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ABSTRACT OF THE THESIS 

Identification of Chemicals with the Potential to Help Maintain Pluripotency of Human 
Embryonic Stem Cells in a Suspension Bioreactor 

by 

Christina Oviya Jones Tarcius Doss 

Master of Science, Graduate Program in Bioengineering  
University of California, Riverside, December 2024 

Dr. Nicole zur Nieden, Chairperson 
 

The unique combination of their self-renewal and potency has heightened demand for pluripotent 

stem cells (PSCs), including embryonic stem cells (ESCs) and induced pluripotent stem cells, 

making their mass production a major focus in regenerative medicine and tissue engineering 

research. Allowing for large-scale stem cell production, suspension bioreactors are emerging as a 

promising alternative to traditional tissue culture dishes. Bioreactors offer a controlled 

environment that facilitates the mass growth of PSCs by regulating specific conditions, including 

oxygen levels, nutrient composition, and shear stress. However, human PSCs are sensitive to 

fluctuations in these conditions, which can result in unwanted differentiation. Indeed, our 

previously conducted global transcriptome analyses revealed two populations of cells upon 

bioreactor culture, one with a naïve pluripotent transcript signature and another more 

differentiated one. This sensitivity to unwanted differentiation necessitates precise control over 

factors such as growth media and culture additives.  

Therefore, the present study explores the complex and poorly understood signaling pathways that 

regulate cell fate in suspension bioreactors aiming to identify compounds that sustain 
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pluripotency in a bioreactor environment. Twenty-one differentially expressed candidate kinases 

and receptors were identified from the previous RNA sequencing data set. Next, a plate-based 

chemical screening assay was conducted to evaluate both activators and inhibitors of identified 

candidate pathways. To determine the effects of these chemicals on stem cell pluripotency, 

colonies were stained for alkaline phosphatase and imaged. Several quantification methods 

utilizing ImageJ FIJI software were implemented to analyze the morphology, proliferation, and 

quality of colonies. Among these methods, a novel characterization approach was proposed, and 

method optimization enhanced reliability and accuracy, improving stain quantification and 

morphological analysis. For example, this image-based quantification of pluripotency revealed 

that the chemicals utilized for the activation of PI3K (740 Y-P TFA), MAPK (Asiatic acid), and 

inhibition of TGFβ (LY2157299) and FAK (Y15) pathways significantly enhanced cellular 

pluripotency. Altogether, this study serves as a preliminary screening method that revealed 

potential molecular targets and mechanisms that govern self-renewal, leading to the identification 

of chemical combinations with the potential to sustain pluripotency in human embryonic stem 

cells within bioreactor systems.  
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1 INTRODUCTION 

1.1 Stem Cells 

Each organ in the body contains stem cells that play a crucial role in the maintenance and 

repair of tissues. Stem cells are unique cells in the body that have the remarkable potential to 

develop into many different cell types. They serve as a repair system, capable of dividing without 

limit to replenish other cells as long as the person or animal is alive. Stem cells are pivotal for 

advancing medicine and research due to their potential to reveal developmental processes and 

the origins of various conditions. In regenerative medicine, stem cell-based therapies show 

immense promise for treating diseases by restoring physiological function through cell 

replacement or stimulating the body's natural repair mechanisms. These approaches have the 

potential to revolutionize treatments for a wide range of conditions, offering hope for improved 

outcomes and personalized therapies. (Xu et al., 2008; Amabile & Meissner., 2009; Apati et al., 

2018).  The main types of stem cells are Embryonic Stem Cells (ESCs) are Pluripotent Stem Cells 

(PSCs), meaning they can differentiate into nearly any cell type in the body that are used in 

regenerative medicine for studying early human development and drug testing.  

ASCs are multipotent or unipotent, meaning they have a limited ability to differentiate 

into specific cell types. They reside in specialized niches that regulate their activity. ASCs have been 

identified in tissues like the hematopoietic system (HSCs), central nervous system, liver, skin, 

cornea, gut, skeletal muscle, adipose tissue, and bone marrow (e.g., mesenchymal stem cells or 

MSCs) (Yang et al., 2017; Lange et al., 2022). ASCs play vital roles in regenerative medicine due to 

their differentiation potential and bioactive molecule secretion, showing promise in treating 

injuries, inflammation, and age- degeneration. Further research is needed to enhance their 
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therapeutic potential and address challenges like cell heterogeneity (NRC 20002; Ahsan et al., 

2008; Komal Loya,2014; Audronė et al.,2017). 

Induced pluripotent stem cells (iPSCs) are reprogrammed adult cells (e.g., skin or blood) 

reverted to a pluripotent state using key transcription factors (OCT4, SOX2, KLF4, and c-MYC) 

(Waring et al., 2015; Cerneckis et al., 2024). Discovered by Takahashi and Yamanaka in 2006, this 

groundbreaking method bypasses the ethical concerns of embryonic stem cells, earning him a 

Nobel Prize. iPSCs, like embryonic stem cells, can differentiate into nearly any cell type and self-

renew indefinitely, making them invaluable for regenerative medicine, personalized therapies, 

drug testing, and disease modeling while reducing the risk of immune rejection (Takahashi et al., 

2007; Huangfu et al., 2008; Ben-David et al., 2013). Despite their promise, iPSCs face challenges, 

including genetic/epigenetic instability and risks of tumor formation due to the reprogramming 

process. Maintaining iPSCs in culture requires carefully controlled conditions to prevent loss of 

pluripotency and unwanted differentiation. Issues such as cell aggregation and heterogeneity 

complicate the production of pure, uniform populations, limiting their therapeutic potential 

(Jaenisch, 2004; Kim et al., 2022). Addressing these challenges is crucial to advancing iPSC-based 

clinical applications (Lyssiotis et al., 2009; McLaren et al., 2013; Romito & Cobellis, 2016; Li et al., 

2018).  

Understanding the mechanism behind self-renewal could reveal how cell fate is regulated 

during embryonic development, post-natal growth, aging, and cancer. Such information may also 

enable scientists to grow stem cells in the laboratory.  

1.1.1 Totipotent Stem Cells 

The earliest totipotent stem cells are zygote formed after fertilization which has unique 

ability to differentiate into an entire organism, including all embryonic and extra-embryonic 
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tissues. The zygote undergoes sequential cleavage into smaller cells called blastomeres, 

progressing from a single cell to two, four, and eventually eight cells in 1 to 3 days. During these 

early divisions, each blastomere remains totipotent, retaining the potential to develop into a 

complete organism if isolated. By the time the embryo reaches the 16-32 cell stage in 3 to 4 days, 

it resembles a morula. At this stage, the cells begin to compact and interact more closely with one 

another. Totipotency gradually diminishes as cells continue dividing and differentiating. Some cells 

start to commit to specific roles in embryonic or extra-embryonic tissues. The morula transforms 

into a blastocyst in 5 to 6 days. The blastocyst comprises two distinct layers, which are the outer 

cell mass (trophoblast or trophectoderm) and the inner cell mass (ICM or embryoblast). The 

trophectoderm contributes to the formation of extra-embryonic tissues, which later develop into 

structures like the placenta, chorion, and umbilical cord. The embryoblast develops into the 

embryo itself. The cells in the ICM are no longer totipotent but are now pluripotent, meaning they 

can form most but not all cell types (placental tissues). Once the blastocyst forms, totipotency is 

lost (Gilbert, 2006; Lu & Zhang, 2015; Tabansky & Stern 2016; Genet &Torres-Padilla, 2020).  

1.1.2 Pluripotent Stem Cells 

Pluripotent stem cells have the potential to differentiate into all the three germ layers among 

in vitro-derived stem cells, capable of generating all adult cell types (Keller, 2005; Sirenko et al., 

2013; Romito & Cobellis, 2016). The germ layers are the three primary layers of cells formed during 

early embryonic development, which give rise to all the tissues and organs of the body. These 

germ layers are fundamental in establishing the body's basic structural and functional organization 

during development. These germ layers are ectoderm that gives rise to the skin, nervous system 

(including the brain and spinal cord), and other tissues like hair and nails, mesoderm that forms 

structures such as muscles, bones, the circulatory system, kidneys, and reproductive organs and 
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endoderm that develops into internal organs such as the lungs, liver, pancreas, and digestive 

system (Evans & Kaufman, 1981; Martin, 1981; Thomson et al., 1998). Naïve pluripotency is the 

earliest and most primitive state of pluripotent stem cells, resembling pre-implantation epiblast 

cells. These cells are highly pluripotent and express core pluripotency genes (Oct4, Sox2, NANOG). 

In contrast, primed pluripotency represents a more advanced state, poised for differentiation and 

resembling post-implantation epiblast cells. Different phases of pluripotency, like naive and 

primed, have been identified and stabilized with specific culture conditions (Brons et al., 2007; 

Nichols & Smith, 2009).  

1.2 Ways To Maintain Pluripotency 

Pluripotent stem cells are typically cultured in static vessels, either as adherent 

monolayers or as non-adherent spherical aggregates. While this method is adequate for 

generating cells for experimental use, it is impractical for producing the large quantities needed 

for clinical or commercial applications. For PSC-based therapies, the required cell dosages can 

range from 109 to 1012 cells per patient, depending on the specific therapeutic target. To meet 

these demands effectively, scalable bioreactors must be utilized. Such bioreactors offer several 

advantages, including lower operating and labor costs, enhanced scalability, and improved process 

control capabilities. Previous research indicates that expanding hPSCs as aggregates in stirred 

suspension bioreactors provides notable production advantages over traditional static cell culture 

methods. These bioreactor systems enable the control and standardization of key physiological 

parameters, leading to the generation of high-quality batches with substantial cell yields (Krawetz 

et al., 2010; Rodrigues et al., 2011; Rohani et al., 2020).  

A pluripotent stem cell suspension bioreactor is designed to culture PSCs in a liquid 

environment, maintaining their pluripotency and viability for scalable applications in research, 
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regenerative medicine, and tissue engineering. The type of bioreactor and its design significantly 

impact the growth, expansion, and differentiation potential of PSCs. Some common bioreactor 

types are Stirred-Tank bioreactors, used for large-scale PSC culture with mechanical stirring, Wave 

-bioreactors which use gentle rocking and are ideal for smaller-scale applications, and Air-Lift 

bioreactors which injects air for gentle mixing and efficient gas exchange.  In Suspension 

bioreactors the cells are kept in suspension through agitation (mechanical stirring, air sparging, or 

rocking), ensuring even distribution of nutrients, gases, and growth factors. Oxygen is provided via 

air or oxygen-enriched gas to meet the cells' high metabolic demands. The bioreactor controls 

temperature, pH, and nutrients, and uses waste removal systems to improve cell health.  In 

addition to bioreactor, media are crucial components in the culture and expansion of PSCs. 

