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ABSTRACT 

Hays, Emily E., Effect of cell culture condition or bisphenol a (bpa) on the wound 

healing response in vitro.  Master of Science (Biology), December, 2023, Sam Houston 

State University, Huntsville, Texas. 

 

Wound healing is a process comprised of overlapping phases: inflammation, 

tissue formation, reepithelization, and remodeling; all of which can be influenced by 

exogenous factors such as environmental pollutants. Bisphenol A (BPA), a monomer 

used in the manufacture of many plastics, is an endocrine-disrupting chemical that may 

influence cell proliferation and/or cellular migration during wound repair.  Here I used an 

in vitro model of wound healing to investigate the effect of varying the composition of 

the cell culture media in conjunction with BPA exposure to determine how each of these 

factors may influence the kinetics of the wound healing response. Specifically, the degree 

of closure over 24 hours was measured in the presence or absence of bovine serum in the 

cell culture media in cells pre-exposed to varied concentrations of BPA. Using an 

algorithm developed for ImageJ to autonomously estimate the rate of wound closure, we 

found that the presence of serum in the culture media significantly increased this rate in 

(p ≤ 0.001). Prior exposure to BPA had no effect on the rate of wound closure, regardless 

of dose or cell culture condition (p ≥ 0.05).  Collectively, these data suggest that serum 

growth factors are essential mediators of wound closure in vitro, whereas BPA exposure 

has no significant effect.  

KEY WORDS:  Wound closure, Culture conditions, Scratch assay, Bisphenol-A, In-

vitro. 
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CHAPTER I 

Introduction 

Stages of Wound Healing 

Within mammals, tissue damage results in the initiation of a wounding healing 

response consisting of four distinct, but overlapping, phases: (1) hemostasis, (2) 

inflammation, (3) remodeling, and (4) maturation (Figure 1).  

Figure 1 

Wound Healing Phases: Hemostasis, Inflammation, and Proliferation  

Hemostasis 

Upon injury, the constriction of damaged blood vessels rapidly occurs to redirect 

blood flow around the damaged tissue as well as limiting the degree of hemorrhaging 

(Fitridge & Thompson, 2011). In particular, endothelial disruption exposes circulating 

platelets to Type I Collagen. This results in platelet activation and the subsequent release 

Note. Pictorial rendering of wound healing using the integumentary system as a representative. (A) 

Hemostasis (B) Inflammation (C) Proliferation. 
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of a number of bioactive compounds including glycoproteins (e.g., fibrinogen, 

fibronectin, and von Willebrand factor) which aggregate to form a platelet plug after 

thrombin converts fibrinogen to fibrin (Harmening, 1996). The resultant fibrin strands 

create a network around the platelet plug to provide stabilization while creating a barrier 

and scaffolding for migrating immune cells (Bryant & Nix, 2007; Harmening, 1996). 

Additionally, activated platelets will release platelet-derived growth factor (PDGF), 

transforming growth factor beta (TGF-β), transforming growth factor alpha (TGF-α), 

fibroblast-derived growth factors (FGF), and vascular endothelial growth factor (VEGF) 

that are important during later phases of the wound healing response (Barrientos et al, 

2008). Simultaneously, clotting factors (V & VIII) are produced in the liver resulting in 

coagulation to stem the degree of hemorrhaging further (Harmening, 1996). Finally, both 

platelet and immune cell-derived growth factors as well as damage-associated molecular 

patterns (DAMPs) recruit neutrophils and macrophages to the wound site to initiate an 

inflammatory response (Bryant & Nix, 2007).  

