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ABSTRACT 

The translational potential of new therapeutic strategies for cancer is 

limited, in part, by a lack of biological models that capture important aspects of 

tumor growth and treatment response.  It is also becoming increasingly evident 

that no single treatment will be curative for this complex disease. Rationally-

designed combination regimens that impact multiple targets provide the best 

hope of improving clinical outcomes. Rapidly identifying treatments that 

cooperatively enhance efficacy from the vast library of candidate interventions is 

not feasible with current systems. There is a vital, unmet need to create cell-

based research platforms that more accurately mimic the complex biology of 

human tumors than monolayer cultures, while providing the ability to screen 

therapeutic combinations more rapidly than animal models.  

This thesis introduces an in vitro 3D tumor model for metastatic ovarian 

cancer, which is the fifth leading cause of cancer-related deaths among women 

in the United States and is the most lethal gynecologic malignancy. OVCAR5 

cells were overlaid on Growth Factor Reduced-Matrigel™ to represent 

unresectable ovarian micronodules that are typically managed with 

chemotherapy and often develop into lethal recurrent disease. In conjunction with 

quantitative image analysis routines developed to batch-process large datasets, 

this platform serves as a high-throughput reporter for treatment response.  We 

use this system to assess mechanism-based combination regimens with 

photodynamic therapy (PDT), a photophysical cytotoxic modality that sensitizes 

ovarian cancer cells to chemo and biologic agents, and has shown clinical 
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promise for treating advanced-stage ovarian cancer. Sophisticated in vitro 

platforms could focus valuable resources for animal and patient tissue studies on 

the most effective regimens, potentially improving translational efficiency.  Future 

multicellular 3D models will be developed with customizable synthetic matrices 

and will incorporate stromal signaling partners. The principles described here 

could be used to design and evaluate mechanism-based therapeutic options for 

a broad spectrum of solid tumors. 
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CHAPTER 1: INTRODUCTION 
Overall Goal 
 The overall goal of my doctoral thesis is to construct and evaluate three-

dimensional (3D), in vitro research platforms for human cancer that will serve as 

critically needed complements to current research models. This thesis focuses 

on the development and characterization of an in vitro 3D tumor model for 

adherent, micrometastatic ovarian cancer representing unresectable, multifocal 

micronodules that are precursors to recurrent disease.1-5  In conjunction with 

quantitative image analysis routines developed to batch-process large datasets , 

this platform serves as a high-throughput, biologically relevant reporter for 

treatment efficacy to evaluate mechanistically non-overlapping combination 

therapies.  The principles described in the following chapters focus on 

therapeutic strategies for micrometastatic ovarian cancer, but could be used to 

evaluate combination regimens for a broad spectrum of solid tumors. 

Rationale 
  Tissue-specific architecture and organ function is developed and 

maintained by an array of cells communicating with each other, and with the 

extracellular environment, to achieve homeostasis.6-14 Tumors develop as a 

“WE PROPOSE A SHIFT FROM PRIMARILY IN VIVO ANIMAL STUDIES TO IN 
VITRO ASSAYS, IN VIVO ASSAYS WITH LOWER ORGANISMS, AND 
COMPUTATIONAL MODELING FOR TOXICITYASSESSMENTS.” 

MEMORANDUM OF UNDERSTANDING 
- NATIONAL INSTITUTES OF HEALTH 
- ENVIRONMENTAL PROTECTION AGENCY 
- NATIONAL TOXICOLOGY PROGRAM 

 
SCIENCE, FEBRUARY 15, 2008; (906907) 
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result of aberrant cellular proliferation, and also rely on these organ-bed 

communication networks for their own growth and survival.6, 7, 15-19  Cancer cell 

behavior, therefore, is influenced by many microenvironmental factors including 

signaling with stromal partners such as fibroblasts, endothelial cells and 

macrophages as well as interaction of cells with the surrounding matrix.15, 20-26 

These interactions have an impact on cellular organization, tissue architecture 

and ultimately tumor growth and response to therapy (Figure 1-1).7, 24, 27-30 

Figure 1‐1. Biological determinants of cancer cell behavior 
Tumor growth and treatment response is determined by communication networks between cancer 
cells, stromal partners and cellular organization within the surrounding matrix.  
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Figure 1‐2. Monolayer cultures fail to capture important aspects of tumor biology 
Cancer cells grown on traditional tissue culture dishes lack the architectural cues and matrix 
interactions that are important biological determinants of tumor growth, progression and response to 
treatment. 

 Traditional monolayer cultures fail to capture most of these 

microenvironmental cues, which greatly limits their utility as biological tools or as 

drug screening methods (Figure 1-2).8, 15, 31-35  Animal models recapitulate some of 

the architectural and physiological aspects of cancer biology, but even the best 

animal models are limited in their ability to mimic human host-tumor biology.8, 10, 

36-39  Fundamental differences in stromal composition, metabolic rate, lifespan, 

telomerase regulation, cytokine incompatibility, and hormonal cycles as well as a 

lack of genetic diversity due to heavy inbreeding present significant challenges in 

translating results from animal studies to the clinic.8, 10, 37  Animal work also tends 

to be very resource intensive, often requiring a considerable investment in labor, 

time and money.  Unfortunately, this major investment of resources translates 

into relatively few clinically meaningful therapeutic options.  Only 10% of the 
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drugs that show promise in tumored animal studies are eventually registered for 

clinical use,37, 40, 41 and among the twenty largest pharmaceutical firms, nearly 

three quarters of the oncology drugs that enter Phase I clinical trials fail to obtain 

approval for a new drug application.42  At a development cost of approximately 

$1billion per compound, this poor translation efficiency places a heavy economic 

burden on the private and public sector. More importantly, this approach limits 

the critically needed clinical options available to cancer patients, who rely on 

effective treatment strategies to overcome the dismal prognosis associated with 

this collection of diseases.  

 The poor translational efficiency of new treatments is due not only to 

limitations of biological models.  It is also becoming increasingly apparent that 

monotherapies are unlikely to significantly improve clinical outcomes for complex 

and diverse diseases such as cancer. 3, 43-48 Combination regimens designed to 

impact multiple therapeutic targets provide the best hope of effectively managing 

advanced stage cancers that are otherwise lethal.3, 43-48  However, identifying 

combinations that are most likely to succeed from the vast array of currently 

available options is a difficult and daunting undertaking with current model 

systems. The limitations of monolayer cultures discussed previously only become 

more pronounced when synergistic interactions between multiple therapies have 

to be evaluated, particularly at physiologically relevant doses. Slow and 

cumbersome animal studies are not suited for rapid evaluation of combination 

regimens or optimization of experimental parameters such as treatment 

sequences, doses and schedules. 
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 This thesis introduces an in vitro 3D tumor model for adherent 

micrometastatic ovarian cancer. In conjunction with quantitative, batch-

processing, image analysis routines, serves as a high throughput biologically 

relevant reporter to evaluate rationally-designed combination regimens.  

Sophisticated in vitro platforms such as this could allow valuable resources for 

animal and patient tissue studies to be focused on only the most effective 

regimens.  If necessary, promising outcomes from in vivo studies could be 

reevaluated in 3D models to further optimize treatment parameters, analyze 

underlying mechanisms and identify potential weaknesses. 

 The critical need to develop more sophisticated in vitro and computational 

systems to complement, or replace, current models for toxicology studies was 

emphasized in a Memorandum of Understanding endorsed by the National 

Institutes of Health, Environmental Protection Agency and the National 

Toxicology Program.49  A shift towards the implementation of more humane and 

reliable research platforms on the part of these federal agencies, as well as 

industrial and academic laboratories, underscores the need to develop new 

systems.  High-throughput 3D treatment response platforms, as presented here, 

will play a critical role in screening the vast library of candidate interventions to 

identify combination regimens for multifocal ovarian cancer as well as many other 

lethal metastatic cancers.  
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Figure 1‐3. Metastatic ovarian cancer 
Metastatic ovarian cancer is frequently lethal and 
adheres to vital peritoneal organs, highlighting the need 
for effective combination regimens that minimize toxicity.
Image from Nature Reviews Cancer (5) 355‐366; MAY 2005 

Introduction 

Ovarian Cancer 
Epithelial ovarian cancer is the fifth leading cause of cancer-related deaths 

among women in the United States and is the most lethal gynecologic 

malignancy. Five-year survival rates for patients with localized or regionally 

spread disease are 92% and 71%, respectively.50  The vast majority of ovarian 

cancer cases, however, are diagnosed once the disease has metastasized to 

distant sites (Figure 1‐3). The prognosis for these patients is far more dismal, and 

the possibility of providing curative treatments is substantially diminished.3, 46, 50  

In the past few decades, 

improvements in surgical 

debulking techniques, empirical 

optimization of platinum and 

taxane-based regimens, as well 

as advancements in 

radiotherapy have produced 

modest improvements in five 

year survival rates.3, 50 Despite 

these advancements, the 

prognosis for patients with 

metastatic ovarian cancer is 

dismal. Five-year progression-

free survival (PFS) and overall survival (OS) rates remain low (31% and 47%, 

respectively) even among women whose disease can be optimally cytoreduced 
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to <1cm in diameter.51, 52  These results indicate that unresected tumor nodules 

respond poorly to traditional chemotherapeutic agents alone, due primarily to 

poor drug penetration53-55 and the development of chemoresistance.56, 57  There 

is a critical need to develop and rapidly evaluate more effective management 

strategies for residual ovarian carcinomatoses. Identifying the most promising 

treatments has been a slow and unreliable process due, in part, to a lack of high-

throughput 3D model systems that recapitulate critical aspects of tumor biology.3, 

8, 15, 58, 59   

3D Tumor Models 
 One model describing the underlying biology of ovarian carcinogenesis 

suggests that the ovarian surface epithelium, a single layer of epithelial cells that 

surround the ovary and lines the peritoneal cavity, transitions to a glandular 

phenotype early in the process of ovarian carcinogenesis, leading to the 

formation of 3D tumor micronodules.60 These glandular characteristics are 

maintained as the cancer spreads from the primary tumor to form multifocal 

disease at distant sites.1, 60, 61  To model the growth and development of these 

adherent micronodules, which are the precursors to lethal metastatic disease, 

OVCAR5 human ovarian cells were overlaid as a single cell suspension on a bed 

of growth factor reduced (GFR) Matrigel™ (Beckton Dickinson Franklin Lakes, 

NJ) (Figure 1-4).  The cells rapidly attached to the matrix, and in contrast to cells 

grown in monolayer (Figure 1-4A), spontaneously developed into a heterogenous 

population of 3D ovarian tumor micronodules (Figure 1-4B). CHAPTER 2 provides 

additional details regarding the methods used to plate the ovarian cancer 3D 
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Figure 1‐4. OVCAR5 cells grown on Matrigel form 3D nodules that restore some of 
the architectural features lacking in monolayer cultures 
OVCAR5 cells plated directly on traditional tissue culture plates (left) form a single 
layer of adherent cells that lack the architectural features of ovarian tumor nodules.  
The same cells seeded on growth factor reduced Matrigel (right) spontaneously form 
adherent 3D micronodules that more closely resemble disease in vivo.

3D
CULTURE

TRADITIONAL
MONOLAYER

CULTURE
GFR Matrigel™

A B

cultures introduced here. The growth dynamics and biological characteristics of 

this system are subsequently described in CHAPTER 3. This model for adherent 

ovarian micrometastases complements established 3D ovarian cancer spheroid 

cultures which represent ascites-based microtumors that invade the mesothelial 

lining as multicellular aggregates.26, 28, 59, 62-64  Together, these models provide 

more comprehensive insight into the biology and of precursor lesions that 

develop into lethal metastatic disease.  

  The in vitro 3D model for ovarian cancer introduced here builds on the 

pioneering work of Dr. Mina Bissell who published among the earliest and most 

important studies highlighting cell-stroma interactions to model loss of glandular 

architecture during breast cancer initiation and progression.6, 7, 15  Dr. Bissell 

showed that normal breast epithelial cells grown on Matrigel™ form polarized 

acinar structures, which are morphologically similar to terminal mammary lobules 
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in vivo.7, 17, 65, 66 During in vitro development of normal lobular acini, a single, 

outer layer of cells in contact with the basement membrane expresses pro-

survival signals.  The remaining cells in the center of the lobule express pro-

death signals, and undergo apoptosis. This differential signaling pattern 

contributes to the formation of properly developed acini with hollow lumens 

resembling normal breast lobular morphology.  Evasion of these contextual cues 

causes the lumen to be filled with aberrantly proliferating epithelial cells, initiating 

signaling pathways that significantly change cellular behavior and potentially 

trigger early events in breast carcinogenesis.7, 8, 10, 17, 30, 65-68  Biological 

phenomena such as these can only be studied using 3D systems, not monolayer 

cultures. 17, 65, 66  

 In addition to providing unique insights into the biology of cellular 

organization and tumorigenesis, 3D cultures provide more biologically-relevant 

estimates of treatment response than monolayer systems. Dr. Carlos Arteaga 

and colleagues demonstrated that breast cancer cells were twenty-five times 

more sensitive to chemotherapy when grown in monolayer as compared to three-

dimensional spheroids, as determined by colony formation assay. 32 Cells treated 

with increasing doses of chemotherapy and cultured as three-dimensional 

spheroids produced increased levels of survival cytokines, which mitigated their 

sensitivity to the treatment. Traditional monolayer cultures, however, did not 

display this ability to cope with increasing doses of chemotherapy, leading to a 

dose response curve that overestimated the potency of the chemotherapeutic 

agent.32 Foster et al. have also demonstrated the utility of tumor spheroids to 
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study dose rate effects and other key determinants of efficacy of a light-based 

modality photodynamic therapy (PDT).33, 34, 69, 70 Additional details related to PDT 

and how this modality confers cytotoxicity, are provided later in this introduction 

and again in Chapter 4 of this thesis. 

While these reports demonstrate the importance of restoring key 

architectural cues in vitro, the full capability of 3D tumor models as rapid and 

quantitative reporters of tumor growth and cytotoxic response has not yet been 

adequately explored.  3D tumor systems provide a window into imaging tumor 

growth mechanisms, and a level of access for manipulation of the system that is 

difficult to achieve in animal models. Similarly, in vitro 3D systems provide a 

unique but untapped opportunity to quantify cytotoxic response across large 

numbers of individual tumor nodules of different sizes in a system where physical 

variables such as penetration of drugs through multiple cell layers actually reflect 

the physiological scenario. As described further in CHAPTER 2, custom batch-

processing routines were developed in MatLab71-73 to tap into the capability of the 

3D system introduced in this thesis to serve as a reporter of tumor growth and 

cytotoxic response to rationally-designed combination regimens. 

Rationale and Current Studies for Mechanism-based Combination 
Regimens to Treat Metastatic Ovarian Cancer 

As highlighted by Bast74, our group75-80 and others,43-45, 81-86 rationally 

designed combination therapies provide the best hope of improving outcomes for 

patients with advanced stage disease, by exploiting non-overlapping cellular 

targets, improving drug transport and mitigating the survival signals that lead to 

treatment resistance.3, 56, 81, 87-89 A variety of factors drive chemoresistance 
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including drug pharmacokinetics and pharmacodynamics (prodrug metabolism, 

renal and hepatic drug clearance rates, intratumoral drug concentrations), the 

influence of the tumor-microenvironment (tumor architecture, cellular adhesion, 

vascularity and hypoxia), and the behavior of cancer cells themselves (efflux 

pumps, drug inactivation, cellular repair mechanisms, upregulation of anti-

apoptotic/pro-survival signaling pathways).3, 56, 81, 90-92  Overcoming these 

complex resistance mechanisms has proven to be difficult due, in part, to the low 

therapeutic indices associated with most chemotherapies.56, 81   Combining 

chemotherapeutic agents has been a longstanding clinical approach that has 

modestly improved initial response rates in patients with advanced stage ovarian 

carcinoma.4, 57, 93-97 Despite these improvements, the rate of recurrence remains 

as high as 80%,56, 57 indicating that traditional chemotherapies by themselves 

hold little promise of having a significant impact on PFS and OS.56, 57, 81, 90, 98  

Combination regimens that exploit non-overlapping molecular pathways 

critical to tumor growth and survival are being evaluated in conjunction with 

traditional cytotoxic therapies.  Among these are inhibitors for vascular 

endothelial growth factor57, 81, 89, 99-105, epidermal growth factor receptor (EGFR)81, 

89, 103, 106, 107, folate receptor81, 89, 108-111, the Src oncogene81, 112, the 

mTOR/PTEN/PI3K/Akt pathway81, 89, 113-115, platelet-derived growth factor89, 105, 

116-118, and poly-ADP-Ribose Polymerase81, 89, 119.  Early indications from these 

ongoing or recently completed studies, suggest modest, but promising, 

improvements in outcome compared to standard clinical regimens.   
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Photodynamic Therapy 

 

PDT is a binary treatment modality, which involves the activation of a 

photosensitizing molecule, called a photosensitizer, by light of a specific 

wavelength to generate reactive species that are toxic to cells.  Although the 

conventions for classifying the mechanisms of photosensitization are still under 

discussion, it is generally accepted that the creation of reactive species via free 

radicals is considered a Type I reaction, while the generation of singlet oxygen 

(1O2) is considered a Type II reaction (Figure 1-5).120-125  Singlet oxygen is widely 

considered the predominant cytotoxic species for many photosensitizers, but 

both photosensitization pathways remain relevant mechanisms of photodynamic 

action in biological targets.120, 121 The photophysics of these interactions are 

governed by two fundamental laws: The first, established by Grotthuss126 and 

Draper,127 states that “Only light absorbed by a molecule can produce a 

photochemical change in that molecule.” The second by Stark128 and Einstein129 

Figure 1‐5. Principles of photodynamic therapy 
Photodynamic therapy involves the excitation of a photosensitizer (PS) by light of a specific wavelength 
to generate cytotoxic species such as free radicals (Type I reaction) or singlet oxygen (Type II reaction). 

cytotoxicityFree
Radicals

Type I

Type IIPS

3PS

3O2

1O2
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states that “One quantum of light is absorbed per molecule, which emits 

luminescence or is chemically altered after light absorption.” Additionally, 

Planck’s Law states that the energy contained in a quantum of light (E) is 

proportional to the frequency of that light (ν) and inversely proportional to the 

wavelength (λ).  This relationship is described by the following equation:  E = hν 

= hc/λ, where c is the speed of light in a vacuum and h is Planck’ constant (6.63 

x 10-34).120, 121  

Thus, the absorption of a quantum of light causes the excitation of a 

molecule to higher electronic and vibrational states (Figure 1-6), which triggers 

physical and chemical 

reactions as the 

excited molecule 

interacts with its 

environment and 

returns to ground 

state, or is degraded 

in the process.  A 

schematic of 

electronic energy 

levels (dark lines) and 

vibrational states 

(thinner lines) are shown in Figure 1-6.  Upon absorbing a photon with sufficient 

energy, a molecule is excited from the singlet ground state (S0) to an excited 

Figure 1‐6. A Simplified Jablonski Diagram showing the electronic 
and vibrational energy states of a molecule 
Absorption of a quantum of light with sufficient energy excites a 
molecule from the ground state (S0) to higher energy states (e.g. S1), 
which initiates an array of physical and chemical reactions.  From the 
short‐lived S1 excited state the molecule can emit a photon as 
fluorescence (φfl), generate reactive species directly, or it can 
undergo intersystem crossing (φisc) creating a longer‐lived excited 
triplet state (e.g. T1 ). From the triplet state the molecule can directly 
generate toxic free radicals, emit a photon as phosphorescence (φph) 
or transfer energy to ground state triplet oxygen (3O2) creating 
singlet oxygen (1O2), possibly the predominant toxic species 
generated by many photosensitizers.  
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singlet state (typically S1, based on the wavelengths of light used in PDT).  In this 

excited singlet state, the spin of the excited 

electron remains anti-parallel to the paired ground 

state electron (Figure 1-7).  The excited electron 

may dissipate some of its energy through 

vibrational relaxation until it reaches the lowest 

manifold of the excited singlet state (Figure 1-6). 

