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ABSTRACT 

 

Tumors consist of cancer cells surrounded by a complex organization of stromal 

cells and a lattice of extracellular matrices (ECM), referred to as the tumor 

microenvironment (TME), that has a significant role in regulating tumor growth, 

cancer malignancy and chemotherapy treatment response. Cancerous tissue 

often grows undetected in a non-invasive state for years without detection. With 

time, cancer can shift from being benign to malignant due to many influences, 

including a transformation in the TME. Malignant cells will then metastasize to 

localized regions of the body where the new environment will go through changes 

to allow colonization, establishing a new TME.   

 

In colorectal cancer (CRC), 25-30% of patients develop metastases in their liver, 

which ultimately results in death in two-thirds of these patients. The colorectal-liver 

metastatic TME consists mainly of cancer-associated fibroblasts (CAFs), hepatic 

stellate cells (HSCs), immune cells, and endothelial cells. CAFs are a crucial 

component of the TME responsible for cytokine and growth factor secretion along 

with ECM remodeling. Herein we discuss the importance of CAFs in ECM 

remodeling, tumor progression, and chemotherapy efficacy using organoids. 

Organoids are three-dimensional (3D) cultures that are defined as clusters of cells 

that represent an element of a particular tissue environment and function. Although 

conventional 2D cell culture methods have led to many breakthroughs in cancer 
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research, they cannot recapitulate the complexity of the TME which has been 

found to significantly affect tumor progression. 

 

The work presented in this dissertation focuses on the role CAFs and ECM 

architecture has on cancer cells using 3D organoid methods. This research is 

comprised of 3 major parts: 

• Replicating the tumor stromal organization of the liver in vitro and in vivo. 

Organoids consisting of aligned ECM fibers and ordered micro-architecture 

induced an epithelial phenotype in CRC cells while disordered ECM drove a 

mesenchymal phenotype, similar to well and poorly differentiated tumors, 

respectively. Organoids studied in vitro, and upon implantation in mice, 

revealed similar tumor growth dynamics and retention of architectural features 

for 28 days. These results are the first demonstration of replicating human 

tumor ECM architecture in ex vivo and in vivo organoids. 

• Identifying the impact of liver desmoplasia on tumor phenotype and 

chemotherapy sensitivity. Using a collagen organoid model, we determined a 

dense ECM architecture inhibited tumor cell growth, reversed their 

mesenchymal phenotype, preserved the stem cell population, and reduced 

chemotherapy response. Our results demonstrated that through controlled 

biofabrication and manipulation of the ECM in tumor organoids we created an 

innovative model to study tumor cell-ECM interactions and better understand 

tumor cell response to chemotherapies. 
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• Analyzing tumor mediation of ECM organization associated with patient-

derived fibroblasts. We analyzed ECM remodeling capabilities through staining 

and computational techniques that enabled us to measure ECM 

microarchitecture including collagen fiber length, width, and alignment. Our 

results demonstrated high remodeling capabilities of patient derived CAFs that 

were significant inhibited in the presence of tumor cell derived conditioned 

media.
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SUMMARY 

Recent advances in biomedical and tissue engineering technologies, such as cell 

culture systems, biomaterials, and biofabrication, have caused the development of 

three-dimensional (3D) cell culture platforms, such as tumor organoids. Tumor 

organoids differ vastly from traditional 2D cancer cell culture systems and are 

typically more physiologically accurate to the in vivo system in which they are 

intended to model. Tumor organoids can mimic pathological and physical 

characteristics of tumors as well as maintain genetic stability of the cancer cells. 

Furthermore, as tumor organoids can be biofabricated from human cells, they have 

some advantage over animal models, being human in nature and easily controlled 

in the laboratory to attain the desired tissue characteristics. In this section, we 

describe general tumor organoid technologies, the importance of the tumor 

microenvironment (TME) in model culture systems, and the use of tumor organoids 

in drug development and precision medicine. Organoid technologies continue to 

develop rapidly for applications in academic, clinical, and pharmaceutical settings. 

 

INTRODUCTION 

Advances in tissue engineering and biomedical techniques over the past decade 

has given rise to the development of three-dimensional (3D) cell culture systems 

such as tumor organoids. Organoids are broadly described as small, cellular 

constructs that represent their in vivo counterparts to a much higher degree 

compared to conventional 2D methods. Despite having yielded extensive 

breakthroughs in cancer research, traditional 2D cell cultures have limitations in 
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studying cancer disease and progression causing need for more complex in vitro 

models. Tumor organoids can be assembled from embryonic stem cells (ESCs), 

induced pluripotent stem cells (iPSCs), somatic stem cells, cancer cell lines, 

primary cancer cells and/or stromal cells in a specific 3D culture matrix; however, 

most models for precision medicine consist of a mixture of patient cancer and 

stromal cells[1-4]. The cell type(s) that is incorporated in the tumor organoid 

system is determined by the experiment at hand. For example, determining the 

effect of chemotherapy agents on normal colorectal organoids will require stem 

cell incorporation and crypt self-assembly whereas testing the metastatic nature of 

cancer in differing ECM environments will most likely involve controlled cancer cell 

lines with specific mutations.  2D monolayer cell cultures lacks the diversity of cell 

types, spatial organization, and overall 3D microenvironment seen in tumors and 

overcome in tumor organoids. Current 2D methods commonly look at the cancer 

cells in isolation whereas organoids allow the incorporation of many factors 

(gradients, cell-cell and cell-matrix interactions) that are present in vivo. 

 

Tumor organoids occupy a range of distinct forms, each with their own strengths 

and weaknesses, and appropriateness for particular applications and can be 

combined when necessary. Collectively, the bioengineered platforms better mimic 

structure and cellular heterogeneity of in vivo tissue and are therefore more 

suitable for cancer research. In cancer, the tumor microenvironment (TME) is the 

dynamic space in and around the tumor. It contains a myriad of cell types, growth 

and paracrine factors, and structural components, each contributing to the 
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progression of a tumor. The combination of these interactions determines the final 

fate of a cancer and has a massive impact on the severity of a patient’s disease. 

In this section, we will describe the clinical considerations for cancer treatment, the 

major components within the human TME, and how this can be modeled using 

tumor organoids. 

 

ASPECTS OF THE TUMOR MICROENVIRONMENT 

Tumors are more than merely a homogenous accumulation of cancer cells. They 

consist of a convoluted organization of cancerous and healthy cellular elements 

along with noncellular components. The tumor microenvironment includes the 

extracellular matrix (ECM), a variety of secreted factors, and different types of cells 

surrounding the central tumor tissue, has a significant role in regulating tumor 

growth, cancer malignancy and treatment response (Fig. 1) [5]. 



 18 

 

Figure 1: The Tumor Microenvironment. The tumor microenvironment includes the extracellular 

matrix (ECM), a variety of secreted factors, and different types of cells surrounding the central 

tumor tissue. 

 

Tumor organoids have the capability to incorporate TME components to 

recapitulate some aspects of this complex dynamic depending on the cancer 

model. The ECM comprises of collagens, proteoglycans, laminins and 

fibronectin.[6] The ECM is crucial for both tissue function and maintenance. Due 

to its role on cellular behavior, an unregulated ECM can lead to dramatic 

consequences such as fibrosis and cancer [7]. ECM abnormality in tumors is an 

excess in degradation and/or deposition of any of the ECM components described 

and can result in cancer cell growth, survival, migration, and chemoresistance.[8-
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11] These changes in the ECM are modulated by the surrounding cells that have 

the ability to synthesis, degrade, align and crosslink the matrix and can regulate 

various cellular process such as gene expression, differentiation, and 

proliferation.[12-14] The 3D nature of tumor organoids enables them to reconstruct 

certain aspects of the ECM and determine involvement in cancer; however, it 

remains difficult to isolate the function of each ECM component on tumor 

progression due to the vast interdependent relationship each component has on 

one another.  

 

There is a vast array of chemical signals, mainly growth factors (GF), found 

throughout the microenvironment, each with their own outcomes and signaling 

pathways. Altered levels of these different factors exert dramatic effects on cancer 

cell behavior. Of the many cytokines and GF, transforming growth factor β (TGF-

β) is a major GF produced by cancer cells and the stromal environment. In a 

normal, homeostatic environment, TGF-β can induce cell cycle arrest; however, in 

many cancer types, an increase in TGF-β production is seen, suppressing immune 

and other reactive cells while inducing EMT in cancer cells [15]. TGF-β also 

stimulates CAFs to produce and release ECM, making it a key factor in tumor 

fibrosis and metastasis.  

 

Major classes of cells present in the tumor microenvironment include cancer 

associated fibroblasts (CAFs), tumor endothelial cells (TECs), tumor associated 

macrophages (TAMs), and regulatory T cells (Tregs). Recent studies show that 
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organoids can be used to gain insight on ECM interaction with stromal cells and 

identify function of stromal cells on cancer cells. One group developed organoids 

using pancreatic stellate cells and pancreatic cancer cells leading to the finding of 

a pancreatic CAF subtype that expresses less aSMA and secretes interleukins to 

support organoid growth.[16] Another group shows that IL-1 induces activation of 

signaling pathways that produce inflammatory CAFs and demonstrates that TGF-

ß antagonizes this process in adenocarcinomas.[17] This development can 

suggest multiple strategies to target these cells in vivo. Tumor organoid research 

has yet to answer larger questions concerning the TMEs’ involvement with cancer 

progression and drug resistance; however, these major discoveries is on the 

horizon and will likely emerge from tumor organoid models. 
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Figure 2: 3-Dimensional cell cultures. These are many types of cell culture techniques that are used 

in cancer research. Together, these bioengineered platforms better recapitulate structure and 

cellular heterogeneity of in vivo tissue and are therefore more appropriate to model the desired 

tissue type. 

 

IN VITRO MODELS OF CANCER 

Major categories of tumor organoids and the methods by which they are 

biofabricated have become well established and include tumor spheroids, 

conventional organoids, device or membrane-based co-cultures (Fig. 2). Tumor 
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spheroids are created using U-bottom non-adherent culture plates or via the 

hanging drop method [18]. Tumor cell populations (homogenous or heterogenous) 

are added in suspension to the specified plates and allowed to self-assemble 

overtime (often just 3 days). As spheroids, tumor cells can create their own ECM 

to further resemble the in vivo microenvironment. The tumor spheroids can be 

used alone as 3D models of cancer or can be hydrogel encapsulated for additional 

complexity. Encapsulation allows for physical influences on impact tumor cell 

behavior and can facilitate the addition of stromal cells and ECM factors both 

soluble and in-soluble [19]. The use of hydrogels is not limited to spheroid 

encapsulation and can also be utilized to encapsulate stromal and tumor cell 

suspensions to study self-organization amongst other things. The use of 

membranes to create 3D tumor co-cultures systems additionally allow for the study 

stromal/tumor cell communication and impact on disease progression. In these 

systems, tumor cells and stromal cells are seeded opposite each other on a thin 

membrane and cultured together over time. These systems can be further 

integrated into tumor-on-a-chip devices which allow for the addition of flow into the 

model. Selection between each of the 3D tumor cell culture methods described 

ultimately relies on the goals and intended outcomes of the study but offer 

significant advantages over 2D culture [20]. 

 

IN VITRO MODELS OF DIFFERENT CANCERS 

Models vary for cancer types and the purpose of the model being developed. For 

any single cancer type no single model is used and variation of models allows for 
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a deeper understanding of the disease state, its progression, and treatment 

response. Below are examples of 3D models used for different cancer types 

showing the importance of considering the disease in three dimensions.  

  

BREAST 

It is beneficial to study breast cancer in 3D, as the disease is associated with 

specific genetic mutations that behave in a more physiologically relevant manner 

in organoid models. For example, 15-20% of breast cancer patients carry HER2 

mutations. Studies using 3D versus 2D models have shown that HER2 in 3D tumor 

spheroid cultures exhibits a substantial response to trastuzumab, a HER2-positive 

treatment, in comparison to 2D models [21]. The 3D models are shown to better 

mimic the in vivo microenvironment and more closely represent patient response 

to drug.  

 

COLON 

Oncogenic mutations in the epithelial cells lining the lumen of the intestine are the 

most common cause of colorectal cancer. In this unique environment, the tumor is 

located between two distinct microenvironments, the luminal space and the 

submucosa. Tumor cells will migrate towards the submucosa which offers nutrients 

but is also collagen-rich and primarily populated with smooth muscle cells (SMCs) 

[22]. 3D tumor spheroids have been encapsulated in collagen with SMCs to 

replicate this unique environment [22]. Unlike in 2D, the 3D model allows for re-
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organization of the stroma by stromal cells creating a relevant architecture and 

physiological cues for the tumor cells to be observed within.  

 

LIVER 

Liver cancer is closely associated to cirrhosis, making the microenvironment a 

primary region of focus when understanding disease progression and developing 

treatments. Cirrhosis of the liver is caused by uncontrolled inflammation and 

ultimately scarring of the tissue, yielding a collagen and ECM protein rich 

environment for damaged hepatocytes. This altered microenvironment modulates 

cell activity and ultimately can be a contributing factor to cancer development and 

behavior. 3D models of liver cancer are able to incorporate these many cirrhotic 

components by utilizing collagen-based hydrogels and incorporating hepatic 

stellate cells to influence the microenvironment and tumor cell behavior [23].  

 

LUNG 

Trials to develop 3D lung cancer organoids have resulted in models that contain 

many of the TME cell types to best recapitulate the in vivo tumor. It has been well 

established that the addition of both fibroblasts and endothelial cells make the 

model more physiologically representative. As lung cancer is the deadliest cancer 

in the US, researchers have utilized patient primary samples to create patient and 

tumor specific microenvironments for the study of disease progression and 

treatment response in 3D [24]. These methods are mixed culture and preservation 
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of the various cell types within the tumor allow for acini structure development in 

3D, which is important for phenotypic modeling [24].  

 

PANCREATIC 

Similar to other types of cancer, pancreatic cancer treatment has been closely tied 

to stromal factors, making it important to consider the impact of stellate cells and 

fibroblasts on disease progression. Researchers have utilized co-culture models 

of pancreatic cancer to further understand these relationships [25]. Specifically, 

cancer spheroids have been added on top or within hydrogels containing stromal 

cells which have yielded physiologically and pharmacologically relevant structures 

such as lumens which have not been shown in stroma free cultures [25].  These 

improvements will hopefully allow better drug development to decrease the 

mortality rate in pancreatic cancer. 

 

PROSTATE 

Prostate cancer is unique in that it is often benign when discovered and left 

untreated until confirmed to be malignant. One developing treatment of prostate 

cancer has been the use of nanoparticles which allow for controlled, specific drug 

delivery to tumor regions, which reduces systemic chemotherapy response and 

need for invasive surgery. Studies have shown that 2D to in vivo nanoparticle 

deployment is often times unsuccessful and demands the use of 3D models for 

predicting efficacy of the treatments [26]. Utilizing custom scaffolds and stroma 
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specific to the prostate microenvironment, researchers have been able to create 

nanoparticles translational from in vitro to in vivo [26].  

 

TUMOR ORGANOIDS FOR CLINICAL PURPOSES 

Efforts to utilize patient derived organoids for the prediction of treatment sensitivity 

has become a driving component of their development [4]. These efforts have 

demonstrated the ability to predict genetic and proteomic sensitivities to 

treatments, often in a similar time frame as results from genetic screening. The 

most direct example of this testing is the screening of approved treatments to 

attempt to determine which may benefit the patient [27]. There are also efforts to 

reproduce rare forms of cancer in 3D to elucidate poorly understood cellular 

mechanisms [28]. Studies are usually aimed at testing large panels of approved 

and experimental compounds on previously genotyped patients in an attempt to 

discover novel treatment options [1]. Other studies focus on modeling tumor 

subtypes of the same cancer, with the ability to predict resistance patterns and 

suggest optimal treatments based the response of their organoid testing [29]. A 

more recent focus of the tumor organoid modeling has included intra-tumor 

sampling to create diverse sets of organoids derived from the same patient [30]. 

These organoids demonstrate the reality of tumor resistance in different sites of 

the same tumor. There are also projects to create organoid based biobanks to 

assist in precision medicine-based studies of patient treatment [31].  Finally, 

implementation of microfabricated devices has allowed for the modeling of both 

treatment of tumor organoids under flow as well as the ability to prevent tumor cell 
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migration [32]. Overall, there remains a high demand in the utilization of patient 

derived organoids in therapeutic determination, and many efforts are underway to 

implement them into clinical settings. 

 

TUMOR MICROENVIRONMENT AND IMMUNE CELL MODELING 

The ability to increase the functional state of a patient’s anti-tumor immune 

response by inhibition of normal immune checkpoint signaling, genetic engineering 

to create chimeric antigen receptor T-cells, or immune supplementation can illicit 

thorough cytotoxic activity with the potential to be more durable than traditional 

chemotherapeutics. Main targets for immunotherapy include, but are not limited to, 

natural killer (NK) cells and cytotoxic T-cells.  These cell types operate through 

different pathways but are both central to anti-tumor immunity. Additionally, the 

efficacy of these therapies can be further compounded when used synergistically 

of other therapies such as inorganic photothermal nanoparticle agents that 

increase the presence of viable tumor antigen or precision medicine targeted 

therapeutics [33, 34].  

 

We have recently created patient-specific immune-enhances tumor organoids by 

introducing immune cells from lymph nodes or the peripheral blood along with 

melanoma cancer cells [35]. We observed significant tumor cell killing in the 

response to immunotherapy, similar to clinical response in these patients. The 

creation of organoid models allows for the evaluation of factors that dictate 
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immunotherapy response in a more controlled environment. The number of 

confounding variables in-vivo makes it much more difficult to assess the 

immunotherapy induce cytotoxicity and isolation of various factors that may be 

contributing to immunotherapy resistance. The ability to integrate patient tumor 

and immune cells into the organoid rather than cell lines can add to precision 

medicine approaches for patient evaluation. Patient cell inclusion has been 

performed with NK [36] and T-cells [37], T-cells [34, 38-44], NK cells [34, 38, 41], 

and B-cell populations [34, 41, 42]. Readouts from these systems can show if a 

patient will exhibit resistance to immune checkpoint inhibition or other 

immunotherapies, thereby informing the eligibility of the patient for 

immunotherapy.  Examples include the creation of patient matched cytotoxic T-

cells and tumor cells in order to display evidence of direct T-cell mediated killing in 

vitro using anti-PD-1 [34, 42-44], PD-L1 [34], CTL4 [43], and MICA/B and NKG2A 

[38] therapies. 

 

CONCLUSIONS AND CLINICAL APPLICATIONS 

Tumor organoids from cancer patients can be used to identify the ideal treatment 

for a specific patient, and cancer organoids also retain the genetic heterogeneity 

of the primary tumor as well as their TME, resulting in an attractive tool for precision 

medicine in oncology. There are many techniques that can be utilized in 

developing tumor organoids for drug discovery, precision medicine, genomic, or 

malignancy studies, to name a few; however, researchers all need to consider the 

TME and ECM when considering which method, they wish to use. Models 
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incorporating components of the TME may elucidate new mechanisms behind 

cancer control leading to novel therapeutics which target the support system of a 

cancer rather than the cancer itself. Additionally, where the production of organoid 

models had a relatively low throughput in the past, rapid developments in 

bioprinting are making organoid models increasingly viable for drug screens [45]. 

Improvements in related 3D techniques are also allowing expansion in 

personalized medicine [31]. These strategies could lead to a new landscape of 

cancer therapies which more directly target cancer cells and their stroma while 

sparing the body’s healthy tissues. 
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SUMMARY 

The tumor microenvironment (TME) plays a significant role in cancer progression 

and thus modeling it will advance our understanding of cancer growth dynamics 

and response to therapies. Most in vitro models are not exposed to intact body 

physiology, and at the same time, fail to recapitulate the extensive features of the 

tumor stroma. Conversely, animal models do not accurately capture the human 

tumor architecture. We address these deficiencies with biofabricated colorectal 

cancer (CRC) organoids which are built to accurately replicate architectural 

features of biopsied CRC tissue. Organoids consisting of aligned extracellular 

matrix (ECM) fibers and ordered micro-architecture induced an epithelial 

phenotype in CRC cells while disordered ECM drove a mesenchymal phenotype, 

similar to well and poorly differentiated tumors, respectively. Organoids studied in 

vitro, and upon implantation in mice, revealed similar tumor growth dynamics and 

retention of architectural features for 28 days. Altogether, these results are the first 

demonstration of replicating human tumor ECM architecture in ex vivo and in vivo 

organoids. 

 

INTRODUCTION 

Tumors are products of their environment. They send signals that can have 

significant effects on local tissue, and they receive signals from nearby cells and 

extracellular matrix (ECM) that can alter their progression.[1-3] Despite the 

importance of a tumor’s environment, current strategies for prognostication of 

tumors are centered around analyses of the tumor cells in isolation, such as 
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morphological assessment or proliferative index calculation.[4, 5] Although these 

metrics are correlated to tumor progression, they do not capture the dynamics 

between a tumor and its surrounding space leading to inaccuracies when 

attempting to predict tumor progression and chemotherapeutic response.[6, 7] 

New technologies that improve prognostication will have a significant effect on 

patient mortality and lead to development of novel therapeutics which target and 

control tumor cells specifically, sparing healthy tissue from the deleterious effects 

of contemporary chemotherapeutics.[8, 9] 

 

Recent studies have identified the tumor microenvironment (TME) as a major 

contributing factor to cancer development and growth. The combination of 

paracrine factors, stromal cells such as endothelial, macrophages and tumor 

associated fibroblasts (TAFs), ECM proteins, and tissue mechanics coalesce into 

the perfect environment for a cancer to thrive and evade treatment. [2, 3] Of 

particular interest to our research: a number of studies have shown that tissue 

biomechanics[10-12] and ECM architectures[13, 14] can alter and guide cancer 

cell phenotype, as well as alter therapeutic response. These findings indicate the 

TME as a potential target for innovative anti-cancer cell, or cancer-modulating, 

therapies.  To devise TME targeting therapies, in vitro models of the TME need to 

be developed and validated. Many groups, including ours, have used tissue 

engineering techniques to fabricate tumor organoids that replicate the unique 

combination of factors in the TME.[15-21] At base level, tumor organoids are 

defined as 3D, multicellular tissue constructs which replicate features of their 
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corresponding tissue or organ.[22] Tumor organoids can be prepared from human-

sourced components yielding an accurate representation of the tumor-stroma 

interactions found in the TME, unlike many gold-standard animal cancer models, 

or, in this case, constructed from widely available cell-lines which self-organize and 

redistribute ECM into structures similar to clinical histology. However, organoids 

typically cannot replicate the context of whole-body physiology to test side-effects 

or pharmacodynamics and pharmacokinetics since they are constructed to 

replicate single tissues.[23-25] 

 

Previously, we developed a three-dimensional (3D) organoid of the colonic 

submucosa complete with the unique micro-architecture found there.[16] When we 

embedded tumor spheroids composed of malignant colorectal cancer cells within 

these organoids, we found that the tumor cells behave radically different 

depending on the organization of the collagen ultrastructure. In ordered, organized 

TMEs, CRC cells exhibited behaviors akin to colonic epithelial cells with 

polarization and low proliferation rates. Interestingly, when placed into randomly 

assorted collagen I matrices, the CRC cells became highly motile and invasive with 

a high index of proliferation – in other words, they assumed a cancerous 

phenotype. Furthermore, structured ECM induced chemoresistance in CRC cells 

while randomly organized ECM caused chemosensitivity.[16] These results 

indicated that the presence of healthy stromal cells, capable of structuring the 

tumor ECM, has a suppressive effect on tumor cell phenotype and growth. 
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To further our understanding of ECM architecture and its role in modulating tumor 

growth, we analyzed CRC biopsies finding significant changes in ECM 

organization. Based upon our clinical observations, we fabricated CRC organoids 

containing hepatic stellate cells to replicate the stromal cell content and 

organization found in liver, the most common site of CRC metastasis.[26] We 

hypothesized that the presence of stromal cells in the TME will drive ECM 

organization and subsequently modulate CRC tumor growth in these organoids. 