Inflammation 

The innate immune system is responsible for mounting an inflammatory response 

at the site of injury that is characterized by heat, swelling, pain, and redness around the 

injury. The loss of cell membrane integrity leads to an immediate release of various 

DAMPs, such as ATP and DNA fragments, which bind to pattern recognition receptors 

(PPRs) on innate immune cells to activate nuclear factor kappa beta (NF-kB) and 

mitogen-activated protein kinase (MAPK) signaling pathways (Rodrigues et al., 2019; 

Johnson et al., 2020). Ultimately, activated neutrophils and macrophages secrete 

cytokines such as interleukin-1 (IL-1), interleukin-6 (IL-6), and tumor necrosis factor-
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alpha (TNF-α) which act as the primary inflammatory mediators (Johnson et al., 2020). 

In addition to pro-inflammatory cytokines, both neutrophils and macrophages secrete a 

suite of growth factors to serve as a chemoattractant for fibroblasts, to activate 

macrophages, stimulate re-epithelialization and induce an angiogenic response 

(Barrientos et al., 2008).  

Remodeling 

Fibroblasts utilize cell adhesion molecules such as integrins to migrate to the site 

of injury via binding to fibronectin and fibrin fibers present at the wound site (Fitridge & 

Thompson, 2011). In addition, PDGF secreted by platelets and macrophages stimulate 

fibroblast activation/differentiation into proto-myofibroblasts while producing 

collagenase (Barrientos et al., 2008). At the same time, TGF-β increases the production 

of collagen and elastin to aid with the formation of a new extracellular matrix (Barrientos 

et. al., 2008). Together, these factors shift the wound microenvironment to support cell 

proliferation (Fitridge & Thompson, 2011).    

Eventually, fibrinolysis downstream of plasmin activity dissolves the fibrin clot 

which will ultimately be replaced by collagen strands at the wound edges. Due to tensile 

forces, the proto-myofibroblasts at the wound edges further differentiate to 

myofibroblasts which express α-smooth muscle actin (α-SMA). Contraction of these 

actin fibers then aid with the mechanical closure of the gap (Fitridge & Thompson, 2011). 

Meanwhile, VEGF stimulates the production of matrix proteins to fill the gaps between 

the individual collagen strands to form granulation tissue while stimulating nearby 

capillaries to bring additional oxygen and nutrients into the wound site (Barrientos et al., 

2008; Bryant & Nix, 2007).  
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Lastly, fibroblast-derived growth factors induce the proliferation and migration of 

epithelial cells at the wound edges toward the center to create a monolayer (Bryant & 

Nix, 2007). This is followed by their differentiation into a proliferative state (Fitridge & 

Thompson, 2011). The final step of remodeling is to restore barrier function by 

rebuilding the stratified layers of the epidermis if it is a surface wound via the action of 

keratinocytes (Fitridge & Thompson, 2011). Interestingly, the wound healing response is 

essentially the same regardless of wound site except for the involvement of keratinocytes 

in surface wounds. 

With time, tissue homeostasis is restored due to the constant synthesis, deposition, 

and reorganization of the ECM along with a decrease in capillary density and thickening 

of collagen fibers to increase the tensile strength of the tissue (Rodrigues et al., 2019). 

Unneeded fibroblasts and immune cells will either migrate away from the wound site or 

undergo apoptosis (Rodrigues et al., 2019).  

Bisphenol A 

Bisphenol A (BPA) is a plastic monomer used in the production of polycarbonate 

and epoxy resins to increase flexibility and durability (Vandenberg et al., 2007). It is 

commonly found in food containers, dental fillings, medical equipment, and water pipes. 

Importantly, BPA can leach from the final products into the environment due to changes 

in temperature and/or pH (Vandenberg et al., 2007). It is estimated that the daily 

exposure of humans to BPA is approximately 30.76 and 60.08 ng/kg body weight for 

adults and children, respectively (Vandenberg et al., 2007). Detectable levels of BPA 

have been found in serum, blood, placenta, fetal plasma, and breast milk (Vandenberg et 

al., 2007).  
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          BPA is classified as an endocrine-disrupting chemical which are classified based 

on their ability to hinder physiological function downstream by mimicking or 

antagonizing normal endocrine production and/or signaling pathways (Diamanti-

Kandarakis et al., 2009). In the case of BPA, it binds to the estrogen receptor (ER) to act 

