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1. Abstract 

Colorectal cancer (CRC) has been poorly studied in South Africa, with limited studies on disease 

progression and development. Studies that have investigated CRC in South Africa have indicated 

that there is racial disparity between different racial groups that may be attributed to alternative 

developmental pathways, differences in genetic compositions or CRC initiators that result in these 

different clinical presentations. Furthermore, the lack of population-based studies substantiates the 

need for more intensive CRC research. A particular model used to study cancer in general is the 

use of two-dimensional (2D) cell cultures, which have provided novel insight into many cancers 

and their development processes. However, these models lack the complex biology observed in 

vivo. One such model that is gaining research interest is the use of three-dimensional (3D) organoid 

cultures. Organoids are derived from stem cells and are able to self-organize and mimic the 

corresponding organ from which they were derived. Research has indicated that organoids are able 

to maintain cell-type heterogeneity as well as gene expression levels that resemble the organ of 

origin. Therefore, this project aimed at standardizing a protocol to establish and characterise 

colorectal organoid cultures from South African patient-derived tissues. Patient samples were 

obtained from individual patients with informed consent and were processed to generate organoids. 

The morphology of the organoids was monitored across several days and across passages. Once 

the organoids had reached maturity and were at passage 2, characterization was performed using 

real-time quantitative polymerase chain reaction (RT-qPCR) and immunofluorescence which 

indicated that the genetic composition and spatial localization of cell types of interest in non-

cancerous tissue was recapitulated in the organoids. Based on these observations, it is proposed 

that organoids could be a promising model to investigate CRC disease development and 

progression and potentially search for novel therapeutics. This project has established the protocols 

for growing and characterizing organoids from African samples and provides baseline data, and 

outlines the complexities and issues involved in growing organoid cultures for the future studies. 
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2. Introduction 

2.1.  Cancer and the global statistics 

Cancer is a growing burden in all developing and developed countries. As of 2020, the 

GLOBOCAN cancer statistics estimated 19.3 million new cancer cases and 10 million cancer 

deaths (Sung et al., 2021). This places cancer as one of the leading causes of death worldwide with 

a projected 47% increase in the number of cases (28.4 million cancers cases) by the year 2040 

(Sung et al., 2021). Colorectal cancer (CRC) has been identified as the third commonly diagnosed 

cancer type (10% contribution to newly diagnosed cancer cases) and is the second leading cause 

of cancer deaths (9.4% contribution to cancer-related deaths) worldwide (Sung et al., 2021). The 

estimated number of new CRC cases in 2020 was 1.9 million and 935 000 deaths (Sung et al., 

2021). The increasing incidence of CRC may be attributed to changes in lifestyle choices and 

factors such as excess weight, low physical activity and changes in diet, all of which are 

independently associated with CRC risk (Siegel et al., 2021; Sung et al., 2021).  

2.2. Colorectal Cancer 

2.2.1. Colorectal Cancer in South Africa 

CRC has been poorly studied in South Africa, with limited studies on disease progression and 

development (McCabe et al., 2020). In 2020, there were 66 198 cases and 42 875 deaths recorded 

(Sharma et al., 2022). According to the South African Cancer Registry, CRC is the second 

diagnosed cancer type in men and third in woman, and is the fifth most frequently diagnosed cancer 

type in the country (CANSA, 2023). Furthermore, South African populations have different 

clinical presentations in comparison to those observed globally (McCabe et al., 2020). 

Intriguingly, the cancer disparity between South African racial groups is well-defined, where the 

African population present with earlier onset of CRC before the age of 50 and the white population 

present with later onset of CRC (McCabe et al., 2020). Due to the potentially different 

development pathways, genetic make-up or initiators of CRC that result in the different clinical 

presentations, this substantiates the need for more intensive research on CRC development and 

progression in South Africa.  
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Significant efforts have been made to improve patient prognosis over the last decade. Notably, 

surgical resection of the primary tumour and chemotherapeutic combinations have contributed 

significantly to patient survival (Brand et al., 2018). It has been recorded that the 5-year overall 

survival rates for South African CRC patients are 93.2% for stage I, 72.1 – 84.7% for stage II,  

52.3 – 83.4% for stage III and 8.1% for stage IV cancers (Brand et al., 2018). However,  

20 – 25% of patients, at initial diagnosis, are classified with metastatic form of the disease  

(Misiakos et al., 2011; Valderrama-Treviño et al., 2017; Brand et al., 2018; Hossain et al., 2022). 

Therefore, palliative chemotherapy with possible surgical resection (based on the metastatic site) 

are the only therapeutic options to improve patient survival. On average, CRC is a slow growing 

cancer that requires approximately 10 years to progress from an early adenoma to established CRC 

and a further 9 years (on average) to metastasize (Brand et al., 2018; Nguyen and Duong, 2018). 

Once metastasis has occurred, prominent sites include, but are not limited to, the lungs, liver, 

lymph nodes and possible blood vessel metastasis (Misiakos et al., 2011; Valderrama-Treviño et 

al., 2017; Brand et al., 2018; Hossain et al., 2022). Furthermore, approximately 30% of patients, 

that were not diagnosed with the metastatic form of disease, may develop metastatic CRC and 

approximately 50% of patients have been reported to develop drug resistance resulting in limited 

therapeutic availability (Dallas et al., 2009; Hu et al., 2016; Khan et al., 2021; Zhu et al., 2021). 

Therefore, the establishment of early screening platforms and alternative therapeutic regimes are 

crucial avenues to explore in an attempt to target this disease. 

2.2.2. Colorectal Cancer Staging and Treatments 

Tumour, Nodes and Metastasis (TNM) classification system is the standard method to determine 

CRC tumour stage (gross appearance) and grade (microscopic appearance) (Table 1) to assess 

prognosis and guide treatment regimens (Wang et al., 2020). This classification evaluates the 

primary tumour (T), presence or absence of lymph node metastasis (N) and if distant metastasis 

(M) formed, as well as providing a numerical measurement that indicates tumour size, extent of 

regional lymph node spread and the number of metastatic sites (Quirke et al., 2007).  
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Table 1: CRC TMN classification system that is commonly used with reference to CRC 

disease stage (Adapted from AJCC Cancer Staging Manual (Sung and Sung, 2010)) 

CRC 

Stage 

TNM 

Grading 

Categories 

Description 

 Tx Primary tumour cannot be assessed 

 T0 No evidence of primary tumour 

0 Tis Carcinoma in situ – intramucosal carcinoma 

N0 No regional lymph nodes metastasis 

M0 No evidence of distant metastasis 

I T1 Tumour grown through muscularis mucosa and into the submucosa 

OR 

T2 Tumour grown into the muscularis propria 

N0 No regional lymph nodes metastasis 

M0 No evidence of distant metastasis 

IIA T3 Tumour invades perirectal tissue through muscularis propria 

N0 No regional lymph nodes metastasis 

M0 No evidence of distant metastasis 

IIB T4a Tumour penetrates the visceral peritoneum surface 

N0 No regional lymph nodes metastasis 

M0 No evidence of distant metastasis 

IIC T4b Tumour directly invades or adheres to other organs and structures 

N0 No regional lymph nodes metastasis 

M0 No evidence of distant metastasis 

IIIA T1 Tumour grown through muscularis mucosa and into the submucosa 

OR 

T2 Tumour grown into the muscularis propria 

N1 Metastasis in one to three regional lymph nodes 

OR 

N1c Tumour deposits in the subserosa or mesentery without regional node 

metastasis 

M0 No evidence of distant metastasis 

OR (other potential grading) 

T1 Tumour grown through muscularis mucosa and into the submucosa 

N2a Metastasis in four – six regional lymph nodes 

M0 No evidence of distant metastasis 

IIIB T3 Tumour invades perirectal tissue through muscularis propria 

OR 

T4a Tumour penetrates the visceral peritoneum surface 

N1 Metastasis in one to three regional lymph nodes 

OR 
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N1c Tumour deposits in the subserosa or mesentery without regional node 

metastasis 

M0 No evidence of distant metastasis 

OR (other potential grading) 

T2 Tumour grown into the muscularis propria 

OR 

T3 Tumour invades perirectal tissue through muscularis propria 

N2a Metastasis in four – six regional lymph nodes 

M0 No evidence of distant metastasis 

OR (other potential grading) 

T1 Tumour grown through muscularis mucosa and into the submucosa 

OR  

T2 Tumour grown into the muscularis propria 

N2b Metastasis in seven or more regional lymph nodes 

M0 No evidence of distant metastasis 

IIIC T4a Tumour penetrates the visceral peritoneum surface 

N2a Metastasis in four – six regional lymph nodes 

M0 No evidence of distant metastasis 

OR (other potential grading) 

T3 Tumour invades perirectal tissue through muscularis propria 

OR 

T4a Tumour penetrates the visceral peritoneum surface 

N2b Metastasis in seven or more regional lymph nodes 

M0 No evidence of distant metastasis 

OR (other potential grading) 

T4b Tumour directly invades or adheres to other organs and structures 

N1 Metastasis in one to three regional lymph nodes 

OR 

N2 Metastasis present in four or more regional lymph nodes 

M0 No evidence of distant metastasis 

IVA Any T Cancer may or may not have grown through the wall of the colon or 

rectum 

Any N Cancer may or may not have spread to nearby lymph nodes 

M1a Metastasis confined to one organ or site (liver, lung, ovary or 

nonregional ganglia) 

IVB Any T Cancer may or may not have grown through the wall of the colon or 

rectum 

Any N Cancer may or may not have spread to nearby lymph nodes 

M1b Metastasis in more than one organ or site in the peritoneum 

IVC Any T Cancer may or may not have grown through the wall of the colon or 

rectum 

Any N Cancer may or may not have spread to nearby lymph nodes 

M1c Metastasis to parts of peritoneum and may or may not have spread to 

distant organs or lymph nodes 
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Therapeutic options that are available for CRC patients are largely dependent on the stage of 

diagnosis. The initial intervention is surgical resection, which  is combined with chemotherapy or 

radiotherapy pre- or post-surgery (Figure 1) (Khiavi et al., 2019). Chemotherapy is generally 

administered, despite its limitations, such as patient resistance, toxicity, adverse drug reactions and 

unsatisfactory response rates (McQuade et al., 2017; Patil et al., 2017). Approximately 25% of 

CRC cases are diagnosed at advanced stages and an additional 20% acquire metachronous 

metastasis (Hossain et al., 2022). Current chemotherapeutic regimes may be single-agent and 

multiple-agent regimes. The most commonly used single-agent regime is 5-Fluorouracail (5-FU), 

whereas multiple-agent first-line therapy regimes may include a combination of 5-FU + oxaliplatin 

(OX) (FOLFOX), 5-FU + irinotecan (IRI) (FOXFIRI), capecitabine (CAP) + OX (CAPOX) or 

CAP + IRI (CAPIRI) (Hossain et al., 2022). An additional regimen used for advanced  or 

metastatic CRC is FOLFIRINOX (5-FU + OX + IRI + leucovorin), which combines three 

chemotherapeutics with leucovorin (Lamarca et al., 2020; Sakr et al., 2020). The addition of 

leucovorin is used to enhance the therapeutic effects and toxicity of 5-FU (Groves et al., 2021). 

Additionally, 5-FU resistance is a major concern as approximately 40% of patients are resistant to 

5-FU and the overall response rate in patients with late stage CRC is 10-15% (Vodenkova et al., 

2020). Therefore, further investigations for optimal treatment strategies with desired response rates 

are desired.  
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2.2.3. Colorectal Cancer Development 

The development of CRC begins with epithelial cells acquiring a series of genetic and epigenetic 

alterations that confer to hyperproliferation (Nguyen and Duong, 2018; Hossain et al., 2022). CRC 

development is largely attributed to various mutations in genes associated with deoxyribonucleic 

acid (DNA) repair mechanisms, tumour suppressor genes and oncogenes (Mármol et al., 2017). 

Approximately 70% of CRC cases are classified as sporadic and being associated with a broad 

range of mutations in vital signalling genes resulting in a very heterogeneous cancer type (Mármol 

et al., 2017). The development of sporadic CRC tends to follow a specific succession of mutations 

that result in the progression from an adenoma to an adenocarcinoma (Fearon and Vogelstein, 

1990; Mármol et al., 2017). The most widely accepted model of the adenoma-carcinoma sequence 

was developed by Fearon and Vogelstein in 1990 (Smit et al., 2020; Hong et al., 2021). The 

adenoma-carcinoma sequence is defined by a set of recurrent driver mutations, specifically in 

Adenomatous polyposis coli (APC), Kirsten ras viral oncogene homolog (KRAS), Suppressor of 

Mothers Against Decapentaplegic 4 (SMAD4) and tumour suppressor protein 53 (TP53) genes 

(Smit et al., 2020). 

Mutations that accumulate in these genes ultimately drive the progression towards sporadic CRC 

(Smit et al., 2020). These driver mutations deregulate specific cell signalling pathways, leading to 

oncogenic transformation and metastasis (Smit et al., 2020). Particularly, mutations in APC or  

v-raf murine sarcoma viral oncogene homolog B1 (BRAF) oncogene are described as the initiating 

events required to produce adenomas or serrated polyps, respectively (Nguyen et al., 2020). 

Figure 1: Treatments strategies per stage of colorectal cancer. The most commonly used 

therapeutic intervention for stage 0 – I CRC is surgical removal of the polyp. Several treatment 

interventions are available for stage II and III including surgical removal of the growth with pre- 

or post-surgery chemotherapeutics, radiation and combinations thereof depending on the site of 

development. The two chemotherapeutic combinations often administered is FOLFOX or CAPOX. 

Additionally, immunotherapy may also be administered. In Stage IV CRC patients, surgery is only 

performed if the tumour causes an obstruction but combinations of chemotherapies (FOLFOX, 

CAPOX, FOXFIRI and FOLFIRINOX) are generally administered, radiation therapy in 

combination with chemotherapy depending on site of development and immunotherapy. (Figure 

created using BioRender and adapted from Rodrigues and Correia, 2023) 



23 | P a g e  
 

Subsequent events that occur will vary depending on the specific molecular pathway that is 

engaged.  

2.2.3.1. Molecular Pathways Defining Colorectal Cancer 

The three major molecular pathways that are associated with CRC pathogenesis are the 

chromosomal instability (CIN), microsatellite instability (MSI) and CpG island methylator 

phenotype (CIMP) pathway. The most observed pathway is the CIN pathway, which is reported 

in approximately 85% of CRC cases,  characterised by chromosomal numbers and structural 

alterations  (Nguyen and Duong, 2018; Hoevenaar et al., 2020; Malki et al., 2021). MSI is the 

second most common pathway, constituting 15 – 20% of CRC cases, where alterations in the 

number of repetitive DNA microsatellites throughout the genome sequence are present (Nguyen 

and Duong, 2018; Malki et al., 2021). The third pathway is the CIMP pathway, where a high 

density of methylated genes are observed in approximately 17% of CRC cases (Nguyen and 

Duong, 2018; Nguyen et al., 2020). 

2.2.3.1.1. CIN Pathway 

The CIN pathway is characterized by high rates of gains or losses of whole or sections of 

chromosomes (Nguyen and Duong, 2018; Nguyen et al., 2020). As a result, aneuploidy tumours 

and loss of heterozygosity is observed, as well as telomere dysfunction, alterations in chromosome 

segregation and alterations to DNA damage response mechanisms (Mármol et al., 2017; Nguyen 

et al., 2020). Additionally, the CIN pathway presents mutations in APC, KRAS, SMAD2/SMAD4 

(through 18q loss) and lastly TP53 (Nguyen and Duong, 2018; Nguyen et al., 2020) (Figure 2). 

Mutations in APC result in increased cell proliferation and the activation of KRAS that further leads 

to increased cell survival and inflammation as well as contributes to increased cell proliferation 

(Mármol et al., 2017; Nguyen et al., 2020). Loss of chromosome 18q in approximately 70% of 

CRC cases affecting SMAD2 and SMAD4 genes localized in 18q21.1 which are two tumour 

suppressor genes and encode signal transducers for transforming growth factor-beta (TGF-β) 

(Nguyen and Duong, 2018). Alterations in SMAD2 and SMAD4 may result in resistance to TGF-β 

and contribute to tumourigenesis (Nguyen and Duong, 2018). Mutations/loss of TP53 is common 

in CRC (43.28%) and assists in tumour progression as it is a transcription factor that regulates 

genes involved in DNA repair, cell cycle arrest, apoptosis, senescence and metabolism in response 

to stress (Nguyen and Duong, 2018; Malki et al., 2021). The loss of TP53 allows for damaged 
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genetic material to be propagated to daughter cells resulting in the transition from adenoma to 

carcinoma (Nguyen and Duong, 2018). When karyotypic abnormalities are combined with the 

accumulation of mutations in tumour suppressor genes and oncogenes, it activates signalling 

pathways that are critical for CRC initiation and progression. 

2.2.3.1.2. MSI Pathway 

The MSI pathway is characterized by defects in DNA mismatch repair (MMR) that is caused by 

mutation, inactivation or by epigenetic silencing of CpG island hyper-methylation of the MutL 

homolog 1 (MLH1) gene promoter (Malki et al., 2021). The function of the DNA MMR system is 

to repair a single base pair mismatch that is incorporated into microsatellites during DNA synthesis 

to maintain genomic stability but alterations result in genomic instability (Malki et al., 2021). 

Furthermore, CRC cases that present with the MSI pathway also harbour a mutation in BRAF that 

encodes a valine to glutamic acid substitution at amino acid 600 (V600E) resulting in increased 

cell proliferation and inflammation (Caputo et al., 2019; Nguyen et al., 2020). Additionally, 

mutations occur in transforming growth factor beta receptor 2 (TGFBR2), insulin-like growth 

factor 2 receptor (IGF2R) and B-cell lymphoma 2 (BCL-2)-associated X protein (BAX) resulting 

in increased cell proliferation and survival (Nguyen and Duong, 2018). TGFBR2 is an important 

gene that encodes a protein that prevents colon epithelial cell proliferation but the accumulation of 

mutations in TGFBR2 inactivates the receptor consequently promoting cell proliferation (Nguyen 

et al., 2020). BAX is a pro-apoptotic gene that belongs to the BCL2 family that present with 

frameshift mutations resulting in the silencing of BAX and suppression of apoptosis (Nguyen and 

Duong, 2018). Furthermore, the insulin-like growth factor 2 (IGF2) gene is parentally imprinted 

and often loss of imprinting or aberrant imprinting can lead to its overexpression, increased cell 

proliferation and CRC development (Kasprzak and Adamek, 2019). Consequently, genomic 

instability and the accumulation of mutations in critical signalling pathways result in the 

development and progression of CRC (Figure 2). 

2.2.3.1.3. CIMP Pathway 

The CIMP pathway contains a high density of hyper-methylated genes in promoter regions that 

results in loss of gene expression (Malki et al., 2021). CRC tumours that present with the CIMP 

pathway are shown to have mutations in BRAF and hyper-methylation of MLH1 (Nguyen and 

Duong, 2018; Nguyen et al., 2020). Inactivation of MLH1 leads to the induction of MSI, followed 
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by additional mutations in MutS homolog 3 (MSH3), MutS homolog 6 (MSH6), BAX, IGF2R and 

phosphatase and tensin homolog (PTEN) (Malki et al., 2021). This results in the development of 

dysplasia and cellular transformation (Malki et al., 2021). The CIMP pathway is also a precursor 

for the serrated pathway, which gives rise to serrated polyps (Nguyen et al., 2020). The serrated 

pathway is not completely characterized but a distinguished trait of this pathway is the activation 

of V600E mutation in BRAF (Nguyen et al., 2020). This mutation in BRAF results in the 

constitutive activation of the mitogen-activated protein kinase – extracellular signal regulated 

kinase (MAPK-ERK) pathway and uncontrolled cell division (Nguyen et al., 2020). Furthermore, 

the serrated pathway exhibits high levels of CpG island methylation, particularly those that are 

upstream from tumour suppressor genes that result in gene silencing and tumour formation 

(Nguyen et al., 2020) (Figure 2).  
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Figure 2: Molecular Pathways involved in Colorectal Cancer Development. The most commonly 

observed pathway in CRC is the CIN pathway (shown in blue). This pathway presents with 

mutations in APC, KRAS, TP53 and loss of 18q affecting SMAD 2 and SMAD 4. The genetic 

mutations result in increased cell proliferation through the activation of Wnt target genes and the 

activation of KRAS mutations. Mutations in KRAS result in constitutive activation of rapidly 

accelerated fibrosarcoma/mitogen activated protein kinase/extracellular signal regulated kinase 

(Raf-MEK-ERK) pathway, phosphoinositide 3 kinase (PI3K) signalling via mammalian target of 

rapamycin (mTOR) and transcription factor nuclear factor kappa light chain enhancer of 
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activated B cells (NF-𝜅𝐵). The second pathway that is observed is the MSI pathway (shown in 

orange) that is characterised by defects in DNA mismatch repair. These defects are due to 

mutation, inactivation or by epigenetic silencing of CpG island hypermethylation of MLH1 and 

genomic instability. Genomic instability results in the downstream mutations of BRAF and the 

activation of Raf-MEK-ERK activation that causes increase cell proliferation. When a late 

adenoma is formed, mutations in TGFBR2, IGF2R and BAX occur, which will ultimately result in 

the development of malignant tumours. The least commonly observed pathway is the CIMP 

pathway (shown in green), which is characterised by containing a high-density of hyper-

methylated genes particularly in promoter regions of MMR and MLH1. This results in loss of gene 

expression and eventually genomic instability. Mutations then occur that results in increased cell 

proliferation due to Raf-MEK-ERK activation. Inactivation of MLH1 ultimately leads to the 

induction of microsatellite instability followed by additional mutations in MSH3, MSH6, BAX, 

IGF2R and PTEN that causes increase cellular transformation and dysplasia. (Figure generated 

using BioRender) 

2.3. Culture Models to Study Cancer 

To study the complex gene networks and interactions that cancer utilizes, researchers make use of 

various in vitro models. The most used culture models include two-dimensional (2D) cell culture, 

followed by three-dimensional (3D) spheroids, and as of late, organoids. The development of 2D 

cell culture was a major advancement in allowing the improved understanding of cell biology, 

tissue morphology and most importantly, disease development and drug mechanisms 

(Kapałczyńska et al., 2016). The  abundance of cell lines have been well established and 

characterised facilitating ease of use and minimal cost, which have allowed for numerous studies 

involving cancer biology (Yan et al., 2018; D’Costa et al., 2020). 2D cell lines may also be easily 

manipulated to study drug resistance but their lack of complexity and integration of multiple 

pathways do not recapitulate the human tissue architecture in its entirety, resulting in an 

oversimplified model (Yan et al., 2018; D’Costa et al., 2020).  Therefore, scientists have explored 

3D culture models that mimic disease pathophysiology as a robust alternative. Comparisons 

amongst these models is shown in Table 2.  