Bioreactors provide the necessary environment to culture PSCs at large scale, while media supply 

the nutrients, growth factors, and conditions needed to maintain the pluripotent state and 

support cell health. Together, they enable the production of high-quality PSCs for research, clinical 

applications, and regenerative medicine. In bioreactors, media are continuously replenished, with 

tightly controlled factors like oxygen, pH, and nutrients to sustain pluripotency, minimizing 

immune rejection risks in therapeutic applications (Kehoe et al., 2010; Wang et al., 2013). 

Bioreactors offer scalable stem cell expansion but have limitations that can alter cell fate. 

Challenges include shear stress, uneven nutrient distribution, unintended differentiation, cell 

aggregation, loss of stemness, and variability during scale-up. These issues may lead to cell 

damage, differentiation, or senescence. Addressing them requires optimizing bioreactor design, 

monitoring systems, and leveraging pathways like Wnt signaling to maintain stemness and control 

cell behavior. 
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Research has shown that the culture environment—including feeder cells, extracellular 

matrices, and signaling molecules such as Wnt, FGF, and BMP—strongly influences alkaline 

phosphatase (ALP) activity. Notably, Wnt signaling plays a key role in sustaining pluripotency, with 

its modulation significantly impacting ALP activity (Blauwkamp et al., 2012). 

 

1.2.1 Media composition 

Media are liquid solutions that provide essential nutrients, vitamins, growth factors, and 

hormones to support the growth and maintenance of PSCs while preserving their undifferentiated 

and pluripotent state. Cell culture media typically include amino acids, carbohydrates, salts, 

vitamins, and buffering agents, with optional supplements like serum and growth factors. 

Specialized media, such as mTeSR, are designed for long-term PSC culture without feeder cells or 

serum, ensuring consistency and reliability for research and clinical applications (Ludwig et al., 

2006; Lanon et al., 2008). Essential 8 (E8) is a simplified serum-free and xeno-free medium 

containing eight essential components, including bFGF, TGF-β, insulin, and ascorbic acid, designed 

for efficient and high-quality maintenance of hPSCs without animal-derived components, making 

it suitable for clinical applications. Knock Out DMEM and StemPro™ are also widely used for 

supporting hESCs and iPSCs, with supplements like bFGF to enhance growth and maintain 

pluripotency. Proper media selection is vital for optimal cell growth and therapeutic potential.  

mTeSR1 and E8 are the most commonly used media for hPSC culture.  

1.2.2 Growth Factors 

Growth factors are essential for culturing PSCs, working synergistically with culture media 

to maintain their undifferentiated state, promote self-renewal, and ensure growth and viability. 

Key growth factors include bFGF, critical for preventing differentiation and promoting PSC 
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proliferation, included in media like mTeSR1 and E8, Activin A which maintains pluripotency by 

activating the SMAD signaling pathway, TGF-β which regulates pluripotency and prevents 

differentiation into endodermal and mesodermal lineages ,LIF essential for sustaining 

pluripotency in mouse embryonic stem cells (mESCs) and additional factors like insulin, transferrin, 

selenium, ethanolamine, sodium pyruvate, and ascorbic acid  that support hPSC survival and self-

renewal, further enhancing culture efficiency. 

Growth factors and small molecule inhibitors maintain pluripotency by blocking differentiation 

pathways. Fibroblast Growth Factor 2 (FGF2) is a potent activator of MAPK/ERK signaling and can 

also stimulate PI3K. In the culture medium of hESCs, the presence of basic fibroblast growth factor 

(bFGF) activates the epidermal growth factor receptor (EGFR) and the insulin-like growth factor 1 

receptor (IGF1R), which in turn stimulates both the PI3K and MEK/ERK signaling pathways (Turner 

&Grose, 2010). 

1.2.3 Small Molecule Inhibitors 

Small molecule inhibitors are sometimes added to the culture media to block signaling 

pathways that would otherwise lead to differentiation.  

     GSK-3 Inhibitors (CHIR99021) are often used to activate the Wnt signaling pathway, which 

is involved in maintaining pluripotency and promoting cell proliferation. MEK Inhibitors 

(PD0325901) are used to inhibit the MAPK/ERK signaling pathway, which helps maintain stem cell 

self-renewal. Activin A and TGF-β help prevent cells from differentiating into endodermal or 

mesodermal lineages, keeping them in an undifferentiated state. In the case of iPSCs, specific 

growth factors and small molecules are used to reprogram somatic cells back into a pluripotent 

state (Huang et al.,2017). 
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Maintaining the pluripotency of hESC relies on the interplay of various signaling pathways. 

The interaction between these pathways adds complexity, as there is dependent crosstalk 

between them, occurring both directly and indirectly. The design of a reproducible and robust 

bioprocess should be dynamic, incorporating ongoing efforts to understand how the process will 

respond over time and under various stresses. This understanding is essential before moving into 

large-scale production, where these stresses will be intensified. 

1.3 Signaling Pathways  

Signaling pathways are central to maintaining pluripotency and regulating the behavior of 

stem cells. They respond to external signals and direct the internal machinery of cells, ensuring 

that stem cells self-renew when necessary and differentiate into specialized cell types under the 

right conditions. Understanding and manipulating these pathways is essential for advancing stem 

cell research, regenerative medicine, and therapies for various diseases. These pathways are 

tightly regulated, and disruptions in these signaling networks can lead to loss of pluripotency, 

uncontrolled differentiation, or tumor formation. Key pathways include TGF-β/SMAD for 

maintaining pluripotency in hPSCs that activate SMAD proteins to regulate gene expression. 

Inhibition of this pathway promotes mesoderm and endoderm differentiation. FGF/ERK pathway 

is essential for self-renewal and proliferation. bFGF activates the ERK/MAPK pathway to support 

the undifferentiated state. Wnt/β-Catenin pathway regulates pluripotency or differentiation based 

on β-catenin stabilization. LIF/STAT3 pathway promotes self-renewal in mouse ESCs but is not 

effective in human PSCs. PI3K/AKT pathway supports cell survival, metabolism, and self-renewal 

by activating AKT signaling. Notch signalling pathway influences cell fate decisions and self-

renewal by regulating gene expression through Notch intracellular domain (NICD). A variety of 

synergistically working signaling pathways, including the Wnt signaling, p38 MAPK, PI3K, insulin 
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growth factor (IGF)/insulin, CK1a, SHP2, IRS1, LKB1, PGDFR, JNK, EGFR, PKC, TGF, and PAK, 

FAK, TAK pathways, regulate the fate of hPSCs in culture while relying on growth factor 

supplementation.  

1.4 Pluripotency Assays 

Assaying pluripotency ensures the quality, functionality, and safety of pluripotent stem 

cells (PSCs) such as ESCs and iPSCs. It verifies their ability to self-renew, differentiate into all three 

germ layers, and maintain genomic stability. This is essential for authenticating cell identity, 

guaranteeing functional potential, maintaining culture consistency, meeting safety standards for 

clinical use, and supporting reliable research. Pluripotency assays are vital for advancing both basic 

science and therapeutic applications, reducing risks in regenerative medicine and ensuring high-

quality outcomes. 

The alkaline phosphatase (ALP) assay is commonly used to assess pluripotency in stem 

cells, particularly ESCs and iPSCs. ALP enzyme expression and activity are primarily regulated by 

the developmental status of cells and tissues. This regulation makes ALP a valuable marker for 

tracking differentiation processes in both in vivo and in vitro settings. High ALP activity is 

characteristic of pluripotent stem cells, such as embryonic stem and induced pluripotent stem 

cells, reflecting their undifferentiated state. As differentiation proceeds, ALP activity decreases, 

marking the transition from a pluripotent state to lineage commitment (Stefkova et al., 2015). This 

regulation of ALP underscores its utility in monitoring differentiation and lineage specification 

(Caverzasio & Manen, 2007). This characteristic is based on the high ALP activity observed in the 

inner cell mass (ICM) of the blastocyst stage, in contrast to trophoblast cells, which do not exhibit 

high ALP levels. As the ICM differentiates into specialized lineages, ALP expression diminishes, but 

it remains present in specific cell populations like primordial germ (PG) cells and reappears in 
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certain tissues, such as osteoblasts, during development. Most pluripotent stem cells, including 

embryonal carcinoma (EC) cells, embryonic germ (EG) cells, embryonic stem cells, and induced 

pluripotent stem cells, exhibit high ALP activity, marking their undifferentiated state and 

pluripotency. Epiblast stem cells, derived from the epiblast of later embryonic stages, show an 

absence of ALP activity. These cells possess more restricted pluripotency compared to ESC, 

reflecting their more differentiated phenotype (Brons et al., 2007; Tesar et al., 2007). 

In experiments, ALP staining is used to visualize pluripotent colonies, often resulting in 

distinct color changes (e.g., pink, purple, or blue) upon staining. Positive ALP staining suggests 

pluripotency, while reduced or absent staining implies differentiation (Martello & Smith 2014).  

ALP staining was one of the initial assays used to validate successful reprogramming when iPSCs 

were first generated from somatic cells (Takahashi Yamanaka, 2006), High ALP activity was a 

hallmark of reprogrammed cells, akin to ESCs, indicating that these cells had regained 

pluripotency. Researchers have effectively utilized ALP staining to monitor the differentiation 

processes of pluripotent stem cells. In various studies involving directed differentiation protocols, 

a notable reduction in ALP staining was observed, indicating that the cells were transitioning from 

a pluripotent state to specialized cell types. This correlation provides a useful marker for tracking 

differentiation. Additionally, comparative studies assessing ALP expression across different stem 

cell lines have revealed variations in ALP activity. ALP staining is a crucial quality control tool in 

stem cell research, particularly for large-scale culture and expansion. It provides a rapid, cost-

effective method to confirm that stem cell cultures remain undifferentiated, ensuring reliability 

for experimental or therapeutic applications in regenerative medicine and disease modelling. ALP 

staining is widely used to monitor pluripotency throughout preclinical phases. 
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1.5 From Pixels to Precision: Navigating the World of Image Analysis 

While visual assessment of ALP staining offers a qualitative overview, quantitative analysis 

is critical for accurate and reproducible evaluations. It enables objective comparisons of 

pluripotency across different cell populations, culture conditions, or treatments, making it an 

indispensable method in pluripotency and differentiation studies. 

ImageJ is a powerful, open-source software widely used in biological research for image 

acquisition and analysis, including ALP staining in stem cell studies. Its cost-effectiveness and 

accessibility make it a valuable alternative to expensive commercial software, particularly for labs 

with limited resources. Developed with a focus on biological applications, ImageJ's extensible 

plugin architecture and custom macro capabilities enable tailored, automated, and batch 

processing of large datasets. These features reduce user bias, improve efficiency, and support a 

wide range of microscopy-based quantifications (Jensen, 2013). 

For ALP staining, ImageJ allows colony-level analysis, providing both staining intensity and 

spatial context. This enables detailed examination of heterogeneity within stem cell cultures, 

which bulk methods cannot address. It also supports morphometric analyses, offering metrics 

such as stained colony counts, staining intensity, total stained area, and colony morphology. 

Researchers can visually inspect images alongside quantitative data, ensuring accuracy and 

reliability. ImageJ’s ability to process multiple images simultaneously and its background 

subtraction and normalization features improve consistency and data quality. 

