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Abstract 

Background: In the development of pharmaceutical drugs, it is imperative that microphysiological 

systems represent their parent tissue as accurately as possible. It is essential that any preclinical 

model is human, able to recapitulate the organization, cell type, and proper cell to cell interactions. 

Human 2D cell line models and animal models often fail to meet these criteria, and these failures 

have cost thousands of lives and billions of dollars.  

Methods: To address these shortcomings in the form of a potential screening tool, we employed 

bioengineered 3D liver and cardiac organoids biofabricated from multiple physiologically relevant 

human cell groups to represent healthy tissue, and tumor organoids derived from colorectal cancer 

cells from established cell lines to screen multiple materials for toxic effect, including 

environmental toxins, FDA recalled drugs, and chemotherapeutics. and charted the response of the 

organoids to these compounds. With liver and cardiac organoids, tests were performed that 

measured ATP activity, LIVE/DEAD viability and cytotoxicity staining, and cardiac organoid 

beating activity to demonstrate a comprehensive picture of cellular death under toxin exposure. 

With tumor organoids, MTS and additional IHC staining was performed on to evaluate drug 

efficacy and potential mechanisms of action. Tests were performed in both 2D and 3D systems to 

compare sensitivity to toxin exposure in organoids versus more traditional 2D cultures. 

Results: All compounds tested induced toxicity in the organoids. Both ATP and LIVE/DEAD 

results showed toxicity in cardiac and liver organoids with most systems showing 3D systems 

having more sensitivity than 2D, with organ specific toxicity displayed in recalled drugs. 

Additionally, cardiac beat rates were affected at drug and toxin concentrations much lower than 

those shown to induce toxicity as per ATP or LIVE/DEAD assays. Chemotherapeutic testing in 3D 

colorectal cancer organoids displayed EGFR pathway mutation targeting drugs are given an 

advantage over the 2D cultures; the reverse was true for most non-EGFR targeting drugs. 

Additionally, IHC staining showed upregulation of EGFR and its downstream components in 3D 

over 2D. Overall, these results suggest that the 3D organoids have significant utility to be deployed 
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in additional toxicity screening applications, and future development of treatments targeting certain 

mutations present in cancer systems with the capacity to involve human derived primary tumors.   

Conclusion: Taken together, these results show the potential application of human-based 3D 

organoids to be applied in a variety of toxicity screening applications, such as drug development, 

environmental toxin detection, and as a diagnostic tool for the treatment of various cancers. 
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Introduction 

Gap in proper in vitro models 

One of the most important parts in the scientific process towards new discovery is the test model. 

It is essential that for whatever the experiment, the scientist must prepare and execute the most 

relevant and accurate model to ensure they are properly creating a real-world representation of the 

experimental question. By doing this, a researcher is ensuring they are reducing potential errors 

that may be due to factors either not present in the model or factors that are not properly represented 

by the model.  

In the realm of human cellular biology research, models should represent their parent tissue as 

accurately as possible to answer the research question proposed by the scientist. There are many 

factors that must be accounted for: from cell number, cell type, species and cell-cell interactions to 

non-cellular factors such as dimension, stiffness, shape and ECM components (Figure 1). The 

incorporation of each of these factors can create a better model that will more accurately answer a 

specific question. Unfortunately, current scientific research models often leave room for 

inaccuracy. These models may include 2D cell culture, while using proper cell numbers and cell 

type often fail to recapitulate the proper cell-cell interactions and non-cellular components that can 

be found in the human body[5-7]. For example, in studies on cancer and mimicking the tumor 

microenvironment, our group recently demonstrated that on 2D tissue culture dishes, metastatic 

colorectal cancer cells appeared epithelial, not malignant, but when transitioned into a 3D tissue 

organoid environment they “switched” to a more accurate mesenchymal and metastatic 

phenotype[8, 9]. Additionally, in the context of drug studies diffusion kinetics can significantly 

alter the effective dose of a drug from 2D to 3D, often causing issues in dosing and accidental side 

effects[5, 6, 10]. Moreover, using 3D systems we also recently demonstrated vastly superior 

viability and function in liver organoids compared to 2D cultures using the exact same cells[11, 12] 

Along with these issues in 2D cell cultures, animal testing may properly represent many of the non-

cellular components of the body such as dimension and mechano-properties while providing multi-
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organ system interactions; however, because it is not human it does not represent a complete picture 

of human tissue, creating a gap where outcomes in animals do not translate to humans[13, 14].  

It is clear there is a gap in which more accurate research models can be implemented. It would be 

highly advantageous if they were rapidly reproducible, able to create high throughput studies, and 

would create minimal costs to the researcher while still creating an accurate portrayal of the parent 

tissue. This is applicable to both healthy tissue and tissue affected by diseased states such as cancer. 

A common application and proving ground of these models is towards toxicity testing, either to 

ensure new drugs are working effectively and without toxicity or test compounds that may have 

toxic side effects. By confirming both quantitative, qualitative, and physiological functionality, the 

system would prove to be employable as an in vitro model. 

 

Figure 1– Organization of body, from cell to organism. The optimal in vitro model for toxicity testing will resemble the parent 
tissue of interest while maintaining low costs and ability to utilize high throughput.  

 

Environmental Toxins 

Environmental toxins continue to represent a significant health concern within the United States 

and around the world. Even in the 21st
 
century, we continue to hear of cities and towns in the U.S. 

have suffered from exposures to lead in drinking water and other heavy metals in food or the 

earth[15, 16]. Moreover, there is equal potential for other locations to suffer such exposures in the 

future due to possible deregulation of those government agency policies that manage environmental 

toxins and other compounds.  
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Environmental heavy metals have long been known to cause cell and tissue damage, often leading 

to major health complications, especially in children[17]. Exposure to heavy metals has been 

implicated in a host of gastrointestinal, hepatic, cardiac, and neurological disorders, including 

autism spectrum disorder[18]. Increasing industrial and agricultural uses for heavy metals over the 

span of many years have led to an exponential increase in the concentration of these materials in 

soil and water, and subsequently in a variety of food sources, resulting in passage to humans 

through a number of methods including consumption, inhalation, and direct skin contact [18, 19]. 

Within the human body, environmental heavy metals have been demonstrated to affect the 

functionality of cell organelles, lipid membranes, and cytoplasmic enzymes. Additionally, heavy 

metals are able to interact directly with nucleic acids and nuclear proteins resulting in DNA damage 

leading to altered cell function, cancer, and cell death[20, 21]. These effects are exerted by several 

chemical reactions, the most predominant of which is the generation of free radicals that can oxidize 

both proteins and lipids and the supplanting of ions with similar size and charge in cellular 

processes.  

In addition to heavy metals, some compounds in pesticides have been determined to cause toxic 

effects in humans and wildlife, with many becoming banned due to these consequences, the most 

famous being DDT[22]. Current studies on pesticides must account for many factors including 

routes of exposure, proximity to the population, and the potential toxicity after it’s prolonged 

proscribed application[23]. In addition to cases of acute toxicity, possible chronic afflictions on 

exposed populations include cancers, diabetes, endocrine disruption, neurodegenerative diseases, 

and potential epigenetic changes[24-27]. As more and more of the world’s crop output becomes 

dependent on both pesticides and fertilizers, it is thus imperative that these chemicals are 

thoroughly tested to weigh their benefits against their potential negative effects[28, 29]. 

In the context of environmental toxin research, few if any significant studies have employed truly 

human-representative microphysiological systems[30, 31], such as 3D organoids or bioengineered 

tissue constructs, to assess the effects of environmental toxins on human physiology. Many studies 
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do exist that employ traditional 2D cull cultures or animal studies, neither of which are necessarily 

completely representative of human physiology or human response to drugs and other compounds. 

Moreover, the very nature of 2D versus 3D environments can significantly impact cellular behavior 

and phenotype. Such 3D models have rapidly gained favor in areas such as cancer and drug 

development, yet deployment for applications such as environmental toxin research has lagged as 

few examples exist in the literature. Yet 3D organoids could be valuable tools in environmental 

toxicity and safety research. These types of technologies could be used for a variety of applications, 

ranging from diagnostic testing of materials collected in field studies to development of treatment 

regimens – such as chelation therapies in the case of some heavy metal exposures – that can be 

used in human patients.  

Recalled Drugs 

The development of new drugs can take up to 12-15 years from the preclinical bench to reaching 

the market with only one in 5,000 able to make this journey[32], with development costs sometimes 

reaching as high as $2.6 billion when accounting for all expenses[33] (Figure 2). The costs are 

often distributed exponentially, as the drug progresses further into the development process the cost 

of further testing rise dramatically as clinical trials advance from preclinical to late stage.  

Unfortunately, the human and financial costs can be even more dramatic if a drug is later found to 

be harmful and must be withdrawn.   

Drug recalls have risen steadily as the FDA has cracked down on product safety, increasing in class 

one serious and class two possible safety designation recalls.[34] For example, Vioxx (Rofecoxib), 

developed by Merck & Co. as a COX-2 selective inhibitor NSAID for pain relief, cost its parent 

company $4.85 billion to settle 27,000 cases that had been linked to adverse effects from the drug, 

along with another $830 million dollars to settle shareholder lawsuits for failing to properly vet the 

drug in development.[35, 36] In addition to the monetary costs, the human costs of adverse drug 

reactions (ADRs) are a leading cause of hospitalization in the United States, with Kongkaew et. al 
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calculating 5.3% of hospitalizations are related to ADRs.[37] Estimated rates of fatal ADRs vary 

between studies, however it is probable that it is widely underreported, with one study estimating 

that it could be as high as the fourth highest cause of death in the United States.[38] As the costs of 

drug development are rising with the stakes high, it is imperative that the drug candidates are more 

thoroughly screened, but optimally in a system that is less expensive than current practices. 

The longest period of drug development occurs in the preclinical trials, an initial period where the 

drug is developed and tested in non-human trials[32]. During this phase the majority of drugs 

developed and screened are eliminated during both in vitro 2D cell cultures and in vivo animal 

models, with the estimated number of drugs passing to the next stage 20 out of 5,000[32]. 

Unfortunately, there are no universally-used models and testing varies widely. This can have 

serious consequences; differences in how tests are performed and which experimental models are 

used can explain how some drugs reached the market without detecting the unintended side effects. 

A wide variety of research efforts have been developing suitable models for two of the most 

important organs frequently affected by ADRs: heart and liver. Cardiac ADRs are responsible for 

31% of all ADRs with the majority of drugs recalled affecting either calcium or potassium channel 

flow and causing arrhythmia[39]. Several models have been created with the intention of testing 

Figure 2- Drug Development Chart- Figure explains the process of drug development with associated costs. 
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for cytotoxicity and impaired channel function in vitro, but none have been developed that are a 

3D cell only model [40-43]. The liver is one of the most important organs in drug processing and 

metabolism due to interactions with enzymes such as cytochrome p450 to transform ingested drugs 

into their active substrates[44, 45]. Often times when drugs are recalled it is due to unforeseen 

circumstances around their metabolized forms. For example, differences in rat and human biology 

and failure to include parameters accounting for obese patients allowed trials of anti-diabetic 

troglitazone to pass into the market, causing many patients to require liver transplants for those 

with inadequate hepatic function[46-48]. Many models exist for the testing of both toxicity and 

metabolism, from 2D monolayer to 3D gel “sandwich” and 3D cell line spheroids, all able to be 

customized in both cells present and for testing parameters[49-52]. However, most of the 

experiments performed were as a proof of concept with little effort to create large scale 3D testing 

that can be utilized for rapid drug testing required to rapidly and accurately determine toxicity of 

both known and unknown compounds. Bioengineered 3D platforms using human patient-derived 

cells can better mimic the cell-cell, cell-ECM, and mechanical interactions of in vivo tissue, and 

are thus may be more suitable for mechanistic research and translational applications. 

Colorectal Cancers 

Colorectal cancers are one of the top five most diagnosed cancers, consisting of 8% of all cancers 

with 4.4% of all people being diagnosed in their lifetime[53].  Although early detection methods 

such as colonoscopy exist, colorectal cancer carries a high mutational load and has a high metastatic 

risk, with the five-year survival rate for stage IV colorectal cancer at 14%[54] (Figure 3). Common 

mutations carried by colorectal cancer include proto-oncogene activating mutations to the EGFR, 

PI3K/AKT, and TGFβRII pathways and tumor suppressor inactivating mutations to TP53, APC, 

and SMAD family, along with chromosome mutations and microsatellite instability[55, 56]. The 

presence of these mutations can alter the clinician’s regimen for the patient, so it is important that 

they are given the best possible information about the tumor and have the best treatments on hand 

to treat them. Treatments may include surgery/radiotherapy followed by chemotherapy [56]. 
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Development of chemotherapy for the treatment of various cancers usually involves using cell lines 

derived from tumor samples that have been immortalized by scientists. The cell lines chosen for 

the treatments often contain the mechanism that will be targeted by the treatment itself to confirm 

its efficacy and compared to other cell lines that do not have the mechanism in order to determine 

if there is a significant difference between the two. There have been numerous colorectal cancer 

cell lines that encompass a wide range of genotypes and phenotypes[57]. However, it is known that 

2D culture can change the phenotype of a cell line over time, an observation our group has 

confirmed by observing a conversion of mesenchymal CRC cells into epithelial phenotypes and 

morphologies[9]. It is thus imperative that models used in compound screens closely mimic the 

tissue of origin to prevent this from happening.  

At the current stage in medical treatment of CRC, a doctor will utilize a cocktail of drugs to reduce 

the tumor’s size and ability to spread. Up until recently, the cocktail consisted of was a group of 

chemotherapy drugs designed to kill cells that reproducible quickly and non-specifically, such as 

FOLFOX. However, with the advent of pathway specific inhibitors, the potential of personalized 

treatment has taken off. One of the methods for the development of drug regimens for patients at 

modern cancer centers can include taking a biopsy of either the solid mass or resected tumor and 

Figure 3- Stages and Development of Colorectal Cancer- Markers of colorectal cancer with associated risk of spreading[2]. 
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using it to determine a genotype for the patient’s cancer. Genomic screening can then be used to 

determine the appropriate drug regimen to help treat any remaining tumor or metastasized cancer 

cells, ie EGFR and B-RAF specific mutation target drugs based of these genotypes. However, this 

determination is usually a clinician’s “best guess”, with the chosen regimen best fitting this 

estimation not always working despite using the cancer genotype for targeting. 

