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ABSTRACT 

Epithelial ovarian cancer (EOC) is one of the most prevalent cancers in women 

worldwide, with nearly 80% of cases diagnosed in late-stage of disease and an overall 

survival rate of less than 50%. 3D culture is necessary in order to study the in vivo 

response of cancer cells to therapeutic agents, in systems that better mimic innate cell-

cell and cell-ECM interactions. This study evaluates the potential of a novel 

micropatterned substrate, fabricated using photolithography to deposit TiB2 

micropatterns onto a Si wafer to study the response of EOC to epigenetic and 

chemotherapeutic drugs. Previous work has validated that the Si-TiB2 substrate enables 

selective deposition of growth factors and self-assembly of cells onto the TiB2 pattern 

through differences in stiffness, roughness, wetness, and charge gradient. For EOC cell 

lines, OVCAR3 (low invasiveness) and SKOV3 (high invasiveness), the Si-TiB2 

micropatterned substrate supported cell proliferation and maintained viability, and 3D 

aggregation for SKOV3 cells. Treating SKOV3 aggregates and OVCAR3 monolayers 

on patterned substrates, with an epigenetic drug, vorinostat, also known as 

suberoylanilide hydroxamic acid (SAHA), resulted in decreased diameter and thickness, 

however viability of the remaining cells was unchanged. Genomic analysis of the treated 

aggregates suggests a change in phenotype of SKOV3 after treatment with SAHA. 

While studies show that SAHA alone may not be a sufficient treatment for EOC, it does 

have the potential to augment the treatment of some cancers when used in combination 

with chemotherapeutic agents. Treatment of SKOV3 aggregates with a combination of 

SAHA and Paclitaxel was shown to decrease proliferation and halt growth for an 

extended period after treatment however these results are not statistically different from 
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the Paclitaxel treatment group, which agrees with a clinical trial of SAHA and Paclitaxel 

combinatorial treatment. Collectively, data support use of the micropatterned substrate 

for investigation of potential drug therapies for cancer treatment and cellular changes in 

response to drug treatment.  
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Chapter 1 Introduction and Background 
In 2020 the reported number of new ovarian cancer diagnoses worldwide was 

313,595 resulting in 207,252 deaths making ovarian cancer the eighth-most diagnosed 

cancer in women. Additionally, ovarian cancer is the fifth leading cause of cancer 

related death for women and of all diagnosed cases over 90% are epithelial ovarian 

cancer (EOC) [1]–[4]. EOC can be further differentiated into histological subtypes 

including serous, endometrioid, mucinous and clear cell carcinoma, as seen in Figure 1.  

 

Figure 1. Histological classifications of epithelial ovarian cancer [5]. 

The Federation of Gynecology and Obstetrics (FIGO) has developed a ranking 

for endometrial and cervical cancers, which places cancers on a scale from 0-IV with 

stages III-IV considered late-stage [2]. Cases of serous carcinoma make up more than 

half of EOC diagnoses and 80% of these are diagnosed at stage III or IV, while the other 

EOC subtypes are primarily diagnosed at stage I [1].  The high rates of late-stage 

diagnosis are linked to the lack of early detection tools as well as the aggressiveness of 

certain EOC subtypes. Late-stage diagnosis is correlated to high rates of relapse, heavy 

tumor burdens and drug resistance, making EOC treatment incredibly challenging and 

resulting in poor prognosis for many patients (Figure 2). 
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Figure 2. (A) Ovarian cancer diagnosis and 5 year survival statistics [6]. (B) Stages of ovarian cancer [7]. 

The most common initial treatment for EOC is surgery to remove as much of 

the tumor(s) as possible, followed by chemotherapeutic agents, often cisplatin or 

Paclitaxel, to ensure that any remaining cancer cells are eliminated [8]. Although this 

treatment plan can provide extended life expectancy, the 5-year survival rate for all 

ovarian cancer patients is less than 50% [4]. This lack of effectiveness can be attributed 

to the heterogeneity and resultant chemoresistance in some subpopulations of EOC cells 

[8]. In some cases when patients present with very large tumors chemotherapy may 

precede surgery to first shrink the tumor before removal, however, generally 
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chemotherapy is primarily useful in killing remaining cancer cells rather than clumped 

aggregates. 

While chemotherapeutic agents are often effective at killing remaining cells, in 

EOC patients there are high rates of relapse, particularly because late-stage diagnosis 

occurs in 70% of cases [1]. Treatment of EOC with only one drug can potentially 

contribute to drug resistance and in cases of relapse and late diagnoses drug resistance 

is a prevalent concern, hence there is currently a discussion surrounding the potential 

benefits of combinatorial treatments to improve treatment outcomes in EOC patients 

[9], [10]. There have been several studies into the efficacy of Histone Deacetylase 

inhibitors (HDIs) as a method of sensitizing EOC cells to chemotherapeutics to which 

they have demonstrated some level of resistance. HDIs are epigenetic drug therapies 

that have been shown to work by suppressing transcription through histone 

deacetylation, resulting in chromatin decompaction which leads to alterations in gene 

transcription [11]–[14] (Figure 3). Suberoylanilide hydroxamic acid (SAHA) is one 

HDI that has been shown to increase cell sensitivity to drugs like cisplatin and other 

chemotherapeutics in EOC solid tumors [9], [11]–[16]. SAHA is currently only 

approved to augment treatment of cutaneous manifestations in T-cell lymphoma 

patients that have recurring disease, however the demonstrated efficacy in these cases 

provides some hope that SAHA could be used as an augmentative to EOC treatments. 
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Figure 3. (A) Histone Deacetylase Inhibitors role in DNA transcription. (B) Schematic of the normal function of 
Histone Deacetylase. (C) The many biological pathways that Histone Deacetylase are involved in [13]. 

Paclitaxel is a common chemotherapeutic used in EOC treatment and its mode 

of action involves induction of cell cycle arrest in either M phase or G0 and G1/S at 

high and low concentrations respectively. Additionally, studies into the Paclitaxel 

resistance of patient derived EOC cells has shown that cell populations that are resistant 

to Paclitaxel are not resistant to SAHA, demonstrating a promising combination 

treatment [9] (Figure 4). There have been several studies assessing the effects of SAHA 

and Paclitaxel combinations in EOC patients. Studies in mice using SKOV3 and patient 

derived EOC cells injected intraperitoneally demonstrate similar results, showing a 

relatively equal response to SAHA and Paclitaxel, however there is some disagreement 
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as to whether or not the combination results in an additive effect that is statistically 

significant [9], [15]–[18].  

 

Figure 4. Invasion assay conducted using SAHA, Paclitaxel and SAHA + Paclitaxel combination in a Paclitaxel 
resistant cell line (scale bar = 100 μm) [15]. 

The combinatorial treatment using SAHA + Paclitaxel has been evaluated in a 

few separate clinical trials in other cancer types, including non-small cell lung cancer 

and recurrent head and neck cancer. A clinical trial assessing the effects of Paclitaxel 

and carboplatin treatment combined with SAHA or a placebo in advanced non-small 

cell lung cancer did not find significant differences between the Paclitaxel treatment 

group and the SAHA + Paclitaxel treatment group, however these patients had also 

already gone through previous failed chemotherapeutic treatments [18]. While this trial 

did not find a difference between treatment groups it did demonstrate the safety and 

minimal side effects in patients. These results in combination with in vitro studies 

demonstrating SAHA reactivity in Paclitaxel resistant EOC patient derived cells 
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suggests that further studies into SAHA as an EOC therapeutic augmentation are 

warranted. 

