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ABSTRACT 

Characterizing the Molecular and Cellular Changes of Senescent Cells Induced By Diverse 

Stressors In 2D and 3D Microenvironments 

By: Apoorva Chauhan 

 

Dr. Seungman Park, Advisory Committee Chair 

Assistant Professor 

University of Nevada, Las Vegas 

 

 

Aging is a risk factor for myriad diseases and is often associated with the accumulation of 

senescent cells. Cellular senescence, a process of irreversible cell cycle arrest, is associated with 

various changes in cellular morphology and function. While senescence will occur naturally in a 

time-dependent manner, it can be prematurely induced by various extrinsic and intrinsic factors. 

Most senescence studies model cell behavior in two-dimensional (2D) microenvironments; 

however, these models are not physiologically relevant. In this study, the effects of naturally 

occurring reactive oxygen species (ROS) hydrogen peroxide (H2O2) and commonly used 

chemotherapy drugs, doxorubicin and palbociclib, on cellular senescence are modeled and 

compared in 2D and 3D replicas of skin tissue using human foreskin fibroblasts (HFF). This study 

shows that senescence associated cellular changes are not only stressor-dependent, but also 

environment dependent. 
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CHAPTER 1 

INTRODUCTION 

1.1 Aging, Senescence, and Senescent Phenotypes 

Aging is a pivotal risk factor for many diseases, including cardiovascular diseases, 

Alzheimer’s disease, and cancer. It is characterized by the gradual deterioration of physiological 

functions within cells, tissues, and the entire organism (Phillip et al., 2015). A hallmark of aging 

is cellular senescence, or a state of permanent cell cycle arrest. In a senescent state, cells will no 

longer undergo mitosis; however, the cells remain metabolically active and will not undergo 

apoptosis (Muñoz-Espín & Serrano, 2014). Senescent cells exhibit a variety of different 

phenotypes as compared to healthy cells, including changes in morphology, cell and organelle 

function, and the secretion of materials known as senescence associated secretory phenotypes 

(SASPs) (Muñoz-Espín & Serrano, 2014). 

Senescence can be caused by a variety of factors. Natural aging, or replicative senescence, 

is the shortening of DNA telomeres due to repeated proliferation, preventing cells from splitting 

further (Kuilman et al., 2010). This telomere attrition triggers a DNA damage response (DDR) that 

results in the formation of heterochromatin aggregates within the nucleus. These foci have become 

markers of senescence, dubbed senescence associated heterochromatin foci (SAHF) (Zeng et al., 

2018). Along with the formation of SAHF, the p53 pathway, p16 kinase, and retinoblastoma (Rb) 

protein are all upregulated (Kuilman et al., 2010). The p53 pathway is a tumor suppressor that 

regulates cell cycle progression, leading to the arrest seen in senescence, as well as DNA damage 

repair and cell death in response to dysfunctional cell activity (Lahalle et al., 2021). Similarly, the 

p16 kinase and Rb protein act in the same pathway as tumor suppressors. Cyclin dependent kinase 
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(CDK) 4/6 normally acts to prevent the phosphorylation of Rb; p16 is a CDK inhibitor, and when 

activated leads to the overexpression of Rb (Narita et al., 2003).  

Along with indicators of halted cell cycle, a widely used biomarker for senescence is the 

presence of senescence associated β-galactosidase (SA β-Gal). β-Gal is the enzyme that catalyzes 

the breakdown of lactose and is commonly found in cells at a pH of 4.0 (Saqib et al., 2017). Due 

to the altered gene expression common in senescence, β-Gal will accumulate because of the 

overexpression of its gene encoder, GLB1, and be detectable at the senescent pH of 6.0 (Valieva 

et al., 2022). However, SA β-Gal is also overexpressed during autophagy, the turnover process for 

damaged or unneeded cellular components and proteins which is regulated through lysosomal 

activity (de Mera-Rodríguez et al., 2021; Young et al., 2009). As such, SASP expression and 

morphological changes must also be assessed to determine senescence.  

SASPs regulate and maintain senescence, while also signaling to nearby cells to enter 

senescence. Interleukins and chemokines, such as IL-6 and IL-8, are inflammatory factors 

upregulated in senescence; matrix metalloproteinases (MMPs) are also upregulated and are 

involved in the breakdown of extracellular matrix (ECM) components such as collagen; an 

insoluble factor often upregulated, called fibronectin, alters cell growth, adhesion, survival, and 

migration (Coppé et al., 2010). Along with these biochemical changes, senescent cells depict a 

unique morphology. Senescent cells are larger, flatter, and more misshapen as compared to healthy 

cells(Huang et al., 2022). Additionally, the nuclei of these cells are often larger and misshapen as 

well, possibly due to the downregulation of Lamin B1, the protein that forms the nuclear envelope; 

in some cases, cells will even have multiple nuclei (Freund et al., 2012).  These morphological 

changes are well documented, though often only qualitatively measured. 
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1.2 Stress Induced Premature Senescence 

1.2.1 Senescence Inducers 

While these factors are generally seen in senescent cells, the consistency of these SASPs 

and morphology changes can differ depending on cell type or senescence inducer. Cellular 

senescence can also be prematurely induced, referred to as stress induced premature senescence 

(SIPS) (Toussaint et al., 2002). Exposure to UV radiation leads to senescence inducing damage 

and is referred to as photoaging; fluctuations in hydrostatic pressure, as seen in blood vessels or 

cases of osteoarthritis, cell function is altered; microgravity and vacuum environments induce 

cellular and tissue alterations through abnormal mechanical stresses (Fitsiou et al., 2021; Garbacki 

et al., 2023; Tworkoski et al., 2018). However, some of the most common and most studied causes 

of premature senescence are oxidative stress and cancer drugs. Oxidative stress is caused by the 

accumulation of reactive oxygen species (ROS) which can induce DNA damage and alter 

metabolic activity (Toussaint et al., 2000). Where senescence is an unintended side effect of other 

stress inducing factors, cancer drugs utilize senescence as a method to prevent tumors from 

progressing (Ewald et al., 2010). Due to the prevalence in exposure to these stressors, ROS and 

cancer therapies are highly relevant aging causing factors, and the ones chosen to investigate 

further. 