In cases of unresectable cancer, chemotherapy remains the best treatment option, yet there has not 

been a drug in colorectal cancer which has been incredibly effective as in some other cancers such 

as imatinib with ALL and CML[58]. The need for proper diagnosis and targeted treatment has now 

grown more important than ever, an area where gaps still exist between the doctor diagnosing the 

cancer genotype and determining the treatment. Even further, personalized medicine regiments can 

help to detect these targetable mutations[59]. However, there is no way to simultaneously test these 

targetable gene functions against a bank of drugs to confirm the response of the genotyping and 

determine the best drug regimen[60]. In order to bridge this gap, a system must be first developed 

and optimized which a doctor may utilize, similar to a histology core and genetic screen, to confirm 

a tumor’s response to a chemotherapy estimated by those cores, an in vitro chemotherapy screen.  

 

 

 

 

Figure 4- Proposed In Vitro system for personalized medicine. System for utilization of 3D in vitro system for personalized 

medicine as described above. Current personalized medicine regimens include doctor taking a biopsy from patient and sending 

it to be tested for certain mutations to determine drug regimen. Our proposal would include taking cells from the biopsy to 

create a 3D system to confirm patient cell response to certain chemotherapeutics.  
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Creation of Accurate, Rapidly Producible 3D In Vitro Systems 

Our group has the belief that accurate in vitro systems should utilize a three-dimensional structure 

and use the cells that most closely resemble the composition of the tissue they are trying to mimic, 

both in numbers and with physiological function. By accomplishing these criteria, we believe that 

any testing performed will better mirror the behavior of the parent tissue and will prove to be 

improved models for preclinical drug and toxicity testing. The hypothesis that inspired these 

experiments is 3D organoids are able to more accurately mimic the physiological function of the 

human body because they properly maintain expression of tissue specific markers as well as 

specific cell-cell interactions, something 2D cultures are inferior in comparison. 

To address these criteria, our group has developed 3D organoids for multiple organs with human-

like physiological function consisting of either primary cell or induced pluriopotent stem (iPS) cell 

origin for the purpose of testing compounds for efficacy and safety. Notably, these organoids are 

comprised of representative cell populations from their in vivo counterparts, can be maintained with 

high viability for long periods of time, are metabolically active, and respond to and metabolize 

drugs accurately. Here we describe the utilization of these organoids for the testing of 

environmental toxins and FDA recalled drugs on two organs often implicated in serious toxic 

exposure – cardiac and liver. We performed a series of tests to assess the negative effects on both 

cardiac and liver organoids for all of the environmental toxins and recalled drugs, with the rationale 

of creating a 3D in vitro system with a high similarity towards the parent tissue which properly 

displays toxicity towards acute chemical exposure. Our tests include information that can 

recapitulate quantitative, qualitative and physiological effects after acute exposure. After 

performing these tests, we were able to determine IC50 values based on ATP activity and link them 

to failure in physiological function and widespread cellular death. We also utilized a 3D hydrogel-

based model for the study of colorectal cancer and its response to various chemotherapeutics. By 

comparing the results from the toxicity testing and analyzing trends, we are able to distinguish 
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patterns that are relevant towards the development of new treatments as well as detecting 

differences in gene expression ratios that may be due to differences in 2D and 3D cellular culture 

conditions which can account for differences in treatment efficacy. This also lays the groundwork 

for using primary patient tumor samples as a source for cells for both novel drug testing and 

potentially as a diagnostic tool for clinicians. We believe that the use of these 3D systems will lead 

towards utilization of these models as a large-scale, reproducible and more accurate alternative to 

2D cell culture and animal models for the precise estimation of toxicity of samples with potential 

contaminants, acceptable doses for drugs in healthy organs, and determining effective doses in 

chemotherapeutic regimens.  
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Materials and Methods 

No human subjects were employed in the described studies, as all cells were purchased 

commercially. Additionally, all experiments involving biohazards, select agents, and toxins were 

performed in line with institutional safety guidelines of Wake Forest Baptist Medical Center.  

2.1 Liver and cardiac culture and organoid formation 

For liver organoids, all cells used were commercially sourced, human primary cells. Hepatic stellate 

cells (HSCs) (ScienCell, Carlsbad, CA) were expanded in culture for two passages before 

cryopreservation for use in organoid formation. During expansion, HSCs were cultured in 90% 

high glucose DMEM (Thermo Fisher, Waltham, MA) and 10% fetal bovine serum (Atlanta 

Biologicals, Flowery Branch, GA) on a rat tail collagen I coating (10 g/cm2, Corning, Corning, 

NY) at 37ºC with 5% CO2 Primary human hepatocytes (Triangle Research Labs, RTP, NC) were 

thawed according to manufacturer instructions using Hepatocyte Thawing Medium (Triangle 

Research Labs). Kupffer cells were also thawed via manufacturer instructions (Gibco, Waltham, 

MA). Primary human hepatocytes (Triangle Research Labs) were thawed as mentioned above, then 

plated on collagen coated (10 g/cm2, Corning) 6-well culture plates, using Hepatocyte Plating 

medium (Triangle Research Labs) at a density of ~150,000 cells/cm2. Cells were incubated at 37ºC 

with 5% CO2 for 4 hours before adding matrigel as an overlay (BD Biosciences, San Jose, CA). 

Following further incubation for 24 hours, fresh HCM medium (Lonza, Walkersville, MD) was 

added. 

For cardiac organoids, induced pluripotent stem cell-derived cardiomyocytes (iPSC CMs) were 

commercially sourced from Axiogenesis (cat. # COR.4U Cardiomyocytes). Human primary 

cardiac fibroblasts were commercially sourced from ScienCell (cat. # 6330). Prior to organoid 

formation, iPSC CMs were culture on tissue culture plastic for 48 hours in COR.4U medium until 

cells began beating spontaneously. At this point, iPSC CMs were harvested using trypsin-EDTA 

(Hyclone, Logan, UT). 
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The liver cells were combined in a cell seeding mixture comprised of 90% HCM medium (Lonza), 

10% heat-inactivated fetal bovine serum (Gibco), and rat tail collagen I (10 ng/µl, Corning). Liver 

organoids were produced with a mixture of 80% hepatocytes (Triangle Research Labs), 10% 

hepatic stellate cells (ScienCell), and 10% Kupffer cells (Gibco). Approximately 1500 cells per 40 

L media were used to form aggregates in each well of a non-adherent, round-bottom, 96-well 

plates to produce spherical organoids (#7007, Corning). Cardiac organoids were produced 

similarly.  IPSC CMs were suspended in cardiomyocyte maintenance medium (CMM, Stem Cell 

Theranostics, Redwood City, CA). Fibroblasts were added as 10% of the total cell number, and the 

volume was adjusted to reach a cell density of 10,000 cells/mL. 100 L of cell suspension was 

pipetted into each well of a non-adherent, round-bottom, 96-well plates to produce spherical 

organoids resulting in approximately 1,000 cells/organoid. Well plates were incubated and 

observed daily until organoid formation, and then immediately used in experiments. 

Hepatic carcinoma derived HepG2 and contractile muscle cell line C2C12 were plated onto 15 cm 

culture dishes and placed inside 37C incubator until reaching 80% and 50% confluence, 

respectively. Media changes were performed every two days using DMEM with 10% FBS 

concentration. Cells were removed using Trypsin 0.05% for a five minute incubation. Cells were 

then added to the wells of either a 96 well plate for 2D or into non-adherent round bottom 96-well 

plates for 3D in the same quantity as the spheroid total, 1,500 for HepG2 and 1,000 for C2C12 

cells, and then either used immediately or given three days to form spheroids, respectively. 

2.2 Colorectal Cancer Cell Lines and Organoid Formation 

Human colon carcinoma cells (HCT-116, HT-29, Caco2, and SW480 originally sourced from 

ATCC made available through the Cell and Viral Vector Core Shared Resource at Wake Forest) 

were expanded in 2D on tissue culture plastic using 15 cm tissue-treated dishes until 90% 

confluence with Dulbecco’s Minimum Essential Medium (DMEM, Sigma, St. Louis, MO), 
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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 further studies. 

Constructs were formed using a thiolated hyaluronic acid, thiolated gelatin, and polyethylene glycol 

diacrylate (PEGDA)-based hydrogel system (ESI-BIO, Alameda, CA). Thiolated HA and gelatin 

components were dissolved at 1% w/v each in water containing 0.1% w/v photoinitiator (2-

Hydroxy-4-(2-hydroxyethoxy)-2-methylpropiophenone, Sigma, St. Louis, MO), and mixed with a 

2% w/v linear polyethylene glycol diacrylate crosslinker solution in a 2:2:1 ratio by volume. For 

construct formation, the hydrogel-precursor solution was used to resuspend cells at a cell density 

of 10x10
6 

cells/mL. Constructs were then placed into the wells of a sterile 96 well plate previously 

coated with cured Polydimethylsiloxane (PDMS) in 5 L constructs per well. The constructs were 

then exposed to UV light from a DYMAX 75 V.2 UV spot lamp for one second each. The constructs 

were then covered with 200 L DMEM media for 24 hours until treatment began. 

2.3 Preparation of drug stock solutions 

All four environmental toxin compounds were purchased from Sigma Aldrich (St. Louis, MO). 

Drugs were dissolved in DI H2O for environmental toxins to reach 20 mM concentration for lead 

(II) chloride (203572), 10 mM for mercury (II) chloride (215465) and thallium nitrate (204609) 

and 50 mM concentration for glyphosate (45521), respectively. Doses were taken from previous 

research on toxicity in model systems and experiments were performed to determine an IC50 

cellular activity for ATP assay. Serial dilutions were performed in media for each cell type until all 

concentrations were created at 2X final concentration. Specifically, lead was assessed at 10 μM-10 

mM; mercury was assessed at 200 nM- 200 μM; thallium was assessed at 10 nM-100 μM; and 

glyphosate was assessed at 25 μM- 25 mM. 

All ten recalled drugs were purchased from Sigma Aldrich. Drugs were dissolved in DMSO for 

recalled drugs to reach 10 mM concentration. A range of doses from 1 nM to 100 μM was utilized 
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to determine IC50 values for each of the recalled drugs. Serial dilutions were performed in media 

for each cell type until all concentrations were created at 2X final concentration. For drugs 

pergolide, rofecoxib, valdecoxib, bromfenac, tienilic acid and troglitazone, an additional stock of 

100 mM solution was made to create a dose of 1 mM as no IC50 was observed in the initial doses 

tested.  

Ten chemotherapeutic regimens, eight single agents and two combinational treatments, were used 

in the colorectal cancer organoid screening. Novel chemotherapeutics F10 and CF10 were gifted 

from the Gmeiner research group at the Wake Forest School of Medicine. 5FU (F6627), cisplatin, 

oxaliplatin (O9512) and carboplatin (C2538) were purchased from Sigma-Aldrich; regorafenib 

(S1178), sorafenib (S7397), dabrafenib (S2807) and trametinib (S2673) were purchased from 

SelleckChem© (Houston, Texas). Stocks of 10 mM were created for 5FU, F10, CF10, regorafenib, 

sorafenib, dabrafenib and trametinib by dissolving in DMSO; two stocks of 5 mM and one stock 

of 10 mM were created for cisplatin, carboplatin, and oxaliplatin, respectively. Doses were selected 

based on literature findings, and ranges for F10, CF10, 5FU, cisplatin, carboplatin, oxaliplatin, 

regorafenib and sorafenib were selected as 1-100 μM. Dual treatments of 5FU and oxaliplatin 

(FOX) and dabrafenib/trametinib had dose ranges selected after a separate review on literature; 

ratios of 10:1 (5FU:oxaliplatin) was selected for FOX and 20:1 for dabrafenib:trametinib[61, 62]. 

The ranges for these treatments was 1-100 μM 5FU, scaling oxaliplatin accordingly, and 20, 40, 80 

μM dabrafenib, scaling trametinib accordingly. 

2.4 LIVE/DEAD staining 

Liver and heart organoids were isolated from 96 well low adhesion round bottom plates, 

suspended in Hystem hydrogel (GS311, ESI BIO, Alameida, CA) in a 20 μL construct, and 

placed into 12 well plates to immobilize organoids in a 3D extracellular matrix environment, as 

we have described previously [63-65]. Each concentration of environmental toxin and recalled 

drug was premixed at 1X concentration in media according to organoid type was added to 

individual wells and organoids were allowed to incubate under their respective conditions for 2 
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days at 37ºC with 5% CO2. Studies were performed using n=5 organoids or higher for all 

conditions of cardiac and liver. For colorectal cancer organoids, treatments were performed with 

1X dose on individual organoids for three days at 37ºC with 5% CO2 using n=3 organoids. Media 

was then removed and organoids were assessed by LIVE/DEAD® Viability/Cytotoxicity 

Kit assays (Invitrogen, Carlsbad, CA). Specifically, 2.0 μM calcein AM and 4.0 μM ethidium 

homodimer in PBS was added to each well and was allowed to incubate for 1 hour. Imaging was 

then performed by macro-confocal microscopy (Leica TCS LSI, Leica, Wetzlar, Germany) and 

composite images were created with ethidium bromide red fluorescence representing dead nuclei 

and calcein AM green fluorescence representing live cells.  

2.5 ATP activity assays 

Environmental toxins were added in a premix 2x concentration of 100 μL solution to each well of 

a 96 well plate containing an organoid with 100 μL of media and allowed to incubate for 2 days at 

37ºC with 5% CO2 with n=6 or higher. Media was then removed from each well leaving 100 μL of 

media remaining along with the organoid. Next, 100 μL of Cell-Titer Glo Luminescent Cell 

Viability Assay solution, prepared according to manufacturer’s instructions (G7571, Promega, 

Madison, WI), was added to each well containing 100 μL of already present media and allowed to 

incubate for 10 minutes at room temperature shielded from light. The entire contents of the wells 

containing organoids were then added to Costar Black Polystrene 96 well Assay Plate (Corning, 

NY) wells and the contents were read on a Vertias Microplate Luminometer (Promega) using 

default settings. Values were then averaged amongst the different groups and graphed for analysis 

using Graph Pad Prism© (Graphpad, La Jolla, CA) software.  