Some studies using SAHA have demonstrated that the drug upregulates E-

cadherin expression and decreases vimentin expression which also suggests that SAHA 

could be used to investigate the role of basement membrane in cancer progression by 

inducing alterations in phenotype of well characterized epithelial and mesenchymal 

EOC cell lines, however this phenomena is cell and context dependent [13]. In EOC as 

well as other cancers, progression can be linked to a transition from epithelial to 

mesenchymal phenotype (EMT) in which localized epithelial cancer cells gain motility, 

invasiveness, and ability to metastasize (Figure 5). EMT is thought to be involved in the 

progression of many types of cancer and it involves a weakening of cell-cell and cell-

ECM attachments. Clumped aggregates of a mixture of mesenchymal, epithelial and 

intermediate cells must then survive without anchorage until they reach a new location 

where they can undergo mesenchymal-epithelial transition (MET) to reverse the process 

and colonize a new site [19]–[21]. EMT is an integral step in ovulation therefore it is 

possible that ovarian cells retain this ability which could contribute to the high rates of 

metastasis seen in EOC patients. Several genes have been linked to the EMT process 

however the key markers that are widely used to characterize cells are vimentin, an 

intermediate-filament that is known to be highly expressed in mesenchymal cells, and 

E-cadherin, a cell adhesion molecule that is a part of the plasma membrane in most 

epithelial cells [20]–[22]. Although there are several 3D methods for in vitro modeling 

of EOC they do provide a means to capture changes in phenotype related to EMT/MET. 
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Figure 5. Schematic of the Epithelial to Mesenchymal Transition (EMT) and Mesenchymal to Epithelial Transition 
(MET) and the implications this process has for cancer progression and metastasis. 

While traditional cellular studies using two-dimensional (2D) monolayer 

cultures have provided a basic understanding of cellular behavior, research over the past 

several decades has focused on improving the accuracy of in vitro models [23]. The 

importance of three-dimensional (3D) models in cancer research has been recognized 

as essential in order to mimic the natural tumor microenvironment that is present in vivo 

and the use of spheroids in cancer biology research has become common practice [24]–

[26]. There are now several commercially available 3D models for cancer research that 

facilitate the culturing of cancer cell aggregates and spheroids. Two major categories of 

3D culture systems include scaffold and scaffold-free systems [27] (Figure 6). Scaffold 

free systems rely on the suspension of cells in media in order to form multi-cellular 

aggregates. These systems include ultra-low attachment plates, hanging drops, and 

rotating bioreactors or magnetic bead suspension. While scaffold-free platforms do 

achieve 3D cultured aggregates, they are limited by the fact that they do not lend 

structural stability to aggregates, they do not provide simple handling of spheroids 

downstream, and they cannot maintain cultures over extended periods that may be 

necessary for long term studies. In contrast, scaffold-based culturing systems take 
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advantage of naturally derived or synthetic hydrogels to provide structural support to 

aggregates. Although scaffold-based platforms do improve viability and length of 

culturing, limitations for these platforms include batch to batch variation and the need 

for additional crosslinking or other structural modifications to encourage cell adhesion. 

While in vitro models enable researchers to probe the dynamics of cancers more deeply, 

the current commercial 3D culturing platforms are limited in their functionality and the 

types of studies that they can facilitate.  

 

Figure 6. Commercially available 3D culturing systems [27]. (A) Ultra Low Attachment plate. (B) Hanging Drop. 
(C) Rotating Bioreactor. (D) Magnetic suspension. (E) Hydrogels. 

Our lab has developed a novel silicon titanium diboride (Si-TiB2) 

micropatterned substrate fabricated using photolithography to deposit TiB2 

micropatterns onto a Si wafer, that has previously been validated for 3D culture of cells 

from mesenchymal lineage. This substrate addresses the limitations of some 

conventional commercially available 3D culturing systems. Our platform has previously 

been validated with both human umbilical vein endothelial cells (HUVECs) and 

mesenchymal stem cells (MSCs). Furthermore, the Si-TiB2 platform does not require 

any pretreatment or coating to facilitate cellular attachment and encourages cells to 
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deposit their own extracellular matrix proteins, possibly capturing more accurately the 

relationship between EOC progression and ECM formation.  

This study will evaluate the potential of the Si-TiB2 micropatterned substrate to 

study the response of EOC to epigenetic and chemotherapeutic drugs. The Si-TiB2 

platform enables immunofluorescent and reflective light imaging of multi-cellular 

aggregates without the need for complex gel embedding techniques, facilitating the 

characterization of epithelial and mesenchymal phenotype throughout the metastatic 

progression.  

1.2 Objectives 

The overall goal of this study is to evaluate the utility of the Si-TiB2 micropatterned 3D 

culturing system in the testing of cancer therapies as well as monitoring phenotypic 

changes that occur during drug treatment and EMT induction. Study objectives include, 

• Comparison of the growth of epithelial (OVCAR3) and intermediate-

mesenchymal (SKOV3) cell lines on Si-TiB2  substrate. 

• Investigation of the expression of epithelial and mesenchymal markers on 

SKOV3 aggregates and OVCAR3 monolayers on Si-TiB2 substrates throughout 

culturing periods, ranging from one to two weeks. 

• Assessment of effects of epigenetic and chemotherapeutic drugs on epithelial 

and mesenchymal marker expression in SKOV3 aggregates and OVCAR3 

monolayers.  
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Chapter 2 Materials and Methods 

2.1 Micropatterned Substrate Fabrication 

 Si-TiB2 substrates were fabricated at the University of Houston, Department of 

Electrical and Computer Engineering, using techniques in the fabrication of integrated 

circuits. Silicon wafers were used as substrates for deposition of TiB2 thin films. The 

phase diagram of TiB2 allowed for congruent evaporation which ensured well controlled 

stochiometric composition of the deposited films. The deposition process was done by 

electron-beam evaporation performed at below 3x10-6 torr pressure from TiB2 chunks. 

Next, optical lithography using Kasper contact printer was used to create desired 

patterns in the TiB2 layers.  We used negative photoresist from Futurrex for exposure 

of the patterns through chromium masks. After the development process of photoresist, 

the patterns were etched in 30% hydrogen peroxide, washed in acetone for resist 

removal which was followed by IPA and DI rinse for surface cleaning of the wafers.   

The TiB2 patterns had circular designs of varying diameters. 

2.2 Surface characterization of Micropatterned Substrates and Protein 
Deposition 

 Stereomicroscopy images of Si, Si-TiB2 unpatterned and Si-TiB2 patterned 

substrates with circles of varying size from 200 to 500 µm are shown in Figure 7. TiB2 

has greater stiffness, hardness, wettability and roughness as well as less negative charge 

than the Si background thus facilitating cellular patterning applications. In previous 

studies, we have demonstrated that the Si-TiB2 micropatterned substrates promote 

specific cell adhesion and growth through substrate mediated protein adsorption [28]. 

Surface roughness is a relatively simple way to control cell adhesion and proliferation, 
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as studies have shown that increased surface roughness increases these parameters [29], 

[30]. In previous work we measured the roughness (Rq) of Si at 0.16 nm, while the 

average Rq of TiB2 was 0.28 nm [28]. 