From here it can relax back to the ground state via 

radiationless decay, giving off heat in the process 

or by emitting a lower energy, longer wavelength 

photon as fluorescence (φfl). 120, 121   

Alternatively, the excited molecule can initiate photochemistry, either 

directly from the singlet state, which is rare due to the short lifetime of this excited 

state, or through intersystem crossing (φisc) into an excited triplet state (typically 

T1 for PDT-based photochemistry).  Intersystem crossing is a non-radiative 

process by which the spins of the excited and ground state electrons transition 

from being anti-parallel to parallel (Figure 1-7) creating a long-lived reactive 

intermediate, the excited triplet state, which generates most of the 

photobiologically-relevant toxic species.  From the excited triplet state the 

molecule can emit energy in the form of phosphorescence (φph) or undergo 

intersystem crossing (φisc) to relax back to the ground state (Figure 1-6). The 

molecule can also directly generate cytotoxic free radicals from T1 by transferring 

hydrogen atoms or electrons to the surrounding solvent or substrates.  These 

 
Figure 1‐7. Orbital diagram 
A simplified orbital diagram 
showing electronic spin 
multiplicities in the singlet 
ground state as well as the 
singlet and triplet excited states. 

Singlet 
Ground State

Triplet 
Excited State

Singlet 
Excited State



 
15 

 

Type I reactions can create reactive species such as superoxide anion (O2
-·) or 

hydroxyl radicals (OH·), which are toxic to cells. 120, 121, 130 

Type II reactions involve the transfer of energy from a molecule in the 

excited triplet state to ground state 

molecular oxygen (3O2) (Figure 1-6), 

which has the same spin multiplicity 

as the excited triplet molecule.  This 

triplet-triplet interaction permits the 

transfer of energy between the two 

molecules, as a result of which the 

photosensitizer relaxes back to 

ground state, and excited singlet 

oxygen (1O2) is generated. 130  

Singlet oxygen can itself oxidatively 

damage cellular targets or it can generate other cytotoxic radicals. 120, 121, 130  

The range of wavelengths typically used in PDT cover the visible spectrum 

and near infrared (400-900nm).   Since light-mediated excitation of a 

photosensitizer is a requisite for the generation of cytotoxic species, the depth of 

penetration of the activating light into target tissue is an important determinant of 

PDT efficacy.  Penetration of light into tissue is dependent on the wavelength of 

the light and the scattering and absorption properties of the tissue.120, 131-133  

Hemoglobin and melanin are endogenous chromophores that are abundantly 

present in tissue and have very high absorbances between 400 nm and 600 nm 

Figure 1‐8. Relative absorbances of common 
endogenous chromophores in tissue 
Melanin and hemoglobin absorb strongly between 
400 and 600 nm while water is a strong absorber 
above ~1200 nm creating a optical window within 
which photons effectively penetrate into tissue. 
Image from http://www.photobiology.info/ 
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(Figure 1-8). Water absorbs strongly above 1200 nm creating an optimal optical 

window within which photons penetrate effectively into tissue.  Above 900 nm, 

however, photons do not have sufficient energetics to generate singlet 

oxygen.120, 131  These limitations set a range from 600 nm to 900 nm as the most 

common activating wavelengths used in PDT. Within this range single photons 

can generally penetrate several millimeters or more into target tissue with 

enough energy to generate the photochemistry that leads to cellular toxicity.120, 

121  It is worth noting, however, that although 600 nm-900 nm is the most 

common range of wavelengths used in PDT, blue, green and yellow light is also 

therapeutically useful, particularly for applications that require sparing of critical 

epithelial or serosal linings 134 and for the treatment of superficial lesions.121   

PDT, therefore, offers several advantages over traditional therapies: 1.) 

Dual-stage selectivity.  Photosensitizers, which are minimally toxic on their own, 

require light-based activation to induce cytotoxicity in target tissue.  This binary 

mode of action provides two opportunities to minimize toxicity by spatially 

confining the activating light and selectively delivering the photosensitizer to 

target tissue.  Spatial confinement of light can be achieved using appropriately 

designed light delivery methods, optical shielding and by customizing the 

wavelengths of light to a particular therapeutic application, thereby minimizing 

exposure to toxic species.72, 121, 133-135  Selectivity can also be enhanced by 

improving the localization or production of photosensitizers in diseased tissue. 

This can be accomplished with targeted delivery vehicles such as antibodies and 

nanoparticles to selectively deliver higher payloads of exogenous 
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photosensitizers.47, 79, 80, 136-142  Alternatively, the biological status of diseased 

cells can be modified to enhance the production of endogenous 

photosensitizers.143, 144 2.) The second major advantage that PDT offers is that 

many photosensitizers, in addition to being cytotoxic, are fluorescent and can act 

as reporters for tumor boundaries, drug localization, and treatment response.  

This   attribute of photosensitizers has proven to be highly valuable for many 

disease applications including malignancies of the skin,145-149 brain,150-161 and 

ovaries.162   For additional reading on the role of imaging in PDT, the reader is 

directed to excellent articles and reviews on the topic.120, 163 3.) The third major 

advantage of PDT is that it is mechanistically-distinct from conventional 

treatments, making it a viable therapeutic option for rationally-deigned 

combination regimens and for the treatment of tumors that have developed 

resistance to current clinical options.46, 47  PDT-related cytotoxic mechanisms, 

particularly those that are most relevant this thesis and to the combination 

studies being evaluated clinically for the treatment of disseminated ovarian 

cancer,164 are discussed further in the section below on “PDT-based combination 

regimens” and again in Chapter 4. These advantages that PDT offer are among 

the factors that have contributed to the clinical success of this photobiologic 

modality, and provide the rationale for the inclusion of PDT as part of a 

comprehensive therapeutic regimen for the treatment of solid tumors (Figure 1-9).  

 PDT has been approved worldwide since 2000 as a first-line clinical 

therapy for age-related macular degeneration.165-167 Other global approvals for 

clinical PDT include treatment of non-melanoma skin cancer,168 early-stage lung 
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Figure 1‐9. Photodynamic destruction of solid tumors   
Treatment of solid tumors with PDT is a two‐stage process, which involves: 1.) Localization of the 
photosensitizer (PS) in tumor cells; and 2.) Irradiation with light of the appropriate wavelength. The 
resulting cytotoxic species mediate photochemical destruction of the tumor.  

PDTTumor Tumor Destruction

PS

cancer,169, 170 recurrent papillary tumors,170 Barrett’s esophagus171 as well as 

palliation of obstructive esophageal cancer and advanced stage head and neck 

cancers.170, 172  PDT is approved in the United States to treat actinic keratosis,173 

non-small cell lung cancer, Barrett’s esophagus, and for palliative treatment of 

obstructive esophageal cancer.121, 170, 174 This photochemistry-based modality is 

also being evaluated to treat a wide array of solid tumors121, 124, 175, 176 including 

malignant intracranial cancers,151, 153, 177-180 head and neck cancers,172, 181, 182 

recurrent prostate adenocarcinoma,183 bladder cancer,184 cholangiocarcinoma,185 

pancreatic and bile duct cancers186-189 as well as a variety of intraperitoneal 

carcinomatosis and sarcomatosis, including disseminated ovarian cancer.134, 190-

195  Of the metastatic abdominal tumors treated with intraperitoneal PDT using 

non-optimized treatment parameters and Photofrin, ovarian cancers were among 

the most responsive.134, 193   
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Figure 1‐10. Major cytotoxic 
mechanisms of BPD‐PDT 
Upon activation by light, BPD confers 
cytotoxicity primarily by triggering 
apoptosis via destruction of Bcl‐2 or 
damage to the mitochondria. 
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PDT-based Combination Regimens 
Our group46, 47 and others196-200 have shown that PDT-based combination 

regimens sensitize ovarian cancer cells to traditional chemotherapies as well as 

to targeted inhibitors of key molecular pathways associated with aggressive 

disease.  These results suggest that PDT has a role in treating ovarian 

carcinomatoses as part of a comprehensive therapeutic approach using 

improved photosensitizers, and rationally-designed combination regimens, to 

minimize toxicity with optimal cytoreductive effects.   

Benzoporphyrin-derivative monoacid ring A (BPD, verteporfin) is a second 

generation photosensitizer that offers better photobiologic activity and shorter 

periods of cutaneous phototoxicity compared 

to Photofrin.46, 201-204 BPD-PDT primarily 

mediates toxicity through direct 

photodestruction of Bcl-2205-208 or 

photodamage to the mitochondria leading to 

cytochrome c-mediated apoptosis (Figure 

1-10).46, 121, 122, 201, 209-211 We have previously 

reported that BPD-PDT in combination with 

Erbitux®, an antibody that inhibits the EGFR, 

synergistically reduces tumor burden and 

enhances survival in a clinically relevant 

murine model for advanced-stage ovarian carcinomatosis.46  Combining these 

mechanistically distinct monotherapies into a single regimen that mitigates the 

limitations of each modality significantly decreases treatment-related side effects 
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Figure 1‐11. Photoimmunotherapy (PIT) reverses 
resistance to cisplatin (CDDP), and potentiates CDDP 
efficacy in ovarian cancer patient tissue and cell lines 
CDDP resistant samples treated with PIT were 12.9 fold 
more sensitive to retreatment with CDDP compared to 
the chemotherapy alone. The combination PIT+CDDP was 
synergistic in resistant samples and additive in sensitive 
samples.  Among all samples, PIT increased sensitivity of 
ovarian cancer to CDDP by 6.9 fold. (Duska et al. JNCI 1999)  

while enhancing efficacy.46  Erbitux is principally a cytostatic therapeutic that 

must be administered at high doses for extended periods of time with significant 

toxic side effects and frequent disease relapse.212-217  BPD-PDT offers better 

photobiologic activity, shorter periods of cutaneous phototoxicity and improved 

tumor selectivity as significant advantages over photodynamic treatment with 

earlier generation photosensitizers, such as Photofrin.46, 201-204 As with all 

cytotoxic treatments for advanced stage ovarian cancer, Molpus et al. showed 

that multiple cycles of BPD-PDT were required to achieve therapeutic benefit in a 

murine model for ovarian carcinomatosis.201  Remarkably, combining BPD-PDT 

with Erbitux led to improved acute and long term therapeutic outcomes, with 

fewer treatment cycles and minimal toxicity.46  These promising results have 

formed the basis for large animal studies leading to clinical trials using BPD-PDT 

in combination with Erbitux to treat 

women with metastatic ovarian 

cancer at the University of 

Pennsylvania.164 

A variant of this PDT-based 

regimen, called 

photoimmunotherapy (PIT), uses 

antibody conjugates to selectively 

deliver the photosensitizer to target 

tissue.47, 79, 80, 136, 137, 218 We have 

shown47 that PIT using the 
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photosensitizer chlorin e6 conjugated to the anti-CA125 monoclonal antibody, 

OC125, reversed cisplatin resistance and resensitized ovarian cancer patient 

tissue to subsequent treatment with cisplatin (Figure 1-11).47  In cisplatin resistant 

tissue, the combination regimen, PIT + cisplatin, showed a synergistic effect of 

the individual monotherapies and demonstrated a 12.9-fold increase in cisplatin 

cytotoxicity compared to cisplatin alone.  In cisplatin sensitive tissue the 

combination regimen had an additive effect, relative to the individual 

monotherapies.  Among all patient tissue samples and cell lines evaluated in this 

study, PIT increased overall ovarian cancer sensitivity to cisplatin by 6.9-fold, 

compared to cisplatin alone. 47   

Collectively, the promising results from these combination treatment 

studies highlight a new strategic approach to improve outcomes for patients with 

metastatic disease.  However, efficient screening and optimization of therapeutic 

parameters for the vast library of candidate treatment modalities remains a major 

hurdle to translating the most effective combination regimens from the bench to 

the clinic,3  highlighting the need for 3D screening platforms to guide focused in 

vivo studies with the most effective combination regimens and sequences.   



 
22 

 

In Chapter 4, we use the 3D model to evaluate two mechanistically 

distinct, PDT-based combination regimens (Figure 1-12): 1.) BPD-PDT + 

carboplatin, which (building on the study by Duska et al.47) is designed to 

enhance the efficacy of platinum agents used to clinically mange ovarian cancer.  

Possible mechanisms for the PDT-mediated potentiation of chemotherapeutics 

are explored as well as the effect of treatment order on synergistic interaction 

between the monotherapies is established. 2.) BPD-PDT + C225, which targets 

the epidermal growth factor receptor, a potent regulator of cell proliferation, 

survival and motility that is upregulated in many human cancers including 

Figure 1‐12. Rationally‐designed combination regimens for ovarian cancer: BPD‐PDT potentiates the 
efficacy of chemotherapeutic and biologic agents 
BPD‐PDT potentiates the efficacy of platinum‐based chemotherapeutics and synergizes with targeted 
biological inhibitors of receptors that are overexpressed in advanced ovarian cancer. This thesis 
introduces a 3D in vitro model as a high‐throughput reporter to evaluate these rationally‐designed 
combination regimens, optimize treatment parameters, and elucidate mechanisms that would 
otherwise be difficult or impossible to access with traditional systems. 
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metastatic ovarian cancer. Using in vivo studies by del Carmen et al.46 as a 

benchmark, synergism between BPD-PDT and C225 is established in the 3D 

platform and alternative treatment parameters and biological factors influencing 

treatment response are explored. 

  CHAPTER 5 highlights the value of the 3D platform in addressing the 

clinical need for imaging platforms for ovarian cancer. In patients with advanced 

ovarian cancer microscopic residual tumour nodules remaining after surgical 

debulking frequently escape detection by current treatment assessment methods 

and lead to disease recurrence. The 3D in vitro model was used to characterize a 

fluorescence microendoscope designed to sensitively detect ovarian nodules for 

treatment monitoring and reassessment. BPD-MA was used as both the 

fluorescence contrast and cytotoxic agent in the imaging studies conducted in 

vitro in monolayer and 3D as well as in vivo in a mouse model with the 

fluorescence microendoscope.  

  In the second section of CHAPTER 5 the growth and structural features of 

3D ovarian nodules are visualized non-perturbatively in live cultures using optical 

coherence tomography (OCT). OCT enables detailed observations of the model 

at both nodular and cellular levels, revealing growth dynamics and response to 

chemotherapeutic treatment with cisplatin not observed with other imaging 

systems. 

Future Directions 
 As discussed previously, cancer cell behavior is influenced by a complex 

network of factors including tissue architecture and communication with stromal 
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cells in the surrounding matrix.  Future studies will focus on creating more 

sophisticated 3D systems that incorporate heterogenous signaling partners such 

as fibroblasts and transition to the use of customizable synthetic nanofiber 

scaffolds that overcome the limitations of GFR-Matrigel.219  

 Communication between epithelial cells and the extracellular matrix, as 

well as homotypic cell-cell interactions in a 3D context, are important to tumor 

growth and treatment response. There is also evidence that epithelial cancer 

cells are influenced by heterotypic cell populations, such as stromal fibroblasts.5, 

26, 74, 220 Dr. Masao Tanaka and colleagues in Japan32 have shown that sub-lethal 

treatment of stromal fibroblasts increases the invasive potential of human 

pancreatic cancer cells. Stromal fibroblasts were irradiated with increasing doses 

of gamma radiation, and pancreatic cancer cells were subsequently exposed to 

supernatants from the treated fibroblasts. There was a dose-dependent increase 

in invasiveness of the pancreatic cancer cells resulting from the treatment-

induced stress response of nearby stromal fibroblasts. Direct irradiation of the 

pancreatic cancer cells did not cause a comparable increase in invasive potential 

relative to that observed by treating stromal fibroblasts 32.  Stromal fibroblasts 

have also been shown to play a crucial role in regulating the progression and 

metastatic potential of OvCa cells 5, 26, 74, 220.  In a recent study, Dr. Ernst Lengyel 

and colleagues demonstrated that human fibroblasts embedded in collagen I 

enhanced the adhesion and invasive potential of OvCa, while mesothelial cells 

played an inhibitory role 26.   
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To explore the influence of cellular and stromal geometries on ovarian 

cancer growth, multicellular 3D models were developed in collaboration with Dr. 

Utkan Demirci, who introduced a tissue engineering platform that uses acoustic 

waves to “to create picoliter-sized droplets that encapsulate single cells.” 221-223 

OVCAR5 cells were co-printed with human fibroblasts on GFR-Matrigel™ beds. 

As described in CHAPTER 6, studies were conducted to characterize the 

reproducibility of the printing technology, to establish cell viability following 

printing, evaluate tumor growth, and to assess communication between the two 

populations. 

 In future experiments we will move away from the use of GFR-Matrigel™ 

(derived from Engelbreth Holm Swarm murine tumors which are rich in ECM 

proteins13) for two key reasons: 1.) This commercially available product is derived 

from a mouse host, which means it inherently recapitulates interactions with 

mouse stromal components; and 2.) There is a high degree of variability from 

batch to batch and poor characterization of growth factor profiles, though for the 

experiments described in this thesis, a single batch of Matrigel was reserved to 

limit this variability between lots.  A move towards more sophisticated and 

customizable matrices would be invaluable in the development of more clinically 

relevant in vitro tumor models. One approach to systematically altering stromal 

components has been introduced by Dr. Shuguang Zhang and colleagues who 

have developed customizable nanofiber scaffolds that mimic the extracellular 

matrix 14, 219. Dr. Zhang’s peptide-based nanofibers self-assemble into structures 

that resemble a basement membrane which supports cell growth. The 
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composition of the basement membrane can be customized by attaching a 

variety of functional groups to a peptide core to mimic collagens, laminins and 

other extracellular components. Adult mouse neural stem cells grown as three-

dimensional cultures on these customized scaffolds showed differing degrees of 

adhesion and differentiation based on the composition of the matrix. 14, 219  Our 

lab was a beta testing site for these nanofibers prior to their commercial release 

as PuraMatrix™ by BD Biosciences.  In CHAPTER 6, we describe the 

preparation and use of PuraMatrix to encapsulate and grow OVCAR5 cells in 3D 

cultures.   
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CHAPTER 2: METHODS 
 
Development and Characterization of a 3D Model for Micrometastatic 
Ovarian Cancer  

Cell culture  
  Epithelial ovarian cancer NIH:OVCAR5 cells were obtained from Thomas 

Hamilton (Fox Chase Cancer Institute, Philadelphia, PA). The cells were grown in 

RPMI-1640 medium (Mediatech Inc.; Herndon, VA) supplemented with 10% 

heat-inactivated fetal calf serum (GIBCO Life Technologies, Grand Island, NY), 

100 U/mL penicillin, and 100 μg/mL streptomycin. The cells were maintained in 

an incubator at 37°C in an atmosphere of 5% CO2. 

3D Cultures 
  Our protocol for 3D ovarian cultures was adapted from previously 

published methods for breast cancer cell lines 6, 224.  Briefly, Growth Factor 

Reduced-Matrigel™ (GFR-Matrigel) (#354230; BD Biosciences; Bedford, MA) 

was pipetted either into the center well of a chilled 35mm glass bottom MatTek 

culture dish (P35G-0-20-C; MatTek Corp.; Ashland, MA) (150 µl GFR-Matrigel 

per dish), or into each well of a glass bottom, black-walled 24-well plate (Genetix 

W1350) and distributed evenly to fill the well.  The dishes were then placed in the 

incubator at 37ºC for 20-30 minutes to allow the Matrigel to polymerize and form 

hydrogels. 