as either an antagonist or an agonist (Shanle & Xu, 2011). In actuality, the estrogen 

receptor exists as one of two isoforms known as ER-α and ER-β which differ in the 

structure of the C-terminal binding domain (Matthews and Gustafsson, 2003). ER-α is 

expressed in the mammary glands, liver, and the uterus; whereas ER-β is typically 

expressed in bladder, colon, and the immune system (Paterni et al., 2014). As is the case 

with all intracellular steroid receptors, ER-α and ER-β act as nuclear transcription factors 

to regulate gene expression in response to estrogenic signaling (Shanle & Xu, 2011). 

Estrogen is implicated in every phase of the wound healing response (Cooper et 

al., 2015; Koh et al., 2015; Kovats et al., 1997; Zhou et al., 2016), playing a prominent 

role in fibroblasts where it affects collagen production by increasing TGF-β secretion 

(Ashcroft et al., 1997; Verdier-Sévrain et al., 2006). Therefore, I hypothesized the wound 

healing response in vitro would be modulated by BPA (Le-Magueresse-Battistoni et al., 

2018 & Liu et al., 2021). Interestingly, BPA exposure can alter the wound healing 

response in vivo, but it could either be stimulated or delayed dependent on the route of 

exposure (Wen et al., 2022). Specifically, local application induced ER-β expression to 

promote repair, whereas dietary exposure suppressed ovarian secretion and delayed 

wound repair (Wen et al., 2022).   



6 

 

 

In Vitro Scratch Assays  

 A common and cost-effective model system to study cell migration or 

proliferation is the in vitro scratch assay. In brief, a monolayer of cells is disrupted using 

different experimental techniques (e.g., pipette scratch) to mimic or create an injury in 

this model system. Commonly, cells are monitored over 24-hours to assess cellular 

proliferation or migration within the wound to determine the rate of wound closure.  

Cell culture media formulations typically include serum, usually from cattle, to 

serve as a source of growth factors. These growth factors aid with cell growth and 

proliferation and ensure cell viability. Scratch assay protocols often advise supplementing 

the cell culture media with 10 – 20% bovine serum to prevent cell detachment while 

minimizing excessive cell growth (Liang et al., 2007). Nevertheless, there is a lack of a 

consensus on whether the presence (or absence) of serum in the cell culture media will 

yield similar results among experiments, including when the serum is present.  That is, 

does the media contain serum during the entire protocol? Or only during a select period 

(e.g., pre-scratch versus post-scratch)?  

This study aims to explore using a spontaneously immortalized primary fibroblast 

cell line. This line was originally isolated from the skin of a mouse with an 

uncharacterized genetic background purchased from a retail pet store.  
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CHAPTER II 

Methods 

Fibroblast Cell Line 

A spontaneously immortalized dermal fibroblast cell line that was generated from 

an abdominal skin biopsy collected from a mouse with an uncharacterized genetic 

background purchased at a pet supply chain was used for this study. This cell line will be 

referred to as Sam Houston State University Fibroblast A (SHSU FA) and was used at 

varying passage numbers over the course of the study. Prior to experimentation, cells 

were maintained in Complete Dulbecco Modified Eagle Medium (DMEM) high glucose 

(4.5 g/L) without glutamine and sodium pyruvate supplemented with 10% Fetal Bovine 

Serum and 1% Penicillin Streptomycin.  