1.2.2 Oxidative Stress Induced Senescence 

 ROS are byproducts of various endogenous processes, namely from the mitochondrial 

activity in ATP production (Snezhkina et al., 2019). The superoxide radical, O2
●-, is converted to 

hydrogen peroxide (H2O2), a less toxic but still harmful ROS. ROS induced DNA damage results 

in the activation of the p53 tumor suppressant pathway, similar to replicative senescence, and as a 

result induces senescence or even cell death if severe enough (Duan et al., 2005). 
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1.2.3 Drug Therapy Induced Senescence 

 In 2023, nearly 2 million Americans were diagnosed with cancer, with breast cancer having 

the highest prevalence of 31% of all female cases, followed by prostate cancer which is 29% of all 

male cases, and lung cancer which is the second highest for both sexes (Siegel et al., 2024). To 

prevent tumor metastasis, cancer therapies often target the cell’s replicative abilities, leading to 

either apoptosis or senescence (Gordon & Nelson, 2012). Doxorubicin (Dox) is the most 

commonly used anthracycline, which blocks the production of the enzyme topoisomerase 2, in 

turn inhibiting cell growth and division (Xiao et al., 2023). Its cytotoxicity often also induces ROS 

and in turn causes DNA damage that triggers a senescence response. Dox is used to treat many 

different cancers, including breast and lung (Johnson-Arbor & Dubey, 2024). Palbociclib (Pal) is 

a CDK4/6 inhibitor used in breast cancer treatment. Similar to p16, Pal prevents the 

phosphorylation of Rb, leading to cell cycle arrest, as well as increased levels of ROS, DNA 

damage, and apoptosis (Wagner & Gil, 2020).  

 

1.3 Skin Tissue Senescence Modelling 

 When studying disease progression, and especially the effects of aging on disease, the skin 

is a vital organ to investigate. Skin acts as a protective barrier, but the accumulation of senescent 

cells can weaken its ability to protect from extrinsic and intrinsic risk factors (Csekes & Račková, 

2021; Low et al., 2021a). As a result, the study of skin tissue has become central to aging research, 

with much research being conducted using fibroblasts, the primary skin cell in the dermis. In this 

study, human foreskin fibroblasts (HFF) are used to replicate skin tissue behavior. 

Most studies of senescence happen in two-dimensional (2D) cell cultures. In fact, all the 

literature addressed above is taken from 2D studies. While valuable, the studies show that there 
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are marked differences in cell function in 2D models as compared to a more physiologically 

relevant three-dimensional (3D) model. 3D modeling, also referred to as organotypic culture, 

consists of tissue explants taken from donors, organoids, and manufactured 3D structures and 

scaffolds (Milligan et al., 2020). Animal models, such as aged mice models, have lost popularity 

due to lack of translatability to human senescence progression, as well as dispute over when the 

mice are considered aged (Low et al., 2021b). Tissue explants, be it cultures derived from a 

harvested organ or specific slices of tissue, provide the most ideal model, as they are true to life. 

However, accessibility and replicability of these models can be difficult. As a result, the fabrication 

of 3D models, through organoids and scaffolds/structures, has become a vital field in senescence 

research.  

Organoids are a form of 3D culture created primarily from embryonic stem cells (ESCs) 

and induced pluripotent stem cells (iPSCs). These stem cells will spontaneously aggregate and 

self-organize to form organ-like structures that replicate the form and function of the true organ 

(Milligan et al., 2020; Torrens-Mas et al., 2021). These models have the benefit of being patient-

specific, as well as being the best replicates of true organ behavior. Organoids are popular in the 

field of neurodegenerative and aging related disease modeling (Torrens-Mas et al., 2021). 

However, as organoids are created from stem cells, which are juvenile in nature, they often lack 

the epigenetic markers of aging (Torrens-Mas et al., 2021). Additionally, organoid formation can 

be time consuming and expensive, reducing accessibility and replicability. 3D structures and 

scaffolding provide an attractive alternative to organoids in terms of manufacturing ability, though 

this may come at the cost of tissue complexity. These types of cultures can include cell suspensions 

in a polymer matrix, 3D bioprinted models, decellularized tissues, and organ-on-a-chip models 



6 

 

(Milligan et al., 2020). These methods use organic materials to provide a scaffold that mimics the 

ECM and can be modified to be as simple or complex as desired.  

 

1.4 Objective 

In this study we examine the differences in morphology and protein expression of HFFs in 

2D and 3D environments when prematurely aged with H2O2, doxorubicin, and palbociclib. The 

2D environment is a simple cell culture, which consists of a monolayer of cells grown in a 24 well-

plate, and the 3D environment is modeled by a rat tail collagen polymer matrix. By comparing the 

results, we aim to determine how senescence inducing stressors affect the cell environment and 

create more physiologically relevant skin tissue models that can be used for disease modeling and 

therapy development. 

 

 

 

 

 

 

 

 

 

 

 

 



7 

 

CHAPTER 2 

METHODS 

2.1 Cell Culture 

Human foreskin fibroblast HFF-1 (ATCC SCRC-1041) cells obtained from the American 

Type Culture Collection (Rockville, MD, USA) were cultured in Dulbecco’s Modified Eagle 

Medium (DMEM) (Gibco, Waltham, MA, USA) containing 10% fetal bovine serum (FBS) 

(Cytiva, Marlborough, MA, USA) and 1% Penicillin-Streptomycin (P/S) (Gibco, Waltham, MA, 

USA). Cell culture media was replaced with fresh media every three days, and cells were 

subcultured and used for experiments when confluency was 70% or higher. Cells were incubated 

at 37 °C with 5% CO2 in 100 mm X 20 mm mm Petri dishes.  Cells used in the 2D experiments 

were between 15-25 passages, and cells used in 3D experiments were between 10-20 passages.  