 To prepare the OVCAR5cells for plating, culture medium was aspirated 

from T75 tissue culture flasks and replaced with 10 mL PBS without calcium and 

magnesium for 20-30 minutes. Following incubation, the PBS was aspirated and 

replaced with 2mL of Trypsin-EDTA (0.05% Trypsin/0.53 mM EDTA in HBSS 
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without sodium bicarbonate, calcium and magnesium, Mediatech Inc.; Herndon, 

VA), and the flasks were placed in the incubator for 5 minutes.  The cells were 

harvested with 10 mL RPMI complete culture medium into a 50 ml conical tube 

and repeatedly pipetted to achieve a single cell suspension. A 100 µL sample of 

this cell suspension was diluted in 10 mL Isoton II Diluent (Beckman Coulter, 

Inc.; Fullerton, CA) for counting on a Z1 Coulter Particle Counter (Beckman 

Coulter, Inc.; Fullerton, CA).  The main cell suspension in media was centrifuged 

for 5 minutes at 228 (xg) (1000 rpm) in an Allegra 6R Tabletop Centrifuge with a 

GH-3.8 Swinging Bucket Rotor (Beckman Coulter, Inc.; Fullerton, CA).  Following 

centrifugation, the supernatant was aspirated and the cell pellet was thoroughly 

resuspended in fresh culture medium to obtain a single cell suspension of 1.5 x 

106 cells/ml.  This suspension was further diluted 1:100 (200 µL cell suspension 

in 19.8 mL culture medium), and thouroughly mixed to get 1.5 x 104 cells/ml.   

 The diluted OVCAR5 cells were overlaid on the GFR-Matrigel by pipetting 

500 µL of the cell suspension onto the gelled beds of each MatTek dish or each 

well of the multi-well plate. The MatTek dishes were carefully palced back in the 

incubator for 30 minutes to allow the cells to adhere, after which 1.5 mL of culture 

media containing 2.667% GFR-Matrigel was added to each MatTek plate (final 

GFR-Matrigel concentration of 2%/dish).  In the Genetix multiwell plates, 500 µL 

of 4% GFR Matrigel media was added to each well (final GFR-Matrigel 

concentration of 2%/well) and the plates were placed in the incubator.  Media 

was changed every 2-3 days on all cultures. 
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Microscopy for growth characterization  
 To characterize development of size distributions over time, 3D cultures 

were routinely imaged by darkfield microscopy at 5X using a Zeiss Axiovert 

inverted microscope (Zeiss, Germany) fitted with a QuantiFIRE™ cooled 12-bit 

monochrome CCD camera with 2048 by 2048 pixel chip (Optronics, Goleta, CA).  

For each plate, 5 darkfield images of each culture dish (or well of multiwell plate) 

were acquired at each time point in the TIFF format and saved for off-line 

processing. Images were batch processed using a routine developed in the 

MATLAB software package (Mathworks, Natick, MA) to identify size of each 3D 

nodule by counting pixels in high contrast regions segmented using a sub-routine 

based on Otsu’s method. For each nodule, equivalent diameter, deq, is 

approximated from areas of the (nearly) circular regions of area A, by 

2

4
2
eqd

A π
⎛ ⎞

= ⎜ ⎟
⎝ ⎠

.  In this manner mean diameter measurement for each culture dish 

was calculated to determine the reproducibility of the mean from independent 

platings. Timelapse microscopy sequences were obtained using a Nikon 

microscope in an enclosed weatherstation. 

Image processing for growth analysis   
Image data was processed using custom scripts developed based on built in 

function in the Image Processing Toolbox in the MatLab software package 

(Mathworks, Natick, MA, USA).  To calculate size distributions images we 

developed batch analysis routines in which sets of high contrast darkfield images 

were thresholded, made binary and segmented to identify in vitro nodules. The 

routine would count the number of pixels in each region while rejecting partial 
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features at the edge of each field of view and calibrate sizes to µm2. Features of 

size less than 200µm2 were rejected. Lists of statistics for each feature (size in 

µm2, equivalent diameter in µm, eccentricity, and the x-position and y-position in 

the image) were tabulated and grouped by time point. Size distribution 

histograms were then generated from lists of sizes at each time point. In general 

we report size in units of µm2 as 2D cross sectional area (A) which is directly 

reported from calibration of pixel counting and strictly the most accurate 

quantification of size. However, nodules are approximately spherical and it is a 

reasonable approximation to calculate equivalent diameter, deq, as a more 

intuitive metric of nodule size, which is obtained from area by π(deq/2)2 = A. 

Image data was grouped into directories by imaging time point so that all routines 

were run as batch processes allowing rapid generation of statistics on large lists 

of micronodules at each time point. The same automated segmentation approach 

was used to analyze the size distribution of residual viable disease following 

treatment by application of the same batch process to sets of calcein green 

fluorescence image data as described below.  

Imaging 3D acinar structure using two-photon microscopy 
Two-photon imaging of endogenous fluorescent species using 750 nm 

excitation as previously described 225 was used to confirm the 3D micronodular 

structure of OVCAR5 cells on GFR Matrigel on the Olympus FV1000 MPE. 
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PDT-based Combination Regimens 

PDT + Carboplatin 

Photodynamic therapy 
  Ten days after plating 3D cultures were incubated with 250nM BPD-MA 

for 90 minutes (or Verteporfin, QLT, Inc., Vancouver, BC, Canada) in complete 

culture media (RPMI-1640 supplemented with 10% heat-inactivated fetal calf 

serum, 100 U/mL penicillin, and 100 μg/mL streptomycin without GFR-Matrigel). 

Immediately prior to irradiation the BPD-MA media was replaced with culture 

medium containing 2% GFR Matrigel. Each MatTek dish or individual well of the 

24-well plate was irradiated with a 690nm fiber coupled diode laser (Model 7401; 

High Power Devices, Inc., North Brunswick, NJ, USA). Irradiation times were 

calculated to achieve total fluences of 0.1, 1.0, 2.5, or 5 J/cm2 at a fluence rate of 

40mW/cm2 (as measured using a VEGA Laser Power Energy Meter, Ophir Laser 

Measurement Group - Ophir-Spiricon, LLC, North Logan, UT).  All control 

samples were subjected to the same media changes and sham manipulations as 

the treatment groups.  Immediately after irradiation, carboplatin media was added 

to each culture using the protocol below.  

Carboplatin treatment 
  Carboplatin treatment for all groups was started immediately after PDT 

treatment by incubating 3D cultures with 0.4 to 400.0 mg/m2 carboplatin in 

complete culture medium containing 2% GFR Matrigel for a total of 96 hours.  

The carboplatin media was refreshed at 48 hours. All control samples were 

subjected to the same media changes and sham manipulations as the treatment 

groups. Treatment response was assessed immediately after removal of 
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carboplatin media following the 96-hour incubation, as described below in the 

sections for “Fluorescence Imaging to Assess Cytotoxicity” and “Quantitative 

Assessment of Therapeutic Efficacy.” 

Fluorescence imaging to assess cytotoxicity  
  Evaluation of cytotoxic response in 3D culture models presents challenges 

which are not present in monolayer culture because the presence of the ECM 

can directly interfere with the reagents in traditional cytotoxicity assays.  For this 

reason we have adapted the LIVE/DEAD™ fluorescence imaging kit (Invitrogen) 

to quantify cytotoxic response using ratios of fluorescence intensities as reporters 

of cell viability.   

 The LIVE/DEAD kit consists of two dyes for simultaneous staining of live 

and dead cells (Figure 2-1):  1.) Calcein AM which is cleaved by esterases in 

viable cells to produce fluorescent Calcein with excitation and emission peaks at 

494 and 517 nm respectively; and 2.) Ethidium bromide, which stains for cell 

death by intercalating into the DNA of cells with damaged membranes to become 

the fluorescent Ethidium homodimer-1 with excitation and emission peaks at 528 

and 617 nm, respectively.   

 In preliminary studies we have found that neither component binds to the 

GFR-Matrigel™ matrix, which was a major problem associated with traditional 

MTT and MTS assays. Culture dishes of 3D nodules were washed with PBS and 

then incubated at 37°C for 40 minutes with 2µM Calcein AM and 4µM Ethidium 

homodimer-1 diluted in PBS prior to imaging.  Addition of reagents to each 

culture dish was staggered such that incubation was exactly 40 minutes for each 
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Figure 2‐1. Principles of the LIVE/DEAD® cytotoxicity assay 
Poorly fluorescent calcein‐AM is cleaved by esterases in live cells releasing calcein, a 
molecule with intense green fluorescence.  Dead cells are visualized by ethidium 
bromide, which enters cells via permeabilized membranes and intercalates into DNA, 
undergoing a 40‐fold enhancement in red fluorescence. 

Calcein acetoxymethyl ester (Calcein-AM) 

Calcein

LIVE CELLS DEAD CELLS

ETHIDIUM BROMIDE

Intercalated Ethidium Bromide
Excitation: 494 nm
Emission: 517 nm

Excitation: 528 nm
Emission: 617 nm

Esterase 

CALCEIN GREEN

Ethidium Bromide

DNA

dish. Following incubation, images of the calcein fluorescence emission at 

517nm (as a reporter of viability) and the ethidium bromide fluorescence 

emission at 617nm (as a reporter of cell death) were obtained and stored for 

offline image processing. For dose ranging studies with individual monotherapies 

(Figure 4-3, Figure 4-4, Figure 4-6, and Figure 4-8), images of Calcein and Ethidium 

were obtained using FITC and HQ:DII filter sets respectively on a Zeiss Axiovert 

100 TV inverted fluorescence microscope (Zeiss, Germany) with a 5X objective, 

captured with a CCD camera (Quantifire XI, Optronix, Israel) and saved as 12-bit 

TIFFs.   

 

 In the combination treatment studies (Figure 4-5,Figure 4-9,Figure 4-10,Figure 

4-11, Figure 4-12), images were acquired using an Olympus FV-1000 confocal 
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Figure 2‐2. Assessing cytotoxicity in 3D nodules, residual tumor 
To evaluate the amount of viable disease remaining in each 3D 
culture following treatment, calcein green fluorescence was used to 
estimate the volume of surviving nodules.  Percent residual tumor 
was determined by normalizing the estimated viable tumor volume 
in treated groups with their respective no treatment controls. 

VOLUME CALCEIN GREEN (TREATED)

VOLUME CALCEIN GREEN (NO TREATMENT)
= % Residual Tumor

NO TREATMENT TREATED

microscope with 4X objective using a FITC emission filter and 488nm (Argon 

laser) excitation and a TRITC filter and 559nm excitation (diode laser) to image 

Calcein and Ethidium Bromide respectively. In both cases low power objectives 

were selected to obtain large fields of view to average response over hundreds of 

individual 3D acini from 4 fields of view obtained in each treated dish or well 

imaged. Exposure times (or photomultiplier tube high-voltage setting in the case 

of the FV-1000) were optimized for maximum dynamic range without saturation, 

with internally consistent settings used across all experimental groups imaged in 

each experiment.  

Quantitative assessment of therapeutic efficacy  
  Therapeutic efficacy was evaluated by two different metrics: 1.) Residual 

tumor volume, a measure of how much viable disease remains on each plate 

after treatment; and 2.) Tumor viability, a ratiometric quantification of how viable 

the residual disease is 

after treatment. Image 

datasets were analyzed 

using batch-process 

routines developed in 

the MATLAB software 

package (Mathworks, 

Waltham, MA).  To 

quantify residual tumor 

burden following 
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Figure 2‐3. Assessing cytotoxicity in 3D cultures, percent viability 
Ratiometric quantification of the fluorescence intensities from viable cells 
(calcein green fluorescence) as a proportion of total fluorescence (calcein 
green + ethidium bromide), provides a metric to evaluate cytotoxic 
response relative to total tumor burden. Percent viability was determined 
by normalizing the proportion of calcein to total fluorescence in treated 
groups with the proportion of calcein to total fluorescence from 
respective no treatment controls.

NO TREATMENT TREATED

CALCEIN GREEN / CALCEIN GREEN + ETHIDIUM BROMIDE (TREATED)

CALCEIN GREEN / CALCEIN GREEN + ETHIDIUM BROMIDE (NO TREATMENT)
= % Viability

treatment, image datasets from the calcein green channel were analyzed using 

custom batch processing routines to calculate the estimated volume of residual 

disease on the dish, for each treatment group (Figure 2-2). This MATLAB routine 

uses automated segmentation to identify the presence of viable disease similar 

to the routine for growth characterization from darkfield image data described 

above. In this manner, the volume of each residual nodule is estimated from the 

equivalent diameter using the following equation
3

4
3 2

eqd
π
⎛ ⎞
⎜ ⎟
⎝ ⎠

.  Volumes are then 

summed to determine the total residual volume in each treatment group which is 

reported as fraction of the volume from the corresponding no treatment control. 

 In order to establish a quantitative measure of tumor viability from 

fluorescence imaging data we developed an image processing routine which 

calculates the 

normalized live dead 

ratio, RLD = [ICG / ICG 

+ IEB] / RNT, where 

ICG and IEB are mean 

calcein green and 

ethidium bromide 

fluorescence 

intensities, 

respectively and RNT 

is the LIVE/DEAD ratio from the corresponding no-treatment controls.  The ratio 
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was computed in this manner for all treatment groups and normalized to an 

internal no-treatment control group imaged with the same batch of reagent 

preparation to calculate percentage viability for each treatment (Figure 2-3). The 

same quantitative results were obtained for any given treatment group 

independent of which microscope was used to acquire image data, however the 

motorized x-y positioning stage and ability to pre-program excitation/emission 

settings on the FV-1000 allowed for automated scanning over treatment groups 

in 24-well plates for more rapid and efficient data collection. 

Statistical analysis  
 An analysis of variance was fit, that included the two single agent 

treatments (PDT and carboplatin) as indicators as well as batch.  The 

significance of the interaction term of the two treatments was used to evaluate 

the synergy between PDT and carboplatin on mean percent viability in 3D 

micronodules.   Reported confidence bounds were calculated using the estimate 

of variance from the analysis of variance.  Statistical tests were done in the log 

scale to establish normality assumption, which is required for analysis of 

variance.   Reported p-values are two sided.   

PDT+C225 

Conjugation  of C225 with Alexa Fluor® dyes for fluorescence microscopy 
  Fluorescent dye molecules (Alexa Fluor 488 and Alexa Fluor 647) were 

conjugates to the anti-EGFR Mab C225, in order to image 3D cultures using 

(confocal) fluorescence microscopy. From a starting antibody concentration of 

2mg/ml we conjugated 1.5mg (750μl) of C225 using the following steps: 

- Add 10% (v/v) 1M sodium bicarbonate to the antibody solution 
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o 75μl added under sterile conditions 

o 0.1M final concentration as a pH buffer 

- Dissolve Alexa Fluor 488 aliquots (50μg) in 5μl DMSO each 

o The dye becomes highly reactive as soon as the DMSO is added 

so it’s important to transfer each dissolved aliquot IMMEDIATELY to 

the antibody solution.  

o 10mg/ml final dye concentration/dissolved aliquot 

o Each aliquot labels 500μg of antibody 

o We will use 3 aliquots for 1.5mg of C225 

- Place on a shaker for 1hr @ RT (~120 rev/min) 

- Start preparing column with ~15 minutes left in the incubation 

- Use a Sephadex G-25 PD-10 Desalting column to separate free dye from 

the conjugated dye. 

o Cut the tip of the column with a razor and set up Sepahdex column 

o Cut the tip off a 50 ml conical tube and secure to the Sephadex 

column with Parafilm 

o Flush out the column by adding ~50ml PBS to the conical tube and 

letting the PBS drip through 

o When the level of PBS gets low, cap the tip of the column to keep it 

from drying out 

- Once the incubation period is up, allow the remaining PBS to drip out of 

the column 
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- Add the total volume of conjugation mixture (Mab + dye) to the column (in 

this case ~800μl) 

- Add PBS to the column to a total volume of 2.5ml (add ~1.8ml PBS) 

-  Allow mixture to run on column until there is no liquid left on top of the 

beads. The solution will separate into two bands  

o A darker yellow band on top, which is the free dye 

o A fainter yellow band on the bottom, which is the conjugated Mab 

- Once the 2.5 ml has stopped running, place a 15ml conical tube under the 

column 

- Add 3.5 ml PBS to the column and collect everything that elutes from the 

column. This is the conjugated antibody. 

-  Take absorbance of the eluent @ 280nm (Mab) and 495nm/650nm 

(Alexa Fluor dyes) to estimate how many dye molecules are conjugated to 

each Mab 

o Blank with PBS in a black-walled cuvette 

o Measure @ full strength  

o Return measured sample to original tube 

Photodynamic therapy 
  Ten days after plating, 3D cultures were incubated with 1µM BPD-MA for 

90 minutes (or Verteporfin, QLT, Inc., Vancouver, BC, Canada) in complete 

culture media (RPMI-1640 supplemented with 10% heat-inactivated fetal calf 

serum, 100U/mL penicillin, and 100 μg/mL streptomycin without GFR-Matrigel). 

Immediately prior to irradiation the BPD-MA media was replaced with 500µl 
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culture medium/well containing 2% GFR Matrigel. Each well of the 24-well plate 

was irradiated with a 690nm fiber coupled diode laser (Model 7401; High Power 

Devices, Inc., North Brunswick, NJ, USA). Irradiation times were calculated to 

deliver 1.0 or 5 J/cm2 at a fluence rate of 150mW/cm2 (as measured using a 

VEGA Laser Power Energy Meter, Ophir Laser Measurement Group - Ophir-

Spiricon, LLC, North Logan, UT).  All control samples were subjected to the 

same media changes and sham manipulations as the treatment groups.  After 

irradiation all cultures were returned to the incubators for 24 hours prior to 

addition of C225.  Cultures that received 1 J/cm2 10 days post-plating were 

retreated with the same dose on day 14, as described above.  The group treated 

with 5 J/cm2 on day 10 did not receive any additional PDT treatments.  

C225 treatment 
  Twenty-four hours after BPD-PDT (day 11), 3D cultures were treated with 

0.5mg/ml C225.  This involved diluting the 2mg/ml C225 stock solution with equal 

parts 2% GFR-Matrigel culture medium to get a 1mg/ml final solution.  Five 

hundred microliters of this 1mg/ml C225 media was then added to each 

appropriate well of the 24-well plate, which already contained 500µl culture 

medium from the previous day, resulting in 1ml of 0.5mg/ml C225 media final per 

well.  Media for PDT only and no treatment control wells was made by mixing 

PBS (w/calcium and magnesium) with equal parts 2% GFR-Matrigel culture 

medium to account for the dilution of growth factors that occurred in making the 

C225 media.   Each well of the PDT only and no treatment control groups 

received 500µl of this PBS-based control medium.  On day 13, media on all wells 
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was replaced with fresh C225 and control media.  Cytotoxic response was 

evaluated by LIVE/DEAD assay on day 15 as described above in the sections for 

“Fluorescence Imaging to Assess Cytotoxicity” and “Quantitative Assessment of 

Therapeutic Efficacy.” 

Use of 3D Micronodules to Inform the Development of New Imaging 
Modalities for Ovarian Cancer 

Fluorescence Microendoscope 
   A fluorescence microendoscope with the following features was 

constructed: a miniature and flexible probe providing minimally invasive access 

and easy maneuvering in the mouse intraperitoneal cavity, and imaging 

components suited for fluorescence imaging of BPD-MA, namely, a light source 

to excite BPD-MA efficiently, and a highly sensitive camera capable of real-time 

imaging of weak fluorescence emission in the 690-700 nm spectral window 226. 