Fiji, an enhanced version of ImageJ, bridges biology and computer science by enabling 

collaboration and integrating advanced algorithms for biological challenges. While ImageJ has 

many advantages, it requires standardized imaging conditions to avoid variability. Inconsistent 

lighting or staining can affect results, and manual analysis may introduce subjectivity if not 
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automated. Despite these limitations, ImageJ provides a versatile, precise, and non-destructive 

approach for ALP staining analysis, preserving samples for downstream studies and long-term 

storage. 

The Tagged Image File Format (TIFF) is commonly used in scientific applications due to its 

uncompressed nature and ability to store embedded metadata, which is crucial for accurate 

interpretation and reproducibility of results. TIFF files contain essential information such as image 

scaling, laser wavelengths, and other parameters that ensure consistent image analysis. 

Bit Depth refers to the number of bits used to represent the color or intensity of each pixel 

in an image. It determines the image's color range, quality, and dynamic range. 8-bit depth 

provides 256 shades per channel (16.7 million colors), common in digital images and web graphics. 

16-bit depth offers 65,536 shades per channel (281 trillion colors), used for high-quality images, 

allowing smoother gradients and more detailed color information. 32-bit depth is used for High 

Dynamic Range (HDR) imaging, representing over 4 billion colors, with an additional alpha channel 

for transparency (Cheng et al 2001). 

Higher bit depths capture a wider range of brightness levels, making them suitable for 

post-processing and minimizing banding artifacts. They are essential for professional photography 

and scientific research, where maintaining detail in highlights and shadows is crucial. 

ImageJ, a popular image analysis tool, supports different bit depths, including 8-bit, 16-

bit, and 32-bit float formats. These high bit depths are especially useful in scientific imaging for 

quantitative analysis, offering more accurate measurements and reducing noise. ImageJ provides 

tools for background subtraction, area and intensity measurements, and geometric 

transformations, making it a versatile tool for detailed image processing and analysis (Collins  

2007). Bit depth in ImageJ is an essential feature that influences how images are analyzed and 
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processed. Understanding and managing bit depth is crucial for ensuring that images retain their 

quality and detail throughout various stages of imaging and analysis, particularly in scientific 

research and professional imaging. In ImageJ, bit depth refers to the number of bits used to 

represent the color or intensity of each pixel in an image. ImageJ supports various bit depths, 

which can affect how images are processed, analyzed, and visualized. Here’s an overview of how 

bit depth works in ImageJ, including how to check and adjust it(Nagasaka et al 2017;Rueden et al 

2017) 

  ImageJ supports several bit depths. In an 8bit depth each pixel represents 256 intensity 

levels (0-255) that is commonly used for grayscale images and simple color images.  In a 16-bit 

depth each pixel represents 65,536 intensity levels (0-4095). This is ideal for scientific imaging, as 

it allows for more detailed data and less noise in the image.  A 32-bit float is used for high dynamic 

range imaging and can represent a vast range of values, including decimals. This format is often 

used for advanced image processing and analysis. 

    High bit depth images (16-bit or 32-bit) are especially useful in scientific applications, such 

as Quantitative analysis for more accurate measurements due to greater intensity resolution and 

in image processing as Advanced technique that can be applied without degrading image quality 

(Gallagher, 2010). 

1.5.1 Software settings 

Before conducting the analysis of an image, it is essential to understand the relevant 

parameters and settings that are part of the process. This understanding facilitates the selection 

of optimal conditions that yield the most accurate results and aids in the interpretation of the 

data. Here, various parameters are employed, examining the advantages and disadvantages of the 

methods and each setting. The impact is studied, and an attempt is made to optimize the stain 
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quantification method. Since stain intensity is the desired measurement, the following parameters 

were considered. 

1.5.2 Thresholding 

Thresholding is an image processing technique that converts grayscale images into binary 

images based on intensity thresholds. Thresholding highlights regions of interest by setting pixel 

intensity ranges, enabling efficient analysis and measurement of objects. A threshold value (or 

range) is chosen to differentiate the foreground (objects) from the background. In a grayscale 

image, the total pixel intensity ranges from 0 (black) to 255 (white) for 8-bit images. Pixels with 

intensities above the threshold are typically considered foreground while those below are set to 

the background (or vice versa, depending on the application). After applying the wanted 

threshold, the image is usually converted to a binary black and white form. Foreground pixels are 

assigned one value (white or “1”), and background pixels are assigned another (black or “0”), 

making objects distinct from the background (Gonzalez and Richard., 2002). 

Thresholding is widely used for object segmentation in  isolating cells, tissues, or colonies 

from the background in ALP stained images, in particle size analysis for measuring size and 

distribution in microscopy, in feature separation for differentiating components like nuclei or blood 

vessels, for intensity-based filtering in analyzing stained regions in histological images, in 

morphometric analysis for  extracting shape features like perimeter or circularity, in medical 

imaging for segmenting structures (e.g., bones, tumors) in CT, MRI, or X-rays in automated analysis  

for preprocessing large datasets in high-throughput workflows. 

Manual thresholding and auto thresholding are two approaches to segmenting an image 

by converting grayscale values into binary images based on intensity levels. Manual Thresholding 

involves user selection of a specific intensity value to separate foreground from background. It is 
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suitable for images with high contrast or clear boundaries, offering direct control and precision, 

especially when dealing with images with uneven lighting or complex features with distinct pixel 

values that automatic algorithms might struggle to classify accurately. Manual thresholding allows 

researchers to accurately isolate stained colonies of pluripotent cells by adjusting the threshold to 

select stained areas, which is crucial in images with varied background lighting or staining 

intensity. Additionally, it enables tailored adjustments in cases of irregular colony morphology or 

background noise, leveraging user expertise for precise analysis. A higher threshold may facilitate 

the identification of more areas; however, it can also introduce excessive specks or noise. Manual 

Thresholding is time-consuming, prone to user bias, and less efficient for large datasets (Schneider 

et al 2012). 

Automatic thresholding is more efficient for large datasets or high-throughput analysis, 

reduces subjectivity and user bias by automating the threshold selection process and can handle 

complex images with varying intensities or lighting conditions. Auto thresholding uses algorithms 

like Otsu’s method, Yen, and adaptive thresholding to automatically determine the optimal 

threshold value for segmentation, often based on image properties such as histogram analysis. It 

is faster, more consistent, and efficient, especially for high-throughput analysis or images with 

complex conditions. However, it offers less control and may struggle with images with uneven 

contrast or overlapping intensities (Otsu 1979). 

Automatic thresholding is ideal for processing large datasets with consistent foreground-

background contrasts, whereas manual thresholding is better suited for fine-tuning specific 

images with irregular conditions. 
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1.5.3 Edge Processing 

When processing images of stem cells stained for pluripotency markers like ALP, edge 

detection plays a vital role in two key analyses. Quantifying colony formation (i.e. analyzing edges) 

allows for accurate counting of colonies and colony size measurement, which is essential for 

assessing stem cell growth and viability. Morphological analysis (i.e. edge detection) evaluates the 

shape and spread of colonies, offering insights into the health and differentiation status of the 

stem cells. These analyses are crucial for understanding stem cell behavior and characteristics in 

research focused on pluripotency and differentiation. Undifferentiated colonies typically exhibit a 

round morphology, characterized by smooth and well-defined edges. These colonies are generally 

uniform in appearance and density. Their consistent shape and structure make it easier to use 

image processing techniques. In contrast, differentiated cells often display irregular or spiky 

morphologies. These shapes can be more complex, featuring protrusions, indentations, or uneven 

edges (Nagasaka et al 2017). The "Find Edges" filter identifies boundaries based on sharp changes 

in pixel intensity. By highlighting only the significant intensity changes, the algorithm reduces the 

impact of irrelevant details in the image. This method improves the differentiation of distinct 

morphological characteristics of the colonies while also mitigating noise and artifacts that could 

compromise subsequent thresholding operations (Russ and Neal, 2016). 

1.5.4 Masking 

Masking is a fundamental technique in image processing to isolate specific regions of 

interest within an image for detailed analysis. This method allows users to select and delineate 

areas based on criteria such as pixel intensity, color, or geometric shape. Masking effectively 

removes unwanted background noise, allowing researchers to focus on relevant features and 

thereby enhancing the clarity of subsequent analyses. Once regions are masked, a variety of 
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quantitative measurements can be performed on the isolated areas, including metrics related to 

area, intensity, and shape. This process typically involves thresholding to generating an image 

representing the specific features of interest, such as cellular colonies or other objects of study. 

The masked regions can be accessed and analyzed using the “Analyze Particles” function within 

ImageJ, followed by selecting the “Mask” option from the “Show” dropdown menu (Figure 1). The 

application of masks not only enables quantitative assessment; it also enhances the visualization 

of specific features within an image, making the analysis more comprehensible and robust. 

Through these capabilities, ImageJ masking serves as a valuable tool for researchers across various 

fields of study (Sheffield 2008).  

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: The mask of the measured colonies can be accessed by using the ‘analyze particle’ function. 
 

1.5.5 Outline 

Outlining particles is accessed via the "Analyze Particles" function of ImageJ. By selecting 

the "Outline" option from the "Show" dropdown menu, the software generates an 8-bit image 

that displays the outlines of measured colonies in a binary format. Each particle identified in the 
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image is delineated with a distinct outline, which is labeled and assigned specific gray levels. This 

functionality is instrumental for clearly visualizing the boundaries of measured particles, thereby 

enhancing the analysis of results and the presentation of data. 

1.5.6 Holes Inclusion 

In image processing, holes refer to gaps or empty regions within objects or segmented 

areas, which can affect the accuracy of analysis, especially in tasks like measuring morphology. 

These holes can be categorized into intra-object holes (holes within the object itself, a void inside 

a cell or colony), background holes (gaps in the background that may need to be addressed during 

segmentation) and artifacts (false holes caused by noise, improper thresholding, or incomplete 

segmentation). 

Hole filling is essential for proper segmentation, ensuring that gaps within objects are 

treated as part of the object. This is important for tasks like colony counting or particle analysis. 

techniques for hole handling include morphological operations such as dilation, closing, and direct 

hole filling to remove or fill holes and post-processing to refine thresholded images for continuous, 

connected objects. Hole filling is crucial in biomedical imaging to maintain the integrity of analyses 

involving cell colonies, tissues, or particles. Proper handling ensures more accurate and reliable 

results (Stefkova et al 2015). 

The “Include Holes “option in ImageJ which can be found under the analyze particle 

window was employed for all images. This feature allows the software to interpret the structure 

of particles in a binary image by determining whether to account for interior holes within those 

particles. When enabled, ImageJ recognizes interior holes as integral components of the particles. 

Consequently, the software identifies each particle by tracing its outer boundary, incorporating 

any enclosed areas (holes) as part of the same particle. This method demonstrated a degree of 
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reliability in the analysis of staining and morphological characteristics and was consequently 

chosen for the quantification of all images. 