 

Figure 7. Stereomicroscopy images of Si, TiB2, and Si-TiB2 micropatterned substrates taken at 2.5x. (scale bar = 200 
μm) 

Another vital component of this culturing system is growth factors with a 

heparin binding domain in combination with heparin. When cells are seeded on Si-TiB2 

micropatterned substrates in the absence of these components the cells demonstrate 

preferential attachment to TiB2 patterns vs Si patterns, however when seeded on the 

same substrates in media supplemented with heparin and growth factors with heparin 

binding domains, a highly selective attachment to patterns is observed. This is consistent 

with previous work demonstrating that the 1% heparin as a media component for when 

culturing on the Si-TiB2 substrate facilitates selective deposition of Endothelial Cell 

Growth Supplement (ECGS) onto the TiB2 micropatterns [28]. Qualitative AFM images 

of Si only and unpatterned Si-TiB2 substrates incubated overnight in media with FGF2 

in the presence and absence of heparin show relatively equal protein adsorption when 

heparin is absent. However, when heparin is present protein adsorption is relatively 

greater on TiB2 than on Si.  
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  Selective cell adhesion using this system is not limited to a single growth factor, 

in fact any growth factor with a heparin binding domain is suitable for facilitating TiB2 

pattern-specific growth and aggregation [28]. One possible growth factor to be paired 

with heparin is fibroblast growth factor (FGF2), which is involved in focal adhesion, 

chemotaxis in addition to stimulation of cell proliferation. FGF2 is known to be involved 

in cell adhesion properties and cell-cell communication [31]–[34]. In this study, we use 

heparin in conjunction with FGF2 to enable micropattern specificity in ovarian cancer 

cell culture. As determined from previous work in which Atomic Force Microscopy 

(AFM) was used to determine protein deposition [35], there does not appear to be 

significant differences in protein adsorption on substrates in media with an FGF2 

concentration of 10, 50 or 500 ng/mL. Additionally, previous work using AFM to 

visualize protein deposition was conducted after incubating clean substrates overnight 

in media supplemented with 10 ng/mL and 1% heparin (by volume) [35]. Therefore, we 

utilized a concentration of 10 ng/mL FGF2 in conjunction with 1% heparin. 

AFM is a form of high-resolution line scanning probe microscopy that can detect 

nanoscale differences in surface topography [36]. In previous work Si, Si-TiB2 

unpatterned and Si-TiB2 patterned substrates were scanned using AFM to assess surface 

roughness, topography and protein deposition after incubation in media supplemented 

with 10 ng/mL FGF2 alone and with 1% heparin. The unpatterned Si-TiB2 substrate in 

media with FGF2 alone had a higher protein deposition than the unpatterned Si-TiB2 

substrate with FGF2 and heparin. The protein deposition on the Si substrate showed 

similar results, however the decrease in protein deposition in the presence of both 

heparin and FGF2 was more significant than that of the TiB2 substrate. Additionally, the 
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protein deposition on Si-TiB2 substrates was relatively uniform while on the Si substrate 

it was randomly clumped. These results confirm that heparin facilitates differential 

protein deposition on Si versus micropatterns of TiB2 on Si. The AFM results 

demonstrate that heparin decreases the adhesion of proteins on the Si background but 

not on TiB2 patterns, suggesting that heparin is involved in binding interactions with 

growth factors. This is consistent with heparin’s involvement in the induction of FGF2 

receptor binding [31]. 

2.3 Cutting and Cleaning of Substrate 

 Substrates were cut into small squares using a diamond tipped glass scorer and 

a glass cutting clamp. The surface area of substrates typically ranged from 10 to 20 mm2. 

Before seeding of cells, substrates were cleaned using a sonication system for 3-5 

minutes first in acetone, then in isopropyl alcohol and finally in deionized water. After 

each sonication the substrates were scrubbed using a cotton swab before the liquid was 

aspirated and the substrates were transferred into the next cleaning solution. The 

substrates were then dried using a pressurized nitrogen air gun before placing one 

substrate per well into a 24-well plate. The types of substrates used in this study included 

silicon (Si) only, unpatterned titanium on Si and micropatterned Si-TiB2. The 

micropatterned Si-TiB2 substrates consisted of patterns ranging from a diameter of 200 

µm to 500 µm in increments of 50 µm, for a total of 7 different circle sizes. 

2.4 SKOV3 and OVCAR3 Passaging and Seeding 

 SKOV3 and OVCAR3 cell lines were maintained in 2D cultures in 5 mL of 

cancer media (CM) in 25 mL flasks and passaged when they reached approximately 
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80% confluency into new flasks. Incubator conditions were humidified, 5% CO2 and 

37°C. Cancer media was composed of 20% fetal bovine serum (FBS) (12306C Millipore 

Sigma), 1% antibiotics (Sigma-Aldrich A5955), and 0.1% insulin (ABM TM053) in 

RPMI 1640 with glutamine (02-0205 VWR Life Science). For passaging, CM was 

aspirated and cells in flasks were washed twice with 2.5 mL 1X phosphate buffered 

saline (PBS) (Sigma-Aldrich H6648). PBS was then aspirated, and cells were incubated 

in 2.5 mL of 0.05% 1 mM trypsin from bovine pancreas (Sigma-Aldrich 59417) in the 

humidified incubator for 3-5 minutes. After incubation in trypsin cell detachment was 

verified with a phase contrast microscope and 2.5 mL of CM was added to the flask to 

deactivate trypsin. The 5mL of solution was transferred from the flask to a 15 mL 

centrifuge tube for centrifugation at 800 x g for 3-4 minutes in order to pellet cells. 

Supernatant was aspirated and cells were resuspended in 1 mL of fresh CM. Cells were 

counted in a hemocytometer by adding 12 μL cell suspension. A new culture flask was 

plated typically with 5 mL of CM and 250,000 cells from the cell suspension, however 

the number of cells plated was adjusted to achieve confluency earlier or later as needed. 

 During the same passages, substrates would also be seeded. After determining 

the cells count, the suspension was concentrated or diluted to achieve a final 

concentration of 1200 cells/μL. Substrates that had previously been cut, cleaned and 

imaged to determine surface area were placed one per well into a 24-well plate. These 

substrates were seeded using the prepared cell suspension based on their surface area 

(volume = ½ surface area of substrate) to a final seeding density of 600 cells per μm2. 

Next, 1 mL of culture media (CM supplemented with 10 ng/mL human FGF2 (Sigma-

Aldrich F0291) and 1% heparin (Sigma-Aldrich H3393)) was then added to each of the 
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wells by allowing the media to gently flow down the wall of the well in order to 

minimize disturbance of cells on the substrate. The freshly seeded substrates were 

carefully transferred to a humidified incubator 37°C with 5% CO2. Every 48 hours the 

old culture media was aspirated, and 1 mL of fresh culture media was added. 

 Seeding of hanging drop aggregates used the same concentration of cells in 

suspension as the substrates, therefore the passaging and resuspension protocols were 

the same however the media that was used for resuspension was the supplemented 

culture media rather than CM. 100 mL petri dishes were filled with PBS to cover the 

bottom. The lid of the dish was inverted and 10 μL droplets of cell suspension were 

deposited on its’ surface. The lid was carefully flipped upright to not disturb the droplets 

and placed over the PBS filled bottom. The petri dish was carefully transferred to the 

incubator. Every 48 hours the petri dish lid was inverted, and the old culture media was 

carefully removed using a micropipette before 10 μL fresh culture media was added. 

2.5 Stereomicroscopy 

 After substrates were cleaned, they were imaged using an Olympus S2X7 

Microscope at 1x resolution. This image was used to calculate the surface area of the 

substrate by using the free form select tool to sketch around the edges of the substrate 

and calculate the enclosed surface area based on known dimensions of pixel count per 

mm. These surface area measurements were used to calculate the amount of cell 

suspension needed to seed the substrates at an appropriate density. Additionally, 1-4 

quadrants of the substrates (based on substrate size) were imaged at 2.5x resolution to 

capture initial images before cell culturing to assess longitudinal cell growth. During 

experiments, the substrate quadrants were imaged at 2.5x resolution every 48 hours to 
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capture cellular growth on substrates by transferring the substrates to a 35 mL petri dish 

with supplemented CM. 