2.6 Heart beat assay 

Fully formed cardiac organoids in the wells of a 96 well non-adhesive round bottom plate were 

placed under a Leica DMIL LED (Weltzer, Germany) microscope to allow for the recording of 

natural beat rates in 20 second videos (n=3). The plate was then returned to the 37ºC, 5% CO2 

incubator for five minutes to ensure that organoids did not experience significant temperature 
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decreases, which can detrimentally impact beating rates. The process was repeated until all 

experimental subject organoids under the compound concentrations described above, but at varying 

time points, had been recorded. Environmental toxins were added as 2x 100 μL concentration to 

each well of a 96 well low adhesion round bottom plate containing 100 μL of normal media with a 

cardiac spheroid allowed to incubate for 30 minutes at 37ºC. The plate was then recorded, 3 

organoids at a time, in the process listed above until all organoids were recorded and the plate was 

returned to the incubator. The process was then repeated 24 hours and 48 hours later. The 20 second 

videos were then analyzed: beats were counted for each video and multiplied by 3 to scale values 

to beats per minute. A beat was defined as the beginning of the contractile movement of the 

organoid. A beat did not need reach conclusion to be counted. If multiple beating regions were 

observed then the beating of the largest multi-cell structure was used to calculate the beating rate.  

2.7 MTS Assay 

Colorectal cancer organoids and 2D cells were treated with chemotherapeutics for 72 hours in 96 

well plates. After treatments, media was aspirated and 200 μL 15% Cell Titer® 96AQueous One 

Solution Cell Proliferation (Promega) was added to the wells. Plates were then incubated at 37C 

and 5% CO2 for a total of 30 minutes in 2D and 90 minutes for 3D, respectively. Upon completion, 

100 μL from each well was placed into a well in a sterile 96 well plate and read on a mass 

spectrometer at 490 nM wavelength. Readings were recorded and processed according to 

manufacturer’s instructions and data was entered into GraphPad Prism © to determine IC50 and to 

analyze differences in viability between 2D and 3D.  

2.8 Immunohistochemistry Staining and Imaging 

2D colorectal cancer monolayers and 3D organoids were maintained for 96 hours in 96 well 

plates. Once allotted time had passed, 100 μL of 4% paraformeldahyde was added to each well 

for 30 and 90 minutes for 2D and 3D, respectively. Fixed 3D organoids were then histologically 

processed to produce slides for analysis. Analysis included a hematoxylin and eosin stain to 

visualize quantity of living cells and their position inside the constructs. Slides of 3D organoids 
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and cells in 2D well plates were then stained with primary antibodies for RAS [26036] EGFR 

[212720], and B-RAF [26039], purchased from New East Biosciences, at a ratio of 1:100 in 

antibody diluent. Slides were imaged on a Leica DM4000B and plates were imaged on a Zeiss 

Axiovert 200M (Oberkochen, Germany). Exposures for fluorescence were kept under 1s to 

reduce background noise.  

2.9 Statistical Analysis 

The data are generally presented as the means of number of replicates ± the standard deviation. All 

data are graphed and analyzed for significance using a Student’s T-test. For ATP activity assays p-

values were considered significant under 0.01. For beating kinetic assays, p-values were considered 

significant under 0.05. For MTS assay results, p-values were considered significant under 0.05. 

Data samples were eliminated from the experimental groups if they fell outside of two standard 

deviations from the experimental group averages. Sample sizes (generally n=5 or n=6, depending 

on the experiment as described) were determined based on preliminary experiments. These sample 

sizes, with the typically observed standard deviations, allowed statistical significance at =0.05 

with statistical power greater than 80%. To compare sensitivity across all treatments in one set of 

experiments, fractional ranking was used to determine systems that tested for higher sensitivity in 

comparison to other systems for a select group. 
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Results 

3.1 Drug Dissolution 

Dissolution of the environmental toxins was performed in the presence of DIH2O due to previous 

research in toxin testing. Mercury (II) chloride (254.19 mM at 20C H2O) and thallium (I) nitrate 

(358.51 mM at 20C H2O) dissolved readily in DIH2O and remained dissolved with no precipitation 

during storage. Glyphosate (70.98 mM at 25C H2O) did not dissolve readily until constant stirring 

and heat was applied, it remained dissolved at 50 mM in DIH2O with no precipitation after storage. 

Lead (II) chloride dissolved readily in DIH2O at 20 mM (35.60 mM at 20C H2O); however, after 

addition to media to create 10 mM treatment some precipitate was observed, this precipitate 

partially occluded LIVE/DEAD imaging (Figures 5 and 6).   

Dissolution of the recalled drugs was performed in the presence of DMSO due to SDS information 

on solubility. Astemizole (>20mg/ml), Cisapride (~30 mg/ml), Mibefradil (56.86 mg/ml), 

Pergolide (>10 mg/ml), Rofecoxib (63 mg/ml), Terodiline (>20 mg/ml), Valdecoxib (>25 mg/ml), 

Bromfenac (>35 mg/ml), Tienilic acid (~30 mg/ml), Troglitazone (>20 mg/ml) were all dissolved 

in the presence of heat and stirring with no issues. 

Dissolution of the chemotherapeutics was performed based on the SDS information and previous 

research performed with the compounds. Platinum based drugs were dissolved in DIH2O as per 

previous research[66]; cisplatin (2.5 mg/mL), carboplatin (10 mg/mL), and oxaliplatin (7.9 mg/mL) 

were dissolved under heat and stirring. Fluoropyrimidines were dissolved in DMSO based on 

manufacturer SDS sheets, 5FU (53 mg/mL), F10 (>10 mg/mL) and CF10 (>10 mg/mL) were 

dissolved in the presence of heat and stirring. EGFR and EGFR pathway specific inhibitors were 

dissolved in DMSO based on manufacturer SDS sheets; regorafenib (30 mg/mL), sorafenib (200 

mg/mL), dabrafenib (30 mg/mL) and trametinib (22 mg/mL) were dissolved in the presence of heat 

and stirring. 
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3.2 LIVE/DEAD imaging 

LIVE/DEAD staining of spheroids was used to visualize indications of cytotoxicity due to acute 

toxicity of either the environmental toxins or the recalled drugs (Figure 5-7) or to confirm health 

in colorectal cancer organoids (Figure 8). Observations taken from these images often tell us true 

cellular death as opposed to impaired function. 

Environmental Toxins 

LIVE/DEAD staining of liver organoids (Figure 5) was used to visualize indications of cytotoxicity 

due to toxin exposure. Liver organoid integrity and viability begins to show a steady reduction at 

doses of 250 μM to 2.5 mM for glyphosate (10.53 mM ATP IC50), 1-10 mM for lead (2.98 mM 

ATP IC50), 2-20 μM for mercury (30.8 μM ATP IC50), and 1-10 μM for thallium (13.5 μM ATP 

IC50). Cardiac organoid responses (Figure 6) tended to occur at higher doses than displayed for 

liver and were more in line with IC50’s revealed by ATP testing, described below. The organoids 

maintained integrity during all testing, but cell death occurred between doses of 2.5 mM to 25 mM 

for glyphosate (10.83 mM for ATP IC50, 1 mM to 10 mM for lead (2.48 mM for ATP IC50), 20 

μM to 200 μM for mercury (44 μM for ATP IC50), and between 10 μM to 100 μM for Thallium 

(1.35 μM for ATP IC50). 
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Figure 5. Visual assessment of environmental toxin effects on cardiac organoids by LIVE/DEAD assay. The effects of glyphosate, 

lead, mercury and thallium on cardiac organoids using ethidium homodimer dead (red) and calcein AM live (green) staining. Scale bars 

are equal to 100 μM. 

 

Figure 6. Visual assessment of environmental toxin effects on liver organoids by LIVE/DEAD assay. The effects of glyphosate, 

lead, mercury and thallium on liver organoids using ethidium homodimer dead (red) and calcein AM live (green) staining. Scale bars 
are equal to 100 μM. 
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Recalled Drugs 

Both vehicle LIVE/DEAD images on cardiac and liver using 1% DMSO showed no signs of 

cellular toxicity (Figure 7A and 7B). Bromfenac toxicity begins after 100 μM and at 1 mM the 

spheroid loses integrity and larger amounts of cellular death. Tienilic acid toxicity presents 

beginning at 100 μM showing cellular disorganization and increase of cellular death, with the 

organoid showing very little fluorescence and organization at 1 mM. Troglitazone toxicity displays 

widespread cellular death at 100 μM and further death at 1 mM. Astemizole toxicity begins at 10 

μM sporadically across the spheroid, by 100 μM the entire spheroid is dead. Cisapride toxicity 

appears at some point after 10 μM and at 100 μM a large section appears to be dead. Mibefradil 

toxicity occurs after 10 μM and by 100 μM the entire spheroid is dead. Terodiline toxicity may 

appear beginning at 10 μM with some cells sporadically dying and at 100 μM the vast majority of 

cells have died. Pergolide, rofecoxib, and valdecoxib did not cause severe cell death in doses up to 

100 μM, however, sporadic cell death was observed across all three recalled drugs at the 100 μM.  

 

Figure 7. Compilation of LIVE/DEAD images as an effect of screened recalled drug compounds. a) Liver organoids under control 

conditions, 1% DMSO, and varying concentrations of bromfenac, troglitazone, and tienilic acid. b)  Cardiac organoids under control 

conditions, 1% DMSO, and varying concentrations of astemizole, cisapride, mibefradil, pergolide, rofecoxib, terodiline, and valdecoxib. 
Green – calcein AM-stained viable cells; Red – ethidium homodimer-stained dead cells. Scale bar – 100 μM. 
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Colorectal Cancer Organoids 

Organoids and 2D cell lines were imaged after four days to confirm viability and to determine if 

treatment time was acceptable to maximize proliferation assay results. 2D wells were found to be 

75% confluent at 24 hours, which leaves the cells in a large quantity but also in a highly 

proliferative state as advised by manufacturer (Picture not shown). 

 

Figure 8- Comparison of 2D and 3D LIVE/DEAD images for colorectal cell lines - Figure shows LIVE/DEAD images of both 2D 

colorectal cell lines and macroconfocal images of 3D colorectal cancer organoids to confirm viability for entire study period (96 hours). 
 

3.3 ATP activity 

ATP activity test was utilized in order to mimic how a pharmaceutical company may initiate a 

large-scale drug screen over a logarithmic dose scale in order to determine the toxicity of said drug. 

The range tested was designed based on a general survival curve, one that could be utilized to test 

for initial toxicity in a newly developed drug. Traditionally, 2D cell cultures have been the 

workhorse in drug development studies, despite their often-inaccurate reflections of in vivo 

biology.[8, 67-71] Because of their widespread use, we compared the effects of these drugs on the 

liver and cardiac organoids with 2D cultures of primary human hepatocytes and HepG2 hepatoma 

cells in the case of liver, and iPSC-derived cardiomyocytes and C2C12 myoblasts in the case of 

cardiac. Effective concentrations for the decrease of ATP viability were often decreased in the 3D 

organoids before either the 2D primary liver or iPSc derived cardiac cells and the 2D and 3D 

spheroid HepG2 or C2C12 cell lines. Cell line viability often displayed variability resulting in 
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significantly higher viability than the control for some treatments, notably in the 2D 

cardiomyocytes and the C2C12 cell line. It is notable that there was not always a clear trend. In 

other words, in some cases 3D organoids are more sensitive to some compounds, while in other 

cases they are more drug resistant. Despite the lack of a clear trend, these discrepancies speak to 

the need to better understand how cell cultures and organoids respond to drug toxicities, and 

whether or not they are truly representative of human subject responses. 

Environmental Toxins 

ATP activity test in this experiment was designed to determine the dose for IC50 value for each of 

the environmental toxins on primary liver (Figure 9a) and cardiac (Figure 9b) organoids. After 

testing original three doses (n≥6) for each toxin centered around doses described in the literature 

[72, 73], two further trials narrowed the range containing the IC50. IC50 was calculated using the 

Graph Pad Prism© software and placed into summary table (Table 1). IC50 numbers were similar 

for cardiac and liver for three of the drugs: glyphosate (10.85, 10.53 mM), lead (2.45, 2.98 mM), 

and mercury (44, 30.8 μM), respectively. Thallium toxicity was determined as 1.35 μM and 13.5 

μM for liver and cardiac, respectively. Significance for liver as determined by p-value0.01 was 

detected beginning at 10 mM Glyphosate, 2.5 mM lead, 20 μM mercury, and 5 μM thallium. 

Significance for cardiac as determined by p-value0.01 was detected beginning at 5 mM 

glyphosate, 2.5 mM lead, 50 μM mercury, and 1 μM thallium. Significant p-value was detected at 

higher than control value for the lowest values of mercury doses tested, 2 μM and 10 μM, reflecting 

results observed for heartbeat assay with an increase at 20 μM short term (Figure 11). Rank 

analysis displayed 3D primary (avg. rank 1.5) was the most sensitive amongst liver systems, 

followed by 2D HepG2 (1.75) and 3D HepG2 (2.75). For cardiac systems, 2D C2C12 was the most 

sensitive (avg. rank 1.5), followed by 3D primary (1.75) and 3D C2C12 (2.75). 
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Figure 9. Environmental toxin effects on liver and cardiac ATP activity. 

 ATP Survival curves for (a) primary liver organoids, 3D HepG2 organoids and 2D HepG2 cell line and (b) iPS derived cardiac 
organoids, 3D C2C12 spheroids and 2D C2C12 cell line exposed to glyphosate, lead, mercury, and thallium over the course of two days. 

Adjusted ATP activity is a comparison of the ATP value of organoids exposed to toxins over the control liver organoids. Statistical 

significance:  IC50 value was determined through IC50 value was determined through use of Graph Pad Prism v.6. 
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Table 1- Summary of ATP IC50 for liver and cardiac model systems exposed to potential environmental toxins. 

 

Recalled Drugs 

All IC50s as determined by GraphPad© Prism are presented in Table 2. Of the three liver specific 

drugs (n≥6) tested by ATP assay, no 3D primary organoids displayed significance of p-value = 0.01 

for the 3D primary organoids at the original range of doses tested, a 1 mM dose was added to reach 

the IC50. Bromfenac displayed a significant p-value at 1 mM (Figure 10a). Tienilic acid never 

reached an IC50 or a value reaching a significant p-value but came close with p-value=0.0116 

(Figure 10b). Troglitazone began a downward trend towards the IC50 100 μM with a value of 

0.692 but did not reach the defined value for significance at (0.108), it later reached a significant 

p-value of at 1 mM (Figure 10c). Of the four groups tested for toxicity, 2D HepG2 appeared to be 

most sensitive to the three recalled drugs (avg. rank 1), followed by a tie for 3D HepG2 spheroids 

and 3D primary organoids (2.5), and finally 2D primary cells (4).  
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Of the seven cardiac specific drugs tested for ATP reduction, four reached an IC50 value 

(Astemizole, Cisapride, Mibefradil and Terodiline) with the other three unable to reach it 

(Pergolide, Rofecoxib, Valdecoxib) in our original range tested. To reach an IC50 for these three 

drugs, a 1 mM dose was added and tested. Significance in these studies was defined as p< 0.01. 