1.6 Goals of the Study 

The zur Nieden lab has previously conducted an RNA sequencing study of stirred-

suspension bioreactor cultivated human ESCs. In collaboration with the lab of Dr. Hideaki Tsutsui 

(Chemical Engineering, UCR) they have compared the resulting transcript profiles to cells grown 

in adherent conditions as well as cells that were aggregated, but not stirred. In that study, 

transcript signatures were found that suggested that the shear stress in the stirred environment 

is partially able to overcome aggregation-induced differentiation. Similarly, kinases and receptors 

associated with several signaling pathways were identified to be differentially regulated, 

potentially governing the observed changes. This led to the hypothesis that such signaling 

pathways may be manipulated to overcome the aggregation effect completely and yield naïve 

pluripotent colonies in stirred suspension, which brings the advantages listed above. Since 

bioreactors require relatively large culturing volumes, testing this hypothesis in stirred tanks is not 

financially feasible. Therefore, the ultimate goal of this study was to screen the identified chemical 

modulators in 2D cell culture plates for their effect on pluripotency. 

To assess pluripotency in smaller scale settings, such as 48-well plates, a limited number 

of pluripotency assays exist, among them ALP stain. To quantitatively assess ALP activity, the 

immediate goal of this study was to develop a quantitative image-based analysis using ImageJ 

software. Quantitative analysis of colonies in image-based studies is critical for evaluating 

experimental outcomes in biological research. Accurate detection depends on effective 

thresholding and particle size settings to distinguish colonies from background noise. Manual 

thresholding, although precise, is subjective and time-intensive, while automatic thresholding 



20 
 

provides efficiency but may diminish under variable conditions. Additionally, the inclusion or 

exclusion of particle holes further complicates the analysis. This study aims to systematically 

evaluate these factors to optimize colony detection accuracy. 

Therefore, the goal of the study is to develop an imaging analysis method with which we 

can assess pluripotency in cell cultures, on plates. Secondarily, the goal is to characterize the 

pluripotency in chemically manipulated cultures using this new method. 

2 MATERIALS AND METHODS 

2.1 Human Embryonic Stem Cells Culture Maintenance 

Human embryonic stem cells of the H9 line (WiCell Research institute, Madison, WI, USA) 

were cultured according to previous protocols established and used within the zur Nieden lab 

(Madrid et al., 2023). The cells were viewed under an optical microscope (Nikon Eclipse 80i, Nikon 

Instruments, Melville, NY, USA) to assess morphology and confluency. Once they reached 60-80% 

confluency, typically within 3-4 days, they were passaged to a new well. 

The wells were coated with Matrigel (BD Biosciences, San Diego, CA, USA), prepared using 

14 mL of DMEM/F12 medium and 1 mL of Matrigel. The coated wells were incubated at 37°C with 

5% CO2 for 15 minutes. Then, 1 mL of mTeSR medium (Stem Cell Technologies, Seattle, WA, USA) 

was added to the Matrigel-coated wells. 

In the old wells containing H9 cells, the supernatant was discarded, and the cells were 

washed twice with 1X phosphate-buffered saline (PBS). Accutase® was then added to facilitate 

enzymatic cell dissociation for 1 minute at room temperature. The Accutase® was carefully 

removed, and 1 mL of mTeSR medium (at room temperature) was added to each well. Cell scrapers 

were employed to physically detach the cells from the Matrigel. 
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The cell suspension was gently pipetted up and down to break the cell cluster into smaller 

aggregates and the colony size was checked under the microscope. The cell suspension was then 

added to new Matrigel-coated wells containing mTeSR medium, following a ratio based on 

confluency (the standard ratio for H9 cell passaging was 1:6 for 70% confluency). The culture plate 

was subsequently placed in an incubator at 37°C with 5% CO2. Cells were checked daily under a 

microscope for growth and any potential contamination until they reached 60-80% confluency. 

 

Figure 2: Schematic diagram of the chemical screening assay protocol: (A) Serial dilution and chemical media 
preparation, (B) Clump formation and Rocki plating setup. Created with Biorender. 
 

2.2 Chemical Screening Assay 

The plate-based chemical screening assay was conducted under two distinct culture 

conditions: aggregates of cell colonies or cell clusters (clumps) and single cells (ROCKi). The 

transition to single-cell culture was facilitated using a Rho-associated protein kinase inhibitor 

A 
A B 
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(ROCKi) Y-27632. The assay included three concentrations of each chemical compound (C1, C2, 

and C3). Each concentration was replicated across three wells, resulting in a total of nine wells per 

chemical (3 concentrations × 3 trials) (Figure 2). 

2.3 Chemical Media Preparation  

Predilution stocks were prepared from the chemical stocks based on their IC50 values, 

utilizing two dilution schemes: 1:5 and 1:10. From these predilutions, C1 was established, followed 

by C2 and C3 through serial dilution, with C1 representing the highest concentration and C3 the 

lowest (Figure 2A).  The chemical media were prepared based on the concentrations specified in 

Table 1. 

In the 1:5 dilution series, 1600 µL of mTeSR was added to each of the three designated 

tubes. Following this, 400 µL of the predilution was introduced into each tube. The tubes were 

then capped, inverted, and mixed thoroughly. To create C2, 400 µL was transferred from the first 

tube (C1) to the second tube (C2), which was subsequently mixed. Finally, 400 µL from C2 was 

transferred to the third tube (C3), followed by thorough mixing. 
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Table 1: Concentrations used for chemical media preparation 

TARGET CHEMICAL NAME C1 C2 C3 
p38MAPKa Asiatic Acid 1 µM 5 µM 25 µM 
I3Ka 740 Y-P TFA 2 µg/ml 10 µg/ml 50 µg/ml 
IGF1Ri BMS-536924 1 µM 0.1 µM 0.01 µM 
IGF1Ri Linsitinib (OSI-906) 0.16 µM 0.8 µM 4 µM 
CK1αi Epiblastin A 0.4 µM 2 µM 10 µM 
SHP2i LY6 2 µM 10 µM 50 µM 
IRS1a Insulin 1 nM 5 nM 25 nM 
LKB1a TMPA 4 µM 20 µM 100 µM 
PDGFRba PDGF-BB 1 ng/ml 5 ng/ml 25 ng/ml 
JNKi JNK-IN-8 1 nM 5 nM 25 nM 
EGFRi Icotinib 1 nM 5 nM 25 nM 
PKC PKC-IN-1 8 nM 80 nM 800 nM 
PKCεi Epsilon-V1-2 0.2 µM 1 µM 5 µM 
PDK1i MP7 0.2 µM 1 µM 5 µM 
FAKi Y15 0.2 µM 2 µM 20 µM 
FAKi YH-306 2 µM 10 µM 25 µM 
TAK1a TGFbeta-1 100 pg/ml 1 ng/ml 10 ng/ml 
TGFbi LY2157299 monohydrate 2 nM 10 nM 50 nM 
TGFbi GW788388 0.2 µM 1 µM 20 µM 
PAK1i NVS-PAK1-1 0.4 µM 2 µM 10 µM 
PAK1i G-5555 1 µM 5 µM 20 µM 
IGF1Ra IGF1 25 ng/ml 5 ng/ml 1 ng/ml 
CK1αa SSTC3 100 nM 30 nM 10 nM 
LKB1i Pim1/AKK1-IN-1 3 µM 1 µM 0.3 µM 
EGFRa NSC228155 10 µM 3 µM 1 µM 
PKCεa PMA 

 (Phorbol 12-myristate 13-acetate) 

10 µM 3 µM 1 µM 
PKCεi Sotrastaurin 10 nM 3 nM 1 nM 
TAK1i Takinib 30 nM 10 nM 3 nM 

 

2.4 Clump Method 

As previously described, H9 cells were split in a 1:6 ratio into 48 well plates once 70% 

confluence was reached. A total of 250 µL of the prepared cell suspension was added to each well. 

Subsequently, 250 µL of the corresponding chemical media (C1, C2, or C3) was introduced to each 

well, yielding a total volume of 500 µL per well. Control wells were prepared by adding 250 µL of 
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cell suspension and 250 µL of mTeSR medium. Cells were monitored daily for growth and 

morphological changes throughout the experimental period. Once cells reached 60-80% 

confluency, typically after three days, they were fixed and subjected to staining for subsequent 

analysis. 

2.5 ROCKi Method 

The H9 cells were pretreated with 10 µM ROCK inhibitor (ROCKi) in mTeSR1 medium for 1 

hour. Following pretreatment, the media was aspirated, and the cells were rinsed three times with 

phosphate-buffered saline (PBS) containing magnesium (Mg2+) and calcium (Ca2+) ions (PBS -Mg²+ 

-Ca²+). Subsequently, cells were treated with pre-warmed 0.25% Trypsin-EDTA solution at 37 °C for 

5 minutes, with a volume of 1 mL per well in a six-well plate. Neutralization of trypsin was achieved 

by adding an equal volume of medium-containing cell suspension. The cell suspension was 

transferred to a conical tube containing a 50% fetal bovine serum (FBS) and Dulbecco's Modified 

Eagle Medium (DMEM) mixture, maintaining a 1:1 ratio (e.g., 1 mL of Trypsin, 1 mL of FBS, and 1 

mL of DMEM per well) and was centrifuged at 1200 rpm for 5 minutes. Subsequently, the 

supernatant was carefully aspirated, and the cell pellet was resuspended in an appropriate volume 

of 10 µM ROCKi in the ratio of 1:1000 of mTeSR1 medium. To achieve a single-cell suspension, the 

cells were gently triturated using a 1000 µL pipette approximately 15-20 times. The cells were then 

counted using a hemocytometer. Following cell counting, approximately 1,467 cells were seeded 

in mTeSR1 medium containing 10 µM ROCKi into wells of a Matrigel-coated 48-well plate. 

Subsequently, 250 µL of the corresponding chemical media (C1, C2, or C3) was introduced to each 

well, yielding a total volume of 500 µL per well. The medium was changed to mTeSR1 without 

ROCKi 24 hours post-seeding. Control wells were treated with 250 µL of cell suspension and 250 

µL of mTeSR medium. Cells were monitored daily for growth and morphological changes 
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throughout the experimental period. Once cells reached 60-80% confluency they were fixed and 

subjected to staining for subsequent analysis. 

2.6 Alkaline Phosphatase (AP) Staining 

After 4 days of culture, the medium was carefully aspirated from all 48 wells, and cells 

were washed with 1 mL of 1X phosphate-buffered saline with Tween PBST (1X PBS containing 

0.05% Tween-20). Following this, the wash solution was aspirated. The fixing solution (supplied 

with the staining kit) was added and incubated at room temperature for 2 minutes. After 

incubation, the fixing solution was removed, and the fixed cells were washed twice with 1 mL of 

1X PBST. Alkaline phosphatase (AP) staining solution was added to each well, and the cells were 

incubated at room temperature for 15 to 30 minutes in the dark to protect from light exposure. 