To broaden the application of tumor organoids as an ex-vivo model of tumor 

growth, we implanted them subcutaneously in nude mice. We hypothesized that 

stromal cell-driven ECM architecture ex vivo will be preserved for an extended time 

in vivo. To test our hypotheses, we analyzed TME organizations and 

corresponding tumor cell phenotypes in organoids for 4 weeks in vitro and in vivo 

and found that organoids with orderly structured stromal ECM, generated in vitro, 

maintained these structures in vivo throughout observation, and induced an 

epithelial phenotype in CRC cells. In contrast, disordered ECM allowed for 

mesenchymal phenotype. These results indicate that a pre-structured TME 

maintains its architecture in the context of whole-body physiology. Together, we 

present data on interactions between ECM architecture and cancer cell phenotype 

in three different systems, in vitro, in mice and in clinical samples. These findings 

demonstrate the clinical relevance of our CRC organoid and can be used as a 

model for studying tumor growth ex-vivo and prediction of potential response to 

chemotherapeutic drugs. 
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RESULTS 

 

TUMOR TISSUE HAS FEWER COLLAGEN-RICH AREAS AND 

DISORGANIZED COLLAGEN ARCHITECTURE COMPARED TO NORMAL 

COLON TISSUE 

 

We obtained colon tissue biopsies from 12 healthy, 6 well differentiated (low-

grade), and 6 poorly differentiated (high-grade) CRC patients, and assessed the 

differences in the patterns of collagen-rich areas between healthy tumor 

tissues.[27-29] Trichrome staining of healthy tissue (Fig. 3a) shows distinct 

compartmentalization of collagen (blue signal) outside the crypt structures of the 

colon, and the collagen also appears striated and aligned within the submucosal 

layers. CRC tissue (Fig. 3b-c), conversely, shows less collagen overall, further 

decreasing from low grade to high grade, and the collagen becomes more 

dispersed with increasing grade. Due to the differences between tissue 

compartments, we divided the healthy and cancerous colon tissue into two distinct 

areas: the mucosa/crypt and the submucosa (Fig. 3d-f). To further characterize 

collagen fiber organization in these healthy colon and CRC specimens, we 

captured the birefringent collagen signal from picrosirius red (PS-RED)-stained 

sections corresponding to those areas (Fig. 3d-f outsets). PS-RED images 

demonstrate a similar pattern to trichrome: aligned and bundled collagen in healthy 

samples, and fibrillar, disordered collagen in diseased samples.  
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We digitally separated images described in Fig. 3d-f into the crypt or submucosa 

compartments while retaining the original tumor grade information. Then we 

performed automated fiber segmentation using CT-FIRE [30] to further quantify 

our observations of structural changes to collagen in CRC tissue dependent on 

grade (Fig. S17). We pooled fiber measurements from all patients to reduce inter-

patient variability and find global changes in grade-related fiber parameters. In the 

crypt compartments, we observed that collagen fibers (Fig. 4a) become 

significantly more random (angular analysis) and wider in specimen derived from 

low- and high-grade CRC patients compared with healthy tissue (Fig. 4b-left and 

middle, respectively), whereas the fiber length decreased only in high-grade 

CRC patient samples (Fig. 4b-right). Color of PS-RED signal indicates the 

bundling or maturity of collagen: red/orange signal corresponds to bundled and 

thickened fibers (mature) while yellow/green labels thin and reticular collagen 

(young or immature). To quantify the color, we performed hue analysis with a 

custom Matlab script. Hue analysis of birefringent signal showed no significant 

differences between any of the groups (Fig. S20). This indicates that collagen 

reorganization does not significantly impact collagen maturation in adult tissue. In 

the submucosal compartments, we found that collagen fibers had narrower angular 

distribution in specimen from the cancerous tissues compared with healthy tissue 

(Fig. 4d-left). Fiber width decreased in specimen from healthy individuals to low-

grade and further decreased in high-grade CRC specimen (Fig. 4d-middle). Fiber 

length was lower in specimen from low- and high-grade CRC patients compared 
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to tissue from healthy individuals (Fig. 4d-right). Qualitative image analysis 

corroborated these results showing longer and wider fibers in the healthy 

specimen, and a higher density of short and thin fibers in the tumor specimen (Fig. 

4c). Together, these results demonstrate that collagen fiber micro-architecture 

changes during cancer progression with different dynamics for each colon tissue 

region, the mucosa or submucosa. 
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Figure 3: Clinical colorectal cancer sample morphology, collagen structure, and compartments. 

Clinical samples of varied grade, as indicated, were obtained initially stained with Masson’s 

Trichrome (a,b,c) to visualize collagen (blue signal) structure, density, and localization. H&E 

staining and imaging was used to qualitatively separate the tissue into mucosal and submucosal 

compartments (d,e,f). Then, PRS staining was performed and imaged to isolate collagen fibers 

specifically. 
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Figure 4: Microarchitecture of clinical samples. Regions of interest (ROIs) from the crypt and 

submucosal compartments of clinical samples of varying grade (n>10 ROIs from n=4 individual 

samples for each condition), as indicated, were PRS stained and imaged under polarized light (a,c). 

Fiber architecture was analyzed with segmentation software (CT-FIRE) to generate distributions of 

fiber angle, width, and length (b,d). Graphs of fiber hue represent mean + s.e.m. of experiments 

performed in triplicate (three imaging fields from each patient). Graphs of fiber angle, length, and 
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width are box and whisker plots with Tukey formatting of pooled fibers from. four regions of interest 

from each patient, representing 500-4000 fibers in total; individually drawn points lie beyond 1.5 * 

inter-quartile range of the plot. 

 

REPLICATING NATIVE COLLAGEN ARCHITECTURES WITH 

BIOENGINEERED ORGANOIDS 

 

To model the effects of collagen architecture on tumor phenotype, we produced 

tissue equivalent organoids with microenvironmental collagen architecture similar 

to human biopsies (Fig. S9a).[16] We embedded immortalized hepatic stellate 

cells (LX-2) into a collagen I hydrogel which, in accordance with our previous 

studies,[16] resulted in the active remodeling of collagen I and formation of 

structured and bundled fibers that resemble those observed in native tissue.[31] 

Stellate cells have been shown to support metastatic CRC and thus represent a 

relevant cell type for in vitro CRC models.[32, 33] In parallel, we produced bare 

collagen organoids which would replicate the disorganized collagen features of 

high-grade CRC tumors.[16] To test if the organoids can recapitulate the collagen 

organization features observed in healthy colon, low-, or high-grade CRC, we 

characterized collagen fiber bundling and micro-architecture in organoids cultured 

in vitro and in organoids implanted in mice. An additional goal was to determine if 

organoids formed in vitro could retain collagen fiber organization under 

physiological conditions in vivo.  Similar to the analysis of collagen fiber 

organization in the clinical specimens (Fig 4), we used PS-RED staining and image 
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segmentation tools to assess collagen fiber features in the in vitro cultured and in 

vivo explanted organoids (Fig 5).[30] Visual inspection of the stained collagen 

fibers in the organoids showed that the LX-2 organoids produce increased red and 

orange signal in vitro and in vivo compared with the collagen-only organoids (Fig. 

5a). Hue analysis corroborated these findings and showed that LX-2 organoids 

cultured for 7 days in vitro produced bundled collagen fibers with higher levels of 

orange and yellow collagen (Fig. 5b) suggesting that these samples were more 

organized compared with collagen-only organoids. Similarly, organoids explanted 

after 14 days showed that LX-2 organoids possessed higher degrees of bundling 

with significantly higher amounts of red and orange signal compared with collagen-

only organoids.   

 

Quantitative analysis of collagen fiber organization showed a wider angular 

distribution in LX-2 organoids compared with collagen-only organoids (Fig. 5c).  

However, in in vivo explanted organoids no significant difference was observed in 

the angular distributions of collagen fibers between groups, suggesting a similar, 

random, assortment of fibers overall (Fig. 5c). On the other hand, fiber length and 

width were significantly higher in the LX-2 organoids in vitro compared with 

collagen-only organoids and this trend was similar for in vivo explanted samples 

(Fig. 5d & e). Together, these results suggest that LX-2 remodeling of collagen in 

vitro generates more bundled and ordered fiber micro-structures and importantly, 

these ordered collagen fiber features were maintained after 14 days of in vivo 

implantation. Furthermore, the differences in collagen fiber organization between 
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LX-2-containing organoids and collagen-only organoids simulate differences 

between healthy colon and low-, or high-grade CRC, respectively.  

 

 

Figure 5: Organoid extracellular matrix (ECM) architecture organization in vitro and in vivo. Collagen 

fiber microarchitecture in collagen control and LX-2 organoids, in vitro and in vivo, as indicated, 

was visualized with PRS (a). Fiber bundling was quantified through signal hue analysis (b): green 

and yellow signal indicate less bundled fibers and orange and red signal indicate more bundling. 

Collagen fibers were quantified with segmentation software (CT-FIRE). Distributions of angle (c), 

length (d), and width (e) of fibers were obtained from organoids in vitro and in vivo. Graphs of fiber 

hue represent mean + s.e.m. of experiments performed in triplicate. Graphs of fiber angle, length, 

and width are box and whisker plots with Tukey formatting of pooled fibers from experiments 
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performed in quadruplicate or greater; individually drawn points lie beyond 1.5 * inter-quartile range 

of the plot. 

 

TUMOR SPHEROIDS GROW SLOWER IN STRUCTURALLY ORGANIZED 

MICROENVIRONMENTS 

 

Next, we tested the effects of the microenviromental (collagen fiber) organization 

on tumor cells present within organoids with distinct collagen fiber features.  We 

inserted spheroids of HCT-116, a metastatic CRC cell line, into both LX-2-

contaning and collagen-only organoids (Fig. S9) and analyzed tumor cell 

phenotype in in vitro cultured and in vivo implanted organoids. 

 

H&E-stained images show that HCT-116 spheroids inside the LX-2 organoids 

remained compact and were significantly smaller than the collagen-only organoids 

after 7 days (Fig. 6ai-lower, c), and continued to decrease in size and retained a 

compact, epithelial-like morphology by 28 days. In contrast, HCT-116 cells 

embedded in collagen-only organoids migrated outside the initial spheroid body, 

and after 7 days, protrusions of cells were apparent in most radial directions. This 

migratory behavior continued and resulted in a significant increase in aggregate 

size after 28 days (Fig. 6ai-upper, c),  and loss of compact morphology, possibly 

due to a mesenchymal phenotype induced by the unstructured matrix organization, 

as we have previously shown.[16] Progressive measurements of HCT-116 
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spheroid growth over time indicated that spheroids in LX-2 organoids were size 

restricted, and even exhibited size reduction, whereas HCT-116 spheroids in 

collagen-only organoids were able to expand (Fig. 6c). Although the HCT-116 do 

not recreate the glandular structure of physiologic colon mucosa, the overall 

differences in cellular morphology between groups indicates phenotypic changes 

induced by microenvironmental alterations. 

 

Next, we analyzed the size and morphology of in vivo implanted LX-2 and collagen-

only organoids after 14 and 28 days (Fig. S16 and Fig. 6b). H&E-stained images 

indicate that HCT-116 spheroid growth in LX-2 organoids was restricted at day 14, 

and a large necrotic core had formed by day 28, although the tumor compartment 

had continued to grow in size. Blood vessels were evident at the perimeters of the 

tumor compartment in the LX-2-containing organoids, suggesting that the tumor 

cells failed to induce neovascularization inside the tumor mass (Fig. 6b inset h & 

i). Conversely, HCT-116 spheroids in collagen-only organoids grew rapidly and by 

day 28, the majority of the HCT-116 tumor compartment appeared viable with a 

low proportion of necrotic area and extensive neovascularization in the tumor mass 

(Fig. 6b-upper and inset f & g). Overall, collagen-only explanted organoids 

contained an average of 35 vessels compared to approximately 4 in explanted LX-

2 organoids (Fig. S10). Size measurements of explanted organoids showed no 

differences in average implant diameter explanted at day 14, however LX-2 

organoids were significantly smaller compared to collagen-only organoids by day 

28 (Fig. 6d) and significant size differences could be observed before organoid 



 48 

excision (Fig. 6b inset j & k). Of note the number of organoids that could be 

explanted were different between the two groups. Fewer LX-2 organoids were 

successfully retrieved compared with collagen-only organoids at both day 14 (LX-

2: 60%; Col: 100%) and day 28 (LX-2: 55%; Col: 91%) (Fig. 6e), suggesting that 

the presence of LX-2 cells in the organoids represses the growth of the HCT-116 

spheroids and could lead to the loss of the tumor organoid tissue. 

 

 

Figure 6: Tumor organoid morphology and growth in vitro and in vivo. Tumor spheroid morphology 

was visualized on days 7 and 28 in vitro (a) and in vivo (b) in both collagen control and LX-2 

organoids, as indicated. Integration of vasculature was also observed at day 28 of in vivo implanted 
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organoids (insets f,g,h,i). Spheroid diameter was tracked over time in vitro (c), and in vivo 

implanted organoids were measured at the time of explantation for average diameter (d). Examples 

of gross implant size in vivo can be seen in insets j & k. Implant retrieval data was also collected 

for in vivo studies and collected (e). Graphs represent mean + s.e.m. of experiments performed in 

triplicate. 

 

RELATIONSHIPS BETWEEN COLLAGEN FIBER ORGANIZATION AND 

ARCHITECTURE AND CANCER CELL PHENOTYPE IN CRC ORGANOIDS 

AND CRC TISSUE BIOPSIES  

 

Tumor spheroid growth in organoids of different collagen architectures suggested 

that it may simulate differences between low and high-grade cancers. We 

previously observed that collagen fiber micro-architecture and topography had a 

significant impact on EMT in CRC cells in these organoids.[16] Accordingly, to 

assess phenotypic similarities between organoids and biopsied tissue, we 

performed immunohistochemistry (IHC) analysis on tissue sections from CRC 

organoids and CRC tissue biopsies for markers associated with EMT and 

oncogenesis (Figs. S11-S15) and used custom segmentation algorithms in 

VisiopharmTM to quantify their expression.  

 

Tumor cell proliferation was determined by staining for Ki-67 and analyzing its 

nuclear expression (Fig. S11). In both in vitro cultured and in vivo explanted 

organoids, Ki-67 expression was higher in collagen-only organoids compared with 
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LX-2 organoids. (Fig. 6a). E-Cadherin is a cell-cell adhesion protein, present in 

healthy colonic epithelial cells and can be lost when cancer cells undergo EMT.[34-

36] E-Cadherin was found around the cell membrane and appeared continuous 

around positive cells in IHC images (Fig. S12). We quantified E-Cadherin 

expression by counting cells with completely stained membranes only (Fig. 6b). In 

vitro, LX-2 organoids showed significantly higher expression of E-Cadherin 

compared with collagen-only organoids. In vivo, no significant differences in E-

Cadherin expression were observed between groups (Fig.6b). N-Cadherin is 

another cell-cell adhesion protein that is typically found in colorectal cancer cells 

that have undergone EMT.[37] We quantified N-Cadherin in the same manner as 

E-Cadherin, but also counted cells with nuclear expression of N-Cadherin as that 

is indicative of  cytoplasmic expression that has not fully localized to the membrane 

(Fig. S13).[37] Collagen-only organoids displayed significantly higher levels of N-

Cadherin expression compared to LX-2 organoids both in vitro and in vivo (Fig. 

S12 and Fig. 5c). The WNT/β-Catenin pathway is an important pathway 

associated with EMT, in which β-Catenin protein ultimately accumulates in the 

nucleus where it acts as part of a transcription factor complex and facilitates the 

upregulation of a host of oncogenic processes.[38] We quantified β-Catenin 

expression by counting cells with positive nuclear-localized β-Catenin signal (Fig. 

S14).  Collagen-only organoids had higher levels of nuclear β-Catenin compared 

with LX-2 organoids in both in vitro and in vivo groups, although the difference was 

not statistically significant (in vitro: p = 0.058) (Fig. 7d). The focal adhesion kinase 

(FAK) pathway is also associated with oncogenesis and EMT. FAK is a tyrosine-
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kinase that forms adhesions with matrix components, and high levels of FAK are 

found in aggressive cancer cells, whereas knockdown of FAK can reduce or 

eliminate cancer cell motility.[39] We quantified FAK by measuring the positively 

stained area fraction of the total tumor area (Suppl. Fig. S15). FAK expression 

was significantly higher in collagen-only samples compared with LX-2 organoids 

in both in vitro and in vivo groups (Fig. 7e). This result suggests that in collagen-

only organoids cancer cell motility could be enhanced. Together, analysis of this 

selected protein expression panel indicates that tumor cell spheroids embedded in 

collagen-only organoids demonstrated a mesenchymal phenotype with de-

differentiated features, compared to cancer cells embedded in LX-2 containing 

organoids which appeared more phenotypically epithelial. In addition, this dataset 

indicates in vivo implantation of our organoid model retains ECM driven 

phenotypes 

 

Next, we performed the same IHC analysis on clinical biopsies to assess whether 

our organoids were capturing clinically relevant phenotypes. We utilized healthy 

tissue alongside low- and high-grade CRC biopsies. Increasing Ki-67 expression 

was associated with higher grading in tumor samples (Fig. 7a). CRC tumor 

biopsies demonstrated a significant decrease in E-Cadherin expression, compared 

with healthy colonic tissue and the expression further decreased with increasing 

tumor grade (Fig. 7b). CRC tumor biopsies and healthy colonic tissue showed very 

low N-Cadherin expression overall with about 1-3% of cancer cells positive for N-

Cadherin staining (Fig. 7c). Tumor tissue specimen derived from patients with 
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high-grade CRC exhibited the highest levels of nuclear β-Catenin expression, 

corroborating the previous results that higher grades of CRC are associated with 

EMT (Fig. 7d). Interestingly, low-grade tumor specimen demonstrated the highest 

FAK expression while high-grade tumor specimen had increased expression 

compared to normal colonic tissue, but a lower expression compared to low-grade 

(Fig. 7e). 
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Figure 7: Immunophenotyping of tumor cells within organoid and clinical sample. Samples from 

organoids cultured in vitro, organoids implanted in vivo, and clinical CRC biopsies of varying grade 
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were immune-stained for markers related to EMT and oncogenesis, as indicated. Staining results 

were analyzed using Visiopharm and graphed as the proportion of cancer cells with: (a) nuclear 

localization of Ki67; (b) with fully intact, membrane localized E-Cadherin expression; (c) with N-

Cadherin expression; (d) with nuclear localization of β-Catenin. (e) Ratio of total area 

corresponding to positive FAK expression in tumor spheroid and clinical CRC biopsies of varying 

grade. Graphs represent mean + s.e.m. of three regions of interest from each sample of 

experiments performed in triplicate. 

 

TUMOR SPHEROIDS GROWN IN UNORGANIZED MICROENVIRONMENTS 

ARE MORE SENSITIVE TO CHEMOTHERAPEUTICS 

 

Since the HCT-116 tumor spheroids demonstrated significantly different 

phenotypes in LX-2 and collagen-only organoids, we speculated that they will also 

have different responses to clinically used chemotherapeutic agents. To test this 

hypothesis, we exposed tumor spheroid bearing organoids to 4 drugs:  5-

Fluorouracil (5-FU), which disrupts thymidylate synthase,[40] and its clinically-

used drug combinations FOLFOX and FOLFIRI, and a targeted therapy, 

Regorafenib. FOLFOX is a 5-FU combination with folic acid (leucovorin) and 

oxaliplatin (platinum-based antineoplastic).[41] FOLFIRI is a combination of 5-FU, 

folic acid, and irinotecan (topoisomerase inhibitor).[41] Regorafenib is a multi-

receptor tyrosine kinase inhibitor.[42] 
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Organoids were treated for 72 hours, then harvested and stained for Ki67 and 

Caspase 3 in order to determine the proportion of cells that were either actively 

proliferating, apoptotic, or neither (Fig. S19 and Fig. 8a & b). All 

chemotherapeutics had minimal effect on apoptosis of tumor cells within an LX-2-

organized stroma. In contrast, HCT-116 spheroids in collagen-only organoids were 

highly sensitive to all 5-FU and its combinations and displayed significantly higher 

levels of apoptotic cells compared to LX-2 organoids. On the other hand, all 

chemotherapeutics arrested the proliferation of the tumor cells in both LX-2 and 

collagen-only organoids. However, the effects of 5-FU and FOLFOX on tumor cell 

growth arrest was significantly higher in collagen-only organoids compared with 

LX-2 organoids.  Interestingly, the effects of FOLFIRI treatment on growth arrest 

was significantly higher in LX-2 organoids compared with collagen-only organoids. 

Finally, Regorafenib induced a significant growth arrest in tumor cells, but with little 

difference between LX-2 and collagen-only organoids.  