Although previous studies have successfully implemented commercially available 

endomicroscopes 227-229, none of these systems were well suited for BPD-MA 

imaging, lacking either excitation at an appropriate wavelength, sufficient 

sensitivity for detection of weak fluorescence emission at 700 nm and/or having 

too large a probe for imaging inside a mouse. For these reasons we instead built 

an instrument specifically designed for this study, similar to custom instruments 

used by others in gastrointestinal endoscopy applications 230-232, and offering the 

additional advantage of ease of adaptation for use with other imaging agents in 

future studies. The excitation source was a light emitting diode (LXHL-LR5C, 

Luxeon® Star LEDs, Brantford, ON) with an emission peak at 455 nm well suited 

to excite the Soret band of BPD-MA without the use of an additional filter. The 
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LED light was collimated and directed into an infinity-corrected 10X objective 

(NT46-144, Edmund Optics, Barrington, NJ) via a dichroic mirror (51008bs, 

Chroma Technology Corp., Rockingham, VT). The beam was focused onto the 

proximal end of a 1.5 m long, 0.8 mm diameter, and 0.35 NA flexible fibre probe 

(IGN-08/30, Sumitomo Electric U.S.A., Inc., Torrance, CA) and transmitted to the 

distal end, delivering an optical power of 35 µW during contact mode imaging of 

the sample. The coherent fibre bundle consists of a total of 30,000 cores. The 

core-to-core spacing, which, for contact mode imaging dictates the optical 

resolution, is about 4.4 µm, sufficient for detection of the presence of microscopic 

disease at the single cell level as required for this study. After sample excitation, 

the fluorescence emission was collected by the fibre probe and sent through the 

objective, the dichroic mirror, and an emission filter (D700/40, Chroma 

Technology Corp., Rockingham, VT). A tube lens mounted below the camera 

forms the image from the objective while preserving approximately 10X 

magnification of the fiber probe face on the sensor of the electron-multiplying 

CCD camera (Cascade 512B EMCCD, Photometrics, Tucson, AZ). The Cascade 

512B EMCCD was selected for this study for its high sensitivity in the spectral 

region of the BPD fluorescence emission peak. With a 90% sensitivity at 690-700 

nm this provides a significant advantage over a scanning based system relying 

on a photomultiplier tube which, even with extended red performance, provide 

quantum efficiency of only ~15% in this spectral region.  The EM gain and 

exposure time were fixed at 3000V and 30 ms, respectively, throughout the 

experiments. All images were obtained using 2 by 2 binning of pixels to increase 
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the signal to noise ratio for quantitative measurements and to allow for higher 

speed image acquisition to reduce blurring artefacts due to motion of the mouse 

and the hand held fiber probe. 

Ovarian cancer cell cultures 
  Monolayer and 3D cultures using OVCAR5 cells were plated and 

maintained as described above in the sections for “Cell culture” and “Three-

Dimensional (3D) Cultures.” 

Fluorescence imaging of cell cultures 
  OVCAR5 cells in monolayer and 3D culture were incubated in 1µM BPD-

MA diluted in the appropriate culture media described above to prepare for 

fluorescence imaging. For the time course experiment, 3D culture dishes were 

removed from incubation at time t (t = 1, 4, 20, and 24 hours) and imaged with 

the fluorescence microendoscope.  Then, 2 ml of dispase (354235, BD 

Biosciences, Bedford, MA) was added to each dish to recover cells from Matrigel 

and to form a single-cell suspension. After 2 hours, the cell solution was collected 

along with 2 ml of media used to rinse the dish and collect any remaining cells as 

well as to stop the dispase-catalyzed reaction. The numbers of cells in each 

solution were counted using a hemocytometer. 100 µl of the cell suspension was 

added to a well in a 96 multi-well plate. Fluorescence measurements were then 

obtained using a plate reader at 436 nm excitation and 690 nm emission. To 

convert the fluorescence measurement obtained from the samples into 

concentration of BPD-MA, a calibration curve was created using cell suspensions 

mixed with known concentrations of BPD-MA. For each of the 4 time points 

studied, data was generated from two independently plated 3D cultures. 
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Animal model 
  We used an ovarian cancer mouse model previously developed in our 

laboratory to mimic human disseminated ovarian carcinoma 233. Female Swiss 

nude mice (Cox, Cambridge, MA), 6-8 weeks old, were injected i.p. with cultured 

OVCAR5 cells at an initial inoculum of 3.15 × 107 cells in single cell suspension 

in PBS. They had continual access to food and water while being housed in 

laminar flow racks under specific pathogen-free conditions. All animal 

procedures, including sacrifice by CO2 inhalation were conducted in accordance 

with institutional guidelines for research animal care. 

In vivo imaging of tumors  
  We performed fluorescence microendoscopy in the ovarian cancer mice at 

3 to 4 weeks after tumour inoculation. Each mouse was injected i.p. with 1 mg/kg 

body weight of BPD-MA and imaged under anesthesia with the fibre probe 

introduced into the peritoneal cavity through an incision made on the abdominal 

wall. For comparison between microendoscope image data and pathological 

analysis, tissues at different anatomical sites were biopsied immediately after 

imaging before mice were sacrificed by CO2 inhalation. Resected tissue was 

fixed in 10% phosphate buffered formalin and embedded in paraffin. 5 um 

sections were stained with hematoxylin-eosin for microscopic assessment. 

Data analysis 
  Fluorescence images were obtained and processed with IPLab (BD 

Biosciences – Bioimaging Division, Rockville, MD) and Matlab (The MathWorks, 

Inc., Natick, MA). To eliminate background due to the bias level set by the 

camera manufacturer and the leakage of reflected excitation light through the 
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emission filter, we subtracted from each image the background image measured 

from water with zero fluorescence. We also compensated for the non-uniform 

spatial response of the system by normalizing the background-subtracted images 

with an image from a uniform solution of 1 μM BPD-MA. Both the water and 1 μM 

BPD-MA solutions were freshly prepared and imaged at the beginning of each 

imaging session. Pixel values within each image were calibrated as follows: 

   0( , ) ( , )( , )
( ( , ) ( , )) / ( ( , ) ( , ))

w

BPD MA w BPD MA w

I x y I x yI x y
I x y I x y Mean I x y I x y− −

−
=

− −
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where 0I , wI , and MABPDI −  are the raw images of a sample, water, and 1 μM 

BPD-MA solution, respectively. Mean represents the mean value of all pixels (N) 

within the endoscope’s field of view (0.8 mm in diameter). This normalization 

term minimizes the sensitivity variation due to occasional system realignment.  

 The fluorescence intensity of BPD-MA in the 3D cultures of tumour 

nodules was calculated as follows. First, individual tumour nodules were 

identified by segmentation based on selection of pixels with intensity values 

above a threshold that corresponded to background fluorescence from the 

culture media containing BPD-MA. Segmentation was based on the triangle 

algorithm, which was readily available as a built in utility of the IPLab software 

package. In this technique, a line connecting the minimum and maximum values 

in the histogram of intensities of all pixels in an image is established.  The 

distances between the line and all intensity values are computed. The intensity 

value which has the shortest distance to the line is set as the threshold value for 

separating the objects from the background.  The fluorescence intensity of each 
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segmented nodule was calculated by spatial averaging over all interior pixels. 

The same segmentation approach was used to outline tumour nodules of ovarian 

cancer mice for the purpose of size determination in vivo. 

 For the treatment monitoring study, in which large sets of images were 

processed before and after treatment, mean BPD-MA fluorescence values were 

calculated by means of custom scripts to batch process entire directories of data. 

For each image, mean fluorescence intensity was determined by averaging over 

all pixels within the circular field of view of the endoscope. The field of view was 

automatically determined in each image (to account for slight displacements of 

the field of view with respect to the CCD chip) using a custom routine that 

employs a combination of a wavelet transform-based edge detection and circle 

detection algorithms. This mean value was corrected for the background level as 

described above and normalized to the 1 uM BPD-MA control solution.  

Normalized values were grouped by site (pelvic omentum or peritoneal wall) for 

each mouse at each time point to calculate the overall mean for each site and the 

percentage change in fluorescence intensity at that site from day 14 to day 19 as 

described further below.   

Non-perturbative, Longitudinal Imaging of 3D Ovarian Tumor Growth and 
Treatment Response by Optical Coherence Tomography 

Ultrahigh resolution optical coherence tomography imaging system 
  Imaging experiments were performed on a custom-built, laser-scanning 

microscope. A broadband Ti:Sapphire laser (Integral OCT, Femtolasers) with a 

bandwidth of 190 nm centered at 850 nm and output power of 110 mW provided 

the light for both the ultrahigh resolution SD-OCT and two-photon imaging 
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experiments. SD-OCT 234 was chosen for this experiment as it has the capability 

to be stable over several days of continuous, automated imaging. For the OCT 

system, the output of the Integral OCT was fiber coupled into a SMF fiber (SMA 

600) and entered into an 80:20 fiber interferometer (AC Photonics). The 80% arm 

of the interferometer was directed toward a reference arm, while the 20% arm 

was directed towards the laser-scanning microscope.  A pair of galvanometric 

mirrors (Cambridge Technologies) was arranged in a 4f configuration to enable 

point-scanning of the beam in the microscope focal plane. The scanned beam 

was directed into a Zeiss 200M inverted microscope, reflected off a silver mirror 

(21004b, Chroma Technologies) mounted in the microscope turret, and finally 

passed through an objective lens.  A 0.15NA Zeiss 5X EC Plan Apo objective 

was used for all OCT imaging sessions. The total power at the focus was 1.5 

mW, and was controlled by a neutral density filter wheel (Thorlabs) in the sample 

arm. The reflected light from the microscope focal plane was combined with the 

light reflected from the reference arm in the fiber interferometer and a portion of 

the interference was directed towards a custom-built spectrometer. Light 

emerging from the fiber tip was first expanded with a telescope before passing 

through a transmission grating (1200 lines/mm). The dispersed spectrum was 

focused using a three-element lens with a focal length of 100 mm onto a Basler 

L104k 2048 element line-scan camera capable of running at 29.3 kHz. The 

spectral range of the detector was set to sample a spectral bandwidth of 122 nm. 

A National Instruments 1428 frame grabber board was used to read in the 

spectral from the line scan camera using the NI IMAQ interface. The camera 
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readout and galvanometric mirrors were controlled using home-built software. A 

LabView front end provided user control of the imaging system, while custom 

multithreaded C libraries called by LabView allowed for rapid Fourier Transforms 

via the Intel IPP libraries. The software was run on an eight-core SignaTec 

computer utilizing a four-disk RAID array for real-time processing, visualization, 

and storage of incoming camera data at the full camera readout rate. The RAID 

array used in this experiment was comprised of four 750 GB, 7,500 RPM SATA II 

hard drives (Seagate Barracuda). For the OCT experiments here, the camera 

was run at 20 kHz with an integration time of 50 μs. The spectrum was calibrated 

and remapped for even spacing in frequency space using a coverslip placed 

between the laser aperture and the fiber coupler. An iterative method was used 

to obtain the wavelength-dependent dispersion for real-time compensation during 

data acquisition.235  An axial resolution in tissue of 1.8μm (n = 1.34) was 

measured at the −3 dB point by fitting a gaussian through the point spread 

function derived from the reflection off a mirror in the sample arm. Using size-

calibrated polystyrene microspheres (Polysciences), the lateral resolution of the 

imaging system was found to be 6.7 μm. A temperature-controlled incubation 

stage (DH-35i, Warner Instruments) was mounted on the microscope for imaging 

live samples. 

Two-photon microscopy system 
  The free-space output of the Integral OCT was directed through a 

broadband dispersion mirror pair (GSM201, Femtolasers), which provided −3500 

fs2 of dispersion pre-compensation for two-photon imaging experiments 236. The 
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pre-compensated beam was directed to the galvanometric mirror pair described 

above, before being sent into the inverted microscope. A 700 nm long-pass filter 

(HQ700LP, Chroma Technologies) was positioned before the microscope 

entrance to filter out the Ti:Sapphire superfluorescence. The beam was reflected 

towards the objective lens by a short-pass dichroic mirror positioned in the 

microscope turret (675DC-SPxr, Chroma Technologies).  A 0.75NA Olympus 

20X UPlanSApo UIS2 objective was used for all multiphoton imaging 

experiments as it was found to have high infrared transmission and low 

dispersion. The average power at the sample was 30 mW for all experiments. 

The lateral and axial resolutions of the two-photon system were measured, using 

200 nm size-calibrated microspheres (Polysciences YG Fluoresbright 

Microspheres), to be 560 nm and 4.2 μm, respectively, due to moderate beam 

astigmatism. The objective was screwed into a piezoelectric stack mounted on 

the microscope nosepiece that was used for fine axial height adjustments 

(PIFOC P-725.2CD, PI). Fluorescence generated in the focal volume was 

collected in the epidirection, and passed through a set of filters (HQ450/50X, 

HQ620/60M, Chroma Technologies) before being focused by a 100 mm lens 

onto a photon-counting photomultiplier tube (H7421-40, Hamamatsu). The 

photon counts generated by the H7421 PMT were acquired using a National 

Instruments 6602 board. A LabView program was used to control the galvo 

mirrors and read the photon counts. In addition to providing a live image of the 

sample, the program was also made to collect z-stacks for three-dimensional 

imaging. 
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Immunofluorescence and imaging protocol  
  Acini were stained following a protocol closely derived from Debnath et al. 

65, with one major exception. To prevent the degradation of the Matrigel during 

the staining protocol and subsequent loss of acini from the Matrigel surface, 

culture dishes were maintained at 37°C between all protocol steps. The 

exchange of buffers and staining solutions was accomplished using a 

micropipetter to minimize disruption of the Matrigel. Antibodies against activated 

caspase-3 were acquired from Cell Signaling (Asp175, 5A1E), while anti-E-

cadherin antibodies were obtained from Transduction Laboratories (C20820). 

Alexa Fluor 488 labeled goat anti-rabbit and Alexa Fluor 568 labeled goat anti-

mouse (Invitrogen) were used to counterstain the caspase-3 and E-cadherin 

antibodies, respectively. Alexa Fluor 568 labeled phalloidin was purchased from 

Invitrogen to label F-actin. DAPI (4′,6-diamidino-2-phenylindole) was obtained 

from Sigma and diluted as appropriate. 

Immunofluorescence controls were carried out for both caspase-3 and E-

cadherin staining. In these control experiments, the same staining protocol was 

used, but the primary antibody incubation was replaced by a mock incubation in 

blocking buffer. The fluorescence-tagged secondary antibody was then added as 

normal following the mock incubation. For both the E-cadherin and caspase-3 

controls, only a weak, poorly localized staining pattern was observed. The 

fluorescence intensity of the controls was found to have an average fluorescence 

intensity level one order of magnitude less than what was observed normally. 

 In order to image acini before staining with OCT and after staining with 

two-photon microscopy, a large 1.25X image of the culture dish surface was 
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taken using a Zeiss 100TV inverted cell microscope equipped with a SPOT RT 

Slider camera (Diagnostic Instruments). This image was used as a map of the 

culture dish so that acini could be re-imaged following the 36 hour staining 

process. 

Chemotherapy treatment 
  The most effective chemotherapeutic agents against epithelial ovarian 

cancer have been based on cytotoxic platinum compounds, such as the front-line 

chemotherapeutic agent CISplatin. 237  This drug interferes with the cells DNA 

replication process, effectively targeting fast-growing cancer cells. CISplatin is 

clinically administered either intravenously or, more recently, intraperitoneally 

(i.p). To simulate i.p administration of CISplatin using the three-dimensional 

ovarian cancer model, CISplatin (APP Pharmaceuticals) was added to the 2% 

Matrigel cell media just prior to the time-lapse imaging session. The CISplatin 

dose was calculated from the maximum i.p. therapeutic dose of 100 mg/m2 used 

clinically,98  taking into account the area of the 35 mm culture dish. 

Data and image processing 
  OCT images were acquired from a rectangular imaging region with a width 

to height ratio of 1:2. Ultrahigh resolution OCT volumes were streamed to the 

RAID, with a single volume comprising of 2048 (x pixels) × 250 (y pixels) × 2048 

(spectral pixels) 10-bit values, resulting in about 2 GB of data per volume. To 

allow for long-term data collection and to reduce the post-processing load, time 

lapse volumes were acquired using a reduced y axis pixel count of 60 and 

reduced width to height aspect ratio of 1:6, resulting in about 450 MB of data per 

volume. At an acquisition rate of 2 volumes per hour, the time-lapse OCT system 



 
51 

 

generates nearly 22 GB of data per day.  Data collected in the OCT experiments 

was processed using Matlab. Time-lapse movies were initially created in Matlab 

and later modified using ImageJ. Two-photon images and stacks were processed 

using ImageJ. 

Future Directions 

Printed 3D Co-cultures for Ovarian Cancer 

Cell-encapsulating droplet patterning system 
The cell printing apparatus used in Chapter 6 is based on a biopatterning 

system described previously by Demirci et al. 222, 223, 238-240 Briefly, the system 

consists of an automated micron resolution xyz stage (Precision Linear Stage, 

Newmark systems, NLS4) controlled by a stage controller (Newmark Systems, 

DMC-21x3) and nanoliter dispensing valves (Solenoid valve ejector, TechElan, 

G100-150300NJ) controlled by a pulse generator (Hewlett Packard, 8112A).  The 

entire setup is enclosed within a sterile hood allowing long term cultures up to 

three weeks for patterned ovarian cancer model constructs.  Here, two ejectors 

were used, one for ejecting OVCAR-5 and the other for ejecting MRC-5.  The 

ejectors were connected to pressured nitrogen gas through a syringe reservoir.  

It deserves attention here that we used a valve ejector with a wide nozzle (with 

nozzle diameter 150 μm) to minimize local shear force created within the droplet 

during generation.  This offers high post-ejecting cell viability.  The stage and 

dispensing subsystems were synchronized and programmed.  The cell 

suspensions of OVCAR-5 and MRC-5 were pipetted into two 10 ml syringe 

reservoirs, respectively.  The valve opening duration and gas pressure was 

regulated to control the droplet size.  Individual cell-encapsulating droplets were 
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patterned at pre-determined positions on the GFR MatrigelTM coated glass-

bottom culture dish.  The dishes with patterned cells were then cultured with 2% 

GFR MatrigelTM media.  Before and after cell patterning, the ejector was washed 

out with 70% ethanol and DI water to sterilize the ejector. 

Characterization of cell-encapsulating droplets  
The size of each droplet was determined by ejecting droplets into a petri 

dish (60 mm (D) x 15 mm (H)) filled with liquid nitrogen.  The frozen droplets 

were imaged using a microscope (Eclipse TE-2000 U, Nikon).  Droplet diameters 

were obtained by fitting circles around each droplet image using ImageJ (NIH, 

Bethesda, MD).  To assess the number of cells in individual ejected droplets, we 

used constant valve opening duration (60 μs) and gas (nitrogen) pressure (34.5 

kPa) for constant droplet size.  The valve opening time and the gas pressure 

determines the size of the generated droplets and how fast the droplets are 

ejected 238, 239, 241.  We then stained the ejected cells with DAPI (DAPI, dilactate, 

Sigma-Aldrich, D9564) for counting the number of cells in individual droplets.  

Both bright-field and florescent images of the ejected cell-encapsulating droplets 

were taken under microscope (Nikon TE2000) immediately after printing.  The 

numbers of cells were counted using ImageJ. 

Assessment of cell viability   

Cell viability following printing was determined using the LIVE/DEAD 

described in the section titled “Fluorescence Imaging to Assess Cytotoxicity.” Pre-

ejection cell viability was measured from samples taken directly from the cell 

solutions as a control.  Post-ejection cell viability was evaluated in printed 
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droplets at two timepoints, 4 hours and 3 days post printing, to determine the 

effect on viability from the stresses placed on the cells by the ejection process.  

Basically, the dishes containing the patterned cells were washed with PBS, 

stained for 10 minutes at 37°C with LIVE/DEAD staining solution and then 

washed with PBS again prior to imaging under a fluorescent microscope (Nikon 

Eclipse TE-2000 U).   

Characterization of acinar growth 
The patterned cells were monitored for 15 days using an inverted 

microscope (Zeiss Axiovert at the Wellman Center for Photomedicine) to acquire 

longitudinal dark field microscopy images.  Image data were processed at high-

throughput using custom MATLAB scripts (Mathworks, Natick, MA, USA) as 

reported earlier 242, 243.  Basically, the images were first thresholded, made binary 

and then segmented to identify individual acini, which were then used to 

calculate size distributions and size change with time in temporally sequenced 

directories of dark field image data.   

Imaging 3D acinar structure using two-photon microscopy 
To confirm the 3D acinar structure formed by patterned cancer cells, two-

photon imaging (Olympus FV1000 MPE at the Wellman Center for 

Photomedicine) of endogenous fluorescent species using 750 nm excitation as 

previously described 225 was used to image printed 3D acini.   
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PuraMatrix Encapsulation of Ovarian Cancer Cells 

Materials 
BD PuraMatrix RAD16 Peptide Hydrogel-1% (Cat # 354250): The total 

peptide concentration of the undiluted mixture is 10 mg/ml. 