Spheroids are generated in a 3D culture by growing spherical cell aggregates derived from single-

cell suspensions on low-attachment culture plates, in suspension culture or in a gel or agar 
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(Białkowska et al., 2020; Nazari, 2020). Spheroids are also self-assembled forming a “mass” due 

to the close proximity of the cells, allowing for the accumulation of cell-generated collagen for 

spheroid anchorage (Han et al., 2021; Pape et al., 2021). Spheroid models are more complex than 

2D culture methods as their advanced culture capabilities allows them to mimic tumour features. 

These features include mimicking cell-cell adhesion, cell-extracellular matrix (ECM) interactions, 

physio-chemical gradients, as well as gene expression patterns resembling those of the original 

tumour (Franchi-Mendes et al., 2021). Limitations of spheroids are developing and maintaining 

spheroids in their uniform structure, a larger number of cells are required for spheroids to form 

efficiently and that ratios of different cells types in the spheroid cannot be controlled when  

co-culturing with other cell types (Biju et al., 2023). An alternative 3D model to spheroids are 

organoids, which are more complex and robust in nature. 

Organoids are characterised as advanced 3D cultures due to their self-organizing capabilities and 

have been derived from pluripotent stem cells or adult stem cells, which are able to mimic the in 

vivo organ from which they were derived (Sato et al., 2009; Tuveson and Clevers, 2019). 

Furthermore, their culture is comprised of growth in a basement membrane matrix and is 

supplemented with various growth factors to mimic the stem cell niches and provide a 

representation of the differentiated cell-type heterogeneity present in particular organs (Sato et al., 

2009; Tuveson and Clevers, 2019). In a more complex format, organoids are also derived from 

adult stem cells that comprise individual patient’s tissue, allowing for a more personalized 

medicine approach towards cancer patients. The applications of organoid culture include, but are 

not limited to, drug screening, modelling of disease development, biobanking and pre-clinical 

models (Clevers, 2016; Yan et al., 2018; Boonekamp et al., 2020; Rizzo et al., 2021). Additionally, 

organoid culture has aided in studying drug metabolism and response, cell differentiation and gene 

expression levels that largely resemble the organ from which they were derived, as well as led to 

new insights in the field of drug discovery due to the incorporation of the ECM (Jensen and Teng, 

2020; Kim et al., 2020).   
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Table 2: Comparisons between 2D cell culture, Spheroids and Organoids 

 2D Culture 3D Culture References 

 Cell Culture Spheroids Organoids 

 

 

Accessibility Easily accessible as well-

established culture reagents and 

cell lines are readily available.  

Cellular sources and 

reagents are available 

making this model 

accessible. 

More novel method, 

accessibility remains limited 

due to specific reagent 

suppliers and tissue 

availability from patients. 

(Zhao, 2023) 

Cost to maintain 

cultures 

Relatively cheap to maintain due 

to commercially available 

reagents and assays.  

Lower cost in comparison 

to organoids.  

More expensive due to 

fewer commercially 

available reagents. Can be 

costly to initiate and 

develop cultures.  

(Kapałczyńska 

et al., 2016; 

Jensen and 

Teng, 2020) 

Well-established 

culture protocols 

Well-established and 

standardized protocols available 

for a variety of cell lines and 

assays. Examples of assays 

include cell viability 3-(4,5-

Dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide 

(MTT), cytotoxicity (trypan 

blue) and cell death 

(APOPercentageTM (Biocolor 

Ltd, UK)) assays.  

A number of well-

established protocols 

available (suspension 

culture and scaffold 

culture) but use may be 

dependent on experiment 

type. Examples of assays 

are cell invasion and 

migration, 

immunofluorescence, 

spheroid formation assay 

and calcein AM assay.  

Some well-established 

protocols available but no 

standardized protocols 

available. Assay examples 

used in organoids are 

CellTiter-Glo® (Promega, 

USA) for viability, EdU 

assay for proliferation and 

imaging assays using 

fluorescence. 

(Ryu et al., 

2019; Kim et 

al., 2020; 

Zhao, 2023) 

Time expenditure 

to establish 

culture 

Few hours to a few days. Few days to a few weeks. Few weeks to a few months. (Khetan and 

Burdick, 2010; 

Baker and 
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Chen, 2012; 

Chen et al., 

2012) 

Patient-specific & 

cellular sources 

Yes, can be generated from 

patient primary cells or an 

established single cell-line. 

Yes, can be generated 

from patient primary cells 

or established cell-lines 

can be used. 

Yes, patient tissue samples 

are digested, and specific 

cell-types harvested to 

generate organoids. 

(Gunti et al., 

2021) 

Cellular 

characteristics 

Cells are grown as monolayers 

only allowing for the expansion 

in two-dimensions. This results 

in the cells having a flat and 

elongated shape.  

Cells are grown as aggregates and in layers allowing them 

to maintain their natural 3D shape as it would occur in 

vivo. 

(Mseka et al., 

2007; Costa et 

al., 2016; 

Kapałczyńska 

et al., 2016; 

Langhans, 

2018; Yamada 

et al., 2022) 

Cell proliferation 

rates 

Cell proliferation occurs at 

unnatural rates with cells often at 

the same stage of growth. 

Cell proliferation rates are more natural withs cells 

sometimes at different stages of growth, as would be seen 

in vivo. 

(Ravi et al., 

2015; 

Langhans, 

2018) 

Gene and protein 

expression levels 

Expression levels differ vastly 

different in comparison to in 

vivo systems. 

Expression levels have been shown to closely resemble 

those seen in vivo. 

(Ravi et al., 

2015; Costa et 

al., 2016; 

Kapałczyńska 

et al., 2016; 

Langhans, 

2018) 

Sensitivity to 

drugs 

Cells present with minimal 

resistance to drugs that may 

result in successful outcomes to 

administered drugs, which may 

not be a true representation of 

cellular response. 

Cells present more resistance to administered drug 

treatments, resulting a more holistic overview to drug 

response and metabolism in vivo. 

(Haisler et al., 

2013; Imamura 

et al., 2015; 

Langhans, 

2018) 
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Tumour 

microenvironment 

(TME) 

Single cell types are often 

cultured which limits tumour 

heterogeneity. Additionally, no 

ECM substance is often present 

that limits cell-cell interactions 

to between one cell type. 

Therefore, does not accurately 

represent the TME. 

Multiple cell types are often cultured together allowing 

for more tumour heterogeneity to be observed. ECM 

substrates are often used and cell-cell interactions can be 

observed between different cell types and the ECM. 

Therefore, the TME is more accurately represented.   

(Hoarau-

Véchot et al., 

2018; Barbosa 

et al., 2022) 

Usage, analysis & 

reproducibility 

Easy to use and results and 

analysis is easily understandable. 

Easily reproducible. 

Usage can vary from user-to-user and from experiments. 

Analysis of 3D structures can be difficult to perform and 

reproducibility remains inconsistent. This is also due to 

patient-to-patient disparities.  

(Hickman et 

al., 2014; 

Booij et al., 

2019; Kim et 

al., 2020) 
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2.3.1. Intestinal Organoids 

The term “organoid” was first used in 1987 to describe in vitro cultures derived from 

neuroblastomas and the lung, as well as the culture of tissue fragments from epithelial tissues 

that were separated from the stroma using mechanical and enzymatic digestion and grown in 

different types of 3D gels (Simian and Bissell, 2017; Almeqdadi et al., 2019). These gels were 

collagen-rich or laminin-rich and the tissue fragments produced organ-like structures (Simian 

and Bissell, 2017). However, as of 2012, the Intestinal Stem Cell Consortium published 

nomenclature guidelines, which stated that the term “organoid” is used for cultures that contain 

multiple cell types, including mesenchymal and epithelial cell types (Almeqdadi et al., 2019). 

As research started to shift from 2D culture to 3D culture, a milestone in the development of 

organoid culture was achieved in 2009 by Sato et al., which showed that single leucine-rich 

repeat containing G protein-coupled receptor 5 (LGR5)-expression adult intestinal stem cells 

are capable of forming 3D intestinal organoids in Matrigel® (Sato et al., 2009; Almeqdadi et 

al., 2019). This was the first report of establishing 3D organoid culture, particularly from mice 

and this led the way for subsequent organoid work on intestinal organoids. Intestinal organoids 

are derived from the intestinal epithelium and when derived from humans, they are termed 

human intestinal organoids and function as “mini-guts” (Sato and Clevers, 2013). Intestinal 

organoids are generated by differentiation from human pluripotent stem cells or by harvesting 

intestinal crypts from biopsies taken from individuals (Taelman et al., 2022) and may be used 

to study disease development and responses to drug treatments. This project focuses on the 

generation of intestinal organoids derived from human tissue biopsies. Culturing of intestinal 

organoids is made possible by isolating harvested intestinal crypts and culturing them in 

Matrigel®, which allows the intestinal organoids to develop a 3D morphology (Sato and 

Clevers, 2013). The Matrigel® functions as a mimic for the basal lamina that is rich in laminin 

and collagen, and is particularly useful for stem cells as it retains the stem cells in an 

undifferentiated state (Hughes et al., 2010; Sato and Clevers, 2013). Additionally, the media 

used to culture intestinal organoids also assists in maintaining the stem cells as it is 

supplemented with a combination of growth factors, such as R-spondin, epidermal growth 

factor (EGF), and Noggin (Sato and Clevers, 2013). This combination ensures stem cell 

proliferation and maintains the stem cell niche with the addition of a Wnt ligand (Wnt3a), 

which will further maintain the crypt base columnar epithelial cells that give rise to the various 

intestinal cell types (Sato and Clevers, 2013). The general growth pattern of human intestinal 

organoids is illustrated in Figure 3 (Sato and Clevers, 2013). 
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2.3.1.1. Intestinal Organoid Applications 

The use and applications of intestinal organoids is a growing research topic that has seen a 

plethora of literature being published. Current applications of organoids have included, but 

limited to, are investigating microorganism interactions with patient-derived organoids, gene 

editing applications and drug screening.  

Several microorganisms have been used in organoid based studies to delineate their 

associations with intestinal diseases. From as early as 2015, co-culturing organoids with 

bacteria have been used to understand microbiome interactions that result in gastrointestinal 

diseases. Co-culture is defined as culturing multiple cell types, either directly or indirectly 

within the same culture environment (Yuan et al., 2023). Currently, studies performed on 

Clostridium (Engevik et al., 2014; Leslie et al., 2015), Helicobacter pylori (Schlaermann et 

Figure 3: Intestinal organoid development. At day 0, the initial growth of the organoid 

presents as a single stem cell that will progress to form a cyst-like structure. The cyst-like 

structure is comprised of proliferating progenitor cells and a central lumen that will increase 

in size. Between days 3 and 4, budding of the cyst-like structure will appear, which marks the 

development of a crypt. Crypts present as budding structures around the central lumen and will 

progress to become larger. Organoids will reach maturity between days 7 and 10 in culture, 

where the structure of the organoid resembles that of the intestine. The lumen will also progress 

to become darker as this is the region in which villi will develop and dead cells are shed towards 

the lumen (Figure adopted from Sato and Clevers, 2013). 
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al., 2016; Morey et al., 2018; Yao and Smolka, 2019; Maubach et al., 2022), Escherichia coli 

difficile (In et al., 2016; Karve et al., 2017; Pleguezuelos-Manzano et al., 2020; Pradhan et al., 

2020) and Listeria (Zhou, Zhang, et al., 2022; Zhou, Zou, et al., 2022) have been co-cultured 

with intestinal organoids and have illustrated the effects on stem cell repair, inflammation, 

cancer initiation and epithelial barrier function. Viruses have also been co-cultured with 

intestinal organoids, specifically, human noroviruses (Ramani et al., 2014; Chen et al., 2022; 

Ettayebi et al., 2022; Mboko et al., 2022) that cause nonbacterial acute gastroenteritis and 

severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) as half of patients presented 

with gastrointestinal symptoms (Krüger et al., 2021). Therefore, the novel development of 

intestinal organoids has allowed for a more humanised model to study microorganisms. Apart 

from studies co-culturing microorganisms with organoids, gene editing has also been 

incorporated, specifically clustered regularly interspaced short palindromic repeats-associated 

protein 9 (CRISPR/Cas9) (Tian et al., 2023). In a study performed by Schwank and colleagues 

(2013), CRISPR/Cas9 was applied to modify genes of stem cells from the intestinal stem cells 

of patients with cystic fibrosis (Schwank et al., 2013). The authors demonstrated that the 

corrected allele inserted into the patient-derived organoids via CRISPR/Cas9 was expressed 

and fully functional, which provided a proof of concept for gene correction (Schwank et al., 

2013). Gene knock in and knock out applications have also been performed using the 

CRISPR/Cas9 system. In 2015, two independent groups targeted KRAS, APC, p53 and SMAD4 

to introduce mutations in human intestinal organoids (Drost et al., 2015; Matano et al., 2015). 

These organoids were then transplanted into mice to develop into tumours and the authors 

could ascertain the levels of differentiation and invasive behaviour depending on the number 

of genes that were altered (Drost et al., 2015; Matano et al., 2015). This allowed for a better 

understanding of CRC development and progression. Moreover, the immune system is another 

avenue to consider due to the use of immunotherapy as a treatment for CRC. 

In efforts to study immune system interactions, researchers have utilized the co-culture of 

specific immune cells with intestinal organoids. Some of the immune cells that have been  

co-cultured with intestinal organoids are macrophages, T-cells, natural killer cells and 

neutrophils. In a study performed by Noel and colleagues (2017), the authors utilized intestinal 

organoids to study epithelial cell-macrophage interactions and the innate immune response to 

bacterial infections (Noel et al., 2017). The use of T-cells derived from human peripheral blood 

mononuclear cells have also been used to study cancer T-cell interactions (Dijkstra et al., 

2018). Dijkstra and colleagues (2018), investigated the tumour-specific T-cell-based targeting 
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at a patient specific level as an avenue for personalized medicine to induce tumour-specific  

T-cell killing of tumour organoids (Dijkstra et al., 2018). Investigating the effects of chimeric 

antigen receptor (CAR) natural killer cells has also been performed, where the authors  

co-cultured CRC organoids with EGF variant III – CAR natural killer-92 cells to identify and 

select suitable target antigens, as well as assessed the anticancer activity of CAR-natural killer 

92 cells (Schnalzger et al., 2019). An additional application was to determine the effects of 

matrices on neutrophil infiltration into organoids (Gjorevski et al., 2020). Gjorevski et.al., 

(2020), using organ-on-a-chip applications to investigate inflammation and develop a model 

that can be utilized for inflammatory diseases (Gjorevski et al., 2020). As a result, co-culturing 

patient-derived organoids with immune cells have allowed for novel developments in 

understanding immune system interactions in an in vitro format. As intestinal organoids are 

derived from patient tissue, it allows for the application of personalised medicine, particularly 

using drug screening.  

The use of intestinal organoids for drug screening is also becoming a popular research topic 

with researchers developing screening platforms for a variety of intestinal diseases. One of the 

earliest drug screening applications involved the drug screening on 22 organoid lines using 83 

experimental drugs (Van De Wetering et al., 2015). Their results illustrated that the tumour 

organoids of different genetic backgrounds have effects on drug sensitivities (Van De Wetering 

et al., 2015). Additionally, the authors verified that the cancer derived organoids retained the 

heterogeneity of the original tumour to indicate that the use of patient-derived models is a 

valuable tool for drug screening (Van De Wetering et al., 2015). In a study performed by 

Vlachogiannis and colleagues (2018), the authors evaluated the feasibility of patient-derived 

intestinal organoids derived from metastatic cancer as a drug screening tool (Vlachogiannis et 

al., 2018). A library of 55 drugs were used to screen the derived organoids and their results 

indicated that the organoids showed 100% sensitivity, 93% specificity, 88% positive prediction 

and 100% negative prediction (Vlachogiannis et al., 2018). This data was generated based on 

ex vivo treatment responses to correlate the robustness of organoids recapitulating in vivo drug 

responses (Vlachogiannis et al., 2018). The aforementioned advancements in intestinal 

organoid applications have led to novel research since their development in 2009. However, an 

important aspect to consider prior to utilizing organoids for a vast number of experiments is to 

perform characterization and validation to ensure robust and reliable results.  



36 | P a g e  
 

2.3.1.2. Organoid Culture Validation Techniques 

An important aspect of organoid culture, once the culture has been established, is to validate 

the culture by characterizing organoid structure and function (Zhao et al., 2022). Validation 

techniques can be separated on the basis of whether the structure or function is being 

investigated. For organoid structure validation, simple techniques such as bright-field imaging 

or immunofluorescent staining can be performed (Zhao et al., 2022).  

Bright-field microscopy and imaging can be used for quantification of organoids, such as by 

counting the number of organoids and monitoring organoid culture progression (Fei et al., 

2022). Additionally, bright-field microscopy can be used for morphological measurement, such 

as size, shape and growth in both healthy and diseased organoids, which can be used to track 

disease progression (Fei et al., 2022). Immunohistochemical and immunofluorescence imaging 

can be further used to validate organoid cultures by using specific cell marker antibody staining 

(Zhao et al., 2022). This method can provide an overview of the spatial distribution and 

proportion of specific cell types (Zhao et al., 2022). Additionally, histopathological staining 

can also validate the organoid cultures in comparison to the original tissue as it has been proven 

that histological features are conserved (Gu et al., 2023).  

For organoid function validation, a plethora of techniques are available such as colorimetric 

assays, calcium signalling or luciferase assays, but the simplest validation methods are 

polymerase chain reaction (PCR), singe-cell RNA (sc-RNA) sequencing or immunofluorescent 

imaging (Zhao et al., 2022). Real-time quantitative PCR (RT-qPCR) is one of the easiest and 

fastest methods to validate organoid cultures against marker genes for cell identity and  allows 

for the characterization of gene expression levels which can be compared to the tissue of origin 

to evaluate the degree of similarity (Zhao et al., 2022; Calà et al., 2023). An additional 

technique that can be used to evaluate gene expression and validate the cell type heterogeneity 

in organoid culture is sc-RNA sequencing, which allows for analysis of the transcriptome at 

single-cell level (Jovic et al., 2022). The cell types from the organoids identified in sc-RNA 

sequencing are then compared to the cell types in the corresponding tissue to evaluate the 

degree of similarity (Zhao et al., 2022). Immunofluorescence can be used to investigate the 

protein content of specific markers and can be compared to the tissue of origin as well (Calà et 

al., 2023). This technique can also be used to assist in understanding the localization of cell 

types within organoids, as well as determine interactions between those cells (Bergdorf et al., 

2021). Therefore, performing both structural and functional validation of organoid culture is 
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important to gauge a holistic view and allows for the identification of important intestinal cell 

types required in the intestinal organoids.  

2.3.1.3. Intestinal Structure and Cell Types 

The inner lining of the intestine is comprised of villi with invaginations that are used to 

maximise absorption of nutrients (Figure 4). Crypts constitute the base of the villi and contain 

various intestinal stem cells that contribute to self-renewal of the intestinal epithelium. These 

stem cells (crypt base columnar cells) give rise to the different cell types present in the human 

gut and it can be divided into absorptive cells and secretory cells (Boonekamp et al., 2020). 