2.6 Drug Treatment 

2.6.1 SAHA drug treatment 

 A stock solution of SAHA (Cayman Chemical Company #10009929) was 

prepared at a concentration of 1000 μM in DMSO (Sigma-Aldrich D8418). To treat the 

cells on substrates the SAHA was diluted in supplemented CM to a final sublethal 

dosage of 3 μM [35], [37]–[39]. 

2.6.2 Paclitaxel drug treatment 

 Paclitaxel (Cayman Chemical Company, 33069-62-4) was prepared in a stock 

solution of 1000 μM in DMSO. To treat the cells on substrates, the Paclitaxel stock 

solution was diluted in supplemented CM to a final sublethal dosage of 0.05 μM [16], 

[40], [41]. 

2.7 Viability Protocol 

 To assess viability, substrates were transferred to a 35 mL petri dish with 2 mL 

1X PBS, 0.5 μL 10 mg/mL Acridine Orange (AO, Biotium 40039), 0.5 μL 1 mg/mL 

Propidium Iodine (PI, Biotium 40017) and 5 μM DAPI. The substrates were left to 

incubate in the dark for 30 minutes before imaging with a confocal microscope 

(excitations for AO, PI and DAPI were 488 nm, 533 nm and 405 nm respectively). 

Image analysis was conducted in Fiji/ImageJ using a custom written macro software to 

calculate the percent of viable cells and dead cells in the TiB2 patterns. 
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2.8 Immunofluorescent Histochemistry Staining Protocol 

 To assess and monitor phenotype of cultured cells, substrates were first rinsed 

gently by transferring them to a 35 mL petri dish containing 2 mL 1X PBS twice, 

followed by a 15-minutes incubation in 4% paraformaldehyde (Electron Microscopy 

Science, 15710) in 1X PBS for cell fixation. Then the substrates were washed by gently 

transferring them again in 2 mL of 1X PBS in a 35 mL petri dish. Cells were then 

blocked in 5% donkey serum in 0.15% Triton-X 100 (Jackson ImmunoResearch 

Laboratories 017-000-121) in 1X PBS either for 1 hour at room temperature or 

overnight at 4 degrees Celsius. After blocking, the cells were gently washed twice in 

0.2% Triton-X 100 in 1X PBS in 35 mL petri dishes. After this the prepared fixed and 

blocked cells on substrates were ready to be stained or stored in 1X PBS at 4 degrees 

Celsius. 

 To conduct staining, the cells were first washed in 0.2% Triton-X 100 in 1X PBS 

before incubation in primary antibodies by depositing 50 μL of prepared antibody 

solution onto a 100 mL petri dish lined with parafilm and depositing a substrate into the 

droplet. Antibodies were diluted in 0.15% Triton-X 100 and 1% BSA in 1X PBS. The 

substrates were then covered and left either at room temperature for one hour or 

overnight at 4 degrees Celsius. Primary antibodies used in this study include anti-

vimentin (1:100, rabbit monoclonal anti-vimentin, Abcam, ab16700) and anti-Ki67 

(1:100, mouse monoclonal anti-Ki67, Santa Cruz Biotechnology, sc-2390). 

 Next, substrates were washed twice in 0.2% Triton-X 100 in 1X PBS and then 

incubated in secondary antibodies prepared in 0.15% Triton-X 100 and 1% BSA in 1X 

PBS. The prepared antibody solutions were deposited in the same manner as the primary 
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antibodies and the substrates were placed in the droplets. They were again left to 

incubate for 1 hour at room temperature or overnight at 4 degrees Celsius, covered in 

foil to prevent antibody degradation due to the light sensitivity of the secondary 

antibodies. Secondary antibodies were all purchased from Jackson ImmunoResearch 

Laboratories and included Alexa-Fluor 647-AffiniPure Goat Anti-Mouse (1:500, 

excitation 647 nm) , Alexa-Fluor 594-AffiniPure Donkey Anti-Rabbit (1:500, excitation 

594 nm) and Phalloidin-iFluor 488 reagent ab176753 (1:1000, excitation 488 nm). After 

the secondary antibody incubation, substrates were washed twice in 0.2% Triton-X 100 

in 1X PBS before being placed in 2 mL 1X PBS with 10 μL of 0.02 mg/mL DAPI 

(Biotium, 40043) and allowed to incubate covered in foil for 15 minutes before imaging. 

To prepare substrates for imaging they were transferred to glass microscope slides and 

a single droplet of VectaSheild Antifade Mounting Medium (H-1700 Vector 

Laboratories) was dropped on top of each substrate. 

 Substrates were imaged on an Olympus Fluoview 1000 Confocal Microscope at 

4x and 20x magnification. For each set of conditions, a minimum of 3 separate 

experiments were conducted and from each trial at least one substrate was stained and 

a minimum of 3 patterns of varying sizes (200, 250, 300, 350, 400, 450, 500 µm) were 

imaged.  

2.9 RT qPCR Protocol 

 Analysis of aggregates at desired time points using RT qPCR was performed by 

first gently washing substrates in 1X PBS and then 2 mL 0.05% trypsin from bovine 

pancreas (Sigma-Aldrich 59417) for 4 minutes in the incubator at 35 degrees Celsius 

and 5% CO2. Trypsin was neutralized with 2 mL culture media before disturbing the 
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aggregates with the tip of a micropipette until all cells were loosened. The media with 

cells was then centrifuged to form a pellet at 4,000 x g before being resuspended in 1 

mL 1X PBS and spun down again at 4000 x g and 4 degrees Celsius and discarding 

supernatant. At this stage samples could be stored at -80 degrees Celsius for later 

processing.  

Next, RNA was extracted from the sample using the PureLink ® RNA Mini Kit 

(Thermo Fischer Scientific, 12183025) and accompanying protocol. Briefly, the cell 

pellet was resuspended in 0.3 mL of Lysis buffer prepared with 2-mercaptoethanol and 

then vortexed. Homogenization was performed using an 18-20 gauge needle, passing 

the lysate up and down 5 times. Once lysate was homogenized 0.3 mL 70% ethanol was 

added to each sample and vortexed before transferring the sample to a spin cartridge 

and centrifugation at 12,000 x g for 15-30 seconds. Flowthrough was discarded and 

cartridge was washed with 700 μL Wash Buffer I and then twice in 500 μL Wash Buffer 

II spinning down at 12,000 x g and discarding flow through each time. Spin cartridge 

was then dried by spinning at 12,000 x g for 1 minute before transferring the cartridge 

to a recovery tube. The membrane bound RNA was extracted by adding 20 μL RNase-

free water to the center of the spin cartridge. Membrane was allowed to incubate at room 

temperature for 1 minute before eluting the extracted RNA at 12,000 x g for 2 minutes. 

RNA concentrations (ng/μL) were determined using a Nanodrop 1000 (Thermo 

Scientific). At this point the samples could then be stored at -80 degrees Celsius before 

further processing. 

To prepare cDNA from RNA samples, the iScript ™ cDNA synthesis Kit was 

used (Bio-Rad, 1078891). Briefly, RNA concentration of each sample was used to 



 

20 

determine the volume of sample that would contain 0.1 μg of RNA. This sample volume 

was added to a reaction tube along with 4 μL of 5x iScript Reaction mix, 1 μL iScript 

Reverse Transcriptase and enough nuclease free water to reach a final volume of 20 μL 

for each sample. Samples were then placed in a thermocycler that performed priming at 

25 degrees Celsius for 5 minutes, reverse transcription at 46 degrees Celsius for 20 

minutes and RT inactivation at 96 degrees Celsius for 1 minute. After cDNA synthesis 

samples were then stored at -80 degrees Celsius until it was time to run RT qPCR.  