In Vitro Scratch Assay Protocol  

To generate the wound, a 1000 µL pipette tip was used to draw a line through a 

confluent monolayer of SHSU FA cells under each of the conditions below.  Specifically, 

cells were maintained in each of two media formulations during the pre-wound or post-

wound period in the presence of varying amounts of BPA. Overall, there were 16 

different culture condition x BPA treatments (Table 1). In particular, the individual 

culture conditions consisted of cells grown in the presence of either complete or serum-

free media during the pre-wound and/or post-wound period. Complete media consisted of 

DMEM supplemented with 10% Fetal bovine serum (FBS) and antibiotics. The serum-

free media was comprised of DMEM with antibiotics and 2% Bovine Serum Albumin 

(BSA).  There was no FBS added to the media. For the BPA treatments, a 10 mM stock 

solution of BPA that was dissolved in 100% ethanol was generated, then serially diluted 
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with complete DMEM to achieve the final concentrations of 1 µM, 10 µM, and 100 µM 

to be used in this study.  

Table 1 

Culture Conditions and BPA Exposure Combinations  

BPA 

Treatment 

Name Pre-Scratch 

Media 

Post-Scratch 

Media 

0µM    

 Condition A Complete Complete 

 Condition B Complete Serum-free 

 Condition C Serum-free Complete 

 Condition D Serum-free Serum-free 

1µM    

 Condition A Complete Complete 

 Condition B Complete Serum-free 

 Condition C Serum-free Complete 

 Condition D Serum-free Serum-free 

10µM    

 Condition A Complete Complete 

 Condition B Complete Serum-free 

 Condition C Serum-free Complete 

 Condition D Serum-free Serum-free 

100µM    

 Condition A Complete Complete 

 Condition B Complete Serum-free 

 Condition C Serum-free Complete 

 Condition D Serum-free Serum-free 
Note. Culture conditions and BPA exposure combinations were used in this study. Each BPA dosage had 

four different culture conditions. (A) Complete to Complete (B) Complete to Serum-free (C) Serum-free to 

Complete (D) Serum-free to Serum-free 

In total, three different experiments were conducted using each of the 16 culture x 

BPA combinations. In two cases, scratch assays were performed in a 24-well plate with 

cells grown to confluency then seeded at 60,000 cells per well in complete media 

overnight to ensure attachment. The first scratch assay was performed by another 

graduate student in 2017; the protocol and raw images were used in this analysis (Breuer, 

2017). The third scratch assay was performed in a 25 cm2 flask seeded with 500,000 cells 
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and grown to confluency. In each case, the confluent monolayer was washed using the 

appropriate media formulation for the subsequent experiment then maintained in either 

complete or serum-free media for 24 hours. On day 3, cells were washed with the media 

containing BPA (control, 1 µM, 10 µM, or100 µM) then maintained in the presence of 

the same BPA dose for an additional 24 hours. Prior to scratching, cells were washed 

with complete or serum-free medium. After scratching, the medium was removed, then 

replaced with one of the 16 media x BPA combinations.  

Microscopic and Image Analysis  

Wound closure for the first experiment using a 24-well plate were imaged at 0-, 8-

, 16-, and 24-hours post-scratching at 4x magnification using a condenser on an inverted 

microscope. During the second experiment, imaging protocol was the same except no 

images were taken at 16- hours. For the third experiment, scratches were imaged using 

the Echo Revolve at 4x magnification for 0-, 8-, 16-, and 24- hours post- scratching. To 

ensure the wound was imaged in the same spot, a line was drawn to use as a guide. 

Images were exported into Adobe Lightroom, and a B&W preset was applied. Wound 

closure analysis was conducted in ImageJ using an automated script (Breuer, 2017). In 

brief, the images were flattened and cropped (Appendix 1), then the outline of the wound 

was detected and the area inside was measured (Appendix 2). To ensure non-scratch 

areas were not included in the final analysis, each individual image was manually 

checked to remove any detected non-scratch areas (Appendix 3). See Figure 2.  
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Figure 2 

Representative Images of a Wound for 24 Hours  

Note. Images of a wound over 24 hours. (A) Hour 0 (B) Hour 8 (C) Hour 16 (D) Hour 24.  