The absorptive cells in the crypt are constituted of enteroendocrine cells, whereas the secretory 

cells are constituted of Paneth cells, goblet cells, tuft cells and enteroendocrine cells (Figure 

4). Each cell type differs in abundance and location along the crypt-villus axis (Boonekamp et 

al., 2020). Furthermore, each cell type presents with a particular genetic makeup that confers 

upon these cells’ specific functions. This molecular signature is utilized to characterise the cells 

and confirm the presence of each cell type in the intestine. This can be extended to 

characterising the organoids in culture to confirm that intestinal organoids are being grown.  

 

 

 

 

 

 

 

 

 



38 | P a g e  
 

 

2.3.1.3.1. Intestinal Stem Cells 

A major cell type present in the crypt of the intestine is crypt-base columnar cells. These cells 

continuously divide and give rise to the other cell types present in the crypt (Bonis et al., 2021). 

This cell type has been shown to express a particular target gene of the Wnt pathway, namely, 

LGR5 (Bahrami et al., 2017). LGR5 encodes an orphan-G-protein-coupled receptor that 

presents with a large leucine-rich extracellular domain, which has been found to be expressed 

in CRC and is exclusively expressed in the intestine as it marks the stem cells present (Barker 

et al., 2007; Bahrami et al., 2017). In addition to LGR5, the proliferation marker Ki-67 

(expressed by the MKi-67 gene), has also been shown to be expressed in crypt base columnar 

cells (Bahrami et al., 2017; Boonekamp et al., 2020). As crypt base columnar cell progress 

towards the villi of the intestine, they differentiate and give rise to either absorptive cells or 

secretory cells. 

2.3.1.3.1.1. Absorptive Cells of the Intestinal Tract 

Enterocytes are the absorptive cell type that is derived from crypt base columnar cells. These 

cells are particularly involved in digestion by ensuring uptake of ions, water, vitamins, as well 

as the absorption of unconjugated bile salts (Miron and Cristea, 2012). These cells are able to 

perform their digestive function as they contain high concentrations of digestive enzymes that 

breakdown proteins and carbohydrates that results in their absorption (Ali et al., 2020). 

Furthermore, enterocytes are responsible for maintaining the integrity of the intestinal 

epithelial barrier (Ali et al., 2020). This function is attributed to the ability of enterocytes being 

able to sample luminal agents through pattern recognition receptors, which is the first line of 

defense against pathogens (Vitale et al., 2016). Therefore, this cell type assists in affecting 

Figure 4: Structure of the intestinal crypt and villi with intestinal cell types of interest. The 

crypt forms the basic functional unit of the intestine as it has been described as the site for 

stem cells and where cell renewal occurs. When in homeostasis, the stem cells (crypt base 

columnar epithelial cells) are restricted to the stem cell niche in the crypt base. The transit 

amplifying region is where the progeny of stem cells will rapidly divide and terminal 

differentiation will occur in the upper region where fully differentiated cells will eventually 

be shed into the lumen and the process repeats. Crypt base columnar cells are the intestinal 

stems cells that will give rise to absorptive cells (enterocytes) and secretory cells (Paneth 

cells, enteroendocrine cells, tuft cells and goblet cells) that are involved in immune responses, 

chemoreception and hormone secretion. (Figure created using BioRender and adapted from 

Biswas et al., 2015) 
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immune responses apart from its absorption and digestion functions. Secretory cell types are 

also vital in the intestinal tract as they assist in the solubilization and dilution of nutrients which 

are crucial in maintaining intestinal homeostasis.  

2.3.1.3.1.2. Secretory Cells of the Intestinal Tract 

There are four cell types that constitute secretory cells, these are Paneth cells, goblet cells, tuft 

cells and enteroendocrine cells. These cell types perform different functions that assist in 

maintaining intestinal homeostasis and proliferation as the intestinal tract requires strict spatial 

organization and continuous cell turnover for normal functioning (Bonis et al., 2021).  

Paneth cells are located in the crypts present in the small intestine and are secretory epithelial 

cells that secrete antimicrobial proteins (Lueschow and McElroy, 2020). Their main function 

is to initiate immune responses against invasive pathogens, as well as to maintain the stem cell 

niche to ensure self-renewal and proliferation of the intestinal epithelium (Bel et al., 2017; Yu 

et al., 2020). Paneth cells are able to maintain the stem cell niche as they provide essential 

Notch ligands, EGF and Wnt signals for proliferation to occur (Bonis et al., 2021).  

Furthermore, Paneth cells are able to initiate immune responses due to their ability to secrete 

lysozyme (LYZ) that is controlled by the expression of the LYZ gene that digests bacterial cell 

walls  (Mei et al., 2020). Another cell type that is involved directly with immune responses is 

goblet cells due to their secretion of mucin that lines the intestinal tract.  

Goblet cells are another secretory cell type present in the intestine but are specifically secretory 

progenitor cells with the primary function of secreting mucin (Dao and Le, 2021). The gene 

responsible for the secretion of mucin is the mucin 2 gene (MUC2) and results in a protective 

mucus layer in the digestive tract (Dao and Le, 2021). The importance of this mucus layer is to 

eliminate any microbes or chemicals that may cause damage to the intestinal tract and therefore 

functions in the activation of an immune response (Herath et al., 2020). Another cell type that 

is found on these mucosal surfaces are tuft cells (Iqbal et al., 2023). Tuft cells are a rare cell 

type that are derived from LGR5 and are specifically involved in chemoreception and immune 

responses (Hendel et al., 2022). Tuft cells are comprised of actin filaments cross-linked by 

actin-binding protein, Villin 1 (VIL1) (Esmaeilniakooshkghazi et al., 2020). VIL1 proteins are 

a result of the expression of VIL1, which can be used as a marker to identify tuft cells that are 

present in the intestinal tract (Esmaeilniakooshkghazi et al., 2020). A cell type that shares 

similarities to tuft cells are enteroendocrine cells (Du et al., 2023), which is the last secretory 

cell type present in the intestinal tract.  
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Enteroendocrine cells function in the secretion of hormones associated with food digestion and 

absorption, as well as effecting immune responses in the presence of microbial metabolites 

(Worthington et al., 2018). As enteroendocrine cells play a role in mediating the homeostasis 

of the immune system, they may contribute to chronic inflammation, consequently implicating 

this cell type in inflammatory bowel diseases such as Crohn’s disease and Ulcerative Colitis, 

which can increase the risk of CRC development (Worthington et al., 2018). Additionally, 

studies have indicated that Chromagranin A (CHGA) levels function as a marker of 

enteroendocrine cells (Worthington et al., 2018; Watanabe, 2021). CHGA is classified as a 

soluble glycoprotein stored with hormones and neuropeptides in secretory granules of most 

endocrine cells and is also a precursor for various biologically active peptides and granulogenic 

protein that regulates the storage and secretion of hormones and peptides (Laguerre et al., 

2020).  

In addition to the above-mentioned cell types and associated genes that may serve as markers 

to identify CRC organoids, Epithelial cell adhesion molecule (EpCAM) is another gene of 

interest. EpCAM is expressed in epithelial cells, as well as a range of stem cells as it mediates 

cell-to-cell adhesion, regulates proliferative gene expression and the maintenance of self-

renewal and pluripotent phenotype (Huang et al., 2018). As the intestine is comprised of 

epithelial cells that have differentiated into epithelial cell types (goblet, enteroendocrine cells, 

Paneth cells and enterocytes), evaluating the expression of EpCAM will validate the presence 

of epithelial cells in the intestinal tract (Wright, 2012). Therefore, the identification of these 

markers in the organoid cultures would validate successful formation of intestinal organoids.  

Throughout the twentieth century, the use of cell lines and animal models have proven to be 

quite successful in studies trying to understand disease development, progression, drug 

metabolism and drug resistance. However, extrapolating these results to humans has not always 

been accurate due to various reasons, one of which includes patient-to-patient genetic 

differences. Furthermore, some molecular processes that occur in the human body cannot be 

recapitulated in these models, such as testing the efficacy of drugs (Kim et al., 2020). The 

development of 3D culture models, such as organoids, may hold promise in overcoming these 

issues. Organoids are histologically indistinguishable from the organ it was grown from and 

may bridge the gap between in vitro response and clinical response, as well as understanding 

patient-specific disease biology (Sato et al., 2009; Fujii et al., 2018). Therefore, this allows the 

potential of 3D cultures to be extended to current biological research in a more physiologically 

relevant patient-based approach. Currently, the published research on organoids and CRC in 
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South Africa is very limited. Therefore, the novelty of this project and the impact it may have 

on future CRC studies in a South African patient cohort could lead to a more personalised 

medicine approach to CRC treatment.  

3. Aim and Objectives 

3.1. Aim 

The aim of this study was to standardise a protocol to establish and characterize colorectal 

organoid cultures from South African patient-derived tissues. 

3.2. Objectives 

1. Optimize the culture conditions and maintenance of intestinal crypt organoids from patient-

derived tissue.  

2. Characterize the culture of intestinal crypt organoids using RT-qPCR assessing genes 

specific to intestinal composition, i.e., LGR5, VIL1, MUC2, EpCAM, MKi67, LYZ and CHGA. 

3. Characterize the culture of intestinal crypt organoids using immunofluorescence assessing 

proteins specific to intestinal composition, i.e. VIL1, MUC2, EpCAM, and Ki67.  

3.3. Hypothesis 

It is hypothesised that the intestinal crypts that were extracted and cultured to form organoids 

will be those from the colon and express the genes specific to intestinal composition. 

3.4. Project Workflow 

The methodology that was employed in this project has been outlined in  

Figure 5. Ethical clearance for this project was obtained from the Human Research Ethics 

Committee of the University of the Witwatersrand (Ethics clearance number: M210233) and 

informed consent was obtained from each patient to use their samples in this project. Patient-

derived non-cancerous and CRC samples were utilized to produce 3D organoids. The samples 

from individuals with varying stages of CRC were used. A biopsy of normal tissue (distal site) 

and of tumour tissue (cancer) was collected from patients. For culture and characterization of 

organoids derived from non-cancerous tissue (referred to as non-cancerous organoids in the 

text), five patient samples were used. For culture and characterization of organoids derived 

from the tumour/cancerous tissue (referred to as cancer organoids in text), six samples were 

used. The crypts were isolated from the patient biopsies and the organoids were grown (passage 

p0) and passaged (p1). Monitoring of culture growth was also performed during culture and 
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during passaging to ascertain organoid morphology from each patient using brightfield inverted 

phase contrast microscopy. RNA extraction from the non-cancerous samples was performed 

only from second passage (p2) to allow for stabilization of the organoids, followed by 

complementary DNA (cDNA) synthesis and RT-qPCR. The purpose of RT-qPCR was to 

validate that the organoids that were grown are those from the colon and the genes of interest 

that were used to validate the organoids included: EpCAM, VIL1, MUC2, LGR5, MKi67, 

CHGA and LYZ. The combination of these gene markers is unique to CRC, hence, their use. 

Additionally, immunofluorescence was performed on the non-cancerous organoids to assess 

the localization of the proteins from the genes of interest, as well as to visually confirm their 

expression. Monitoring of cancerous organoid growth was also performed during culture and 

immunofluorescence was performed as a proof of concept to assess VIL1, EpCAM, Ki-67 and 

MUC2 protein localization. 
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Figure 5: Project workflow. Patient samples were collected from the Wits Donald Gordan 

Hospital (Ethics clearance number: M210233). The samples collected were those derived from 

the tumour and a matched normal tissue from a distal site in the colon. The samples were then 

taken back to the laboratory for processing, which included digestion of the tissue by 

mechanical and enzymatic digestion. The crypts obtained from the tissue were counted and 

seeded in Cultrex™ Basement Membrane Extract (BME) and once solidified media was added. 

The organoids were passaged once optimal size and culture density was reached and when 

passage 2 was reached, the organoids were subjected to RNA extraction for RT-qPCR and 

immunofluorescence for characterization. (Figure created using BioRender) 
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4. Methodology  

4.1. Ethical Clearance and Informed Patient Consent 

Ethics clearance was obtained from the Human Research Ethics Committee (Medical) of the 

University of the Witwatersrand to perform sample collection from the Wits Donald Gordan 

Centre (Parktown, Johannesburg) (Ethics clearance number: M210233). The patients were 

under no obligation to partake in the study and those that chose to partake signed an informed 

consent form that they understood and were willing to partake. The patients were also required 

to complete a short questionnaire to obtain personal information (such as age, gender, weight 

and height), familial history of CRC, dietary information, symptoms that led to onset of CRC 

and any treatment regimens or other medications. The data obtained was kept anonymous 

throughout and patient records were assigned an internal file number. This also ensured 

anonymity of the patient samples when culturing the organoids to prevent bias.  

4.2. Patient Sample Collection 

A tumour sample and matched normal healthy control tissue were collected from nine 

randomly selected patients. The samples were collected from the Wits Donald Gordon Medical 

Centre (Parktown, Johannesburg) by Dr Brendan Bebington (Head, Colorectal Unit). The 

media preparation for sample collection can be found in Table S1 in Annexure 1. 

4.3. Organoid Culturing 

4.3.1. Freezing and storage of Tissue samples 

Following the surgical procedure, specimens were placed in their respective 50 mL falcon tubes 

labelled: normal (about 15 cm away from the tumour site), and tumour core, respectively, with 

the internal patient file number. The collection falcon tubes contained the components in Table 

S1 with the addition of Primocin™. Primocin™ is a broad-spectrum antibiotic used to prevent 

contamination from microbes (Marinucci et al., 2022). All the samples collected were kept on 

ice and immediately taken to our laboratory for processing.  The samples were either frozen 

and stored or processed for crypt isolation. The tissue samples were washed twice with 10 mL 

of ice-cold D-PBS (Thermo Fisher Scientific, USA) that was supplemented with Primocin™ 

(2 µL/1 mL of D-PBS) in a 10 mL petri plate. The samples were then cut into smaller tissue 

fragments using a sharp Iris curved scissor (dissection kit component) (Lasec, RSA). One tissue 

fragment from each sample type (normal or tumour core) were each placed into separate 2 mL 

cryovial (NEST Biotec, China) that was snap frozen using liquid nitrogen and stored in liquid 

nitrogen. Additionally, a tissue fragment from each sample type was stored in Recovery™ Cell 
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Culture Freezing Medium (Thermo Fisher Scientific, USA) and stored at – 80 ˚C in Mr Frosty 

(Thermo Fisher Scientific, USA). The next day, the samples were removed from – 80 ˚C and 

stored in liquid nitrogen until use.  

4.3.2. Isolation of Human Colonic Crypts from Fresh Tissue  

The tissue samples were washed twice with 10 mL of ice-cold D-PBS (Thermo Fisher 

Scientific, USA) that was supplemented with Primocin™ (2 µL/1 mL of D-PBS) in a 10 mL 

petri plate. The tissue samples were cut into smaller fragments using a sharp Iris curved scissor 

(dissection kit component) (Lasec, RSA) for mechanical digestion and were transferred to an 

Eppendorf tube containing 2 mL of tissue dissociation buffer. The Eppendorf tubes were 

incubated at 37 °C in a water bath for 1 hour and at 15-minute intervals the contents 

resuspended 20 times to ensure adequate mechanical and enzymatic digestion of the tissue. The 

tissue dissociation buffer was prepared prior to collection of the samples and the reagents and 

quantities used to prepare this buffer are defined in Table S2 in Annexure 1. The function of 

the tissue dissociation buffer is to dissociate the cells and crypts from the tissue samples. The 

main components of the tissue dissociation buffer are DMEM, HEPES, Fetal bovine serum 

(FBS) (Lasec, RSA), dispase (Thermo Fisher Scientific, USA), and Collagenase (Thermo 

Fisher Scientific, USA). The function of combining DMEM, HEPES and FBS was to form the 

base of the buffer, HEPES was used to control the pH of the buffer with DMEM and FBS 

providing nutrients to the cells to prevent excessive cell death during the process. Dispase was 

added as it gently dissociated cells with minimal damage from the tissue sample. The 

collagenase aided in the detachment of the cells from the tissue samples as it hydrolyses 

collagen. Once the 1-hour incubation period surpassed, the mixture was filtered using a 70 µM 

strainer (Corning, USA) into a 15 mL falcon tube (Corning, USA). The 70 µM strainer excludes 

debris and other unwanted cell types. Once the entire mixture was filtered, a volume of 10 mL 

D-PBS was added to wash the filter as some crypts may have adhered to the strainer. The flow-

through was centrifuged at 400 x g using the swing bucket rotor Allegra X-30R centrifuge 

(Beckman Coulter, USA) for 5 minutes at 4 °C and the supernatant was discarded. A volume 

of 2 mL DMEM with 1% bovine serum albumin (BSA) was used to resuspend the pellet and 

was kept on ice until the Cultrex™ was thawed.  

4.3.2.1. Isolation of human crypts from frozen tissue 

Previously collected samples were stored in Recovery™ Cell Culture Freezing Medium 

(Thermo Fisher Scientific, USA) and kept in liquid nitrogen. Prior to collecting the tissue 

samples stored in liquid nitrogen, collagenase II digestion buffer was made by dissolving 5 mg 
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of collagenase II in 450 µL of organoid media. The samples were then collected from liquid 

nitrogen. The cryovial with the tissue sample was thawed in a 37 ˚C water bath for 1 minute 

and the tissue was transferred to a 35 mm x 12 mm petri plate (NEST Biotec, China) and 

washed once with D-PBS. The tissue was then transferred to the Eppendorf tube with 450 µL 

of the collagenase II digestion buffer and mechanically digested by cutting the tissue into 

smaller fragments. The composition for the collagenase digestion buffer is defined in Table S3 

in Annexure 1. The Eppendorf tube was then closed and transferred to a tube rotator (Roto-

mini™, Benchmark Scientific, USA) and incubated at 37 ˚C for 30 minutes for a maximum 

period of 90 minutes (sample dependent). Once the majority of the tissue was completely 

dissociated, the sample was processed as per 4.3.1 where the solution was strained using a  

70 µM strainer (Corning, USA) into a 15 mL falcon tube (Corning, USA). 

4.3.3. Counting and plating of Isolated Human Colon Crypts 

The total number of crypts present in the sample were counted before seeding the crypts by 

aliquoting three 10 µL droplets of the crypt mixture into a 35 mm x 12 mm petri plate (NEST 

Biotec, China). Crypts were manually counted using an inverted light microscope (Leica DMIL 

LED Inverted Microscope (Leica Microsystems, Germany)) and the number of crypts present 

in each aliquot was recorded and averaged. The calculations that were performed are illustrated 

below (equation 1): 

 

 

 

 

 

 

A recommended number of crypts that may be plated in each culture dome is 1000 crypts per 

dome to prevent the culture being plated too densely, increased cell death at the core of the 

dome and eventual collapse of the dome. The samples were then centrifuged at 500 x g for 5 

minutes at room temperature and the supernatant discarded. A final, diluted concentration of 

10 mg/mL of Cultrex™ Reduced Growth Factor Basement Membrane Extract, Type 2, Select 

(R&D systems, USA) was added to the pellet. The Cultrex™ functions as a reconstituted 

Aliquot 1 (10 µL) + Aliquot 2 (10 µL) + Aliquot 3 (10 µL) = x 

x ÷ 3 = Average number of crypts (in 10 µL) 

Average number of crypts (in 10 µl) x 200 (dilution factor) = total number of crypts in the 

2000 µL (2 mL) sample 

Equation 1: Calculation to determine the average number of crypts 
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basement membrane matrix.  It is a gelatinous protein mixture derived from Engelbreth-Holm-

Swarm mouse sarcoma cells and is used due to the fact that it retains the stem cells in an 

undifferentiated state (Hughes et al., 2010). Furthermore, Cultrex™ specifically contains 

laminin, entactin, type IV collagen, proteoglycans and growth factors secreted by the mouse 

sarcoma cells (Prince et al., 2022). To resuspend the pellet, the mixture was mixed by slowly 

resuspending (20 times) the sample to avoid the introduction of air bubbles. This step was 

performed on ice to prevent the solidification of the Cultrex™. Cultrex™ remains liquid at 

temperatures of below 4 ˚C but solidifies at room temperature as the matrix proteins 

polymerise. Approximately 6-7 domes that consisted of a mixture of 10 µL of crypt solution 

and Cultrex™ was added to each well on a pre-warmed 24-well plate (Corning, USA) (at 37 

°C overnight to assist in solidification of the domes) to form domes. Tips were pre-coated with 

DMEM and 1 % BSA by aspirating in the solution prior to contact with crypt solution) to 

prevent the crypts from adhering to the tips. The plate was placed back into the 37 °C incubator 

for 30 minutes to allow for the domes to solidify. While the domes solidify, 4 mL of complete 

Intesticult™ Organoid Growth Medium (STEMCELL™ Technologies, Canada) (Refer to 

Table S4 for non-cancerous organoids and Table S5 for cancerous organoids in Annexure 1) 

was prepared at room temperature and placed into a 37 °C water bath.  