 

2.2 2D Experimental Model 

 When cell confluency reached 70% or higher, cells were ready for seeding into 

experimental dishes. After discarding media, cells were detached from Petri dish surface by adding 

2 mL of 0.25% trypsin-EDTA (Gibco, Waltham, MA, USA) and incubating in the dish for 5 

minutes. Cells were washed with 5 mL of phosphate buffer saline (PBS) (Gibco, Waltham, MA, 

USA) and deposited into test tube for centrifuging at 2000 RPM for 5 minutes. After disposing of 

supernatant, the cell pellet was gently dispersed in the remaining 1 mL of PBS solution, and 6 mL 

of fresh media was added. In a 1mL vial, 50 μL of cell suspension was added to 100 μL of PBS 

and 50 μL of 0.4% trypan blue (Gibco, Waltham, MA, USA). Cell counting was conducted using 

standard procedure for Neubauer Improved Hemacytometer (LW Scientific, Lawrenceville, GA, 

USA). Cells were seeded into 18 of the 24 wells of a 24-well plate at a density of 100,000 cells 
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per well for three wells of control and each of the five experimental concentrations. 300 μL of 

fresh media was added to each well. Cells were given 24 hours to attach to the well surface before 

experimentation. 

 

2.3 3D Experimental Collagen Model 

 For 3D collagen models, the same cell counting procedure was followed as in 2D 

experimental setup. A cell pellet of 400,000 cells was prepared. 10X MEM (Gibco, Waltham, MA, 

USA) and 0.1 M HEPES (Gibco, Waltham, MA, USA) were warmed in a water bath to 37 °C. L-

Glutamine (Gibco, Waltham, MA, USA), FBS, and P/S were thawed in the water bath. Sterile 1.0 

M NaOH and deionized H2O were kept on ice inside the biosafety cabinet. To a test tube sitting 

one ice, 10X MEM, NaOH, HEPES, P/S, L-Glutamine, FBS, and dH2O were combined and mixed 

with the cell pellet. 8.08 mg/mL type 1 rat tail collagen (Discovery Labware Inc., Bedford, MA, 

USA) was added to the solution. 200 μL of the cellated collagen solution were added to each well 

for a total of 12 wells: 3 for control and 3 each for the optimal concentration of each stressor. 

Models were given two days for cells to attach and grow within the collagen scaffold before 

experimentation. Figure 1 shows the collagen gel casting protocol.  
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Figure 1: Collagen gel casting protocol. 

 

2.4 Senescence Modeling 

 To create the H2O2 diluted concentrations, 9.8 M H2O2 was combined with the treated 

DMEM cell culture medium to make the following concentrations: 25 μM, 50 μM, 100 μM, 150 

μM, and 200 μM. Cells were incubated with H2O2 for 1 hour. After 1 hour, H2O2 solutions were 

discarded, and cells were washed with PBS. Fresh cell culture media was deposited, and cells were 

incubated for 23 hours. This protocol was developed based on the findings of Gerasymchuk et al. 

who found this method was sufficient to observe senescence phenotypes in cells when exposed to 

H2O2 (Gerasymchuk et al., 2022). 1 mM Dox was combined with treated DMEM to create the 

following concentrations: 25 nM, 50 nM, 100 nM, 200 nM, and 400 nM. Cells were incubated 

with Dox for 48 hours. 2 mM Pal was combined with treated DMEM to create the following 

concentrations: 2.5 μM, 5 μM, 10 μM, 20 μM, and 40 μM. Cells were incubated with Pal for 24 

hours. Following treatment, senescence features were observed through fluorescent microscopy, 

SA β-Gal assay, MTT cell viability assay, f-actin phalloidin staining, and nuclear DAPI staining. 

Figure 2 outlines the experimental procedure and timeline for both 2D and 3D models. Three trials 

of each 2D and 3D model were conducted. 
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Figure 2: Experimental protocol and timeline. 

 

2.5 Senescence Feature Observation 

 After treatment, models were fixed with 4% paraformaldehyde (TissuePro Technology, 

Gainsville, FL, USA). After fixing, cells are stored with PBS in a 4 °C refrigerator. 

2.5.1 SA β-Gal Assay 

 The Invitrogen CellEvent Senescence Green Detection Kit (Invitrogen, Waltham, MA, 

USA) was used to conduct the SA β-Gal staining. After the 2D and 3D models were fixed, 200 μL 

of 1% Bovine Serum Albumin (BSA) (Sigma-Aldrich, St. Louis, MO, USA) was added to 

permeabilize the cells. After removing BSA and washing with PBS, 150 μL of the SA β-Gal dye 

dilution was added to each well. The dilution was formulated following the protocol included with 

the kit. The well plates were covered in aluminum foil and incubated for 2 hours at 37 °C without 

CO2. After 2 hours, SA β-Gal solution was removed and models are washed and stored with PBS.  

2.5.2 MTT Assay 
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 A confluent dish of HFFs was harvested by trypsinization and 100,000 cells were deposited 

to each well of a 96-well plate. After 16 hours of incubation at 37 °C with 5% CO2 to allow cells 

to attach to plate, H2O2, Dox, or Pal treatment was conducted as described above. The media after 

the treatment period was replaced with the MTT reagent (Invitrogen, Waltham, MA, USA) and the 

plate was incubated for 4 hours. Post incubation, the media was removed and 100 μL of DMSO 

was added to the wells to solubilize formazan crystals to develop color. The readings were recorded 

at 550 nm using a UV plate reader (Promega GloMax Explorer Multimode Microplate Reader, 

USA). The relative cell viabilities were calculated by comparing the absorbance reading from test 

samples to the positive control [(abs. sample/abs. positive control) X 100]. Data are presented as 

average ± SD for three trials. 