 To run the qPCR, cDNA from samples was first diluted at 1:10 in Nuclease free 

water. Forward and reverse primers for each gene of interest were prepared at a 

concentration of 10 μM and a then used to prepare the reaction mix which included per 

well included 5 μL SYBR Green, 2.6 μL nuclease free water and 0.2 μL of both the 

forward and reverse primers for the gene of interest. The total volume of reaction mix 

for each well of the 96 well qPCR plate was 10 μL which included 8 μL of reaction mix 

and 2 μL of sample cDNA dilution. The Plate was placed in a thermocycler for 40 cycles 

which consisted of 1 minute 15 seconds at 95 degrees Celsius, 30 seconds at 60 degrees 

Celsius, 15 seconds at 95 degrees Celsius, and 1 minute at 60 degrees Celsius. 

2.10 Statistical Analysis 

 Analysis of confocal images was conducted using a macro designed to be 

compatible with Fiji in ImageJ. This macro determined the percentage of viable cells in 

the case of AO/PI staining. For antibody stains, the macro computed total pixel count 

for each of the stains. The macro calculated thickness of the aggregates using the 

coordinates of the z slices of the images and manual selection of the aggregate 

boundaries enabled the calculation of the aggregate’s diameter. Overall viability was 
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calculated by a percentage of the AO to PI staining. Relative expression of a given 

marker was calculated in excel by normalizing the pixels of a marker to the pixels of 

DAPI in an aggregate.  

 Statistical analysis of data from the macro was conducted in excel using PHStat. 

To compare two data sets the Student’s T-test while comparisons across more than two 

data sets were conducted using ANOVA and Turkey-Kramer tests. Significance was 

assumed to be p < 0.05.  

 Data from qPCR was analyzed in excel using template to analyze the CT values 

and determine fold change. Comparisons were made to a house keeping gene GAPDH. 

Chapter 3 Results 

3.1 Growth of SKOV3 and OVCAR3 on Micropatterned Substrates 

Previous studies have demonstrated that the Si-TiB2 micropatterned substrates 

are useful in culturing mesenchymal stem cells [28]. The Si-TiB2 micropatterned 

substrate was shown to support patterned cell organization and growth for two EOC cell 

lines, SKOV3 and OVCAR3.  

 

Figure 8. Representative images of SKOV3 and OVCAR3 cultured on Si-TiB2 substrates (scale bar = 500 μm). (A) 
SKOV3 and OVCAR3 on Si-TiB2 with circle patterns ranging from 200-500 µm over a 7-day period. (B) 
SKOV3 and OVCAR3 on Si only and unpatterned Si-TiB2 on day 2. 

SKOV3 and OVCAR3 cells were grown on the Si-TiB2 micropatterned substrate 

over one week and monitored using stereomicroscope imaging every 48 hours. 
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Representative images of these one-week cultures are shown in Figure 8a. While 

OVCAR3 cells maintained relatively specific monolayer growth on the TiB2 circular 

patterns with some cell growth on the Si background as the days progressed, SKOV3 

cells demonstrated highly specific growth in the TiB2 circular patterns and 

spontaneously formed 3D aggregates.  

Additionally, attempts to culture OVCAR3 and SKOV3 on Si only substrates 

demonstrates that both cell lines struggle to maintain adhesion to Si substrates, while 

they adhere and proliferate rapidly on the TiB2 substrates (Figure 8). 

Staining of SKOV3 and OVCAR3 cells on day 7 of culture on Si-TiB2 

micropatterned substrates with F-actin further reveals the differences in structure 

between the SKOV3 aggregates and the OVCAR3 monolayers. As seen in Figure 9 

imaging SKOV3 aggregates with a confocal laser microscope requires several slices, 

meanwhile OVCAR3 monolayers can be captured with less than half the number of 

image slices. Additionally, F-actin staining reveals how densely packed the SKOV3 

aggregates are compared to the OVCAR3 monolayers. 
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Figure 9. Representative Immunofluorescent images of SKOV3 and OVCAR3 on day 7 of culture with DAPI 
(blue), F-actin (green) and vimentin (red) (scale bar = 100 μm). 

3.1.1 Comparison to Other Platforms 

Figure 10 shows spheroids generated using hanging drop method that 

demonstrate similar results, where OVCAR3 yields loose, poorly defined aggregates 

while SKOV3 yields tightly formed aggregates. These findings are similar to those in 

studies using suspension methods, where they demonstrate that epithelial OVCAR3 

forms relatively loose aggregates or monolayers [42], [43]. However, the study by 

Sodek et al found that the hanging drop method yielded loose aggregates from SKOV3 

cells as well, while our use of the hanging drop method as well as Si-TiB2 platform 

shows strong aggregation.  
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Figure 10. Representative images of EOC hanging drop cultures on day 8 (scale = 5.6x zoom).  (A) OVCAR3 (B) 
SKOV3 

 Another commercially available 3D culturing system, the Ultra Low Attachment 

Plate (ULP) system was used to assess how our Si-TiB2 platform compared. In order to 

determine whether our platform maintained SKOV3 in its mesenchymal phenotype, 

ULPs were used to culture SKOV3 cells for 7 days and then sampled for qPCR analysis 

of mesenchymal (MMP2 and vimentin) and epithelial (Claudin-8 and E-cadherin) gene 

expression) (Figure 11). SKOV3 cells cultured on the Si-TiB2 platform showed higher 

levels of mesenchymal markers and lower levels of epithelial markers, suggesting that 

ULPs do not maintain SKOV3 in it’s mesenchymal state as well as the Si-TiB2 platform 

(Figure 11b) 
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Figure 11. Culturing of SKOV3 cells in Ultra Low Attachment Plates (ULPs) (A) Day 7 representative images of 
SKOV3 aggregates in ULP culture. (scale bar = 100 μm) (B) Phenotypic analysis of SKOV3 aggregates 
on Day 7 of culture in ULPs vs Si-TiB2 micropatterned substrates (qPCR performed in triplicate for each 
experiment, from n>3 experiments per condition). 

3.1.2 Long Term Culture 

Long term (2 weeks) growth of OVCAR3 and SKOV3 cells shown in Figure 12 

on Si-TiB2 micropatterned substrates further emphasize this difference, as increase in 

culture time of SKOV3 cells resulted in larger and tighter aggregates, meanwhile the 

OVCAR3 cells begin to form a thick monolayer across the entire substrate, regardless 

of micropattern or background. SKOV3 maintains specificity until day 9, and by day 14 

had moved onto the Si background, but still maintained thick aggregation over the 

patterns. 
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Figure 12. Representative stereomicroscopy images of long-term culturing through day 14 on Si-TiB2 substrates of 
SKOV3 and OVCAR3 cells (scale bar = 500 μm).  

3.2 SKOV3 3D aggregate and OVCAR3 monolayer Characterization 

3.2.1 Dimensions 

 Characterization of the relationship between pattern size and aggregate diameter 

and depth was conducted using confocal microscopy images of cells stained with DAPI, 

F-actin and other markers, results shown in Figure 13 are data collected from previous 

work along with new data from this study [35], [37]. The SKOV3 results demonstrated 

that the aggregate diameter was dependent on pattern diameter with the largest 

aggregate diameters occurring on the largest diameter patterns (N = 11 repeats with a 

minimum of 1 substrate and maximum of 4 substrates per repeat, resulting in a minimum 

sampling of 9 aggregates per micropattern size for a total of 79 aggregates, p=0.0000), 

while an analysis of the thickness of the same aggregate samples was not found to be 

significantly different based on micropattern size (p=0.3333). The average aggregate 

thickness was 50.08 μm with a range from 22 to 88 μm. These dimensions correspond 

with the lower end in size of EOC multicellular spheroids present in peritoneal ascites, 

which typically range from 50 to 700 μm [42], [44], [45]. Additionally, these 
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dimensions are similar to those reported in studies using hanging droplets in which ideal 

diameter and thickness for optimal diffusion of nutrients in compact aggregates is 400 

and 100 μm respectively [46]. 