• Water Bath Sonicator or Vortex 

• 96-well cell culture dish 

• Cell Culture Media 

• Sterile Filtered H2O 

• Sterile Filtered 20% Sucrose 

• Cells (all at 5,000 cells/well): OVCAR5 

All steps must be performed under aseptic conditions. 

Procedure 
1. Sonicate the 1% PuraMatrix (RAD16) in a water bath sonicator for 30 minutes 

to reduce the viscosity prior to use. 

2. The 1% PuraMatrix solution can now be aliquoted into sterile tubes to simplify 

future experiments. 

a. Avoid the formation of air bubbles; if they form simply spin down the sterile 

tubes containing PuraMatrix at 1000 rpm (300 x g) for 5 minutes. 

b. The total peptide concentration of the undiluted mixture is 10 mg/ml. 

3. Two sets of 4 wells will be plated at 2.5 mg/ml and 1.25 mg/ml total peptide 

concentration, respectively. 

4. Dilute the PuraMatrix in each well set with 0.2 μm sterile filtered 20% sucrose 

and 13.3% sucrose to total peptide concentrations of 5 mg/ml and 2.5 mg/ml, 

respectively to achieve a 2x concentration of BD PuraMatrix in 10% sucrose. 
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a. To Make 20% sucrose, dilute 10 g of sucrose, then volume to 50 ml water. 

b. 13% and 10% sucrose can be prepared by diluting the 20% stock solution. 

i. 13% Sucrose (for every 10 ml):  6.5 ml 20% sucrose + 3.5 ml sterile 

H2O. 

ii. 10% Sucrose (for every 10 ml): 5.0 ml 20% sucrose + 5.0 ml sterile 

H2O. 

5. Prepare a master mix of PuraMatrix peptide based on the number of wells 

you intend to plate. Then aliquot into individual tubes containing 25 µl of the 

master mix. 

• The master mix should be prepared at twice the desired final 

concentration of total peptide as it will be diluted with an equal volume 

of cells during plating. 

6. Prepare cell suspensions by trypsinizing cell monolayer cell cultures. 

• 2 ml of 0.05% Trypsin EDTA can be used for each T-75 Flask. 

7. Neutralize the trypsin by addition of cell culture media containing 10% heat 

inactivated fetal bovine serum (use at least 2 ml of media per ml of trypsin 

used in the previous step.) 

8. Centrifuge the cells at 1000 rpm (~ 300 x g) for 5 mins to create a cell pellet. 

a. Resuspend the cells in 10% sterile filtered sucrose. 

b. Count the cells and spin down again at 1000 rpm (~ 300 x g) for 5 minutes 

to remove trace amounts of salt found in the media. 

 Resuspend the OVCAR5cells in 10% sucrose at 2.0 x 105 cells/ml so that 

the final cell count per well will be 5,000 cells in each well. 
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The following steps should be performed rapidly. 

 Add 25 μl of the 2.0 x 105 cells/ml suspension to the first individual tube 

containing 25 μl of the master mix of PuraMatrix as shown. 

a. Quickly mix by pipetting (~5 times up and down) in the tube without 

introducing air bubbles. 

b. Then pipette the 50 μl cell suspension/PuraMatrix mixture into the 

appropriate well of a 96 well dish. 

c. Initiate gelation of the BD PuraMatrix by gently pipetting 150 μl cell culture 

media (RPMI + 10% FBS) to the side of the well. 

 Repeat the steps outlined in 8 until all wells have been plated. 

 After 30 minutes Very Gently remove ~2/3 of the media using a 200 μl 

pipette to equilibrate the pH of the hydrogel. 

a. DO NOT USE A VACUUM ASPIRATOR AS THIS WILL DISRUPT THE 

MATRIX 

b. Place the pipette tip in the well so that it does not touch the PuraMatrix 

bed and gently remove media from the well. 

c. Care should be taken to not disrupt the matrix during the culture of cells in 

PuraMatrix. 

13. Very gently add 150 μl of fresh cell culture media to the side of the well 

containing cells encapsulated in PuraMatrix. 

14. Change the cell culture media in each well every 48 hours with fresh culture 

media by carefully repeating steps 10 and 11. 
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CHAPTER 3: DEVELOPMENT AND CHARACTERIZATION OF A 
3D MODEL FOR MICROMETASTATIC OVARIAN CANCER  

 
Characterization of 3D Ovarian Cancer Growth Dynamics 

Introduction 
 This chapter describes the development and characterization of a 3D in 

vitro model for adherent micrometastatic ovarian cancer, which is used for high-

throughput treatment response studies and informs the development of imaging 

platforms in subsequent chapters.  Based on previously published models for 3D 

breast cancer,16, 17, 19, 224 ovarian cancer cells were successfully grown as 3D 

cultures after evaluating various plating systems and protocols, as detailed in 

Appendix I. From these preliminary experiments, it was determined that MatTek 

plates (P35G020C) provided the best imaging platform and most consistent 

culture system. Using this system and custom image analysis routines developed 

for these studies, it was found that 3D tumor formation was driven by cellular 

proliferation, migration and assembly leading to statistically distinct 

heterogeneous populations of ovarian micronodules that expressed biological 

markers associated with aggressive metastatic disease. The findings described 

here provide valuable insights into the growth of micrometastatic tumors from 

individual adherent cells, and suggest a mechanism for ovarian cancer 

progression that complements current spheroid and ascites-based models. 26, 28, 

59, 62-64  
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Results 

Model development and size characterization 
OVCAR5 cells overlaid as a single cell suspension on a bed of GFR 

Matrigel™ spontaneously formed 3D, multicellular tumor nodules (Figure 3-1A-E). 

Ten days after plating, the 3D micronodules demonstrated both cell surface and 

intracellular punctate E-cadherin expression (Figure 3-1C), a distribution pattern 

associated with metastatic ovarian tumors.5, 244  Cell surface E-cadherin is 

expressed at very low levels in normal ovarian surface epithelium, but is 

upregulated in primary ovarian tumors. This surface expression of E-cadherin 

shifts to an intracellular punctate pattern in disseminated disease, making it a 

good marker for metastatic progression of ovarian cancer. 5, 244 

The micronodules were also encapsulated in a basement membrane 

containing fibronectin (Figure 3-1D; red: fibronectin, blue: DAPI), a marker closely 

correlated with metastatic, chemoresistant and recurrent disease, indicating the 

poorest outcome for ovarian cancer patients.220, 245, 246  A heterogenous 

population of 3D micronodules resembling micrometastatic disease was evident 

within 11 days of plating (Figure 3-1E). 

  



 
59 

 

 

 

   

 
Figure 3‐1. Biological characterization of a 3D model for adherent micrometastatic ovarian cancer 
OVCAR5 cells overlaid on GFR‐Matrigel™ (A) formed 3D ovarian micronodules (B) representing 
adherent micrometastatic disease. Within ten days of plating, the micronodules expressed molecular 
markers associated with the poorest prognosis for ovarian cancer: (C) Punctuate E‐cadherin 
expression, which is indicative of high metastatic potential in ovarian tumors, and (D) fibronectin, 
which is correlated with chemoresistant and recurrent disease (red: fibronectin, blue: DAPI indicating 
cell nuclei).  Heterogenous 3D micronodules resembling peritoneal studding in vivo formed on the 
Matrigel bed (E). Scale bars: (C) and (D), 20µm; (E) 150µm. 
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Figure 3‐2. Increasing heterogeneity and size of 
OVCAR5 3D micronodules  
Three days after plating, OVCAR5 3D cultures 
appear to have a relatively uniform distribution 
of tumor micronodules, which becomes 
increasingly heterogeneous with time. The 
mean diameter of the nodules increases from 
34.3µm (± 2.6µm) on day 3 to 108.9µm 
(±13.0µm) on day 17. Scale bars = 250µm. 

Growth characterization 
We observed that the physical characteristics of the 3D acini were highly 

varied, with structures ranging from clusters of just a few cells to large acini to 

caked aggregates of multiple acini, qualitatively resembling the heterogeneity of 

micronodular disease in vivo. 162 In order to quantify growth kinetics in this 

system, multiple independently plated batches were longitudinally imaged by 

darkfield microscopy (providing high contrast images conducive to processing) at 

regular intervals for up to 24 days 

following initial plating. In order to obtain 

statistically significant data sets, large 

fields of view containing on the order 

200 cells (3 days post-plating) were 

obtained using a 5X objective. For each 

independently plated culture 5 fields of 

view were obtained for each time point 

and saved into directories organized by 

time point. Using image processing 

routines developed in the Matlab™ 

software package we batch-processed 

these large sets of darkfield microscopy 

image data to produce lists of statistics 

for thousands of individual 3D acini at multiple time points. The micronodules 

grew from a mean diameter of 34.3µm (± 2.6 µm) 3 days post-plating to a mean 

diameter of 108.9µm (± 13.0 µm) at day 10 and 131.9µm (± 25.3µm) at day 17 
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post-plating (Figure 3-2).  We observed that the distribution of acinar sizes was 

initially homogeneous through days 3-4, but consistently broadened at late time 

points with a significant fraction of acini with sizes from 200-400 um2 (in cross 

sectional area from 2D microscopy data) but with numerous larger acini with 

sizes up to 400,000µm2.  As this skewed distribution of sizes suggested a log-

normal distribution we generated histograms for each time point with 

logarithmically (base 2) spaced bins (Figure 3-3) consistent with the idea that 

growth processes are driven by multiplicative, rather than additive events.  In 

these histograms we consistently observed the emergence of two log-normal 

modes at later time points fitting well to a two-peak Gaussian model of the form: 
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indicating the presence of two distinct growth behaviors, even in 3D nodules 

plated from a single cell line. These distinct growth modes correspond to a 

population of cells in which sc1 remains constant over time, corresponding to a 

constant equivalent diameter of ~ 20µm over the time probed. The other peak, 

with position sc2, shifts to the right at subsequent imaging time points 

corresponds to a more rapidly assembling sub-distribution of micronodules with 

mean equivalent diameters, deq, of 92µm, 120µm and 150µm at days 7, 10 and 

17, respectively (Figure 3-3). Extrapolating the constant position of sc1 back to the 
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day 3 image data and subjecting it to the same two-peak model (even though the 

distribution initially appears to have only one peak) we found that the non-linear 

least squares curve fit rapidly converged, indicating that this bi-modal behavior 

also describes the early time points following plating.  Size distributions at 

individual time points were also compared across individual culture dishes and 

dates of plating, and no statistically significant systematic variations were 

observed (p-value > 0.1 in two-tailed t-test comparison of size lists between 

plates).  The bi-modal distribution was observed in all dishes with separable 

peaks observed in approximately the same positions in all cases with p-value < 

0.001 in two-tailed student’s t-test comparison of sets of sc1 and sc2 values 

calculated from each independently plated culture imaged at a given time point 

(3-9 cultures depending on time point).  Conversely, comparison of lists of sc1 

values derived from different time points reveal no significance (indicating that 

indeed this peak is reproducibly centered in the same position) while sc2 shifts 

significantly between days 7 and 17 with p-value=0.01. 

 To examine these growth properties in real-time, we conducted a series of 

time-lapse microscopy experiments in which 3D cultures grown in multi-well 

plates were imaged at ten-minute intervals over the course of several days. 

Individual snapshots from several timepoints of the full sequence are shown in 

Figure 3-4. Observation of the behavior of individual cells over an extended period 

in time lapse sequences supports the observation of two growth behaviors; one 

population of cells rapidly merged together forming larger and larger multicellular 

aggregates (yellow arrows in Figure 3-4A exemplify this behavior) while another 
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appeared to be dominated by slow proliferation with little or no evidence of 

motility and assembly (as highlighted by the green box in Figure 3-4A) . These 

observations give rise to the model shown schematically in Figure 3-4B, indicating 

a rapidly co-migrating group of cells (beige) juxtaposed with another group of 

cells (~30% as indicated from frequency counts above) that exhibit little motility 

or affinity for assembly with surrounding cells, regardless of proximity. The rapid 

migration and assembly behavior gives rise to an overall exponential decay in the 

spatial density of acini (Figure 3-4C) that is concomitant with increasing size 

(Figure 3-4D) in the population of larger and more aggressively growing 

micronodules. It is not surprising that this behavior seems to dominate as from 

the frequency counts in Figure 3-3 we would expect ~70% of the cells in a given 

field to follow the high motility migration and assembly kinetics. The decay is of 

the form n(t)=n0+A exp(-t/τ), where τ = 5.9 days-1. 

The heterogeneity observed here qualitatively resembles the distribution 

of large and small nodules in peritoneal studding. However, further studies are 

warranted to correlate the two dramatically contrasting growth behaviors 

observed here with relevant molecular markers and also to compare distributions 

of nodular size in this in vitro system with actual patient tissues. A more complete 

mathematical description of the combined aggregation and cell division kinetics 

underlying the formation of multicellular structures in this 3D model system is part 

of an ongoing study. 
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Figure 3‐3.  Heterogeneous distribution of OVCAR5 3D micronodules is composed of two 
statistically distinct populations 
Representative darkfield microscopy images of in vitro 3D acini and corresponding size distribution 
histograms and Gaussian fits from analysis of image data obtained at (A) day 3 following plating (B) 
day 7, (C) day 10, and (D) day 17. The n‐values on the right of each histogram indicate the number of 
nodules included in each histogram. Scale bars = 250µm. 
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Figure 3‐4.  Migration, assembly and proliferation drive the formation of heterogeneous 3D 
ovarian micronodules   
(A) Individual frames from time‐lapse microscopy acquired from 4 hours following plating until 4 
days following plating (full time lapse sequence is included as supplemental movie). Yellow arrows 
indicate clusters of cells which rapidly migrate and assemble to form larger multicellular acini. The 
green box indicates a representative cell that does not participate in assembly events in the 
immediate vicinity, though it does undergo a series of proliferation events. (B) A schematic 
representation of the bimodal growth kinetics described in Figure 3‐3. Approximately 30% of cells 
exhibit a slow growth mode (gray cells in schematic), with low motility and little potential to migrate 
towards other clusters of cells to assemble into larger multicellular acini. The other 70% of cells 
(beige colored cells) exhibit a much more aggressive growth behavior, in which single cells rapidly 
fuse with nearby counterparts to form larger and larger multicellular aggregates. The sequential 
numbering 1, 2, and 3 in the diagram indicates single cells following following plating (1) that rapidly 
forming small clusters (2) that subsequently fuse to form larger multicellular clusters (3). Figure B, 
inset, is a confocal immunofluorescence section from the center of a nodule fixed and stained for E‐
Cadherin (red) and DAPI (blue) at day 10 of growth to reveal multicellular 3D structure. Scale bar = 
20µm. (C) Assembly events lead to an overall decay in the spatial density of 3D acini with a decay 
constant of 5.9 days‐1. Error bars in (C) are standard deviations of density measurements from 5 
fields each of 3 to 9 independent prepared culture dishes imaged at a given time point. (D) 
Exponential decay in density is concomitant with an increase in mean diameter over time of rapidly 
growing nodules (corresponding to sc2 from Gaussian fits in Figure 3‐3, described in Equation 1 of 
the text), while mean diameter remains constant in the remaining nodules (corresponding to sc1 in 
Equation 1). Error bars in (D) are derived from the widths of Gaussian fits shown in Figure 3‐3.
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Discussion 
The utility of an imaging based approach for analysis of tumor growth and 

development is demonstrated here in an in vitro 3D model of micrometastatic 

ovarian carcinoma. This system complements 3D ovarian spheroid cultures, 

which propose that multicellular aggregates are necessary precursors to 

metastatic lesions that seed on the peritoneal mesothelium.26, 28, 59, 62-64 The 

results described here suggest a complementary mechanism for the formation of 

disseminated ovarian tumors. A combination of proliferation, migration and 

assembly events, initiated by individual adherent tumor cells, lead to the 

development of a heterogeneous distribution of 3D nodules resembling 

peritoneal studding in vivo.233, 247 The population of cells that participated in 

migration and assembly formed nodules that were statistically distinct in size 

from nodules that remained isolated from those events.  Observations such as 

these would be difficult to make in vivo and highlight the power of the approach 

introduced here in the ability to quantitatively evaluate and identify statistical 

trends in the growth of thousands of micronodules. The impact of this 

heterogeneous distribution on treatment response is considered in detail in 

Chapter 4. 

As demonstrated in this study, this in vitro system is highly conducive to 

longitudinal and time-lapse imaging studies, and fills a unique niche in the 

spectrum of translational science between traditional monolayer cell culture, and 

animal models. While lacking the sophistication of in vivo tumor models which 

develop vasculature and interact with host stroma, the imaging approach here 

provides the ability to look at thousands of “in vivo–like” nodules simultaneously 
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without need for anesthesia or endoscopy to obtain access. This approach could 

incorporate multiple channels of fluorescence input acquired in high throughput 

with an automated x-y positioning stage and the analysis could be adapted for 

similar quantitative analysis of a broad spectrum of molecular markers in 3D 

nodules. In this manner changes in expression of relevant biomarkers could be 

reported in correlation with statistical changes in size distribution following 

treatment, providing the foundation of mechanism based combination therapies 

with improved outcomes. 

 

  



 
68 

 

CHAPTER 4: PDT-BASED COMBINATION REGIMENS 
 
PDT + Carboplatin 

Introduction 
In this section, we determine the effect of combining BPD-mediated PDT 

and carboplatin (Figure 4-1).  The rationale for combining these modalities was 

that the death pathways triggered by BPD-PDT, namely direct photodestruction 

of Bcl-2205-208 or photodamage to the mitochondria leading to cytochrome c-

mediated apoptosis (Figure 1-10),46, 121, 122, 201, 209-211 bypasses the nuclear death 

signals initiated by the formation of DNA crosslinks in carboplatin treated 

 

Figure 4‐1. Rationally‐designed combination regimens for metastatic ovarian: BPD‐PDT 
synergistically enhances carboplatin efficacy 
BPD‐PDT induces cell death by direct destruction of anti‐apoptotic protein Bcl‐2 or damage to 
mitochondria.  These cytotoxic mechanisms are distinct from apoptotic signaling initiated in the 
nucleus by DNA adducts that form as a result of carboplatin treatment.  Using the high‐throughput 3D 
ovarian cancer platform described in Chapter 3, this section tests the hypothesis that combining these 
non‐overlapping cytotoxic modalities would enhance the efficacy of each monotherapy, leading to 
synergistic tumor reduction. 
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tumors.47, 56, 94, 98, 248   We hypothesized that the interaction between these 

mechanistically distinct cytotoxic modalities (Figure 4-1) would lead to synergistic 

enhancement of the individual monotherapies.   Our results demonstrate that 

carboplatin alone does not eradicate ovarian micrometastases at clinically 

relevant doses and leaves behind adherent, viable disease in vitro.  We show for 

the first time that treatment of ovarian micronodules with BPD-PDT prior to 

application of carboplatin synergistically enhances carboplatin efficacy in a 3D 

model for micrometastatic disease.  Synergism was not observed with the 

reverse order, indicating that the phototoxic mechanisms associated with BPD-

PDT sensitize ovarian micronodules to subsequent treatment with carboplatin.  
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Results 

Differential response to carboplatin treatment in monolayer versus 3D  
To demonstrate the value of our system as a tool to assess treatment 

outcome, we evaluated cytotoxic response to carboplatin in monolayer versus 3D 

cultures. Treatment with carboplatin, at a dose ranging from 0.4 to 400 mg/m2, 

was initiated 24 hours after plating in monolayer cultures and 10 days after 

plating in 3D cultures (Figure 4-2). This dose range was selected based on 

calculation of the concentration with respect to the area of the culture dish to 

provide a dosage estimated to be equivalent to the clinical dose of 400mg/m2, 

which has been reported to be effective in human patients.248.  In preliminary 

studies we found that viability in 3D could not be assessed by traditional 

 
Figure 4‐2. Treatment schema for PDT+ carboplatin in vitro studies 
OVACR5 cells were treated with BPD‐PDT, carboplatin or the combination regimen in two different 
sequences: 1.) BPD‐PDT before carboplatin or 2.) Carboplatin before BPD‐PDT. Traditional colorimetric 
assays could not be used to assess cytotoxicity, requiring alternative methods to be developed. The 
fluorescence‐based LIVE/DEAD assay was adapted using custom image analysis routines to rapidly 
quantify cell viability.   
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colorimetric assays as adhesion of the converted products to the Matrigel 

substrate obfuscated fluorescence or absorbance readings correlated with 

viability. For this reason the commercially available LIVE/DEAD fluorescence 

imaging kit (Invitrogen L3224), which stains live cells and dead cells with a pair of 

fluorophore (emitting in the green and red respectively) was adapted into a 

quantitative tool to assess cell viability for both monolayer and 3D cultures, as 

described in Chapter 2.  Monolayer and 3D cultures were subjected to escalating 

doses of carboplatin (Figure 4-3). Our data show that monolayer cultures 

significantly overestimate the sensitivity of ovarian cancer cells to treatment with 

carboplatin, whereas 3D 

cultures provide a more 

physiologically relevant 

estimate of carboplatin 

efficacy.  At 40.0 mg/m2 

(one-tenth the clinically 

effective dose for 

intraperitoneally 

administered 

carboplatin) 248 OVCAR5 

cells in monolayer 

showed 3-fold higher 

sensitivity  to carboplatin 

than the same cells in 

 
Figure 4‐3. Dose‐dependent cytotoxic effects of carboplatin in 3D 
vs. monolayer OVCAR5 cultures 
Comparison of dose‐dependent cytotoxic response to carboplatin 
in 3D (gray) and monolayer (cross‐hatched) cultures. Carboplatin 
treated cultures were incubated for a total of 96 hours including a 
refresh at 48 hours with doses of carboplatin ranging from 0.40 to 
400.0 mg/m2 (calculated based on 3D culture surface area). 
Monolayer cultures significantly overestimate sensitivity of ovarian 
cancer cells to carboplatin as demonstrated by a dramatic decrease 
in viability at one‐tenth the clinically relevant dose of 400.0 mg/m2, 
whereas 90% of 3D cultures remained viable at this low dose. 
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3D (30% (± 8.2%) viability in monolayer as compared to 90% (± 5.7%) viability in 

3D) (P<0.001, two-tailed t-test) (Figure 4-3).    