 

Cancer stem cells are often considered as less chemotherapy-responsive 

compared with the rest of the tumor cell population. HCT-116 and other CRC cells 

were reported to expressed several known CSC markers, especially CD44 and 

CD133.[43] To identify potential differences in stem cell markers between 

organoids with ordered (LX-2) and disordered (collagen-only) stromas, we 

measured CD44 and CD133 expression in HCT-116 spheroids in these organoids 

using Visiopharm quantified IHC (Fig. 8d). CD44 was expressed in both LX-2 and 

collagen-only organoids with significantly higher levels found in collagen-only vs. 
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LX-2 organoids (Fig. 8c). CD133 expression was lower, by comparison to CD44 

expression, but similarly, was higher in collagen-only organoids compared to LX-2 

organoids. These results suggest that disordered, collagen-based stroma, 

enriches the cancer stem cell population in HCT-116 spheroids embedded in 

collagen-only organoids.  

 

 

Figure 8: Chemotherapeutic sensitivity and expression of cancer stem cell markers in CRC organoids. 

Collagen control and LX-2 organoids, as indicated, were exposed to various chemotherapeutics for 

72 hours, and the expression of Caspase3 (measured as percent of all cells) (a) and Ki67 
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(measured as percent of control) was analyzed (b). CD44 and CD133 expression was quantified 

in collagen control and LX-2 organoids, as indicated, (c) using IHC (d). Graphs represent mean + 

s.e.m. of three regions of interest from each sample of experiments performed in triplicate or 

greater. 

 

DISCUSSION 

In patients, tumors grow and progress over many years, often-times remaining in 

a non-invasive equilibrium for extended periods without producing any outward 

symptoms. Events, not fully understood, shift the tumor from a non-invasive 

phenotype towards an invasive one that is associated with rapid changes to the 

TME, including ECM degradation and stromal cell activation, and tumor cell 

migration and proliferation. Although 2D cell culture has led to many breakthroughs 

in cancer research, it cannot replicate the nuances of the TME which have been 

found to significantly affect tumor progression. Not only are tumors composed of a 

myriad of cell types that secrete a unique combination of signaling factors, but 

cancerous cells are attached to, and often-times require, the latticework of proteins 

that comprise the ECM – the physical TME. This means that therapeutics 

developed in 2D culture systems may not translate well to treating tumors in vivo, 

impacting patients as well as leading to high drug development costs. Tumor 

organoid technology, developed in recent years, addresses the deficiencies of 

traditional cell culture systems by replicating some of the unique features of the 

TME.[16-18] We have recently published several studies describing how tumor 

organoid technology, which allows to systematically manipulate structural features 

of the TME and subsequently test the effects on tumor cell phenotype.[16-18] 
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Despite the value of 3D tumor organoids, their maintenance under artificial culture 

conditions in vitro cannot fully assess tumor progression in vivo. On the other hand, 

in vivo mouse models are poor mimics of human physiology and tumor growth 

kinetics, as the TME will be largely composed of murine components. One of the 

goals of this study was to transition the replicative features of in vitro bioengineered 

organoids into an in vivo model to capture the best of both methods. We replicated 

native TME architecture, as observed in clinical biopsies, with CRC organoids, 

then implanted them into nude mice to expose them to in vivo physiology. Our 

results demonstrate that organoids, fabricated to recapitulate the TME of different 

tumor grades maintained ECM architectural features for up to 4 weeks in vivo, and 

furthermore, CRC cells retained their phenotype after in vivo implantation. 

Although HCT-116 cells may not fully capture many of the nuances of clinical tumor 

cases due to their long-term culture under in vitro conditions; the phenotypic 

similarities between in vitro/in vivo HCT-116 organoids and clinical samples shows 

promising correlation.  

 

In the current study we used hepatic stellate cells (LX-2) to simulate stromal cells 

that are involved in collagen remodeling of the liver metastasis 

microenvironment.[8, 44-46]  The results, demonstrating that LX-2-mediated ECM 

structured microarchitecture push the HCT-116 metastatic CRC cells towards an 

epithelial phenotype vs. a mesenchymal phenotype induced by unstructured ECM 

architecture are especially intriguing as they suggest that under certain conditions 

the hepatic stellate cells, commonly known to support EMT and growth of liver 
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metastasis[16, 33, 47], may act to suppress growth and spreading of metastasis if 

given an opportunity to create structured matrix around the metastatic foci. 

Furthermore, HCT-116 cells demonstrated reduced chemotherapeutic sensitivity 

in the LX-2 organoids as well. Others have also targeted hepatic stellate cells 

(HSCs) as possible TAFs and as contributors to fostering a premetastatic 

environment for CRC cells. For example, addition of conditioned media from 

activated-HSCs to CRC cells in 2D culture resulted in increased motility and 

invasive characteristics of the tumor cells.[33] This data suggests a paracrine 

effect of HSCs on the tumor cells however, these studies were performed in a non-

physiologic 2D culture system, which does not capture important features of the 

TME, like our organoid model can. Although paracrine secretion of factors from 

TAFs can clearly drive cancer progression, TAF’s involvement does not stop at the 

level of external cell signaling; in fact, we previously measured the effect of 

paracrine signaling from stromal cells on growth, phenotype, and 

chemotherapeutic response of HCT-116 cells in a similar culture format described 

here, and found nominal effects compared to those imparted by collagen 

remodeling.[48] TAFs have the ability to change ECM structure and organization, 

and understanding the subsequent effects on cancer cells is an important step 

towards more accurately modeling the TAF-cancer cell axis. 

 

A major motivation of this research is to create a better in vitro model of tumor 

tissue by including, alongside the tumor cells, stromal cells and ECM. To achieve 

this aim, we utilized a bottom-up approach to replicate the distinct compartments 
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of tumor tissue, as observed in Fig. 3. The native colonic submucosa is collagen-

rich and populated by a mixture of SMCs, fibroblasts, adipose and immune cells 

which informed our decision to utilize collagen as the base hydrogel with fibroblasts 

as the main stromal component. However, the exclusion of immune cells 

represents a weakness in our model, especially as the immune component’s role 

in the TME is actively studied and targeted in contemporary research and 

therapeutic development. In addition, tumor compartments in biopsies were 

typified by aggregates (foci) of cancer cells which we simulated with a cancer 

spheroid. This approach replicated the dense cellularity, diffusion kinetics, and cell-

cell contacts evident in human tumors, however it fails to capture the glandular 

morphologies found in well-differentiated CRC cases. Our system is inherently 

modular as well; each compartment can be modified independently to replicate the 

tumor-stroma dynamics of a wide variety of tumor etiologies. The HCT-116 cells 

used here can be replaced by cells of lower malignancy, patient cells, or a 

heterogenous mixture of cancer cells. Importantly, although HCT-116 cells have a 

strong record of modeling CRC in vitro, future studies will benefit tremendously 

from the inclusion of patient derived CRC cells. The stromal compartment can be 

modified to include a wider range of cells, higher concentrations of collagen, or 

different ECM components such as laminin, fibronectin, or elastin. In our previous 

work, we utilized colonic smooth muscle cells within the stromal compartment to 

replicate the native, healthy colon.[16] We also previously demonstrated that 

stromal cells in our platform are responsive to biochemical manipulation, in this 

case to aminopropionitrile (BAPN), an inhibitor of lysyl oxidase, which decreased 
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smooth muscle cell collagen remodeling capability. In human tumors, a panoply of 

paracrine signals (TGFβ1, PDGF, IL-1β, etc.) drive stromal cell involvement, many 

of which can be modeled within our system. In fact, exposure of tumor organoids 

to TGFβ1 further stimulated ECM restructuring, creating highly bundled collagen 

fibers and resulting in stiffer organoids (manuscript in preparation). Physiologically, 

the balance between stromal cell-mediated construction and tumor cell-mediated 

degradation of ECM contributes to tumor cell migration although this dynamic is 

not fully understood. 

 

An important observation of this study is the consistency of results between the in 

vitro experiments and under physiological conditions in vivo, both of which agree 

with our prior findings.[16, 18]  Immunophenotyping results (Fig. 7) indicate the 

specific architecture of the niche may help determine EMT or MET phenotype of 

liver metastatic tumor cells, and could explain why some tumors do not respond 

well to non-combinatory, anti-proliferative chemotherapies.[9] Further, we can 

challenge our organoids with a large library of small molecule inhibitors, 

chemotherapeutics (Fig. 8a,b), and experimental compounds. Interestingly, we 

observed an increase in stem cell marker expression in tumor cells cultured in 

collagen only environments which may point towards ECM-driven cancer stem cell 

enrichment. Future directions may include assessment of patient-derived tumor 

cell phenotype and drug response then using mathematical modeling to transfer 

results found in vitro to predictive information for patient prognosis or drug efficacy. 

Lastly, we have demonstrated that fiber organization and fibroblast-mediated ECM 
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remodeling appears to affect cancer cells and is correlated with cancer grades in 

clinical specimens, indicating these metrics have significant potential to be used 

as prognostic and/or diagnostic tools.  

 

Overall, this study is the first to characterize an in vitro model of the TME based 

on observations of native tissue and validate it in the context of whole-body 

physiology. Non-traditional treatment vectors that target the ECM or stromal cells 

might provide valuable avenues for developing novel treatments or co-therapies 

that synergize with existing chemotherapeutic or radiation technologies. By 

controlling cancer cell responsiveness through changes to the TME, lower doses 

of chemotherapy or radiation could become effective thereby reducing or 

eliminating many of the undesirable side-effects of traditional cancer therapies 

(e.g., cytotoxicity in healthy tissues), as well as yielding lower tumor cell resistance 

rates. Organoids are a promising modality for drug development and screening 

because they can reproduce human physiology at a high level. However, 

understanding of pharmacokinetics and pharmacodynamics still necessitates the 

use of animal models that are, however, not without their own limitations when 

being translated to humans. Here, we bridge the gap between in vitro study and 

animal modeling by utilizing implanted human tumor organoids, and outline a novel 

mechanism of cancer cell control – ECM microarchitecture. 

 



 63 

MATERIALS AND METHODS 

CELL CULTURE 

Human hepatic stellate cells, LX-2 cells, were provided by Dr. Scott Friedman 

(Icahn School of Medicine at Mount Sinai, New York, NY). Human colorectal 

carcinoma cells, HCT-116 cells, were obtained from ATCC (#CCL-247, ATCC, 

Manassas, VA). Both cell types were cultured and expanded in tissue culture-

treated plastic dishes. Cultures were passaged when cells reached 70-90% 

confluency. Both cell types were cultured with Dulbecco’s Minimum Essential 

Medium (DMEM, Millipore-Sigma, St. Louis, MO) containing 10% fetal bovine 

serum (FBS, Hyclone, Logan, UT). Cells were detached from the substrate with 

Trypsin/EDTA (Hyclone) and resuspended in media before use in organoid or 

spheroid fabrication. Use of LX-2 cultures was discontinued after the ninth passage 

and a fresh vial was continued instead. 

 

ORGANOID FABRICATION 

Spheroids of HCT-116 cells (1.0x104 cells each) were prepared by homogenously 

suspending cells in culture media at 1.0x105 cells/mL followed by dispensing 100 

µL of cell-media suspension into each well of an ultra-low attachment round-bottom 

96-well plate (CoStar #7007, Corning, Corning, NY). Cells were observed each 

day for 3 days, by then spheroids had formed tight clusters without irregularity, and 

used immediately for organoid fabrication. 
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Organoids were fabricated as described recently (Fig. S9).[16] Type I Rat Tail 

Collagen (#354236, Corning) was prepared according to the manufacturer’s 

protocol at a concentration of 2mg/mL. LX-2 cells were trypsinized and counted, 

then suspended in prepared collagen at 5.0x106 cells/mL. Media from plates 

containing spheroids was aspirated, and 100 µL of LX-2-collagen solution was 

pipetted into each spheroid well, carefully to avoid disturbing the spheroid 

structure. The LX-2-collagen-spheroid mixture was slowly pipetted up and down to 

suspend the spheroid, then the whole volume was dispensed into a custom 

polydimethylsiloxane (DOW Sylgard 184, Midland, MI) mold [16] ensuring 

relatively central placement of the spheroid within the polymerizing hydrogel (30 

min at 37ºC) (Suppl. Fig.1a). Upon complete collagen polymerization, media was 

slowly added and molds were removed. Organoids were cultured for varying 

durations depending on the scope of the experiment. 

 

SUBCUTANEOUS IMPLANTATION 

Six-week-old female athymic nude mice were obtained from Charles River 

Laboratories (Wilmington, MA). Animals were anesthetized using 2% isoflurane 

and given a pre-operative subcutaneous injection of 5 mg/kg ketoprofen. Two 

small skin incisions were made on the dorsal side approximately 15 mm from the 

midline. Subcutaneous pockets were generated using blunt dissection and 

implanted with one organoid per site. Incisions were closed with 4-0 vicryl suture 

(Ethicon, Somerville, NJ) and dressed with Tegaderm™ film (3M, Maplewood, 

MN). All procedures were performed in strict accordance with the NIH Guide for 
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the Care and Use of Laboratory Animals, and the policies of the Wake Forest 

University Institutional Animal Care and Use Committee (IACUC). The study was 

approved by the Wake Forest University IACUC, Protocol No. A17-036. Animals 

were euthanized at 2 and 4 weeks by CO2 asphyxiation followed by cervical 

dislocation. Skin flaps were opened, and organoid explants retrieved. 

 

GROSS MORPHOLOGICAL ASSESSMENT 

Gross macroscopic images of in vivo organoid explants were taken with a 

smartphone camera (Samsung, Seoul, South Korea) with a metric ruler held within 

the frame of the image. ImageJ software (National Institutes of Health, Bethesda, 

MD) was used to assess explant size after initial calibration. 

 

CHEMOTHERAPY TREATMENTS 

Organoids with embedded spheroids were cultured for 72 hours, then transferred 

to new well plates and incubated with media containing chemotherapeutics. 

Organoids were exposed to chemotherapeutics for a further 72 hours before 

analysis. Chemotherapeutic formulations were prepared using the following 

concentrations: 5-Fluorouracil 1mM, Oxaliplatin 25µM, Irinotecan 50µM, 

Leucovorin 50µM, and Regorafenib 50µM. 

 

HUMAN SAMPLES 
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Slides from de-identified CRC patients were purchased from the Wake Forest 

Tumor Tissue and Shared Pathology Resource core. Samples were selected 

randomly from the patient pool with a specified tumor grade (well- or poorly 

differentiated) and corresponding non-tumor containing (healthy tissue) slides 

were obtained for each patient. All clinical grading and pathology analyses were 

performed by a board-certified pathologist. 

 

HISTOLOGICAL AND IMMUNOHISTOCHEMICAL (IHC) ANALYSIS 

Samples were fixed in 4% paraformaldehyde overnight at 4°C, then washed with 

phosphate buffered saline (PBS), and stored in 70% ethanol. Following paraffin 

processing and embedding, 5 µm serial sections were cut using a microtome 

(Leica Microsystems Inc., Buffalo Grove, IL) and mounted to slides. For all staining 

procedures, slides were baked for 1 h at 60ºC followed by standard 

deparaffinization and rehydration. Hematoxylin & Eosin (H&E) staining was 

performed by core facilities at the Wake Forest Institute for Regenerative Medicine. 

Picrosirius Red (PRS) staining was done using a commercial staining kit (#24901, 

PolySciences, Warrington, PA) following the manufacturer’s protocol. Masson’s 

Trichrome staining was performed using a commercial staining kit (#HT15, 

Millipore-Sigma) following the manufacturer’s protocol. 

 

For immunohistochemistry (IHC), all incubations were performed at room 

temperature unless otherwise stated. Antigen retrieval was performed using 
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Proteinase K (DAKO, Carpinteria, CA) incubation for 15 min. Samples were 

permeabilized with 0.05% Triton-X (insert vendor) in PBS for 5 min. Non-specific 

antigen blocking was performed using Protein Block Solution (#ab156024, Abcam, 

Cambridge, MA) incubation for 30 min. Slides were then incubated with the 

appropriate primary antibody against CK-18 (#ab82254, Abcam), FAK (#ab40794, 

Abcam), β-Catenin (#71-2700, Invitrogen-ThermoFisher), E-Cadherin (#ab40772, 

Abcam), N-Cadherin (#ab76011, Abcam), CD44 (#ab51037, Abcam), CD133 

(#orb10288, biorbyt, San Francisco, CA)  or Ki-67 (#ab16667, Abcam) at 

recommended dilutions in a humidified chamber overnight at 4°C. Next, slides 

were thoroughly washed and incubated for 1 h with the appropriate secondary 

antibody: biotinylated anti-rabbit (BA-1000, Vector Laboratories) or biotinylated 

anti-mouse (BA-2000, Vector Laboratories). Slides were then washed and 

incubated with VECTASTAIN ABC reagent (PK-4000, Vector Laboratories) for 30 

min. Signal exposure was timed and visualized while slides were incubated with 

DAB (SK-4105, Vector Laboratories) or Vector Red (SK-5105, Vector 

Laboratories) substrate. Double-stained slides followed this protocol twice in 

succession for each individual marker. Vector Red substrate was used first and 

DAB second. Relevant control slides were prepared for each condition and each 

antibody combination by omitting the primary antibody incubation. Slides were 

mounted with MM24 (#3801120, Leica, Wetzlar, Germany), and light microscopy 

images, using linearly polarized light for PS-RED-stained sections, were captured 

with an Olympus BX63 microscope (Olympus, Center Valley, PA) with an Olympus 

DP80 camera (Olympus).  
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IMAGE ANALYSIS AND QUANTIFICATION 

Spheroid size was assessed using H&E-stained light micrographs and a MatLab 

(2018b, MathWorks, Natick, MA) script to quantify average diameter. Counts of 

infiltrative blood vessels and vessel size were quantified using a MatLab script. 

Images were captured with an Olympus IX83 microscope (Olympus, Center Valley, 

PA) equipped with a Hamamatsu Orca-Flash 4.0 camera (Hamamatsu, Shizuoka, 

Japan). 

 

PRS signal was quantified in two ways: hue analysis of collagen signal and 

collagen fiber geometric parameter segmentation. Hue analysis to identify different 

levels of collagen bundling and fibrilization was performed using a MatLab script. 

Fiber parameter segmentation and quantification was performed using CT-FIRE 

(Laboratory for Optical and Computation Instrumentation, University of 

Wisconsin).[30]  

 

Masson’s Trichrome signal hue was quantified similarly to PRS hue analysis. Red 

and blue pixels were identified and counted using a MatLab script. (Fig. S18) 

Ratios of colored pixels versus total tissue pixels were then calculated for 

comparison. 
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IHC images were imported as uncompressed files into Visiopharm software 

(Broomfield, CO) for analysis and quantification (Fig. S21). In samples where 

tumor cells were difficult to distinguish from stromal cells (in vitro and in vivo 

implanted organoids), a script was written to deconvolve Vector Red signal, then 

isolate Vector Red stained CK-18 positive cells which specifically labels HCT-116 

cells. After HCT-116 cells were segmented, a second script was written to 

deconvolve DAB signal and quantify the expression or localization of: β-catenin, 

E-Cadherin, FAK, Ki67, and N-Cadherin. For β-catenin and Ki67, nuclei were 

marked as positive or negative for DAB staining and counted. For E-Cadherin and 

N-Cadherin, cells were marked positive if they had complete membrane 

localization of DAB and negative if not. For FAK, ratios of total tumor area that 

stained positive for DAB were generated. 

 

For analysis of stem cell markers CD44 and CD133, a script was written to mark 

cells with complete membrane localization of signal as positive and negative if not. 

For analysis of Caspase 3 staining in drug treated samples, a script was written to 

identify membrane and cytoplasmic localization of signal; cells were marked 

positive if they had positive Caspase 3 signal. For analysis of Ki67 staining in drug 

treated samples, a script was written to segment nuclear Ki67 signal and marked 

cells positive if they had nuclear colocalization of Ki67 signal. 

 

STATISTICAL ANALYSIS 
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All experiments were performed using n=3 unless otherwise stated. Statistical 

analysis of parametric data was performed using Student’s t-test or one-way 

analysis of variance (ANOVA) with Tukey’s multiple comparison post hoc test. 

Statistical analysis of non-parametric data was performed using Kolmogorov-

Smirnov chi-square tests. Significance was defined as α ≤ 0.05 and all p-values 

are reported with their respective datasets. GraphPad Prism software v6.0 

(GraphPad Software, La Jolla, CA) was used for all analyses. 

 

SUPPLEMENTAL MATERIAL 
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Figure S9: Construct fabrication and gross morphology. (A) Molds were produced through additive 

printing of a negative mold, then deposited silicone was cured to yield a 6-well plate microwell 

insert. Then cell-hydrogel solution was deposited, with a suspended HCT-116 spheroid, into 

microwells and allowed to gelate, then self-assemble over experimental timeline before being 

harvested for further analysis. (B) Images of constructs after 1 day in culture. The magnitude of 

LX-2 co-cultures size contraction compared to collagen-only controls can be appreciated. 

 

 

Figure S10: Blood vessel quantification. H&E-stained micrographs (left) were used for analysis of 

blood vessel quantity and size. Vessels appear as a specific red hue which can be segmented 

efficiently. A MatLab script is used to identify vessel structures, then size and number of vessels 

were quantified (right). Collagen I only stroma induce the formation of more vessels, but vessel size 

remains consistent compared to LX-2 co-cultures. Refer to supplemental file vesselQuant.m for 

script. 
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Figure S16: Quantification of spheroid size after construct culture using brightfield imaging. Samples 

were imaged under brightfield conditions to visualize the spheroid body. Images were then captured 

at various z-levels and combined to generate final images. A MatLab script was then used to 

segment the spheroid from surrounding space and quantify average diameter using major and 

minor axes. Refer to supplemental file areaQuant.m for script. 

 

 

Figure S17: Picrosirius red hue analysis. PS-RED-stained images were captured under polarized 

light, then a MatLab script was used to quantify pixels of varying hue signal. Briefly, the workflow 

for this process is: 1) import the image into Matlab, 2) generate a black and white image to find and 

‘delete’ all empty space (black pixels) from the original image, 3) convert the background subtracted 

image to an HSV format which identifies all pixel hues along a single channel spectrum from 0-360, 

4) using pre-generated thresholds for hue, segment each pixel into red, orange, yellow, and green 
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while excluding all other colors. This final image can be quantified by counting pixels of each 

segmented classification. Refer to supplemental file hueQuant.m for script. 

