T1 cells (Figure 11). Higher ECM 

concentrations within the pregel may make radiation and incubation time differences more 

apparent, which will be explored in future studies. Since adipose tissue is largely composed of 

large adipose cells, the ECM is less abundant in a given volume compared to other tissues. The 

1% w/v ECM powder in pregel solution used in the current hydrogels was largely based on 

reported decellularization protocols of porcine adipose tissue and human lipoaspirate71, 80. A 

limitation in making the current hydrogels was the small size of MFPs, which created challenges 

in producing enough material. Obtaining more starting material would allow for testing of more 

concentrated hydrogels so as to see an impact on cell behavior in response to radiation and 

incubation. 
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CHAPTER IV 

Conclusion 

Summary 

TNBC is an aggressive disease, and the ECM of breast tissue may play an important role 

in radiation-induced recurrence. Lumpectomy followed by radiation is a common form of 

treatment for TNBC patients, but it has been recently shown that radiation can cause CTCs to 

return to the primary tumor site78. The ECM in the irradiated area is damaged along with the 

cells, and changes in the ECM play an important role in recurrence. Collagen I, collagen IV, 

fibronectin, and laminin are major components of breast tissue ECM that likely change in 

response to radiation. The abundance of collagen I has made it a commonly used matrix for use 

in hydrogels to study tissue dynamics, but that matrix excludes all other ECM components. ECM 

hydrogels are the most promising option for recapitulating the environment seen by non-tumor 

and tumor cells. Several adipose ECM models exist, but most are based on porcine adipose tissue 

or human lipoaspirate. Developing a murine adipose ECM model capable of mimicking cell-

matrix interactions of irradiated tissue was the goal of this work. A murine adipose ECM model 

is needed because it is directly relevant to much of the literature that conducts in vivo testing in 

mice, which will enable better translation to future in vivo studies. 

Characterization of the model ECM hydrogels developed revealed physical traits similar 

to those in the literature for slightly different models. The decellularization process proved 

effective based on histological staining despite the apparent deformities. Morphologically, the 

ECM hydrogels appeared similar to other ECM hydrogels derived from non-murine adipose 
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tissue, and rheological testing confirmed that gelation was occurring in these hydrogels. 

However, major ECM components did not significantly change as a function of radiation damage 

or incubation time, nor did the alignment of the ECM. Despite the similarities in ECM 

composition and alignment across conditions, this characterization validates the decellularization 

method based on histology and rheology. The protocol was developed to be gentler than some 

previously published methods that were comprised of fewer steps that usually caused more 

damage than the steps used in the present protocol. 

While our in vitro analysis of cell-matrix interactions revealed few statistically significant 

differences in proliferation or alignment, interesting trends were observed. Based on irradiation 

conditions and cell density, increasing proliferation trends were seen in irradiated ECM 

hydrogels. This indicates that the irradiated microenvironment may be conducive to tumor cell 

survival. In addition, F-actin anisotropy analysis revealed that fiber alignment was enhanced in 

irradiated ECM hydrogels depending on incubation time and density, which suggests that the 

irradiated ECM may influence tumor cell invasive properties. To confirm these observations, 

future studies are necessary to increase the number of biological replicates given the inherent 

variability in these experiments. In addition, the loss of material after every processing step 

limited our IHC and imaging surface areas, reducing available representative areas for analysis.  

Taken together, these results demonstrate that decellularization of MFPs was possible, adipose 

ECM hydrogels could be formed following irradiation, and that further adjustments need to be 

made to elucidate differences in the hydrogels that may exist in response to radiation and 

incubation time. These studies will advance the understanding of why TNBC patients experience 

higher rates of recurrence following radiation therapy. 
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Future Work 

The present work focused on the development of an adipose tissue ECM hydrogel 

capable of mimicking an in vivo radiation response. Future studies need to be conducted to 

confirm our observed trends based on ex vivo irradiation of the MFPs, and additional studies will 

translate this technique to an in vivo model. The decellularization protocol proved effective, but 

in vitro testing should be further developed to elucidate such a radiation response. Since it is not 

uncommon for ECM hydrogels to yield low stiffness and adipose tissue is already soft, the 

hydrogels made in the present work likely did not span a sufficient stiffness range to have a 

significant influence on cell behavior. Hydrogels of varying stiffness will be examined in the 

future to identify an ECM concentration within the pregel solution that provides relevant changes 

in cell behavior as seen in vivo. 

Further analysis of the 4T1 cell cytoskeleton will be conducted with a focus on 

morphological changes. Cell elongation, shape, and area that are influenced by ECM and will be 

investigated. Invadopodia, protrusions of actin fibers from tumor cells, are an important part of 

cell elongation. Interactions between cells and the ECM can cause invadopodia to degrade the 

key ECM components investigated in the current work: collagens, fibronectin, laminin108. It has 

been recently shown that radiation exposure can enhance the degradation potential of 

invadopodia by increasing the activation of MMP-2, an ECM degrading enzyme109. ECM fiber 

alignment is an important factor for further investigation because the degree of fiber alignment 

influences the morphology of cells grown in a matrix. It has been reported that cells cultured in a 

heterogeneously arranged matrix grow randomly and cell cultured in an aligned matrix grow 

longer and in the same direction110. 
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To augment IHC staining, Raman spectroscopy has the potential for more specific 

analysis of components within the ECM. Raman spectroscopy is a technique that relies on the 

photon scattering when a sample is illuminated by a monochromatic source111. The amount of 

scattering is measured as a spectrum representing the shift in emission energy compared to 

excitation energy. This technique is highly sensitive, identifying differences in the composition 

of a material based on the signatures found in the spectrum. Others have shown the potential for 

using Raman spectroscopy on breast tissue, including using it as a method of cancer diagnosis112, 

113. Using Raman spectroscopy to characterize ECM hydrogels will be beneficial for a more 

thorough analysis of ECM compositional changes following irradiation. 

Finally, second harmonic generation (SHG) is a technique that will greatly enhance the 

characterization of collagen fibers in decellularized tissue. SHG is a process that absorbs two 

identical photons at low energy and emits one photon at twice the energy, and it cannot occur on 

centrosymmetric materials. Collagen I has a triple helix fibrillar structure in which each fiber 

carries its own dipole moment, giving a constant dipole moment to the structure as a whole. SHG 

can take advantage of this to identify collagen I, and it can be performed on thick sections, which 

would be ideal based on the histology results114. SHG has been reported in characterizing 

decellularized MFPs74, and is commonly seen to characterize collagen I hydrogels115, 116. Since 

collagen I is the most abundant component of the ECM and is known to increase in radiation-

induced fibrosis117, using SHG on ECM hydrogels will likely maintain its sensitivity for collagen 

I and serve as another tool for characterization. 
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