Analysis of carboplatin treatment response in 3D nodules 
This imaging based approach for quantitative assessment of cytotoxic 

response has several valuable features, as demonstrated below. Specifically, 

because we have access to a full 2D array of pixel intensities (rather than a 

global average) we can combine the ratiometric quantification of viability from 

fluorescence intensities with the automated image segmentation (used for batch 

analysis of size distributions) to analyze cytotoxic response nodule by nodule. 

This approach provides a depth of insight into patterns of response, by size and 

morhphology of nodules that colorimetric assays cannot provide.  

Upon visual inspection of the image data (Figure 4-4A) it is apparent that 

there is a clear cytotoxic response (larger and more intense regions of red 

ethidium bromide fluorescence relative to no treatment control. The mean 

viability of 1000µM carboplatin-treated nodules reported as live signal divided by 

total fluorescence signal and normalized to mean no treatment control viability 

was 0.221+/-0.07 (Figure 4-4B)(minimum 0.073, maximum 0.569). However, even 

with total exposure to carboplatin for an extended incubation period cytotoxicity 

seems to be primarily localized to the cells on the periphery of each acinus, with 

large surviving (green) cores in the center (Figure 4-4A).  This observation is also 

apparent from analyzing the size distribution of residual viable disease from 

segmentation of the calcein fluorescence emission images (Figure 4-4C), which 

is essentially the same as the distribution of untreated nodules at day 10 (Figure 
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4-4C). Size dependent treatment response is summarized in Figure 4-4D, in which 

each data point represents nodule size based on analysis of the corresponding 

darkfield channel (horizontal axis) and the viability based on the fluorescence 

intensity ratio calculated from the pixels in that nodule (vertical axis). Following 

carboplatin the size-dependent response appears relatively flat, with all nodules 

uniformly reduced to a narrowly distributed range of viabilities. The characteristic 

bi-modal growth distribution is immediately also evident here from the two dense 

clusters of data points to either side of a sparse region between 1600 and 

3200µm2.  

The carboplatin treatment response data indicates that although viability is 

reduced overall, large surviving fractions of nodules are left behind even after 

incubation for 4 days and in a system where the nodules are totally exposed the 

agent for the duration of treatment. This could point to a major concern in the 

clinical scenario where even sub-millimeter disseminated disease (which our 

model system reflects) remains after chemotherapy and ultimately regrows and 

develops drug resistance. This scenario points towards the use of combination 

treatment modalities which enhance the efficacy of chemotherapy by either 

improving penetration or increasing the sensitivity of cells prior to treatment. 
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Figure 4‐4. Carboplatin treatment response assessed by quantitative ratiometric fluorescence 
imaging reveals a residual population of large surviving tumor cores 
(A) Representative LIVE/DEAD fluorescence image of a 3D culture subjected to 400 mg/m2 carboplatin 
treatment and corresponding no treatment control grown in identical conditions. The carboplatin 
treated plate exhibits a pattern of cytotoxic response in which cores of 3D nodules remain viable 
(green) while cells at the periphery are dead. Display images adjusted with hi‐lo lookup table (all 
quantitative analysis is based on raw unprocessed images). (B) Distribution of viabilities in carboplatin 
treated nodules. Mean viability is 0.221 with standard deviation of 0.07 (minimum value 0.073, 
maximum value 0.569).  (C) Size distribution of residual viable disease based on analysis of green (live) 
channel data of Carboplatin treated cultures by the same methods used in growth characterization 
described above. Distribution resembles untreated cultures at day 10 indicating growth arrest during 
treatment, with the mean diameter of larger nodules approximately the same as untreated day 10 
cultures. (D) Combined plot of normalized viability versus nodule size for 400 mg/m2 carboplatin 
treated 3D cultures plotted on the same log scale as (C). Each data point corresponds to an individual 
3D nodule and is obtained by segmentation of the darkfield image to report size and viability based on 
intensity data from corresponding fluorescence images of the same spatial field. The bimodal size 
distribution is readily evident from the two dense clusters of data points to either side of a sparse 
region between 1600 and 3200 µm2. Scale bars = 250µm. 

Carboplatin 400 mg/m2
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Cytotoxic response pattern in 3D cultures treated with carboplatin 
Close examination of cytoxicity patterns in ovarian micronodules treated 

with carboplatin revealed that cell death was visible only on the periphery of 

individual ovarian micronodules, as shown in Figure 4-5.  Separation of the calcein 

green (live) and ethidium bromide (dead) channels revealed distinct fluorescence 

intensity profiles. The ethidium bromide signal had a peak width of 15-20 µm (full 

width at half-maximum) localized to the outer edges of carboplatin treated 

micronodules.  Calcein green fluorescence from the inner core of the same 

micronodule showed minimal overlap with ethidium bromide. This cytoxicity 

pattern indicates the presence of a surviving core that was non-sensitive or 

impermeant to carboplatin. 

 

Figure 4‐5: Surviving tumor core visualized in 3D micronodules following carboplatin treatment 
Cytotoxic response in micronodules treated with carboplatin was visualized with calcein (green) and 
ethidium bromide (red) to indicate regions of live and dead cells, respectively, using confocal 
fluorescence microscopy. A representative acinus treated with 400 mg/m2 carboplatin is shown with 
cell death visible primarily on the periphery surrounding an interior viable region. Scanning across 
the region defined in the yellow box, calcein green and ethidium bromide channels revealed distinct 
and minimally overlapping fluorescence intensity profiles indicating the presence of a surviving core 
that was non‐sensitive or impermeant to carboplatin. Scale bar = 25µm 
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Figure 4‐6. Dose‐dependent cytotoxic effects of BPD‐PDT 
in 3D vs. monolayer OVCAR5 cultures 
Comparison of dose‐dependent cytotoxic response to 
BPD‐PDT in 3D (gray) and monolayer (cross‐hatched) 
cultures. Cultures were incubated for 90 minutes with 
250nM BPD‐MA prior to laser irradiation at 690nm with 
total fluence calculated to achieve total BPD‐PDT doses 
from 0.025 to 1.25 µM∙J/cm2. Cytotoxic response was 
evaluated by ratiometric quantitative fluorescence 
imaging of calcein and ethidium bromide and viability is 
reported as a fraction of the measured viability to the 
respective no treatment control. 3D cultures exhibit 
significantly reduced sensitivity to BPD‐PDT, requiring 
significantly higher cytotoxic doses to achieve loss of 
viability than monolayer cultures.

Differential response to treatment with BPD-PDT in monolayer versus 3D  
Cytotoxic response to BPD-PDT was evaluated in 3D versus monolayer 

cultures 10 days and 24 hours post-plating, respectively (Figure 4-6). At a PDT 

dose of 1.25 µM·J/cm2 (0.250µM BPD and 5.0J/cm2 of 690nm light), 35% (± 

4.0%) of OVCAR5 cells in 

monolayer remained viable, 

relative to no treatment controls 

in monolayer.  At the same PDT 

dose, 75% (±4.0%) of 3D 

cultures remained viable, 

relative to 3D no treatment 

controls. These notable 

differences in viability indicate 

that OVCAR5 cells are more 

than twice as sensitive to BPD-

PDT in monolayer as compared 

to the same cells in 3D cultures 

(P=0.003, two-tailed t-test).  

Analysis of photodynamic therapy (PDT) treatment response in 3D nodules 
Confocal fluorescence images of 3D ovarian nodules incubated for 90 

minutes with 0.25 µM BPD showed fluorescence from the photosensitizer was 

strongest along the periphery of the nodules and weakest in the center (Figure 
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Figure 4‐7. Distribution of BPD‐MA in OVCAR5 3D micronodules   
(0.25 µM BPD‐MA) 
Confocal fluorescence images show photosensitizer uptake (left) in a 
3D micronodule incubated with 0.25 µM BPD‐MA for 90 minutes 
(where interior dark regions correspond to individual nuclei that do not 
appear to take up the BPD‐MA).  Autofluorescence emission (middle) 
from the same cross‐section of the acinus correlates with the overall 
3D structure, but shows a fluorescence distribution that is distinct from 
the BPD‐MA channel.  The transmission channel on the right shows the 
same nodule visualized by brightfield. BPD fluorescence channel 
(Excitation: 405nm; Emission: 645‐700nm). Autofluorescence channel 
(Excitation: 405nm; Emission: 403‐503nm). Scale bars = 25 µm. 

BPD TransmissionAuto‐Fluorescence

4-7). It is not clear whether this heterogeneity in BPD fluorescence was due to 

uneven distribution of the photosensitizer or was an optical artifact.   

LIVE/DEAD fluorescence imaging of 3D cultures subjected to 2.5 

µM·J/cm2 BPD-PDT (0.25 µM BPD x 5 J/cm2 690 nm light) revealed a profoundly 

different distribution 

and global pattern of 

cytotoxic response as 

compared treatment 

with carboplatin 

(Figure 4-8). While 

some nodules were 

mostly viable, (green), 

others were 

structurally degraded 

with pockets of 

intense ethidium bromide (red) fluorescence throughout.  This pattern is reflected 

in the distribution of viabilities of treated nodules normalized to no treatment 

control (Figure 4-8B), which has a mean value of 0.462 with standard deviation of 

0.29 (minimum value 0.051, maximum value 1.24). In contrast to carboplatin 

treated cultures described above , the size distribution of residual viable disease 

based on analysis of green (live) channel data of BPD-PDT treated cultures (by 

the same methods used in growth characterization described above) is 

dramatically shifted towards smaller sized nodules (Figure 4-8C). Integration of the 
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first three histogram bins in Figure 4-8C corresponding to sizes from 200-1600 µm2 

(nodules up to ~ 45µm in diameter) shows that nodules in this size range account 

for 68% of the residual disease in the treated culture dishes as compared to 30% 

in untreated cultures. This is in contrast to carboplatin treated cultures in which 

the same size interval accounts for 46% of residual disease meaning that more 

than half of the residual nodules are larger than 45 µm equivalent diameter. To 

better understand how viability correlates with size for BPD-PDT treated nodules, 

normalized viability is plotted against nodule size (Figure 4-8D). The vertical 

spread in data points corresponding to small nodules indicates that this 

population accounts for the overall high degree of variability. This suggests that 

as PDT breaks down the larger nodules, a portion of the small fractions which 

come off remain viable. This observation further points to the potential value of a 

combination treatment, using PDT to initially disrupt 3D nodules, followed by 

chemotherapy to kill surviving cells. The ability to make such insights further 

points to the value of the quantitative imaging based approach employed in this 

study to reveal urgently needed new treatment strategies. 
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Figure 4‐8. Quantitative ratiometric analysis of cytotoxicity in individual micronodules treated with 
BPD‐PDT reveals a distribution shift to smaller tumors, as compared to carboplatin treated nodules 
and controls. 
(A) Representative LIVE/DEAD fluorescence image of 3D culture subjected to 2.5 µM∙J/cm2 BPD‐PDT 
treatment showing a profoundly different pattern of response than the chemotherapy treatment 
(Figure 3). While some nodules are relatively unaffected (mostly viable, green), others are structurally 
degraded with pockets of deep red fluorescence throughout. Display images adjusted by hi‐lo lookup 
table (all quantitative analysis is based on raw unprocessed images). (B) Distribution of viabilities in 
2.5 µM∙J/cm2 BPD‐PDT treated nodules. Mean viability is 0.46151 with standard deviation of 0.28748 
(minimum value 0.05124, maximum value 1.2378). (C) Size distribution of residual viable disease 
based on analysis of green (live) channel data of BPD‐PDT treated cultures by the same methods used 
in growth characterization described above. Although mean viability is higher than in the case of the 
400mg/m2 carboplatin incubation, the distribution is dramatically shifted towards smaller sized 
nodules. The position of the larger population peak is shifted to the left with respect to normal growth 
(Figure 3‐3) or carboplatin incubation (Figure 4‐3C). (D) Plot of normalized viability versus nodule size 
in 2.5 µM∙J/cm2 BPD‐PDT treated cultures. Each data point corresponds to an individual 3D nodule and 
is obtained by segmentation of the darkfield image to report size and viability based on intensity data 
from corresponding fluorescence images of the same spatial field. Size dependent response exhibits a 
high degree of scattering in the viabilities of small nodules likely generated by disruption of larger 
nodules during PDT treatment. Scale bars = 250µm.   
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Figure 4‐9. BPD‐PDT disrupts 3D micronodular structure 
Cytotoxic response in micronodules treated with BPD‐PDT was visualized with calcein (green) and 
ethidium bromide (red) to indicate regions of live and dead cells, respectively, using confocal 
fluorescence microscopy. Fluorescence images (left) and intensity profile scans (right) through two 
regions of interest (yellow boxes) in a representative 1.25 µM∙J/cm2 BPD‐PDT treated acinus reveal a 
highly contrasting pattern to that observed in carboplatin treated cultures. Punctuate regions of highly 
overlapping regions of calcein green and ethidium bromide fluorescence suggest that BPD‐PDT 
disrupts micronodular structure, breaking larger acini down into smaller partially viable units. Images 
were adjusted for display using the hi‐lo lookup table, though all quantitative analysis throughout the 
study were conducted on raw unadjusted images. Scale bars = 25µm. 

 Patterns of cytotoxic response in 3D cultures treated with BPD-PDT 
Closer examination of cytoxicity in BPD-PDT treated micronodules 

revealed a very different pattern of response in individual nodules compared to 

carboplatin treated cultures.  Figure 4-9 shows a representative micronodule 

treated with 1.25 µM·J/cm2 BPD-PDT and fluorescence intensity profiles from 

two regions of interest in the micronodule. In contrast to carboplatin treated 

micronodules, BPD-PDT disrupts micronodular structure and creates punctuate 
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Figure 4‐10. BPD‐PDT synergizes with low‐dose carboplatin to 
reduce residual tumor volume of ovarian micronodules 
Treatment of 3D micrometastatic ovarian nodules with BPD‐PDT 
(1.25 µM∙J/cm2) prior to application of carboplatin (40.0 mg/m2) 
produced a significant synergistic reduction in the volume of 
residual disease (visualized by calcein fluorescence in A), 
compared to the monotherapies alone.  Relative to cultures that 
received no treatment, indicated in (B) by a dashed grey line, 
the fraction of residual tumor following treatment with 
carboplatin alone or BPD‐PDT alone was 0.95 (95% CI=0.83‐1.09) 
and 0.76 (95% CI=0.63‐0.92), respectively.  The combination 
treatment, BPD‐PDT followed carboplatin, reduced the fraction 
of residual tumor to 0.26 (95% CI=0.19‐0.36), demonstrating a 
significant synergism between the monotherapies (p<0.0001, 
analysis of caovariance). Scale bars = 250 µm. 

regions of highly overlapping calcein green and ethidium bromide fluorescence 

peaks. 

Sequence-dependent synergistic reduction in viability and tumor burden in 
3D micronodules treated with combination PDT and carboplatin 
Based on the distinct cytotoxic mechanisms for carboplatin47, 56, 94, 98, 248 versus 

BPD-PDT 46, 209, 210, 249, and 

the differential cell death 

patterns observed here, we 

reasoned that combining 

the two modalities could 

synergistically enhance the 

efficacy of the individual 

monotherapies, thereby 

allowing the overall 

therapeutic dose to be 

lowered substantially.  We 

tested this hypothesis by 

treating the ovarian 

micronodules with low dose 

carboplatin (40 mg/m2) 

either before or after 1.25 

µM·J/cm2 BPD-PDT to 

determine the effect of 
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Figure 4‐11. BPD‐PDT followed by carboplatin 
synergistically reduces the viability of 3D ovarian 
micronodules 
Ratiometric quantification of the fluorescence 
intensities from viable cells (A; calcein green 
fluorescence) as a proportion of total fluorescence 
emission (A; calcein green + ethidium bromide 
(red)), provides a metric (% viability) to evaluate the 
proportion of viable disease relative to total tumor 
within each 3D culture (viable and non‐viable cells). 
Mean percent viability (B) in micrometastases 
treated with either carboplatin alone or BPD‐PDT 
alone was 0.92 (95% CI=0.88‐0.97) and 0.80 
(95%CI=0.74‐0.86), respectively, relative to no 
treatment (grey dashed line).  The combination 
treatment, BPD‐PDT followed carboplatin, reduced 
the proportion of viable disease to 0.45 (95% 
CI=0.38‐0.53), demonstrating a significant synergism 
between the monotherapies (p<0.0001, analysis of 
caovariance).  Scale bars = 250 µm. 

treatment order on cytotoxic response. 

Treatment with BPD-PDT prior to carboplatin, produced a significant 

synergistic reduction (p<0.0001, 

analysis of covariance) in residual 

tumor volume and viability compared 

to the monotherapies, relative to no 

treatment.  Mean percent residual 

tumor in the combination treatment 

group was 0.26 (95% CI=0.19-0.36), 

as compared to 0.76 (95% CI=0.63-

0.92) with PDT alone and 0.95 (95% 

CI=0.83-1.09) with carboplatin alone 

(Figure 4-10).  Mean percent viability 

in the combination PDT + 

carboplatin treated group was 0.45 

(95% CI = 0.38 to 0.53), as 

compared to PDT alone (0.80, 95% 

CI = 0.74 to 0.86) or carboplatin 

alone (0.92, 95% CI = 0.88 to 0.97) 

(Figure 4-11). 

Conversely, no interaction 

was observed between the 

monotherapies with the reverse 
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Figure 4‐12. Carboplatin treatment prior to BPD‐PDT 
does not produce an interaction between the 
monotherapies 
The reverse treatment order, carboplatin followed by 
BPD‐PDT, did not lead to a synergistic interaction 
between the monotherapies as evaluated by fraction 
of residual tumor (A) (p<0.3326), and tumor viability 
(B) (p<0.1368), relative to no treatment controls (grey 
dashed lines).  

treatment order, carboplatin followed by BPD-PDT (Figure 4-12).  Mean residual 

tumor burden with either PDT alone or carboplatin alone was 0.61 (95% CI = 

0.55 to 0.68) and 0.64 (95% CI = 0.61 to 0.67), respectively, relative to no 

treatment (Figure 4-12A).  Compared to the monotherapies, the reverse 

combination treatment produced 

the most substantial decrease in 

mean residual tumor burden (0.36, 

95% CI = 0.34 to 0.39) but this 

reduction was not synergistic 

(p=0.3326, analysis of covariance).  