 

 

Figure S18: Trichrome staining and analysis. To assess the collagen content of long-term implants, 

In vivo implants were explanted at day 28 then stained with Masson’s Trichrome and bright field 

images were analyzed using a MatLab script to segment blue and red pixels. Blue stain localizes 

specifically to collagen and red stain localizes specifically to areas of connective tissue or other 

ECM proteins. Refer to supplemental file trichQuant.m for script. 
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Figure S19: Cleaved Caspase 3 and Ki67 IHC of chemotherapy treated constructs. Samples were 

treated with various combinations of common chemotherapeutic regimen to assess changes in 

susceptibility between those cultured in collagen-only or LX-2-organized conditions. These images 

are representative of the dataset utilized for automatic quantification with Visiopharm. Caspase 3 

(green) staining specifically identifies apoptotic cells with membrane/cytoplasmic labeling. Ki67 

(red) specifically identifies proliferating cells with nuclear labeling. 
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Figure S20: Collagen fiber hue analysis of clinical specimen. Polarized images of picrosirius red 

stained clinical samples were analyzed using a custom Matlab script to extract information about 

fiber color (outlined in Suppl. Fig. 9). Green and yellow correspond to reticular fibers while orange 

and red correspond to thick bundles. Crypt (a) fibers and submucosal (b) fibers were analyzed 

separately as they show distinct architectural features. Analysis of fiber hue describes the collagen 

network maturation. In these clinical samples, there were minor differences in hue between healthy 

and tumor samples indicating collagen turnover and reorganization during tumorigenesis does not 

significantly impact overall fiber maturity. This result indicates that existing fibers may be moved or 

restructured to produce cancerous ECM architecture rather than be generated from newly 

deposited collagen I. 
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Figure S21: Visiopharm analysis pipeline. Triple stained images (Hematoxylin, DAB, and Vector 

Red) are captured on an upright, light microscope (a). Then deconvolutions were performed to 

generate separate channels of each stained pattern. These deconvolutions accurately and 

consistently separate the chromogenic signals from each other for isolated analysis (b). With each 

separate channel, masks are produced around each nuclei (from hematoxylin channel) and labeled 

for positive DAB or Vector Red to produce the final labeled image (c). The labels can be quantified 

within Visiopharm for comparison and analysis. 
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SUMMARY 

Tumors do not consist of merely cancerous cells but also comprise of a tightly 

surrounded tumor microenvironment (TME), made up of both non-cellular 

extracellular matrix (ECM) and various types of stromal cells. Though treatment 

response is often attributed to tumor heterogeneity, cancer progression and 

malignancy is profoundly influenced by tumor cell interactions with the surrounding 

ECM. Here, we used a 3-dimensional organoid model, consisting of hepatic 

stellate cells (HSC) embedded in Collagen-1 (Col1) and human colorectal cancer 

cell line (HCT-116) spheroids, in order to determine the relationship between the 

ECM architecture, cancer cell malignancy, and chemoresistance. Exogenous 

TGF-β used to activate the HSCs increased the remodeling and bundling of Col1 

in the ECM around the cancer spheroid. A dense ECM architecture inhibited tumor 

cell growth, reversed their mesenchymal phenotype, preserved the stem cell 

population, and reduced chemotherapy response. Overall, our results demonstrate 

that through controlled biofabrication and manipulation of the ECM in tumor 

organoids we have created an innovative model to study tumor cell-ECM 

interactions and better understand tumor cell response to chemotherapies.  
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Figure 22: Organoid Fabrication and Testing. Tumor organoids were fabricated using LX-2 hepatic 

stellate cells, HCT-116 CRC cells, and Collagen Type 1. TGF-b induced an ECM-dense 

environment that interacted with the embedded HCT-116 cells and was analyzed via compression 

testing, collagen fiber architecture, IHC, and chemotherapy sensitivity.   
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INTRODUCTION 

 

Colorectal cancer (CRC) is the third most deadly and fourth most commonly 

diagnosed cancer worldwide [1]. Decreased mortality rate in CRC has been 

attributed to early detection efforts that lead to the removal of pre-cancerous or un-

metastasized polyps in the colon [1]. CRC arises when certain cells of the 

epithelium acquire a series of mutations that enable them to grow uncontrollably, 

ultimately leading to a hyper-proliferative cohort of cancer cells that eventually 

metastasis. Population-based studies have shown that 25-30% of patients with 

CRC will develop metastases in their liver, which ultimately results in death in two 

thirds of these patients [2-4].  

 

The colorectal liver metastatic TME consists mainly of cancer associated 

fibroblasts (CAFs), hepatic stellate cells (HSCs), immune cells, and endothelial 

cells [5]. CAFs are a crucial component of the TME responsible for cytokine and 

growth factor secretion along with ECM remodeling [6, 7]. CAFs can be derived 

and activated from multiple origins in response to radiation, chemical, or immune 

triggers [8, 9]. In the liver; however, HSCs represent the major cell source of 

activated CAFs [10]. HSC activation occurs through the release of various factors 

including TGF-β by immune cells, thus inducing ECM remodeling, collagen 

deposition, local stiffness changes, and ECM linearization by the activated HSCs 

[11-13]. The ECM component of the TME has been shown to have a great 

influence on cancer proliferation, migration, and apoptosis [14-17]. These changes 
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could be a result of an altered signaling pathway that is transduced by ECM 

specific integrin binding such as FAK [18]. It is also understood that under normal 

conditions, the ECM undergoes constant active remodeling and stimulates 

biochemical and biophysical cues that influence cell behavior. Abnormalities in the 

homeostatic control of ECM production and degradation can have substantial 

effects on surrounding cells [15-17, 19]. For example, collagen, the most significant 

ECM component, has been shown to be upregulated in patients with colorectal to 

liver metastasis [20]. Collagen Type 1 (Col1) is an important ECM protein that 

provides tissue strength and support. Structural organization and levels of Col1 

can indirectly influence cancer phenotype and drug efficacy [21-23]. The ECM 

architecture surrounding most solid tumors has been established to be stiffer and 

more dense compared to healthy tissue [15, 24]. A dense TME has thus been 

shown to enhance metastasis and change the phenotype of mammary carcinoma 

in patient samples; however, the exact role of collagen deposition and density in 

tumor progression and drug response is nuanced [25, 26]. 

 

Hepatic resection is the only treatment that offers an increased long-term survival 

with a 5-year survival rate of 40%; however, only 25% of patients are suitable for 

this invasive surgery [3, 27]. Among the many that are not eligible for resection, 

adjuvant chemotherapy such as 5-fluorouracil (5-FU) combined with leucovorin, 

oxaliplatin (FOLFOX) or irinotecan (FOLFIRI) is used for CRC and metastasis 

management [28]. Unfortunately, drug resistance remains a major factor in low 

survival rates for CRC patients. Recently, the impact of the TME, including the 
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cellular stroma and the acellular extracellular matrix ECM, has gained attention for 

CRC research due to its increasing role in drug resistance and cancer progression 

[26, 29, 30]. 

 

It is now well understood that interactions between tumor cells, microenvironment-

specific stromal cells and ECM are essential for tumor growth and significantly 

effect drug response [29, 31]. The TME is not easily modeled in previously 

developed two-dimensional (2D) in vitro techniques; therefore, the consideration 

of new methods for visualization and manipulation has been investigated. 

Conventional 2D techniques are advantageous for their high-throughput 

capabilities and low cost; however, they lack the potential to mimic the complexity 

of the TME and are relatively limited in studying cancer metastasis and drug 

resistance mechanisms [32]. Additionally, in vivo animal models are expensive and 

inefficient, influencing the use of three-dimensional (3D) culture systems, such as 

spheroids, organoids, or microfluidics, to study the TME effect on cancer 

progression and chemotherapy response [33, 34]. 3D culture systems have also 

proven useful in studying cancer stem cells (CSC) due to its ability to maintain 

ECM density, hypoxia, and low nutrients [35]. Organoids are defined as clusters of 

cells that represent a fraction of a particular tissue environment and function [36]. 

Organoid and 3D culture systems have been increasingly popular in cancer 

research due to the ability to model some, but not all, aspects of the TME 

interactions with cancer cells [33, 37]. 
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Our innovative approach uses advanced biofabrication methods that mimic in vivo 

conditions in order to create a microenvironment similar to that of a colorectal 

tumor that has metastasized to liver. We have recently reported on the fabrication 

of CRC organoids by embedding tumor cell spheroids in Col1-suspended stromal 

cells (smooth muscle cells and fibroblasts) [38]. The stromal cells were able to 

remodel the Col1 gel, resulting in 3D organoids with well-structured stromal ECM 

that we implanted in mice. Herein we describe the utilization of our tumor organoid 

platform to analyze the interactions between an HSC cell line of the liver and 

metastatic CRC cell lines. In this study we expose cancer cells to various HSC-

produced ECM densities using TGF-β and determine macroscopic characteristics 

of the collagen remodeling and its effect on embedded cells. Finally, our tumor 

organoid platform is capable of testing the effects of the tumor-stroma organization 

on tumor cell response to chemotherapy. The overall goal of this research is to 

determine how structural/mechanical changes in the tumor microenvironment, 

specifically the ECM, impact tumor cell phenotype and their response to 

chemotherapy. 

 

RESULTS 

 

TGF-Β INDUCES MYOFIBROBLASTIC-LIKE PHENOTYPE OF LX-2 CELLS 

WITHIN THE ORGANOIDS. 
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HSCs are a major component of the liver mesenchymal cell population that react 

to injury or insult to through transdifferentiation into highly proliferative and motile 

myofibroblasts. Various cytokines, including TGF-β, activate HSC to 

myofibroblasts that steadily remodel the liver ECM via deposition of new ECM 

components and structural remodeling of the preexisting ECM [39]. To model the 

effect of TGF-β induced HSC activation we constructed 3D tissue equivalents 

(organoids) consisting of hepatic stellate cell (HSC) line (LX-2) suspended in 

collagen type I (Col1) hydrogel (Fig 24a). We then examined the expression of 

several fibroblastic markers in response to TGF-β by immunostaining organoids 

treated with TGF-β compared to control (Fig. 23a). Staining for fibroblast activation 

protein (FAP), a protein overexpressed on HSC upon activation, revealed a greater 

number of FAP-expressing LX-2 cells in the presence of TGF-β compared to the 

control. Similar results were observed for the expression of α-smooth muscle actin 

(αSMA), a marker for HSC activation and liver fibrosis. Quantification of stained 

images using VisioPharm software confirmed that LX-2 cells in organoids cultured 

in the presence of TGF-β increased expression of FAP and αSMA by 2.07- and 

2.56-fold, respectively (Fig. 23b, p-value = 0.045 and 0.019, respectively). Lastly, 

we measured the numbers of proliferating cells in the organoids by immunostaining 

for Ki-67. TGF-β increased LX-2 cell proliferation in the organoids by 2.02 times 

compared to control (p-value of 0.0026). These results indicate that the TGF-β 

activation of LX-2 cells induces myofibroblastic-like differentiation. 
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Figure 23: TGF-b induces myofibroblastic-like phenotype of the hepatic stellate cells (LX-2s) within the 

organoid. (A) LX-2 organoids are grown for 7 days with or without 10 ng/mL TGF-β and IHC stained 

for a-SMA or FAP (green), DAPI (blue), and Ki-67 (red). (B) LX-2 activation was determined by 

IHC quantification of FAP, a-SMA, and Ki-67 using VisioPharm software by calculating the 

percentage of positively expressed cells by the total nuclei present. Graphs represent mean ± s.e.m 

(n=5) and generated using GraphPad prism. 

 

TGF-Β INDUCES PHYSICAL AND STRUCTURAL CHANGES TO THE ECM OF 

TUMOR ORGANOIDS. 

 

The results presented above demonstrated that TGF-β induced transdifferentiation 

of LX-2, which may have a subsequent effect on ECM remodeling in the organoids. 

Anatomically, the remodeled ECM yields a dense environment (Fig. 22). To further 

model the effect of ECM density and architecture on metastatic tumor growth, we 

embedded spheroids of CRC cells (HCT-116) in the LX-2/Col1 suspension.  
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Macroscopic observations of organoids cultured in the presence of TGF-β 

revealed a significant difference compared with organoids grown in control media 

(Fig. 24b-c). Organoids grown in 10 ng/mL TGF-β for 96 h contracted 57% from 

the starting diameter of 7.5 mm whereas organoids grown in control media 

contracted 47% (Fig. 24b). The amount of contraction comparing the two groups 

was statistically significant with a p-value ≤ 0.01. In contrast, organoids lacking 

HSC and made with bare Col1 only did not contract over time in either of the media 

conditions (not shown). The significant change in LX-2-Col1 organoids’ diameter 

in the presence of TGF-β was associated with a significant increase in material 

stiffness of the organoids in comparison to control (Fig. 24c). Rheological data 

was converted to a fold increase from the t=0 measurement of ~2 kPa (Bare Col1) 

showing that organoids exposed to TGF-β achieved a fold increase of 16.4 in 

Young’s modulus whereas organoids grown in control media only reached an 

increase of 4.9 times after 96 h in culture (p-value < 0.0001). Bare Col1 organoids 

did not change in stiffness over time in either media condition (not shown). These 

morphological results indicate that exposure to exogenous TGF-β results in a 

dramatic change in ECM density. There is evidence that physical and structural 

changes associated with collagen fiber in the tumor microenvironment can alter 

the phenotype of tumor cells [22].  

 

To further study changes in the ECM in response to TGF-β stimulation, we 

characterized the collagen fiber structure using PS-Red staining on sections of 

paraffin embedded organoids. PS-Red stain highlights collagen bundles in 
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samples imaged under polarized light from highly bundled fibers in orange/red to 

naïve fibers in green (Fig. 25a). Organoids exposed to TGF-β exhibited a high 

amount of orange/red signal, suggesting active remodeling of Col1 by the LX-2 

cells to yield a large number of collagen fiber bundling. Hue quantification of ROIs 

throughout both the control and TGF-β groups verified the degree of collagen 

bundling that can be detected from the staining pattern (Fig. 25b). Organoids 

exposed to TGF-β were comprised of 89% red/orange pixels compared to 9% in 

the control group. Bare Col1 organoids displayed exclusively green signal, 

indicating unbundled collagen.  

 

Collagen fiber architecture was also analyzed to identify the length, width, and 

alignment of the individual fibers by CT-FIRE, a program designed to quantify the 

fiber characteristic by identifying edges through curvelet transformation and 

applying a fiber extraction algorithm [40, 41]. Fiber angles in both organoid groups 

produced a unimodal distribution whereas the collagen fibers in the control 

organoids had a wider angular distribution, indicating a less parallel assortment of 

fibers (Fig. 25c). The average angle variance between the fibers from both groups 

were highly significant (p-value < 0.0001) suggesting that TGF-β activated the LX-

2 cells to successfully remodel and align collagen fibers as seen in ECM dense 

fibrotic tissues [24, 42]. Fiber length and width measurements showed that 

organoids exposed to TGF-β contained longer and wider fibers than control (Figs. 

25e, f; p-value < 0.0001). These results build on the results shown in Fig 1 and 
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indicate that TGF-β mediated activation of LX-2 cells results in an ECM dense 

environment in the organoids. 

 

 

Figure 24. Establishing a tumor organoid model with ECM dense stroma. (A) Culture molds were 

produced by additive printing a negative mold then deposited PDMS was cured to generate a 6-

well plate microwell insert. The cell-collagen type I solution was deposited, with a suspended 

preformed HCT-116 spheroid, into microwells and allowed to gel. Culture media, with or without 10 

ng/mL of TGF-β was added to the culture media after the organoid gelated and allowed to grow for 

up to 7 days before being harvested. Organoids cultured in TGF-β, right, underwent sizable 

contraction compared to organoids in control media, center, and collagen-only controls, left. (B) 

Organoid diameter was measured over 96 h in culture conditions. (n=4) (C) Organoid stiffness was 

measured over 96 h in culture using a rheometer to determine the young’s modulus of the construct. 

(n=4) (**p≤0.01; ****p≤0.0001) 
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Figure 25: TGF-b-activated organoids display a dense ECM architecture. (A) Control and TGF-β-

treated liver organoids without (left) and with (right) an HCT-116 colorectal cancer spheroid was 

sectioned and stained with PS-RED to highlight naïve (green) and remodeled/bundled (red/orange) 

collagen fibers under polarized light. (B) Hue signal of PS-RED images was quantified using 

MATLAB software to compare groups. (C-F) Collagen fiber architecture was analyzed with 

segmentation software, CT-FIRE, to generate distributions of fiber angle (C), fiber angle variance 

(D), and box and whisker plots of fiber length (E), and width (F). MATLAB was used to generate 

graphs from extracted data. Box and whisker plots with Tukey formatting of pooled fibers performed 

in triplicate, representing 500-5000 fibers in total. (*p≤0.05; **p≤0.01; ***p≤0.001; ****p≤0.0001) 

 

DENSE ECM REVERSES MESENCHYMAL PROPERTIES OF CRC CELLS IN 

THE ORGANOIDS 
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After establishing a model of TGF-β-induced HSC transdifferentiation that resulted 

in a dense ECM architecture, we investigated the responsive behavior of the CRC 

cell spheroids within the organoids to changes in ECM (Fig. 26a). We utilized four 

membrane stains, E-cadherin, N-cadherin, β-catenin, and CD44 to determine the 

phenotypic change of the tumor cells in each degree of ECM architecture (Fig. 

26b, Fig S31). E-cadherin immunostaining demonstrated that HCT-116 cells along 

the spheroid periphery in the LX-2-Col1 organoids that were exposed to TGF-β 

expressed a higher level of membrane-bound E-cadherin, yet not statistically 

significant, compared to HCT-116 cells in organoids cultured in control media (Fig. 

26b). HCT-116 cells within bare Col1 organoids expressed a similar level of E-

cadherin as LX-2-Col1 organoids in control media. N-cadherin immunostaining 

results demonstrated a higher N-cadherin expression in HCT-116 cells within LX-

2-Col1 organoids in control media compared with nearly absent N-cadherin in 

organoids exposed to TGF-β (Fig. 26b). The expression of N-cadherin in HCT-116 

cells was even higher in HCT-116 spheroids within bare Col1 organoids. Similar 

results were observed for CD44 staining, with higher CD44 expression in HCT-116 

cells within LX-2-Col1 organoids in control media compared with HCT-116 cells in 

organoids exposed to TGF-β (Fig S31). The expression of CD44 in HCT-116 cells 

was even higher in HCT-116 spheroids within bare Col1 organoids (Fig S31).   

 

We then analyzed β-catenin expression and localization in HCT-116 spheroids 

inside the organoids. Immunostaining results of β-catenin demonstrated that 
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exposure to TGF-β lead to an increase in membrane-associated β-catenin in HCT-

116 cells within LX-2-Col1 organoids compared to control media and within bare 

collagen organoids (Fig. 26b). Lastly, we examined the presence of a cancer stem 

cell (CSC) population within the HCT-116 spheroids by staining for CD133 (Fig. 

26b-bottom). The number of CD133-potive cells was significantly higher in 

organoids exposed to TGF-β compared with organoids in control. Only a few 

CD133-potive cells were observed in bare Col1 organoids. The staining results 

were further quantified using VisioPharm software to determine the significance in 

staining results for the different EMT markers described above (Fig. 26c). In 

general, HCT-116 spheroids inside LX-2-Col1 organoids that were exposed to 

TGF-β demonstrated significant decrease in N-cadherin and CD44 expression 

compared with organoids in control media.  

 

In parallel, exposure to TGF-β induced a significant increase in membranal β-

catenin compared with control media. Next, we analyzed organoids for cell 

proliferation and expression of stem cell marker CD133 in order to determine the 

effects of ECM architecture tumor cell stemness. HCT-116 spheroids within bare 

Col1 organoids demonstrated higher proliferation compared with LX-2-Col1 

organoids either in the presence or the absence of TGF-β (Fig. 26c).  In parallel, 

CD133 expression was significantly increased in bare Col1 organoids compared 

to LX-2-Col1 organoids and in organoids treated with TGF-β compared to control 

media. (Fig. 26c, Fig. S31b) Together, the results shown in Fig. 24 and Fig. 25 

suggest that HCT-116 cells inside organoids with ECM dense environment 
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(organoids exposed to TGF-β) demonstrated a reduced EMT phenotype and cell 

proliferation compared with a more malignant phenotype of cancer cells in 

organoids with a loose ECM environment. In contrast, the ECM dense environment 

preserved a higher number of CD133-positive CSC population.  

 

 

Figure 26: Organoid with dense ECM reduces EMT marker expression of tumor cells. (A) A brightfield 

image of an H&E-stained organoid section reveals the orientation of future IHC images with HCT-

116 cells (CRC) in a preformed spheroid on the top right of the cropped image with LX-2 (hepatic 

stellate cells) or only type I collagen on the bottom left. (B) IHC staining of organoid sections for 

cell adhesion markers (red), Ki-67 (green) and DAPI (blue) at 40x magnification. All images use 

the same scale bar = 50 µm. White box on top right of each individual frame is a 2x zoom of the 

white box within image to show the red signal within individual cells. (C) IHC quantification of HCT-

116 cells was determined using VisioPharm software by calculating the percentage of positively 
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expressed cells by the total nuclei present. TGF-β inhibitor addition was at 24h. Graphs represent 

mean ± s.e.m (n=5) and generated using GraphPad prism. 

 

ECM composition and architecture has been shown to effect initiation of 

metastasis and cancer cell growth [15]. However, our model shown above using 

HCT-116 spheroids embedded in LX-2/Col1 suspension better represent the 

growth of an established liver metastases rather than an initial seeding in the liver. 

To better model the latter, we used a homogenous mixture of HCT-116 and LX-2 

in Col1 and allowed the organoids to form and grow for 7 days in culture media. 