The volumes in Table S4 and Table S5, Annexure 1, varied depending on the number of 

organoids to be cultured but the Intesticult™ Organoid Growth Medium Basal media 

(composition not stated, patented formulation) and Intesticult™ Organoid Growth Medium 

Organoid Supplement (composition not stated, patented formulation) must be added in a 1:1 

ratio and the 4 mL of complete medium is sufficient for 8-wells in a 24-well cell culture plate 

(Corning Inc, USA). Primocin™ was the antibiotic used to ensure absence of growth of 

microbes and the Rho-kinase (ROCK) inhibitor (Sigma Aldrich, UK) was added as it enables 

the maintenance of stem cell phenotype. Once the domes solidified, 500 µL of the complete 

Intesticult™ Organoid Growth Medium was pipetted down the wall of each well containing 

the organoid domes. The plate was placed back into the cell culture incubator at 37 °C with  

5 % CO2 and the organoids were allowed to develop and grow and media was changed every 

second day. 

4.3.4. Generation of in-house organoid media 

Due to restrictions in media related to cost, shipping and closure of the local distributor it was 

sought to generate the media in-house. The required reagents to generate the media are listed 

in Table 3 along with the stock solution concentration that was made when reconstituted as per 
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manufacturers’ recommendations. The final concentrations used for each component are also 

listed in Table 3, which were used to calculate the final volumes to add to produce the complete 

medium. The function of each component is also listed in Table 3.  
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Table 3:Components required for organoid media generation with stock and final concentrations as well as functions of each component 

Reagent Stock Solution 

Concentration 

Final 

Concentration 

Function 

Advanced DMEM/F12 (Thermo 

Fisher Scientific, USA) 

1 x 1 x Forms the basal media for the organoids and contains essential 

nutrients for cell growth. 

GlutaMAX (Thermo Fisher 

Scientific, USA) 

100 x 1 x Used to substitute for L-glutamine to ensure efficient energy 

metabolism and high-growth yields. 

HEPES (Thermo Fisher 

Scientific, USA) 

1 M 10 mM Organic buffer agent. 

B27 (Thermo Fisher Scientific, 

USA) 

50 x 1 x Supplement that assists with growth and maintenance of stem cells 

and is an FBS alternative for organoid media. 

EGF (Sigma Aldrich, UK) 500 ug/mL 50 ng/mL Stimulates the proliferation of different cell types by activating the 

EGF receptor tyrosine kinase that activates the Ras-RAF-MEK-ERK 

MAPK and PI3K-mTOTR pathways. 

R-spondin 1 (Thermo Fisher 

Scientific, USA) 

100 ug/mL 500 ng/mL Wnt agonist and induces proliferation. 

Noggin (Sigma Aldrich, UK) 10 ug/mL 100 ng/mL Inhibits bone morphogenic protein signalling that would result in 

differentiation. 

Gastrin I (Sigma Aldrich, UK) 100 uM 10 nM Stimulates gastric acid secretion and has a mitogenic effect on gastric 

cells. 

Prostaglandin E2 (Sigma 

Aldrich, UK) 

100 uM 10 nM Promotes optimal organoid growth and induces higher levels of cell 

proliferation. 

A83-01 (Sigma Aldrich, UK) 5 mM 500 nM Inhibitor SMAD2 phosphorylation and maintains self-renewal and 

proliferation of stem cells. 

Niacinamide (Sigma Aldrich, 

UK) 

1 M 10 mM Supresses the activity of sirtuins and promotes organoid forming 

efficiency. 
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n-Acetylcysteine (Sigma 

Aldrich, UK) 

500 mM 1,25 mM An antioxidant and has mucolytic and anti-inflammatory properties. 

SB202190 (Sigma Aldrich, UK) 10 mM 3 uM Inhibitor of p38 mitogen-activated protein kinase and stabilises 

human pluripotent stem cells. 

Recombinant Human Wnt3a 

(Biotechne, USA) 

  

10 ug/mL 100 ng/mL Used to promote proliferation of stem cells. 

N-2 Supplement (Thermo Fisher 

Scientific, USA) 

100 x 1 x Used to increase viability and health of cell types during culture. 

ROCK inhibitor (Sigma Aldrich, 

UK) 

10 mM 10 uM  Prevents anoikis and cell death of single cells. 

Primocin™ (InvivoGen, France) 50 mg/mL 2.5 mg/mL Antibiotic that is used to prevent microbe contamination. 

*Note: Culture medium required for cancer organoid growth does not include the component Recombinant Human Wnt3a. 

Media recipe was obtained from Andrew Beggs Laboratory, University of Birmingham, UK. 
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4.3.5. Organoid Passaging 

Primary culture was performed 7-10 days after initial organoid seeding. This was to give the 

organoids sufficient time to stabilise and grow and mature in culture. The culture plate was 

initially pre-warmed in a 37 °C incubator overnight prior to the seeding of the primary culture. 

The culture media was removed from the initial culture plate and the domes were washed with 

500 µL of cold D-PBS and was subsequently removed. A volume of 500 µL of Cultrex™ 

organoid harvesting solution (R&D Systems, USA) (composition not disclosed, patented 

formulation) was added and the organoids were detached by gently loading the organoid 

harvesting solution in the well. Cultrex™ organoid harvesting solution is a non-enzymatic 

solution that depolymerizes the matrix that enables the harvesting of the organoids from the 

Cultrex™ domes. The mixture was transferred to a 2 mL Eppendorf tube and resuspended (20 

times) and incubated on ice for 90 minutes to ensure adequate digestion of the Cultrex™ 

domes. To remove the Cultrex™ and organoid harvesting solution, the Eppendorf tube was 

centrifuged for 8 minutes at 500 x g and the supernatant discarded. The organoid pellet was 

resuspended in TrypLE (300 µL per well) (Thermo Fischer Scientific, USA) and the tube was 

placed into a 37 °C water bath for 3 minutes as this is the optimal temperature for the action of 

TrypLE to dissociate the organoids. Once the incubation period had surpassed the tube was 

centrifuged at 500 x g for 5 minutes at room temperature and the supernatant was discarded. 

Subsequently, a volume of 1 mL ice-cold DMEM and 1 % BSA was added to each tube using 

a pre-coated (with culture media) pipette tip to resuspend the digested organoids. The crypts 

were counted using previously described formula in 4.3.2. Once the crypt count was completed 

and the average number of crypts were obtained, the sample was then centrifuged at 500 x g 

for 5 minutes at room temperature and the supernatant was discarded and crypt seeding was 

performed as per section 4.3.2.  

4.4. Reverse-Transcriptase Quantitative Polymerase Chain Reaction 

(RT-qPCR)  

RT-qPCR allows for the sensitive, specific and reproducible quantification of nucleic acids 

(Arya et al., 2005). This method detects and measures the gene products generated during each 

PCR cycle, which is directly proportional to the amount of template cDNA prior to the 

beginning of the PCR process (Arya et al., 2005). The fluorescence emission during the PCR 

reaction is detected in real-time and is used to construct amplification plots using the 

fluorescence emission (Arya et al., 2005). This methodology was applied to characterise the 
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organoids using specific marker genes of interest as it is classified as a method of 

characterization, particularly for organoids to identify the presence or absence of a specific cell 

type (Zhao et al., 2022).  

4.4.1. RNA Extraction 

Ribonucleic acid (RNA) extraction was performed using the Omega Bio-tek E.Z.N.A.® Total 

RNA kit I (Omega bio-tek, USA). All the steps were performed at room temperature and the 

steps that required centrifugation were performed at 20-25 °C employing a standard benchtop 

microcentrifuge (Sigma Zentrifugen, Germany, model 1-14). To obtain sufficient RNA from 

the organoids, five 10 µL domes were combined in a 2 mL Eppendorf tube.  

The media was removed from the wells and the domes were washed with 300 µL of ice-cold  

D-PBS. The D-PBS was removed and 350 µL of GTC lysis buffer (common formulation found: 

4 M guanidinium thiocyanate, 25 mM sodium citrate (pH 7.0), 0.5 % (w/v) sarcosyl  

(N-lauroylsarcosine) and 0.1 M 2-mercaptoehtanol, kit formulation is not specified) was placed 

in each well. The tips were then pre-coated with 1 % BSA and DMEM and the organoid/lysis 

buffer solution was resuspended 20 times. The suspension was vortexed for 30 seconds to 

dislodge the cells and centrifuged for 5 minutes at 12 000 x g. The lysate was transferred to an 

RNA homogenizer Mini Column that was inserted into a 2 mL Eppendorf tube. This was then 

centrifuged for 1 minute at 12 000 x g. The column was discarded, and 1 volume (equal to that 

of the filtrate, i.e., 350 µL) of 70 % ethanol was added to the filtrate. This was then vortexed 

for 20 seconds and 700 µL of the solution was transferred to a HiBind RNA column that was 

placed in a new 2 mL collection tube. The sample was centrifuged for 1 minute at  

10 000 x g and the filtrate was discarded. This was repeated until the entire sample had been 

used. A volume of 500 µL of RNA wash buffer I was added and centrifuged for 30 seconds at 

10 000 x g. The filtrate was discarded and 500 µL of RNA wash buffer II that was diluted with 

100 % ethanol in the column. The column was centrifuged for 1 minute at 10 000 x g and the 

filtrate was discarded. The collection tube was reused, and a second RNA wash buffer II step 

was performed as before. The empty spin column was then centrifuged at 12 000 x g for 8 

minutes to dry the column and prevent excess ethanol from being eluted with the RNA. A 

volume of 40 µL of RNase free water as added to the column that was inserted into a new 

collection tube. This was centrifuged for 2 minutes at 12 000 x g to elute the RNA. The 

extracted RNA was then assessed and quantified (ng/µL) using the Nanodrop 1000 

spectrophotometer (Thermo Fisher Scientific, USA). and the integrity of RNA was assessed 

using agarose gel electrophoresis.   
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The purity ratio of A260/A280 provides an indication of the presence of protein contaminants, as 

well as any other contaminants that absorb light in the UV region. RNA has an absorption 

maximum at 260 nm. The desired ratio is approximately 2.0 and hence extracted RNA that 

coincides with this value was used in downstream applications. The A260/A230 ratio provides 

an indication of the presence of salt contamination and the desired ratio required from the 

extracted RNA would be 1.8 for downstream applications. Following quantification using the 

above spectrophotometric measurements, the integrity of each of the RNA samples was 

evaluated through agarose gel electrophoresis.  

This was performed through the combination of 500 ng/µL of RNA with 2 × RNA loading dye 

(Thermo Scientific Scientific, USA) and loaded onto a 1% (w/v) agarose gel. The gel was 

prepared by combining 0.5 g of agarose powder (Benchmark Scientific, USA) with 50 mL of 

1 × Tris (Sigma Aldrich, UK)-borate (Calibiochem, USA) ethylenediamine tetraacetic acid 

(EDTA) (Sigma Aldrich, UK) (TBE buffer), and 0.5 mg/mL of ethidium bromide (Thermo 

Fisher Scientific, USA). The gels were electrophoresed for 60 minutes at 100 V and viewed 

using the ChemiDoc™ MP system (Bio-Rad, USA). Intact RNA was used for cDNA synthesis 

or stored at -80 ℃ until required for subsequent experiments.  

4.4.2. cDNA synthesis 

RevertAidFirst Strand cDNA Synthesis kit (Thermo Fisher Scientific, USA) was used to 

convert the extracted RNA to cDNA. Table 4 illustrates the volumes of RevertAidFirst Strand 

cDNA Synthesis reagents that were added with the extracted RNA for cDNA synthesis. The 

Oligo-dT18 primers allowed cDNA synthesis and provided a copy of the messenger 

ribonucleic acid (mRNA) present. The deoxynucleotide triphosphate (dNTP) mix allowed for 

extension of the cDNA as the mix contains the nucleotides present in DNA. The RevertAid M-

MulV reverse transcriptase synthesized the cDNA from the extracted RNA and the 

DNase/nuclease-free water was added to make up the final volume of the reaction as it is free 

from DNases and nucleases that could potentially degrade the cDNA that was synthesized. The 

reagents were combined in a 200 µL PCR tube, gently mixed and centrifuged briefly prior to 

the incubation at 42 °C for 1 hour and termination at 70 °C for 5 minutes using the MultiGene 

PCR machine (Labnet International, UK).  
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Table 4:Volumes of RevertAidFirst Strand cDNA Synthesis reagents for cDNA synthesis. 

Reagent Volume (µL) 

Template RNA Volume dependent on RNA concentration (2 µg in this case) 

Oligo-dT18 primer 1 

Nuclease-free water To make a volume of up to 12 µl after template RNA added 

Master Mix 

5 × Reaction Buffer 4  

RiboLock RNase Inhibitor 1 

10 mM dNTP Mix 2 

RevertAid M-MulV RT 1 

Total volume for reaction  20 

 

The final volume per sample was 20 µL. The volume of RNA required for the reaction was 

also dependent on the extracted RNA concentration. The cDNA was then used in RT-qPCR or 

stored at -20 ℃ (-80 ℃ for long-term storage) until required.  

4.4.3. RT-qPCR 

The purpose of RT-qPCR was to quantify the amplification of the number of targeted gene 

(Ho-Pun-Cheung et al., 2009). In this study, the expression level of the following genes was 

measured: EPCAM, MUC2, VIL1, LYZ, LGR5, MKi67 and CHGA, which are defined markers 

of colon cell composition as explained in the section 2.3.1.3. These genes were used to confirm 

that the organoids that were cultured are in fact those of the colon or intestinal organoids. The 

SensiFAST™ SYBR® No-ROX (Meridian Bioscience, USA) kit was used to determine the 

expression of these genes. N’,N’- dimethyl – N – [4 – (E) – (3 – methyl – 1,3 – benzothialzol 

– 2 – ylidene) methyl ] – 1 – phenylquinolin – 1 – ium -2 – y] – N – propylpropane – 1,3 – 

diamine (SYBR) green is described as a fluorescent cyanine dye that is capable of intercalating 

into double-stranded DNA. This process occurs during the annealing and extension steps of the 

PCR reaction. Due to this, the detection of SYBR green (Cq/Ct; which is the initial detection 

of SYBR green) is directly correlated to the amount of template and extension during the  

RT-qPCR process. This also allowed for the determination of change in relative mRNA 

expression of the aforementioned genes of interest to that of the control samples. using the 

−2∆∆𝐶𝑡 (delta-delta Ct) Livak method (Livak and Schmittgen, 2001). This method was used to 

determine the relative target quantity (fold change) in the samples by measuring the 
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amplification of the target genes and reference gene. This was performed for each of the genes 

in the organoids and the tissue and the ΔΔCt was calculated by subtracting the ΔCt values of 

each gene of the tissues from the ΔCt values of each gene in the organoids. Therefore, the 

expression ratio is calculated as a fold change by taking the negative log of the ΔΔCt (Equation 

2). The reaction volumes that were required for each of the reaction components are expanded 

on in Table 5 and the final volume of reagents together with the cDNA amounted to 10 µL. 

The primers used were selected from the PrimerBank database 

(http://pga.mgh.harvard.edu/primerbank/). Primer sequences were validated to target the 

correct gene, have a GC content of 35-65%, length of 18-22 base pairs and an amplicon length 

of 70-140 base pairs using the UCSC In-silico PCR Genome Bowser 

(https://genome.ucsc.edu/cgi-bin/hgPcr), NCB- Primer-BLAST website 

(https://www.ncbi.nlm.nih.gov/tools/primer-blast/) and the Integrated DNA technologies 

(IDT) OligoAnalyzer™ Tool (https://eu.idtdna.com/pages/tools/oligoanalyzer). Primer 

sequences. were synthesised by Integrated DNA Technologies (Whitehead Scientific, RSA) 

and their sequences listed in Table 6. The 3-step cycling parameters are shown in Table 7 and 

were set on the Bio-Rad CFX-96 system (Bio-Rad, USA) and the Cq/Ct values were generated 

using the CFX Maestro software (Bio-Rad, USA). 

Table 5: Volumes required for the SensiFast™ SYBR® No-ROX kit for qPCR. 

Reagent Volume (µL) Final Concentration 

2 x SensiFast™ SYBR® No-ROX mix 5.0 1 x 

10 µM Forward Primer 0.4 400 nM 

10 µM Reverse Primer 0.4 400 nM 

cDNA Template 2.0 1000 ng/µL 

dH2O 2.2 - 

Final Volume 10.0 - 

 

Table 6: Primer sequences for the genes of interest with β-Actin (ACTB). 

Gene Sequence (5’-3’) Optimized 

Annealing 

temperature 

(°C) 

GC 

Content 

(%) 

EpCAM (Forward) TGATCCTGACTGCGATGAGAG 

 
61.1 52.4 

EpCAM (Reverse) CTTGTCTGTTCTTCTGACCCC 61.1 52.4 

http://pga.mgh.harvard.edu/primerbank/
https://genome.ucsc.edu/cgi-bin/hgPcr
https://www.ncbi.nlm.nih.gov/tools/primer-blast/
https://eu.idtdna.com/pages/tools/oligoanalyzer
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MUC2 (Forward) GAGGGCAGAACCCGAAACC 

 
60.6 63.2 

MUC2 (Reverse) GGCGAAGTTGTAGTCGCAGAG 

 
60.6 57.1 

VIL1 (Forward) AGAGCTGGTACCTGTGGATTCC 

 
57.0 54.5 

VIL1 (Reverse) TGCCCTGCCAAACGTAGAG 

 
57.0 57.9 

LGR5 (Forward) CCTTCCAACCTCAGCGTCTT 

 
60.6 55.0 

LGR5 (Reverse) AGGGATTGAAGGCTTCGCAA 

 
60.6 50.0 

LYZ (Forward) CTTGTCCTCCTTTCTGTTACGG 

 
53.0 50.0 

LYZ (Reverse) CCCCTGTAGCCATCCATTCC 

 
53.0 60.0 

MKi67 (Forward) ACGCCTGGTTACTATCAAAAGG 

 
60.0 45.5 

MKi67 (Reverse) CAGACCCATTTACTTGTGTTGGA 

 
60.0 43.5 

CHGA (Forward) TGTAGTGCTGAACCCCCACC 

 
62.0 60.0 

CHGA (Reverse) CTCTCGCCTTTCCGGATCT 

 
62.0 57.9 

ACTB   

(β-Actin) (Forward) 

CATGTACGTTGCTATCCAGGC 
56.0 55.0 

ACTB (Reverse) CTCCTTAATGTCACGCACGAT 56.0 57.1 

 

Table 7: The Three-step cycling parameter that will be used for qPCR. 

Cycles Temperature (°C) Duration PCR Step 

1 95 2 minutes Polymerase 

activation 

45 95 6 seconds Denaturation 

57.1 10 seconds Annealing 

72 20 seconds Extension 

 

ACTB was used as a reference gene as it is constitutively expressed in all cells and therefore 

by including it in the RT-qPCR reaction it allows for normalisation of the results. Normalising 

the results, allowed for accurate determination of the expression levels of the aforementioned 

genes from the tumour organoids and non-cancerous organoids. In addition to these positive 
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controls, a no-template control was used as a negative control from the cDNA synthesis 

procedure. The function of a no-template control was to ensure that the amplification is not 

from other contaminants. −2∆∆𝐶𝑡 was calculated using the below formula (equation 2):  

Equation 2: Calculation performed to calculate the log fold change from generated qPCR 

data 

 

4.5. Immunofluorescence procedure and analysis 

The principle of immunofluorescence is based on antigen-antibody binding using fluorescent 

detection. This technique uses the binding of specific antibodies to the protein of interest (such 

as EpCAM, MUC2, VIL1 or Ki-67, in this study) and a secondary antibody that is conjugated 

to a fluorophore. When the sample is exposed to a certain wavelength using a fluorescent 

microscope, the fluorophore will absorb light at its excitation wavelength and the fluorophore 

will emit light at its emission wavelength and can be seen visually. This technique allows for 

the detection and localization of the proteins of interest within the organoids.   

The Cultrex™ domes were digested as mentioned above in 4.3.4 as the organoids need to be 

in suspension for antibody binding. The media from the wells was discarded and replaced with 

300 µL of organoid harvesting solution (Biotechne, USA) and the plate incubated on ice at  

4 °C for 90 minutes. The solution was transferred to a 2 mL Eppendorf tube and subsequently 

centrifuged for 8 minutes at 500 x g at room temperature. Following centrifugation, the 

supernatant was discarded. The harvested organoids were resuspended in  

1 mL of 4 % paraformaldehyde (Sigma Aldrich, UK) to fix the organoids and incubated for 30 

minutes while the tube was inverted several times at 10 minutes intervals. The organoid 

suspension was centrifuged for 5 minutes at 1000 x g and the paraformaldehyde was removed 

and the organoid pellet was washed using 1 mL of washing solution (D-PBS+ 0.1% Tween-20 

(Sigma Aldrich, UK) + 1% BSA (VWR, USA)), the contents and volumes for the washing 

Ct values were generated by the thermocycler. 