Astemizole passed the IC50 between 1 μM and 10 μM and reached significant p-value at doses of 

10 μM and 100 μM (Figure 10d). Cisapride passed the IC50 between 10uM and 100uM and 

reached significant values at doses from 100 nM to 10 μM (Figure 10e). Mibefradil IC50 was 

reached between 10-100 μM with significant p-values at each of these values (Figure 10f). 

Pergolide did not reach an IC50 until 1 mM but did reach a significant p-value at 100 μM (Figure 

10g). Terodiline reached an IC50 value between 10 μM and 100 μM and reached a significant p-

value at 100 μM (Figure 10h). Rofecoxib began a decline with significant p-value at 100 μM and 

reached an IC50 at the additional 1 mM (Figure 10i). Valdecoxib did not reach an IC50 until 1 

mM but did reach a significant value at 100 μM (Figure 10j). iPSc derived cardiac organoids were 

considered the most sensitive to the recalled drugs tested in four of the seven drugs tested, with 2D 

primary being most sensitive to rofecoxib and 3D C2C12 being most sensitive to mibefradil and 

terodiline. Fractional ranking of the cardiac systems determined the 3D iPSc organoids were the 

most sensitive (avg. rank 1.57) , followed by 3D C2C12 (2.43), 2D iPSc cells (2.5) and 2D C2C12 

(3.29) 
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Figure 10- ATP activity in response to recalled drug compounds. ATP response in IC50 curve format for 3D primary human liver 
organoids in comparison to primary human hepatocytes in 2D culture, HepG2 hepatoma cells in 3D culture and HepG2 hepatoma cells 

in 2D culture under exposure to a) bromfenac, b) tienilic acid, and c) troglitazone. ATP response in IC50 curve format for 3D cardiac 

organoids in comparison to cardiomyocytes in 2D culture, 3D C2C12 spheroids, and C2C12 myoblasts in 2D culture under exposure to 
d) astemizole, e) cisapride, f) mibefradil, g) pergolide, h) terodiline, i) rofecoxib, and j) valdecoxib.  

 

 

Hepatotoxic Drug 3D Primary 2D Primary 3D HepG2 2D HepG2 

Bromfenac 521 µM N/A 860 µM 171 µM 

Tienilic Acid 1.16 mM N/A 1.16 mM 607 µM 

Troglitazone 145 µM N/A 92.9 µM 60.0 µM 
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Cardiotoxic Drug 3D Primary 2D Primary 3D C2C12 2D C2C12 

Astemizole 2.46 µM 5.64 µM 2.49 µM 7.23 µM 

 Cisapride 15.0 µM 112 µM 256 µM 103 µM 

Mibefradil 10.9 µM UN 5.28 µM 7.65 µM 

Pergolide 104 µM 105 µM 408 µM 107 µM 

Rofecoxib 134 µM 124 µM 184 µM 283 µM 

Terodiline 27.1 µM 83.5 µM 4.31 µM 85.4 µM 

Valdecoxib 107 µM 235 µM 159 µM 245 µM 

Table 2– Summary of ATP IC50 for liver and cardiac spheroids exposed to toxic recalled drugs. N/A is defined as no IC50 could be 

calculated by GraphPad. UN is defined as untested. 

 

3.4 Cardiac organoid beat kinetics assay 

While most in vitro models often measure direct cell damage and death, cardiotoxicity typically 

does not. Rather, cardiotoxicity takes the form of erratic changes in the beating kinetics of 

cardiomyocytes. As such, beating rates of cardiac organoids were assessed at multiple time points 

over a range of drug and toxin concentrations to determine if toxicity could be observed in the 

change of the beat rates. 

Environmental Toxins 

Time points to test physiological reactions to environmental toxins were chosen based on previous 

studies testing calcium channel impairment in 2D cardiomyocyte populations and defined as 

immediate (30 minutes), short term (one day) and long term (two days). P-values below 0.05 were 

defined as significant due to decreased number of test organoids (n=3). Glyphosate demonstrated 

a range of toxicity at doses of 250 μM and higher, with beat rates at 250 μM slowing on day one 

amongst all organoids and two of the three organoids ceasing beat on day two, although this did 

not reach a significant p-value due to high standard deviation of sample (Figure 5A). At 2.5 mM, 

one day toxicity caused two spheroids to cease beating entirely, with the third showing a 50% 
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reduction in beat rate; by day two all had ceased beating. Lead toxicity presented at 100 μM with 

significant beat reduction at one day. 1 mM lead did not display a significant beat reduction at one 

day but by two days showed a complete cessation (Figure 5B). Mercury was highly effective at 

stopping beat rate over the course of 24 hours, with doses of 2 μM and above ceasing beating. Of 

the 2 μM, one organoid ceased beating on day one and began to slowly beat on day two, the only 

organoid in the entire study to do so (Figure 5C). A rise in beat rate was observed at 20 μM, 

reflecting a result shown in ATP assay of raised ATP at doses of 10 and 20 μM before falling to 

IC50 value (Figure 4C).  Thallium demonstrated toxic effects at all concentrations of 1 μM and 

above, in particular at concentrations of 10 μM with severe depressive effects on heart beat at 30 

minutes and total cessation of all time points at concentration of 100 μM (Figure 5D). 

 

Figure 11- Environmental toxin influence on cardiac organoid beating kinetics. Figure 4 demonstrates the effect of glyphosate (A), 

lead (B), mercury (C), and thallium (D) on cardiac organoid beat rate. All values (n=3) were taken over twenty second videos and 
multiplied by three to find per minute. The adjusted rate is calculated by taking average value of each condition and dividing over the 

control average. A T-test was performed to determine significance between control rates and time after drug was added. Statistical 

significance: # p <0.05 at 2 days; * p < 0.05 at 1 day; $ p < 0.05 at 30 minutes. 
 

Recalled Drugs 

Time point at one day was eliminated due to a lack of significant results between one and two days 

for environmental toxins. Rates of cardiac beating were affected by four of the seven recalled drugs 
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in the original doses (1 nM – 100 μM) tested: Astemizole, Cisapride, Mibefradil, and Terodiline 

with the other three, Pergolide, Rofecoxib and Valdecoxib, displaying beat cessation at the 

additional 1 mM dose. Additionally, doses of Astemizole, Cisapride, Mibefradil and Terodiline 

were in line with literature analyzing toxic patient plasma levels. Astemizole showed the largest 

effect on the beat rates at two days, with all doses tested affecting the two-day rate of beating and 

doses greater than 100 nM affecting the beat rate at 30 mins at a significance for p-value of 0.01 

(Figure 12a). Cisapride displayed effects on beat rate 1 μM for 30 minutes and two days; at two 

days, a 100 nM spheroid ceased beating but did not create a p-value of significance at 0.01 (0.197) 

but should be noted (Figure 12b). Mibefradil effectiveness was demonstrated at 1 μM for two days 

and 100 μM for 30 minutes; at 1 μM one spheroid ceased beating and at 10 μM two, this did not 

create a p-value below 0.01 to demonstrate significance (0.586 and 0.194 respectively) but should 

be noted (Figure 12c). Pergolide displayed no observable effects for the original doses tested; at 

the additional 1 mM dose tested displayed significant p-value at two days. Similarly, rofecoxib 

displayed no effects on heart rate until 1 mM, with significance at both 30 minutes and 2 days 

(Figure 12d). Terodiline showed effective depression of heart beat rate at 10 μM for both 30 

minutes and two days, with a true depression in beat rate being observed instead of complete 

cessation (Figure 12e). Rofecoxib significantly affected beat rates at both 30 minutes and two days 

at 1 mM (Figure 12f). Valdecoxib did not display negative effects on the cardiac beat rate until the 

1 mM dose (Figure 12g). Additional morphological and visual observations are described in 

Figure 13. 
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Figure 12- Recalled drug influence on cardiac beating kinetics. Figure demonstrates the effects of astemizole (A), cisapride (B), 

mibefradil (C), pergolide (D), rofecoxib (E), terodiline (F) and valdecoxib (G) on cardiac beat rate per minute. All values (n=3) were 

taken over twenty second videos and multiplied by three to find per minute. A table listing patient plasma levels of four cardiotoxic 
drugs, astemizole, cisapride, mibefradil and terodiline, is also provided with comparison data of both 30 minute and two doses required 

for beating cessation. The adjusted rate is calculated by taking average value of each condition and dividing over the control average. A 

T-test was performed to determine significance between control rates and time after drug was added. * is significance at two days defined 
as a p-value= 0.05 below the control. $ is significance at 30 minutes as a p-value of 0.05 below the control. 
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Drug Concentration Detected Effect 

A. Control, Rofecoxib, Valdecoxib All  Round, Intact, light colored spheroid 

B. Glyphosate 25 mM Spheroid loses integrity, dark center 

C. Lead  100uM  Discolored media due to cell death, 

dark center 

D. Mercury 200 uM Loss of edge integrity 

E. Thallium 1 uM Dark center, cells sloughing off 

F. Astemizole 10 uM  Cells sloughing off, dark center 

G. Cisapride 100 uM  Debris Field 

H. Mibefradil 1 uM Dark Center 

I. Pergolide 100uM Debris and Crystalline formation 

J. Terodiline 100uM Loss of edge integrity 

Figure 13- Images of cardiac spheroids exposed to recalled drugs and environmental toxins. Figure displays the spheroids 

after toxic exposure. Table describes concentrations along with physical characteristics of spheroids. The spheroids represented 

are control/rofecoxib/valdecoxib (A), glyphosate (B), lead (C), mercury (D), thallium (E), astemizole (F), cisapride (G), mibefradil 
(H), pergolide (I) and terodiline (J). 
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3.5 MTS Assay 

The MTS assays were performed on colorectal organoids exposed to numerous chemotherapeutics 

over ranges of doses. Dose ranges were chosen based on a previous literature in examining the 

concentrations required to cause cell death in 2D cultures. In comparing 2D vs 3D populations, a 

noticeable trend emerge: drugs that target DNA replication machinery are in most cases more 

effective in 2D than 3D in determining IC50 (Figures 14-17). In contrast, drugs that target EGFR 

pathway mutations appear to cause cell death more effectively in 3D than 2D. Calculations were 

made to determine doses at which significance p=0.05 using a student’s t-test was reached between 

cells exposed to toxins compared control; additionally, significance of p=0.05 using a student’s t-

test was determined between the same doses between traditional 2D cell line on plates and 3D 

organoid systems to determine if one system displayed more sensitivity in cytotoxic efficacy. These 

results are presented using tables and IC50s for both 2D cultures and 3D organoids were graphed. 

using GraphPad Prism, results are displayed in figures and tables. By using both significance 

against control and IC50 calculated by GraphPad Prism, it becomes clearer as to where true drug 

efficacy exists. 
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CACO2 2D Sig. Dose 

(M) 

2D IC50 

(M) 

3D Sig. 

Dose (M) 

3D IC50 

(M) 

a. 5FU 10 66.0 10 60.8 

b. F10 10 17.1 10 31.0 

c. CF10 10 32.0 10 26.8 

d. Cisplatin 20 30.5 100 76.3 

e. Carboplatin 100 57.3 100 22.7 

f. Oxaliplatin 100 118.5 100 75.0 

g. Regorafenib 5 11.6 5 8.53 

h. Sorafenib 2.5 4.7 2.5 2.4 

i. Dabrafenib:Trametinib 20:1 167.5 N/A N/A 

       j.    FOX 10:1 134.3 (5FU) 10:1 40.8 (5FU) 

 
Figure 14– Summary of the effects of chemotherapeutics on the proliferation of CACO2 Cells- Figure describes the effects of 

fluorpyridimine based drugs a. 5FU, b. F10, c. CF10, platinum-based drugs d. cisplatin, e. carboplatin, f. oxaliplatin, EGFR inhibitors 

g. sorafenib, h. regorafenib, i. dabrafenib: trametinib combination treatment, and fluoropyridimine:platinum combination treatment FOX 
on the proliferation and viability of the CACO2 cell line in 2D and 3D organoid. * is equivalent to p-value under 0.05 between 2D and 

3D at the same dose.  
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SW480 2D Sig. Dose 

(M) 

2D IC50 

(M) 

3D Sig. Dose 

(M) 

3D IC50 

(M) 

a. 5FU 100 68.1 10 228 

b. F10 10 10.7 N/A 220 

c. CF10 1 11.0 10 33.8 

d. Cisplatin 100 44.1 100 65.1 

e. Carboplatin 100 12.8 100 31.7 

f. Oxaliplatin 100 54.6 100 66.1 

g. Regorafenib 25 11.4 1 3.95 

h.  Sorafenib 20 4.48 5 3.16 

i. Dabrafenib:Trametinib 20:1 14.5 20:1 26.4 

       j.    FOX 10:1 11.0 (5FU) 10:1 153 (5FU) 
 

Figure 15 – Summary of the effects of chemotherapeutics on the proliferation of SW480 Cells. Figure describes the effects of 

fluorpyridimine based drugs a. 5FU, b. F10, c. CF10, platinum-based drugs d. cisplatin, e. carboplatin, f. oxaliplatin, EGFR inhibitors 
g. sorafenib, h. regorafenib, i. dabrafenib: trametinib combination treatment, and fluoropyridimine:platinum combination treatment FOX 

on the proliferation and viability of the SW480 cell line in 2D and 3D organoid. * is equivalent to p-value under 0.05 between 2D and 

3D at the same dose. 2D Sig. Dose is the first dose where significance of p=0.05 was reached for treatment in comparison to control. 
2D IC50 calculated by GraphPad Prism. 
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HT-29 2D Sig. Dose 

(M) 

2D IC50 

(M) 

3D Sig. Dose 

(M) 