 

Statistical Analyses 

A multiple linear regression model was performed to explore the relationship 

between culture condition and BPA treatment on the degree of wound closure with hour 

as a covariate. Initially, the full model was run and if there were significant interactions 

within the model, then the model was simplified further. To investigate the best fit of the 

model, Akaike Information Criterion (AIC) was performed. Finally, any negative 

numbers were excluded from these analyses. Statistical analyses were run using R 

version 4.3.1 (R Code Team, 2022).  
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CHAPTER III 

Results 

Experiment 1 

Kinetics 

The regression of culture condition and BPA treatment with hour as covariate on 

the area of wound closure was significant (R2 = 0.570, df =19, 356, F = 27.11, p = 0.001). 

However, BPA did not significantly predict the degree of wound closure over time at any 

dosage;  1 µM (β = -0.100, t = -0.280, df = 19, 356, F = 27.11, p = 0.780), 10 µM (β = 

0.42172, t = 1.120, df =19, 356, F = 27.11, p = 0.263) or 100 µM (β = -0.193, t = -0.513, 

df = 19, 356, F = 27.11, p = 0.609, Figure 3). Moreover, there was a significant predictive 

relationship on wound closure for conditions C (β = -1.319, t = -3.031, df = 19, 356, F = 

27.11, p = 0.003) and D (β = -2.646, t = -6.080, df = 19, 356, F = 27.11, p = 0.001), 

whereas condition B had no predictive effect on the degree of closure (β = -0.550, t = -

1.264, df =19, 356, F = 27.11, p = 0.207). Compared to the slope for condition A, the 

slope for condition B was 6.8% smaller, condition C was 22.5 % smaller, and condition 

D was 54.46% smaller (Figure 4). Furthermore, there was a significant interaction 

between condition B and the 10 µM dose of BPA as a prediction of wound closure (β = 

1.700, t = 3.26, df = 19, 356, F = 27.11, p = 0.001). None of the remaining interaction 

terms between BPA and culture condition were significant predictors of the degree of 

wound closure (p > 0.05).  

Hour, the covariate regressed against area of wound closure was also statistically 

significantly (β = -0.178, df = 19, 356, F = 27.11, t = -11.987, p = 0.001). Condition B 

and hour had a significant predictive influence on the degree of wound closure (β = 
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0.091, df = 19, 356, F = 27.11, t = 4.222, p = 0.001). Likewise, the interaction between 

hour and condition C predicted a significant effect on the area of wound closure (β = 

0.048, df = 19, 356, t = 2.326, p = 0.001). Hour and condition D significantly predicted 

degree of wound closure (β = 0.123, df = 19, 356, F = 5.972, p = 0.001).  

Figure 3 

BPA Treatment and Culture Conditions on the Area of Wound Closure  

 

 

 

 

 

 

Note. Area of wound closure over time with different doses of BPA treatment and four culture conditions. 

(A) Complete to Complete (B) Complete to Serum-free (C) Serum-free to Complete (D) Serum-free to 

Serum-free. Bars represent ± 1SE. Overall regression analysis is significant (R2 = 0.570, df = 19, 356 F = 

27.11, p = 0.001). BPA had no significant effect (R2 = 0.570, p > 0.05 for all dosages).  
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Figure 4 

Area of Wound Closure Between Culture Conditions  

Note. Culture conditions influence the degree of wound closure. Due to the lack of an effect of BPA, data 

from all four treatment conditions were combined. (A) Complete to Complete Condition (B) Complete to 

Serum-free Condition (C) Serum-free to Complete Condition (D) Serum-free to Serum-free Condition. 

Error bars represent the mean ± 1SE. Culture C and D had significant association on the area of wound 

closure (R2 = 0.570, df = 19, 356, F = 27.11, p < 0.001). Culture B has no significant association (p = 

0.207).  

Experiment 2 

Kinetics 

Initially, a multiple linear regression model was planned to be performed. 