This technique allowed us to analyze foci formation from a single cell within the 

organoids with the foundation that larger foci translates to highly malignancy and 

to test how different ECM densities impact tumor foci growth. Identification of HCT-

116 cells inside the LX-2-Col1 organoids was achieved by IHC with high levels of 

E-cadherin antibody that doesn’t stain LX-2 cells (red, Fig. 27a). We then analyzed 

the numbers and size of HCT-116 cell foci within HCT-116 cells only and co-culture 

Col1 organoids and determined the effects of TGF-β exposure and ECM 

architecture (Fig 27). Smaller HCT-116 foci were observed in the co-culture 

organoids (Fig. 27a-upper left) compared to the larger multicellular foci in the 

HCT-116 only organoids (Fig. 27a-upper right). Exposure of the co-culture 

organoids to TGF-β further reduced the size of HCT-116 foci, especially close to 

the center of the organoids (Fig. 27a-lower left); however, TGF-β did not produce 

an apparent difference in the size of HCT-116 foci in the HCT-116 only organoids 

(Fig. 27a-lower right).  
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These results were further quantified using a custom image analysis MATLAB 

script (Fig. 27b). It is important to note that the organoids contract due to Col1 

remodeling, resulting in a “cupped” construct, with LX-2 cells on one side of the 

construct. When sectioning the “cup” from the top or bottom, the center of the 

section is the center of the cup, where most of the remodeling occurs. We see the 

smallest HCT-116 foci at this location, the center of the section. This area is not 

necessarily the center of the 3D organoid, rather the center of the section, which 

is selected in order to show areas with varying levels of remodeling at the same 

plane. 
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Figure 27: Microspheroid cluster formation is hindered in organoids with dense ECM. A) Cocultured 

(HCT-116 & LX-2) (I & III) or monocultured (HCT-116) (II & IV) organoids in type I collagen are 

grown for 7 days with (III & IV) or without (I & II) 10 ng/mL TGF-β and IHC stained for HCT-116 

cells (E-cadherin, red), DAPI (blue), and Ki-67 (green). Arrows indicate where the zoomed in image 

are spatially located in the organoid section. (B) VisioPharm software was used to identify the mean 

HCT-116 cluster size in mono/coculture with/without TGF-β. Graphs represent mean ± s.e.m (n=6) 

and generated using GraphPad prism. (**p≤0.01; ****p≤0.0001) (C) Serial sections were stained 

for either E-cadherin (HCT-116, red), DAPI (blue), and Ki-67 (green) shown in the first column or 

PS-RED in the second column. Arrows indicate the location of the HCT-116 cluster from the first 

column on the serial section in the second column stained with PS-RED to identify the presence of 

absence of collagen remodeling. 
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We subsequently analyzed the spatial association of HCT-116 foci size and its 

relationship to the ECM architecture by staining serial sections for high levels of E-

cadherin (Fig. 27c-left) and PS-Red (Fig. 27c-right). This visual representation 

demonstrated that larger HCT-116 foci were mostly surrounded by 

unbundled/lamellar Col1 (stained green in PS-Red) whereas smaller foci were 

embedded inside highly remodeled and bundled Col1 (stained red/orange in PS-

Red). This spatial relationship of foci size and ECM architecture is apparent among 

the different experimental conditions and furthermore within a single condition. Co-

culture organoids exposed to TGF-β, demonstrated a heterogenous ECM 

architecture, with areas of highly bundled Col1 fibers (dense orange staining in 

PS-Red) and areas of less bundled Col1 fibers (sparse orange staining in PS-Red). 

In these organoids, smaller HCT-116 foci were present in the areas of highly 

bundled Col1 fibers (Fig. 27c-fourth row) compared with slightly larger foci in the 

areas of less bundled Col1 fibers (Fig. 27c-fifth row). Proliferation of HCT-116 

cells within the cell foci was determined by Ki-67 staining. Overall, there were more 

proliferating HCT-116 cells in foci within unbundled/lamellar Col1 (Fig. 27c-1st and 

3rd rows) compared with foci within highly bundled Col1 (Fig. 27c-4th and 5th 

rows). Altogether, ECM dense environments prevented formation of large tumor 

cell foci with high proliferation rate compared with the loose ECM environment that 

supported tumor cell foci growth and cell proliferation.  

 

MANIPULATION OF WNT AND FAK SIGNALING IN ORGANOIDS CAN 

MODULATE HCT-116 PROLIFERATION 
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Cells are known to transduce signals from the ECM through integrin binding which 

can initiate signaling pathways through focal adhesion kinase (FAK) which can 

drive metastasis, survival, and regulate downstream pathways such as WNT. In 

order to determine if Col1 fiber organization can alter FAK expression, we stained 

sections of organoids consisting of HCT-116 spheroids with different stroma 

conditions for FAK (green) and Ki-67 (red). In Col1 organoids, there was prominent 

FAK staining present in most cancer cells. In LX-2 containing organoids, 

cytoplasmic FAK staining decreased and is predominantly in the membrane on the 

cells (Fig. 28a-bottom). Similar FAK staining was observed in LX-2 containing 

organoids treated with TGF-β, in spite of the significant difference in ECM 

architecture (PS-Red staining). However, in organoids treated with TGF-β and its 

inhibitor at 24h, FAK staining was localized back into the cytoplasm at a higher 

signal. Additionally, we were able to observe that concomitant FAK expression was 

associated with higher rates of proliferation in cancer cells, as shown by 

immunostaining of HCT-116 cells for Ki-67 expression (Fig. 28b). Quantification 

of Ki-67 positive ratios corroborated our visual observations that Col1 organoids 

showed significantly higher levels of HCT-116 proliferation compared with 

Col1+LX-2 organoids. In order to examine the role of FAK in tumor cell proliferation 

in the organoids, Col1 organoids were treated with an FAK-phosphorylation 

inhibitor, Defactinib. In the presence of the FAK inhibitor, we observed that FAK 

staining was localized more to the cell membrane, as seen in LX-2 containing 

organoids (Fig. 28a-right), as well as significant reduction in the number of Ki-67+ 
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proliferating HCT-116 cells compared with untreated Col1 organoids (Fig. 28b). 

These results suggest that inhibition of FAK phosphorylation, and possibly FAK 

downstream signaling, could control HCT-116 proliferation in organoids with 

unbundled/lamellar Col1, that were shown to favor tumor cell proliferation.  

 

 

Figure 28: The effects of ECM architecture on FAK expression and localization. A) Organoids 

consisting of HCT-116 spheroids with the indicated stroma were treated with TGF-β, TGF-β+SB 

431542 (Inhibitor) at 24h or Defactinib (100nM) at 0h, an FAK-Phosphorylation inhibitor, as 

indicated. Sections of the organoids were stained with PS-Red (top), FAK/Ki-67/DAPI (middle), and 

FAK (bottom). B) Quantification of Ki-67 positive HCT-116 cells were determined using VisioPharm 

software by calculating the positively expressed cells relative to the control. Graphs represent mean 

± s.e.m (n=5) and generated using GraphPad prism. 

 

TGF-Β INHIBITION ALTERS ECM REMODELING AND TUMOR CELL 

CHEMOSENSITIVITY 
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The results presented above link ECM architecture to tumor cells phenotype and 

proliferation inside the tumor organoids. We found that TGF-β significantly induced 

formation of dense ECM environment and subsequently reduced tumor cell 

proliferation and a change to a less malignant phenotype. As such, inhibition of 

structural changes to the ECM could serve as a therapeutic target. Specifically, SB 

431542 is a potent small molecule TGF-β receptor inhibitor of TGF-β intracellular 

signaling [43]. We first analyzed our HCT-116 spheroid embedded LX-2+Col1 

organoid contraction, stiffness, and collagen fiber characteristics in the presence 

of TGF-β and the inhibitor at 24h (Fig 29). Organoid contraction was significantly 

repressed when the TGF-β inhibitor was added simultaneously with the exogenous 

TGF-β (Fig. 29a, p-value < 0.001). Inclusion of the TGF-β inhibitor at different 

times after the addition of TGF-β demonstrated a time-dependent inhibition of 

organoid stiffness (Fig. 29b) Addition of the TGF-β inhibitor up to 24 hours post 

exposure of the organoids to exogenous TGF-β completely inhibited TGF-β-

induced organoid stiffness after 96 hours, in spite of an initial stiffness increase 

when the inhibitor was added 8 and 24 hours post exposure to TGF-β. However, 

when the inhibitor was added 48- and 72-hours post exposure to TGF-β, the 

stiffness measured after 96 hours was significantly higher compared with the 

addition of the inhibitor at the earlier time points. Interestingly, addition of the 

inhibitor at these later time points (48 and 72 hours) still had a significant inhibition 

of organoids’ stiffness compared to organoids incubated with TGF-β in the 

absence of the inhibitor. Collagen fiber analysis using CT-FIRE supported the 
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organoid’s contraction and stiffness results and show that the TGF-β inhibitor at 

24h significantly blocked TGF-β induction of collagen fiber alignment (Fig. 29c), 

it’s corresponding variance (Fig. 29d) and fiber lengthening (Fig. 29e) and 

widening (Fig. 29f and Fig. S32) (p-value < 0.0001). Addition of the inhibitor 24 

hours post exposure of TGF-β resulted in an epithelial phenotype quantified 

between the control group and the TGF-β group, as expected (Fig. 26c). 

Altogether, these results showed that TGF-β exerts a progressive induction of 

ECM remodeling in the organoids and that our organoid system can serve as a 

good model to determine the time of intervention when targeting the ECM 

architecture remodeling process. 

 

 

Figure 29: Inhibiting the TGF-β modulates the degree of ECM density and fiber organization. (A) HCT-

116-containing LX-2 organoid diameter was measured over 96 h in culture. A TGF-β inhibitor (SB 

431542, 10 µM) was added to the media containing TGF-β (10 ng/mL) at the indicated time points. 

(n=4) (B) Organoid stiffness was measured over 96 h in culture conditions using a rheometer to 
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determine the young’s modulus of the construct. (C-F) Collagen fiber architecture in organoids 

treated with TGF- β inhibitor 24h after TGF-β addition was analyzed with segmentation software, 

CT-FIRE, to generate distributions of fiber angle (C), fiber angle variance (D), and box and whisker 

plots of fiber length (E), and width (F). MATLAB was used to generate graphs from extracted data. 

Box and whisker plots with Tukey formatting of pooled fibers performed in triplicate, representing 

500-5000 fibers in total. (*p≤0.05; **p≤0.01; ***p≤0.001; ****p≤0.0001) 

  

As stated above, the process of ECM remodeling around the tumor could present 

a novel target for anti-cancer therapy. To test this hypothesis in our tumor organoid 

model, we treated HCT-116 spheroids within LX-2 and bare Col1 organoids with 

TGF-β and its inhibitor at 24h after TGF-β addition and measured tumor cell 

response to three 5-FU based chemotherapy combination (FOLFIRI, FOLFOX, 

and 5-FU alone) (Fig. 30). Organoids were harvested 72 hours post chemotherapy 

treatment and histological sections of the organoids in the different treatment 

groups were analyzed by immunostaining with antibodies against cleaved 

caspase-3 (green), Ki-67 (red) and with DAPI (blue) (Fig. 30a). Expression of 

caspase-3 and Ki-67 in HCT-116 cells (within white dashed line) was analyzed 

using VisioPharm software. Caspase-3 to Ki-67 ratio for each drug was graphed 

as a measure for chemosensitivity (Fig. 30b-e). 
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Figure 30: Organoid with dense ECM reduces tumor cell response to specific fluorouracil-based 

chemotherapy. (A) Organoids were treated with FOLFIRI (5-FU, 1mM; Leucovorin, 20 µM; 

Irinotecan, 50 µM), FOLFOX (5-FU, 1mM; Leucovorin, 20 µM; Oxaliplatin, 50 µM), 5-FU (1mM) or 

Control (DMSO) for 72h after organoid was allowed to self-organize for 96h. Paraffin sections were 

stained with DAPI (blue), Ki-67 (red), and Caspase-3 (green) where the HCT-116 cells can be seen 

within the spheroid (white dashed circle) and the LX-2s are surrounding. (B-E) Immunofluorescent 

images of treated organoids were analyzed using VisioPharm to determine total HCT-116 (dash 

grey line) caspase-3 to Ki-67 ratio in each drug condition. TGF-β inhibitor was giving at 24h post 

TGF-β addition. Graphs represent mean ± s.e.m (n=12) and generated using GraphPad prism. 

(*p≤0.05; **p≤0.01; ***p≤0.001; ****p≤0.0001) 

 

Organoids in the four experimental conditions (Col1, LX-2-Col1, LX-2-Col1 & 

Inhibitor, and LX-2-Col1 & TGF-β) exhibited the lowest cell apoptosis-to-

proliferation (Cas-3:Ki-67) rates when grown in the presence of vehicle control 

media (Fig. 30a). Treatment of LX-2-Col1 organoids with FOLFIRI showed no 

significant difference in Cas-3:Ki-67 ratio compared to vehicle control media (Fig. 
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30b). However, we observed a drastic increase in Cas-3:Ki-67 ratio in TGF-β-

treated LX-2-Col1 organoids (Fig. 30b). This was most likely an anomaly of the 

HCT-116 cell line due to its low plasticity, but further investigation was not done. 

FOLFOX and 5-FU treatment of Organoids in the four experimental conditions 

revealed a trend that aligned with our initial hypothesis (Fig 30d-e). As the ECM 

density increased, chemotherapy response, in terms of apoptosis-to-proliferation 

(Cas-3:Ki-67) ratio, decreased. We also noticed that organoids incubated with the 

TGF-β inhibitor 24h after initial activation with TGF-β exhibited similar Cas-3:Ki-67 

values as organoids treated just with TGF-β. This response to chemotherapy could 

be a combined effect ECM density and also HSC activation, which was allowed to 

happen for the first 24h before the inhibitor was added. Together, these results 

suggest a correlation between tumor cell phenotype, proliferation, and 5-FU based 

chemotherapy sensitivity to ECM remodeling and stromal cell activation. 

 

DISCUSSION 

A tumor mass consists of more than simply cancerous cells in isolation but also 

the tightly surrounding TME, made up of both the non-cellular ECM and various 

types of stromal cells. Though chemotherapy resistance is often attributed to tumor 

heterogeneity, cancer progression and malignancy is also profoundly influenced 

by its interaction with the surrounding TME. Recently, there has been a move to 

incorporate stromal cells and TME components in experimental testing in vitro and 

understanding of liver fibrosis and disease as well as the development of 

chemotherapeutic agents [34, 44, 45]. It is clear that the TME is a major influencer 
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in surrounding cell fate; however, there remains unanswered questions on the 

exact function the TME plays in cancer progression.  

 

Residing HSCs in the liver are considered a major component of a liver TME since 

they transdifferentiate into highly proliferative and motile myofibroblasts that are 

associated with desmoplasia and tumor growth. HSC activation can occur in 

response to various cytokines, such as TGF-β, from either a neighboring cell in 

response to an injury or from cancerous cells within the tissue. Myofibroblastic 

HSCs are responsible for the major changes that transpire in the liver ECM 

associated with an aggressive TME via two mechanisms, the deposition of new 

ECM components and the physical remodeling of the preexisting ECM. Our 

advanced approach uses biofabrication methods that mimic in vivo conditions in 

order to create a microenvironment similar to that of a colorectal tumor that has 

metastasized to liver. Herein we described the utilization of our tumor organoid 

platform to analyze the interactions between an HSC cell line of the liver and 

metastatic CRC cell line. In this study we exposed cancer cells to various HSC-

produced ECM densities and determined macroscopic characteristics of the 

collagen remodeling and its effect on embedded cancer cells. Our tumor organoid 

platform was capable of determining the effects of the tumor-stroma organization 

on tumor cell response to chemotherapy. The 3D organoid technology allows for 

full control over the structural and cellular properties of the TME, including stromal 

fibroblast cells, to better mimic the physiological nature of an in vivo tumor. 
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The goal of this research was to test the relationship between the TME architecture 

and cancer cell malignancy as well as chemoresistance by developing a Col1 

based 3-dimensional (3D) organoid model that can be manipulated around a 

cancer spheroid. We classify our 3D constructs as organoids based on its ability 

to self-remodel the surrounding collagen in a matter of days that mimics the long, 

ongoing process that occurs in an aging liver. The LX-2 cell line responsible for the 

collagen remodeling remains genetically similar to primary HSC and responds to 

TGF-β by increasing expression of a-SMA, Col1, and other profibrotic markers [46-

48]. Our organoid constructs consisting of LX-2s displays a rapid increase in 

contraction and stiffness when treated with exogenous TGF-β, suggesting that the 

LX-2s are actively remodeling the surrounding Col1 3-D hydrogel. Individual 

collagen fiber analysis confirms that the LX-2s are performing normal collagen 

bundling and remodeling in control cell culture conditions and excessive 

remodeling when exposed to TGF-β. We identified that the Col1 fibers in organoids 

treated with TGF-β are more aligned, longer, and wider, consistent with HSC 

activation and fibrotic tissue [49, 50]. The collagen fiber characteristics of the 

different groups indicate the ability to generate a range of fibrotic environments 

consisting of dense, aligned collagen ECM. Since activation of HSCs are thought 

to be progenitors to αSMA-positive myofibroblasts, a marker for CAFS, we stained 

organoid sections with αSMA and FAP antibodies confirming TGF-β induces a 

myofibroblastic-like phenotype in the LX-2s within the Col1 hydrogel [49, 51]. 

Altogether, the stromal stiffening seen in the organoids upon exposure to TGF-β 

are a result to the increased matrix deposition, crosslinking, and bundling by the 
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LX-2s, consistent with CAF behavior in the liver that can change cancer cell 

characteristics and create chemoresistance [52, 53].  

 

Since stromal components are known to play a key role in the process of tumor 

progression, we analyzed the effect a fibrotic, ECM dense organoid has on HCT-

116 CRC spheroids that are metastatic in nature. IHC staining of common 

epithelial markers, E-cadherin and β-catenin, and mesenchymal marker, N-

cadherin and CD44, reveals that embedded cancer cells in bare Col1 exhibits a 

highly proliferative, mesenchymal phenotype whereas cells within an increasingly 

ECM-dense environment begin to only express epithelial markers. N-cadherin is a 

cell membrane protein that is usually expressed at low levels in normal epithelial 

cells whereas E-cadherin is a well-known tumor-suppressor membrane protein 

and loss of expression is associated with the EMT, as we see in HCT-116 cells 

along the periphery of the spheroid embedded in bare Col1 [54]. CD44 is highly 

expressed in primary and metastatic colon cancer compared to low levels in 

normal tissues and upregulation of CD44 expression induces EMT and the 

acquisition of invasive and metastatic properties [55]. E-cadherin expression by 

HCT-116 cells in the periphery of spheroids in organoids with denser ECM is high 

relative to other organoid types but not significantly. β-catenin is a component of 

the adherens junction complex helping anchor E-cadherin to intracellular actin on 

the cell membrane of many epithelial cells which is seen in high stiffened 

organoids. In contrast, upon EMT and Wnt activation in many cancer cells, β-

catenin is mostly found inside the cell cytoplasm/nucleus and is associated with 
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malignant transformation as we have seen in HCT-116 embedded in bare Col1 

[54]. In parallel, CD44 has been shown to inhibit the membrane-associated E-

cadherin- β-catenin complex, which results in nuclear translocation of β-catenin 

[56]. This phenomenon associates high levels of CD44 with proliferation and a 

mesenchymal phenotype, a characteristic we observed in bare Col1 organoids. 

CD44 enhances the epithelial-mesenchymal transition in association with colon 

cancer invasion [55].  

 

In order to determine the use of this tumor organoid model to simulate tumor cell 

seeding and initial metastatic growth, we use a 3D co-culture system using single 

cell suspension of LX-2 and HCT-116. This technique enables us to analyze foci 

development from a single cell within the differing ECM architectural organoids 

with the foundation that larger foci translate to highly malignancy. Through IHC 

staining, we identified that an ECM-dense environment created by activated LX-

2s inhibited HCT-116 microspheroid foci formation compared to a lesser dense 

ECM. We then looked at serial sections of the same organoid to locate cancer foci 

via IHC in relationship to their surrounding collagen fiber architecture using PS-

Red staining. We can visually see that even within the same organoid, larger foci 

are adjacent to naïve Col1 whereas smaller foci are neighboring highly remodeled 

architecture. These findings are evidence that both activated myofibroblastic-like 

cells and ECM architecture play a role in inhibiting cancer initiation and can act as 

possible tumor suppressors. 
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We then test a potential transduction pathway of ECM architecture through FAK – 

a known oncogenic pathway [57, 58]. We had identified variable activity of the FAK 

pathway between differentially organized matrices. Treatment of Col1 organoids 

with Defactinib, an inhibitor of FAK phosphorylation, changed FAK staining 

localization from the cytoplasm to the membrane, as seen in LX-2 containing 

organoids, and significantly reduced HCT-116 cell proliferation. This result 

suggests that FAK activation may have a role in supporting tumor cell proliferation 

in Col1 organoids that lack well-structured stromal ECM. In fact, FAK activity is 

well documented in colorectal cancer, and higher expression is associated with 

aggressive cancers [59-61]. This sheds light on a possible signaling pathway that 

may be involved ECM-tumor cell interactions and could influence tumor cell 

phenotype and proliferation. 

 

Next, we employed a TGF-β receptor inhibitor, SB 431542, that can completely 

eliminate exogenous TGF-β when given simultaneously. We used this inhibitor at 

different time points to attempt to modulate the effects of TGF-β in the organoid. 

In the normal setting, stromal cells express TGF-β inhibitors and are thought to 

reduce the inflammatory response and effect of the surrounding fibroblasts [62]. 

Subsequently, low levels of TGF-β inhibitors, like asporin, can be corelated with 

poor survival. Rescuing the ECM from remodeling within our organoid model leads 

to a controllable fibrotic environment that surrounds the cancer cells. We see that 

when given the organoids TGF-β inhibitor 24h after TGF-β addition, the organoids 

revert to a less stiff (Fig. 29b), less remodeled (Fig. 29c-f) collagen architecture 
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by 96h. Conversely, addition of TGF-β inhibitor at 48h or after does not completely 

revert to the original stiffness without any TGF-β addition (Fig. 29b). These results 

suggest that there is a time threshold before remodeling can be stopped and that 

the remodeling activity during the first 24h with TGF-β may be irreversible. 