2.5.3 F-Actin Phalloidin Staining 

 Models were permeabilized with 200 μL of 0.1% triton X for 5 minutes at room 

temperature. After discarding and washing with PBS, models were treated with 200 μL of 1% BSA 

for 5 minutes. After discarding and washing with PBS, Phalloidin 594 (Abcam, Cambridge, UK) 

dye was diluted at a ratio of 1 μL into 1 mL of 1% BSA and 150 μL was added into each well. The 

plates were covered in aluminum foil and incubated for 30 minutes for 2D or 1 hour for 3D at 37 

°C without CO2. After incubation, phalloidin solution is discarded and models are washed and 

stored with PBS. 

2.5.4 Nuclear DAPI Staining 

 Invitrogen DAPI (4’, t-diamidino-2-phenylindole, dihydrochloride) (Invitrogen, Waltham, 

MA, USA) was used to create DAPI staining solutions at a ratio of 0.1 μL of DAPI with 1 mL 

PBS. 150 μL of DAPI solution was added to each model, and well plates were covered in aluminum 
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foil and left at room temperature for 8 to 10 minutes. After, DAPI solution was discarded, and 

models washed with PBS. 

2.5.5 Imaging 

 Well plates were imaged using the EVOS XL Core Imaging System (Invitrogen, Waltham, 

MA, USA) at 20X objective. Bright field images were taken to confirm the presence of cells. The 

green fluorescent protein (GFP) filter was used to image SA β-Gal expression; the red fluorescent 

protein (RFP) filter was used to image f-actin expression; and the DAPI filter was used to image 

the nuclear staining.  

 

2.6 Data Extraction 

 ImageJ (NIH, MD, USA) software was used for data extraction. Images taken during 

microscopy were opened in the software and the image properties were adjusted to convert pixels 

into μm. Using the drawing tools, cells and nuclei were outlined and measured. From the GFP 

images, the average pixel intensity of each cell was recorded to measure SA β-Gal expression. 

From the RFP images, the cell body perimeter, area, and f-actin expression were measured. From 

the DAPI images, the nucleus perimeter, area, and staining intensity were measured. From each 

individual trial, 90 samples were measured. Each trial was repeated three times, for a total sample 

size of 270 for each experimental group.  

 

2.7 Statistical Analysis 

 Excel was used to conduct ANOVA and t-test analyses to determine if there were any 

statistically significant changes between the measured values. Graphs were created using Prism. 

Data are presented as average ± SEM for n = 270. 
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CHAPTER 3 

RESULTS AND DISCUSSION 

3.1 Results of Concentration Dependent Changes in Functional Properties of Cell and Nucleus 

To determine the optimal concentration of each stressor that would induce senescence 

without causing excessive cell death, five concentrations of each stressor was tested in a 2D 

environment. Figure 3 shows the bright field, DAPI, SA β-Gal, and phalloidin images for HFFs 

treated with H2O2. Along with the expected increase in SA β-Gal intensity, phalloidin also visibly 

increased in intensity. This observation led to quantifying the change in intensity for DAPI and 

phalloidin as well. 

 

 

Figure 3: Bright field and immunofluorescence images of DAPI, SA-β-gal, and phalloidin for H2O2 

treatment. Scale bar 200 μm. 

 

Figure 4 illustrates the relative fluorescence intensity of each staining reagent with different 

concentrations of H2O2. The overall trend observed was an increase in intensity levels of DAPI, 
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SA β-Gal, and phalloidin in cells treated with H2O2 at or above 50 μM of H2O2. Notably, at 50 μM 

and 100 μM, statistically significant increases in the intensity of DAPI, SA β-Gal, and phalloidin 

were observed.  

 

 
Figure 4: Fluorescence intensity of (a) SA β-Gal, (b) phalloidin, and (c) DAPI after treatment with H2O2. N 

= 270, * p ≤ 0.05. Data presented as mean ± SEM. 

 

Figure 5 shows the morphological properties for the nucleus and cell body of HFFs treated 

with H2O2. For the nucleus, both perimeter and area exhibited significantly higher values across a 

concentration range of 100 – 200 μM compared to those observed in the control group. However, 

there was almost no discernible difference in shape index between the control group and the H2O2-

treated groups, except for 200 μM displaying the lower shape index. For the cell body, a significant 

change in area was observed at or above 50 μM compared to the control group, while both the 

perimeter and shape index of the cell body remained constant. 
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Figure 5: Morphological properties of the nucleus and cell body after treatment with H2O2. N = 270, * p ≤ 

0.05. Data presented as mean ± SEM. 

  

Figure 6 shows the bright field, DAPI, SA β-Gal, and phalloidin images for HFFs treated 

with Dox.  

 

 

 

 
Figure 6: Bright field and immunofluorescence images for Dox treatment. Scale bar 200 μm.  
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Figure 7 summarizes the relative fluorescence intensity values depending on the applied 

concentration. SA β-Gal exhibited a notable increase in its expression at and above 100 nM, 

whereas phalloidin and DAPI demonstrated significant increases at all concentrations. Combining 

these findings with cell viability assessed through the MTT assay, we concluded that 100 nM 

represents the optimal concentration for inducing cellular senescence while maintaining cell 

viability. 

 

 
Figure 7: Fluorescence intensity of DAPI, SA β-Gal, and phalloidin after treatment with Dox. N = 270, * p 

≤ 0.05. Data presented as mean ± SEM. 

 

Based on the fluorescence images, several morphological properties of the cellular nucleus 

and body were quantified, as shown in Figure 8. For the nucleus, both perimeter and area were 

found to be higher at dox concentrations at or above 50 nM, compared to the control group. 