However, this experiment did not pass the assumption of the homogeneity of the 

regression slope. Therefore, there were no significant effect of the culture condition (df = 
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3,196, F = 2.349, p = 0.074) or BPA treatment (df = 1, 196, F= 0.405, p = 0.525) on 

wound closure. The interaction of culture condition and BPA treatment was also non-

significant (df = 3, 196 F = 0.687, p = 0.053). Hour, the covariate, was significant in this 

model (df = 1, 196 F = 117.789, p = 0.001),  but there was no significant interaction with 

BPA (df = 1, 196, F = 0.260, p = 0.611), culture condition (df = 3,196, F = 0.796, p = 

0.497), or BPA and culture condition (df = 3, 196, F = 1.321, p = 0.269).  

Experiment 3 

Kinetics 

The proposed plan was to conduct a multiple linear regression model, but the 

homogeneity of the regression slope assumption was not met. Thus, it was found that 

there was no significance for the two factors: Culture condition (df = 3, 164, F = 2.209, p 

= 0.090.) or BPA treatment (df =1, 164, F= 2.565, p = 0.111) on the degree of wound 

closure. Also, the interactions were found not to be significant between the factors (df = 

3, 164, F = 1.276, p = 0.284). The covariate, hour, was significant (df = 1, 164, F = 

263.325, p = 0.001). However, in this model, hour was not significant in the interaction 

with BPA (df = 1, 164, F = 0.029, p = 0.864), culture (df = 3, 164, F = 2.112, p = 0.101), 

or BPA and culture (df = 3, 164, F = 0.297, p = 0.828) on the degree of wound closure.  
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CHAPTER IV 

Discussion  

During the wound healing process, cells can either proliferate or migrate during 

wound closure. Each of these processes is strongly influenced by the presence of growth 

factors (Islam et al., 2016; Iyengar et al., 2009; Rose, 2012). Therefore, it was not 

surprising that the presence of serum in the cell culture medium during the post-wound 

period significantly increased the degree of wound closure relative to serum-free 

conditions (Figure 3). In addition, the difference in the slopes among the four culture 

conditions indicated that the rate of wound healing differed among the conditions. 

Specifically, the presence of serum increased the rate of wound closure, most likely due 

to the presence of various metabolites, growth factors, other hormones, trace elements 

and proteins.  

In the case of the serum-free conditions, the slowed rate of wound closure is most 

likely due to a need to synthesize key bioactive compounds such as growth factors prior 

to the onset of wound closure by the cells. Overall, these data clearly indicate that the 

presence/absence of serum is a key modulator when assessing the wound healing 

response in vitro. Whether this is due to differences in the degree of cell proliferation 

and/or cell migration is unknown.  

BPA is a plasticizing agent commonly used in the manufacture of many 

household products.  It is a well-known endocrine disruptor with negative effects on the 

reproductive and metabolic health of humans and other species. Despite its suppressive 

effect on the inflammatory response (Loffredo et al., 2020; Malaise et al., 2020; Zia, 
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2020), I found that BPA had no significant main effect on the degree of wound closure 

even at a relatively high dose (100 uM) under any culture condition (Figure 3).  

Interestingly, this is in contrast with other studies. Specifically, Wen et al. (2022) 

found that BPA actually enhanced the rate of migration during wound healing using 

primary mouse fibroblasts in conjunction with an increased expression of ER-β, collagen, 

and α-SMA (Wen et al, 2022). In addition, Hu et al. (2016) also found that BPA 

increased the rate of cell migration, but in human cardiac fibroblasts rather than murine 

dermal fibroblasts (Hu et al., 2016). In each case, these differences could be a reflection 

of differences in the degree of estrogen responsiveness and/or variable expression of 

growth factor receptors in these cells versus the SHSU FA cell line.  