Upon completion of the incubation period, the AP staining solution was aspirated, and the stained 

cells were washed twice with 1 mL of 1X phosphate-buffered saline (PBS). The cells were then 

stored in 1X PBS at 4°C for long-term preservation while the cells overlaid with 1X PBS containing 

20% glycerol and maintained at 4°C. 

2.7 Statistical Analysis 

A one-way ANOVA to assess the differences between the various concentrations and the 

control group was conducted. The analysis was performed using GraphPad Prism software (v9.2., 

GraphPad Software Inc., San Diego, CA, USA). P-values less than 0.05 were deemed significant. 

3 RESULTS 

The cells were exposed to chemicals in a 48-well plate for a chemical screening assay. The 

colonies were stained with alkaline phosphatase stain when the cells reached 60-80% confluence, 

typically after 3 days for clump conditions and 4 days for ROCKi conditions. Visual observation of 
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colonies utilizing a microscope, such as the Echo Revolve microscope, allows for the preliminary 

assessment of the effects of various chemicals. However, this method alone is insufficient for a 

comprehensive analysis. Incorporating computerized image analysis provides a more reliable and 

quantitative evaluation of the observed results, thereby enhancing the accuracy of the conclusions 

drawn from the study. 

To differentiate between differentiated and undifferentiated colonies, various methods to 

assess stain intensity and morphology from images were employed. Each method has its 

advantages and disadvantages. For instance, some methods may provide clearer visualization and 

require more complex procedures, while others are simpler and less precise. 

In this study, we selected a method that demonstrated a significant difference in stain 

intensity and effectively identifies the morphological differences between differentiated and 

undifferentiated cells. This approach enhanced our understanding of the effects of the chemicals 

on cell differentiation, facilitating accurate classification. Below is an outline of steps taken to 

develop the image analysis approach and reach the ultimate goal of quantitatively assessing the 

effect of selected chemical modulators on pluripotency.  
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3.1 Quantification of ALP using Image J 

3.1.1 Method I: Edge Detection Method 

The study was to visualize the edges effectively before applying thresholding to isolate the 

colonies and to study the morphology of the undifferentiated and differentiated colonies. This 

method employed a series of systematic steps for image processing and analysis as shown in the 

figure below. Initially, input TIFF images were converted to an 8-bit grayscale format, creating a 

duplicate grayscale image for further processing.  

Figure 3: Flowchart of Method 1- Edge Processing for Morphological Analysis. 
 

Edge detection was performed using the "Find Edges" function, resulting in an image that 

highlighted the edges of the colonies. The image was then automatically thresholded to optimize 

the coverage of the colonies and ensure that the majority of them were distinctly marked in red. 

Following the thresholding process, the image was converted into a binary format. 
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The Region of Interest (ROI) Manager was used to define a circular selection with a 

consistent diameter of 2790 pixels across all images. The "Clear Outside" command removed data 

outside this circular area. Before analysis, the cropped binary image was redirected to its original 

grayscale version. 

The cropped images were then analyzed using the "Analyze Particles" command. The size 

range for included particles varied based on the particulate characteristics of the images, set 

between 50 pixels and infinity or from 1500 pixels to infinity, to exclude debris below the specified 

thresholds. The “Redirect to” pull-down menu was used to choose the relevant image as reference 

for analysis (Stossi et al 2023) (Figure 3). When measuring data, it is crucial to select the 

appropriate image to ensure accurate results. Finally, relevant quantitative data were extracted 

from the measurements taken from the images (Figure 4). 

Figure 4: Edge Detection Method for Morphology Analysis. (A, G) Original TIFF image representing round 
and spiky colonies. (B, H) Image after applying the Find Edges filter. (C, I) Image with adjusted threshold, 
highlighting areas of interest in red. (D, J) A binary image is created after applying the threshold. (E, K) Mask 
of the measured colonies. (F, L) Outlines of the measured colonies. 
 

Despite the application of "Find Edges," there were challenges in fully highlighting the 

colonies. The darker parts of the colonies were not adequately detected or highlighted during the 

thresholding process. This issue suggested that the intensity values of these darker regions were 
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not significantly different from their background, making them less likely to be recognized as 

edges. After applying the "Find Edges," thresholding was performed to delineate the colonies 

further. Both round and spiky colonies yielded similar values, which could hinder the 

differentiation of morphological features indicating that the edge process may not have been 

sensitive enough to capture the unique characteristics of the spiky morphology, leading to a loss 

of detail necessary for accurate analysis. 

3.1.2 Method II: Image Subtraction Method 

When culture plates are fixed and stained, a common issue encountered is the presence 

of debris, stain particles, and dead single-cells that remain even after washing with PBS. These 

unwanted particles can complicate the analysis, as they may be misidentified as colonies during 

the thresholding step. This misidentification can adversely affect the quantification of stain 

intensity by skewing the mean values. The presence of dead single cells, which typically appear 

circular, can artificially inflate the mean circularity measurements, leading to inaccurate 

assessments.  

A method was employed to remove artifacts, enabling accurate measurement of viable colonies 

and minimizing debris interference to improve the reliability of quantitative analyses. 
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Figure 5: Image calculator dialog box displaying the thresholded image "Image1" (saved as "Round1") and 
the debris mask "Image2" (saved as "Mask of Round 1").  
 

The subtraction command facilitates the removal of one image from another, thereby 

enabling the isolation of specific features, such as colonies from debris. This process can be 

executed by navigating to the command: Process > Image Calculator. Following the analysis of 

particles, a mask will be generated that highlights the debris. This binary mask, characterized by 

white pixels representing debris and black pixels representing the background, will serve as the 

basis for subtraction. The "Subtract" operation is selected to remove the debris mask from the 

thresholded image (Figure 5). 

 

The initial steps of this method are consistent with those of the previous approach, 

involving the conversion of the image to an 8-bit format, followed by edge processing, 

thresholding, and masking. In the final steps, a mask specifically for debris and artifacts is 

generated by adjusting the circularity value during the analyze particle step. Given that debris and 

artifacts typically exhibit smaller and more circular characteristics compared to the actual 

colonies, a mask isolating only the debris can be achieved by setting a circularity value between 
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0.25 and 1.00 in pixel units. Subsequently, this debris mask is subtracted from the thresholded 

image, resulting in a mask that primarily contains only the colonies (Figure 6).  

The resultant image will exclusively display the colonies, with areas previously occupied 

by debris rendered black (or zeroed out), thereby providing a clear representation of the colonies 

(Figure 7). 

Figure 6: Flowchart of Method 2: Image Subtraction for Debris and Noise Reduction. 
 

Figure 7: Image subtraction method for debris and noise reduction. (a) Original TIFF image of round colonies. 
(b) Thresholded image. (c) Mask of debris and noise to be removed. (d) Resultant image after subtraction, 
displaying the colonies. 
 

This method operation effectively subtracted the pixel values of the debris mask from the 

image of the colonies and eliminated noise or artifacts that may arise during thresholding. This 
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method presented several advantages; however, it was crucial to accurately define the debris 

mask. Failure to do so resulted in the unintended removal of portions of the colonies, 

consequently leading to the loss of valuable data. Selecting appropriate thresholds for both the 

colonies and the debris can be challenging and may require multiple adjustments. Inaccurate 

thresholding can result in either incomplete removal of debris or the loss of important colony 

details. Furthermore, reliance on circularity as a parameter may not adequately include all types 

of debris, particularly those exhibiting irregular shapes. 

3.1.3 Method III: Standard Stain Quantification and Morphological Analysis 

This method represented a modification of the procedures discussed in the publication by 

Bolte et al (2006). The initial steps of this method are consistent with those described earlier. They 

involve generating a binary image and creating a duplicate to serve as the reference image in the 

final phase of the procedure (Figure 8).  

 

Figure 8: Flowchart of Method 3: Standard Stain Analysis method for Stain Quantification and Morphological 
Analysis. 
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In this method, the threshold can be manually and automatically adjusted to encompass 

the entire area of interest for stain quantification, specifically focusing on the colonies while 

eliminating unwanted debris and artifacts from the thresholding process. Any artifacts generated 

during the thresholding step are subsequently removed in the analyze particles section by defining 

the pixel size for analysis, which varies for each image (1000-40000). For the analysis of colonies, 

the thresholded image is redirected to the input image (grayscale), replacing black masks with 

shaded masks based on the intensity of the input image (Figure 9).   

Figure 9: Method Optimization for Stain Quantification Morphological Analysis (a) Original TIFF image of 
round and spiky colonies(representative). (b) Thresholded image. (c) Mask of the measured colonies. (d) 
Outlines of the measured colonies. 
 

One of the notable limitations of this method was its inability to detect lightly stained 

colonies or areas within colonies where staining is insufficient during the thresholding process, 

which typically occurs at the centers of larger colonies and spiky fragments of differentiated 

colonies. When lightly stained areas of colonies were not detected during thresholding, it resulted 
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in incomplete representation of the colonies leading to underestimation of colony counts and 

potentially obscuring important phenotypic variations within the sample. This lack of sensitivity 

may adversely affect parameters such as area fraction, circularity, mean gray value, and other 

relevant metrics. To address this issue, the "Include Holes" option in ImageJ which can be found 

under the analyze particle window was employed for all images. This feature allowed the software 

to interpret the structure of particles in a binary image by determining whether to account for 

interior holes within those particles. When enabled, ImageJ recognizes interior holes as integral 

components of the particles. Consequently, the software identified each particle by tracing its 

outer boundary. 

3.1.4 Method III Optimization 

This study further examined the effects of manual and automatic thresholding, particle 

inclusion sizes, and hole inclusion/exclusion on colony detection accuracy. Systematic 

experimentation was performed using five threshold settings (automatic and specific ranges) and 

particle inclusion sizes ranging from 5000 to 40000 pixels. The results demonstrated the impact of 

these parameters on noise reduction, colony differentiation, and detection accuracy, providing a 

robust framework for improving colony analysis workflows. 
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Figure 10: Representative image showing round colonies with varying threshold values. The threshold 
settings are as follows (a)automatic threshold (b)a very low threshold (c)moderate threshold (d)higher 
threshold. 

Various thresholding and particle inclusion size settings were experimented to determine 

their effects on the data and how they impact the accuracy of colony detection. The goal here was 

to determine how different thresholding values (both manual and automatic) would affect the 

analysis and how these values relate to colony detection accuracy. Several trials were 

conducted to assess the influence of various threshold settings and particle inclusion sizes on the 

data. Five distinct threshold values were employed in the experiment, including automatic 

thresholding. These values were categorized as follows: a threshold range of 7 was considered a 

very low threshold, a range of 25 represented a moderate threshold, and a range of 45 indicated 

a high threshold.  

Five different particle inclusion sizes were also tested, ranging from small to large (5000, 

10000, 20000, 30000, and 40000). These sizes determine the minimum size of particles that the 

software will include as valid colonies. 



36 
 

Figure 10 shows how the thresholding beyond certain ranges adds more noise or causes 

particles to be falsely identified as colonies, leading to incorrect values. When the threshold is too 

high, the software might exclude smaller colonies or other features of interest, while including too 

many small debris or noise. If the threshold is too low, it might include too many irrelevant 

particles, increasing the chance of false positives. The figures and graphs help illustrate the 

differences between a true value threshold (the one that accurately captures the colonies of 

interest) and automatic thresholding values.  