Regarding the cell body, the perimeter significantly increased across the dox concentration range, 

while the area showed increments only at 50 nM and 400 nM. The shape index of the nucleus was 

lower at the 100 nM treatment compared to the control group, showing a statistically significant 
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difference. However, the shape index of the cell body treated with dox was consistently lower than 

that of the control group, regardless of concentration. Most importantly, we observed statistically 

significant changes in the morphological properties of the cell nucleus and body at concentrations 

of 50 nM or 100 nM. 

 

 
Figure 8: Morphological properties of the nucleus and cell body after treatment with Dox. N = 270, * p ≤ 

0.05. Data presented as mean ± SEM. 

 

Figure 9 shows the bright field, DAPI, SA β-Gal, and phalloidin images for HFFs treated 

with Pal with concentrations ranging from 2.5 μM to 40 μM. 
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Figure 9: Bright field and immunofluorescence images for Pal treatment. Scale bar 200 μm. 

 

Figure 10 shows the relative fluorescence intensity values for the Pal treated cells. The 

overall trend in relative intensity changes after the addition of Pal reveals an elevation in intensities 

across concentrations for all fluorescence staining. Particularly noteworthy is that the 

concentration of 2.5 μM was the only one displaying statistically significant increases in intensity.   

 
Figure 10: Fluorescence intensity of DAPI, SA β-Gal, and phalloidin after treatment with Pal. N = 270, * p 

≤ 0.05. Data presented as mean ± SEM. 
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Figure 11 shows the quantified results of morphological properties for HFFs after treatment 

with Pal with different concentrations. Results showed that both the perimeter and area of the 

cellular body and nucleus exhibit substantial elevation after Pal treatment, compared to those of 

the control group, displaying statistically significant difference. Notably, in the case of the nucleus, 

the shape index increased more compared to the control group, indicating that the cellular nucleus 

becomes more circular. However, in the cell body, the shape index decreased more compared to 

the control group, suggesting that the cellular nucleus becomes less circular. 

 

 
Figure 11: Morphological properties of the nucleus and cell body after treatment with Pal. N = 270, * p ≤ 

0.05. Data presented as mean ± SEM. 

 

Figure 12 shows the results of the MTT assay conducted. H2O2 treatment did not result in 

much cell death until 200 μM, which reduced cell viability to about 80%. Dox and Pal treatment 
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saw greater reductions in cell viability at even the lowest dosages, with Dox at 100 nM maintaining 

cell viability of 80% and Pal at 2.5 μM. 

 

 

Figure 12: MTT assay results for HFFs treated with each stressor. N = 3. Data presented as mean ± SEM. 

 

3.2 Discussion: Concentration Dependent Changes in Functional Properties of Nucleus and Cell 

 Based on the aforementioned assays investigating the effects of concentrations on diverse 

functional properties, we identified the optimal concentrations for inducing cellular senescence as 

100 μM for H2O2, 100 nM for Dox, and 2.5 μM for Pal. These concentrations were sufficient to 

induce statistically significant changes in cell and nucleus morphology, as well as changes in 

protein expression, without reducing cell viability below 80%. A documented marker of 

senescence is cell enlargement, which we measured through changes in the perimeter, area, and 

shape index; additionally, the nuclei also appeared enlarged, and cells may even have multiple 

nuclei (Schmitt & Melk, 2022). While the results did not always display a statistically significant 

difference, all three stressors tended to induce increases in the perimeter, area, or both for the cell 

body and the nucleus. The shape index was expected to decrease after treatment, as the cell shape 

became irregular and elongated after or during senescence. This was the case after treatment with 

Dox and Pal, however H2O2 treated HFFs showed little to no change. 
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 Dox treatment was the only stressor to show a statistically significant decrease in cell body 

shape index for each concentration tested. The cell body area remained near control levels except 

for 400 nM, however the perimeter increased significantly for each concentration as well. 

However, Pal treatment resulted in significant increases in both perimeter and area of the cell body 

for each concentration, but only a significant decrease in shape index at the highest concentration 

(20 μM). H2O2 treatment induced increased cell body area at and above the concentration of 50 

μM. 

 The nuclei showed more significant morphological changes as compared to the cell body. 

Over all three treatments, there was the general trend of increasing perimeter and area, though 

shape index for H2O2 and Dox remained relatively unchanged. H2O2 and Pal induced the largest 

changes in nucleus morphology, with Pal treatment inducing statistically significant increases in 

perimeter, area, and shape index for all concentrations. In particular, the increasing shape index 

indicates that the nuclei were becoming more circular rather than elongated. The results indicate 

that depending on what type of stressor to induce cellular senescence or aging is used, the 

morphologies of the cells and nuclei can vary, with some expressing greater changes in cell body 

and others in nuclei. Understanding the mechanism behind senescence induction can indicate what 

senescent morphologies will present. 

All three inducers result in significant increases in SA β-Gal expression, indicative of 

senescence. Cells treated with Pal of the concentration of 2.5 μM had a much higher intensity 

expression level of 1.50 ± 0.02 a.u. relative to the control group, as compared to the relative 

intensity expression levels at the optimal concentrations of H2O2 (100 μM) and Dox (100 nM) of 

1.19 ± 0.01 a.u. and 1.21 ± 0.01 a.u., respectively. This could be due to the lysosomal trapping 

common in Pal, sometimes observed as the formation of vacuoles within the cytoplasm (Llanos et 
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al., 2019). Pal is a weak acid; as such, at a neutral pH the drug has a permeable membrane, allowing 

it to enter the cell body, which becomes impermeable at an acidic pH when the drug is protonated 

(Llanos et al., 2019). Lysosomes have an acidic pH of about 5.0; as such, when Pal comes into 

contact with a lysosome within the cytoplasm, it gets trapped within (Garcia-Moreno, 2009). This 

process of lysosomal trapping may imply that Pal can be stored within the cell. Pal can be released 

upon washing with PBS or drug-free medium, as the neutral pH of these solutions can permeabilize 

the drug’s membrane and release it from within the cytoplasm. However, it can take hours before 

any notable decrease in Pal fluorescence is measured (Llanos et al., 2019). As such, this function 

could account for the much higher relative fluorescence intensity observed. 