Similarly, mean percent viability in 

micronodules treated with either 

PDT alone or carboplatin alone 

was 0.78 (95% CI = 0.74 to 0.82) 

and 0.79 (95% CI = 0.77 to 0.82), 

respectively as compared to 0.65 

(95% CI = 0.62 to 0.69) in the 

combination carboplatin + PDT 

group, indicating no interaction 

between the two modalities  (p= 

0.1368, analysis of covariance) 

(Figure 4-12B). 
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Conclusion 
 The in vitro 3D research platform utilized in this section provides new 

insights into response of micronodular disease to carboplatin chemotherapy and 

PDT.  While carboplatin reduces overall viability, even the 96 hour incubation 

with a clinically relevant dose of 400mg/m2 carboplatin leaves significant 

surviving fractions. Both the visual pattern of cell death and the size distribution 

of residual viable disease suggest that carboplatin does not penetrate into the 

centers of nodules, inducing cell death primarily at the periphery. In contrast we 

find that BPD-PDT treatment disrupts in vitro nodules, producing a less dramatic 

reduction in viability of each nodule, but breaking larger nodules down into a 

more fragmented distribution of smaller nodules. These observations, along with 

the known differences in the cytotoxic mechanisms between BPD-PDT and 

carboplatin provided the rationale for evaluating order-dependent effects of 

combining the two modalities into a single regimen. 

 BPD-PDT in combination with low-dose (40 mg/m2) carboplatin 

synergistically decreased tumor viability and reduced tumor burden in a 

sequence-dependent manner. Treatment of 3D micronodules with BPD-PDT 

prior to application of carboplatin synergistically enhanced therapeutic efficacy, 

whereas the reverse sequence, carboplatin followed by BPD-PDT, was 

antagonistic.  

  Mechanistic differences between the individual modalities could account 

for the sequence-dependent synergism.  Carboplatin is hydrolyzed as it enters a 

cell, creating an active species that primarily interacts with DNA to form 

interstrand and intrastrand adducts. 56, 250, 251 Depending on the extent of DNA 
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crosslink formation, the cell can enter cell cycle arrest through WAF1 mediated 

inhibition of the CDK2-cyclinE complex to allow for nucleotide excision or 

mismatch repair of the damaged DNA sections.  If the adducts cannot be 

repaired, the cell enters apoptosis probably via ATM-CHK2 mediated activation 

of p53 leading to transcriptional upregulation of pro-apoptotic proteins Bax/Bak 

and downregulation of Bcl-2/Bcl-XL in the cytosol.56, 250, 251 This shift to pro-

apoptotic signaling leads to permeabilization of the outer mitochondrial 

membrane, which stimulates the release of cytochrome c.  Cytochrome c binds 

to Apaf1, which leads to recruitment of caspase 9 and the formation of an 

apoptosome complex.  Caspase 9 is activated in the apoptosome and released 

from the complex to subsequently cleave and activate effector caspases 3,6 and 

7.  These downstream effector caspases trigger the apoptotic machinery that is 

responsible for DNA fragmentation and protein degradation, which typify 

programmed cell death.56, 250, 251  

In contrast, BPD-PDT bypasses the nuclear signaling pathways that platinum 

agents rely on by directly damaging the mitochondrial membrane and initiating 

cytochrome c-mediated apoptosis or by direct destruction of Bcl-2 (Figure 1-1).46, 

206, 207, 209, 210, 249    The observed synergism between the two modalities could, 

therefore, be explained by a combination of three possible mechanisms: 1) BPD-

PDT is in itself cytotoxic to target cells and decreases the size of residual ovarian 

tumors making them more amenable to subsequent treatment with carboplatin. 

2) BPD-PDT physically disrupts nodular architecture making the tumors more 

permeable and allowing carboplatin to enter deeper into disseminated disease. 
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This enhanced penetration is particularly important within the context of 

intraperitoneal administration of carboplatin, which relies on surface penetration 

of the drug to achieve therapeutic benefit.94, 97, 248 3) At the sub-cellular level, 

photodynamic insult by BPD-PDT could sensitize mitochondria in surviving cells 

to nuclear apoptotic signaling initiated by carboplatin, thereby lowering the 

threshold required to achieve a cytotoxic effect. The sequence-dependent 

synergism could therefore be due to a combination of factors driven by the ability 

of BPD-PDT to reduce the size and disrupt the structure of ovarian micronodules, 

in addition to sensitizing the cells to apoptotic signals from carboplatin treatment. 

The treatment response factors addressed by this system include interaction of 

the monotherapies at the sub-cellular level and architectural disruption of ovarian 

nodules by BPD-PDT suggesting improved delivery of carboplatin. This 3D 

platform also reveals differential cytotoxic patterns for carboplatin and BPD-PDT 

on a nodule-by-nodule basis that would be impossible to uncover in monolayer.   

 We predict that BPD-PDT in combination with low-dose carboplatin will be 

an effective and well tolerated combination regimen, and warrants additional 

focused studies in vivo as well as in ovarian cancer patient tissue ex vivo.  
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Figure 4‐13. Rationally‐designed combination regimens for metastatic ovarian: BPD‐PDT 
synergizes with C225 (Erbitux®) 
BPD‐PDT in combination with C225, an antibody that inhibits the epidermal growth factor receptor 
(EGFR) was previously shown to synergistically reduce tumor burden and enhance survival in a 
mouse model for metastatic ovarian cancer (del Carmen et al. JNCI 2005).  Optimization of these 
treatment parameters (e.g. sequence and schedule of each modality) is intractable in vivo, which 
motivated, in part, the development of a cell‐based model that could report this synergism in a high‐
throughput manner.  This section demonstrates the value of the in vitro 3D system as a screening 
tool to rapidly evaluate alternative treatment schemes and elucidate possible biological factors that 
influence tumoricidal efficacy. 
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Introduction 

 In addition to potentiating the efficacy of clinically relevant platinum agents 

as shown previously by our group47 and demonstrated in the PDT + carboplatin 

section of this chapter, the phototoxic mechanisms employed by PDT also 

synergize with C225 (Erbitux®), a clinically approved monoclonal antibody that 

inhibits the epidermal growth factor receptor (EGFR).  This synergistic interaction 

between BPD-PDT and C225 was originally demonstrated in a mouse model for 
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disseminated ovarian cancer,46 and has formed the basis for large animal studies 

and potential clinical trials at the University of Pennsylvania.164  Additional 

investigations to optimize these therapeutic parameters (e.g. alternative C225 

doses and PDT treatment schedules), and to elucidate potential mechanisms for 

the observed synergism are important and necessary.  However, testing the vast 

number of possibilities in vivo remains impractical.  Monolayer cultures have 

failed to report this synergism, making it impossible, thus far, to investigate these 

parameters in vitro.  This incongruity between current biological models 

highlights the need for more sophisticated in vitro platforms that can rapidly 

screen and optimize therapeutic parameters to guide focused in vivo studies.   

 This section demonstrates the ability of a 3D platform to report the 

synergistic interaction between BPD-PDT and C225 (Figure 4-13).  We explore the 

effect of cell passage number on cytotoxic response, and show that the 

combination treatment, BPD-PDT + C225, synergistically reduces residual tumor 

volume in low passage OVCAR5 3D cultures (≤ passage 13), but not in high 

passage cultures (≥ passage 17).    
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Figure 4‐14. The EGFR is an important therapeutic target for metastatic ovarian cancer 
The EGFR is a transmembrane receptor tyrosine kinase that regulates critical cellular functions. 
Overexpression of this receptor in advanced ovarian cancer is associated with poorest patient 
prognosis, making it an important therapeutic target.  C225 specifically recognizes the EGFR, and upon 
binding with the receptor, inhibits downstream survival and growth pathways. 
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The EGFR (Figure 4-14) is a transmembrane receptor tyrosine kinase that 

regulates important aspects of cellular growth, proliferation and survival, and is 

overexpressed in many human malignancies, including 20-30% of advanced 

ovarian cancers.  EGFR overexpression is associated with the most aggressive 

ovarian cancer phenotypes and the poorest prognosis for patients, making it a 

suitable therapeutic target.  del Carmen et. al.46 showed that BPD-PDT in 

combination with C225 synergistically reduces tumor burden and enhances 

survival, in a xenograft murine model for disseminated ovarian cancer. The 

mouse model used in this study was developed in Dr. Hasan’s laboratory233 in 

collaboration with gynecologic oncologists, and mimics the clinical dissemination 

pattern of advanced stage ovarian cancer (Figure 4-15).  Multifocal ovarian tumors 

were grown by injecting OVCAR5 cells (the same cell line used for the in vitro 3D 
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Figure 4‐15. Previously established in vivo treatment schema to evaluate the efficacy of BPD‐PDT in 
combination with anti‐EGFR C225 
Female mice injected with OVCAR5 cells were treated with BPD‐PDT 10 days later.  For PDT 
treatments BPD (0.25 mg/kg) was injected intraperitoneally and after 90 minutes a diffusing tip fiber 
inserted into the abdomen was used to deliver 20 J/cm2 of 690nm light at 150 mw/cm2 divided into 4 
equal doses of 5 J/cm2 per quadrant.  C225 was administered on days 11, 14, 17, and 19 at a 
concentration of 0.5 mg/dose followed by BPD‐PDT again on day 20, as described above.  Mice were 
sacrificed and necropsied on day 21 to evaluate tumor reduction or returned to the animal facility for 
survival studies. (del Carmen et al., JNCI 2005) 

Day 0 Day 21Day 10 Days 11, 14, 17,19 Day 20

Inject Tumors PDT PDT NecropsyC 2 2 5

PDT: 0.25 mg/kg (6.95 µM) Liposomal‐BPD 
90 minute incubation
20 J/cm2, 690nm hv (5J/cm2 per quadrant)@ 150mW/cm2

C225: 0.5mg/dose x 4 doses

All treatments administered intraperitoneally

Murine model for ovarian carcinomatosis (OVCAR5)

5 
J/cm2

5 
J/cm2

5 
J/cm2

5 
J/cm2

Liver

Small 
Bowel

Tum
or

model) into the peritoneal cavity of female mice. The mice were then treated with 

BPD-PDT and C225 according to the schedule described in Figure 4-15 and either 

sacrificed at day 21 to evaluate residual tumor burden for acute studies, or kept 

alive to assess the effect of treatment on survival.  

The combination treatment produced a greater than 90% reduction in 

residual tumor burden relative to no treatment controls, which was the most 

dramatic tumoricidal effect among all treatment groups (Figure 4-16, bar graphs, 

top).  Relative to the monotherapies, BPD-PDT alone or C225 alone, the 

reduction in tumor burden from the combination treatment was synergistic 

(p<0.001, analysis of variance).  In addition to a dramatic acute reduction in 
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Figure 4‐16. BPD‐PDT in combination with C225 
synergistically reduces ovarian tumor burden and 
enhances survival in vivo 
The combination regimen reduced tumor burden by more 
than 90% relative to no treatment (top).  Compared to the 
individual monotherapies PDT+C225 was synergistic in 
reducing tumor burden (top) and enhancing survival 
(bottom).  Three out of nine mice that received the 
combination were alive at the end of the survival study 
with no evidence of residual disease.  One mouse out of 
the ten treated with BPD‐PDT was alive at the end of 
survival study with some gross residual disease. All of the 
mice that that received no treatment or C225 only expired 
by day 60. (del Carmen et al., JNCI 2005) 

Tumor Reduction

Survival Enhancement

residual tumor, the combination treatment also synergistically enhanced survival, 

relative to the monotherapies 

(p=0.027) (Figure 4-16, Kaplan-

Meier curves, bottom).  

Furthermore, 3 out of 9 mice 

that received the combination 

treatment were alive at day 180 

(median survival for all mice in 

this group was 80 days) and 

showed no evidence of disease 

upon necropsy.  In contrast, 1 

out of the 10 mice that received 

BPD-PDT only was alive at day 

180 (median survival = 36 days) 

with residual carcinomatosis 

evident.  None of the no 

treatment controls (n=10) or 

mice treated with C225 alone 

(n=9) lived beyond day 60 

(median survival 28 days and 26 days, respectively). 

Determination of BPD-PDT and C225 doses and treatment schedule for in 
vitro 3D experiments 
 These promising in vivo results were used to demonstrate the value of the 

3D platform as a screening tool to predict synergistic combination regimens and 
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Figure 4‐17: The mouse peritoneal cavity as an ellipsoid
Estimated abdominal volumes of mice with peritoneally 
disseminated OVCAR5 tumors to determine the doses of 
BPD and C225 to use for in vitro 3D studies, based on a 
previously established in vivo protocol. 

Radii of Peritoneal Cavity 
(mice with disseminated OVCAR5 tumors)

(cm)
volume 
(cm3)

A B C

Mouse 1 1.175 0.8875 1.1335 5.0

Mouse 2 1.1025 0.9875 1.2125 5.5

Mouse 3 1.091 1.2905 0.897 5.3

AVERAGE 5.3

guide focused animal studies.  BPD-PDT and C225 doses for the in vitro study 

were based on the in vivo protocol outlined in del Carmen et al. and summarized 

in Figure 4-15 .  First, the abdominal dimensions of three female athymic Swiss 

Nu/Nu mice with disseminated OVCAR5 tumors, the same as those used in the 

study by del Carmen et al.,46 were measured to estimate the volume of the 

peritoneal cavity. Based on these dimensions, and assuming an ellipsoid for the 

shape of peritoneal cavity (4 3⁄ π  (Figure 4-17), the average peritoneal volume 

of mice with OVCAR5 tumors was determined to be 5.3 ml.  This volume was 

then used to approximate the concentrations of BPD and C225 the ovarian 

tumors were exposed to in vivo, which would be used as the basis for the in vitro 

doses of each agent.  The BPD dose, administered at a concentration of 6.95µM 

in 1ml total volume, translated to an approximate peritoneal concentration of 

1.3µM (6.95 µmoles/liter * 0.001liter = 6.95 nmoles administered/0.0053 liters, 

the estimated volume of a mouse abdomen, = 1.31µM).  Based on these 

estimates, it was determined that 

1µM BPD incubated for 90 

minutes was a reasonable dose to 

use in vitro, followed by irradiation 

with 690nm light @ 150mW/cm2, 

the same fluence rate used in vivo 

by del Carmen et al.  To exploit 

the rapid screening ability of the 

3D platform, two PDT schemes 
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Figure 4‐18. Treatment schema for in vitro 3D combination experiments with BPD‐PDT and C225  
The treatment protocol for the in vitro 3D studies described in this chapter were determined based 
on the scheme outlined for in vivo studies by del Carmen et al. (JNCI 2005)(Figure 4‐15).  In vitro 3D 
cultures were incubated with 1µM BPD for 90 minutes, 10 days post‐plating. Following incubation 
the cultures were irradiated with 690 nm light (fluences: 1 J/cm2 or 5 J/cm2) at an irradiance of 150 
mW/cm2. C225 was administered on days 11‐13 at a concentration of 0.5 mg/ml. Only cultures that 
received 1J/cm2 on day 10 were retreated with the same dose of BPD‐PDT on day 14.  Cytotoxic 
response was evaluated on day 15 by LIVE/DEAD assay.  

Day 0 Day 15Day 10 Days 11‐13 Day 14

Plate 3D 
Cultures PDT PDT LIVE/DEADC 2 2 5

PDT: 1µM Lip‐BPD
90 minute incubation
690nm hv @ 150mW/cm2

1 J/cm2 (Days 10 and 14)
5 J/cm2 (Day 10 Only) 

C225: 0.5 mg/ml

5 
J/cm2

were evaluated: [Scheme 1: BPD-PDT @ 1µM·J/cm2 (Days 10 and 14); Scheme 

2: BPD-PDT @ 5µM·J/cm2 (Day 10), LIVE/DEAD Day 15] (Figure 4-18).  The 

rationale for evaluating both schemes was to determine if two treatments with 

low-dose BPD-PDT, one prior to C225 and one after, as described in del Carmen 

et al., reduces tumor more effectively than a single higher dose of BPD-PDT prior 

to C225.  Findings from this comparison could have clinical relevance in terms of 

designing regimens that have the highest cytotoxic potential as well informing the 

need for multiple rounds of low-dose therapy versus fewer treatments with higher 

doses each round. 

 As with BPD in vivo, C225 was also administered intraperitoneally at a 

dose of 0.5mg per mouse, which amounted to 0.1 mg/ml C225 in the peritoneal 

cavity of each mouse per dose x 4 doses that were given between days 11 and 
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19.  Based on these estimates along with results from preliminary in vitro 

experiments and accounting for the 112 hour half-life of C225, we settled on a 

therapeutic schedule of 0.5 mg/ml C225 administered on day 11, refreshed on 

day 13, and removed on day 14 for in vitro 3D cultures experiments (Figure 4-18). 

Results 
  To establish that C225 binds to, and is taken up by OVCAR5 3D cultures, 

we labeled the antibody with a fluorescent dye (Alexa488) and incubated 10 day 

old 3D cultures with the 10µg/ml of the immunoconjugate (C225 equivalent) for 

Figure 4‐19. Cell surface binding and internalization of fluorescently labeled C225 in 3D ovarian 
micronodules 
Ten day old OVCAR5 3D cultures were incubated with 10 µg/ml antibody equivalent of a C225‐
Alexa488 immunoconjugate for 43 hours. Following incubation, the cultures were washed twice to 
remove excess conjugate and imaged by confocal microscopy, to take 4 µm optical sections of 
cultures that received antibody (bottom row).  Compared to controls that were not incubated 
with C225 (top row) an intense fluorescence pattern suggestive of cell surface binding and 
internalization was observed from the immunoconjugate (bottom row).  There was no 
appreciable difference in the autofluorescence patterns between the control and C225‐Alexa488 
incubated cultures (middle column).  C225‐ Alexa488 channel (Excitation: 488nm; Emission:  
BP525/50nm). Autofluorescence channel (Excitation: 488nm; Emission: LP590nm) 63X water 
immersion objective. Scale bars = 25 µm. 
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43 hours (Figure 4-19).  The cultures were then washed twice with PBS to remove 

unbound antibody and imaged by confocal fluorescence microscopy using a 63X 

water immersion objective to take 4µm optical sections of individual nodules.  

Compared to control cultures that did not receive antibody (Figure 4-19, top left 

panel), cultures that were incubated with C225-Alexa488 showed an intense 

fluorescence pattern indicative of antibody binding to 3D nodules (Figure 4-19, 

bottom left panel) (Excitation: 488nm; Emission: BP525/50nm).   The fluorescence 

pattern suggested that the antibody was both bound to the surface of, and being 

internalized by, individual cells within each micronodule as evidenced by staining 

of cell surface outlines and punctate cellular fluorescence, respectively (Figure 

4-19, bottom left panel). These imaging results following 43 hours of C225 incubation 

are consistent with published kinetics for receptor-mediated endocytosis and 

processing of C225-based immunoconjugates in ovarian cancer cells.79, 136 The 

fluorescence intensity of C225-Alexa488 was consistently lower in the center of 

micronodules relative to the outer 20-30µm.  Autofluorescence (Excitation: 

488nm; Emission: LP590nm) and transmission images (Figure 4-19, center and right 

panels, respectively) did not reveal any appreciable differences in fluorescence 

intensities or patterns between control and C225-incubated cultures. The images 

shown in Figure 4-19  were taken 68µm and 64µm into control and C225 labeled 

nodules, respectively. 

 Uptake and distribution of BPD in 3D cultures under the conditions used 

for PDT treatment in these studies was evaluated by confocal microscopy (Figure 

4-20).  Ten day old 3D nodules were incubated with 1µM BPD, for 90 minutes, 



 
96 

 

after which time the BPD media was replaced with fresh culture medium.   Figure 

4-20 shows a sum of slices z-projection of BPD fluorescence (left; Excitation: 

405nm, Emission: 645-700nm) and corresponding autofluorescence (right; 

Excitation: 405nm, Emission: 403-503nm) from representative cultures.  The 

BPD fluorescence pattern is distinct from autofluorescence and suggests that the 

photosensitizer is taken up and distributed within individual micronodules.  