The graphs in Figure 11 highlight how automatic and manual thresholds influence data 

accuracy. The deviation from the actual threshold (true value) is highlighted, with the green bar 

representing round images and the blue bar representing spiky representative images. 

i. Thresholding Analysis 

Automatic Thresholding provided consistent but suboptimal results when image 

conditions varied. Low Threshold (7) overestimated colony areas, capturing noise and irrelevant 

particles. Moderate Threshold (25) balanced noise reduction and colony detection but failed to 

exclude some unwanted particles. The High Threshold (45) excluded most noise but occasionally 

omitted smaller colonies. Optimized Threshold delivered the most accurate results by tailoring 

settings to specific image features. 

 

 

ii. Particle Inclusion Size Analysis 

  Smaller sizes (5000, 10000 pixels) detected noise and debris as colonies. Intermediate size 

(20000 pixels) achieved a balance between sensitivity and specificity. Larger sizes (30000, 40000 

pixels): missed smaller colonies, reducing detection accuracy. 
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iii. Hole Inclusion Analysis 

 Including holes accurately identified hollow colonies, aiding morphological analysis whereas 

excluding holes simplified solid colony detection but misclassified hollow colonies. 
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Figure 11: Graph showing the relationship between mean gray value and circularity for different particle 
inclusion sizes and thresholds. Green bars represent the true values for round colonies, while blue bars 
represent true values for spiky colonies. 
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3.2 Data Measurement 

At the end of the analysis several endpoint measures are listed by the software. These 

shall be explained below. 

i. Mean Gray Value (Stain Intensity) 

Lower mean gray values correspond to darker-stained colonies, which typically indicate higher 

levels of alkaline phosphatase (ALP) marker expression and, consequently, greater pluripotency. 

Conversely, lighter-stained colonies, indicative of differentiation, display higher mean gray values.  

ii. Circularity 

This shape descriptor quantifies how closely a colony's shape resembles a perfect circle, with 

values ranging from 0 to 1. Higher circularity values suggest uniform and compact colonies, 

typically associated with undifferentiated states. Lower values indicate irregular or fragmented 

shapes, which may correspond to differentiation or morphological changes due to environmental 

factors.  

iii. Area Fraction 

This metric represents the proportion of the image occupied by colonies. Higher area fractions 

correlate with increased proliferation or colony density, while lower fractions may signify slower 

proliferation rates or cell death.  

iv. Normalized Intensity 

Data normalization was achieved by dividing the mean gray value by circularity, allowing for a 

composite metric that reduces shape-related biases. This approach enhances the accuracy of 

comparisons by integrating both intensity and shape features into a single value, providing a 

nuanced analysis of colony characteristics. 
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3.3 Effect of Chemicals 

Twenty-one chemicals were originally identified from the RNA sequencing and protein 

microarray experiments previously conducted and the resulting images of the cell screen analyzed 

according to the optimized method 3 developed above. Representative images and resulting 

graphs for the mean grey value, circularity and normalized intensity are charted in the appendix 

and summarized in Table 2.  
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Table 2: Summary of the results for all chemicals, including their target molecules, experimental conditions 
(Clump or Rocki), expected effects, observed results based on image analysis and statistical analysis, and the 
concentrations of the chemicals that showed significant effects. 
 

↑ Increased PP
↔ Maintained or no effect
↓ Decreased/Toxic

TARGET CHEMICAL NAME Expected Effect CONDITION Sample Size Observed effect Concentration
CLUMP 9 ↑ All
ROCKi 10 ↔ C1
CLUMP 7 ↑ C3
ROCKi 7 ↔ C2
CLUMP 10 ↔ -
ROCKi 10 ↔ -
CLUMP 8 ↔ C3
ROCKi 7 ↔ C2
CLUMP 7 ↑ C2
ROCKi 7 ↔ C2
CLUMP 9 ↑ C3
ROCKi 10 ↔ C1,C2
CLUMP 7 ↑ C3
ROCKi 7 ↑ C1
CLUMP 7 ↔ C3
ROCKi 6 ↔ C3
CLUMP 10 ↑ C3
ROCKi 8 ↔ -
CLUMP 7 ↔ C1
ROCKi 8 ↔ -
CLUMP 8 ↑ C1
ROCKi 8 ↔ -
CLUMP 7 ↔ -
ROCKi 8 ↔ -
CLUMP 10 ↑ C3
ROCKi 10 ↑ C2
CLUMP 10 ↔ C3
ROCKi 10 ↔ C3
CLUMP 7 ↑ C2
ROCKi 7 ↔ C2
CLUMP 8 ↔ -
ROCKi 8 ↔ -
CLUMP 10 ↔
ROCKi 8 ↔
CLUMP 9 ↔ C2
ROCKi 10 ↔
CLUMP 10 ↑ C3
ROCKi 9 ↑ C3
CLUMP 10 ↓ -
ROCKi 7 ↓ -
CLUMP 7 ↔ C3
ROCKi 7 ↔ C3
CLUMP 8 ↑ C1,C3
ROCKi 7 ↔ C1,C3
CLUMP 7 ↓ C1
ROCKi 7 ↓ -
CLUMP 6 ↔
ROCKi 7 ↑
CLUMP N/A ↓ -
ROCKi N/A ↓ -
CLUMP N/A ↓ -
ROCKi N/A ↓ -
CLUMP 7 ↔ C1
ROCKi 7 ↔ C1
CLUMP 7 ↑ C1
ROCKi 7 ↑ C1,C2

p38MAPKa Asiatic Acid
↑

PI3Ka 740 Y-P TFA
↑

IGF1Ri BMS-536924
↓

IGF1Ri Linsitinib (OSI-906)
↓

CK1αi Epiblastin A
↓

SHP2i LY6
↓

IRS1a Insulin
↓

LKB1a
TMPA

↓

PDGFRba PDGF-BB
↓

JNKi JNK-IN-8
↓

EGFRi Icotinib
↓

PKC PKC-IN-1
↓

PKCεi Epsilon-V1-2
↓

PDK1i
MP7

↓

FAKi Y15
↑

FAKi YH-306
↑

TAK1a TGFbeta-1
↓

TGFbi LY2157299 monohydrate
↑

TGFbi GW788388
↑

PAK1i NVS-PAK1-1
↑

PAK1i G-5555 
↑

IGF1Ra IGF1
↑

CK1αa SSTC3
↑

LKB1i Pim1/AKK1-IN-1
↑ C2

PKCεi Sotrastaurin
↑

TAK1i Takinib
↑

EGFRa NSC228155
↑

PKCεa
PMA (Phorbol 12-myristate 13-

acetate) ↓
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This table also lists the names of the chemicals alongside their target molecules. The 

expected effects are derived from previously conducted protein array experiments and literature 

review. The observed results are based on image analysis and statistical evaluation using one-way 

ANOVA. The sample size corresponds to the number of images analyzed per chemical, while the 

concentrations represent the levels that effectively maintained pluripotency according to the One-

Way ANOVA test. 

Each chemical was compared with their respective untreated controls. In sum, chemicals 

such as Asiatic Acid, 740 YP TFA, Y15, YH306, and TGF-β inhibitors, including LY2157299 and 

GG788388, were hypothesized to enhance pluripotency. Image analysis of the observed data 

indeed indicated an increase in pluripotency, particularly under the clump condition. However, 

although YH306 did not show a noticeable increase in pluripotency, it also did not result in a 

decrease; rather, it appeared to help maintain pluripotency. On the other hand, chemicals such as 

NVS-PASK1-1, which were expected to support the maintenance of pluripotency, proved to be 

toxic. 

A second round of chemical screening was then conducted using seven additional 

chemicals with decreased pluripotency as expected. In this second round, the chemical was 

switched to achieve the opposite from before. For example, the TAK activator TGF-β was expected 

to decrease pluripotency (and image analysis suggested no increase), a chemical inhibitor to TAK1, 

Takinib, was used to manipulate the activation state of this specific signaling pathway in the 

second round, where it was expected to show improvements in pluripotency. Among the 

chemicals tested, the Takinib compound indeed demonstrated a clear enhancement in 

pluripotency both in clump and ROCKi conditions, as anticipated. However, some chemicals, such 
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as NSC228155 and SSTC3, were unfortunately found to be toxic and their concentrations might 

need to be reduced in subsequent testing to prevent cell death. 

3.5. Potential Chemical Combinations 

The plate-based chemical screening assay, coupled with image analysis and statistical 

evaluation, allowed us to identify potential targets and assess the effects of various chemicals on 

pluripotency. This approach facilitated the identification of potential chemical combinations 

(Figure 12) that could help maintain pluripotency in a bioreactor environment.  

 

 
Figure 12: Potential combinations of chemicals. 
 

4 DISCUSSION 

In this study, a plate-based chemical screening assay was conducted to evaluate both 

activators and inhibitors of critical pathways associated with pluripotency including MAPK, TGF-β, 

IGF, and PI3 kinase that play roles in either inducing or suppressing differentiation (Brons et al. 

2007). The cells were tested in a single-celled environment created using ROCK inhibitor (ROCKi) 

as well as in the environment where cells were allowed to proliferate and form colonies. To 

effectively visualize and differentiate between undifferentiated and differentiated colonies, AP 

staining procedures were employed. The purple-stained cell colonies from AP staining, indicative 

of undifferentiated ESCs, were enumerated in contrast to the colorless or lightly stained colonies, 

which represented differentiated ESCs, using a light microscope (Bolte and Cordelieres 2006; 
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Martello 2014) and a method developed here to analyze pluripotency from images of ALP-stained 

cell colonies. This chapter will discuss the advantages and disadvantages of image analysis 

followed by a discussion of the signaling pathways studied herein in the context of the results 

obtained.  

4.1 Application of Image J 

The application of ImageJ in chemical screening of pluripotency offers significant advantages in 

stem cell research, especially when evaluating the impact of various compounds on stem cell 

behavior. This powerful image processing software has proven to be a highly efficient tool for the 

quantitative assessment of pluripotency-related parameters, making it an invaluable asset in both 

high-throughput and detailed stem cell studies (Blauwkamp et al 2012). 

One of the primary strengths of ImageJ is its ability to perform automated, quantitative 

analysis of cell morphology. Pluripotent stem cells exhibit distinctive morphological 

characteristics, such as compact colonies with clear boundaries, specific cell shapes, and sizes that 

differ from differentiated cells. By analyzing these features, ImageJ enables the identification of 

compounds that may influence pluripotency. For instance, compounds that promote 

differentiation often led to changes in cell shape, colony structure, and size (Katarzyna et al 2023). 

In this study, we successfully utilized ImageJ to differentiate between pluripotent and 

differentiated cells based on these morphological changes, thus identifying chemical compounds 

that either support or inhibit stem cell self-renewal. This capability of ImageJ to discern subtle 

morphological alterations allows researchers to gain insights into the biological effects of 

treatments on pluripotency (Yu Jin Zhang 2001). 