 

After determining a dissimilarity in HCT-116 proliferation and phenotype in differing 

ECM density conditions, we tested chemotherapy efficacy of common 

fluoropyrimidine based regimens. Fluoropyrimidine drugs, such as 5-FU, are 

widely used in the treatment of multiple cancers including CRC; however, 5-FU 

has a response rate of about 10-30% for metastatic CRC and differs depending on 

the stage of cancer [3, 63, 64]. 5-FU achieves its therapeutic efficacy by the 

conversion to metabolites upon entering the cell, disrupting DNA synthesis through 

misincorporation, along with inhibiting thymidylate synthase activity halting cell 

division of a rapidly dividing cell. In current clinical practices, 5-FU-based 

chemotherapy shows the greatest impact against CRC when combined with other 

therapeutic agents like leucovorin, irinotecan (FOLFIRI), and oxaliplatin (FOLFOX) 

[3]. After treating spheroids embedded in organoids, we found that HCT-116 cells 

are less susceptible to most 5-FU based chemotherapies tested when surrounded 

by a dense, remodeled ECM architecture produced by activated HSC. Conversely, 

HCT-116 spheroids in bare collagen, which are more proliferative, are more 

susceptible to 5-FU and FOLFOX. Due to the mechanism of action of 5-FU, it is 

not surprising that the difference in proliferation seen in the various conditions 

correlates with chemotherapy sensitivity. The high Cas-3:Ki-67  seen by FOLFIRI 



 114 

induction of apoptosis and halting proliferation in a highly dense ECM is most likely 

an anomaly in part due to the use of a low malleable cell line or an insight on how 

irinotecan functions in ECM dense environments. Altogether, we show that ECM 

density created by activated stromal cells can later chemosensitize nearby tumor 

cells.  

 

Cancer stem cells (CSC) are known to display a heightened resistance to 

chemotherapy, similar to the therapy resistance exhibited by recurrent tumors in 

the cancer patients [35]. Contrary to the literature, we see a significant decrease 

in HCT-116 proliferation and mesenchymal phenotype in organoids with denser 

ECM, indicating a potential influence on chemosensitivity. We have asked 

ourselves if the lower chemotherapy response in organoids with denser ECM (Fig 

30) may be related to preservation of stem cell populations of HCT-116 in 

organoids treated with TGF-β. The cell surface marker CD133 has been identified 

as a CSC marker in CRC and high CD133 expression is thought to contribute to 

tumor progression and therapy resistance [65]. CD133 staining, reveals a 

significantly larger number of CD133-positive cells, presumable CRC, in organoids 

with denser ECM (Fig 26). This leads us to suggest that the organoids with denser 

ECM enable the CSC population in the HCT-116 cell line to remain dormant rather 

than differentiate and proliferate, as seen in the bare Col1 organoids. Tumor 

dormancy is an important mechanism underlying the ability for cancer cells to 

evade chemotherapy, maintain residual disease, and metastasize slowly over time 

[66-68]. Future studies will focus on the effects of tumor ECM density on tumor 
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dormancy and if changes in the ECM architecture may release tumors from a 

dormant stage. 

 

The cellular and non-cellular aspects of the TME has been recently attributed to 

how tumors metastasize, proliferate, evade immune systems, and resist 

chemotherapy [6, 15, 29, 31, 69, 70]. However, a lack of in vitro models that 

accurately replicate changes in the ECM architecture has made it difficult to 

pinpoint fibrotic effects on cancer that has metastasized to the liver, among many 

others. Our CRC organoid platform enables us to study the interactions between 

tumor cells and the controllable surrounding ECM. We are able to identify changes 

in a low plasticity cell line, HCT-116, when changes in the ECM architecture occur 

that result in differing chemotherapy resistance and sensitivities. This system will 

allow us to begin investigating the effect ECM density has on tumor samples 

directly from patients to help better understand the underlaying mechanisms of 

chemoresistance through precision medicine.  

 

LIMITATIONS OF THE STUDY 

Several study limitations are acknowledged in this work. Our findings are restricted 

by the use of only established cell lines, HCT-116 (CRC) and LX-2 (HSC). Future 

work using primary tumor cells from human CRC biopsies is needed to validate 

these studies. Our tumor ECM is composed only of Col1. Although Col1 is the 

major component of the tumor ECM, other ECM proteins are found in the tumor 
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stroma and may undergo different remodeling than Col1 and may interact 

differently with the tumor cells. Further studies using a variety of ECM proteins will 

have a more complete recapitulation of the tumor ECM and its role in tumor 

progression. Finally, this study tested the tumor organoids only under in vitro 

conditions, which are far different than the in vivo environment and may not take 

into account normal physiological circulation and immune/inflammatory system. 

 

MATERIALS AND METHODS 

 

CELL CULTURE 

Human hepatic stellate cells, LX-2 cells, provided by Dr. Scott Friedman (Icahn 

School of Medicine at Mount Sinai, Ney York, NY), and human metastatic colon 

colorectal carcinoma cell line, HCT-116 (#CCL-247, ATCC, Manasses, VA), were 

maintained in Dulbecco’s Modified Eagle Medium (DMEM) (Lonza, Switzerland) 

supplemented with 10% fetal bovine serum, 100 U/mL of penicillin, and 100 mg/mL 

of streptomycin. Cell lines were cultured in conditions of 37°C and 5% CO2. All cell 

types were cultured and expanded in plastic 15-cm tissue-treated dishes. Cells 

were cultured to 80%-90% confluence before being harvested for use or passage. 

All cells were detached from the plates with Trypsin/EDTA (Hyclone) and 

resuspended in media before further use in studies. 

 

SPHEROID AND ORGANOID FABRICATION 
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Spheroids of HCT-116 cells (1.0x104 cells each) were prepared by suspending 

cells in culture media at 1.0x105 cells/mL and dispensing 100 µL of cell-media 

suspension into each well of an ultra-low attachment round-bottom 96-well plate 

(CoStar #7007; Corning, Corning, NY). Cells formed tight, spherical structures 

after 3 days in culture at which time they were implanted in organoids immediately.  

Organoids were fabricated as described previously [71]. Type I Rat Tail Collagen 

(#354236; Corning) was prepared per manufacturers’ protocol at a concentration 

of 2 mg/mL on ice. LX-2 cells were trypsinized and counted, then suspended in 

desired Col1 concentration at 5.0x106 cells/mL. Media from round-bottom plates 

containing the spheroids was aspirated and 100 µL of LX-2-Col1 or collagen only 

solution was pipetted into each well without disturbing the spheroid. The 100 µL 

LX-2-Col1-spheroid mixture was slowly pipetted up to suspend the spheroid and 

was dispensed into a polydimethylsiloxane (PDMS; DOW Sylgard 184, Midland, 

MI) molds as described previously (Fig. 24a-top) [71]. After ensuring that the 

spheroid was in the center of the hydrogel solution, the plates were stored at 37ºC 

for 30 minutes to allow the gel to polymerize. Coculture organoids were produced 

using a homogenous mixture of 5.0x105 LX-2 cells and/or 5.0x104 HCT-116 cells 

in Col1. After collagen polymerization, media was added with or without 10 ng/mL 

TGF-β, and molds were removed (Fig. 24a-bottom) [46]. Organoids were cultured 

for 7 days total but varied depending on the experiment. Media was replenished 

every three days. 

 

CONTRACTION ASSAY 
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Organoid contraction was measured through time by diameter calculation via 

image analysis of digital images. For each organoid, an image was taken at various 

time points (list time points here) with a ruler in the image for scale. The image was 

then opened in ImageJ and the pixel/mm was converted based on the ruler scale. 

The diameter of each organoid was measured in triplicate.  

 

RHEOLOGICAL MEASUREMENTS AND ANALYSIS 

Organoid stiffness was determined using a Discovery HR2 Rheometer (TA 

Instruments), by applying a sinusoidal strain on the material. The elastic moduli of 

the organoids were determined through generation of a force-displacement curve 

through compression testing with a flat, 8mm, round geometry. Organoids were 

placed on the center of the rheometer stage and excess liquid was removed. The 

geometry was set to compress the organoid and collect force and gap distance 

measurements every 0.25 s. Samples were discarded after compression. Stress 

values were generated by dividing force measurements by sample area, 

determined through digital imaging. Strain values were generated by subtracting 

the gap distance from the sample height and dividing the total sum by the height. 

Stress (y-axis) and strain (x-axis) were then plotted to yield a stress-strain curve 

consisting of two phases: an initial amorphous phase and a subsequent crystalline 

phase occurring after a curve elbow. Elastic modulus was calculated using the 

slope of the amorphous phase. 
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IMMUNOHISTOCHEMISTRY STAINING AND ANALYSIS 

Organoids were fixed in 4% paraformaldehyde overnight at 4°C, then washed with 

phosphate buffered saline (PBS), and stored in 70% ethanol before paraffin 

processing. Following paraffin processing and embedding, 5 µm sections were cut 

using a microtome (Leica Microsystems Inc., Buffalo Grove, IL) and mounted to 

slides. For all stains, slides were baked for 2 h at 60˚C followed by deparaffinization 

and rehydration. Hematoxylin & Eosin (H&E) staining was performed by core 

facilities at the Wake Forest Institute for Regenerative Medicine. Picrosirius Red 

(PS-Red) staining was done using a commercially available staining kit (#24901; 

PolySciences, Warrington, PA) following the manufacturer’s protocol. 

 

For immunohistochemistry (IHC), all incubations were performed at room 

temperature. Antigen retrieval was performed using Proteinase K (DAKO; 

Carpinteria, CA). Samples were permeabilized with 0.05% Triton-X in PBS for 5 

min. Non-specific antigen blocking was performed using Protein Block Solution 

(#ab156024; Abcam, Cambridge, MA) incubation for 30 min. Slides were then 

incubated with the appropriate primary antibody against β-Catenin (#71-2700; 

Invitrogen-ThermoFisher), E-Cadherin (#ab40772; Abcam), N-Cadherin 

(#ab76011; Abcam), CD44 (#ab51037; Abcam), CD133 (MAB4399-I; Millipore 

Sigma), Cleaved Caspase-3 (#9661; Cell Signaling Technology), focal adhesion 

kinase (FAK) (#ab40794, fibroblast activation protein (FAP) (#ab53066; Abcam), 

α-smooth muscle actin (SMA) (#ab5694; Abcam) or Ki-67 (#ab16667; Abcam) at 

recommended dilutions in a humidified chamber overnight at 4°C. Slides were then 
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washed and incubated for 1 h with the appropriate secondary antibody. Slides 

were exposed to DAPI for 5 min and mounted with Prolong Gold (Invitrogen) before 

imaging. Relevant control slides were prepared for each condition and each 

antibody combination by excluding the primary antibody incubation. PS-Red 

stained slides were imaged using linearly polarized light while immunofluorescent 

stained slides were imaged utilizing laser excitation and were captured with an 

Olympus BX63 microscope (Olympus; Center Valley, PA) with an Olympus DP80 

camera (Olympus). 

 

IHC images were imported as uncompressed files into Visiopharm software 

(Broomfield, CO) for analysis and quantification. An application for each 

experiment was developed and modified using the Visiopharm software (Fig. S33). 

Briefly, a script was written to deconvolve each immunofluorescence signal, then 

isolate the nuclei using the DAPI stain. After each cell was segmented, a second 

script was written to deconvolve the fluorescence signal and quantify the cells 

expressing of EMT markers, Caspase-3, FAP, s-SMA and/or Ki-67 markers. These 

results were imported in Microsoft Excel and calculated for number significance. 

 

COLLAGEN FIBER IMAGING AND QUANTIFICATION 

Organoid sections were obtained as previously described and stained using a 

picrosirius red stain kit (#24901; PolySciences, Warrington, PA). PS-Red imaging 

was performed on an Olympus BX63 (Olympus; Center Valley, PA) upright 
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microscope under brightfield with linearly polarized light. Once images were 

captured, PS-Red signal was quantified using hue analysis of collagen signal and 

collagen fiber geometric parameter segmentation. Hue analysis to identify different 

levels of collagen bundling and fibrilization was performed using a MATLAB script. 

Fiber parameter segmentation and quantification of regions of interest’s was 

performed using CT-FIRE (Laboratory for Optical and Computation 

Instrumentation, University of Wisconsin). Settings were optimized for one data set 

and remained untouched for remaining images. Data was inputted into MATLAB 

for analysis and GraphPad prism for graphing. 

 

DRUG TREATMENT AND ANALYSIS 

Organoids with embedded spheroids were cultured for 72 hours, then transferred 

to new well plates and incubated with media containing chemotherapeutics. 

Organoids were exposed to chemotherapeutics or small molecule inhibitors for a 

further 72 hours before analysis. FAK phosphorylation inhibition was achieved with 

defactinib (#S7654, Sellekchem, Houston, TX) solubilized in DMSO to produce a 

stock solution of 1 mM. Stock solution was added to DMEM to produce a final 

concentration of 100 nM. TGF-β inhibition was achieved using SB 431542 (#AB-

100-NA, R&D Systems) solubilized in DMSO at 15 mM. Stock solution was added 

to DMEM to obtain a final concentration of 10 µM. Chemotherapeutic formulations 

were prepared using the following concentrations: 5-Fluorouracil 1mM, Oxaliplatin 

25µM, Irinotecan 50µM, and Leucovorin 50µM. Organoids were fixed and 
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sectioned prior to IHC staining with Ki-67 and cleaved caspase-3. Images were 

analyzed using VisioPharm software similar to EMT quantification (Fig. S33).  

 

STATISTICAL ANALYSIS 

All experiments were performed in triplicate or greater. Quantitative results are 

presented as mean–standard deviation. Significance of data values that 

approximate a normal distribution was evaluated using a Student’s t-test (two 

tailed) with two-sample unequal variance. Significance values are denoted in figure 

legends. 

 

SUPPLEMENTAL MATERIAL 
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Figure S31: Organoid with dense ECM reduces CD44 expression in HCT-116. (A) IHC staining of 

organoid sections for CD44 (red), Ki-67 (green) and DAPI (blue) at 40x magnification. All images 

use the same scale bar = 50 µm. White box on top right of each individual frame is a 2x zoom of 

the white box within image to show the red signal within individual cells. (B) IHC quantification of 

HCT-116 cells was determined using VisioPharm software by calculating the percentage of 

positively expressed cells by the total nuclei present. Graphs represent mean ± s.e.m (n=5) and 

generated using GraphPad prism. 

 

 

 

Figure S32: TGF-β inhibitor effectively prevents type I collagen remodeling by LX-2 cells. (A) 

Organoids containing LX-2s and type I collagen were sectioned and stained with PS-RED (left) to 

highlight naïve (green) and remodeled/bundled (red/orange) collagen fibers under polarized light 

and H&E (right) 
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Figure S33: Image analysis using VisioPharm Software. IHC images were imported as 

uncompressed files into Visiopharm software (Broomfield, CO) for analysis and quantification. A 

script was written to deconvolve each immunofluorescence signal, then isolate the nuclei using the 

DAPI stain. After each cell was segmented, a second script was written to deconvolve the 

fluorescence signal and quantify the cells expressing of Ki-67 and E-Cadherin markers. These 

results were imported in excel and calculated for number significance. 
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SUMMARY 

Cancer associated fibroblasts (CAFs) are among the key cellular components in 

the tumor microenvironment (TME) that are responsible for collagen deposition, 

ECM remodeling, and extensive signaling interactions with cancer cells. Here, 

using patient-specific tumor organoids, we sought to: i) determine how ECM 

remodeling differs between CAFs isolated from different tumor types; and ii) 

determine the effect of cancer cell secreted factors on ECM remodeling capabilities 

of CAFs. We analyzed ECM remodeling capabilities through staining and 

computational techniques that enabled us to measure ECM microarchitecture 

including collagen fiber length, width, and alignment. Our results demonstrated 

high remodeling capabilities of patient-derived CAFs that were significant inhibited 

in the presence of tumor cell derived conditioned media (CM).  

 

INTRODUCTION 

Tumor tissue consists of not only cancerous cells but also a cellular stroma, 

including cancer-associated fibroblasts (CAFs) and immune cells, and a 

noncellular extracellular matrix (ECM), comprised largely of collagen, fibronectin, 

and laminin. This complex environment tightly surrounds cancer cells and is 

referred to the tumor microenvironment (TME). The TME is known to have a 

significant role in regulating tumor growth, cancer malignancy and treatment 

response [1-4]. Furthermore, CAFs can induce cancer progression by supporting 

tumor cell growth, extracellular matrix remodeling, promoting angiogenesis, and 

by mediating tumor-promoting inflammation [5-7]. ECM remodeling around tumors 
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performed by CAFs can be modified by certain cancer cells to support their needs 

[8, 9]. Such cancer cell mediated remodeling can thus accelerate invasion into 

surrounding ECM, which leads to metastasis [10, 11]. 

 

Previous data demonstrates that the collagen architecture adjacent to tumor cells 

embedded in stromal organoids become less aligned and more random then 

collagen architecture at a distance within the same organoid [12]. This data 

indicates that cancer cells could inhibit or restrict the remodeling of nearby stromal 

cells to aid in oncogenic advancement through possible secretory molecules like 

matrix metalloproteinases (MMP), a proteinases associated with ECM degradation 

[13]. The balance between stromal and cancer cells in the context of collagen 

remodeling may represent a crucial aspect of the progression of a tumor towards 

malignancy.  

 

Collagen Type 1 (Col1), the most abundant ECM component in the body, is 

important in providing tissue strength and support. Moreover, as we have seen, 

structural organization, linearization, and abundance of Col1 can indirectly 

influence cancer phenotype [14-16]. We have previously established a simple 

organoid model that allows Col1 bundling by hepatic stellate cells at various fibrotic 

levels to be analyzed [17]. Here, we utilize this method to determine how patient-

derived CAFs from different grades and normal fibroblasts remodel Col1 and 

analyzed how conditioned media can alter their activity. We hypothesis, based on 

our previously published work, that the conditioned media from tumor cells will 
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inhibit immediate Col1 bundling and linearization, a process that would otherwise 

constrain tumor cell growth.  

 

METHODS 

TUMOR TISSUE DIGESTION 

Tumor tissue samples were obtained in adherence to the guidelines of the Wake 

Forest Baptist Medical Center institutional review board (IRB) protocols and 

processed as previously described [18]. The specimens were placed in Roswell 

Park Memorial Institute (RPMI) medium and transferred fresh to the laboratory. 

Clinical information was not shared with the laboratory, with the exception of type 

of tumor. Once received, tissues were washed in phosphate-buffered saline (PBS) 

with 2% penicillin–streptomycin for three 5-min cycles then washed in Dulbecco’s 

Modified Eagle’s Medium (DMEM) with 2% penicillin–streptomycin for two 5-min 

cycles. Tissues were individually minced and placed into DMEM with 2% penicillin–

streptomycin and 10% collagenase/hyaluronidase for up to 2 h on a shaker plate 

at 37 °C (10× collagenase/hyaluronidase in DMEM; STEMCELL Technologies, 

Seattle, WA). Digested tissues were then filtered through a 100-μm cell filter and 

centrifuged to create a cell pellet. Plasma and noncellular materials were removed, 

and the pellet was resuspended in 1 mL BD PharmLyse with 9 mL deionized water 

for 5 min (BD PharmLyse, San Diego, CA). The conical was filled to 50 mL with 

deionized water and centrifuged, lyse buffer with lysed cells was aspirated, and 

the cell number was counted for use. The cells were then centrifuged and 

resuspended in 1 mL BD PharmLyse with 9 mL deionized water for 5 min (BD 
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PharmLyse, San Diego, CA). The conical was filled to 50 mL with deionized water 

and centrifuged, lyse buffer with lysed cells was aspirated, and the cell number 

was counted for use. 

 

CAF ISOLATION AND CELL CULTURE 

Non-isolated cell suspensions obtained from tumor digestion was plated on plastic 

T-75 tissue culture treated flasks in DMEM supplemented with 10% fetal bovine 

serum, 100 U/mL of penicillin, and 100 mg/mL of streptomycin. Cells were cultured 

in conditions of 37°C and 5% CO2. Once cells reached 80%-90% confluency, they 

were detached using a serial trypsinization method with Trypsin/EDTA (Hyclone). 

Warm trypsin was added to the washed cellular monolayer and incubated for 2 min 

before gentling washing with DMEM and placing any detached cells in a 15 mL 

conical tube. This was repeated once more for 5 min to obtain two serial 

trypsinizations. The first tube was cultured while the second tube was frozen down 

in 10% DMSO and 90% Fetal Bovine Serum (FBS). Cells were spun down to 

remove supernatant and replated on a fresh flask. After 2-3 passages, the majority 

of the cells exhibited fibroblastic like morphology and immunohistochemistry (IHC) 

was performed. 

 

DERMAL FIBROBLAST ISOLATION 

Human skin samples were placed in 150 mm petri dish with 10 mg/mL dispase II 

in incomplete DMEM and incubated overnight at 37ºC. The dermis layer was 
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separated from epidermis layer using forceps and scissors. The dermal tissue was 

then minced into small pieces using sterile scissors and resuspended in DMEM 

supplemented with 10% fetal bovine serum, 100 U/mL of penicillin, and 100 mg/mL 

of streptomycin for 3 days at 37ºC without disturbance. Cells were further cultured 

when reached confluency.  

 

IMMUNOHISTOCHEMISTRY OF CELL MONOLAYER 

Cell monolayers were characterized with fibroblast markers to identify cell 

population in cultures. Counted cells at passage-4 were plated on an 8-well 

chamber slide (Corning, Corning, New York) and incubated until 70% confluent. 

Cells were fixed in 4% paraformaldehyde for 15 min at room temperature (RT), 

then washed with PBS, and permeabilized with 0.05% Triton-X in PBS for 5 min. 

Non-specific antigen blocking was performed using Protein Block Solution 

(#ab156024; Abcam, Cambridge, MA) incubation for 30 min. Slides were then 

incubated with the appropriate primary antibody against fibroblast activation 

protein (FAP) (#ab53066; Abcam), α-smooth muscle actin (αSMA) (#ab5694; 

Abcam) or Vimentin (#ab8978; Abcam) at recommended dilutions in a humidified 

chamber overnight at 4°C. Slides were then washed and incubated for 1 h with the 

appropriate secondary antibody. Slides were exposed to DAPI for 5 min and 

mounted with prolong gold (Invitrogen) before imaging. Relevant control slides 

were prepared for each condition and each antibody combination by excluding the 

primary antibody incubation. Immunofluorescent stained slides were imaged 
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utilizing laser excitation and were captured with an Olympus BX63 microscope 

(Olympus; Center Valley, PA) with an Olympus DP80 camera (Olympus). 

 

ORGANOID FABRICATION AND CONDITIONED MEDIA 

Organoids were fabricated as described previously [12, 17, 19]. Type I Rat Tail 

Collagen (#354236; Corning) was prepared per manufacturers’ protocol at a 

concentration of 2 mg/mL on ice. Fibroblasts were trypsinized off culture plates 

and counted, then suspended in desired Col1 concentration at 5.0x106 cells/mL. 