3D IC50 

(M) 

a. 5FU 100 119.3 100 76.63 

b. F10 1 11.0 10 220 

c. CF10 10 21.4 10 481 

d. Cisplatin 20 32.2 20 44.6 

e. Carboplatin N/A 5,070 N/A 122 

f. Oxaliplatin 1 16.6 10 15.1 

g. Regorafenib 5 11.9 5 10.2 

h. Sorafenib 10 6.8 10 5.5 

i. Dabrafenib:Trametinib 40:2 199 20:1 53.4 

j. FOX 100:10 61.4 (5FU) 100:10 76.8 (5FU) 
 

Figure 16– Summary of the effects of chemotherapeutics on the proliferation of HT-29 Cells. Figure describes the effects of 

fluorpyridimine based drugs a. 5FU, b. F10, c. CF10, platinum-based drugs d. cisplatin, e. carboplatin, f. oxaliplatin, EGFR inhibitors 

g. sorafenib, h. regorafenib, i. dabrafenib: trametinib combination treatment, and fluoropyridimine:platinum combination treatment FOX 
on the proliferation and viability of the HT-29 cell line in 2D and 3D organoid. * is equivalent to p-value under 0.05 between 2D and 

3D at the same dose.  
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HCT-116 2D Sig. Dose 

(M) 

2D IC50 

(M) 

3D Sig. Dose 

(M) 

3D IC50 

(M) 

a. 5FU 10 12.2 10 28.4 

b. F10 10 5.37 1 1.12 

c. CF10 1 2.12 1 0.36 

d. Cisplatin 20 42.8 100 44.8 

e. Carboplatin 1 131 10 593 

f. Oxaliplatin 1 4,400 10 6,100 

g. Regorafenib 10 13.8 10 9.24 

h. Sorafenib 2.5 3.5 2.5 2.6  

i. Dabrafenib:Trametinib 20:1 N/A 20:1 15.7 

j. FOX 100:10 29.2 (5FU) 10:1 56.3 (5FU) 
 

Figure 17– Summary of the effects of chemotherapeutics on the proliferation of HCT-116 Cells. Figure describes the effects of 

fluoropyridimine based drugs a. 5FU, b. F10, c. CF10, platinum-based drugs d. cisplatin, e. carboplatin, f. oxaliplatin, EGFR inhibitors 

g. sorafenib, h. regorafenib, i. dabrafenib: trametinib combination treatment, and fluoropyridimine: platinum combination treatment 
FOX on the proliferation and viability of the HCT 116 cell line in 2D and 3D organoid. * is equivalent to p-value under 0.05 between 

2D and 3D at the same dose.  
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3.6 Immunohistochemistry Staining and Imaging 

In order to determine cell distribution inside the organoid, H&E staining was performed to assess 

the general location of the cells inside the colorectal organoids (Figure 18).  

 

Figure 18-H&E images of colorectal cancer organoids. Figure displays H&E images taken at 5x, 10x, and 40x magnification for 3D 

colorectal organoids. 
 

Due to findings in MTS results, immunohistochemistry staining was performed to assess levels of 

EGFR, K-RAS and B-RAF activity: each of these is present in the EGFR pathway and mutations 

are found in many cancer locations and types. Comparison of 2D populations towards 3D 

populations displayed a higher activity level of all proteins in 3D; little activity was observed in 2D 

cell lines except in the cells previously documented (B-RAF in HT-29 and K-RAS in HCT116). 

Some B-RAF elevation was also observed in 2D HCT-116. (Figures 19-21). These results 

indicated that increased presence of EGFR signaling pathway mutated proteins may provide 

mechanistic reasoning for the increased sensitivity of 3D organoids to drugs targeting this pathway 

and not the more non-specific toxic chemotherapeutics.  
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Figure 19 - 2D cell line IHC staining of EGFR, K-Ras and B-Raf.  

Figure demonstrates results of CACO2, SW480, HT-29, and HCT-116 2D cell line staining of EGFR (Green), K-Ras (Red) and B-Raf 

(Red) at 20x magnification. 
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Figure 20- 3D colorectal cancer organoid imaging of K-Ras and EGFR. 

Figure demonstrates results of CACO2, SW480, HT-29, and HCT-116 3D organoid cell line staining of EGFR (Green), K-Ras (Red) 

and DAPI (Blue) at 40x magnification. 
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Figure 21- 3D colorectal cancer organoid imaging of B-Raf and EGFR. 

Figure demonstrates results of CACO2, SW480, HT-29, and HCT-116 3D organoid cell line staining of EGFR (Green), B-Raf (Red) 

and DAPI (Blue) at 40x magnification. 
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Discussion  

Recalled Drugs and Environmental Toxins 

Development of new drug candidates has been limited and made incredibly expensive due to the 

failure of accurately modeling human tissues in vitro, while animal models only provide an 

incomplete representation of true human models and are not necessarily predictive of results in 

humans. Traditionally, in vitro drug and toxicology testing has been performed using cell lines in 

2D cultures. Despite yielding countless medical discoveries, 2D cultures fail to recapitulate the 3D 

microenvironment of in vivo tissues [5, 6, 10]. By transitioning to 3D systems such as tissue 

organoids, many of these shortcomings may be overcome. Organoids have the capability to respond 

to drugs and toxins in many of the same manners as actual human organs do, and as such, may 

provide an improved platform for drug screening applications. Furthermore, recent advances of 

platforms that integrate multiple models of different tissue types[74, 75] seek to provide additional 

capabilities that take into consideration the complex interactions that can occur between different 

tissues and organs in the body. 

The experiments performed showed the need for multiple formats of testing to determine 

functionality of organoids in use for drug testing. The use of a single test is often not sufficient to 

determine whether or not an experimental drug would could show toxicity. Using the combination 

of multiple tests to observe toxicity helped to provide a qualitative and quantitative measure of 

toxicity, particularly in cardiac organoids. A paper by Enayetallah et al. demonstrated a multi-test 

approach that exemplifies the methodology that should to be taken in future drug screening 

initiatives; however, their use of an in vitro 2D rat primary cardiomyocyte model did not transfer 

well to patient models by their own admission[76]. Current opinions in research suggest that 

systems should incorporate the physiological function of organs in drug testing in order to 

determine toxicity, particularly in cardiac organs[77]. Another system was developed utilizing a 

3D liver spheroid comprised of HepG2 cells and tested against a group of well researched 

chemicals; however, it is difficult to say that these cells are optimal when compared to primary 
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human hepatocytes, particularly when utilizing a cell line with a high growth rate[78]. Although 

most doses of these hepatotoxic compounds are higher than what would be seen in patients for drug 

screening, mechanisms of clinically observed hepatotoxicity can occur by either direct cellular 

toxicity or by causing further impaired liver function by enzymatic inhibition; in patients, 

particularly the elderly or in those taking other possible contraindicating medications, this is a 

possibility for which drug makers must plan be prepared. These negative effects can be linked back 

to several categories of failure, ranging from overdose, impaired liver function due to general 

damage or impaired metabolic enzymes, or genetic mutations leaving a patient susceptible to the 

potential negative effects of the treatment. A similar point is also observed for the cardiac beating 

in almost all of the other recalled drugs, showing that the physiological changes that often cause 

these drugs recall can be observed in our model system before cell death occurs, with some of these 

values in line with clinically observed toxic blood plasma levels in patients (Figure 12). A 

correlation can be described from our findings as being direct inhibition of heart beat at 30 mins 

occurs at the same dose at which the ATP is below the IC50 and a noticeable increase in the red 

ethidium stain in LIVE/DEAD imaging. Additionally, observations of physical deformities in the 

cardiac spheroids were noticed after the acute exposure. Deformities varied based the drug the 

cardiac organoids were exposed, and several types of deformities are presented in chart. Although 

our system did not attempt to determine exact mechanisms of toxicity, it is possible our system can 

be adapted to detect these. Importantly, organoid platforms such as these, which are 3D, derived 

from human cells, and exhibit high levels of functionality and physiologically accurate responses 

to external stimuli, offer a powerful technology that can be deployed for environmental toxin and 

pharmaceutical screening, as well as other applications such as functional studies, diagnostics, and 

personalized medicine. 

Our parallel studies using 2D control cultures further demonstrate the potential value of our 

platform. For example, in the case of liver, 2D cultures of primary hepatocytes and the long-used 

HepG2 hepatoma cell line resulted in results that varied in comparison to the 3D organoids and 3D 
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HepG2. Although in the majority of drugs and toxins our 3D primary and iPSc organoids were 

most sensitive, in some cases, the 2D cell lines were more resistant to the drugs. Likewise, these 

kinds of variable results – increased sensitivity to some drugs and increased resistance to others – 

were observed in cardiac organoid drug screens. These results indicate that the relationships 

between drug toxicity in the body versus 3D organoids versus 2D cultures are complex. One cannot 

simply say that 3D systems are more sensitive than 2D cultures. The particular sensitivity, and 

assay appropriateness, are very much dependent on the particular drug in questions. We believe 

that this is due to several factors: The substantial surface area versus volume ratio differences 

between 3D and 2D cultures, the buffering that may occur within the interior of 3D organoid and 

construct volumes, and the specific biological mechanisms that each individual drug targets within 

the cells. As such, we are currently investigating these factors and the specific mechanisms 

involved.  

The majority of in vitro organoid models are being developed to screen drugs and toxins.[31, 79] 

Importantly, these systems have the potential to identify toxic effects of both potentially hazardous 

materials and drug candidates in development before they advance to clinical trials and are 

administered to patients. Unfortunately, many drugs pass clinical trials that do have detrimental 

side effects, reach market, and are used by patients before being recalled by the FDA. If 

technologies were to utilize these 3D, more physiologically relevant in vitro systems during drug 

development and toxicity testing, more available during development, and importantly, more 

widely accepted, researchers may have identified these problems early, saving human lives and 

billions of dollars in lawsuits.  

 

Environmental Toxins 

 

In order to test our hypothesis, we decided to study the effects of the liver and cardiac organoids 

against several known environmental toxins. By doing so, we hoped to observe heightened 

sensitivity in our 3D primary or iPSc derived systems towards both 2D and 3D systems composed 



 53 

of cell lines. We believe that this heightened sensitivity could be linked to the more tissue-like 

physiological functionality of these primary or iPSc organoids, something cell line derived in vitro 

systems lack.  If we can confirm this heightened sensitivity in our system compared to cell line 

derived systems, we can progress from what is known to be toxic to substances that may be toxic, 

such as pharmaceuticals. 

Four well known environmental toxins were selected for testing in both the cardiac and liver model 

systems: glyphosate, lead, mercury, and thallium. Glyphosate (N-phosphonomethyl glycine) is 

used as a part of pesticides on crops that have been bred to have resistance to it; however, the 

chemical is present on crops after harvest. Glyphosate has been found to negatively affect endocrine 

receptors in the body and is toxic to liver hepatocytes both in vivo and in vitro [80]. It has also been 

potentially linked to a wide range of ailments including diabetes, cancer, stroke and Parkinson’s 

disease [29]. Lead toxicity manifest itself in a multitude of ways, including increasing free radical 

oxygen species causing oxidative stress by affecting the creation and efficacy of antioxidants 

created from glutathione by displacing sulfide groups, decreasing the reduced form and increasing 

the oxidized form and causing an increase in reactive oxygen species (ROS) [81]. Additionally, 

lead can also displace other ions with a +2 charge, including Ca+2, Mg+2 and Fe+2 that are involved 

in cellular processes and affect both efficiency and create direct and indirect cytotoxicity. Mercury 

bioaccumulation effects have been well researched in marine life and to humans through 

consumption. It’s effects on the neurological system are best understood, but it can affect any organ 

it is exposed through a plethora of mechanisms, including binding available thiols, interrupting 

Ca2+ homeostasis through membrane potential changes, and affecting the creation and stability of 

several cellular components [82]. In cardiac tissue, it can affect myosin ATPase and myocardial 

force development. Thallium toxicity is most often associated with substitution for K+ ions by 

cellular membranes due to similar charge and the negative effects this has on the Na/K pump [83]. 

Further research has also shown that thallium can directly affect membrane integrity in multiple 

organelles and bind open sulfyhydrol sites in enzymes [84, 85].  
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While countless environmental toxins exist, and there are many that are pertinent to human health, 

and many more that require study to understand their potential impacts on human health, we chose 

several traditional, well-studied toxins to challenge our organoid systems. Our objective of 

displaying the usefulness of physiologically relevant 3D in vitro organoids in the field of rapid 

environmental toxin testing utilizing these multiple widely known toxins has been explored 

thoroughly. Specifically, testing began with well-researched heavy metal and pesticide toxins due 

to the plethora of research into each of them, albeit often in 2D systems. As such, the doses for 

original testing were gathered from literature as a starting point for our own calculations [72, 73, 

86]. As all have shown toxic effects on multiple organ systems in the body, our system comprising 

organoids representing multiple tissue types can be utilized to show both general and specific 

toxicity towards each of the tissue organoids present, encompassing metrics derived from ATP 

activity assays, LIVE/DEAD-stained organoid images, and physiological heart beat assays. From 

these tests, we can demonstrate that our organoids begin to show observable physiological effects 

in a time frame that is generally faster, and by methods less time intensive and complicated than 

probing of biochemical markers, as well as being one of the few 3D models used to detect these 

acute toxicities for environmental toxins. Combining the results of these tests creates a picture of 

toxicity that demonstrates the value of multiple tests to show the progression of toxicity in our 

organoids, with the ideal goal being a comparison to those levels found in human blood plasma to 

show our system effectively mimics human toxicity. 

Our experiments displayed lead toxicity in both cardiac and liver organoids with an ATP IC50 of 

2.45 and 2.98 mM, respectively, and a significant reduction of heartbeat at 2 days for 100 μM. Our 

numbers for lead in 2D HepG2 and 3D HepG2 spheroids was surprisingly lower, at 1.45 and 1.96 

mM respectively, and the cardiac iPS derived organoid was in the middle, between 813 μM for 2D 

C2C12 and 2.78 mM for 3D C2C12 spheroids.  Lead exposure typically occurs through either 

ingestion or inhalation and sources of exposure to humans are numerous [87]. In Tchounwou et al, 

an IC50 of 113 μM was found for a 2D incubation of HepG2, however, the number of cells present 
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(500,000 per well) is at a significantly higher scale than our experiments. Many other studies have 

focused on long term animal studies and physiological differences in cell populations [88-91]. 

Previous research on levels of lead in blood plasma that can lead to fatal outcomes has shown 14.47 

μM in humans, lower than both our research values and other in vitro models. The probable reason 

is that lead toxicity often manifests as a prolonged, low exposure systemic poisoning affecting 

many systems in the patient; it would be unlikely that a person would be exposed to enough lead 

to cause acute symptoms [92-94]. Our research has displayed the system will be able to detect 

toxicity in this type of exposure if it were to present itself.  