Furthermore, BPA has been shown to modulate the degree of wound closure in 

vivo as well (Wen et al., 2022). In this case, wound closure could be delayed or 

stimulated dependent of on the route of delivery in that topical treatment of the wound 

with BPA promoted healing, while ingesting BPA delayed it. Meanwhile, BPA delayed 

the rate of wound closure in ovariectomized mice, while estradiol replacement in 

conjunction with BPA promoted wound closure (Wen et al., 2022). This suggests there is 

a complex interplay between estrogen signaling, BPA and the wound healing response in 

intact animals. Although it is a useful surrogate for many processes, a cell culture model 

cannot replicate the complexity of an in vivo response. For example, immune cells such 

as neutrophils and macrophages are important modulators of the wound healing response 

but are missing from the monoculture condition typically used for in vitro scratch assays.  

Interestingly, there was a lack of an effect of BPA treatment on the induction of 

stress-induced senescence in murine 3T3 cells (Alper, 2016). These cells are often used 
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as a model for studies of basic fibroblast biochemistry and physiology, but they do not 

express the estrogen receptor (Gaben and Mester, 1991). Estrogen also has no significant 

effect on the wound healing response in human primary dermal fibroblasts (Carnesecchi 

et al., 2015). Together, these data suggest that estrogenic activity may not have a direct 

influence on aspects of fibroblast biology in vitro, perhaps as a consequence of 

differential estrogen-dependent signaling. It is unknown whether the SHSU FA cell lines 

expressed a functional estrogen receptor.   

 Although we used a clonal cell line, the individual experiments were conducted 

months apart and were separated by multiple passages, or generations of cells. 

Consequently, some of the heterogeneity between experiments are likely the result of 

chance mutations and the subsequent fixture of specific alleles that could have altered the 

dynamics of the response. For example, differences in the degree of growth factor 

receptor expression, the rate of DNA replication and subsequent cell doubling times, or 

the production and secretion of various bioactive compounds that are central to the 

wound healing response (e.g., collagen). In a study using 13 individual cell lines that 

were cultured in parallel, but in different laboratories, demonstrated marked differences 

in the genetics, biochemistry and physiology of the individual clone maintained in each 

lab (Ben-David et al., 2018).  This could be due to chance mutation as noted above, or it 

could be due to inadvertent selective pressures that were introduced from maintaining 

individual clones in different environments. For example, the microenvironment of the 

individual laboratories (e.g., the rate of airflow, the degree of room air turnover and/or 

differences in the ambient temperature within the individual cell culture rooms). For this 
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study, Experiment 1 was conducted in 2017 in a different building than Experiments 2 

and 3. 

Another source of variation could be the use of different plasticware among the 

individual experiments. More specifically, experiments 1 and 2 were conducted in 24-

well plates while Experiment 3 was conducted in a T-25 flask. Due to differences in the 

design and specifications of 24-well cell culture plates versus T-25 flasks, there are 

differences in the rate and degree of gas exchange subsequent to variations in airflow, the 

available surface area over which gas exchange can occur and/or the depth of the media 

within the individual plates/flasks. For example, CO2 and other gases flows over the 

individual wells in a cell culture plate, whereas in a cell culture flask the gases flow into 

and fill the airspace within the flask, leading to pockets of stagnant air. Likewise, the 

relatively larger surface area and the greater depth of the cell culture media in a flask 

versus cell culture plate will alter the rate of diffusion through the media to the cell layer 

below.   

Each well/flask was marked with a lab marker to provide a point of reference so 

that the same area of the wound could be imaged post-scratching. This is essential to be 

able to accurately monitor the wound area over time. Nevertheless, there were instances 

where the wound area increased with time suggesting that the same area had not been 

imaged. A difference of even a millimeter of two could have a significant impact at the 

cellular level since this would shift the image by tens of microns. Consequently, 

individual measures that suggested an increase in wound size over time were not included 

in the final models.  
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Whether the SHSU FA cell line expresses a function estrogen receptor is 

unknown. A simple first step would be Western blotting for both ER-α and ER-β to 

determine whether the protein is expressed. If the receptor is absent, this suggests the lack 

of an effect of BPA is due to an inability to alter estrogen-dependent signaling within the 

cell. If the receptor is present, however, this still does not guarantee it is functional and/or 

that can bind BPA. This could be assessed by looking for a change in the expression of 

known estrogen-dependent genes after estradiol treatment in the presence and absence of 

estrogen receptor antagonists and ligand binding assays, respectively. Although it is 

immortal, whether the SHSU FA cell line has undergone transformation is also unknown. 