The 25 µL cell-collagen mixture was dispensed into a polydimethylsiloxane 

(PDMS; DOW Sylgard 184, Midland, MI) molds as described previously. The 

plates were put at 37ºC for 30 minutes to allow the gel to polymerization. After 

collagen polymerization, media was added, and molds were removed. Organoids 

were cultured for 96 h total and media was replenished at 48 h. 

 

Organoids were cultured in DMEM (control), tumor conditioned media (CM), or 

DMEM with TGF-β inhibitor (TGF-βi). CM was made by growing human metastatic 

colon colorectal carcinoma cells, HCT-116 (#CCL-247, ATCC, Manasses, VA) in 

DMEM for 48 h while cells were at ~70% confluency. Conditioned media and fresh 

DMEM was combined 1:1 and then added to organoids. TGF-β inhibition was 

achieved using SB 431542 (#AB-100-NA, R&D Systems) solubilized in DMSO at 

15 mM. Stock solution was added to DMEM to obtain a final concentration of 10 

µM.  
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COLLAGEN FIBER IMAGING AND QUANTIFICATION 

Organoids were fixed in 4% paraformaldehyde overnight at 4°C, then washed with 

PBS, and stored in 70% ethanol before paraffin processing. Following paraffin 

processing and embedding, 5 µm sections were cut using a microtome (Leica 

Microsystems Inc., Buffalo Grove, IL) and mounted to slides. For all stains, slides 

were baked for 2 h at 60˚C followed by deparaffinization and rehydration. Organoid 

sections were stained using a picrosirius red stain kit (#24901; PolySciences, 

Warrington, PA). Briefly, slides are deparaffinized, hydrated, and stained with 

hematoxylin to visualize nuclei. Slides were then stained with picrosirius red 

solution for 60 min at room temperature, rinsed in acetic acid, dehydrated, and 

mounted with a coverslip. Picrosirius-red imaging was performed on an Olympus 

BX63 (Olympus; Center Valley, PA) upright microscope under brightfield with 

linearly polarized light. Once images were captured, PS-Red signal was quantified 

using hue analysis of collagen signal and collagen fiber geometric parameter 

segmentation. Hue analysis to identify different levels of collagen bundling and 

fibrilization was performed using a MATLAB script and graphed using GraphPad 

prism. Fiber parameter segmentation and quantification (fiber length and width) of 

ROI’s was performed using CT-FIRE (Laboratory for Optical and Computation 

Instrumentation, University of Wisconsin). Settings were optimized for one data set 

and remained untouched for remaining images. Fiber alignment of ROI’s was 

performed using CurveAlign (Laboratory for Optical and Computation 

Instrumentation, University of Wisconsin). Data was inputted into MATLAB for 
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analysis and GraphPad prism for graphing whisker-box plots and angle 

distribution. 

 

STATISTICAL ANALYSIS 

All experiments were performed in triplicate or greater. Quantitative results are 

presented as mean–standard deviation. Significance of data values that 

approximate a normal distribution was evaluated using a Student’s t-test (two 

tailed) with two-sample unequal variance. Box and whisker plots with Tukey 

formatting of pooled fibers performed in triplicate, representing 6,000-20,000 fibers 

in total. Significance values are denoted in figure legends. 

 

RESULTS AND DISCUSSION 

Tumor tissue consists of many types of cellular and noncellular components that 

either assist or threaten the survival of cancer cells. Among the cell types that 

make up the TME, fibroblasts are largely associated with cancer cell behavior. 

These fibroblasts, commonly referred to as CAFs or tumor associate fibroblasts 

(TAFs), have been shown to either suppress or promote tumor progression 

depending on cancer type, tissue, and tumor phase [20, 21]. Our research, 

however, indicates a potential channel of communication that enables tumor cells 

to regulate fibroblast remodeling of the ECM. For this reason, we decided to isolate 

CAFs from patient tumor and determine how they are affected by cancer cell 

conditioned media (CM).  
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Figure 37. Overall study plan. Tumors were surgically resected from patients, washed with antibiotic 

solution, and digested enzymatically before plated on culture dishes for expansion and isolation. 

Fibroblasts were isolated using a serial trypsinization technique. Organoids were formed using 2.0 

mg/mL Col1 and cultured in control media, HCT-116 conditioned media, or TGF-β inhibitor media 

for 96 h. Collagen fiber properties were then analyzed using various methods. Five lines of 

fibroblasts were isolated, 4 from tumor tissue and 1 from healthy dermal tissue (bottom left).  

 

Tumor tissues from a low grade appendiceal tumor (App. LG), a high grade 

appendiceal tumor (App. HG), and a liver metastatic tumor (Liver Met) of de-

identified patients were surgically removed in adherence to guidelines of the Wake 

Forest Baptist Medical Center IRB protocols and processed as previously 

described (Fig. 37) [18].  We additionally obtained a healthy dermal tissue sample 

(Fib.). After the tissues were washed and digested to reach a single-cell 

suspension, cells were cultured on tissue culture flasks until confluency. CAFs 

were isolated using a serial trypsinization method that selected the trypsin-

sensitive CAFs over the more trypsin-tolerant cancer cells. A 2 min incubation with 
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trypsin released the CAF population from the flask and was transferred to a new 

plate for further expansion. After 4 passages using this method, we imaged the 

monolayer of App. LG and Liver Met. cells using a bright-field microscope (Fig. 38-

left). The images show the majority of the cells in the population are elongated, 

attached, and large, all characteristics of fibroblastic cells. Furthermore, we utilized 

IHC staining to identify if the majority of the cells possessed markers frequently 

associated with CAFs. IHC imaging shows the majority of the cells express a-SMA 

(middle, red), FAP (right, red), Vimentin (green), along with DAPI (blue) (Fig. 38-

middle & right). There is not a single marker that identifies CAFs within a cell 

population; however, a combination of the above markers is a good indicator of a 

cell with a fibroblastic-like phenotype. Importantly, these results validate that our 

CAF isolation methods were successful and can use them for organoid fabrication. 

Organoids were fabricated as previously published [17]. We classify our 3D 

constructs as organoids based on their ability to self-remodel the surrounding 

collagen in a matter of days that mimics the long, ongoing process that occurs with 

aging. Each CAF and normal fibroblast culture was encapsulated in 25 µL of 2.0 

mg/mL Col1 at 5.0x106 cells/mL on PDMS molds. After gelation, media was added 

to the culture and allowed to grow for 96 h with one media change at 48 h. 

Organoids were fixed, processed, and paraffin embedded before sectioned on 

slides for further Col1 analysis.  
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Figure 38. Expression of fibroblasts-associated markers in patient-derived CAFs. As previously 

described, fibroblastic cells were isolated from digested tumor suspension via serial trypsinization 

techniques. Cell morphology on tissue culture treated plates of two isolates, App. LG & Liver Met. 

at passage 4, can be seen in bright-field images (left). Cell monolayers at passage 5 were subjected 

to IHC staining for a-SMA (middle, red), FAP (right, red), Vimentin (green), and DAPI (blue). Scale 

bar = 100 µm. 

 

Cancer cells are notorious for releasing cytokines, growth factors, and chemokines 

that can regulate surrounding cells [22]. HCT-116, a human metastatic colorectal 

carcinoma cell line, is known to release factors like MMPs, proteinases associated 

with tumorigenesis and ECM breakdown [11, 13]. For this reason, we decided to 

culture HCT-116 cells at high (70%) confluency for 48 h in DMEM and used the 

tumor conditioned media (CM) as growth media for the CAF organoids alongside 

control DMEM. Additionally, a group of organoids were subjected to a TGF-β 

inhibitor (SB 431542, 10 µM), a compound known to inhibit collagen remodeling 

by CAFs and normal fibroblasts [23]. 
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Figure 39. The effects of tumor cells conditioned media and TGF-β inhibition on ECM remodeling in 

CAFs organoids. (A) Organoids fabricated from different fibroblast cultures were grown in control 

media (top), HCT-116 conditioned media (CM) (middle), or TGF-β inhibitor media (TGF-βi) (bottom) 

for 96 h. Fixed and paraffin embedded organoids were sectioned and stained with PS-Red to 

highlight naïve (green) and remodeled/bundled (red/orange) collagen fiber under polarized light. 
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Scale bar = 50 µm. (B) Hue signal (green, yellow, orange, and red) of ROI PS-Red images was 

quantified using MATLAB software to compare groups. GraphPad prism was used to generated 

100% stacked bar graphs. Graphs represent mean ± s.e.m. (n=40) 

 

To study the extent of ECM remodeling between the different CAFs both without 

manipulation and in response to either CM or TGF-β inhibitor (TGF-βi), we 

characterized the collagen fiber structure using picrosirius red (PS-Red) staining 

on sections of paraffin-embedded organoids (Fig. 39A). PS-Red staining 

highlights collagen bundles in samples imaged under polarized light from highly 

bundled fibers in orange/red to naïve fibers in green. Hue quantification of ROIs 

throughout the three groups verifies the degree of collagen bundling that can be 

detected from the staining pattern (Fig. 39B). All organoids have a high amount of 

orange/red signaling in their control group, suggesting active remodeling of Col1 

is done by untreated fibroblasts to yield a large number of collagen fiber bundling. 

Additionally, highest orange/red signaling is measured in Fib. followed by App. LG, 

App. HG, then Liver Met. with the lowest of the four. Hue quantification of the PS-

Red images suggests Col1 remodeling is unchanged in the CM and TGF-ßi group 

in Fib. organoids that were isolated from normal dermal tissue. Importantly, CM 

decreases remodeling and bundling of Col1 with high significance in the CAF 

organoids (App. LG, App. HG, and Liver Met.) with Liver Met. responding the 

greatest. Finally, TGF-ßi inhibits remodeling in App. LG and Liver Met with high 

significance as expected; however, TGF-ßi unexpectedly does not change activity 

in App. HG. 
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Figure 40. The effects of tumor cells conditioned media and TGF-β inhibition on collagen fiber 

architecture in CAFs organoids. (A-C) Organoids fabricated from different fibroblast cultures were 

grown in control media (black), HCT-116 conditioned media (CM) (red), or TGF-β inhibitor media 

(TGF-βi) (blue) for 96 h. Fixed and paraffin embedded organoids were sectioned and stained with 

PS-Red and imaged under polarized light. Collagen fiber architecture of ROIs was analyzed with 

segmentation software, CT-FIRE, to bar graphs of fiber length (A) and width (B). Graphs represent 

mean ± s.e.m, performed in triplicate, and representing 6,000-20,000 fibers in total. (C) CurveAlign 

was used to identify fiber angle distributions among each ROI. MATLAB was used to extract data 
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from CT-FIRE and CurveAlign output while GraphPad prism was used to generate graphs and 

identify statistical significance. A gaussian curve was fit to each histogram of angle distribution 

using GraphPad prism. (*p≤0.05; **p≤0.01; ***p≤0.001; ****p≤0.0001) 

 

Collagen fiber architecture was also analyzed in depth to identify the length, width, 

and alignment of the individual fibers by CT-FIRE and CurveAlign, programs 

designed to quantify the fiber characteristic by identifying edges through curvelet 

transformation and applying a fiber extraction algorithm [24-26]. Box and whisker 

plots identify median values of individual fiber length (Fig. S41A) and width (Fig. 

S41B) across the organoids. This data is further condensed to a bar graph plotting 

mean values ± standard error of mean (Fig. 40A & 40B). Importantly, the length 

and width data have trends matching the hue analysis above for each organoid 

group and each condition. Our statistical analysis shows extreme significance in 

all conditions when compared to control except the for App. HG - TGF-ßi, a 

comparison that was noted above; however, quantitative differences remain varied 

between groups. Our data shows CM inducing a significant decrease in Col1 fiber 

properties in all the CAF organoids whereas a small increase is seen in the healthy 

Fib. organoids. TGF-ßi also significantly reduces Col1 remodeling in the CAF 

organoids App. LG and Liver Met. along with the healthy Fib. organoids, as 

expected. TGF-ß inhibition is known to decrease most fibroblast activity, including 

those of a healthy origin [27]. Finally, ECM organization was analyzed based on 

fiber alignment (Fig. 40C). Again, angle distribution across all groups follows the 

same trend as seen in hue analysis, fiber length, and fiber width. Fiber angles in 

all control group produce a narrow unimodal distribution with about 25%-30% of 
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fibers associated in the same direction, indicating a highly aligned and parallel 

assortment of Col1 fibers. Unmanipulated App. LG have the highest degree of 

alignment at 35%. The presence of CM decreases alignment by creating a wider 

distribution of the fiber directions in all three CAF organoids. As before, CM does 

not affect the remodeling of healthy Fib. organoids. Additionally, TGF-ßi again 

inhibits alignment in all but the App. HG. All together, these data suggests that CM 

from HCT-116, a metastatic CRC cell line, effects the ECM remodeling of patient 

derived CAFs using our model system.  

 

It is well accepted that ECM remodeled by residing CAFs within the TME has major 

consequences on cancer cells [28]. The exact consequences, however, are still 

not fully understood and differs depending on tumor type, location, and stage. 

Here, we sought to: i) determine how ECM remodeling differs between CAFs 

isolated from different tumor types; and ii) determine the effect of cancer cell 

secreted factors on ECM remodeling capabilities of CAFs. This work has 

successfully measured remodeling capabilities patient derived CAFs have on Col1 

and the inhibitory effect CM has on CAF activity. Based on the data presented 

here, we plan to further study CM effects on CAFs originating from different tumor 

sites along with studying how certain genetic mutations can attribute to these 

findings. We also plan to further investigate which cytokines, secretions, or factors 

are responsible for the inhibitory process seen in this data set. These interactions 

between stromal cells and cancer cells may represent a fundamental aspect 

cancer progression and therefore should be further studied. 
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Figure S41. Detailed measurements of collagen fiber architecture in CAFs organoids. Organoids 

fabricated from different fibroblast cultures were grown in control media (black), HCT-116 

conditioned media (CM) (red), or TGF-β inhibitor media (TGF-βi) (blue) for 96 h. Fixed and paraffin 

embedded organoids were sectioned and stained with PS-Red and imaged under polarized light. 

Collagen fiber architecture of each condition was analyzed with segmentation software, CT-FIRE, 

to generate box and whisker plots of fiber length (A) and width (B). MATLAB was used to generate 

graphs from extracted data. Box and whisker plots with Tukey formatting of pooled fibers performed 

in triplicate, representing 6,000-20,000 fibers in total. 
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CHAPTER 5: CONCLUSIONS AND FUTURE DIRECTIONS 

 

CONCLUSIONS 

It is well accepted that many variables influence the path and trajectory taken by a 

cancer cell as it grows within the body. The cellular and non-cellular aspects of the 

TME have been attributed to how tumors metastasize, proliferate, evade the 

immune system, and resist chemotherapy [1-6]. However, current in vitro models 

fail to accurately replicate changes in the ECM architecture and has made it difficult 

to pinpoint TME and ECM effects on cancer and vice versa. The biofabricated 

organoid platform discussed here enables us to study the interactions between 

tumor cells and the surrounding ECM.  

 

Within this dissertation, we have stated the importance of the TME in cancer and 

how organoids can be used to measure the interactions between stromal cells, 

ECM, and cancer cells (Chapter 1). We successfully characterized an in vitro 

organoid model of the TME based on observations of native tissue and validated 

it in the context of whole-body physiology (Chapter 2). We were able to identify 

changes in a low plasticity cell line, HCT-116, when alterations in the ECM 

architecture occurred that resulted in differing chemotherapy resistance and 

sensitivities as well as a conservation of stem cell population (Chapter 3). This 

system was then used on patient-derived fibroblast organoids to investigate and 
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understand the influence cancer cells have on CAF-associated ECM remodeling 

(Chapter 4).  

 

FUTURE DIRECTIONS 

The goal of this research was to understand the relationship between the TME 

architecture and cancer cells within the vastly complex tumor. There are many 

paths for extending this work and continuing the advanced techniques that has 

been developed. Identifying specific pathways that are upregulated and 

downregulated would determine how CAFs and tumor cells are affected by 

changes in ECM architecture. These interactions can be investigated by proteomic 

analysis to determine how translation is affected by altered ECM.  

 

Here, we’ve established the ECM architecture produced by HSCs from the liver 

and CAFs primarily from the appendix; however, future work should include CAFs 

from different sites of the body that are associated with different stages of cancer 

or fibroblasts from noncancerous tissue. This analysis could determine a pattern 

among ECM architecture depending on tissue type or tumor stage that is in 

proximity. Tumor influences on CAF-remodeled ECM depending on tumor stage 

or site should also be considered. ECM remodeling modulated by tumor cells most 

likely depends on the staging of the cancerous cells.  
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Importantly, this work could open the doors to alternative precision medicine 

efforts. Stromal cells and tumor cells extracted from patient’s tumor tissue could 

be isolated and biofabricated into our organoid model to determine the ECM 

remodeling capability of the stroma and how it effects chemotherapy response in 

the tumor cells. This method could uncover targeted therapy techniques that focus 

on the stroma instead of the tumor, potentially taking away its life support. 

Alternatively, stromal cells could be matched with tumor cells from different 

patients to determine how different stroma effects various tumor cell populations. 

Data from these tests could be compiled to determine a pattern of which ECM 

architecture correlates with certain chemosensitivities. Once strong correlations 

are determined, simple ECM analysis of tumor biopsies could ultimately provide 

information on which chemotherapy physicians should consider using on their 

patient. 

 

In all, this project used leading edge tissue engineering techniques to help 

understand some of the complex mechanisms that enables cancer to remain a 

persistent disease.  
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SUMMARY 

Three-dimensional (3D) cell culture systems, such as tumor organoids and 

multicellular tumor spheroids (MCTS), have been developed in part as a result of 

major advances in tissue engineering and biofabrication techniques. 3D cell culture 

offers great capabilities in drug development, screening, testing, and precision 

medicine due to its physiological accuracy. However, since the inception of 3D 

systems, few methods have been reported to successfully analyze cell viability 

quantitatively within hydrogel constructs. Here, we describe and compare 

commercially available viability assays developed for two-dimensional (2D) 

applications for use in 3D constructs composed of organic, synthetic, or hybrid 

hydrogel formulations. We utilized Promegas’ CellTiter-Glo®, CellTiter-Glo® 3D, 

and CellTiter 96® MTS Assay along with Thermo Fishers’ PrestoBlue™ assay to 

determine if these assays can be used accurately in 3D systems. Compared with 

direct cell viability commonly used in 2D cell culture, our results show cellular 

health output inaccuracies among each assay in differing hydrogel formulations. 

Our results should inform researchers of potential errors when using viability 

measurements in 3D cultures and help to determine the reliability of a specific 

viability assay. 

 

IMPACT STATEMENT 

Three-dimensional tissue organoids models are a valuable tool not only for 

studying drug toxicity but also for understanding human embryonic development, 

intra-tissue morphogenesis and mechanisms of disease. In cancer organoids, 
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such 3D models may be used for preclinical chemotherapy screening and for 

understanding cell death and viability mechanisms under physiologically relevant 

conditions. Cell viability assays are necessary for assessing the effect of biological 

reagents on cellular health and have been used on in vitro cell cultures for many 

years. With the increase of 3D systems in tumor biology research to determine 

therapeutic efficacy, 2D assays that measure cell viability are being used outside 

of their intended use on 3D constructs. Here, we assess the accuracy of using 

various commercially available cell viability assays on different 3D hydrogel 

constructs to help researchers understand expected variability in their 

experimentation.  

 

INTRODUCTION 

Cell viability assays are essential for assessing the effect of biological reagents on 

the health of cells and have been used on in vitro, two-dimensional (2D) monolayer 

cultures for many years. These assays are common among cancer researchers to 

evaluate compound toxicity and tumor cell growth inhibition in the early phases of 

drug development and discovery. Compared with direct cell counting or automated 

systems such as the Incuyte® cytotoxicity assay, flow cytometry or 

immunohistochemistry (IHC), there are different classifications for indirect viability 

assays: (i) luminometric assays; (ii) fluorometric assays; and (iii) colorimetric 

assays [1]. Determining the best method among these assay types is important for 

obtaining accurate and consistent results. When selecting the cell viability assays 

to be used, different parameters have to be considered such as detection 
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mechanism, test compounds, desired output data, specificity, cost, and sensitivity. 

Each cell viability type provides a measurable output to calculate cell health at 

various time points to gather data such as IC50 values, dose response curves, 

growth rates, drug response, etc. 

 

Recently, advances in cancer research have identified limitations in traditional 2D 

monolayer cell cultures for studying cancer disease and progression [2]. Three-

dimensional (3D) cell culture systems such as tumor organoids and multicellular 

tumor spheroids (MCTS) have been recently developed in biomedical research. 

Organoids and 3D constructs consist of cells that are encapsulated in an 

exogenous extra cellular matrix (ECM) or synthetic hydrogel to allow for the 

preservation of the cell-cell and cell-ECM interactions in multiple dimensions that 

are necessary for typical cell function [3, 4]. These 3D models have been used for 

experimenting on both healthy and cancerous tissues to study targeted therapies, 

specific cell population interactions, and modeling poorly understood cellular 

mechanisms. Biomaterial technologies have also led to 3D bioprinting, an 

automated technique that deposits cells and hydrogels simultaneously, creating 

3D organ-like structures for either tissue models for testing or human 

transplantation [5].  

 

Hydrogels are a network of physically or chemically cross-linked polymer 

molecules that can be designed with a broad range of biological and synthetic 

materials to recapitulate many features of native ECM [6]. A protein-based 
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hydrogel material such as collagen (Col1), the most abundant ECM component in 

the body, is commonly used in 3D culture systems due to its biophysical and cell-

adhesive properties [7-9]. Synthetic, polysaccharide hydrogels such as alginate, 

gelatin, polyethylene glycol (PEG) and hyaluronic acid (HA) have useful 

biophysical properties; however, require additional chemicals modification for cell-

adhesion capabilities [10, 11]. In comparison to naturally derived collagen-based 

hydrogels, synthetic gels are amenable to chemical modifications to provide a 

more tunable and stable environment and can even be combined with organic 

components to form hybrid hydrogels.  

 

With the paradigm shift of cell culture techniques moving from 2D to 3D, cell 

viability assays need to be assessed for their effectiveness in different hydrogel 

formulations [12-15].  Here, we tested different types of viability assays, which 

were originally developed for 2D monocultures; however, are being used to 

determine cellular health in 3D cultures containing different hydrogel formulations.  