Mercury toxicity was displayed at an ATP IC50 of 30.8 and 44 μM for liver and cardiac organoids 

respectively, significant cell death for both at 20 μM in LIVE/DEAD imaging and ceased heartbeats 

after one day at doses of 2 μM and higher.  These numbers were below the IC50 registered for both 

their respective 3D cell line spheroids and traditional 2D cell lines. Mercury has been long 

understood as a toxin with effects on a majority of the systems in the body, including liver and 

cardiac function [95, 96]. One study comparing in vitro liver toxicity over 24 hours between several 

cell types in 2D, including primary human hepatocytes (106 μM), primary rat hepatocytes (726 

μM), HepG2 cell line (48 μM), and mouse 3T3 fibroblast cell line (8 μM) to estimated lethal plasma 

levels in humans (6.5 μM) compare well to our calculated values (30.8 μM and 44 μM for liver and 

cardiac ATP respectively and 2 μM for affecting heart rate) [97]. Previous testing on mercury has 

focused on its effects in reducing cardiac efficiency in myosin ATPase and has been shown to affect 

cardiac and vascular function and increase oxidative stress in the nM range [98-100]. Depletion of 

glutathione may also play a role in damage presenting in both cardiac and liver tissue [101]. Testing 

to determine toxicity towards cells varied amongst experiments and cell types: neuronal cells 

determined only 20% of cells were viable at doses of 25uM in Xu et. al, HepG2 cells were shown 

to reach an IC50 at 5 μM in Sutton et al. Similar to lead, many tests performed were more functional 

based than direct toxicity [102, 103]. 
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Thallium was the only toxin with vastly different ATP IC50 doses between cardiac and liver 

organoids (1.35 μM and 13.5 μM, respectively), and stopped heartbeats at 1 day at 1 nM. It was 

more effective in our 3D organoids than any of the cell lines in 2D or in 3D spheroids.  After its 

accidental discovery, thallium was used as a pesticide and rodenticide as well as a medical treatment 

of various ailments until it was banned in the US due to risk of accidental poisoning [104]. Although 

very few studies exist, the proposed method of toxicity for thallium is due to its similarity to 

potassium, causing a substitution and disrupting K/Na channel function [105] along with causing 

mitochondrial dysfunction by altering membrane structure [106]. A disruption in K/Na channel 

function would affect beat rate significantly and explain the loss of beat rate in relatively low doses 

tested. Similar to mercury, the study comparing in vitro liver toxicity over 24 hours between several 

cell types in 2D, including primary human hepatocytes (1152 μM), primary rat hepatocytes (85 

μM), HepG2 cell line (1266 μM), and mouse 3T3 fibroblast cell line (1527 μM) to estimated lethal 

plasma levels in humans (2.33 μM) displayed a large difference between the values, suggesting the 

acute toxicity is not due to hepatic related mechanisms and may be related to an organ specific 

physiological effect instead of general cellular toxicity [97]. While our LD50 for primary liver cells 

is higher than the lethal patient plasma level in this experiment, the cardiac value for our ATP IC50 

(1.35 μM) is similar to this value, with the dose affecting heart beat rate at the same dose. Another 

study on Jurkat cells, immortalized T lymphocytes, in 2D determined toxicity at 500 μM, well 

above the toxicity calculated by our experiment [107], although histological liver damage was 

detected in rats exposed to thallium [108]. Other studies on the patient plasma levels of thallium 

required for lethality have shown a range from 2.44-53.82 μM. Our toxicity values for both liver 

and cardiac organoids are encapsulated within this range.  

Glyphosate LIVE/DEAD imaging varied greatly, with the 2.5 mM showing significant cell death 

in liver organoids and little cell death in cardiac organoids. However, ATP values taken at 10 mM 

showed a large difference for both the liver and cardiac organoids (0.568 and 0.804 respectively), 

displaying a more gradual decrease in cell viability for the liver organoids as compared to the 
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cardiac organoids, especially when taking into account the similar IC50 values for the two (10.5 

and 10.8 mM respectively), suggesting a variance in toxicity point between the organoids for 

cardiac, especially when taking into account the differences in beating rate stoppage amongst the 

0.25 and 2.5 mM cardiac organoids. Interestingly, primary liver organoids were more sensitive than 

either of the HepG2 models, whereas iPS derived cardiac organoids were not as sensitive of either 

of the C2C12 models. Previous work to determine hepatotoxicity of glyphosate determined an IC50 

value of 37.9 mM on a 2D HepG2 model, displaying our 3D primary system as significantly more 

sensitive [72]. Other experiments utilizing Roundup©, the common herbicide utilizing glyphosate 

as an active ingredient, demonstrate a range of effects on cellular components, ranging from 

membrane swelling in multiple organelles to increased lysosome numbers and effects on nuclear 

transcription along with causing hormonal issues in mammalian testing subjects [109-111]. 

Although these effects may be attributable to other ingredients present in the formulation, current 

opinion remains that continued use of glyphosate in pesticides should be reviewed [109].Recalled 

Drugs  

 

After observing the heightened sensitivity of our 3D primary or iPSc systems towards comparable 

cell line derived systems, we progressed towards the testing of FDA recalled drugs. These drugs 

had been developed for various ailments and were utilized for various time periods before their 

associated toxicities presented (Table 3). Furthermore, for most of these drugs, blood plasma levels 

were measured by doctors after toxic effects were detected in patients (Table 4). If we are able to 

detect toxicity in our system at these toxic blood plasma levels, our system, if utilized at the time 

of the preclinical trials for each of these FDA recalled drugs, may have been detected and further 

experimentation may have provided information that would have led to either the halting of the 

testing or reformulation of the compounds to make them safer. 

Ten recalled drugs were chosen for experimentation (Table 3). Astemizole was developed as an 

non sedative antihistamine that was later recalled for causing arrhythmias due to hERG channel 
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blockades[112]. Cisapride was developed as a gastroprokinetic agent for the treatment of GERD 

by increasing acetylcholine release in the enteric nervous system and was later recalled for causing 

prolonged QT syndrome, leading to arrhythmia[113]. Mibefradil was developed as a calcium 

channel blocker to treat hypertension and was recalled for causing adverse interactions when 

combined with other medications[114, 115]. Pergolide was developed as a dopamine agonist for 

the treatment of Parkinson’s disease and was later recalled due to causing an increased risk of 

valvular heart disease[116]. Rofecoxib was developed as a NSAID COX-2 selective inhibitor for 

the treatment of pain caused by arthritis and acute pain and was recalled after causing tens of 

thousands of heart attacks[117]. Terodiline was developed as a drug to relax the bladder smooth 

muscle tissue as a calcium antagonist for the treatment of incontinence and was later recalled for 

blocking IKr channels and therefore causing an increased risk for torsades de pointes[118]. 

Valdecoxib was developed as a NSAID COX-2 selective inhibitor for the treatment of arthritis and 

menstruation pain and was later recalled for causing an increase of heart attack, stroke and skin 

reactions[119].  

Bromfenac was developed as an NSAID for relief after ophthalmic surgery and was recalled due 

to hepatotoxicity if taken longer than a 10 day period[120]. Tienilic Acid was developed as a uric 

acid lowering diuretic for the treatment of hypertension and was recalled after it was discovered to 

be a suicide inhibitor of cytochrome P450, causing hepatotoxicity[121-123]. Troglitazone was 

developed as an anti-inflammatory treatment involved in downregulating the NF-B pathway for 

type 2 diabetes and was recalled after causing liver failure in dozens of patients[124, 125]. 
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Drug Name Marketed Name, 
Manufacturer 

Time on Market Use Site of 
Primary 

Toxicity 

Reason for Recall 

Bromfenac Duract, Wyeth-
Ayerst 

Laboratories 

1 year (1997-1998) Opthalamic 
Pain Killer 

Liver Recalled for causing 4 deaths and 
required 8 patients to receive liver 

transplants after severe liver 

damage  

Tienilic Acid Ticrynafen, 

SmithKline 

3 years (1979-1982) Blood 

Pressure 

Liver Recalled for causing hepatitis, 36 

deaths and over 500 recorded cases 

of severe liver damage 

Troglitazone Rezulin, Parke-

Davis/Warner 

Lambert 

3 years (1997-2000) Anti-diabetic 

and anti-

inflammatory 

Liver Recalled for causing liver failure 

(at least 63 deaths) 

Astemizole Hismanal, Janssen 

Pharmaceutica 

11 years (1988-1999) Anti-

histamine 

Heart Recalled by FDA for slowing 

potassium channels, causing 

torsades de pointes or long QT 
syndrome. 

Cisapride Propulsid, Janssen 

Pharmaceutica 

7 years (1993-2000) Treatment of 

gastroesopha
geal reflux 

disease 
(GERD) 

Heart Recalled after adverse reactions 

with drugs causing serious cardiac 
arrhythmias including ventricular 

tachycardia, ventricular 
fibrillation, torsades de pointes, 

and QT prolongation. 

Mibefradil Posicor, Roche 
Laboratories 

1 year (1997-1998) Calcium 
channel 

blocker for 

hypertension 

Heart Recalled for having fatal 
interactions with a variety of 

drugs, including antibiotics. 

Pergolide Permax, Valeant 19 years (1988-2007) Parkinson’s 

Disease 

Heart Recalled by FDA for causing valve 

regurgitations and heart 

palpitations. 

Rofecoxib Vioxx, Merck 5 years (1999-2004) NSAID Heart Recalled for increase risk of stroke 

or cardiovascular events, and was 

linked to 27,000 heart attacks and 
cardiac arrests. 

Terodiline Micturin, Forest 

Labs 

2 years (1989-1991) Bladder 

incontinence  

Heart Recalled for causing prolonged QT 

syndrome and cardiotoxicity. 

Valdecoxib Bextra, G.D. 

Searle & Co.  

3 years (2001-2005) NSAID Heart Recalled for causing serious 

adverse cardiovascular events such 

as heart attack or stroke, skin 
reactions and gastrointestinal 

bleeding 

Name of Drug Organ 

Affected 

Observed Toxic Clinical 

Plasma Level (nM) 

Treatment Duration 

until Toxicity 

Bromfenac Liver 3,100-34,7000[126] >10 days[127] 

Tienilic Acid Liver N/A >30 days[128] 

Troglitazone Liver 2,265-6,300[129] >30 days[130] 

Astemizole Heart 30-250 Hours[131] 

Cisapride Heart 225 Hours[132] 

Mibefradil Heart 1,211[133] Hours[134] 

Pergolide Heart 8.68[135] 6 months[116] 

Rofecoxib Heart N/A Within 2 Weeks[136] 

Terodiline Heart 710.6-1065.9 Hours[118] 

Valdecoxib Heart N/A Within 2 Weeks[137] 

Table 3- FDA recalled drugs used in experiments. Table describes the recalled drugs used in experiments with summary 

information 

Table 4- Toxic patient plasma levels of recalled drugs.  Table lists recalled drugs, their clinically detected 
toxic plasma levels., and approximate time to reach significant adverse reactions 
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Astemizole displayed the most toxic effects to cardiac spheroids in all tests performed. This result 

was surprising as the drug was on the market for a longer period than all but one drug tested by our 

system. Research performed on astemizole in previous work demonstrates it is highly effective in 

delaying the rapidly activating component of the delayed rectifier potassium channel (IKr) and 

significantly increased the duration of the action potential at doses of 1 nM/L in vitro after a short 

time exposure; along with causing early afterdepolarizations and delayed ventricular 

repolarizations, this can result in the development of torsade de pointes ventricular arrhythmias 

described from literature [138]. It is thus probable that what we described from prolonged exposure 

to astemizole is the eventual failure of the cardiac spheroids to repolarize and thus the cessation of 

action potentials during all two-day exposures of 1 nM and higher and in doses of 1 μM and higher, 

cessation after 30 minutes. 1 μM was also the highest dose in which cardiac ATP was unaffected 

along with a noticeable increase in red stain in live/ dead, suggesting rapid cell impairment and 

death occurs at a dose near 1 μM in vitro. 

Cisapride toxicity functions in a similar mechanism to astemizole, by creating a prolonged QT 

syndrome leading to ventricular arrhythmias such as torsade de pointes; in the case of cisapride by 

blocking HERG, a gene encoding IKr channels in human cardiac cells [139]. The effective IC50 

for blockade of this channel function from Rampe et. al was determined to be 44.5 nmol/L; this 

finding is similar to our results of a beating failure in between 10-100 nmol. Another study 

displaying effects on HEK293 cells displayed the dose required for HERG channel suppression 

was voltage dependent, with higher channel suppression occurring at +20 mV (90%) over -20 mV 

(66%) for 100 nM[140]. A gradual decrease in ATP function is observed beginning at 10 nM with 

the p-value significance of 0.01 first being detected at 100 nM; however, a true IC50 is not 

determined until 100 μM, with no detectable large ethidium stain shown by LIVE/DEAD.  

Mibefradil, being developed as a non-selective calcium T-type channel antagonist, passed through 

numerous clinical trials and was marketed in 1997, only to be withdrawn by its parent company 
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after one year. It was determined that the combination of nondihydropyridine mibefradil with 

dihydropyridine L-type calcium channel β-blockers, mostly in patients that had discontinued the 

former and subsequently began the latter, would cause serious adverse cardiovascular including 

large drops in blood pressure and slowed heart rate[134].Although these effects had been noted in 

some clinical trials[141], it was still released without a label warning for these issues and many, 

particularly elderly with a low heart rate, experienced adverse effects[142]. Additionally, clinical 

cases of interactions with immunosuppressants have been described with very similar 

symptoms[143, 144]. The believed cause of this toxicity was a buildup of the immunosuppressant 

in the patient due to competitive inhibition at cytochrome p450 family site CYP 3A4 in the liver 

where both are broken down, which, along with causing liver and/or kidney failure, caused adverse 

cardiovascular events. Our experiments showed that mibefradil caused heart beat rate impairment 

at doses of 1 μM and greater at 2 days, however consistent cessation of heart rate was not obtained 

in this experiment at 30 mins until 100 μM as at 1 μM only one spheroid ceased and at 10 μM two 

spheroids ceased; at the two-day mark all spheroids in these doses had halted beating. Additionally, 

significant ATP reduction of p-value ≤ 0.01 was detected at 10 μM, mirroring the finding of 

significant ATP reduction tied to 30-minute impairment as seen in astemizole and cisapride. Recent 

efforts have taken advantage of the toxicity inflicted by t-type calcium channel inhibitors such as 

mibefradil and research has focused on turning it into a chemotherapeutic for cancer[145].   