(Each replicate value is then averaged and averaged data is plotted on the graphs) 

∆𝐶𝑇 = 𝐶𝑇(𝑡𝑎𝑟𝑔𝑒𝑡 𝑔𝑒𝑛𝑒) − 𝐶𝑇 (𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑔𝑒𝑛𝑒) 

This was calculated for each gene in the tissues and the organoids and these were used in the 

equation below: 

∆∆𝐶𝑇 =  ∆𝐶𝑇(𝑜𝑟𝑔𝑎𝑛𝑜𝑖𝑑𝑠) −  ∆𝐶𝑇 (𝑡𝑖𝑠𝑠𝑢𝑒) 

To calculate the log fold change:  2−∆∆𝐶𝑡  
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solution can be found in Table S6 Annexure 1. All washing steps were performed twice and 

was completed for each subsequent step. The organoids were pelleted again by centrifugation 

for 5 minutes at 1000 x g. A volume of 1 mL of 0.2 % Triton-X-100 was added to the pellet 

and resuspended to permeabilise the organoids. Triton-X-100 was incubated for 30 minutes at 

room temperature and the tube was inverted 10 times at 10 minutes intervals. Once the 

incubation period surpassed, the solution was centrifuged for 5 minutes at 1000 x g to pellet 

the organoids. Subsequently, the pelleted organoids were incubated in 600 µL of blocking 

solution (5 % BSA in PBS) for 60 minutes on a tube rotator (Roto-mini™, Benchmark 

Scientific, USA) to prevent non-specific binding of the antibodies to the organoids. Thereafter, 

the organoids were pelleted, washed and resuspended in 200 µL of primary antibody. The ratios 

and volumes per primary antibody are mentioned in Table 8. Primary antibody was incubated 

overnight at 4 °C on a tube rotator and once the incubation period had surpassed the primary 

antibody/organoid solution was pelleted by centrifugation at 1000 x g for 5 minutes and 

washed. The pelleted organoids were resuspended in 200 µL of secondary antibody for 2 hours 

at room temperature on a tube rotator, in the dark. The organoids were then pelleted, washed 

and incubated in 4’,6 – diamidino – 2 – phenylindole (DAPI) (Thermo Fisher Scientific, USA) 

for 10 minutes in the dark on a tube rotator. Subsequently, the organoids were pelleted, washed 

and resuspended in fluoromount mounting solution (Merck, USA). A volume of 20 µL of the 

organoid suspension was pipetted onto a glass slide and a coverslip placed on top. The 

organoids were then viewed using the Floid™ Cell Imaging Station (Thermo Fisher Scientific, 

USA) at 40X magnification on the blue channel (wavelengths of 420-495nm) to visualise 

DAPI, red channel (wavelengths of 620-700nm) to visualise Ki-67 and the green channel 

(wavelengths of 500-550nm) to visualise LYZ, VIL1 and MUC2. All secondary antibodies 

used were fluorescently tagged. 

Table 8: The primary and secondary antibodies used for immunofluorescence and their 

respective ratios. 

Antibody Ratio (antibody: PBS) 

Vil1(conjugated primary antibody) (Santa Cruz Biotechnology, 

USA) 

1: 50 

EpCAM primary antibody (R&D systems, USA) 1: 50 

EpCAM secondary antibody – AlexaFluor™ 488 donkey anti-

goat IgG (Thermo Fisher Scientific, USA) 

 1: 100 
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Muc2 primary antibody (Santa Cruz Biotechnology, USA)  1: 100 

Muc2 secondary antibody - AlexaFluor™ 488 donkey anti-

mouse IgG (Thermo Fisher Scientific, USA) 

1: 100 

Ki-67 primary antibody (R&D systems, USA) 1: 50 

Ki-67 secondary antibody – Texas Red™ goat anti-rabbit IgG 

(Thermo Fisher Scientific, USA) 

1: 100 

 

4.6. Data Analysis 

The statistical method used to analyse the RT-qPCR data was a paired t-test which was used to 

compare the tissue and organoid means as the two samples are correlated. A statistically 

significant p-value was < 0.05 based on the difference between triplicate results whereas a p-

value > 0.05 was regarded as being statistically non-significant. Prior to performing the paired 

t-test the detla CT values that were obtained were first analysed to determine whether the data 

was normally distributed. The methods used to determine the distributions of the data was the 

Shapiro-Wilk normality test and a Kolmogorov-Smirnov normality test with Dallal-Wilknson-

Lilie for p-value. GraphPad Prism 8 and Microsoft Excel © 2016 was used to perform the 

statistical analysis and to construct the relevant graphs. 

5. Results 

5.1. Organoid Generation 

5.1.1. Patient Sample Collection Data 

 The patient samples used are illustrated in Table 9 along with their internal file number, 

gender, ethnicity, age, chemotherapeutic status and disease stage classification. 
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Table 9: Patient sample collection data. 

Internal 

File 

Number 

Gender Ethnicity Site 

Detected  

Family 

History 

of 

CRC 

Age of 

Diagnosis 

Chemo-

therapy 

Tumour 

Grade 

Tumour 

Size 

(mm) 

Nodes 

Involved 

TNM 

Classifica

tion 

Staging 

Non-cancerous Samples used 

N-B020 Male White Proximal 

ascendin

g colon 

No 74 No Low-grade 

adenocarcin

oma 

35 x 30 x 

10 

2 T4aN1bM

0 

IIB 

N-B026 Female White Rectum Yes, 

father 

39 No Early 

intramucosa

l 

adenocarcin

oma 

8 x 6 x 5 11 - - 

N-B027 Female White Colon Yes, 

mater

nal 

grandf

ather 

55 No Low-grade 

adenocarcin

oma  

40 x 10 0  T3aN0M0 Stage 

IIA 

N-B046 Male White Rectum No 68 No Invasive 

low-grade 

adenocarcin

oma 

35 x 51 x 

12 

1 T2AN1b

M0 

Stage 

IIIA 

N-B043 Male African Colon No 80 No Invasive 

low-grade 

adenocarcin

oma 

50 x 50 x 

22 

1 T4aN0M0 Stage 

IIB 
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Cancer Samples used 

C-B026 Female White Rectum Yes, 

father 

39 No Early 

intramucosa

l 

adenocarcin

oma 

8 x 6 x 5 11 - - 

C-B033 Male White Colon Yes 53 No Low-grade 

adenocarcin

oma 

25 x 15 x 

5 

5 T3aN2aM

0 

Stage 

IIIB 

C-B042 Male White Caecum Yes 38 No High-grade 

adenocarcin

oma 

30 x 25 x 

20 

5 T4aN2aM

0 

Stage 

IIIC 

C-T005 Male White Rectum No 57 No Invasive 

low-grade 

adenocarcin

oma 

80 x 55 x 

30 

0 T2N0M0 Stage I 

C-T006 Female White Colon No 69 Yes (12 

rounds) 

Low grade 

adenocarcin

oma 

20 x 20 7 T3cN2bM

0 

Stage 

IIIC 

C-B043 Male African Colon No 80 No Invasive 

low-grade 

adenocarcin

oma 

50 x 50 x 

22 

1 T4aN0M0 Stage 

IIB 
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5.1.2.  Optimization of Organoid Seeding Density 

A variety of literature recommends different crypt numbers, ranging from 200 – 1000 crypts per dome (Sato et al., 2009, 2011; 

Verhoeckx et al., 2015; Dijkstra et al., 2018; Fujii et al., 2018; Vlachogiannis et al., 2018; Conder et al., 2020; Vonk et al., 2020). 

Therefore, the required number of crypts per dome and the gel substance used to form the domes had to be standardized. Crypts in either 

Geltrex™ or Cultrex™ were seeded according to Table 10 and monitored over several days.   

 

Table 10:Table summarising the number of crypts to seed per dome and the more robust BME to use for organoid culture 

Number 

of 

Crypts 

Geltrex™ Cultrex™ Cause Sample images 

200 Domes collapse 

within 2 – 3 days 

Domes collapse within 

4 – 5 days 

Domes are too sparsely seeded, 

affects the factors produced by 

organoids and media to allow for 

proper expansion. 

 

Note: arrow indicates pieces of 

Cultrex™ BME pieces from the dome 

that remains 

300 Domes collapse 

within 2 – 3 days 

Domes collapse after 1 

week 

Domes are too sparsely seeded, 

affects the factors produced by 

organoids and media to allow for 

proper expansion. 400 Domes collapse 

within 2 – 3 days 

Domes collapse after 1 

week 

500 Domes collapse 

within 4 – 6 days 

Domes shrinks after 1 

week and start 

collapsing 

Domes are too sparsely seeded. 

Affects the factors produced by 

organoids and media to allow for 



63 | P a g e  
 

600 Domes collapse 

within 4 – 6 days 

Domes shrinks after 1 

week and start 

collapsing 

proper expansion. Geltrex™ is 

primarily used for 2D cell culture 

assays, whereas Cultrex™ is 

optimized for organoid growth 

and expansion 

 

Note: arrow indicates collapse of 

Cultrex™ BME dome from the centre 

700 Domes collapse after 

7 days 

Domes hold for 1 – 2 

weeks 

Geltrex™ is primarily used for 2D 

cell culture assays, whereas 

Cultrex™ is optimized for 

organoid growth and expansion. 

Enough crypts were seeded in 

Cultrex™ domes to ensure 

enough nutrients from media and 

factors from media and organoids 
 

Note: arrow indicates Cultrex™ BME 

dome that remains at higher crypt 

seeding densities 

800 Domes collapse after 

7 days 

Domes hold for 1 – 2 

weeks 

900 Domes collapse after 

6 – 8 days 

Domes hold for 1 – 2 

weeks 

1000 Domes collapse after 

6 – 8 days 

Domes hold for longer 

than 2 weeks 

 
Unsuccessful Successful 
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According to Table 10 it was identified that approximately 1000 crypts that were seeded in 

Cultrex™ BME allowed for successful organoid growth and development. Possible causes for 

dome collapse are illustrated in Table 10. Therefore, based on the success of domes holding, 

Cultrex™ BME and 1000 crypts per 10 µL dome were selected for downstream applications.  

5.2. Comparing Organoid Growth using STEMCELL™ Technologies media and 

in-house prepared Organoid Media. 

Another basic culture condition that had to be optimized was comparing organoid growth in 

STEMCELL™ Technologies media and in-house generated media. Organoid media is very 

expensive to procure and delays in shipments from overseas distributors can be detrimental to 

progress. Therefore, it was sought to generate media in-house by utilizing protocols found in 

previously published literature. Table 11 illustrates the comparisons between in-house media and 

purchased media from an international distributor. 

Table 11: Comparisons of procured media vs. generating in-house media 

 STEMCELL™ 

Technologies media 

(purchased media) 

Home-made media 

Cost R45 000, 00 for 100 mL 

of media 

Approximately R22 466,79 media for  

100 mL of media (subject to slight 

variation based on exchange rate) 

Up scalability Limited due to cost of 

media. 

More flexible as media can be produced at 

a cheaper cost  

Shipping Approximately R21 500 

Delivery is 4 – 6 weeks. 

Ranges from R200,00 to R2900,00 for 

international, expedited shipping.  

Delivery is 3 – 4 weeks. 

Availability of 

reagents 

No reagents listed, but 

media availability is 

limited due to cost. 

Available from local distributors who 

usually have the reagents in stock or easily 

procured from international suppliers. 

Media 

availability 

Limited as media comes 

as two components;  

50 mL of Basal media and 

50 mL of Supplement to 

make 100 mL of complete 

organoid media for non-

cancerous organoids. 

Cancer organoids require 

only Basal media 

supplied as a 50 mL 

bottle. 

Largely available, individual components 

ordered can be used to make more than  

100 mL for non-cancerous and cancer 

organoids. 
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Therefore, in-house media was prepared and organoid growth was monitored across several days 

in culture to compare the two media. Figure 6 illustrates the growth of non-cancerous and cancer 

organoids that were cultured in in-house prepared media and STEMCELL™ Technologies media, 

with the initial growth of non-cancerous organoids being slightly slower in the in-house prepared 

media but quite similar to the cancer organoids. The organoids used to compare the growth in the 

two different types of media were new organoid lines that were generated from fresh tissue 

biopsies. 

 

Figure 6: Organoid growth of N-B043 of non-cancerous and C-B043 cancer organoids in 

STEMCELL™ Technologies organoid media vs. in-house prepared media. A) Non-cancerous 

organoid growth in STEMCELL™ Technologies media and in-house prepared media. As seen in 
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day 2 for the sample in the two different mediums, clumps of single stem cells were visualised with 

some crypt-like structures. As culture progressed to day 5 in culture, the crypt-like structures 

developed into cyst-like structures, however in the STEMCELL™ Technologies media the cyst-

like structures were larger in size. At day 7 in culture, organoids were visualised in both mediums 

but larger, more mature organoid structures were seen in the STEMCELL™ Technologies media. 

B) Cancer organoid growth in STEMCELL™ Technologies media and in-house prepared media. 

Across both types of media used, single stem cells and clumps of single stem cells were visualised 

during the culture period with minimal growth. However, at day 9 in culture of the in-house 

prepared medium, larger clumps of cells were visualised Images visualised using the Leica DMIL 

LED Inverted Microscope (Leica Microsystems, Germany), scale bar is 50 µm and at 10x 

magnification. 

As seen in Figure 6 both the non-cancerous and cancer organoids progress from clumps of single 

stem cells to crypt-like structures from day 5-7. On day 9 of the non-cancerous sample, more 

organoid structures were visualised that grew larger in size. This suggests that the non-cancerous 

organoids grew at a faster rate in the STEMCELL™ Technologies media in comparison to the in-

house produced media. The non-cancerous organoids in the in-house produced media grew at a 

much slower rate and more areas of cell aggregates were visualised. The cancerous organoids grew 

similarly in both types of media, where clumps of stem cells were visualised and the culture 

seemed stagnant. At day in culture of the in-house prepared media illustrated larger clumps of stem 

cells that had increased in size although no conclusion regarding which medium was more suitable. 

Furthermore, it has been reported that cancer organoid growth tends to be slower than non-

cancerous organoids. However, considering the costs and more availability of in-house prepared 

media, it was acceptable to pursue the culture of organoids in the media prepared in-house.  

5.2.1. Organoid Growth Monitoring across days at Passage 0 

Based on the first ever human intestinal organoids generated by Sato and colleagues (2009), the 

organoids should follow a basic growth pattern of individual stems cells that increase in size to 

become cyst-like structures that will undergo budding and eventually progress to large, cystic, 

mature organoids. Consistent with their research, Figure 7 depicts our organoid growth across 

several days from a single stem cell to a mature organoid. This figure was generated from the non-
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cancerous organoids from sample N-B020 that was established to compare the growth of the 

organoids generated to that of previously published literature.  

 

 

 

 

 

 

 

 

 

As seen in Figure 7 it is evident that the organoids generated are first visible as a single stem cell, 

which develops into a cyst-like structure that contains the proliferating progenitor cells and a 

central lumen. The proliferating progenitor cells will be located towards the sides of the organoid 

and the lumen is located in the middle of the organoid. When a Wnt gradient is established the 

cyst-like structure will then undergo budding to give rise to future crypts. The central lumen is 

where villi would develop and will darken in colour as dead cells are shed towards the lumen. The 

Figure 7: Monitoring organoid growth to identify key development steps. At day 0, the initial 

growth of the organoid presents as a clump of stem cells that will progress to form a cyst-like 

structure. The cyst-like structure is comprised of proliferating progenitor cells and a central lumen 

that will increase in size. Between days 3 and 4, budding of the cyst-like structure will appear, 

which marks the development of a crypt. Crypts present as budding structures around the central 

lumen and will progress to become larger. Organoids will reach maturity between days 7 and 10 

in culture, where the structure of the organoid resembles that of the intestine. The lumen will also 

progress to become darker as this is the region in which villi will develop and dead cells are shed 

towards the lumen. Organoids visualised using the CytoSMART Lux3 FL (Axion Biosystems, USA) 

microscope and at 10x magnification. 
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organoids continued to grow in size to produce mature organoids that maintain the original cystic 

structure as this form of organoid maintains the stem cell state. This growth pattern can be extended 

to the other non-cancerous organoid lines that were generated from different patient samples.  

Organoid growth monitoring was performed from first day in culture across several days. This was 

done to determine the morphology and to ensure that morphology remains consistent with previous 

literature. Growth monitoring was performed using an inverted, phase-contrast light microscope 

and images were captured. Figure 8 illustrates the growth of organoids from non-cancerous tissue 

from samples N-B020, N-B026 and N-B027 across 7 – 10 days in culture. The non-cancerous 

samples used were derived from fresh tissue biopsies and were at p0. 

 

Figure 8: Monitoring non-cancerous organoid growth across several days in culture at p0. 

These panels of images depicts that the organoids in all three samples follow a similar growth 

pattern of cyst-like structures that eventually form budding and develop into large, mature 
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organoids as culture progresses. The single-stem cells form clumps of cells to produce round 

structures during days 2 – 3 of culture. This structures eventually increase in size as depicted on 

days 7 and 8. The organoids were grown in STEMCELL™ Technologies medium and were at p0. 

Visualised using the Leica DMIL LED Inverted Microscope (Leica Microsystems, Germany), scale 

bar is 50 µm and at 10x magnification. 

As seen in Figure 8, the non-cancerous organoids followed through non-cancerous growth 

distribution across 7-10 days as expected in all samples. The first panel of images illustrates day 3 

(N-B020 and N-B027)/day 2 (N-B026) in culture where the organoids present as round, cyst-like 

structures, as well as single stem cells. The second panel of images depicts day 6 (N-B020)/ day 4 

(N-B026)/ day 5 (N-B027) in culture, where the cyst-like structures increased in size and budding 

is visualised in some of the cyst-like structures. The third panel of images depicts mature organoids 

in all three samples although N-B020 organoids are smaller in size. 

5.2.2. Organoid Sub-culturing and Growth Monitoring across Passages  

Once mature organoids were formed and were large in size, it is required to digest the organoids 

into crypt fragments. These crypt fragments can then be cultured once again to generate more 

organoids. Literature suggests that organoids can be digested employing 3-5-minute intervals at 

37 ˚C in a water bath. Digestion was performed for 1 minute, 3 minutes and 5 minutes and images 

were captured and shown in Figure 9. 

 

 

 

 

 

 

 

 

 

1 Minute  3 Minutes  5 Minutes  

Figure 9: Monitoring the organoids in TrypLE to identify optimal TrypLE incubation time. 

Once the organoids were confluent and reached desired size, they were passaged by digesting the 

organoids down into crypt fragments to give rise to new organoids. The organoids were observed 

after 1 minute in TrypLE, which still showed whole organoid structures. Incubation was increased  
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As seen in Figure 9, 5 minutes incubation time in TrypLE was satisfactory to digest the organoids 

into crypt fragments, however, dependent on the size of organoids, a maximum of 5 minutes can 

be utilized as well. Once the organoids were digested, the crypts were pelleted by centrifugation 

and seeded as 10 µL domes with 1000 crypts per dome. The organoids were then cultured once 

again until large cystic organoids are seen and can be passaged indefinitely (Pleguezuelos-

Manzano Cayetano et al., 2020). Growth monitoring of the organoids was performed during 

passages as well to ensure morphology is maintained. Figure 10 illustrates the morphology of the 

non-cancerous organoids from 5.2.1 across 3 passages and it can be seen that the morphology 

remains consistent.  

to 3 minutes and whole organoids were visualised once again. The 3-minute interval revealed that 

the organoids were becoming smaller and more digested revealing more single cells. However, 

the incubation period was increased to a total of 5 minutes and revealed clumps of single cells 

and crypts. This was satisfactory digestion and the single were seeded once again. Visualised 

using the Leica DMIL LED Inverted Microscope (Leica Microsystems, Germany), scale bar is 50 

µm and at 10x magnification. 
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Figure 10: Organoid growth during p1, p2 and p3. It is illustrated the organoids maintain 

morphology as passage numbers increase. Images for N-B020 were taken prior to the organoids 

being passaged whereas images for N-B026 and N-B027 were taken during each passage. The 

organoids maintain the development of cyst-like structures that increase in size and produce 

budding until large, mature organoids are visualised. Visualised using the Leica DMIL LED 

Inverted Microscope (Leica Microsystems, Germany), scale bar is 50 µm and at 10x 

magnification. 

In Figure 10, the morphology of the organoids is maintained as round, cystic structures that 

increase in size as the organoids mature. Additionally, the organoids present with thin walls 

indicating that they are maintained in a stem cell state. N-B020 underwent passaging from p0 to 

p1 in 8 days, p1 to p2 in 10 days and p2 to p3 in 10 days. N-B026 underwent passaging from p0 
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to p1 in 7 days, p1 to p2 in 11 days and p2 to p3 in 10 days. N-B027 underwent passaging from 

p0 to p1 in 7 days, p1 to p2 in 11 days and p2 to p3 in 10 days. Additionally, the organoid growth, 

particularly in samples N-B026 and N-B027, seems to slow down across each passage that could 

be a direct result of it being a primary culture and indicating patient-to-patient variability. 

The protocol of generating organoids was first optimized on non-cancerous tissue biopsies prior 

to cancer tissue biopsies. However, when attempting the same protocol on fresh cancer tissue 

biopsies it was unsuccessful as the cancer biopsy samples that were obtained were miniscule in 

comparison to the normal biopsy samples. Furthermore, the cancer tissue samples had more red 

blood cells/vessels around the tissue, tougher and looked more irregular in comparison to the 

normal biopsy samples. Cancer samples were seeded at 1000 crypts per 10 µL dome and were 

cultured in in-house produced media without the addition of Human Recombinant Wnt3a. Figure 

11 illustrates the failure of culturing cancer organoids from two fresh tissue biopsies, C-B042 and 

C-T006 at p0. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Day 3 Day 5 Day 7 Day 10 

C-B042 

Cancer 

C-T006 

Cancer 

Figure 11: Failure of cancer organoid growth from fresh tissue biopsies. Two fresh cancer tissue 

biopsies, namely, C-B042 and C-T006 was used in an attempt to culture cancer organoids. C-B042 

at day 3 in culture showed very few single stem cells or clumps of single stem cells present in the 

dome, with one small cyst-like structure. At day 5 in culture, very few cyst-like structures had 

developed and as culture progressed from day 7 to day 10, these structures did not increase in size. 