 

METHODS 

CELL CULTURE 

Human metastatic colorectal carcinoma cells, HCT-116 (#CCL-247, ATCC, 

Manasses, VA), were maintained in Dulbecco’s Modified Eagle Medium (DMEM) 

(Lonza, Switzerland) supplemented with 10% fetal bovine serum, 100 U/mL of 

penicillin, and 100 mg/mL of streptomycin. Cells were cultured in conditions of 
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37°C and 5% CO2 and maintained in plastic 15-cm tissue-treated dishes. Cells 

were cultured to 80%-90% confluence before being harvested for use or passaged. 

Cells were detached from the plates with Trypsin/EDTA (Lonza, Switzerland) and 

resuspended in media at known concentration using a cell counter before further 

use in studies. Drug treatment was performed by exposing constructs to 1 mM of 

5-fluorouracil in DMSO for 72 hours before fixation. 

 

HYDROGEL FORMULATIONS 

We utilized 3 hydrogel formulations to test viability assay accuracy on 

encapsulated HCT-116 cells at 10 µL, 25 µL, 50 µL, and 100 µL volumes. The 

biological Type I Rat Tail Collagen (Col1) (#354236; Corning) hydrogel was 

prepared per manufacturers’ protocol at a concentration of 2 mg/mL on ice. When 

ready, the neutralized Col1 mixture was added to the cells followed by gelation at 

37ºC for 30 minutes. The synthetic thiol-modified hyaluronan and gelatin hydrogel 

(HyStem®) (Advanced Biomatrix, San Diego, CA) was prepared per 

manufacturers’ protocol with the addition of a photoinitiator. Briefly, heprasil 

(thiolated HA with conjugated heparin groups) and gelin-S (thiolated gelatin) were 

dissolved in water containing 0.05% (w/v) 2-hydroxy-4′-(2-hydroxyethoxy)−2-

methylpropiophenone photoinitiator (Sigma, St. Louis, MO) to make 1% (w/v) 

solutions. Extralink, a PEGDA cross-linker, was dissolved in water containing the 

photoinitiator to make a 2% (w/v) solution. Heprasil, gelin-S, and extralink were 

then mixed with cells in a 2:2:1 ratio by volume, mixed, and irradiated with UV light 

(365 nm, 18 W/cm2) for 2 seconds at a distance of 3 cm to initiate a thiolene 
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stepwise cross-linking reaction.  Lastly, the organic/synthetic hybrid hydrogel, 

heprasil:methacrylated Col1 (HA:Col1), was prepared as previously published 

[16]. Methacrylated Col1 (Advanced Biomatrix, San Diego, CA) was prepared at 6 

mg/mL per manufacturer's instructions excluding the provided photoinitiator. Prior 

to use with HA, collagen was neutralized using manufacturer provided 

neutralization solution at 85 µL of solution per 1 mL of collagen. HA was prepared 

at 2 mg/mL by re-suspending Heprasil (heparinized and thiolated HA, ESI BIO, 

Alameda, CA) in 1 mL deionized water with 0.1% w/v photoinitiator. The 

neutralized methacrylated Col1 and Heprasil were then added with cells at a 2:1 

ratio by volume, mixed, and irradiated with UV light for 2 seconds at a distance of 

3 cm to cross-link. 48-well plates were pre-coated with polydimethylsiloxane-

coated (PDMS, DOW Sylgard 184, Midland, MI) by placing ~100 µL PDMS at the 

bottom of each well to prevent cell adherence at differing volumes and to create a 

hydrophobic surface to ensure uniform gel distribution and shape between 

hydrogels.  

 

HCT-116 cells were trypsinized and counted, then suspended in desired hydrogel.  

After polymerization or crosslinking, as described above, DMEM was added to 

each well. The volume of DMEM depends on the assay protocol, 100 µL for CT3D 

and CT2D, 180 µL for PB, and 200 µL for MTS. 
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VIABILITY ASSAYS 

We determined the readout accuracy of 4 indirect viability assays on the above 

hydrogel formulations. First, we validated each assay using a serial dilution of 

HCT-116 cell suspension to identify the standard curve for each test (Fig. S45). 

These results established a theoretical linear slope within the recommended 

readout range of each assay as a slope of 5.0E-5 when normalized based on the 

first reading, shown in black (Fig. 42). 

 

We decided to use Promega’s CellTiter-Glo® (CT2D) and CellTiter-Glo® 3D 

(CT3D) assay that measures ATP as an indicator of viability and generates a 

luminescent readout that claims to be more sensitive than other methods [17, 18]. 

These assays work by lysing the cells with their proprietary lytic component and 

differ solely by their lytic capabilities. Promega has demonstrated the CT3D assay 

has a higher ability to lyse within small spheroids and therefore is hypothesized to 

work best in our studies. CT2D and CT3D assays were used per manufacturers’ 

protocol. Reagents and plates were allowed to equilibrate at room temperature 

before adding 100 µL of reagent to each 48-well plate containing one construct 

and 100 µL of DMEM. The plates were mixed vigorously for 5 minutes to induce 

cell lysis before incubated at room temperature for 25 minutes to stabilize the 

luminescent signal. Finally, 100 µL of the solution was transferred to a black 

opaque-walled 96-well plate to be read on a luminometer (VarioskanTM LUX, 

Thermo Fisher) with an integration time of 1 second. 
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Next, we picked Thermo Fishers’ PrestoBlue™ (PB) cell viability reagent as our 

fluorometric assay. PB works by indirectly determining cell viability through the use 

of a nontoxic, cell permeable, and resazurin-based solution that is reduced by 

metabolically active cells to a fluorescent resorufin [19, 20]. PB assay was used 

per manufacturers’ protocol. Briefly, PB reagents were allowed to equilibrate to 

room temperature before adding 20 µL of cell viability reagent to the 48-well plates 

containing 180 µL of DMEM and one construct. The plate was then incubated at 

37ºC for a predetermined 1.5 hours protected from light. This time was determined 

by incubating cells at the highest concentration and determining the upper time 

limit. Finally, the content of each well was gently mixed and 100 µL was transferred 

to a black 96-well plate and read for fluorescence at 560 nm excitation and 590 nm 

emission (VarioskanTM LUX, Thermo Fisher). 

 

Lastly, we used Promega’s CellTiter 96® AQueous One Solution Cell Proliferation 

Assay (MTS) to identify metabolically active cells through tetrazolium reduction to 

a colorimetric formazan [21, 22]. MTS assay was used per manufacturers’ 

protocol. The reagent was warmed to room temperature before adding 40 µL to 

each well containing 200 µL of media and one construct. After 1.5 hours of 

incubation at 37ºC, the contents were mixed and 100 µL was placed in a 96-well 

plate for absorbance reading at 490 nm (VarioskanTM LUX, Thermo Fisher).  

 

HYDROGEL DISSOCIATION 
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Col1 hydrogels were dissociated using an enzymatic cocktail of collagenases to 

determine if breaking down the hydrogel would increase the viability assay 

readout. Stock solutions of collagenases Type I, III, and IV (Worthington, 

Lakewood, NJ) were prepared fresh in Hanks’ Balanced Salt Solution (HBSS, 

Sigma, St. Louis, MO). The final digestion cocktail was prepared in serum free 

DMEM at 25 U/mL of Type I Collagenase, 100 U/mL of Type III Collagenase, and 

200 U/mL of Type IV Collagenase. Individual constructs were washed twice in 

serum free DMEM before placed in 100 µL of digestion cocktail in microcentrifuge 

tubes. The tubes were incubated at 37ºC on a gentle shaker for 1 hour. After 

digestion, 100 µL of media with serum was added to the cocktail to inhibit further 

enzymatic activity along with PB or MTS reagents and continued with incubation. 

For the CT3D and CT2D assays, reagents were added directly to cells once at 

room temperature and continued with standard protocol. Assays were determined 

unaffected by the digestion cocktail by using this method on cell suspensions (not 

shown).   

 

IMMUNOHISTOCHEMISTRY 

IHC was performed on construct sections to detect direct cell viability. Constructs 

were fixed in 4% paraformaldehyde overnight at 4°C, then washed with phosphate 

buffered saline (PBS), and stored in 70% ethanol before paraffin processing. 

Following paraffin processing and embedding, 5 µm sections were cut using a 

microtome (Leica Microsystems Inc., Buffalo Grove, IL) and mounted to slides. For 

all stains, slides were baked for 2 h at 60˚C followed by deparaffinization and 
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rehydration. Hematoxylin & Eosin (H&E) staining was performed by core facilities 

at the Wake Forest Institute for Regenerative Medicine. For IHC, all incubations 

were performed at room temperature. Antigen retrieval was performed using 

Proteinase K (DAKO; Carpinteria, CA). Samples were permeabilized with 0.05% 

Triton-X in PBS for 5 min. Non-specific antigen blocking was performed using 

Protein Block Solution (#ab156024; Abcam, Cambridge, MA) incubation for 30 

min. Slides were then incubated with the appropriate primary antibody against 

Cleaved Caspase-3 (#9661; Cell Signaling Technology) and Ki-67 (#ab16667; 

Abcam) at 1:400 dilutions in a humidified chamber overnight at 4°C. Slides were 

then washed and incubated for 1 h with the appropriate secondary antibody 

(#20015 & #20111, Biotium; Fremont, CA). Slides were exposed to DAPI for 5 min 

and mounted with Prolong Gold (Invitrogen) before imaging. Relevant control 

slides were prepared for each condition and each antibody combination by 

excluding the primary antibody incubation. Stained slides were imaged utilizing 

laser excitation and were captured with an Olympus BX63 microscope (Olympus; 

Center Valley, PA) with an Olympus DP80 camera (Olympus). 

 

IHC images were imported as uncompressed files into Visiopharm software 

(Broomfield, CO) for analysis and quantification. An application was developed and 

modified using the Visiopharm software. Briefly, a script was written to deconvolve 

each immunofluorescence or H&E signal, then isolate the nuclei using the DAPI or 

hematoxylin stain. After each cell was segmented, a second script was written to 

deconvolve the fluorescence signal and quantify the cells expressing of Caspase-
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3 and/or Ki-67 markers. A third and final script was written to identify nuclear 

fragmentation. These results were imported in Microsoft Excel and calculated for 

significance. 

 

STATISTICAL ANALYSIS 

All experiments were performed in triplicate or greater. Quantitative results are 

presented as mean–standard deviation. We plotted each normalized data point 

along with the corresponding standard error of the mean after subtracting blank 

(Fig. 1). The slope and coefficient of determination (R2) of the linear regression 

line was calculated using Microsoft Excel and GraphPad Prism.  

 

EXPERIMENT 

Cell viability assays remain a vital resource in drug discovery and efficacy studies 

in oncology research; however, the evolving field of hydrogels and organoids 

requires a better assessment of cellular health. Unfortunately, researchers use 

viability assays developed and optimized for 2D cultures for testing the health of 

cells in 3D constructs. In this study, we tested different hydrogel formulations 

(Col1, HA:Col1, HyStem®) to determine the readout accuracy of 4 viability assays 

(CT3D, CT2D, PB, MTS) in 3D constructs at various volumes (10 µL, 25 µL, 50 

µL, and 100 µL) (Fig. 42). We plotted each normalized data point along with the 

corresponding standard error of the mean (Fig. 42). We define “output” as the 

assay readout that has been normalized based on the lowest cell volume, 
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luminescence for CT3D and CT2D, fluorescence for PB, and absorbance for MTS. 

For Col1, we saw CT3D had close association with the theoretical slope, in 

particular for lower volume constructs where the other 3 assays exhibited slopes 

much further from the theoretical. All of the assays tested in HA:Col1 hydrogels 

exhibited slopes in seemingly close proximation to the theoretical line. For 

Hystem®, however, the ATP assays CT3D and CT2D had slopes further from the 

theoretical in comparison to MTS and PB. 

 

 

Figure 42: Cell viability assays across different hydrogel formulation and construct size. Each viability 

assay (CT3D, left; CT2D, center left; PB, center right; MTS, right) was used to assess viability of 

HCT-116 cells encapsulated in different hydrogel formulations (Col1, top; HA:Col1, middle; 

HyStem, bottom) at various cell numbers and sizes (10 µL, green; 25 µL, blue; 50 µL, orange; 100 

µL, red).  HCT-116 cells were encapsulated and allowed to equilibrate in culture media before the 

assays were ran per manufactures instructions. The data were normalized based on initial reading 

for each construct size. A theoretical slope of 5E-05 (black) was calculated based on a cell number 
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dependent linear output. Experiments were run in duplicates (n=6, ± SEM). Graphs and calculations 

were generated with GraphPad Prism. 

 

The slope and coefficient of determination (R2) of the linear regression line was 

calculated and shown in Table I. An R2 value will determine how close the data 

are to the fitted regression line and indicate response variable variation. Slope 

values within 50% of the theoretical slope, ranging from 2.5E-05 to 7.5E-05, are 

highlighted in blue. The R2 values that are ≥ 0.99 are highlighted in green. These 

highlighted values indicate a slope that is comparable to the theoretical value with 

low variance and gives a visual representation of the data. The results show that 

all assay readouts for cells encapsulated in Col1 were lower than the theoretical 

values; however, all CT3D slopes were within close range of the theoretical slope 

(Table IA). Similarly, the R2 values followed the same trend with all but the 100 µL 

constructs tested with CT3D were greater than 0.99 in Col1. The 3 other viability 

assays had a much lower output than the theoretical when tested on Col1 

constructs. 
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Table I: Output accuracy of the different viability assays. The slope and R2 values of the linear 

regression for each viability assay was calculated in Microsoft Excel in different of hydrogel 

formulations, as indicated. Slope values within 50% of the theoretical slope, ranging from 2.5E-05 

to 7.5E-05, are highlighted in blue. The R2 values that are ≥ 0.99 are highlighted in green. These 

values were picked to help visually interpret the data.  

 

Cells encapsulated in HA:Col1 experienced a more accurate readout to the slope 

in all assays tested compared to Col1 with all slope values being within range of 

the theoretically calculated slope except for the 100 µL constructs (Table IB). The 

calculated R2 of the regression were all above 0.94; however, values above 0.99 

were obtained with different assays and construct sizes. Lastly, cells encapsulated 

in HyStem® exhibited lower signal as seen in Col1 constructs (Table IC). 

Surprisingly, CT2D and CT3D performed poorly with one slope value within 50% 

of the theoretical. Interestingly, PrestoBlue performed the best in the HyStem® 

construct especially at larger volumes.  
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Figure 43: Comparison between assays performed on cells encapsulated in 3D constructs vs cells 

released through hydrogel digestion. Each cell viability assay was tested on increasing quantities of 

HCT-116 cells (10k, 40k, 80k, and 160k) in 100 µL Col1 constructs. The constructs were either 

kept whole (solid line) or digested (dashed line) with a digestion cocktail of Type I Collagenase (25 

U/mL), Type III Collagenase (100 U/mL), and Type IV Collagenase (200 U/mL) for 1 hour in serum 

free DMEM, immediately before running each assay. The data were normalized based on initial 

reading at 10k cells. A theoretical slope (black) was calculated based on a cell number dependent 

linear output. Experiments were done in duplicates (n=6, ± SEM). Graphs and calculations were 

generated with GraphPad Prism. 

 

Next, we explored a potential explanation for the differential accuracy of the 

different viability assays in different 3D hydrogels. To do this, we compared the 

viability of cells inside the 3D hydrogels to cells “freed” from the hydrogel through 

digestion of the 3D constructs. We chose to use Col 1 for these studies, with HCT-

116 cells at various cell quantities of 10k, 40k, 80k, and 160k in 100 µL constructs 
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(Fig. 43). The cell:hydrogel mixture at the desired concentrations were briefly 

cultured and then either dissociated gently using collagenase for 1 hour or left as 

a whole construct. To exclude a possibility of an interference due to the presence 

of digestion enzymes, HCT-116 cell suspensions were treated with digestion 

solution and showed no effect on the viability results (not shown). The results show 

that the CT3D showed near theoretical readings in the 3D constructs and in 

dissociated cells. CT2D increased accuracy when used on dissociated cells 

compared to 3D construct. The PrestoBlue and MTS assays, however, did not 

improve in accuracy when used on dissociated cells and remained unchanged in 

readout and slope compared to 3D construct. These results show inaccuracies 

when using the resazurin and tetrazolium-based assays compared to the ATP-

based assays in Col1 construct even after dissociation.  

 

 

Figure 44: Direct measurement of cell viability in 3D constructs using histological analyses. HCT-116 

cells encapsulated in Col1 hydrogels (100 µL) were cultured for 72 hours in standard media 
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(Control, A) or in the presence of 1 mM of 5-Fluorouracil (5-FU, B). The constructs were embedded 

in paraffin and 5 µm sections were stained with DAPI (blue), Caspase-3 (green), and Ki-67 (red) 

(AI & BI). Stained images were quantified using VisioPharm software (AII & BII), labeling healthy 

nuclei (green) and nuclei surrounded by caspase-3 (red). VisioPharm quantification of H&E-stained 

sections of the same Col1 hydrogels (AIII+IV & BIII+IV) labeled healthy, intact nuclei (blue) and 

fragmented nuclei (red). Scale bar is the same for all images, 25 µm. 

 

Lastly, we performed direct evaluation of cell viability in 3D constructs using 

histological techniques. Histological assessment not only give the researcher 

viability information, but also has the capability of determining where the live and 

dead cells are spatially in the dense hydrogel.  Col1 hydrogel constructs (100 µL) 

with HCT-116 cells were cultured for 72 hours in control media or in the presence 

of a chemotherapeutic agent, 1 mM 5-FU, (Fig. 44). The constructs were fixed, 

embedded in paraffin and sections were stained with DAPI (blue), Caspase-3 

(green), and Ki-67 (red) (Fig. 44AI & 44BI). The stained images were quantified 

using VisioPharm software that deconvolutes the images. The software identified 

cellular nuclei that are intact and free of caspase-3 (Fig. 44AII), indicating healthy 

cells in green, or nuclei that are fragmented and surrounded by caspase-3 (Fig. 

44BII), indicating apoptotic cells in red. These results were validated through 

quantification of H&E-stained sections of the same Col1 hydrogels (Fig. 44AIII+IV 

& 44BIII+IV). The software successfully detected each intact nucleus as blue and 

fragmented nucleus as red. This powerful quantification method via histological 

sections can be useful for determining cellular health in most hydrogel formulation.  
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DISCUSSION 

In this work, we found varied output inaccuracies among indirect viability assays 

for different hydrogel formulation (Fig. 42 & Table I). Promegas’ CellTiter-Glo® 

3D, originally designed for small spheroidal models, exhibited the most accurate 

readouts overall regardless of construct size, cell density, and hydrogel makeup; 

however, readouts using CT3D were less precise in HyStem hydrogels. 

Interestingly, all four assays fared well in accurately quantifying cell viability in 

hybrid Col1:HA hydrogel. Furthermore, Promegas’ MTS assay and Thermo 

Fishers’ PB assay both produced accurate readouts in HyStem hydrogels with the 

exception of larger, 100 µL constructs but was very imprecise in Col1 constructs. 

Upon further experimentation to determine why the MTS and PB assays performed 

poorly in the biological Col1 hydrogel, we speculated that the solution either 

remained “trapped” within the Col1 or the gel interfered with the assay’s chemistry 

even when constructs were digested, and cells freed (Fig. 43). Nevertheless, the 

Promegas’ ATP assay designed for 2D monolayers, CT2D, displayed equal 

viability measurements to CT3D after Col1 digestion indicating the lack of 

penetration and lytic capabilities of CT2D in hydrogels, which performed the worst 

of the assays (Fig. 43). These results show major variability between indirect, 2D 

cell viability assays used in 3D hydrogels and thus we suggest using them with 

caution. 

 

The indirect viability methods discussed thus far have their limitations and should 

be used with caution; however, these assays are still used due to the lack of fast, 
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high throughput approaches to determine cellular proliferation within hydrogels. 

Direct methods like BrdU incorporation, Fluorescence-activated Cell Sorting 

(FACS), and Incucyte® automated system that are primarily performed on cell 

suspensions should be considered for use in hydrogel constructs that can be 

digested. Unfortunately, these systems, though direct, cannot indicate spatially 

where the viable (or not viable) cell population is within the hydrogel.   

 

Standard histological analyses of cellular health via IHC or H&E staining has the 

capability to determine how cells respond to different insults spatially within a 

construct (Fig. 44). This method eliminates much of the uncertainty presented 

using indirect viability assays. However, the histological analyses lack high-

throughput capabilities and are laborious. Several researchers and companies 

have begun confronting this issue with live/dead molecular probes and tissue 

clearing techniques; however, basic colorimetric, fluorescent, and luminescent 

viability assays are still predominately used today without proper validation  [23, 

24].  

 

CONCLUSION 

The use of 3D tumor models has proven a valuable tool not only for preclinical 

chemotherapy drug screening but also for understanding cell death and viability 

mechanisms under physiologically similar conditions. Cell viability assays 

originally developed for 2D monolayer cultures, are now being used outside of their 
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intended use, on 3D constructs. This may result in inaccurate and misleading 

results leading to unintentional wrong conclusions. Here, we assessed the 

accuracy of using multiple commercially available 2D assays in different hydrogel 

constructs and conclude that careful consideration should be made when 

approaching which viability methodology to use.  
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SUPPLEMENTAL MATERIAL 

 

 

Figure S45: Assay standard slopes confirmed using cell suspension. Viability assays were performed 

on known number of HCT-116 cells in suspension (A). The data were normalized based on initial 

reading for each assay (MTS, green; PB, blue; CT2D, orange; CT3D, red). A theoretical slope of 

5E-05 (black) was calculated based on a linear output of each assay. Experiments were done in 

duplicates (n=6, ± SEM). Graphs and calculations were generated with GraphPad Prism. The slope 

20 40 60 80 100 120 140 180
0

2

4

6

8

10

12

14

Cells per Construct (x1000)

N
or

m
al

iz
ed

 A
ss

ay
 R

ea
do

ut MTS

PB

CT2D

CT3D

Theoretical

A.

B.



 177 

and R2 values were calculated using Microsoft Excel (B). Slope values within 50% of the theoretical 

slope, ranging from 2.5E-05 to 7.5E-05, are highlighted in blue. The R2 values that are ≥ 0.99 are 

highlighted in green.   
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