Rofecoxib and valdecoxib displayed some ATP toxicity at 100 μM, with the IC50 being reached 

between 100 μM and 1 mM. Significant acute heartrate beat depression was also achieved at 1 mM 

concentration for both drugs. NSAIDs, including the aforementioned Cox-2 selective inhibitors 

rofecoxib and valdecoxib, can cause an increase in the rate of adverse cardiovascular events in 

those with stable atherothrombosis due to secondary effects of blocking prostaglandin production, 

inadvertently increasing blood pressure[117]. Valdecoxib was shown to raise the risk of adverse 

effects in systems including cardiovascular and skin after cardiac surgery in time periods ranging 
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from 24 hours to two weeks[137]. In particular, rofecoxib has been shown to cause an increase in 

myocardial infarction and was shown to increase thrombogenic events, especially amongst patients 

with hypertension[146]. This rofecoxib specific toxicity has been theorized to derive from effects 

induced by incorporation on human LDL and membrane lipids allowing peroxidation and oxidative 

damage from excessive ROS free radicals[147]. Since the mitochondria is the primary source of 

producing ROS[148], it would be expected that toxicity would impact our cardiac spheroids. 

However, past research has determined that an IC50 of 160 μM and 251 μM for valdecoxib and 

rofecoxib respectively utilizing both hERG channel function and MTT viability assay on primary 

neonatal rat cardiomyocytes[149]. Our system showed severe cell death at 1 mM and a significant 

decrease in viability at 100 uM, it is likely that the IC50 for each drug would be located around the 

previous doses tested. 

Pergolide displayed effects only at the 1 mM dose for both ATP IC50 and two-day beat rate 

cessation. A cohort study proposed that the valvular damage that was described by a FDA voluntary 

withdrawal letter only showed increased risk after a high patient dose after six months of 

treatment[150]. A previous experiment did show an IC50 blockade of Kv1.5 currents at 15.4 μM 

and 90% reduction at 100 μM with a reduction in peak amplitude, our findings were able to show 

that this point in beat rate cessation occurred only after a dose higher than 100 μM[116]. 

Additionally, after two-day exposure, noticeable cellular deformities were observed at the 100 μM 

dose tested during heartbeat analysis. Since cardiac valvularpathy often varies in complexity and 

severity, a more complex system with a longer-term exposure may be necessary to capture the toxic 

effects of the drug.  

Terodiline toxicity was detected in all tests performed, with significant cell death and loss of ATP 

at the 100 μM dose and significant heartbeat impairment beginning at 10 μM (figure above). 

Terodiline functions as a calcium channel antagonist for use in controlling incontinence by 

controlling abnormal muscle contractions related to detrusor instability[151]. Research has debated 
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whether the cause of this toxicity is the result of ingesting the R(+) or S(-) enantiomer of the drug, 

which causes the prolonged QT interval and atrioventricular node dissociation, leading to torsade 

de pointes and ventricular arrhythmia[118, 152]. Testing of L-type Calcium channels on guinea pig 

cardiomyocytes in vitro by investigators has determined that an IC50 impairment of the current as 

related to repolarization of the channels occurs at a dose of 15.2 μM of terodiline, with 10 μM 

showing a 40% reduction and 100 μM showing a 90% reduction in the calcium channel 

current[153]. Interestingly, the channel function in this experiment will recover over short time 

frame after applying a pulse of varying Hz frequencies, a subsequent experiment would be to see 

if it is possible to recover the function of the spheroids by replicating this experiment. An 

experiment with volunteers displayed that doses of 0.71-1.07 μM was correlated with a 50 ms delay 

in QTc interval, which would put the patient at risk for torsades de pointes, along with other 

negative cardiovascular effects[118]. Overall, these findings similar to our discovery, with the two 

day beat rate of the spheroids at 10 μM being 61.7% of the original beat rate and a total cessation 

at 100 μM (HB graph). ATP and L/D imaging follow the trend originally described.  

No significant results for bromfenac were detected at the 100 μM level, so doses were increased to 

1 mM, where significant results were both noted for ATP IC50 and LIVE/DEAD analysis. 

Bromfenac liver toxicity for patients occurred after patients used the drugs after the recommended 

10 day drug regimen, with outcome reached after five days after first presentation at hospital[127]. 

Patient plasma levels of bromfenac were reported to vary widely, and is believed to be related to 

differences in enzyme function between patients[126]. Patients would often experience flu-like 

symptoms up to two weeks before elevated levels of alanine aminotransferase were detected by 

doctors and researchers[154]. Testing on cells expressing combinations of drug metabolizing 

enzymes contained in the CYP family determined that IC50 concentrations for bromfenac ranged 

from 120-260 μM, with 260 μM the IC50 for cells expressing enzymes CYP34A[155]. It is also 
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important to note that after the hepatotoxicity was discovered and further studied, the drug was 

reformulated and can be proscribed to patients today under a different brand name.  

No significant results were noted for either LIVE/DEAD imaging or ATP tienilic acid at 100 μM 

or the increased 1mM dose for ATP or LIVE/DEAD image. The average time to detected patient 

toxicity is around 30 days after the start of treatment[128]. Tienilic acid toxicity has been described 

from literature as having some derived immune based function in addition to direct toxicity, with 

the derivatives of tienilic acid binding and inactivating p450 cytochromes 2C9, 2C10 and 2C11 by 

way of suicide pathway; further processing of the metabolites can also bind the cytochrome p450, 

causing anti-cytochrome p450 antibody anti-LKM2 formation, leading to targeting by immune 

response[121, 122, 156, 157]. Additionally, past research performed on the mechanism and 

prevention of tienilic acid toxicity demonstrates if the cells are able to produce L-glutathione from 

L-glutamine then the cells can utilize this to protect themselves from the toxic effects of the 

compound by using glutathione intermediates to conjugate tienilic acid byproducts to attenuate 

damage[158, 159]. Based on this previous research into immune mediated cytochrome p450 

response, it is unlikely to observe acute effects of liver damage in this model.  

Troglitazone began showing hepatotoxicity at the 100 μM mark for both ATP and LIVE/DEAD 

imaging; thus, for this drug we created a 1 mM drug stock and retested the effect on LIVE/DEAD 

imaging and ATP assay, which displayed a large amount of cell death. Troglitazone was recalled 

after 1.9% of patients reported significant levels of serum alanine aminotransferase, a marker of 

potential hepatotoxicity, after either weeks or months of treatment, it was recommended that these 

patients terminate treatment immediately to reduce further damage and some were able to 

recover[46, 130, 160, 161]. Although the exact mechanism of toxicity is unclear and may vary 

depending on the history of each patient case, researchers have compiled a number of mechanisms, 

both direct and indirect[46]. Research trials comparing animals and humans showed that the 

efficacy of the drug is not consistent between humans and animals. A study of 3D collagen gel 
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cultures of primary rat and human hepatocytes displayed that only the human hepatocytes showed 

impaired protein synthesis and a significant cell death at a high dose of 30 μM, even when extended 

to a 21 day culture[47]. Further work on toxicity in cell lines expressing different combinations of 

genes involved in metabolism, including p450 enzymes, determined the LD50 ranges to be between 

39-150 μM, with cells expressing the UGT14 enzyme, involved in metabolizing drugs into water 

soluble excretable molecules, having the highest viability[155]. The main subset of patients 

afflicted with liver damage was determined to be obese diabetics and those with impaired liver 

clearance; studies on mice with diabetes and porcine hepatocytes chemically inhibited confirmed 

they expressed liver damage at a lower dose than those without; in those with impaired liver 

function, troglitazone was found to be elevated by 30% with its main metabolites M1 and M3 to be 

at four and two-fold concentrations, respectively[129, 162] Impaired liver clearance seems to be a 

common factor amongst those with hepatotoxicity, as the maximum plasma concentrations found 

in average patients (3.6 and 6.3 μM for therapeutic doses of 400 and 600 mg/day, respectively) are 

not near the doses required for cell death[163]. However, some research has determined that it can 

protein expression in and inhibit cytochrome p450 family members at doses of 2.33 μM and 

upward[164]. It appears that the most likely cause of toxicity in patients taking troglitazone is a 

combination of interactions of the elevated metabolites and effects on cytochrome p450 activity. 

Healthy Organoids Future Directions 

 

As stated, further assays would be relatively easy to attempt in further studies. Based on our current 

results and the results of the cardiac heart beat assay, a physiological test for liver function would 

be the next step in displaying liver toxicity in our organoids, particularly as the primary system 

developed did not display better efficacy than the other models tested. Assays for liver functionality 

are broad and are dependent on the type of cells used and the quantity of said cells. Further tests 

for the functionality of our liver cells would most likely fall into two categories: liver metabolism 

enzyme function and measuring levels of liver specific markers. Consideration has been placed by 
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the author to attempt using Cytochrome p450 and related enzymes to measure their impairment in 

the presence of potential toxins. There have been numerous studies as noted above in measuring 

these enzymes, and there are kits available for purchase. Other possible enzyme activity includes 

alanine amino-transferase (ALT) and aspartate transaminase (AST), two enzymes that are found to 

be significantly increased when liver damage is occurring. An attempt to use ALT in our system 

was performed but did not show statistically significant results; further optimization may be 

performed to create a more accurate test in the future. Other liver specific marker assays that may 

be attempted include measuring urea, albumin and lactose dehydrogenase activity as we have used 

in other multi organoid studies[11]. For the cardiac organoids, further beat kinetic measurement 

could be utilized including measuring calcium and potassium channel flow. Another possible 

marker that could be measured and compared to ATP assay would be the creatine kinase assay, a 

marker of muscle related toxicity.  

 

Colorectal Cancer 

 

As the need for better and more targeted chemotherapeutics rises, the need for more accurate in 

vitro systems rises with it. In vitro systems today are often selected based on the criteria of the 

experimental question, as there are many in existence and the scope of their accuracy varies 

significantly[165]. While many systems are developed and tested, all must take into account the 

important question: is the system accurately portraying what the research question is? If not, then 

the system is inherently flawed for the study. This is increasingly important because as we learn 

more and more about how certain cancers function, more questions are brought up, particularly in 

the growth and resistance, including areas of gene expression, microsatellite instability, RNA 

expression and chromatin remodeling[166-168]. 3D models in the field of colorectal cancer are 

nothing new as several models have been developed to research specific genetic and phenotypic 

questions[169-171]. Models with other cancers have been created, and some have even used patient 

samples to compare 2D vs 3D IC50s for different drugs [172]. However, the need for a colorectal 
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cancer model that encompasses both rapid production capabilities needed for drug testing and being 

able to properly mimic certain disease states is more limited, as noted in a recent review these 

models will become the future of both exploratory research and potentially personalized 

medicine[173]. Our hypothesis is 3D colorectal cancer organoids allow for better tissue specific 

interactions and signaling that lead to a more mesenchymal phenotype, including upregulation of 

proteins associated with more aggressive cancers, such as the EGFR-MAPK pathway. Because of 

this, we believe that, while more resilient towards drugs that utilize mechanisms of non-specific 

toxicity due to differences in drug diffusion, will be more sensitive towards drugs that target these 

upregulated proteins as the cancer cells are more dependent on them for growth.  

EGFR pathway mutations are often an indicator of poor clinical outcomes and increased resistance 

to chemotherapeutics. Two of 

these proteins, K-RAS and B-

RAF, are found mutated in 

around 40% and 10% of all 

colorectal cancers, respectively. 

Although the two proteins are 

directly concurrent with each 

other with B-RAF directly 

downstream of K-RAS, they 

differ in both timing of 

mutation, conferred tumor 

characteristics and determination of treatment regimen[1, 174]. Because of this and well 

documented mutation statuses of each cell line combined with clinical regimens centered around 

these mutations, we decided to utilize EGFR pathway status as our criteria in selecting and 

comparing cell lines, with differences in treatments judged based on these mutations. 

Figure 22- Summary of common colorectal cancer mutations [1] 
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Our H&E and LIVE/DEAD assay results determined the system is healthy, with some cell line 

specific interactions. A concern leading into the project would be the formation of a necrotic core 

in our gel system, a common factor when dealing with poorly vascularized tissue similar to tumors. 

Based on the LIVE/DEAD results, it appears cells are well distributed throughout the organoid. 

The HCT-116 cell line, the most aggressive of the cell lines tested, showed aggregation towards 

the edge of the 3D organoids not seen in the other organoids, suggesting some migration towards 

the edge, a result our group had noticed in previous literature[9]. Additionally, proliferation was 

detected in our 3D system, albeit at a much lower rate than in 2D cultures (Results not shown). 

The MTS proliferation assay is best suited in situations where the cells being used are experiencing 

rapid growth and thus need to use rapid metabolism to help create the materials required for new 

cells. Because of this, MTS and other related metabolism assays are often used as a marker for 

well-being of cancer cells; this may be because the base state of the cancer cells is one of growth 

and division, when this is disrupted it can be a sign of cell stress and is often related to the effects 

of cytostatic chemotherapeutics, eventually leading to cell death. 

To properly compare the effects chemotherapeutic treatment of 2D vs 3D cell culture for efficacy, 

we chose three classes of chemotherapeutics often used with colorectal cancer; antimetabolites, 

platinum-based compounds and EGFR pathway small molecule inhibitors (Table 5). Each class is 

used extensively in the treatment of colorectal cancer, with mutational profiles of the tumors 

suggesting the regimen of chemotherapeutics. First line treatments often include the regimen 

FOLFOX, a combination of leucovorin, 5FU and oxaliplatin. Oftentimes, if the tumor is found to 

contain EGFR pathway mutations, inhibitors of this pathway are often added to the second and 

third line regimens in case of non-responsiveness to FOLFOX. EGFR inhibitors can be used to 

target wildtype EGFR pathway tumors; however, mutations downstream of EGFR such as at K-

RAS and B-RAF often make this therapy ineffective. B-RAF and MEK-1 may often be targeted 

for both tumors including B-RAF and K-RAS mutations as these are downstream and can often 

create a signaling bottleneck to inhibit these upstream mutations effect on growth and 
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survival[175]. Drugs such as mCRC approved regorafenib along with pan inhibitor sorafenib and 

B-RAF inhibitor dabrafenib with MEK1/2 inhibitor trametinib can be used to target the tumor either 

directly at the site or to target proteins that are often linked to a mutation in the EGFR pathway, 

such as VEGFR or PI3K-AKT pathway, as with PI3K/KRAS mutant HCT-116[176-179].  