The increase in phalloidin intensity in all three treatments indicates a higher density of 

filamentous actin (F-actin), the protein that forms the cytoskeleton of the cell, and stress fibers 

(Cooper, 2000). Dox induced the greatest increase in phalloidin intensity, with all concentrations 

resulting in relative intensities greater than 2.3 a.u., whereas Pal peaks at 1.76 ± 0.02 a.u. at 5 μM 

and H2O2 at 1.39 ± 0.01 a.u. at 200 μM. Dox treatment in cells has been correlated with the 

upregulation of vimentin, a binding protein pivotal to cytoskeleton organization (Litwiniec et al., 

2010). The tail end of vimentin proteins is known to localize near actin networks within cells, and 

due to the high synergy between F-actin and vimentin, this can lead to higher F-actin 

polymerization, though the exact molecular pathway is still unclear (Esue et al., 2006). This mixed 

vimentin/F-actin network has a relatively high equilibrium dissociation constant, indicating that 

the bonds are unlikely to dissolve into their component parts. These mixed networks have a higher 

stiffness than actin-only or intermediate filament-only networks, which can explain the appearance 

of stress fibers with Dox-treated cell groups (Esue et al., 2006). 
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Pal induced the next largest increase in phalloidin intensity. However, studies differ on 

Pal’s effects on cytoskeleton restructuring; one study even found that Pal treatment caused an 

increase in F-actin density in one pancreatic cancer cell line, while reducing it in another 

(Rencuzogulları et al., 2020). Another study showed that Pal correlates to an upregulation of LIM 

kinase 1 (LIMK1) in human embryonic kidney cells (HEK-293) and adult acute myeloid leukemia 

cells (AML) (Jensen et al., 2020). LIMK1 suppresses the expression f actin depolymerizing 

factor/cofilin proteins, which are used to sever actin filaments and depolymerize F-actin while 

maintaining cell homeostasis (Arber et al., 1998). As a result, the upregulation of LIMK1 leads to 

F-actin accumulation and stress fiber formation, which would lead to an increase in phalloidin 

intensity as observed in this study (Villalonga et al., 2023). However, the effects of Pal on fibroblast 

cytoskeleton organization are not well studied, and it is not clear what molecular interactions are 

occurring to result in the increased F-actin density observed in this study. Pal’s effect on 

cytoskeleton organization seems to be cell line dependent. 

H2O2 has also been well reported as causing an increase in F-actin content, though of the 

three stressors it caused the lowest increase. Early studies have shown that H2O2 treatment results 

in an increase of focal adhesion sites by activating MAP SAPK2/p38, a protein that phosphorylates 

HSP27, the actin polymerization heat shock protein (Huot et al., 1998). This in turn results in a 

higher polymerization of focal adhesion proteins such as paxillin and vinculin; vinculin in 

particular binds with F-actin to form fibers across the cell body, and a higher presence of vinculin 

can result in higher F-actin polymerization (Grandy et al., 2023; Tolbert et al., 2013). 

 The most unexpected result was the increase in DAPI intensity following drug or H2O2 

treatment. One of the phenotypes associated with cellular senescence is the formation of 

senescence associated heterochromatin foci (SAHF). SAHF are heterochromatin aggregates that 
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form due to heterochromatin proteins that detach from the nuclear membrane and bind with 

hypoacetylated histones (Zeng et al., 2018). As DAPI binds to single stranded DNA, these 

heterochromatin aggregates will bind with more dye, and may account for the increased intensity 

observed. However, DAPI alone may not be sufficient to confirm the presence of SAHF. Oxidative 

stress-induced DNA damage may not be the reason for the high intensities after H2O2 application. 

When applied to cells, H2O2 causes protonation that can excite the dye and result in higher DAPI 

intensities (Żurek‐Biesiada et al., 2013). In the case of Dox, however, DNA damage is likely the 

causing factor. Treatment with Dox to the cells has been known to result in lowered expression of 

Lamin B1, a protein that provides structure to the nuclear envelope, as well as the 

dephosphorylation of Retinoblastoma (Rb), a protein that protects against apoptosis (Antonucci et 

al., 2014; Bientinesi et al., 2022). Dox treatment also induced an increase in γ-H2AX, a marker of 

DNA double-strand breaks, and macroH2A1, a histone variant component of SAHF, which 

indicates the increased DAPI intensity may be due to the formation of SAHF or other related DNA 

damage (Bientinesi et al., 2022). Similarly, Pal induces DNA damage, and by suppressing the 

expression of RAD51, a DNA repair protein, inhibits DNA repair; this also results in the increased 

expression of γ-H2AX, and this DNA damage could be resulting in higher DAPI staining intensity 

(Wang et al., 2021). 

Different stressors can lead to various types of senescence-related changes in morphology 

and protein expression. Even stressors within the same category, such as Dox and Pal, both being 

cancer therapy agents, can lead to different manifestations of senescence. 
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3.3 2D vs. 3D Microenvironment Results 

We compared the morphological properties of the cell and nucleus for each optimized 

concentration in 2D and 3D environments. Figure 13 shows the bright field, DAPI, SA β-Gal, and 

phalloidin images for HFFs treated with each optimal concentration in the 3D collagen gel 

environment.  

 

 

Figure 13: Bright field and immunofluorescence images for HFFs treated with optimal concentrations. 

Scale bar 200 μm. 