 

Figure 13. Day 7 mean of dimensions and viability measurements with standard error bars (green=viability) (n>9 
for each aggregate size). (A) SKOV3 and (B) OVCAR3. 
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 OVCAR3 culturing on Si-TiB2 showed similar results, however since they do 

not form proper aggregates the thickness measured was a thickness of the monolayers 

growing on the patterns and diameter was the diameter of the monolayer where cells 

were present (Figure 13). 

 Additionally, the viability assessments of SKOV3 aggregates on Si-TiB2 on day 

7 were performed using AO/PI staining but such assessments could not be performed 

on OVCAR3 samples as the cells lost adherence during multiple attempts at viability 

staining (Figure 13). Although SKOV3 aggregate diameter was dependent on pattern 

diameter, the viability across all pattern sizes was consistent, with a range of 81-86% 

and an average viability of 83%. This is consistent with existing studies that report 3D 

spheroid viability of roughly 80% in SKOV3 spheroids formed via hanging drop 

method [47]. 

3.2.2 SKOV3 and OVCAR3 Phenotype and morphology 

 To determine the morphology and phenotype of OVCAR3 and SKOV3 cells 

cultured on Si-TiB2 micropatterned substrates immunofluorescence imaging was used.  



 

29 

 

Figure 14. Cytoskeletal morphology visualized via F-actin labeling following 7-day culture on Si-TiB2 
micropatterned substrates (scale bar = 50 μm). (A) SKOV3 (B) OVCAR3 

A common morphology marker for mammalian cells is F-Actin, since it is a vital 

cytoskeletal component, which is important for stability, motility and many cellular 

functions. As mentioned in Friguglietti et al., F-Actin is capable of capturing the 

cytoskeleton structure as this stain binds to all types of actin filaments, which make op 

the cytoskeletal structures of all animal cells. This enables us to discern the spindle like 

morphology of SKOV3 and the rounded, cobblestone morphology of epithelial cells 

like OVCAR3, therefore, we used F-actin to capture the morphological differences 

between the two cell lines. Figure 14 shows the morphology of SKOV3 and OVCAR3 

after 7 days of culture on the Si-TiB2 micropatterned substrates.  
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Figure 15. Representative Day 7 images of cells labeled for vimentin and DAPI (scale bar = 100 μm). (A) OVCAR3 
(B) SKOV3. 

As mentioned previously, the intermediate filament vimentin has been 

implicated as a mesenchymal cell marker which can be used to assess epithelial cells 

for mesenchymal properties and is often used to monitor cells expected to be undergoing 

EMT/MET [3], [22], [48], [49]. We chose to use vimentin as a marker for monitoring 

the phenotype of the SKOV3 and OVCAR3 cells. Initial images of OVCAR3 and 

SKOV3 cells before drug treatment on day 5 and 7 respectively show highest 

concentrations of vimentin along the border of circular patterns where the TiB2 pattern 

and Si background meet (Figure 15).  
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Figure 16. qPCR analysis of epithelial and mesenchymal associated genes in cells cultured on Si-TiB2 micropatterned 
substrates (mean expression with standard error bars, qPCR performed in triplicate for each experiment, 
from n>3 experiments per condition). (A) SKOV3 vs OVCAR3 on day7. (B) SKOV3 day 3 vs day 7. (C) 
OVCAR3 day 3 vs day 7. 

In order to characterize baseline expressions of epithelial and mesenchymal 

genes in SKOV3 and OVCAR3 cells qPCR was used. These genes include Claudin 8, 

E-cadherin, Zeb1, Zeb2, MMP2, Fibronectin, vimentin and N-cadherin (Table 1). As 

shown in Figure 16a, SKOV3 has a more mesenchymal phenotype than OVCAR3. 

Expression of E-cadherin and MMP2 were significantly upregulated in SKOV3 from 

day 3 to day 7 however since SKOV3 has an intermediate-mesenchymal phenotype this 

is not an indication of phenotypic change since MMP2 is a mesenchymal marker and E-

cadherin is an epithelial marker (Figure 16b). In OVCAR3 there were no significant 

changes in expression for any of the genes (Figure 16c). 
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Table 1. List of genes for qPCR phenotypic analysis and their function 

 

3.2.3 Proliferation in SKOV3 and OVCAR3  

 A commonly used proliferation marker in tumor growth studies is Ki-67. The 

expression of Ki-67 is associated with tumor cell proliferation and is also used in clinical 

pathological assessments of patient biopsies. Studies utilizing 3D cultures to assess drug 

treatments frequently use Ki-67 to compare expression after treatment to a baseline 

expression taken before treatment [50]. Therefore, we used Ki-67 to collect a baseline 

proliferation marker expression on day 7 in SKOV3 and OVCAR3, which demonstrated 

that after SAHA treatment SKOV3 aggregates significantly reduced in proliferation 

while OVCAR3 monolayers saw a slight reduction in proliferation but statistical 

analysis revealed that in OVCAR3 this reduction was not significant (Figure 17). 
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Figure 17. OVCAR3 and SKOV3 cells on Si-TiB2 micropatterned substrates stained for Ki-67 expression on day 7 
before SAHA treatment and day 9, 48 hours after SAHA treatment (scale bar 100 μm). 

3.3 Effects of drug treatment on SKOV3 aggregates and OVCAR3 monolayers 

3.3.1 SAHA treatment  

Previous work demonstrated SAHA’s effects on SKOV3 aggregates after 48 

hour treatment starting on day 7 with a dose of 3 μM [35], [37]. Combining data from 

previous studies with that of the current study, we found that there was a reduction in 

aggregate size 48 hours after SAHA treatment and staining with AO/PI showed that 

aggregates did not have a significant reduction in viability before versus after SAHA 

treatment (Figure 18) [35], [37].  
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Figure 18. Mean dimensions of cells cultured on Si-TiB2 aggregates or monolayers before and after SAHA treatment 
with standard error bars (n>3 replicates, with >3 aggregates sampled per experiment). (A) thickness 
(p=1.71E-07) and diameter (p=1.07E-15) of SKOV3 aggregates (B) AO/PI viability of SKOV3 aggregates 
(p=0.2127) (C) thickness of OVCAR3 monolayers (p=0.2607) 

Although OVCAR3 does not form proper aggregates on the Si-TiB2 platform, 

we decided to carry out the same study with OVCAR3 cells in order to determine if 

SAHA treatment yields different results depending on phenotype. Representative 

images of OVCAR3 before and after SAHA treatment, seen in Figure 20, showed a loss 

of cells on Si and a thinning of OVCAR3 cells monolayers on the TiB2 patterns. 

However, analysis of the monolayer thicknesses does not show a statistically significant 

difference. Additionally, Figure 17 shows representative images of Ki67 before and 

after SAHA treatment which shows a significant decrease in proliferation in SKOV3 
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(p= 0.03515) and an insignificant decrease in OVCAR3 (p=0.1835) after SAHA 

treatment. 

 

Figure 19. Representative images of disaggregated SKOV3 cells replated before vs. after SAHA treatment. (A) 
Replated SKOV3 cells stained for viability (AO/PI) that have disaggregated after treatment with SAHA vs 
those which naturally disaggregate under normal culturing conditions (scale bar = 100 μm). (B) Light 
microscope images of disaggregates SKOV3 cells after SAHA treatment allowed to culture for 9 and 15 
days (scale bar = 100 μm).  