Drug Name Marketed Name,  

Manufacturer 

Selectivity 

5-FU Adrucil,  

Pharmacia Inc.,  

Teva Parenteral Medicines Inc. 

Thymidylate Synthase 

Inhibitor 

F10 N/A Thymidylate Synthase 

Inhibitor 

CF10 N/A Thymidylate Synthase 

Inhibitor 

Cisplatin Platinol,  

Off-Patent 

DNA inter and intra-

strand crosslink damage 

Carboplatin Paraplatin, 

Off-Patent 

DNA inter and intra-

strand crosslink damage 

Oxaliplatin Eloxatin, 

Sanofi 

DNA inter and intra-

strand crosslink damage 

Regorafenib STIVARGA, 

 Bayer 

VEGFR2-TIE2, RAF 

inhibition 

Sorafenib Nexafar,  

Bayer 

VEGFR, PDGFR, RAF 

family kinase inhibitor 

Trametinib Mekinst,  

GlaxoSmithKline LLC 

MEK1 and MEK2 

Dabrafenib Tafinlar,  

GlaxoSmithKline LLC 

BRAF 

 

 

 

 

 

 

 

Cell Line Tumor Origin EGFR Pathway 

Mutation Status 

CACO2 Colorectal Carcinoma Wildtype  

SW480 Colorectal Adenocarcinoma K-Ras Gly12Val 

HT-29 Colorectal Adenocarcinoma B-Raf Val600Glu 

HCT-116 Colorectal Carcinoma K-Ras Gly13Asp 
Mesenchymal 

Table 5- Colorectal cancer chemotherapeutics used in experiments. Summary of chemotherapeutics used in experiments 

Table 6- Colorectal cancer cell lines with EGFR mutation status- Summary of cell lines used in experiments with 

EGFR pathway mutation status and conferred phenotype. 

Epithelial 
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Antimetabolites, drugs that functions in order to inhibit a metabolic process, are used in many 

cancer treatments[180]. Fluoropyrimidine based drug 5FU functions as an antimetabolite, working 

to inhibit thymidylate synthase by stably binding its enzymatic binding site and as a substitute for 

thymidine, in addition to causing fluorouracil substitutions in DNA and RNA, causing transcription 

and translational damage after faulty reading by the cell[181]. Antimetabolites are often uptaken 

by cells with fast metabolisms, which includes not only cancer cells but skin and gut as well[182]. 

Modulation of the base drug 5FU is a common target for new drug development, as general toxicity 

associated with 5FU and its poor half-life hamstring its effectiveness[183-185]. Supplementation 

of 5FU regimen with other drugs to boost efficacy such as leucovorin and methotrexate are also 

common in cancer treatment regimens[181]. F10 and CF10 are modified prodrug versions of 5FU 

were developed in as a means to focus the intended incorporation of its 5FU contained components 

towards FdUMP incorporation, in doing so eliminating the process of FUMP RNA incorporation 

associated with GI tract toxicity and instead working towards DNA incorporation only[186]. 

FOLFOX, a combination of 5FU, folinic acid (leucovorin) and oxaliplatin, has been in use for the 

treatment of colorectal cancer for decades[187]. Overall, the field of antimetabolites is expansive 

and growing. 
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Figure 24- Mechanism of 5FU and F10[186]. Figure describes A) mechanism of F10 and 5FU metabolism and B) mechanism of 
5FU cytotoxicity through RNA induced GI tract toxicity and byproduct FBAL induced neuro- and cardio-toxicity. 

 

Our results in comparing the 2D and 3D populations of the antimetabolite and combined system 

treatments showed mixed results, with F10 and FOX being more successful in 3 of 4 2D systems 

and with F10 and CF10 being split for the other cell lines. For WT EGFR pathway cell lines, SW480 

cells were more successful for all treatments in 2D over 3D: for CACO2, 5FU, CF10 and FOX 

were more successful in 3D and F10 was more successful in 2D. For those with EGFR pathway 

mutations, HT-29 cells were more sensitive to 5FU in 3D with the reverse true for F10, CF10 and 

FOX: HCT-116 cells were more sensitive to 5FU, F10 and CF10 treatments in 3D with FOX being 

more effective in 2D. Because the drug would be evenly distributed in the 2D system compared to 



 72 

a 3D tissue system, it is would be expected these cells would be more affected in this system[5]. 

Additionally, cells in 2D often exhibit faster growth than those in 3D, and as toxicity of 

antimetabolites would require a cell exhibiting more rapid growth, it is likely that the trend can be 

explained in this way[188]. However, it appears the results are mixed, with one EGFR mutant line 

(HCT-116) and one non-mutant EGFR (CACO2) pathway line displaying 3D systems more 

effective than those in 2D. It is notable that F10 and CF10 displayed significantly lower IC50 

numbers than 5FU for all cell lines, suggesting these modified 5FU analogues have more potent 

methods of inflicting cell death. FOX did not display lower IC50 than 5FU alone in HCT-116 cells, 

an interesting result as fluoropyrimidines were the most effective in this cell line, particularly 

modified treatments F10 and CF10.  

Platinum based drugs, including cisplatin, carboplatin and oxaliplatin, are antineoplastic 

chemotherapeutics that utilize platinum complexes to form DNA adducts on the N-7 position of 

guanine to create problems for DNA repair mechanisms, ultimately causing faulty DNA repair, 

DNA synthesis cessation and 

potentially cell death[189]. 

They have been used for 

decades for the treatment of 

many solid tumors, including colorectal as either single agent or as a part of extended regimens, 

such as oxaliplatin in FOLFOX[190]. Resistance to these drugs has been reported by tumors with 

certain mutation, such as p53 and NF-B, and patients may have their regimens altered if they 

exhibit these mutations[191]. Additional considerations to consider include the potential for 

toxicity in patients, including neuropathy, nephrotoxicity, neutropenia, ototoxicity, and 

thrombocytopenia[192]. In fact, the majority of patients who cease this class of chemotherapeutics 

due so because of these toxic side effects as opposed to reduced benefit or survival. Development 

of the modified versions of the original drug cisplatin, carboplatin and oxaliplatin, were initiated to 

attempt to mitigate the side effects by creating more targeted treatments, however some serious 

Figure 25- Platinum Based Chemotherapeutics[3] 
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effects are still noted [193].Nevertheless, platinum-based chemotherapeutics are still the largest 

class of anticancer agents currently in the market and are important for treating many cancers, with 

further treatments being developed to reduce these toxicities and increase efficacy[194].  

Our results of the 2D vs 3D MTS assay comparing the platinum-based chemotherapeutics 

determined an advantage towards the 2D system for cisplatin, with all cell lines more sensitive to 

cisplatin in 2D. Results were mixed and cell line based for the other two compounds, with HT-29 

and CACO2 cells more sensitive to in 3D culture and HCT-116 and SW480 cells more sensitive in 

2D to both carboplatin and oxaliplatin. A previous study comparing carboplatin in 2D vs 3D culture 

in ovarian cancer showed carboplatin tended to be slightly more effective in 2D vs 3D in multiple 

patient derived cell lines[172]. It has been noted in both in-vitro experiments and patient records 

that K-Ras expression may confer resistance and is an indicator of poor response towards platinum-

based chemotherapeutics[195, 196].  

EGFR-MAPK pathway inhibitors 

are used in chemotherapy regimens 

where the tumor has been tested for 

targetable EGFR mutations. EGFR 

itself has often been a target for drug 

development as it is often found 

mutated in many cancers. Two main 

classes exist in the targeting of 

EGFR itself, targets of the 

extracellular domain such as 

cetuximab and those that target the 

receptor catalyst domain such as gefitinib and erlotinib[197]. Some side effects exist for these types 

of treatments including skin toxicity, GI toxicity and in some serious cases interstitial lung 

disease[198]. The next target downstream of EGFR would be the RAS protein, believed to be an 

Figure 26- EGFR Pathway with downstream targets[4] 
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early mutation in as much as 50% of colorectal cancer cases[199]. Research into the function of 

the RAS protein has found that it would be an ideal target for drug therapy as it controls access to 

both the MAPK and PI3K/AKT pathways. Additionally, many tumors are primarily found to be 

mutated at one form of RAS, K-RAS 4B, and in 3D in vitro and in vivo cultures it has been noted 

there is a dependence on K-RAS for K-RAS mutants[200], raising hopes that specific targeting 

would be possible. Unfortunately, targeting has been difficult due to a lack of specific binding sites 

for targeted treatments, in addition to the need for specificity as pan inhibition of RAS is highly 

toxic[199]. Although promising work has been made for more specific targeting chemotherapeutics 

for K-RAS, more work is needed[174].  Instead, a further downstream target for targeted EGFR 

therapy is RAF, which is the highest mutated protein overall in cancers with EGFR-MAPK pathway 

mutations, particularly melanoma[201-204]. Drugs have been developed to target this mutation; 

examples of these drugs include vemurafenib, sorafenib, and dabrafenib. One of the breakthrough 

targeted mutations in this family include the V600E B-RAF mutation, caused by a simple 

substitution mutation found in many cancers, including 5-15% of colorectal cancers, and is targeted 

by dabrafenib and vemurafenib[205]. In fact, 80% of all B-RAF pathway mutations found in cancer 

can be traced back to this substitution[206]. The next step down from RAF is MEK1/2, which has 

also been targeted as a therapy for certain cancers. MEK1/2 mutations often confer resistance to 

chemotherapeutics, and thus more specialized drug regimens are needed[207]. Because of this, 

dabrafenib and trametinib, a B-RAF and MEK inhibitor respectively, have been approved for the 

treatment of melanoma and are currently being researched as treatments for other cancers[208]. 

Our results from MTS assay showed that unlike the antimetabolites and platinum-based 

chemotherapeutics, there was an advantage of 3D models over the 2D system; in fact all 3D cell 

types exposed to regorafenib and sorafenib displayed lower IC50s than those in 2D, with 

dabrafenib:trametinib combinational therapy showing advantages for two out of four cell lines, the 

HT-29 and HCT-116 cell line. This type of result with what is called cytostatic drugs, drugs that 

affect the growth rate of cells, has been seen in other systems but without context as to potential 
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causes for the difference[172]. Based on these results, we hypothesized about potential differences 

in expression rates of the EGFR pathway and its downstream components, specifically that there 

may be an increased expression on these proteins and therefore the cells may be more dependent 

on these pathways in 3D over 2D, explaining their sensitivity to EGFR-MAPK targeted regimens. 

Based on our IHC staining, we see that in all of the cell lines, high expression of components EGFR, 

K-RAS, and B-RAF are noted in 3D; in contrast, 2D populations only display staining of their 

known mutational profiles (B-RAF in HT-29, K-RAS and B-RAF in HCT). Despite staining 

negatively in 2D culture, previous research into the SW480 cell line has suggested the cell line may 

in fact be two subpopulations of cells, a more epithelial and more mesenchymal-like 

population[209]. Some previous research on EGFR in cells in 2D conditions vs “3D” cells on 

matrigel displayed similar results to our MTS drug study for EGFR inhibitor-based drugs. 

However, they noted a decrease in EGFR for their 3D models compared to their 2D, despite 

detecting an increase in phosphorylated MAPK in some cell lines, leading them to conclude other 

members of the EGFR-MAPK pathway may account for the differences [188]. While many models 

have studied B-RAF and K-RAS expression as compared to other protein interactions, no models 

have been developed or tested to answer if K-RAS and B-RAF are expressed at higher rates in 3D 

organoid cultures as compared to 2D monolayer culture in 3D organoids[210-213].  

Tumor Organoid Future Directions 

Although the initial data is promising, there is much work to be done to further shape and test the 

hypothesis. More analysis could be performed on the mechanisms of cellular death from the drugs 

present to determine if there are differences between the 2D and 3D cultures. Using Annexin V 

staining would help visualize if the cell death was due to apoptosis-based mechanisms. Similarly, 

one could use cell cycle analysis to analyze stages of the cell death, from sub G1 dominant phase 

being linked to apoptosis to dominant S phase being linked to DNA replication issues. Another test 

of toxicity would be to analyze the presence of DNA repair mechanisms to distinguish differences 

in types of DNA damage caused by the chemotherapeutics, particularly the platinum and 
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fluoropyrimidine based drugs. pATM, a measure of damage reaction to single strand breaks, 

pH2AX a measure of repair response to double strand breaks and a combination of both to measure 

total DSB breaks could be used by fluorescence tagging by way of cell sorter. 

Another potential direction would be to quantify the cells expressing the EGFR pathway specific 

components and their quantities. Further staining could continue to elucidate activity of other 

EGFR members, members including MEK and ERK, to determine if these proteins are also 

upregulated. Additionally, further work could be performed to analyze activity of PI3K-AKT-

mTOR pathway, as this pathway can be initiated by K-Ras. Outside of staining, other protein 

quantification studies should be utilized to confirm elevated levels of EGFR pathway components. 

One such assay would involve using Western Blot Protein analysis to determine the presence of 

both normal and phosphorylated proteins in order to determine the proportion of activated 

(phosphorylated) proteins in the system. From these results, we would have confirmed the 

hypothesis we provided and set up further directions for our experiments.  

Conclusion 

In order to better model both healthy and diseased tissue, accurate models are needed in order to 

properly mimic the way the body functions as a whole. Current models leave much to be desired 

in this aspect. To address this concern, we have developed and tested multiple 3D tissue analogues 

and their response to toxic distress. Our healthy 3D tissue models consisting of cardiac and liver 

cells showed sensitivity in detecting toxicity earlier than in 2D cell model in physiological tests. 

Additionally, our 3D colorectal system displayed differences in drug response as compared to 2D 

systems between chemotherapeutics with multiple mechanisms of action, later analysis observed 

higher expression rates of EGFR pathway proteins as compared to 2D cell line populations. Overall, 

we believe our systems will be effective in both intended and unintentional toxicity detection, as 

well as studying the characteristics of tissue-like cell organoids to develop new theories on tissue 

function. We believe that using our system made of primary tissue or iPSc derived organoids can 

help reduce the risks of developing ineffective and dangerous treatments, saving costs and lives. 
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