Similar observations were seen in C-T006, where few single stem cells were visualised and very few 

cyst-like structures were seen across days 3 to 7. However, on day 10 in culture a small cluster of 

cyst-like structures were seen but growth seemed to be stunted. Visualised using the Leica DMIL 

LED Inverted Microscope (Leica Microsystems, Germany), scale bar is 50 µm and at 10x 

magnification. 
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Based on Figure 11, C-B042 and C-T006 illustrated similar growth patterns where few single stem 

cells were visualised and very few cyst-like structure had developed. Any cyst-like structures that 

were visualised remained stunted in growth suggesting that the non-cancerous organoids were not 

viable. Additionally, very few cell aggregates were visualised across the 10 µL domes even when 

1000 crypts per dome was seeded. Indicating a weak aggregation potential. Due to the failure of 

the two cancer organoid lines, a third sample was not attempted to prevent sample and media 

wastage. In order to generate cancer organoids, frozen cancer tissue biopsies were used. 

5.3. Protocol generating organoids from frozen tissue biopsies 

Since the conventional protocol failed to produce mature CRC organoids, frozen cancer tissue 

biopsies were used as literature indicated that frozen biopsies could also be used to generate 

organoids. This was performed by comparing two protocols that differed in the digestion of the 

biopsies. The first protocol utilized dispase dissolved in organoid media and the second protocol 

utilized collagenase II dissolved in organoid media. Figure 12 illustrates the monitoring of non-

cancerous organoid growth (N-B046) across several days to compare which protocol was more 

successful in generating organoids. N-B046 was a new organoid line and at p0. 

 

 

 

 

 

 

 

 

 

 

 

Day 3 Day 5 Day 7 

Dispase 

Protocol 

Collagenase 

Protocol 

Figure 12: Comparison of non-cancerous organoid growth from N-B046 frozen tissue biopsy. 

The same tissue biopsy was used to be able to confidently compare the two different protocols of 

tissue digestion to harvest crypts for organoid culture. As seen from the dispase protocol for 

biopsy  

 



74 | P a g e  
 

 

 

 

 

 

The protocol that utilized collagenase II dissolved in organoid media was more successful and 

organoid growth occurred quicker during the 7 days in culture (Figure 12).  Despite small cyst-

like structures being visualised following the dispase digestion, the growth of non-cancerous 

organoids decreased over days in culture under this digestion condition. Therefore, the protocol 

that was utilized to successfully generate non-cancerous organoids involves the use of frozen tissue 

biopsy digested in collagenase II that is reconstituted in organoid media. This protocol was applied 

on cancerous patient samples and as seen in Figure 13; it illustrates the monitoring of cancer 

organoids across several days in culture grown in in-house produced media. All cancerous samples 

used were new organoid lines and were at p0. 

 biopsy digestion, day 3 in culture produced round, cyst-like structures that increased slightly 

in size by day 5 in culture. However, as seen in day 7 in culture, these cyst-like structures did 

not increase further in size to produce mature organoids. As seen in the collagenase II protocol, 

more cyst-like structures were visualised at day 3 in culture in comparison to the dispase 

digestion protocol. At day 5 in culture, the cyst-like structure grew in size and by day 7 in 

culture, mature organoids could be visualised. Visualised using the Leica DMIL LED Inverted 

Microscope (Leica Microsystems, Germany), scale bar is 50 µm and at 10x magnification. 
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Figure 13: Growth monitoring of cancer organoids in culture from frozen tissue biopsies. As 

seen across all cancerous organoid samples, the organoids were maintained in culture for a period 

of 23 days. Sample C-T005 presented with small crypt-like structures from days 2 to 7 in culture. 

At day 9 in culture, the crypts had grown in size and developed into cell aggregates. The cell 

aggregates increased in size from days 14 to 23 in culture. The C-B026 sample presented with 

crypt-like structures from days 2 to 7. The crypt-like structures progressed to cell aggregate 

structures at day 9 that increased in size as culture progressed to day 23. Sample C-B033 

presented as single cells from days 3 to day 7. On day 9, crypt-like structures were visualised, but 

from day 14 onwards, more cell aggregate structures were visualised that increased in size. 

Visualised using the Leica DMIL LED Inverted Microscope (Leica Microsystems, Germany), scale 

bar is 50 µm and at 10x magnification. Red arrows indicate the cancerous organoids. 

Each of the organoid cultures was maintained in culture for twenty-three days. The organoids in 

Figure 13 first resembled crypt structures which grew to form cell aggregates. The cell aggregates 

increased in size, suggesting sufficient aggregation potential but failed to form cystic structures. 

Furthermore, these cell aggregates were grainy and lacked a uniform shape, similar to the tissue 

from which they were derived. Additionally, the domes seemed smeared due to the large number 

of cells that failed to form aggregates and can affect organoid forming efficiency. The cell 

aggregates in the cancerous organoids were also darker in colour and may suggest that the viability 

of the culture is low. All three samples were used for immunofluorescence to generate a proof of 

concept and to ascertain if the organoids that were grown did present with cell types of interest.   

5.4. Organoids Accurately Recapitulate Genetic Composition and Spatial 

Localization of Cell Types in Primary Tissue  

In order to optimize the primer annealing temperatures gradient PCR was performed for each 

primer to establish the ideal annealing temperatures. The optimized annealing temperature for each 

primer is illustrated in Table 6. Agarose gel electrophoresis was used to visualise the PCR products 

from the gradient PCR and to determine the optimal annealing temperature for each primer.  

Agarose gels depicting PCR products can be found in Supplementary Figure 1, Annexure 1. 

5.4.1. Identification of the most suitable protocol to isolate RNA from organoids 

Once the non-cancerous organoids had reached confluency and passage 2, RNA extraction was 

performed. The RNA yield was evaluated using the Nanodrop 1000 spectrophotometer as well as 
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the purity by evaluating the A260/A230 and A260/A280 ratio. An A260/A230 of 1.8 was deemed 

usable and absent of salt/phenol contamination. An A260/A280 ratio of 2.0 was deemed usable 

and absent of protein contamination. RNA integrity was evaluated by using agarose gel 

electrophoresis, which separated the 28S and 18S ribosomal RNA (rRNA) bands. When two 

distinct bands for the rRNA was visualised on the ChemiDoc™ MP system (Bio-Rad, USA), the 

RNA was utilized to produce cDNA. Initially, the Qiagen RNeasy® Mini Kit was employed, 

however, this protocol yielded unsatisfactory RNA purity ratios and extremely low yields of 0.1 – 

9.2 ng/µL. Therefore, in an attempt to extract RNA from the non-cancerous organoids, TRIzol® 

(Ambion®, Life Technologies, USA) RNA extraction was performed as well as using the Omega 

Bio-tek E.Z.N.A® Total RNA Kit I (double column extraction kit). The difference between using 

the TRIzol® method for RNA extraction and the Omega Bio-tek E.Z.N.A® Total RNA Kit I  is 

the use of a spin-column for digestion. RNA extraction that is performed using the TRIzol® 

method involves lysing the cells using TRIzol® reagent and then separating the RNA, DNA and 

proteins into three different phases, namely the aqueous phase, interphase and organic phase using 

chloroform. TRIzol® is a monophasic solution of guanidium isothiocyanate and phenol that 

solubilizes biological material and denatures protein (Rio et al., 2010). The addition of chloroform 

causes phase separation of the two liquids as it is miscible with phenol and has a higher density. 

RNA is then isolated to the aqueous phase due to pH and as it is more polar than DNA (due to it 

having a 2-hydroxyl group), which can be collected (Chomczynski and Sacchi, 2006). Therefore, 

the TRIzol® method relies on phase separation due to pH to extract RNA from cells. The Omega 

Bio-tek E.Z.N.A® Total RNA Kit I uses an on-column approach for RNA extraction, where the 

cells are lysed using a lysis buffer and homogenizer column and the cell lysate is then transferred 

to a binding column. This binding column allows for the binding of nucleic acid binding to the 

solid matrix of silica when in the presence of a high salt buffer. Once the nucleic acid is bound to 

the column, it is washed and eluted to isolate RNA. These two RNA isolation protocols were 

employed as they differ in principle of RNA extraction to determine a more suitable method to 

obtain high quality RNA and high yields. Table 12 illustrates the comparisons amongst the three 

RNA extraction methods.  
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Table 12:Comparison across three different RNA isolation protocols tested. 

 
TRIzol® 

Method 

Qiagen 

RNeasy® Mini 

Kit  

Omega Bio-tek 

E.Z.N.A® Total 

RNA Kit I 

Ice cold DPBS wash √ √ √ 

Harvesting of organoids √ √ √ 

TrypLE organoids 
  

√ 

 Vortex 
 

√ √ 

Addition of lysis buffer 
 

√ √ 

Homogenisation 
 

√ 
 

On column digestion   √ 

Addition of RNA binding 

column 

 
√ √ 

Addition of Β-

Mercaptoethanol  

 
√ √ 

Addition of TRIzol® √ 
  

Addition of Chloroform √ 
  

Addition of Isopropanol √ 
  

Incubation on ice √ 
  

Inverting of tube in 

isopropanol 

√ 
  

Addition of ethanol √ √ √ 

Addition of wash buffer 
 

√ √ 

Heating of sample √ 
  

Addition of ice-cold RNase 

free water 

 
√ √ 
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Range of 260/280 Ratios 2.06 – 3.87 1.23 – 2.03 2.02 – 2.10 

Range of 260/230 Ratios 0.01- 0.02 0.29 – 0.35 1.43 – 1.75 

Range of RNA concentrations 

obtained 

1.2 – 8.2 ng/µL 1.2 – 3.1 ng/µL 52.0 – 239.6 ng/µL 

Success of Extraction (Purity) Unsuccessful Unsuccessful Successful 

Success of Extraction 

(Quantification in ng/𝝁l) 

Unsuccessful Unsuccessful Successful 

Success of Integrity (Integrity 

gel) 

Unsuccessful Unsuccessful Successful 

 

Based on Table 12, the Omega Bio-tek E.Z.N.A® Total RNA Kit I yielded satisfactory RNA 

yields, ratios and integrities and was utilized for the extraction of RNA from the non-cancerous 

organoids. Once RNA extraction was completed for N-B020, N-B026 and N-B027, cDNA was 

synthesised for the preparation of RT-qPCR 

5.5. Genetic Composition of Cell Types present in Normal Tissue is Recapitulated 

in Non-cancerous Organoids  

RT-qPCR was selected to quantify the mRNA extracted from the organoids and to identify the 

gene expression from specific cell types present in the organoids for characterization purposes. 

The genes of interest included CHGA (enteroendocrine cells), EPCAM (for epithelial cells), LGR5 

(for crypt base columnar cells), LYZ (for Paneth cells), MKI67 (for actively proliferating cells), 

MUC2 (for goblet cells) and VIL1 (for tuft cells). Additionally, RT-qPCR was performed on the 

matched non-cancerous tissue of the organoids to validate the fidelity of the model. The organoid 

lines (N-B020, N-B026 and N-B027) were at p2 in culture when they were harvested for RT-qPCR 

and the tissue used was organoid sample matched that was previously snap frozen and stored in 

liquid nitrogen. It can be stated that the cell types present in the organoids were present in a similar 

ratio when compared to the primary tissue. Figure 14 illustrates the normalized gene expression of 

the gene of interest to validate that the non-cancerous organoids cultured were those from the 

intestinal tract.  
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Figure 14: Characterising non-cancerous organoid cell composition using RT-qPCR in 

comparison to matched tissue. RT-qPCR analysis was performed on the organoids and the 

matched tissue and showed that both expressed the gene expression markers of interest. Each 

graph illustrates a similar trend in the expression of the genes between the organoids and the 

tissue from which they were derived. Gene expression is indicated relative to β-actin. Statistical 

analysis: Paired t-test. This was performed once in duplicate for each sample and the p-value for 

each sample was 0.9064 for N-B020, 0.2293 for N-B026 and 0.0824 for N-B027. Three biological 

repeats were used (3 different patient samples) and each was repeated in duplicate. Sample size 

was too small to perform statistical analysis.  

Similar trends were observed in the cell types of the non-cancerous organoids when compared to 

the tissue as the organoids were derived from the same tissue. Slight variations in ΔCT values are 

expected as the cells constituting the organoids would be in different stages of maturity and 

differentiation as compared to the tissue that was snap frozen. Additionally, the physical tissue 

sizes used were much larger than the number of organoids used and can affect the ΔCT values 

obtained for the tissue in comparison to the organoids. However, as the tissue was used to generate 

the non-cancerous organoids, the ΔCt values could be deemed as the basal ΔCt value for each 

marker gene and a high ΔCt value would indicate a lower expression of the gene and a low ΔCt 

value would indicate a higher expression of the gene. Statistical analysis using a paired t-test 

indicated that the p-values across all three samples were non-significant between the organoids 

and the tissues. Furthermore, the 2-ΔΔCt was calculated by using the ΔCt value for each gene in the 

tissue samples and subtracting it from the ΔCt values for each gene of the organoids. These values 

are illustrated in Table 13. 



81 | P a g e  
 

Table 13: The 2-ΔΔCt values obtained for each gene per sample when comparing the 

organoids to the tissue samples 

N-B020 

Gene of Interest 2-ΔΔCt value Conclusion 

CHGA 0.0185 Slight increase in organoid 

expression 

EpCAM 1.0210 Increase in organoid 

expression 

LGR5 2.5487 Increase in organoid 

expression 

LYZ 0.4145 Slight increase in organoid 

expression 

MKI67 0.8039 Slight increase in organoid 

expression 

MUC2 2.6574 Increase in organoid 

expression 

VIL1 12.000 High increase in organoid 

expression 

N-B026 

CHGA 0.0011 Slight increase in organoid 

expression 

EpCAM 0.1154 Slight increase in organoid 

expression 

LGR5 2.4786 Increase in organoid 

expression 

LYZ 1.8797 Increase in organoid 

expression 

MKI67 0.4569 Slight increase in organoid 

expression 

MUC2 0.0689 Slight increase in organoid 

expression 

VIL1 2.6620 Increase in organoid 

expression 

N-B027 

CHGA 0.1398 Slight increase in organoid 

expression 

EpCAM 0.2295 Slight increase in organoid 

expression 

LGR5 0.9666 Slight increase in organoid 

expression 

LYZ 0.3077 Slight increase in organoid 

expression 

MKI67 0.5481 Slight increase in organoid 

expression 
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MUC2 0.2529 Slight increase in organoid 

expression 

VIL1 2.7673 Increase in organoid 

expression 

 

Thea above table, Table 13 indicates the relative fold change of the gene expression between the 

organoids and the tissue from which the organoids were derived. All 2-ΔΔCt values indicate an 

increased expression of the genes of interest when comparing the organoids to the tissue. This is 

expected as the organoids were grown and expected to have slight increased expression depending 

on the maturity and differentiation of the organoids. However, RT-qPCR was not used to 

determine increased/decreased gene expression but to determine whether the organoids represent 

the tissue from which they were derived. Therefore, based on Figure 14, similar ΔCt trends were 

observed between the organoids and the tissue and based on Table 13, the increased gene 

expression fold change indicated that the organoids contained mature and differentiated cell types 

that are present in the intestine.  

5.6. Spatial Localization of Characteristic Cell Types in Organoids using 

Immunofluorescence Microscopy  

Immunofluorescence is an immunochemical technique that allows for the detection and 

localization of antigens in the organoids. This technique was used as a characterization technique 

to identify the presence of specific proteins in the organoids, namely, EpCAM (for epithelial cells), 

MUC2 (for goblet cells), Ki-67 (for actively proliferating cells) and VIL1 (for Paneth cells). It 

allowed for the identification as well as localization of the proteins in the respective organoids. 

The intensity and extent of antibody staining can be used to infer the expression and localization 

of the proteins. Immunofluorescence was performed on three non-cancerous samples (N-B020,  

N-B027 and N-B046) that were at p3 in culture as well as on three cancer samples at p0 (C-B033, 

C-T005 and C-B026) as a proof of concept that the cancer organoids being cultured contained the 

specific cell types present in the intestinal tract. Visualization was performed using the Floid™ 

Cell Imaging station (for non-cancerous samples N-B020 and N-B027) at 40 X magnification and 

the EVOS M7000 at 20 X magnification (for non-cancerous sample N-B046 and cancerous 

samples C-B033, C-B026 andC-T005) (Figure 15). 
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As seen across all samples, all the organoids (non-cancerous and cancerous) presented with 

EpCAM, MUC2, Ki-67 and VIL1 protein expression (Figure 15). EpCAM (panel 1) indicates that 

the localization is present on the cell surface of the organoids as these 3D structures are composed 

of polarized epithelium as shown across all samples. MUC2 (panel 2) presents with a lower 

fluorescent intensity with less visualization of as localization should be present towards the interior 

Figure 15: Representative immunofluorescent images of non-cancerous and cancerous 

organoids in comparison to previously published literature. A. Immunofluorescence images of the 

non-cancerous organoids. N-B020, N-B027 and N-B046 samples were used. Unfortunately, N-

B026 didn’t have enough sample to complete immunofluorescence and therefore N-B046 was used. 

B. Immunofluorescence images of cancerous organoids. C-B033, C-B026 and C-T005 samples 

were used. EpCAM (in green, refer to panel 1), was used to identify epithelial cells present in the 

organoids and across all three samples it was evident that there were epithelial cells present. 

MUC2 (in green, refer to panel 2,) was used to identify goblet cells present in the organoids and 

across all three samples it was evident that there were goblet cells present. Ki-67 (in red, refer to 

panel 3), was used to identify proliferating cells present in the organoids and the intensity of the 

red fluorescence indicates that there were numerous actively proliferating cells. VIL1 (in green, 

refer to panel 4), was used to identify Paneth cells present in the organoids. As seen across all 

three samples, there is evidence of Paneth cells. DAPI was used to stain the nuclei blue. Images 

from N-B026 and N-B027 were obtained using the FLoid Imaging Station (Thermo Fisher 

Scientific, USA) at 40 X magnification and images from N-B046 (non-cancerous), and cancerous 

samples (C-B033, C-B026 and C-T005) were obtained using the EVOS M7000 microscope 

(Thermo Fisher Scientific, USA) at 20 X magnification. Scale bar is 150 µm. C. Panel C indicates 

the reference images from previously published literature and indicates that EpCAM (scale bar is 

200 µm) in green in panel 1, MUC2 (scale bar is 50 µm) in green in panel 2, Ki-67(scale bar is 50 

µm) in green in panel 3 and VIL1(scale bar is 100 µm) in green in panel 4. Panel C illustrates that 

the various cell types are expressed across the entire organoids (References: (Hahn et al., 2017; 

Han et al., 2023; Pineiro-Llanes et al., 2024))  

C 
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of the organoids as it contributes to the mucus layer that lines the intestine. The localization of 

 Ki-67 (panel 3) is expected to be expressed throughout the organoids as this protein is associated 

with actively proliferating cells as shown across all samples. VIL1 protein expression (panel 4) is 

expected to be expressed on the apical surface of the organoids as it is a cytoskeletal protein that 

is localised to microvilli, this is evident in the organoids expressing VIL1 specifically around the 

cells (N-B020) or across the entire organoid (N-B027, N-B046, C-B033, C-B026 and C-T005). 