To determine the fate of cells that have been disaggregated by SAHA 

treatment, loose cells in the surrounding media after 48 hours of SAHA treatment 

were collected and reseeded in MayTek wells. These cells were assessed for viability 

and allowed to culture for 15 days. As seen in Figure 19, disaggregated cells remained 
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viable however they did not proliferate very much. Very little increase in cells on the 

MayTek dish was seen even after 15 days of culture in untreated media. 

 

Figure 20. Representative images of OVCAR3 monolayers and SKOV3 aggregates before and after SAHA treatment. 
(scale bar = 500 μm). 

In addition to immunofluorescent staining, RT qPCR was performed on 

OVCAR3 and SKOV3 cells before and after SAHA treatment on the substrates. Figure 

21 shows that there is a significant upregulation in epithelial markers Claudin 8 and E-

Cadherin in SKOV3 cells, as well as significant downregulation in mesenchymal 

markers MMP2, vimentin and N-Cadherin. No such observations are made in OVCAR3 
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suggesting that a change in phenotype occurs in SKOV3 after treatment with SAHA, 

resulting in a more epithelial like phenotype.  

 

Figure 21. qPCR analysis of cells cultured on Si-TiB2 substrates on day 7 before SAHA treatment and day 9 after 48 
hours of SAHA treatment (mean expression with standard error bars, qPCR performed in triplicate for each 
experiment, from n>3 experiments per condition). (A) SKOV3 aggregates (B) OVCAR3 monolayers 

 These results are consistent with the immunofluorescent images of vimentin 

staining before and after SAHA treatment in SKOV3 which shows a qualitative (Figure 

22) and quantitative (Figure 24) decrease in vimentin expression post SAHA treatment 

(p= 0.07495) while vimentin expression in aggregates returned to regular media after 

SAHA treatment showed a slight increase from day 7 do day 9 however this was not 

found to be significant (p=0.09095). 

 

Figure 22. SKOV3 aggregates stained for vimentin and nuclei (DAPI) (scale bar = 100 μm). (A) day 7 (B) day 9 after 
48 hour SAHA treatment (C) day 11 after returning SAHA treated aggregate to undrugged media 
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Since SAHA does not impact cell viability of the remaining cells we assessed 

its’ impact on cell specificity after treatment by returning OVCAR3 and SKOV3 cells 

on Si-TiB2 substrates to undrugged media for 48 hours, shown in Figure 23 [13]. Both 

cell lines had begun growing on the Si background by day 11.  

 

Figure 23. Representative stereomicroscopy images of cells on Si-TiB2 substrates, drugged with SAHA on day 7 for 
48 hours and returned to regular media on day 9 for 48 hours (scale bar = 500 μm).  

We have previously observed by day 7 OVCAR3 cells have begun to lose 

preference for the TiB2 background and by day 14 they have formed a solid monolayer 

across the patterned substrate. However, SKOV3 has been observed to remain relatively 

specific to TiB2 patterns through day 14 under normal culturing conditions, as seen in 

Figure 12. Additionally, vimentin expression under these drug treatment conditions was 

analyzed. SKOV3 aggregates that were treated with SAHA and returned to regular 

media showed a downregulation in vimentin expression that was maintained 48 hours 
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after SAHA treatment ended as seen in Figure 24 and in representative image in Figure 

22. Although the statistical analysis of vimentin expression from Immunofluorescent 

images was not found to be significant (p=0.253), the qPCR data shown in Figure 21 

confirms that this trend is significant (p<0.05). These results suggest a connection 

between SAHA treatment and phenotype.  

 

Figure 24. Mean relative vimentin expression (unitless) in SKOV3 aggregates before, during and after SAHA 
treatment with standard error bars. Normalized using DAPI (n>3 replicates, with >3 aggregates sampled 
per experiment). (day 7 vs. SAHA p=0.07495, day 7 vs. SAHA + regular media p=0.3642, SAHA vs. 
SAHA + regular media p=0.09095) 

 Staining of F-actin in the SKOV3 cells that overgrew onto the Si background on 

day 11 shows that they do retain their spindle like morphology and do not take on an 

epithelial rounded morphology (Figure 25). 
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Figure 25. SKOV3 aggregate stained for F-actin and nuclei (DAPI) on day 11 after SAHA treatment and 48 hours in 
undrugged media (scale bar = 100 μm). 

3.3.2 Combinatorial treatment 

 As previously mentioned, SAHA is known to enhance the effectiveness of some 

chemotherapeutics, and there have been a few studies into the possibility of combining 

SAHA and Paclitaxel as a potential therapeutic treatment for EOC. We hoped to assess 

the effects of this combination on EOC on our Si-TiB2 platform. We therefore treated 

SKOV3 cells first with SAHA on day 7 of culture as previously described for 48 hours, 

and then followed this treatment with 48 hours of 0.05 μM Paclitaxel treatment. Initial 

results did not yield obvious visible differences in treatment conditions; therefore, the 

cells were allowed to continue growing in in undrugged media for 96 hours to further 

assess the long term effects of this treatment. Figure 26 shows the effects of the SAHA 
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+ Paclitaxel treatment as well as the control treatment of Paclitaxel alone on day 9 on 

SKOV3 aggregates. After allowing treated cells to grow in undrugged media for 96 

hours visible differences are present between treatment conditions. Aggregates treated 

with the combination of drugs are visibly smaller than those only treated with Paclitaxel. 

The aggregate dimensions at day 7 before treatment and day 15 under the two treatment 

conditions were obtained using the macro for confocal IF images to determine aggregate 

thickness and diameter. A decrease in aggregate thickness was observed after SAHA + 

Paclitaxel (p=4.006e-05) and Paclitaxel only (p=3.183E-07) treatment, however the 

differences between treatment conditions were not statistically significant (p=0.6084). 

The same trend was observed in diameter measurements, showing a statistically 

significant decrease in aggregate diameter after treatment with SAHA + Paclitaxel 

(p=0.005774) and Paclitaxel only (p=0.02302) while comparisons at day 15 of the two 

treatment conditions did not show a statistically significant difference in aggregate 

diameter (p=0.3440). 

 

Figure 26. Representative stereomicroscopy images of SKOV3 aggregates treated with either SAHA on day 7 and 
Paclitaxel on day 9 or Paclitaxel alone on day 9. After drug treatment substrates were returned to undrugged 
media for 96 hours (scale bar = 500 μm). 
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 In order to assess the effects of the combination treatment, cellular proliferation 

was measured using the Ki67 marker, shown in Figure 27. Unlike the SKOV3 treated 

only with SAHA, where overgrowth is seen when returned to culture media, SKOV3 

aggregates treated with SAHA on day 7 followed by Paclitaxel on day 9 continue to 

shrink after drug treatment, while those treated with Paclitaxel alone maintain their 

aggregated shape as seen in Figure 26. Analysis of SKOV3 aggregates treated with the 

combination treatment after which they were allowed to culture for 96 hours maintain a 

lowered Ki67 expression, therefore a lower cellular proliferation over time after 

treatment. 

 

Figure 27. Mean relative expression of Ki67 in SKOV3 cells under varying conditions, normalized using DAPI pixel 
count with standard error bars (n>3 replicates, with >3 aggregates sampled per experiment). (day 7 vs. 
SAHA p=0.03515, day 7 vs. SAHA + Paclitaxel p=0.05490, SAHA vs. SAHA + Paclitaxel p=0.3321) 

 Although the shrinkage of SKOV3 aggregates treated with SAHA + Paclitaxel 

appeared to be more rapid than those treated with Paclitaxel only, statistical analysis of 
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the diameters of these aggregates, shown in Figure 28, revealed no significant difference 

between treatment groups (p=0.3440). 