Another key feature of ImageJ is its ability to assess cell proliferation and viability, which 

are critical metrics for understanding the impact of chemical treatments on stem cell growth. By 
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using assays such as viability dyes and proliferation markers, ImageJ allowed us to quantify the 

effects of chemical compounds on cell survival and division. The analysis revealed compounds that 

induced significant changes in cell proliferation, either by promoting or inhibiting growth. For 

instance, compounds that inhibit proliferation may drive differentiation or maintain cells in a more 

quiescent state, while others might stimulate cell expansion, which is important for therapeutic 

applications. Understanding these proliferation dynamics is essential for optimizing culture 

conditions and chemical treatments in pluripotent stem cell research (Tesar et al., 2007). 

The ability of ImageJ to analyze time-lapse and dynamic imaging data adds an additional 

layer of insight into how chemical treatments influence stem cell behavior over time. By tracking 

changes in colony size, morphology, and movement, researchers can observe real-time effects of 

compounds on pluripotency. This dynamic capability helps to identify compounds that have a 

sustained effect on stem cell cultures, allowing for more accurate predictions of their long-term 

impact. In this study, we used time-lapse imaging to monitor the progression of stem cell colonies 

in response to various chemical treatments, providing insights into the immediate and long-term 

effects on pluripotency. 

Moreover, high-throughput screening is made feasible through ImageJ's ability to process 

large datasets quickly and accurately. The automation of image analysis enables the screening of 

hundreds or even thousands of chemical compounds in parallel. This high-throughput capability 

is crucial for identifying novel compounds that regulate pluripotency. The integration of ImageJ 

with automated imaging systems further enhances its utility in large-scale screening efforts, 

offering an efficient way to identify promising candidates for stem cell-based therapies (Rueden 

et al 2017; Schindelin et al 2019). 
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Lastly, the integration and interpretation of data generated by ImageJ with other 

experimental results, such as gene expression profiling or proteomic analyses, allows for a more 

holistic understanding of how chemical treatments modulate pluripotency. ImageJ can export data 

in formats suitable for statistical analysis, enabling researchers to identify significant trends and 

correlations. This data integration provides a comprehensive view of how individual compounds 

affect pluripotent stem cells on multiple levels, from morphology to molecular signaling, 

ultimately supporting the discovery of new therapeutic approaches (Gallagher 2010). 

While ImageJ provides an excellent tool for pluripotency screening, there are some 

limitations to consider. For example, the accuracy of analysis can be influenced by factors such as 

image quality, sample preparation, and the complexity of biological systems being studied. Future 

improvements in imaging techniques, including higher-resolution microscopy and advanced 

fluorescence detection methods, could enhance the capabilities of ImageJ in capturing more 

subtle cellular changes and improving the reliability of analysis (Hartig 2013). 

Additionally, while ImageJ can efficiently quantify morphological changes and marker 

expression, its ability to analyze more complex biological processes, such as gene regulation, signal 

transduction, or epigenetic modifications, is limited by its focus on image-based data. To address 

this, future research could combine ImageJ with other omics technologies, such as RNA 

sequencing or mass spectrometry, to gain a more comprehensive understanding of how chemical 

compounds influence pluripotency at the molecular level. The development of more advanced 

algorithms and machine learning approaches could improve the automation and accuracy of 

ImageJ’s analysis, allowing for even more sophisticated high-throughput screening and data 

interpretation. These innovations could help bridge the gap between image-based phenotyping 
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and functional genomics, enabling deeper insights into the molecular networks that control 

pluripotency and differentiation. 

 

4.2 Optimization of Parameters to Customize ImageJ Analysis 

The analyses conducted herein highlight the importance of fine-tuning threshold and 

particle inclusion size settings to achieve accurate colony detection. Automatic thresholding 

provides efficiency but often requires manual adjustment to account for variability in image 

quality, colony characteristics, and experimental conditions. The results presented herein also 

illustrate the challenges of extreme threshold settings—low thresholds tend to overestimate 

colony areas by including noise, while high thresholds risk excluding smaller colonies and relevant 

features. Optimized threshold settings that balance these extremes produce the most reliable 

results Caverzasio et al 2007). 

Particle inclusion size settings also play a pivotal role in colony detection accuracy. Smaller 

particle sizes are prone to capturing irrelevant debris, leading to false positives, whereas larger 

sizes risk excluding smaller colonies, underestimating the total colony count. Intermediate particle 

inclusion sizes, around 20,000 pixels, provided the best balance between specificity and sensitivity, 

as they excluded noise while retaining valid colonies (Stoddart 2011). 

In addition, decisions about hole inclusion can significantly influence detection accuracy. 

Including holes helps identify hollow colonies—potential indicators of differentiation—while 

excluding holes simplifies solid colony detection but may lead to misclassification. The relevance 

of morphological features like hollow centers should guide this decision based on experimental 

goals (Schindelin et al 2012). 
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Quantitative analysis using mean gray value, circularity, and area fraction further informed 

the evaluation of colony characteristics in this study. Lower mean gray values were associated with 

darker-stained colonies, reflecting higher pluripotency levels. Circularity values provided insights 

into colony uniformity, with higher values indicating undifferentiated and compact colonies. Area 

fraction measurements revealed the extent of colony proliferation, offering a metric to compare 

growth rates across different conditions (Stossi and Singh 2023). 

To reduce biases and improve data interpretability, normalized intensity values were 

calculated by dividing the mean gray value by circularity. This composite metric effectively 

integrated intensity and shape information, enabling more nuanced comparisons. The approach 

demonstrates how normalization can enhance the robustness of quantitative analyses in colony 

detection studies. 

Together, these findings emphasize that colony detection parameters cannot be 

universally standardized due to inherent variability in imaging conditions and colony morphology. 

Instead, dynamic adjustments tailored to specific experimental setups are necessary to ensure 

accurate and reproducible results. Researchers must carefully balance detection sensitivity with 

specificity, considering the impact of these parameters on the accuracy of colony counts and 

morphological assessments. 

4.3 Contrasting Observed Expected Results for Chemical Manipulators 

The chemicals tested here were chosen based on differential expression of kinases and 

receptors identified through prior RNA sequencing and protein microarray studies. Based on the 

knowledge that aggregation causes cells to differentiate and the fact that cells cultured in the 

suspension bioreactor with 60 rpm rotation speeds yielded two distinct expression signatures (one 

associated with naïve pluripotent cells and one associated with differentiation), the chemical 
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modulators were expected to exert a certain result on pluripotency as outlined in Table 3). While 

the image analysis was somewhat successful in studying and identifying the effects of the 

chemicals, it yielded mixed results. For some chemicals, the observed outcomes aligned with the 

expected results, while for others, discrepancies were noted. This discrepancy may be due to the 

limits of the image analysis as outlined above but may also stem from the fact that the gene 

signatures of the cells in the bioreactor stemmed from two different populations. Thus, our results 

shall be discussed in the context of the knowledge that exists about the chemicals used herein 

and the pathways that they modulate.  

Asiatic Acid, a natural triterpenoid from Centella asiatica, activates p38 MAPK, a kinase 

involved in stress responses, inflammation, differentiation, and apoptosis. This activation leads to 

phosphorylation of downstream targets like ATF2, Elk-1, and CHOP, promoting cellular processes. 

Activation by Asiatic Acid can increase PP by supporting cell differentiation and proliferation, 

particularly relevant in wound healing and tissue repair. Its ability to modulate p38 MAPK makes 

it a promising candidate for therapeutic applications in wound healing, tissue regeneration, and 

conditions requiring controlled proliferation and differentiation, such as fibrotic diseases. 

The compound 740 Y-P TFA is a synthetic PI3K activator that plays a critical role in 

activating the PI3K/Akt signaling pathway, a key regulator of cellular processes like proliferation, 

survival, and differentiation. It works by increasing the levels of PIP3, which activates downstream 

signaling proteins such as Akt. In this study, the data confirms 740 Y-P TFA as an effective activator 

of PI3K, leading to a significant increase in the PP, with a particularly strong impact observed in 

differentiation processes, as indicated by the green highlight. This underscores the compound's 

effectiveness in modulating PI3K signaling and its potential for influencing cellular outcomes like 

differentiation in therapeutic or experiments. 
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IGF1R Inhibitors BMS-536924 and Linsitinib both reduce PP as expected, with BMS-

536924 showing a particularly strong impact (compare green highlight, Table 3). This supports the 

role of IGF1R in regulating PP and highlights IGF1R inhibition as a viable therapeutic strategy. 

Epiblastin A is a selective inhibitor of CK1α, a serine/threonine kinase that plays a crucial 

role in regulating various cellular processes, including cell cycle control, apoptosis, and signaling 

pathways like Wnt. CK1α is involved in the regulation of several key processes, particularly those 

associated with the Wnt signaling pathway, and its inhibition can affect cellular functions such as 

proliferation, differentiation, and survival. By inhibiting CK1α, Epiblastin A disrupts the regulatory 

functions of CK1α, which may alter cellular signaling, leading to changes in processes like cell cycle 

progression, migration, and differentiation. In the present study, CK1α Inhibitor Epiblastin A 

reduced PP as expected, confirming CK1α’s role in regulating PP. The highlight in green in Table 3 

suggests the effect aligns with expectations confirming CK1α’s potential as a therapeutic target. 

LY6 is a SHP2 inhibitor, targeting a tyrosine phosphatase that regulates crucial signaling 

pathways involved in cell growth, survival, differentiation, and migration, including the 

RAS/RAF/MEK/ERK, PI3K/AKT, and JAK/STAT pathways. By inhibiting SHP2’s phosphatase activity, 

LY6 blocks the activation of key growth and survival pathways. This inhibition has potential 

therapeutic applications, particularly in cancer, where it can disrupt oncogenic signaling and limit 

tumor growth and metastasis, and in autoimmune diseases, where it may reduce immune cell 

activation and modulate overactive immune responses. Overall, LY6 could decrease cellular 

proliferation, survival, and migration, making it a promising candidate for treating diseases with 

dysregulated cellular signaling.  Ly6 increased PP in contrast to the expected outcome in our study.  

Insulin, through activation of IRS1 (Insulin Receptor Substrate 1), can lead to an increase 

in PP by mediating key signaling pathways that regulate cell metabolism, growth, and 



51 
 

differentiation. Upon binding to its receptor, insulin activates IRS1, which then triggers 

downstream cascades, including the PI3K/AKT and MAPK/ERK pathways. These pathways are 

crucial for promoting cell proliferation, survival, and differentiation. Particularly, the PI3K/AKT 

pathway regulates cellular growth and metabolism, while the MAPK/ERK pathway influences cell 

division and differentiation. As a result, insulin’s activation of IRS1 enhances PP, promoting cell 

growth and division in tissues sensitive to insulin signaling, such as adipose tissue, liver, muscle, 

and cancer cells. This process is vital for maintaining metabolic homeostasis, but in pathological 

conditions like cancer, dysregulated insulin signaling may contribute to tumor progression. Thus, 

insulin’s role in activating IRS1 is central to both normal cellular function and potential in disease 

progression. In our study, insulin had no remarkable effect on PP. 