 

Figure 14 summarizes morphology results of the nucleus. As expected, it was evident that 

the nucleus perimeter and area are notably higher on average in 2D environments compared to 3D, 
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with nearly twice the area in 2D. Cells treated with H2O2 and drugs exhibited a similar trend of 

change in perimeter and area in both 2D and 3D environments, displaying that the perimeter and 

area tended to be higher than those of the control group, except for the Dox-treated groups.  

The trend of change was shown to be comparable in both environments, with H2O2 and Pal 

causing increases in perimeter, area, and shape index, while Dox shows little to no increase in 

perimeter and area, and a decrease in shape index. However, the shape index exhibited greater 

significance in 3D environments than in 2D, with all three stressors causing statistically significant 

changes to the nucleus morphology.  
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Figure 14: (a) Fluorescence images in nucleus morphology in 2D and 3D. Quantification of nuclear 

morphological properties for optimized concentrations in (b-d) 2D and (e-g) 3D microenvironments. N = 

270, * p ≤ 0.05. Scale bar 200 μm. Data presented as mean ± SEM. 

 

Figure 15 summarizes the quantified morphological properties of cells, based on the 

fluorescence images of phalloidin, for each optimized concentration in both 2D and 3D 
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environments. Similar to the results regarding nuclear properties, as anticipated, both the area and 

perimeter in the 2D environment were approximately two to four times and two times higher, 

respectively, than those in the 3D environment. When comparing perimeter, in 2D Dox-treated 

cells displayed significantly higher values (393.56 ± 7.25 μm) than the control group (333.6 ± 18.1 

μm), whereas in 3D they displayed significantly lower values (298.43 ± 7.595 μm) than control 

(327.59 ± 6.999 μm) (Figures 14b, 14e). Pal-treated cells in both 2D and 3D also exhibited higher 

perimeter values than the control group, although in 3D, the difference was not statistically 

significant. The H2O2-treated group showed no significant change in perimeter in 2D but had a 

significant decrease (304.73 ± 8.40 μm) compared to control in 3D.  

For cellular area in the 2D microenvironment, all treated groups displayed increases as 

compared to control (4214.9 ± 168.6 μm2), though only Pal induced a significant increase (6728.6 

± 244.9 μm2). However, in 3D all treated groups had decreased, with only Dox-treated groups 

having a statistically significant decrease (1307.9 ± 43.57 μm2) in comparison to control (1686.2 

± 48.86 μm2). In 2D, all treated groups had decreases in shape index, with Dox-treated groups 

inducing a statistically significant decrease (0.3771 ± 0.0079) in comparison to control (0.4357 ± 

0.0106). However, in 3D the drug-treated groups remain unchanged, while H2O2 induced an 

increase in shape index (0.2628 ± 0.0089) in comparison to control (0.2215 ± 0.0064).  
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Figure 15: (a) Fluorescence images of phalloidin in 2D and 3D. Quantification of cellular morphological 

properties for optimized concentrations in (b-d) 2D and (e-g) 3D microenvironments. N = 270, * p ≤ 0.05. 

Scale bar 200 μm. Data presented as mean ± SEM. 

 

Figure 16 depicts the quantified results of SA β-Gal activity in HFFs in both 2D and 3D 

environments. Overall, all three stressors exhibited significant changes in expression in both 2D 
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and 3D.  In 3D, all treated groups experienced at least twofold relative increases in intensity as 

compared to 3D, whereas in 2D only Pal-treated groups expressed such a large increase.   

 

 
Figure 16: (a) Fluorescence images of SA β-Gal activity in HFFs for each control and each stressor in 2D 

and 3D environments. Quantified results of the SA β-Gal intensity for (b) 2D and (c) 3D. N = 270, * p ≤ 

0.05. Scale bar 200 μm.  

 

Figure 17 presents the quantified results of phalloidin intensity in both 2D and 3D 

environments, along with fluorescence images of phalloidin in HFFs for each stressor in both 

environments. In 2D, all three stressors induced increases in phalloidin fluorescence, with Dox 

having the highest. However, in 3D, H2O2- and Dox-treated groups displayed little to no change 

in comparison to control, and Pal induced a statistically significant decrease.  
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Figure 17: (a) Fluorescence images of phalloidin in HFFs for each control and each stressor in 2D and 3D 

environments. Quantification of phalloidin intensity for (b) 2D and (c) 3D. N = 270, * p ≤ 0.05. Data 

presented as mean ± SEM. 

 

Figure 18 illustrates the quantified results of DAPI intensity for both 2D and 3D 

environments Overall, all three stressors exhibited significant changes in expression in both 2D 

and 3D.The increase in fluorescence intensities in 3D is comparable to 2D, except for the Dox-

treated group in 3D, which remained near control levels.  

 
Figure 18: (a) Fluorescence images of DAPI in HFFs for each control and each stressor in 2D and 3D 

environments. Quantification of DAPI intensity for (b) 2D and (c) 3D. N = 270, * p ≤ 0.05. Data presented 

as mean ± SEM. 
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3.4 2D vs. 3D Microenvironment Discussion 

The expected cell and nucleus enlargement typical of senescence that was observed in the 

2D environment was absent in the 3D models. The nuclei remained largely unchanged in size after 

stressor treatment, and only Dox-treated groups showed a statistically significant decrease in shape 

index, indicating elongation in 3D. The nuclear enlargement associated with senescence is a result 

of cell flattening causing the nucleus to flatten as well, rather than changes to the nucleus’s 

functional and morphological properties (Lomakin et al., 2020).  