The reference images in panel C are used to compare the intestinal organoids derived from South 

African patients to that of previously published literature. It is evident that there are some 

similarities amongst the images with the proteins being expressed throughout the organoids. This 

is particularly evident when comparing EpCAM, MUC2 and Ki-67 expression in the South African 

derived organoids to the previously published literature. However, it is noted that there is 

decreased expression in MUC2 of the cancerous organoids across all three samples when 

comparing it to the representative image. When comparing VIL1 expression in N-B020 and N-

B026 to the reference image there is similarities in VIL1 being expressed towards the interior of 

the organoids and the exterior of the organoids. Conversely, in N-B027 and the cancerous samples 

this is not clearly seen as there are numerous VIL1 expressing cells throughout the organoids and 

more so towards the exterior of the organoids. However, despite the localization of these proteins, 

it indicates that the organoids are composed of mature, differentiated cell types that are required 

for intestinal growth and development 

6. Discussion 

The use of patient-derived cells and tissue models is becoming an important tool in understanding 

cancer biology and drug discovery (Ng et al., 2019). This is due to limitations that are associated 

with conventional cancer cell lines, particularly in predicting accurate clinical efficacy of cancer 

therapies, limited cell type heterogeneity, variations in primary tumour representation, cross-

contamination with other cells and lack of correlation between clinical samples and established 

cell lines   (Gillet et al., 2011; Ng et al., 2019). Therefore, focus has been placed on the use of 

patient-derived organoids that could potentially predict the outcome of therapeutics to specific 

patients and provide novel insights into patient-specific cancer biology (Clevers, 2016; Ng et al., 

2019). The purpose of the project to establish, characterize and validate the organoid cultures from 

the non-cancerous and cancerous tissues obtained from South African colorectal patients. 
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This project is the first of its kind that utilizes patient-derived tissue from South African patients 

to generate organoids. It is also one of the first reports of standardizing organoid culture protocols 

in South Africa. Patient-derived organoids from South African individuals can be used to 

understand CRC disease progression and development. Additionally, it can provide a more 

accurate drug treatment outcome prediction, thus bringing South Africa a step closer to a 

personalized medicine approach to develop novel treatment regimens that are tailored to each 

patient. Furthermore, the clinical data collected from each patient can be used to evaluate general 

trends in South African CRC development. The clinical data that was collected for the samples 

used in this study (Table 9) showed that only two patients out of the nine patients had been 

diagnosed with CRC over the age of 70 years old, one patient being white and the other being 

African. This supports the hypothesis that white South Africans present with earlier onset of CRC 

before the age of 70 years old, but a larger sample size is needed to confirm this (McCabe et al., 

2020). Unfortunately, no comment can be made on the South African black population as only one 

African sample was used. This was not based on a biased decision as samples were selected at 

random and clinical data was only reviewed afterwards to avoid bias towards particular samples. 

However, it is interesting to note that four patients (44.4% of patients) indicated that there is family 

history of CRC and the age of diagnosis was between 39 – 55 years old. This could indicate that 

earlier onset of CRC may be attributed to family history. Furthermore, 44.4 % (four out of nine, 

Table 9) of the patients presented with low grade adenocarcinomas meaning that the cancers are 

less aggressive and have a better prognosis. However, CRC tissues from more patients of all races 

would have to be evaluated before any inferences can be made regarding CRC disease 

development and progression in South African patients. Moreover, this project was aimed at 

establishing and standardizing organoid culture from South African individuals with particular 

focus on determining the appropriate BME and seeding density, evaluating organoid growth and 

the genetic and spatial characterization of intestinal cell types to validate the organoid cultures.  

6.1.  Success of Organoid Culture is Inherently Dictated by the Concentration of 

Reconstituted BME and Seeding Density of Organoids  

A key requirement for organoid culture is to recapitulate the ECM that plays a role in biochemical 

and biomechanical processes that aid in development and progression of tumours (Broguiere et 

al., 2018; Ng et al., 2019; Rezakhani et al., 2021). The ECM components present in various types 

of BME matrices provide this 3D scaffold. The main components present in BME matrices is a 
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heterogeneous mixture of ECM proteins, proteoglycans and growth factors (Broguiere et al., 

2018). In general, the basement membrane consists of collagen IV, laminins and proteoglycans 

that vary depending on the type of tissue (Jeon et al., 2022). Commercially available BME contain 

the aforementioned proteins, as well as tumour-derived proteins, such as TGF peptides and 

fibroblast growth factors and enzymes such as matrix metalloproteinases (MMPs) (Aisenbrey and 

Murphy, 2020). Three commercially available BME matrices are Matrigel®, Cultrex™ BME and 

Geltrex™. Matrigel® consists of laminin I, type IV collagen, entactin and heparan sulfate 

proteoglycans that is purified from mouse Engelbreth-Holm-Swarm tumour and is considered the 

gold standard BME matrix (Millesi et al., 2023). Cultrex™ BME is similar to Matrigel® and 

contains the aforementioned proteins present in Matrigel® (Millesi et al., 2023). Geltrex™ is also 

derived from mouse Engelbreth-Holm-Swam tumour, making it similar to Matrigel® but like 

Cultrex™ it also contains variations in the protein concentrations (Saari et al., 2022). These BME 

matrices allow for organoid growth as they allow stem cells to grow in 3D by providing an ECM-

like substrate.  

Since organoids are grown in solid BME matrices, organoid growth is constrained due to solid 

stress accumulation, oxygen and nutrient delivery and therefore frequent passaging is required to 

maintain and expand cultures (Hirokawa et al., 2021). The stiffness of BME matrices can cause 

organoids to become compressed and not undergo budding and the lack of specific ECM 

components for specific tissues can also reduce growth and budding of organoids (Rezakhani et 

al., 2021). Therefore, understanding the tissue from which the organoids are derived and the ECM 

architecture remains vital in successful organoid growth. Another factor to consider when 

generating organoids in BME matrices is organoid seeding density. Organoid seeding density can 

be defined as seeding organoids at the optimal density to ensure growth and maturation of 

organoids without causing overcrowding and organoid death. According to Table 10 it was 

established that the optimal seeding density to generate organoids was 1000 crypts per 10 µL 

dome, which yielded confluent organoid domes in 7 to 10 days in culture (refer to Figure 8). When 

the organoids are seeded at crypt densities below 700 crypts per 10 µL dome, the resultant 

organoids are sparse across the domes with small, stunted organoid growth. This stunted growth 

is attributed to the fact that the organoid growth is also reliant on the growth factors produced by 

the organoids and if insufficient growth factors are produced, the organoids do not grow and the 

dome eventually collapses (Pleguezuelos-Manzano Cayetano et al., 2020). Organoids that are 
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seeded at crypt densities above 700 crypts to 1000 crypts were densely packed (70% confluent 

domes) which provides the organoids with enough space to grow and sufficient numbers of 

organoids to produce growth factors that allowed for expansion. The upper limit of 1000 crypts 

per dome was used as the domes held for longer, especially when required for cancer organoid 

growth that is slower than non-cancerous organoid growth. The upper limit also ensures that if the 

crypt count is lower due to only a small volume being counted, there is still sufficient crypts within 

the 700 – 1000 crypt density that will give rise to organoids. However, if organoids are seeded at 

a crypt density of greater than 1000 crypts per 10 µL dome, stunted growth is also observed due 

to competition for space and excessive consumption of media components (Pleguezuelos-

Manzano Cayetano et al., 2020). The paracrine signalling is another important factor to consider 

as the cells within the organoid will produce growth factors that will exert effects on the cell types 

within the organoid that will maintain the stem cell niche (Biswas et al., 2015). Growth factors 

that are supplemented in the organoid media also act via the paracrine signalling mechanism to 

modulate the microenvironment (Wordinger and Clark, 2008), which will assist in maintaining 

signalling gradients that promote the proliferation of the intestinal cell types (Biswas et al., 2015). 

Therefore, it is vital to determine the correct seeding density as it enables paracrine signalling to 

support organoid growth, ensures sufficient space for the organoids to grow, limits the excessive 

consumption of media components and ensures that there is adequate diffusion of growth factors 

to the core of the BME domes (Pleguezuelos-Manzano Cayetano et al., 2020). 

Organoids variability in terms of organoid formation efficiency, end-point morphology and 

function is largely attributed to the nature of in vitro self-organisation and cell fate (Hofer and 

Lutolf, 2021). The initial culture conditions that the organoids are subjected to can also contribute 

to organoid variability, especially the starting cell population, their positioning and aggregation 

ability (Hofer and Lutolf, 2021). The cell type heterogeneity affects the generation of viable 

organoids as not all the cells harvested from the tissue will aggregate and bud to form organoids 

(Shankaran et al., 2021). Therefore, by being able to selectively culture the aggregate of cells that 

could potentially generate organoids would increase the generation and yield of organoid cultures 

(Shankaran et al., 2021). The size of initial cell aggregates are important in commencement of 

culture conditions as literature varies in the required number of crypts or cells to seed (Hofer and 

Lutolf, 2021). 
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When crypts are seeded at a density of 200-600 crypts per dome, the cell aggregates remain small 

and the generation of small organoids that do not increase in size is observed. This can contribute 

to dome collapse as the organoids are not assisting in the maintenance of Cultrex™ stiffness. The 

decreased stiffness of the Cultrex™ ultimately affects the biological activities of the cells within 

the organoid and affects organoid formation (Kozlowski et al., 2021). When crypts were seeded 

at densities of 700-1000 crypts (Refer to Figure 8 and 10), the domes held for longer and cell 

aggregates were larger and gave rise to larger, mature organoids. The increase in initial cell 

aggregates contributes to increased stiffness of the Cultrex™ domes that may assist in increased 

organoid formation, stem cell proliferation and expansion (Kozlowski et al., 2021).  Although time 

from crypt to mature organoid varies from each patient line as well as passaging time, there was 

no variation in the general organoid growth pattern at the standardized crypt density of 1000 as 

seen in Figures 8 and 10. Time variations in sample growth can be attributed to the fact that there 

are differences between laboratory conditions that can result in different rates of proliferation and 

differentiation, leading to variability (Shariati et al., 2021). Sources of variability between 

laboratories and from one experiment to the next, can be the conditions in which the organoids 

were cultured, i.e. batch-to-batch variability in growth factor purity; differences in oxygen 

exposure, the degree of differentiated cell types and  that the cells present in the organoids are at 

different cellular states (Lehmann et al., 2019; Gehling et al., 2022). 

6.2. Components in organoid media and their effects on organoid growth and 

morphology 

The growth medium required for tumour organoids varies as some organoids require medium 

specific to tumour growth and development, whereas some organoids require a basic medium with 

several growth factors (Shariati et al., 2021). In all organoid culture systems, a distinct growth 

factor combination is required to obtain organoids and more differentiated cells in the organoids, 

which results in two different culture mediums (Schutgens and Clevers, 2020). These two culture 

mediums are expansion medium, used to generate and maintain organoid growth, and 

differentiation medium, which is used to differentiate the organoids into specific cell types for 

various experiments (Schutgens and Clevers, 2020). Literature indicates slight variations in 

concentrations of the various growth factors and reagents as shown in Table 13 as surveyed from 

8 different protocols 
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Table 14: Media composition comparisons across 8 different protocols 

 Protocol Number 

Reagents  1 2 3 4  5 6 7 8 

Advanced 

DMEM/F12 

25 mL 1 x 1 x 1 x 1 x 1 x 1 x 80% (v/v) 

Primocin 100 µg/mL - 1 x - 100 µg/mL - - 1 x 

ROCKi 10 µM -  10 µM 10 µM 10 µM - - 

Glutamax - - - 1 x - 2 mM 10 mmol/L 1 x 

HEPES - - 10 mM, pH 

7.0 

1 x - 10 mmol/L 10 mmol/L 10 mM 

B-27 

Supplement 

1 x - 1 x 1 x 1% 1 x 1 x 1 x 

EGF - 50 ng/mL 50 µg/mL 50 ng/mL 50 ng/mL 50 ng/mL 50 ng/mL 100 ng/mL 

Recombinant 

human R-

spondin 1 

20% (v/v) 

R-spondin 1 

conditioned 

medium 

1 µg/mL 25 nM 500 ng/ml 10% 

conditioned 

medium 

1 µg/mL 10% R-

spondin 1 

conditioned 

medium 

40% (v/v) 

conditioned 

medium 

Noggin 2% (v/v) 

Noggin 

conditioned 

medium 

100 ng/mL - 100 ng/mL 2% 

conditioned 

medium 

100 ng/mL 100 ng/mL 40% (v/v) 

conditioned 

medium 

Gastrin - 1 nM 10 mM 50 nM - 10 nM 10 nM 10 nM 

Prostaglandin 

E2 

1 µM - 10 mM - 10 nM - - 100 nM 

A83-01 - 500 mM 500 nM - 500 nM 500 nM 500 nM 500 nM 

Niacinamide 10 mM 10 mM 10 mM 10 µM 10 mM 10 mM 10 mM 10 mM 

n-

Acetylcysteine 

1.25 mM - 1 mM 10 µM 1,25 mM 1 mM 1 mM 500 µM 
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SB202190 10 µM 10 µM 10 µM 10 µM 3µM 10 µM 10 µM 10 µM 

Recombinant 

human Wnt 3a 

50% (v/v) 

Wnt 3A 

conditioned 

medium 

100 ng/mL - 100 ng/mL 1 µg/mL 100 ng/mL 50% Wnt3A 

conditioned 

medium 

20% (v/v) 

conditioned 

medium 

N2-supplement - - 1 x 1 x - 1 x 1 x 1 x 

Reference (Pleguezuel

os-Manzano 

Cayetano et 

al., 2020)  

(Zhang et 

al., 2020) 

(Urbischek 

et al., 2019) 

(Wilson et 

al., 2021) 

(He et al., 

2022) 

(Sato et al., 

2011) 

(Yokota et 

al., 2021) 

(Gwilt and 

Thiagarajah, 

2023) 

*Note: Concentrations highlighted in green are the concentrations that were used to formulate the organoid media in this project.
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Table 14 supports the need for a standardized media protocol to ensure efficient organoid 

generation. However, due to organoids being comprised of various tumour cell populations, it is 

vital to understand the stem cell niche and specific factors required to allow stem cells to proliferate 

and self-renew (Zhou et al., 2023). In addition to the effects of the growth factors and how they 

have been produced on the growth of organoids, the interaction between the cells and the 

environment may also affect organoid growth.  

The level of CRC tumour heterogeneity has been shown to be attributed to the interactions of the 

genetic background of tumour cells with their environment and the differences in genetic and 

epigenetic properties of each cell and their correlated tumours heterogeneity (Kashfi et al., 2018). 

Kashfi and colleagues (2018), evaluated non-cancerous and cancer organoid growth and 

morphological changes in patients with CRC. They identified that non-cancerous patient-derived 

organoids maintained the budding and cystic structures that are commonly seen in many CRC 

organoid studies (Kashfi et al., 2018). This coincides with the non-cancerous organoids that were 

generated, and images captured in Figures 7, 8 and10 indicating that the non-cancerous organoids 

maintain these proliferating structures when cultured in controlled conditions. The authors further 

illustrated that tumour derived organoids did not display whole-crypt like structures on day zero 

of culture and only some aggregated structures of small cell populations were formed (Kashfi et 

al., 2018). The tumour organoid cultures were monitored over a period of four to fourteen days 

and the authors noted that very few cystic-like structures with uneven borders appeared (Kashfi et 

al., 2018). Moreover, these cystic-like structures failed to form budding or branching structures 

over the fourteen-day period (Kashfi et al., 2018). These observations were also observed in this 

study where the cancer organoids failed to develop into cystic-structures (refer to Figure 13). The 

cancer biopsies that were obtained were minuscule and tissue quality was lower than that of the 

non-cancerous tissue biopsies. The cancerous tissue exhibited higher levels of blood presence, 

tougher in texture and had irregular tissue borders. When digesting the cancer biopsies, more single 

cells were also present with fewer crypts in comparison to the non-cancerous biopsies. The cancer 

organoids that were generated also maintained aggregated structures throughout the culture period 

but increased in size. The failure of cancer organoids to form cystic, budding structures may be 

due to the deregulation of essential molecular and cellular signalling pathways that are required 

for proper maintenance and function of the cancer organoids (Kashfi et al., 2018). The published 

images by Kashfi and colleagues (2018) illustrated similar trends in cancer organoid structures and 
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growth as seen in Figure 13, where large aggregates of cells are visualised rather than organoids 

as culture progresses. Kashfi and colleagues (2018), also cultured the tumour organoids in the 

absence of Wnt3a conditions. In the absence of Wnt3a, the organoids were capable of growing and 

the number of buds from the original cystic shape had increased and the differentiation potential 

had improved in comparison to those grown with Wnt3a (Kashfi et al., 2018). This suggests that 

cancer organoid formation can occur in a Wnt niche-independent signalling way (Kashfi et al., 

2018) and should be further examined. Additionally, tumour-derived organoids do not follow a 

similar growth pattern to non-cancerous organoids, which is likely a result of differences in age, 

medical history and genetic background amongst patients (Kashfi et al., 2018).  

6.3. Inherent Sample variation and its Effects on Organoid Growth 

Utilizing organoids generated from tumour biopsies preserve cancer gene mutations in culture, 

making them an attractive model (Kretzschmar, 2021). However, limited studies have assessed the 

variation between tissue-derived organoids from various individuals and cellular heterogeneity 

between individuals (Jensen and Little, 2023). Therefore, it is important to identify this across 

multiple labs, cell culture conditions and tissue donors to provide insight into cellular 

heterogeneity between individuals. It is also important to note that heterogeneity is a feature of 

adult stem cell derived organoids as it is inherent, therefore it is important to thoroughly 

characterize organoid cultures with diverse assays (Mohammadi et al., 2021).  

Variability in the organoid culture system can be due to differences amongst individuals such as 

age and genetic background, therefore  it is important to identify if patient or population diversity 

exists when organoids are cultured from human-derived tissues (Kim et al., 2020; Jensen and 

Little, 2023). The probability of genetic diversity in human samples is high and therefore it is 

expected to have batch-to-batch variation between organoids generated from different patients 

(Jensen and Little, 2023). Moreover, variability can be due to tumour heterogeneity which can be 

divided into inter- and intra-tumour heterogeneity (Zhou et al., 2023). Inter-tumour heterogeneity 

includes the spatiotemporal and extracellular diversity from different patients each having 

alterations caused by different etiological and environmental factors. Intra-tumour heterogeneity 

describes the variability of different tumour, stromal and immune cell populations within the same 

tumour specimen (Zhou et al., 2023). This inter- and intra-tumour heterogeneity can be used to 

probe for variations in phenotype, genotype and gene expression across different organoids 
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generated from a single patient and across different patients (Padmanaban et al., 2020). Due to 

heterogeneity between individuals and individual organoids, organoid morphology can be 

visualised as thin-walled cystic structures or compact organoids devoid of a lumen (Van De 

Wetering et al., 2015). Both types of morphology were visualised in these cultures derived from 

South African patients, specifically the derived non-cancerous organoids maintaining a thin-

walled cystic structure (Figure 8 and 10) and the cancer organoids maintaining a compact structure 

devoid of a lumen (Figure 13). However, these observations were only seen in four non-cancerous 

patient samples and three cancer patient samples and cannot be extrapolated to all patients. It is 

expected that different patients will present with different morphologies that are dictated by 

various factors such as tumour site, metastasis, genetics and tumour heterogeneity.  

6.4. Organoids Recapitulate Cell Types Present in the Original Tissue and Spatial 

Localization 

Direct comparisons between control organoid lines and patient tissue will show differences and it 

is vital to establish whether the disparities are biologically relevant or a technical difference 

(Jensen and Little, 2023). The basal gene expression levels of the marker genes are referred to as 

the expression levels found in the original tissue of the patient that is used to evaluate the 

expression levels of the marker in the matched patient-derived organoids (refer to Figure 14). 

Although the trends in expression are similar when comparing the organoids to the tissue, there is 

slight variations. These slight variations are the increased expression of CHGA, EPCAM and  

MKI-67. Increased expression of EPCAM and MKi-67 is expected as the cells are epithelial cell 

types and actively proliferating. Furthermore, using chemically-defined medium (use of 

recombinant growth factors) increases cell proliferation and may account for the increased 

expression of the other marker genes as these cells assist in the development of functional intestinal 

organoids (Wang et al., 2022). Additionally, in studies performed by Wang et.al., 2022 and Yokota 

et. al., 2021, that examined expression of MKI-67, MUC2, LGR5, LYZ, VIL1, EPCAM and CHGA, 

it was noted that across different organoid lines, expression levels of these genes will vary from 

patient-to-patient samples (Yokota et al., 2021; Wang et al., 2022). The normalized expression 

levels of these genes in the non-cancerous organoids are not significantly different in comparison 

to the tissue from which they were derived and variations amongst patient samples are to be 

expected. Interestingly, VIL1 expression was decreased by 0.25-0.46 amongst all three samples 

and may be a result of the intestinal stem cells have already undergone differentiation into the 
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different cell types and increased expression of VIL1 is not required (Maunoury et al., 1992). 

However, expression trends remain similar and the organoids do express the intestinal markers of 

interest. In a study by Criss and colleagues (2021), using RNA sequencing data, it was shown that 

variations in human intestinal organoids can be attributed to the experiment/project that was to be 

completed. This observation indicates transcriptional variation that may be a result of batch-to-

batch variations in conditioned-media, differences in incubator conditions, passaging rates, media 

changing intervals or potentially sequencing platforms (Criss et al., 2021). However, their study 

highlighted that there is much greater transcriptomic variability between different individuals 

rather than that of experimental conditions (Criss et al., 2021). It was also highlighted that variation 

between patients is due to variations in their basal gene expression as well as differences in their 

responses to stimuli (Criss et al., 2021). It was further recommended that multiple patient lines are 

used in organoid experiments to obtain a more holistic view and to compare organoid lines to 

patient-matched tissue (Criss et al., 2021; Jensen and Little, 2023).  

An additional technique that can be used to evaluate organoid composition is immunofluorescence 

that uses specific cell marker antibodies to provide further information on the presence of various 

cell types, the spatial distribution of these cell types and their proportions (Zhao et al., 2022). 