Because cell transformation results in the loss of normal homeostatic control this could 

have a significant impact on the response to wounding, as well as BPA. Various 

protocols, such as a Soft-Agar assay, can be used to assess whether these cells have 

undergone cell transformation.  

 Nevertheless, future studies would benefit from using established cell lines with 

known doubling times and patterns of gene expression, especially genes that may 

influence the wound healing response. The 3T3 cell line is commonly used for the 

investigations of basic fibroblast biology, but it does not express the estrogen receptor 

(Gaben and Mester, 1991). This makes it a useful model to investigate the influence of 

estrogen signaling on wound healing in the presence or absence of both estradiol and/or 

BPA. Specifically, 3T3 cells could be transfected to express either ER-α, ER-β or both 

ER-α and ER-β followed by estradiol, BPA and estradiol plus BPA after wounding to 

monitor what effect, if any, estrogen signaling has on the wound healing response.   
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Alternatively, an in vivo study using a laboratory strain of mice such as C57BL/6J 

could be conducted to investigate the effect of BPA on wound healing in an intact 

individual. Others have shown that the effect of BPA on wound healing can vary with the 

route of exposure. Using a full-thickness skin wound Wen et al., (2022), found that 

dietary exposure delayed the wound closure, whereas topical exposure accelerated wound 

closure. In another study using ovariectomized mice, Wen et al. (2020) demonstrated the 

importance of estrogen receptor signaling and the inflammatory response in mediating 

wound closure.  

Finally, wound closure after a scratch assay is the result of either cell proliferation 

from the wound edges, cell migration into the wound site, or combination of these 

factors.  Cell migration and proliferation are key processes in every phases of wound 

healing. To what degree either, or both, of these processes contributed to wound healing 

in the SHSU FA model is unknown. One approach to address this question would be to 

use Antigen Kiel 67 (Ki-67) staining after scratching under each of the culture condition 

x BPA treatments; Ki-67 is a well-characterized marker of cell proliferation both in vivo 

and in vitro. Meanwhile, cell labeling using fluorescent markers is a reliable means to 

track individual migrating cells.  

In conclusion, it was found that the presence of serum during the post-wounding 

period was an important modulator on the rate of wound closure in an uncharacterized, 

spontaneously immortalized fibroblast cell line derived from an abdominal skin biopsy 

collected from a mouse of an unknown genetic background using a scratch assay. The 

scratch assay is a widely used in vitro model of wounding and the wound healing 
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response. This is most likely due to the presence of growth factors and essential nutrients 

that are lacking in serum-free conditions.  

In addition, it was found that bisphenol A (BPA) had no effect on the rate of 

wound closure, despite its ability to impair inflammation at the cellular level. Prior work 

had shown that BPA impairs the release of pro-inflammatory cytokines from a mouse 

macrophage cell line in response to LPS. However, because the SHSU FA cell line is 

uncharacterized, it is unknown whether it is estrogen responsive and/or can maintain 

normal homeostatic control. Future studies aimed toward characterization of the SHSU 

FA cell line are warranted, as well as using established, commercially available cell lines 

to investigate the potential role of BPA as a mediator of wound healing in vitro.  
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APPENDIX A 

Flatten and Crop ImageJ Macro  

Note. ImageJ macro used to flatten and crop the image tiff to complete analysis.  
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APPENDIX B 

Automatic Scratch Detection and Measurement ImageJ Macro  

Note. ImageJ macro code  
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APPENDIX C 

Non-Scratch Area Removable ImageJ Macro  

     Note. ImageJ Macro code
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