 

Figure 28. Mean diameter of SKOV3 aggregates pre and post drug treatment with standard error bars (n>3 replicates, 
with >3 aggregates sampled per experiment). (A) day 7 before treatment. (B) Day 15, 96 hours after the 
end of SAHA + Paclitaxel treatment. (C) Day 15, 96 hours after the end of Paclitaxel treatment. 

 Further qPCR analysis of SKOV3 cells treated with Paclitaxel only vs SAHA + 

Paclitaxel reveal a lower level of vimentin expression in SKOV3 cells that received the 

combination treatment, however these results were not significant (p=0.08345) as seen 

in Figure 29. Additionally, E-cadherin expression was not statistically different between 

treatment groups (Figure 29). 
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Figure 29. Mean expression of phenotypic markers in SKOV3 aggregates treated with SAHA + Paclitaxel vs 
Paclitaxel only via qPCR assay of mesenchymal marker vimentin and epithelial marker E-cadherin 
expression with standard error bars (qPCR performed in triplicate for each experiment, from n>3 
experiments per condition). 

Chapter 4 Discussion and Conclusion 
This study functions as a proof of concept for the use of the Si-TiB2 substrate 

for the study of epithelial ovarian cancer (EOC) of the mesenchymal subtype as they 

can form compact aggregates. We have shown that this substrate can facilitate studies 

of EOC in the third dimension using only typical cell culturing components and 

techniques. 

This platform captures the aggregation and subsequent disaggregation of 

SKOV3 spheroids in the presence of SAHA and Paclitaxel. Whereas OVCAR3 cells 
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failed to aggregate, as also observed in other studies wherein SKOV3 cells were shown 

to form tight aggregates while OVCAR3 grew in loose sheets [42], [43].  

 The culturing of SKOV3 and OVCAR3 cells on these substrates reveals an 

immediate difference in phenotype that is visible in simple stereomicroscopy images. 

The dimensions of SKOV3 aggregates were dependent on diameter of the micropattern 

with diameters ranging from 120-490 μm. The thickness of the aggregates was less 

variable and independent of pattern size ranging from roughly 40 to 90 μm. However, 

the viability of these aggregates was also constant at approximately 85%. These 

parameters are in line with lower dimensions seen in in-vivo conditions, where EOC 

spheroids from the ascites are typically in the range of 50-700 μm in diameter and are 

highly viable, similar to the aggregates formed on our platform [42]–[45]. These 

findings suggest that our platform is a biologically relevant model that is competitive 

with commercially available models [43], [51]–[54]. 

 Suberoylanilide hydroxamic acid (SAHA) is a histone deacetylase inhibitor that 

is believed to promote apoptosis through the arrest of the cell cycle at the G2/S phase 

by preferentially promoting tumor suppressor genes [14]. Some studies show that 

SAHA is selective to cancer cells and has no cytotoxic effect on non-cancerous cells 

[9], [11], [15]. Although this is promising for targeted therapy, the effects of SAHA on 

EOC cells is not believed to be strong enough to kill them as individual therapy has 

shown limited results. However, studies suggest that SAHA would be a good option as 

an additional therapy to augment the effects of chemotherapeutics [9], [11], [13]–[15], 

[38].  
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 In this study, we demonstrated the disaggregation effects of SAHA on SKOV3 

and OVCAR3 aggregates cultured on Si-TiB2 micropatterned substrates. Despite this 

effect, there was no decrease in the viability of SKOV3 aggregates and when returned 

to undrugged media the SKOV3 cells lost their specificity and spheroid organization, 

growing in monolayers on the Si substrate background. This change in specificity was 

not seen when aggregates were treated with Paclitaxel alone or in combination with 

SAHA, suggesting that this overgrowth was not simply a result of alterations in 

proteins and growth factors present on the surface of the substrate over time. 

Differences in vimentin expression of cells before and after SAHA treatment 

were assessed using immunofluorescence staining. While SAHA had no effect on the 

viability of either cell line, it downregulated mesenchymal marker vimentin in SKOV3 

cells. Also, upon returning SAHA treated cells to regular media, the previously 

mesenchymal SKOV3 then displayed epithelial phenotypic markers and growth patterns 

similar to those seen in untreated OVCAR3 cells, however individual cell morphology 

was not altered.  

Additionally, phenotypic characterization was performed using qPCR. SKOV3 

cells showed increased expression of claudin 8 and E-cadherin (epithelial markers) 

and downregulation of MMP2, vimentin and N-cadherin (mesenchymal markers) 

further supporting the understanding that SAHA induces an epithelial phenotype 

through downregulation of vimentin [13].  

The combination of SAHA and Paclitaxel treatment in SKOV3 cells showed a 

decreased proliferation (Ki67) immediately after SAHA treatment that was maintained 

96 hours after Paclitaxel treatment ended, meaning that this decrease in proliferation 
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was maintained over time. Qualitative results showed more rapid shrinkage in 

aggregates treated with SAHA + Paclitaxel than those aggregates treated only with 

Paclitaxel, however statistical analysis of aggregate dimensions and phenotypic 

analysis demonstrate little difference in aggregates treated with Paclitaxel alone vs. 

SAHA + Paclitaxel. These finding suggest that SAHA may not augment the cytotoxic 

effects of Paclitaxel, however it is possible that the length of observation after 

treatment needs to be longer to observe significant differences between treatment 

groups.  

 In EOC, one of the main barriers to effective treatment is the resistance of many 

patients’ cancers to chemotherapeutics like Paclitaxel [8]. Since this platform facilitates 

the study of 3D aggregates it more accurately mimics the conditions in-vivo which 

enables the study of chemotherapeutic resistance more accurately as cells in 2D culture 

are not as resistant to drug treatment which is not accurate to conditions in the body 

[23]–[26]. Additionally, the 2D structure of the Si-TiB2 platform itself facilitates 

monitoring of phenotypic changes as morphology and growth patterns can change in 

response to treatments, as seen in SKOV3 aggregates treated with SAHA. 

 Importantly, attempts to culture OVCAR3 on this platform do not show 

promising results for studying 3D aggregated cells as this epithelial line does not exhibit 

strong aggregation. These results are consistent with other studies that show OVCAR3 

is a non-aggregating EOC line [42]. We did not observe significant changes in 

phenotype of the OVCAR3 cells in the presence of SAHA as we did with SKOV3, 

which again suggests that SAHA effectively causes cells to move towards, or in the case 

of OVCAR3, case maintain an epithelial phenotype.  
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 Overall, this study validates the use of the novel Si-TiB2 substrate for the study 

of the mesenchymal SKOV3 EOC cell line, and potentially other mesenchymal cell 

lines in the future. This study highlights the platform’s ability to culture primary tumor 

spheroid-like models of mesenchymal cell lines, monitor cell growth and capture 

changes in phenotype. Further studies into alterations of the platform for the culture of 

cells of varying phenotypes in order to study cancers of all phenotypes would be 

beneficial to the field of EOC research. Designing a 2D platform whose surface is easily 

altered to facilitate different studies has the potential to revolutionize the study of cancer 

and its therapeutic treatments. 

Chapter 5 Future Work 
 Future work using this Si-TiB2 micropatterned substrate platform could include 

longer assessments of Paclitaxel treatments in SKOV3 cells with or without SAHA in 

order to determine whether there are long-term differences between treatment groups. 

Furthermore, performing these experiments with patient derived cells or immortalized 

cell line with demonstrated resistance to Paclitaxel would allow for further 

understanding is SAHA’s role in chemotherapeutic treatment.  

 Additionally, inducing EMT in SKOV3 cells using media supplemented with 

EMT factors on these micropatterned substrates would allow for further 

characterization of the EMT process in SKOV3 cells. This would allow for 

comparisons between the changes seen in SKOV3 treated with SAHA to further 

confirm that the drug does induce an epithelial phenotype. 
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