The activation of LKB1 by TMPA is likely to reduce PP, as LKB1 activation typically leads to 

the activation of AMPK, which plays a central role in regulating cellular energy metabolism and 

maintaining cellular integrity under stress. AMPK activation inhibits the mTOR pathway, a major 

regulator of cell growth and proliferation. By suppressing mTOR, TMPA’s activation of LKB1 may 

reduce processes related to cell proliferation, leading to a decrease in PP. This is especially relevant 

in cancer, where enhanced LKB1 or AMPK activity may suppress uncontrolled cell proliferation. 

Thus, TMPA may decrease PP, contributing to its potential therapeutic value in diseases involving 

excessive cell proliferation, such as cancer, or in metabolic disorders where cellular homeostasis 

is disrupted. our results coincide with the earlier research as PP reduces with the increase in the 

concentration of TMPA. 

PDGFRβ activator PDGF-BB increased PP in contrast to the expected outcome, validating 

PDGFRβ’s role in promoting proliferation and differentiation. The absence of highlighting this 
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result in Table 3 suggests that the results are not particularly novel but confirm PDGFRβ 

activation’s relevance in cellular signaling. 

JNK Inhibitor reduced PP as expected, with the green highlight in Table 3 indicating a 

significant impact. This suggests that the JNK pathway is potentially essential in regulating PP, 

supporting JNK inhibition as a therapeutic strategy. 

EGFR Inhibitor Gefitinib effectively reduced PP, highlighting EGFR’s critical role in 

regulating PP. The green highlight in Table 3 reinforced its potential as a therapeutic target for 

modulating cell growth and survival. 

MP7 is a selective inhibitor of PDK1, a central kinase in the PI3K/Akt signaling pathway, 

which regulates critical cellular processes like survival, proliferation, metabolism, and growth. MP7 

inhibits PDK1, blocking its ability to phosphorylate Akt at Thr308, a key step required for Akt 

activation. Without this activation, Akt cannot fully transmit its downstream pro-survival and 

proliferative signals.  MP7 reduces the activation of Akt and its downstream signaling by inhibiting 

PDK1, leading to a decrease in PP. This reflects diminished cellular proliferation and survival 

signals, making MP7 potentially useful in conditions where inhibition of excessive cell growth is 

beneficial, such as in cancer treatment. Our results align with expectations, showing a reduction 

in PP, thereby confirming the critical role of PDK1 and Akt signaling in regulating these cellular 

functions. 

 FAK Inhibitors Y15 and YH-306 increase PP, confirming the role of FAK in regulating PP with 

a yellow highlight (compare Table 3) suggesting that the effect may have additional significance 

implications. TAK1 activation that triggers downstream signaling pathways, influencing various 

biological outcomes such as cell proliferation, survival, differentiation, and inflammation. 

Activation of TAK1 leads to the phosphorylation and activation of key transcription factors like NF-
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κB and AP-1, which regulate genes involved in inflammation and cell survival. The activation of 

TAK1 is expected to increase PP, supporting the role of TAK1 in promoting cellular growth and 

survival and its potential therapeutic applications in cancer and inflammatory diseases. 

This study provides valuable insights into the regulation of PP through different signaling 

pathways and their potential therapeutic implications. Insulin’s role in activating IRS1 to promote 

PP was confirmed, but no significant effect was observed, suggesting alternative regulatory 

factors. The activation of AMPK via LKB1 by TMPA effectively reduced PP, supporting its use in 

therapeutics like cancer. PDGF-BB activation increased PP, reaffirming the role of PDGFRβ in cell 

proliferation. Reducing PKC activity decreased PP, suggesting PKC inhibition as a therapeutic 

approach. MP7 inhibition of PDK1 led to reduced PP, emphasizing the importance of the PI3K/Akt 

pathway in regulating cell growth and survival. 

PAK1 is implicated in diseases such as cancer, neurodegenerative disorders, and 

cardiovascular diseases. G5555 and NVS-PAK-1 inhibit PAK1's kinase activity, preventing its 

interaction with downstream signaling effectors and disrupting key processes such as cell 

migration, growth, and survival. In the study, both inhibitors reduced PP, indicating that inhibiting 

PAK1 can limit aberrant cell proliferation, making these inhibitors promising candidates for 

treating cancer and diseases linked to PAK1 activation, such as neurodegenerative diseases. 

These findings suggest promising therapeutic strategies that target these signaling 

pathways to regulate cell proliferation, survival, and differentiation in various diseases.  

LY215722 can reduce the production of proteins involved in fibrosis, suppress tumor metastasis, 

and potentially enhance the immune response by inhibiting TGF-β. In terms of cell proliferation 

and differentiation, LY215722 could decrease PP by inhibiting TGF-β-induced signaling, making it 
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a promising therapeutic tool for conditions where TGF-β is overactive, such as in cancer, fibrosis, 

and immune suppression. 

 G5555 and NVS-PAK1-1 are both PAK1 inhibitors, specifically designed to target PAK1, a 

key enzyme involved in regulating cellular functions such as migration, proliferation, survival, and 

cytoskeletal reorganization. PAK1 is implicated in a range of diseases, including cancer, 

neurodegenerative diseases, and cardiovascular conditions. G5555 is a small molecule inhibitor 

that blocks PAK1's kinase activity, preventing its interaction with downstream signaling effectors.  

5 CONCLUSION 

The use of ImageJ in chemical screening of pluripotency presents a robust and efficient 

approach to analyzing the effects of various compounds on stem cell behavior. By enabling the 

automated and quantitative analysis of key parameters such as cell morphology, marker 

expression, proliferation, and viability, ImageJ provides valuable insights into the molecular 

mechanisms that regulate pluripotency. The ability to track dynamic changes in cell morphology 

and marker expression in real-time further enhances our understanding of the impact of chemical 

treatments on stem cell fate. 

This study demonstrates that ImageJ is not only an effective tool for high-throughput 

screening, but also an essential resource for identifying compounds that modulate pluripotency. 

Its capacity to process fluorescence images and analyze time-lapse data facilitates the detection 

of subtle changes in stem cell behavior, providing a comprehensive platform for pluripotency 

screening. 

Moreover, the integration of ImageJ with other experimental techniques, such as gene 

expression profiling and proteomics, can offer a deeper understanding of the signaling pathways 

and molecular networks governing stem cell self-renewal and differentiation. This approach can 
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expedite the discovery of novel compounds for stem cell-based therapies and regenerative 

medicine applications, supporting the development of more efficient and targeted treatments. 

Overall, ImageJ serves as a powerful tool for advancing our knowledge of pluripotency 

regulation, making it a crucial asset in the field of stem cell research and therapeutic development. 

Future research can enhance the use of ImageJ by combining it with omics technologies to better 

understand the complex mechanisms regulating stem cell fate. As imaging and computational 

tools advance, ImageJ will provide deeper insights into pluripotency regulation and support the 

discovery of new therapeutic strategies for regenerative medicine. The analysis highlights the 

importance of fine-tuning threshold and particle inclusion size settings to achieve accurate colony 

detection. Automatic thresholding provides efficiency but often requires manual adjustment to 

account for variability in image quality, colony characteristics, and experimental conditions. 

Figures 10 and 11 illustrate the challenges of extreme threshold settings—low thresholds tend to 

overestimate colony areas by including noise, while high thresholds risk excluding smaller colonies 

and relevant features. Optimized threshold settings that balance these extremes produce the most 

reliable results. 

Particle inclusion size settings also play a pivotal role in colony detection accuracy. Smaller particle 

sizes are prone to capturing irrelevant debris, leading to false positives, whereas larger sizes risk 

excluding smaller colonies, underestimating the total colony count. Intermediate particle inclusion 

sizes, around 20,000 pixels, provided the best balance between specificity and sensitivity, as they 

excluded noise while retaining valid colonies. 

In addition, decisions about hole inclusion can significantly influence detection accuracy. 

Including holes helps identify hollow colonies as potential indicators of differentiation while 

excluding holes simplifies solid colony detection but may lead to misclassification. The relevance 
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of morphological features like hollow centers should guide this decision based on experimental 

goals. 

Quantitative analysis using mean gray value, circularity, and area fraction further informed 

the evaluation of colony characteristics. Lower mean gray values were associated with darker-

stained colonies, reflecting higher pluripotency levels. Circularity values provided insights into 

colony uniformity, with higher values indicating undifferentiated and compact colonies. Area 

fraction measurements revealed the extent of colony proliferation, offering a metric to compare 

growth rates across different conditions. 

To reduce biases and improve data interpretability, normalized intensity values were 

calculated by dividing the mean gray value by circularity. This composite metric effectively 

integrated intensity and shape information, enabling more nuanced comparisons. The approach 

demonstrates how normalization can enhance the robustness of quantitative analyses in colony 

detection studies. 

The findings emphasize that colony detection parameters cannot be universally 

standardized due to inherent variability in imaging conditions and colony morphology. Instead, 

dynamic adjustments tailored to specific experimental setups are necessary to ensure accurate 

and reproducible results. Researchers must carefully balance detection sensitivity with specificity, 

considering the impact of these parameters on the accuracy of colony counts and morphological 

assessments. 

The present study provides a systematic approach to optimizing colony detection in image 

analysis. A combination of tailored thresholding, intermediate particle inclusion sizes, and careful 

consideration of hole inclusion can significantly improve accuracy. These findings are valuable for 

researchers aiming to enhance reproducibility and precision in colony detection workflows. 
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6 FUTURE WORK 

The image analysis has identified potential chemical combinations that may be effective 

in maintaining pluripotency. The next phase of research will involve exposing human embryonic 

stem cells to these chemical combinations over ten passages to further investigate their effects on 

pluripotency. 

Following this, a pluripotency dot blot, designed to detect specific proteins associated 

with pluripotency, will be performed to confirm the maintenance of pluripotent markers. This 

technique, likely a form of Differential Immunoblotting (DIT), will assess the expression levels of 

key pluripotency markers in the treated stem cells. 

Subsequently, a teratoma formation assay will be conducted. This test involves the 

injection of pluripotent stem cells into immunocompromised animals (e.g., mice or rats) to 

observe whether the injected cells form a teratoma—a tumor composed of differentiated tissues 

from all three primary germ layers (ectoderm, mesoderm, and endoderm). The successful 

formation of a teratoma would confirm the pluripotency of the stem cells, demonstrating their 

ability to differentiate into cell types from all three germ layers. 

Finally, after validating the chemical combinations through these assays, the chemicals 

will be tested in a bioreactor environment to assess their efficacy in maintaining pluripotency 

under more complex, dynamic conditions. 
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3. Appendix 

Representative images for each concentration of each chemical are shown below. 

Statistical analysis was performed using ANOVA with Prism GraphPad. *P<0.05, n=7-10. 
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