The 3D modelling results indicated no significant enlargement of the cell body. In fact, 

both H2O2 and Dox caused statistically significant decreases in cell perimeter, and Dox caused 

statistically significant decrease in cell area. Findings from other 3D models have also indicated 

that cells do not adopt this 2D senescent morphology, indicating that cell and nucleus enlargement 

could be an artifact of 2D modeling rather than a senescence related feature (Pauty et al., 2021; 

Weinmüllner et al., 2020; Yadav et al., 2021). Cells in 3D adopt a more dendritic appearance, with 

increased elongation even when comparing control cells between environments. Additionally, both 

the cell body and nucleus less than half the size in area as compared to 2D. The presence of a 

collagen matrix providing space for growth in all three directions may indicate that changes in 

volume would be more indicative of size changes induced by senescence.  

Pal-treated groups induced twofold increases in SA β-Gal expression in both 2D and 3D 

relative to control; H2O2 and Dox, however, induced a much higher expression in 3D than 

compared to 2D. The increase in senescence relative to control for H2O2 and Dox in the 3D 

environment could be due to the hypoxic nature of the collagen model. It has been observed that 

3D environments have a higher accumulation of ROS as compared to 2D (Liu et al., 2018). H2O2 

is an ROS, and therefore a form of oxidative stress that induces DNA damage to trigger senescence. 
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Similarly, Dox produces ROS as well as directly causing DNA damage through the blocking of 

topoisomerase 2. The lack of sufficient oxygen reaching the cells within the collagen matrix may 

be contributing to an additional accumulation of ROS, in turn increasing the production of SA β-

Gal in the 3D environment. 

In the 2D microenvironment, all three stressors resulted in higher phalloidin expression 

levels relative to control, with Dox-treated groups displaying the largest increase. In the 3D 

microenvironment, H2O2 and Dox caused no statistically significant change, though H2O2-treated 

groups displayed a slight increase and Dox-treated groups a slight decrease. It's important to note 

that Dox possesses natural red autofluorescence, which could have potentially exacerbated the 

intensity caused by F-actin restructuring during the quantification of 2D data (Böckelmann et al., 

2020). Pal induced a statistically significant decrease, in direct opposition to its effect in 2D. This 

indicates that Pal’s effect on cytoskeletal reorganization is not only cell line dependent, as 

previously discussed, but also environment dependent. -actin density could be increased post 

stressor treatment in 2D environments as a way to cope with cell enlargement; however, in 3D 

environments, the presence of the collagen scaffold provides extracellular support that may be 

preventing the need for increased F-actin polymerization.  

H2O2- and Pal-treated groups displayed increases in DAPI intensity in both 2D and 3D 

environments. Dox, while inducing the highest fluorescence in 2D, displayed levels similar to 

control in 3D. Studies have shown that Dox has difficulty permeating collagen matrices, and the 

presence of collagen reduces the effects of Dox on cells (Druzhkova et al., 2022; Millerot-Serrurot 

et al., 2010). Studies have shown that collagen-binding integrins used to attach cells to the ECM 

are correlated with chemoresistance, specifically with Dox (Naci et al., 2019).  The collagen/α2β1 

integrin inhibits the Rac1 gene, which is necessary in the Dox-induced DNA damage pathway. 
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Naci et al. observed that Rac1 was necessary for Dox-induced DNA damage, and that the presence 

of the collagen/α2β1 integrin, produced by cell-collagen binding, inhibited the DNA damage 

response by measuring the DNA damage histone γ-H2AX. The decreased DAPI intensity in the 

3D microenvironment, as compared to the high DAPI intensity for Dox-treated groups in 2D, 

indicates that the presence of the collagen matrix is inhibiting the drug’s ability to induce the 

expected DNA damage. As a result, there is a possibility that the expected SAHF are not forming. 

However, this would need to be confirmed through assays measuring DNA damage related proteins 

and more in-depth qualitative study. 
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CHAPTER 4 

CONCLUSION 

 Cellular senescence can be induced through various intrinsic and extrinsic factors. 

Depending on both the stressor type, as well as the environment, cells may present different 

senescence related changes. Most research studying senescence uses 2D culture modeling. The 

wealth of literature describing senescence associated morphological and biochemical changes are 

largely based on results from 2D modeling. In 2D models, cells often grow, become flatter and 

misshapen. In 3D, however, it was seen that little change after treatment, with some stressors even 

causing cells to grow smaller in perimeter and area. This in particular indicates that senescence 

may not cause cell enlargement, and this phenomenon is an artifact of 2D modeling.  

 The biochemical changes occurring at the cellular level were also found to be environment 

dependent, as well as stressor dependent. While in the 2D microenvironment, F-actin density, as 

measured through phalloidin fluorescence, increased irrespective of stressor, in the 3D 

microenvironment fluorescence remained at control levels for H2O2 and Dox, and decreased 

significantly for Pal. Similarly, while DAPI fluorescence increased for all three stressors in 2D, 

indicating DNA damage, in 3D Dox-treated groups showed no change from control levels. The 

collagen matrix hinders the drug’s ability to enter the nucleus and conduct DNA damage, indicating 

the presence of the ECM can alter how stressors function in comparison to direct cell interactions. 

 Overall, it can be seen that senescence related phenotypes differ based on stressor type as 

well as the cellular microenvironment. While this study was able to show the effects of the 

microenvironment on cellular morphology changes, the measurements are 2D in nature. In future 

studies, measuring the volume of cells in both 2D and 3D environments may be more indicative 

of senescence related morphological changes. Similarly, while DAPI was used as an indirect 
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measure of DNA damage, further studies using DNA damage specific histone markers could 

confirm the presence and formation of SAHF. In future works, testing other cell lines, both 

immortalized and primary human cell lines, with different stressors and in different environments 

can elucidate how senescence presents differently based on cell type as well. Further measuring 

changes in mechanical properties, through the use of atomic force microscopy (AFM), as well as 

measuring SASP levels through MALDI, can reveal greater nuances in stressor dependent 

senescence. Lastly, using 3D holotomography, studying changes at the organelle level will also be 

vital. 
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