Figure 15A illustrates the immunofluorescence images of the non-cancerous organoids, 

specifically for EpCAM, MUC2, Ki-67 and VIL1. EpCAM is expected to be expressed by a large 

number of cells as the majority of the intestinal epithelial tissue is comprised of epithelial cells (De 

Santa Barbara et al., 2003). This is evident as the green hue seen around the organoids (Figure 

15A, panel 1). Another marker that should produce bright fluorescence is Ki-67 as the intestinal 

tract contains a vast amount of stem cells that are actively proliferating (Bahrami et al., 2017; 

Boonekamp et al., 2020). This is evident in Figure 15A panel 3, where Ki-67 is illustrated as a 

bright red hue in the organoids and also indicates that the epithelial cells within the organoids were 

actively proliferating. MUC2 (Figure 15A, panel 2) was another marker that was used to identify 

the presence of goblet cells in the organoids. The presence of goblet cells was indicated by the 

green hue, and the lower fluorescence could be attributed to the fact that MUC2 is required in the 

lumen of the digestive tract and that these organoids have not become differentiated requiring a 

lesser expression of MUC2. Tuft cells were also identified in the organoids in Figure 15A (panel 

4) with the green hue for VIL1 not being as intense. This is attributed to the fact that tuft cells are 

a rare cell type involved in chemoreception which could also result in the fluorescence being 
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mostly around cell borders (Esmaeilniakooshkghazi et al., 2020). However, the purpose of 

characterization indicates that these cell populations were present in the non-cancerous organoids.  

As a proof-of-concept and to verify whether the cancer organoids contained different cell 

populations, immunofluorescence was also performed on these organoids. Figure 15B illustrates 

the immunofluorescence images of the cancer organoids, specifically for EpCAM, MUC2, Ki-67 

and VIL1. EpCAM (Figure 15, panel 1) was not as highly fluorescent when compared to the non-

cancerous organoids which could be attributed to negative association of EpCAM expression with 

tumour grade, invasion and lymph node metastasis (Lugli et al., 2010). This correlates with the 

patient data that all three patients did present with lymph node metastasis (Table 9). The 

fluorescence of Ki-67 (Figure 15B, panel 3) was brighter in the cancer organoids indicating a 

higher proportion of proliferating cells. The increased fluorescence of Ki-67 has been shown to be 

closely associated with poor patient prognosis in CRC and is increased in cancerous tissues as 

compared to normal tissues (Tong et al., 2020; Liu et al., 2023). This increased expression of  

Ki-67 is attributed to the organoids being derived from cancerous tissue but further validation 

using RT-qPCR is required. MUC2 (Figure 15B, panel 2) was also identified in the cancer 

organoids but the fluorescence intensity was lower than that of the non-cancerous organoids which 

could be attributed to the fact that the expression of MUC2 is decreased in cancer tissues as 

compared to normal tissue (Gan et al., 2021). Furthermore, the expression of MUC2 is correlated 

with lymph node metastasis as shown by Gan and colleagues (2021), that investigated the 

expression of MUC2 in normal and CRC tissue as it may play a protective role by participating in 

the intestinal mucosal barrier (Gan et al., 2021). It was also highlighted in the aforementioned 

study that in CRC the mucosal barrier becomes impaired that the expression of MUC2 decreases 

possibly due to suppressed immune system function (Gan et al., 2021). Tuft cells were also present 

in the cancer organoids with the green hue representing VIL1 (Figure 15B, panel 4) being slightly 

more intense than the non-cancerous organoids. This is attributed to the fact that tuft cells can be 

converted to cancer-initiating cells when the surrounding cellular niche is altered (Westphalen et 

al., 2014). Furthermore, the DAPI staining varies amongst the images in Figure 15 and could be 

attributed to the 3D nature of the organoids that prevents DAPI from efficiently accessing every 

single nuclei as well as the fact that literature has indicated that it preferentially binds to the 

adenine-thymine rich chromosomal regions and may provide inaccurate estimates of the genome 

content (Munyenyembe et al., 2021). However, the purpose of characterization indicates that these 
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cell populations were present in the cancer organoids but requires further validation through RT-

qPCR. To ensure the reproducibility of organoid experiments, standardised protocols of organoid 

culturing techniques are required to limit the intrinsic donor-to-donor variation, as well as batch-

to-batch variation in culture reagents (Dotti et al., 2022). Furthermore, additional experiments 

should be performed as an added security in organoid characterization to overcome the uncertainty 

in organoid culturing.  

6.5. Successes of this study 

The study is novel as it reports the first establishment of non-cancerous organoid generation from 

South African CRC patients that follow similar trends in growth and morphology to those observed 

in global publications. Additionally, it includes the defined methodologies that have proven 

successful in generating non-cancerous organoids from fresh and frozen tissue and serves as a 

proof-of-concept of methodology for the establishment of cancer organoids by assessing cancer 

organoid morphology, and characterization through protein markers specific to the colon. This 

study provides a foundation for future intestinal organoid culture for South African patients that 

can be utilized for various applications such as drug screening, delineating population variance in 

CRC development and progression that can be compared to global data. 

6.6. Limitations of organoids and this study 

A major limitation in organoid culture in general is the reproducibility of the research due to the 

variations mentioned above, as well as sample availability. Therefore, standardized protocols will 

assist in reducing discrepancies and reduce patient sample loss or wastage (Kim et al., 2020; El 

Harane et al., 2023). Significant efforts have been made to define organoid culturing protocols, as 

well as media and growth factor combinations required for different types of organoids, however, 

these combinations have not been standardized (Bose et al., 2021). This can be attributed to 

different individual studies optimizing growth factor concentrations based on cost and availability 

(Bose et al., 2021). This makes comparisons of organoid growth across different studies difficult 

due to variations in microenvironmental factors (Bose et al., 2021). Although, complete organoid 

media can be commercially purchased, the media compositions should be standardized to ensure 

adequate reproducibility (Bose et al., 2021). Moreover, the distribution of tissue sources that are 

renewable and are comparable between laboratories affect the long-term advancement of 

organoids (Lehmann et al., 2019). The development of tissue and organoid biobanks can assist in 
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this regard and can be generated from various individuals from various populations which can be 

used to understand and delineate the development of diseases in affected and non-affected 

individuals (Lehmann et al., 2019). Researchers should also be willing to share different organoid 

lines to compare results to gauge an understanding of the potential effects of genetic background 

on organoid cultures and experimental responses (Lehmann et al., 2019). Currently, the cost of 

organoid culturing is largely determined by the time and labour consuming process of establishing 

cultures and passaging them as well as the materials used to develop and maintain culture, i.e. 

BME matrices and the expensive combination of growth factors required for media (Bose et al., 

2021). 

The success rate of generating organoids and the rate of establishment varies greatly amongst 

tumour types, for example, the success rate of generating organoids spans from 70 – 90% for CRC 

tumours (Booij et al., 2022). Standardized protocols need to be developed for the derivation and 

culture conditions of organoids and provide sufficient details to ensure reproducibility and high 

establishment rates (Lehmann et al., 2019). In order to generate an established, novel organoid 

protocol, rigorous characterization should be performed (Jensen and Little, 2023). Examples of 

rigorous characterization includes characterising the cell types present, histological structure 

comparisons between organoids and tissue as well as omics profiling (Jensen and Little, 2023). In 

this study, we have successfully standardized crypt seeding density, in-house prepared organoid 

media, non-cancerous organoid growth as well as RT-qPCR for non-cancerous organoids and 

immunofluorescence for cancerous and non-cancerous organoids which have never been 

completed in our laboratory before. As these protocols have now been standardized, they can be 

used for further experiments, such as optimizing RT-qPCR for cancerous organoids, co-culturing 

and drug screening.  However, in terms of limitations of this study, H&E staining was not 

performed on the organoids and the tissue from which they were derived which is an additional 

characterization method that should be performed in future studies. Additionally, RT-qPCR was 

not performed on cancer organoids due to insufficient RNA yields, time and tissue constraints. 

Additionally, this study did not perform experiments on the matched tissue which could have been 

used to compare the gene expression and spatial localization of the cell types and should be 

performed in future. Omics profiling was also not performed in this study, which is another 

limitation and could be applied in future experiments to further study the genomics and 

metabolomics of the organoids. The availability of fresh tissue to generate intestinal organoids is 
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also a limitation as fresh tissue provides better organoid yields. Therefore, the use of frozen tissue 

was also attempted to mitigate the limitations of fresh tissue. 

Numerous publications recommend the use of frozen tissue biopsies due to the fact that fresh tissue 

biopsies may not be easily obtained or readily available. Organoids can be established from frozen 

biopsies that have been stored in liquid nitrogen for several months (Saito et al., 2020). The 

generation of organoids from fresh tissues can be difficult to obtain due to limited access of fresh 

sample and the viability of human samples has a short window, which limits the time for which 

patient samples can be used for organoid and research purposes (Tsai et al., 2018). Therefore, 

frozen tissue biopsies are an advantageous alternative to fresh tissues. In a study performed by 

Walsh and colleagues (2016), it was established that organoids can be successfully grown from 

frozen tissue biopsies and that the resultant organoids are identical to the organoids grown from 

fresh tissue biopsies (Walsh et al., 2016). Hence, the use of frozen tissue biopsies to generate 

cancer organoids is beneficial especially when fresh tissue biopsies are not always available. In 

this study, the generation of cancer organoids from frozen tissue biopsies was not successful in 

obtaining cancer organoids that demonstrated a cyst-like morphology and the growth of the cancer 

organoids became stunted after 16 days in culture (refer to Figure 13). The ability for the cell types 

to aggregate and form differentiated cancer organoids could be due to the fact that the tissue was 

digested in organoid culture medium that would assist in maintaining the different cell types as 

compared to the tissue dissociation buffer which does not contain the growth factors required to 

maintain the different cell types.  

6.7. Future research and recommendations 

During the early stages of organoid culture, it is recommended to use haematoxylin and eosin 

(H&E) staining and immunohistochemistry to determine similarities between the cultured 

organoids and the tissue from which the organoids were derived (Fang et al., 2023). Additionally, 

gene expression validation and high-throughput whole-genome transcriptome analysis is 

traditionally performed (Zhao et al., 2022). RT-qPCR is one of the most commonly used 

techniques as it is easy, fast and provides a quantitative readout on marker genes that provides an 

indication of cell identity (Zhao et al., 2022). Furthermore, comparisons to the tissue of origin is 

also important to validate that the organoids derived from the tissue maintain histology and 

immunochemistry profiles as well as transcriptomic and genomic profiles (Zhao et al., 2022). 
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Therefore, future studies should include at least two wells of cancer organoids to potentially yield 

sufficient RNA for RT-qPCR characterization. However, immunofluorescence images obtained 

from the organoids did indicate the presence of several cell types of interest, but further validation 

is required. Lastly, the inclusion of more samples for non-cancerous and cancer organoid 

generation should be done to ensure consistency amongst samples and the use of matched non-

cancerous and cancer organoids should also be included. 

Future recommendations for the establishment and characterization of intestinal organoids using 

this experimental design have been summarised in Table 15.  
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Table 15: Variables to consider when generating organoids and the recommendations based on this experimental design. 

Variable Recommendation 

BME Used Cultrex™. 

Number of Crypts to seed 1000 crypts per 10 µL dome. 

TrypLE incubation period 5 minutes, ensured organoids digested into crypts and single cells that can be used to 

generate more organoids. 

Frozen or fresh tissue biopsies Organoids were successfully generated from fresh and frozen non-cancerous biopsies in 

relatively similar time periods. However, the generation of cancer tissues still requires 

further evaluation as fresh and frozen samples yielded similar results in terms of organoid 

growth and development. 

Organoid morphological features Cystic morphology should be observed at approximately day 3 – 4 in culture with 

budding occurring. Cancer organoids can present with this cystic morphology or 

compact organoids devoid of a lumen. This is dependent on sample variation.  

Media, purchase commercial media or 

make in-house 

Generate media in-house as larger volumes of media can be made with a reduced cost. 

This also assists in scalability of organoid cultures. Additionally, the use of growth 

factors from conditioned medium is recommended specifically for Wnt3a, R-spondin1 

and Noggin. 

Media components required Non-cancerous organoid requirements 

(concentration) 

Cancer organoid requirements 

(concentration) 

• Advanced DMEM/F12 (1 x) 

• Glutamax (1 x) 

• Advanced DMEM/F12 (1 x) 

• Glutamax (1 x) 
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• HEPES (10 mM) 

• B27 (1 x) 

• EGF (50 ng/mL) 

• R-spondin1 (500 ng/mL) 

• Noggin (100 ng/mL) 

• Gastrin (10 nM) 

• Prostaglandin E2 (10 nM) 

• A83-01 (500 nM) 

• Niacinamide (10 mM) 

• n-Acetylcysteine (1,25 mM) 

• SB202190 (3 µM) 

• Wnt3a (200 ng/mL) 

• N-2 supplement (1 x) 

• HEPES (10 mM) 

• B27 (1 x) 

• EGF (50 ng/mL) 

• Noggin (100 ng/mL) 

• Gastrin (10 nM) 

• Prostaglandin E2 (10 nM) 

• A83-01 (500 nM) 

• Niacinamide (10 mM) 

• n-Acetylcysteine (1,25 mM) 

• SB202190 (3 µM) 

• Wnt3a (200 ng/mL) 

• N-2 supplement (1 x) 

RNA Extraction protocol Omega Bio-tek E.Z.N.A® Total RNA Kit I resulted in sufficient RNA integrity and 

yields from both the non-cancerous organoids and tissue. 

Marker genes for characterization EpCAM, VIL1, MKi-67, CHGA, MUC2, LGR5 and LYZ as these genes assess the major 

cell types present in the intestinal tract. ACTB is also a suitable reference gene in both 

tissue and non-cancerous organoid samples.  

Immunofluorescence markers for 

characterization 

EpCAM, VIL1, MUC2 and Ki-67. Additional immunofluorescence markers that can be 

included are LGR5 and CHGA. 



103 | P a g e  
 

Based on the recommendations from Table 15, intestinal organoids were successfully 

established from South African non-cancerous patient samples and cancer samples, where 

latter require more rigorous evaluation and culture attempts. Furthermore, basic 

characterization techniques are also demonstrated in Table 14 that can be used to characterize 

the organoids generated.  

7. Conclusion 

In conclusion, this study is the first one reported within South Africa, contributing to the 

novelty of this study as well as to the use of 3D models to explore CRC disease development 

and progression in South African patients. Organoids are an attractive model for studying 

cancer in general and the applications of such a model is expanding. The use of organoids in 

studying disease progression, development and treatment is endless and this is evident in the 

growing amount of literature reporting novel outcomes. In terms of future applications for 

intestinal organoids, drug screening of chemotherapeutic treatments, currently used and novel, 

can be employed to elucidate patient treatment responses for a more personalised medicine 

approach. Additionally, these intestinal organoids can be used for co-culturing with patient-

derived immune cells and microorganisms. This application can be used to study interactions 

of organoids with their TME to further elucidate the effects of TME on cancer development, 

progression and treatment response.  

Despite the potential use of organoids, there are a number of considerations and limitations that 

need to be overcome for this to be a more robust model with a variety of clinical applications. 

One of the major limitations of this model is the cost and standardization of protocols used for 

organoid generation. Optimistically, as this model becomes more widely used and resource 

availability increases, the cost of this culture method would decrease and more laboratories 

from developing countries could contribute to the use of organoids to study disease biology. 

However, despite these limitations, organoid models still present with a unique opportunity to 

investigate complex cellular pathways in cancer with the potential to facilitate patient-centred 

translational benefits.  
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8. Annexure 1 

8.1. Reconstitution Methodologies for Reagents 

Table S 1: Reagents and concentrations required to generate the media for sample 

collection 

Reagent Concentration 

DMEM (Thermo Fischer Scientific, USA) 1 x 

Primocin (Davies Diagnostics, RSA) 2.5 mg/mL  

Glutamax Supplement (Thermo Fischer 

Scientific, USA) 

1 x 

HEPES (Thermo Fischer Scientific, USA) 10 mM 

 

Reconstitution of ROCKi (Y-27632 dihydrochloride) to 10 mM stock solution 

• Dilute 1 mg of Y-27632 dihydrochloride in 312,25 µl distilled water 

• Store as 13 µl aliquots at -20˚C 

 

Generation of 25% BSA in PBS 

• Weigh 5 g of BSA and mix with 20 mL of PBS 

 

Tip pre-wetting solution, 10 mL  

• Add 400 µL of 25% BSA to 9.6 mL of DMEM/F12 

 

Dispase Reconstitution as 10 mg/mL aliquots 

• Weigh 100 mg of Dispase 

• Combine 100 mg of Dispase with 10 mL of DPBS 

 

Table S 2: Reagents and concentrations required to generate tissue dissociation buffer 

(TDB)  

Reagents Concentration 

DMEM with 1 mM Glutamax, 15 mM HEPES and 2.5% FBS 

DMEM 1 x 

Glutamax supplement 1mM 

HEPES 15mM  

FBS 2.5% 

Dispase 

 10 mg/mL 
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Collagenase II 

Weigh 15mg and add directly to TDB - 

Primocin™ 2.5 mg/mL 

ROCK Inhibitor 10 µM 

*Note: before adding Primocin™ and ROCK inhibitor, sterile filter the tissue dissociation 

buffer and then add 

 

Table S 3: Reagents and concentration required to generate collagenase IV digestion 

buffer. 

Reagent Concentration 

Organoid media 1 x 

Collagenase 100 mg/mL 

 

Table S 4: Reagents and concentrations required to generate Complete Intesticult™ 

Organoid medium (non-cancerous organoid media). 
Reagent Concentration 

Complete Intesticult™ Organoid Growth Medium 

Intesticult™ Organoid Growth Medium 

Basal media 

1 x 

Intesticult™ Organoid Growth Medium 

Organoid Supplement 

1 x 

Primocin™ 

Primocin™ 2.5 mg/mL 

ROCK Inhibitor 

ROCK Inhibitor 10 µM 

 

Table S 5: Reagents and concentrations required to make Basal Intesticult™ Organoid 

Growth Medium (cancer organoid media). 

Reagent Concentration 

Intesticult™ Organoid Growth Medium Basal 

Intesticult™ Organoid Growth Medium 

Basal media 

1 x 

Primocin™ 

Primocin™ 2.5 mg/mL 

ROCK Inhibitor 

ROCK Inhibitor 10 µM 

 

Table S 6: Reagents and volumes used to make washing solution for organoid 

immunofluorescence. 
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Reagent Volume (mL) 

DPBS (Thermo Fischer Scietific, USA) 14.849  

Tween-20 (Sigma, UK) 0.001 (0.1%) 

BSA (VWR, USA) 0.15 (1%) 

Final Volume  15  

  

 

Preparation of TBE buffer for agarose gel electrophoresis 

• Weigh 108 g of Tris(hydroxymethyl)aminomethane (SRL Chem, India, pH 10.5 – 11, 

Molecular weight 121.14) 

• Weigh 55 g of Boric acid (Calibiochem, USA, pH 3.6 - 4, Molecular weight 61.83) 

• Weigh 7.5 g of EDTA (Ethylenediaminetetraacetic acid tetrasodium salt dihydrate) 

(Sigma Aldrich, UK, Molecular weight 416.20) 

• Dissolve above components in 900 mL of distilled water 

• pH to 8.0 

• Make to 1 L 

 

8.2.  Agarose Gel Electrophoresis RT-qPCR Optimization 

 

 

Supplementary Figure 1: Representative gel images for PCR optimization. These sets of gel 

images are the PCR results we have obtained thus far for the genes that was used to 

characterize the organoids. The approximate PCR product lengths that would be obtained was 

generated using in silico PCR. The first gel image depicts GAPDH was loaded into the first 

well and produced a faint band at the expected product size of 183 base pairs. The middle wells 

contained CHGA and no band was produced and the last well contained EpCAM, which 
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produced a faint band when run at 61.1°C. The faint band for EpCAM was correlated to the 

expected product size of 103 base pairs.  The second gel depicts the results for CHGA and LYZ. 

No band was evident for CHGA in the range of 50-55°C, however, a brighter band was 

produced for LYZ at 53°C.at the expected PCR product size which was 95 base pairs. The third 

gel depicts the results of CHGA that was run at 4 different temperatures, a range from 56- 

62°C and it is evident that a faint band was produced at 62°C. The size of the PCR product 

also correlates to the expected product size of 57bp. The fourth gel depicts the results for LGR5 

and MUC2. The LGR5 sample contained bands present in both the sample and no template 

control indicating contamination, despite the size being correlated to the expected product 

length. MUC2 correlated to the expected PCR product size being 117 base pairs as well as 

produced a brighter band at 60.6°C so this was selected as the temperature moving forward. 

The fifth gel depicts the results of Ki-67 and LGR5. The Ki-67 sample approximately correlated 

to the expected size, which is 209 base pairs and produced a band only at 60°C. A fresh LGR5 

sample was made and the size correlated to that of the expected PCR product length, which 

was 248 base pairs as well as produced a bright band at 60.6°C without contamination of the 

NTC. The sixth gel depicts the PCR products for VIL1. VIL1, being lowly expressed, was run 

at a temperature range of 55-60°C and it was noted that the brightest band was present at 

57°C so this was selected as the optimal temperature for this gene and the obtained size 

correlated to the expected PCR product size that was 122 base pairs. 
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