These imaging 

experiments indicate 

that both C225 and 

1µM BPD interact with 

in vitro 3D ovarian 

cultures and warrant 

the evaluation of 

cytotoxic response 

with the combination 

treatment in this 

platform. 

As shown in Figure 4-21 and Figure 4-22, the greatest reduction in residual tumor 

volume was observed in 3D cultures treated with combination PDT + C225 

relative to all treatment groups.   The cytotoxic effect from the combination 

treatment was greater than the additive effect from each of the monotherapies 

alone.  Based on the standards published in del Carmen et al., the combination 

of PDT + C225 was determined to be synergistic in our 3D in vitro model for 

Figure 4‐20: BPD‐MA (1µM) in OVCAR5 3D micronodules 
A sum‐of‐slices z‐projection of BPD fluorescence (left) and 
autofluorescence (right) in 10 day old 3D micronodules incubated 
for 90 minutes with 1µM BPD. The images indicate that BPD is 
taken up and distributed in ovarian 3D cultures. Autofluorescence 
emission from the same nodules correlates with the overall 3D 
structure, but shows a fluorescence distribution that is distinct from 
the BPD channel.  BPD fluorescence channel (Excitation: 405nm; 
Emission: 645‐700nm).  Autofluorescence channel (Excitation: 
405nm; Emission: 403‐503nm).  Scale bars = 25 µm. 

BPD Autofluorescence
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Figure 4‐21: Residual tumor volume in OVCAR5 3D cultures treated with 
1µM∙J/cm2 BPD‐PDT (x2 Tx) in combination with C225 
The combination regimen with scheme 1, 1µM∙J/cm2 BPD‐PDT before and after 
C225, produced a reduction in residual tumor volume that was greater than 
additive effect from the individual monotherapies, indicating a synergistic 
treatment effect relative to the monotherapies. 

Fraction Residual 
Tumor N

No Treatment 1.00 40

C225 (0.5 mg/ml) 0.94 24

PDT (1µM·J/cm2) 
x2 Tx 0.62 23

PDT + C225 0.47 12
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ovarian cancer.  This synergism was observed for both treatment schemes - 

[Scheme 1: BPD-PDT @ 1µM·J/cm2 (Days 10 and 14); Scheme 2: BPD-PDT @ 

5µM·J/cm2 (Day 10)]. Following treatment with scheme 1 (Figure 4-21), mean 

fraction residual tumor relative to no treatment in 3D cultures that received either 

C225 alone or 1µM·J/cm2 BPD-PDT was 0.94 (±0.037, standard error) and 0.62 

(±0.043), respectively.  Mean fraction residual tumor in 3D cultures treated with 

the combination regimen, 1µM·J/cm2 BPD-PDT + C225 was 0.47 (±0.062). The 

53% reduction in tumor volume observed with the combination treatment was 

greater than the 44% additive reduction from each of the monotherapies alone 

(6% reduction 

with C225 alone 

and 38% 

reduction with 

1µM·J/cm2 

BPD-PDT) 

indicating a 

synergistic 

reduction in 

tumor volume 

with the 

combination 

treatment. 
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Figure 4‐22: Residual tumor volume in OVCAR5 3D cultures treated with 
5µM∙J/cm2 BPD‐PDT (x1 Tx) in combination with C225 
Scheme 2 (5µM∙J/cm2 BPD‐PDT only before C225) produced a greater 
reduction in residual tumor volume with the combination treatment than 
scheme 1 (Figure 4‐21). This tumoricidal effect from the scheme 2 combination 
regimen was greater than additive effect from the individual monotherapies in 
this group, indicating a synergistic interaction. 

Fraction Residual 
Tumor N

No Treatment 1.00 32

C225 (0.5 mg/ml) 0.94 24
PDT (5µM·J/cm2) 

x1 Tx 0.52 17

PDT + C225 0.40 12
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  Scheme 2 led to a slightly more pronounced combination treatment effect 

than scheme 1(Figure 4-22).  Relative to no treatment, mean fraction residual 

tumor in the combination treatment group was 0.40 (±0.080), as compared to 

0.94 (±0.037) and 0.52 (±0.064) in cultures treated with C225 or 5µM·J/cm2 BPD-

PDT, respectively.  This amounted to a 60% reduction in tumor volume with the 

combination treatment as compared to a 54% additive reduction from each of the 

monotherapies 

alone (6% 

reduction with 

C225 alone and 

48% reduction with 

5µM·J/cm2 BPD-

PDT), also 

indicating a 

synergistic 

reduction in tumor 

volume with the 

combination 

treatment. 

 In analyzing these promising results, we noticed that 3D cultures plated 

with high passage (P17 or higher) OVCAR5 cells respond poorly to C225 and to 

the combination treatment compared to cultures plated with low passage 

OVCAR5 cells (P13 or less).  We first reanalyzed the data based on passage 
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number to quantify the variability in treatment response and then explored 

possible reasons for these differences. 

 Figure 4-23 and Figure 4-24, show residual tumor volumes based on a 

passage-dependent analysis of the C225 and combination treatment data for 

scheme1 and scheme 2, respectively.  The no treatment and BPD-PDT values 

are composites of all experiments (high and low passage cells) since the 

cytotoxicity conferred by PDT did not to seem to be dependent on the passage 

number.  The combination, PDT + C225, produced a dramatically more 

significant reduction in tumor volume in low passage 3D cultures compared to 

high passage cultures for both treatment schemes.  Relative to no treatment, 

mean fraction residual tumor in low passage cultures treated with C225 or 

1µM·J/cm2 BPD-PDT was 0.81 (±0.040) and 0.62 (±0.085), respectively (Figure 

4-23).  The combination treatment reduced the mean fraction residual tumor to 

Figure 4‐23: Passage‐dependent cytotoxic response in OVCAR5 3D cultures treated with  
1 µM∙J/cm2 BPD‐PDT (x2 Tx) and C225 
Low‐passage cultures were more responsive to the combination treatment, 1µM∙J/cm2 BPD‐
PDT before and after C225, than high passage cultures. The synergistic treatment effect that 
was observed in low passage cultures was lost in high passage cultures.  

Fraction 
Residual Tumor
(Low Passage)

N

No Treatment 1 40

C225 0.81 12

PDT 
(1µM∙J/cm2) 

x2 Tx
0.62 23

PDT + C225 0.30 6

Fraction 
Residual Tumor
(High Passage)

N

No Treatment 1 40

C225 1.06 12

PDT 
(1µM∙J/cm2) 

x2 Tx
0.62 23

PDT + C225 0.64 6
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0.30 (±0.054) in low passage cultures.  The combination was much less effective 

in high passage cultures leaving behind a mean fraction residual tumor of 0.64 

(±0.046), which was very similar to the amount in cultures treated with 1µM·J/cm2 

BPD-PDT (0.62 ±0.0431).  C225 treatment in high passage cultures actually 

increased the fraction of residual tumor (1.06 ±0.039), relative to no treatment. 

 Compared to scheme 1 (1µM·J/cm2 BPD-PDT before and after C225), 

scheme 2 (one round of 5µM·J/cm2 BPD-PDT before C225) produced a more 

dramatic reduction in residual tumor in low passage cultures (Figure 4-24).  Mean 

fraction residual tumor with the combination treatment, 5µM·J/cm2 BPD-PDT + 

C225, was 0.15 (±0.028), which was the greatest reduction in tumor burden seen 

among all groups and all treatment schemes.  Low passage cultures treated with 

5µM·J/cm2 BPD-PDT alone or C225 alone had mean fraction residual tumors of 

 

Figure 4‐24: Passage‐dependent cytotoxic response in OVCAR5 3D cultures treated with 5 
µM∙J/cm2 BPD‐PDT (x1 Tx) and C225 
Scheme 2 (5µM∙J/cm2 BPD‐PDT only before C225) produced a more dramatic difference in 
treatment response between low and high passage cultures than scheme 1.  There was a 
dramatic synergistic reduction in residual tumor volume in low passage cultures, which was 
mitigated in high passage cultures.  
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Fraction 
Residual Tumor
(Low Passage)

N

No Treatment 1 40

C225 0.81 12

PDT 
(5µM∙J/cm2) 

x1 Tx
0.52 23

PDT + C225 0.15 6

Fraction 
Residual Tumor
(High Passage)

N

No Treatment 1 40

C225 1.06 12

PDT 
(5µM∙J/cm2) 

x1 Tx
0.52 23

PDT + C225 0.64 6
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0.52 (±0.064) and 0.81(±0.040), respectively, indicating a synergistic interaction 

between the monotherapies. Conversely, high passage cultures did not respond 

well to C225 or the combination regimen, with mean fraction residual tumors of 

1.06 (±0.039) and 0.64 (±0.062), respectively. 

Conclusion 
 We show in this study that BPD-PDT+C225 synergistically reduces 

residual tumor volume in OVCAR5 3D cultures. For the first time an in vitro 

system was able to confirm the in vivo results previously published by del 

Carmen et al.46 for the same combination regimen. Further optimization of the 

treatment parameters used in vivo was difficult due to the inability of monolayer 

cultures to demonstrate this synergism, and the significant time it took to 

complete acute and survival studies in the mouse model for disseminated 

ovarian cancer.  The 3D model described here provides a platform that begins to 

overcome these limitations by rapidly evaluating multiple treatment protocols. We 

exploited this capability of the 3D system by evaluating two experimental 

schemes for the combination regimen in order to determine if one approach 

would have a more significant tumoricidal effect than the other: [Scheme 1: BPD-

PDT @ 1µM·J/cm2 (Days 10 and 14); Scheme 2: BPD-PDT @ 5µM·J/cm2 (Day 

10), LIVE/DEAD Day 15].  Our data suggest that a single high-dose BPD-PDT 

treatment in combination with C225 reduces residual tumor volume more 

effectively than multiple low-dose BPD-PDT treatments.   

 The EGFR regulates cellular proliferation via signaling pathways that are 

initiated by the intracellular tyrosine kinase domains of activated receptors. 
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These downstream EGFR signaling networks include the mitogen-activated 

protein kinase and phosphatidylinositol 3-kinase pathways. 46 Tumors that 

express high levels of EGFR often demonstrate a balance of proteins that favor 

progression through the cell cycle, allowing cells to ignore checkpoints that 

normally prevent aberrant proliferation.  This shift in the regulation of cell growth 

has been described as pressing down hard on the accelerator of a car that has 

no brakes, causing the vehicle to go out of control.252  C225 mitigates these pro-

growth and survival signals by binding to the surface of the EGFR, thereby 

inhibiting unregulated progression of tumors through the cell cycle. 46  This 

cytostatic mode of action is distinct from the cytotoxicity conferred by BPD-PDT 

via mitochondrial damage and direct photodestruction of Bcl-2, 46, 206, 207, 209, 210, 

249 as described in the “PDT-based Combination Regimens” section of the 

introduction and the “PDT + Carboplatin” section of this chapter.  The synergism 

between BPD-PDT and C225 previously demonstrated in vivo,46 and observed in 

our 3D model could be explained by these differences in mechanisms of action.  

Functional blockade of the proliferation and survival signals that cancer cells rely 

on from EGFR overexpression could render these cells particularly vulnerable to 

additional insult from a mechanistically-distinct cytotoxic modality, such as BPD-

PDT. 46 

 A passage-dependent analysis of treatment response revealed that low-

passage cultures were more responsive to the combination regimen than high 

passage cultures for both treatment schemes. This differential treatment 
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response might be a result of changes in receptor expression, or activation, in 

high versus low passage cultures, which needs to be further explored.  

 Imaging studies to assess antibody distribution in 3D cultures revealed 

that C225-Alexa488 was consistently lower in the center of micronodules relative 

to the outer 20-30µm. It is not clear what proportion of the observed 

heterogeneity was due to uneven penetration of the antibody versus optical 

artifacts.  It will be important to slice cultures incubated with fluorescently labeled 

C225 to clarify this point. 

Discussion 
PDT has shown clinical promise for the treatment of disseminated ovarian 

carcinomatosis,134, 190-195 and will probably be most effective as part of a 

multifaceted treatment strategy, which exploits the resistance mechanisms that 

lead to treatment failure.  The results presented here demonstrate that 

photodynamic treatment of adherent 3D ovarian micronodules potentiates the 

therapeutic efficacy of platinum-based chemotherapies and targeted biological 

agents.  Additional studies are needed to further understand the mechanisms 

that drive these observed synergisms as well as the potential impact of these 

findings on improving clinical outcomes.   

This in vitro 3D platform for micrometastatic ovarian cancer fills a critical 

niche in translational science by bridging the gap between resource-intensive 

animal models and traditional monolayer cultures that lack important aspects of 

tumor biology. A system for high-throughput screening and high resolution 

longitudinal imaging of cytotoxic response facilitates the rapid optimization of 
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treatment parameters allowing valuable resources for in vivo studies to be 

focused only on the most promising regimens.  

Future models will incorporate more complex aspects of the tumor 

microenvironment including co-cultures with stromal partners including fibroblasts 

and endothelial cells. These co-cultures are motivated in part by clinical findings 

from Menon et al.,253 who showed that nodules as small as 1mm (the smallest 

evaluated in this study) showed evidence of vascularity in peritoneal 

malignancies, including ovarian carcinomatosis.  As the authors point out, it was 

not clear from this study if the vasculature in the smallest nodules was functional 

or had even adopted the proper architecture. 253  It is important to explore 

whether the presence of endothelial cells, as signaling partners, in small ovarian 

nodules has an impact on tumor growth or treatment response, even in the 

absence of flow or structural organization.  New in vitro models for ovarian 

micrometastases using customizable matrices and stromal signaling partners are 

being investigated by our group225 and others,26, 28, 62-64 and will play an 

increasingly important role in screening combination regimens and uncovering 

resistance mechanisms. 

Within the broader context of designing effective multifaceted treatments 

for ovarian cancer, PDT-based combination regimens have been shown to 

reverse platinum resistance47 and to synergize with chemo47, 73 and biological 

agents.46  These findings are particularly significant in view of the fact that the 

highly toxic therapies currently used to treat metastatic ovarian cancer have led 

to only modest improvements in the rates of recurrence and mortality associated 
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with this disease.  In light of this dismal prognosis, the preclinical results 

presented here could be used to design more effective and well-tolerated clinical 

combinations that build on previously published studies using PDT to treat a 

variety of disseminated peritoneal malignancies, including ovarian 

carcinomatosis.134, 190-195  Phase I and II PDT clinical trials using non-optimized 

treatment parameters and Photofrin, have shown promise in treating cytoreduced 

minimal residual disease and chemoresistant peritoneal tumors. 193  Photofrin-

PDT conferred a survival advantage relative to historic controls with acute but 

reversible toxicities. Furthermore, ovarian cancers were among the most 

responsive intra-abdominal solid tumors to intraperitoneal PDT.193  

Collectively, these preclinical and clinical findings indicate that PDT should 

be included in the regular armamentarium used to treat ovarian carcinomatoses 

as part of a comprehensive treatment plan designed to minimize toxicity with 

optimal cytoreductive effects.  We envision a scenario in which BPD-PDT, which 

offers significant pharmacokinetic and photobiologic advantages over treatment 

with early generation photosensitizers, is used in conjunction with cytoreductive 

surgery to treat and sensitize unresectable tumors to chemo-, radio- and 

biological therapeutics.  Due to the vast library of candidate interventions, high-

throughput 3D treatment response platforms, as presented here, will play a 

critical role in selecting the appropriate combination regimens for multifocal 

ovarian cancer as well as many other lethal metastatic cancers.   
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CHAPTER 5: USE OF 3D MICRONODULES TO INFORM THE 
DEVELOPMENT OF NEW IMAGING MODALITIES FOR 

OVARIAN CANCER 
Fluorescence Microendoscope 

Background 
 This section presents the characterization of a custom built fluorescence 

microendoscope using the OVCAR5 3D in vitro model system described in 

previous chapters, and the OVCAR5-based mouse model for disseminated 

ovarian cancer discussed in Chapter 4.201 This effort is motivated by a vital 

clinical need to sensitively detect microscopic ovarian cancer tumor nodules and 

monitor treatment response in vivo. The dismal survival rates for ovarian cancer 

are largely due to the high proportion of patients diagnosed at a late stage, which 

is characterized by disseminated nodular studding throughout the peritoneal 

cavity and presents challenges for treatment 4, 254. Despite initial responses to 

standard tumor debulking and chemotherapy, many of these patients continue to 

harbor occult disseminated disease without immediate clinical evidence of 

tumour recurrence due to the microscopic size of residual nodules 255. Second-

look laparotomy allows the surgeon to check for persistent residual tumours, 

though even this highly invasive surgical reassessment suffers from a false 

negative rate of up to 50% 256, 257. These laparotomies are typically performed 6 

months to 2 years following treatment, at which point persistent disease, if 

present has progressed to the point that it is readily evident to the surgeon and 

the possibility of an earlier intervention has been precluded. Noninvasive 

diagnostic techniques, such as CA125 levels, ultrasound, computerized 

tomography (CT), magnetic resonance imaging (MRI), and positron emission 
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tomography (PET), which could in principle provide the benefit of more timely 

feedback, have all been shown to be less sensitive than reassessment surgeries 

257-262. Hence, there is a vital un-met need for a new minimally invasive imaging 

approach with sufficient sensitivity and resolution to detect sub-millimeter ovarian 

cancer nodules early in the treatment cycle, thus providing the basis for more 

timely interventions to mitigate recurrent disease. 

 To address the above requirements, several key features of optical 

imaging warrant consideration, including its inherently high resolution and the 

ability to achieve greater specificity by use of fluorescent contrast agents 263, 264.  

Furthermore, technological advances in fibre optic fluorescence imaging, a 

modality which allows investigators to reach into body cavities via minimally 

invasive endoscopes, have considerably broadened the applications of in vivo 

optical imaging 265-267. While second-look laparoscopy by white light imaging  has 

received significant attention as a minimally invasive procedure to detect ovarian 

cancer recurrence 268, it suffers from a high false negative rate of 55% 269 and 

also fails to provide the requisite optical resolution and sensitivity to detect the 

smallest residual tumours.   

 An approach to ovarian cancer detection that has demonstrated promise 

is to use photosensitizers (PS), traditionally used for photodynamic therapy 

(PDT), to generate tumour selective fluorescence contrast. Although 

fluorescence imaging of non-therapeutic imaging agents has also shown 

impressive potential for ovarian cancer detection 270, PS imaging offers a unique 

advantage. Upon wavelength-specific activation of the PS, fluorescence emission 
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for diagnostic imaging, and cytotoxic species (via-intersystem crossing to the 

triplet state), for tissue destruction, can both be produced. Previous studies that 

employed PS (ALA-induced protoporphyrin IX and/or hexaminolaevulinate) for 

ovarian cancer imaging were successful in detecting significantly more lesions 

than white light imaging 271-273, with a ratio of fluorescence intensity of neoplastic 

to normal tissues of approximately 4 271, 272.  The average size of the optically 

biopsied metastatic lesions was 1.0 mm (range: 0.3–2.5) compared to 1.5 mm 

(range: 0.5–2.9) with white light illumination. 271  However, in the absence of 

instrumentation for high resolution in vivo microscopy in these studies, the 

smallest occult nodules (< 300 µm) were not within the reported size range.   

 It is our thesis that if the demonstrated capability of PS fluorescence for 

detection of ovarian cancer nodules is combined with high-resolution fibre-optic 

microscopy, it would allow for highly sensitive and minimally invasive detection of 

microscopic disease. To this end, we have developed a custom fluorescence 

microendoscope optimised for imaging the weak fluorescence emission from 

BPD-MA (delivered in its liposomal formulation known as verteporfin or 

Visudyne®). BPD-MA is clinically approved as a therapeutic PDT agent and is 

used in our study to provide both diagnostic and therapeutic capabilities following 

a single administration. This inherent capability to integrate imaging and PDT 

treatment, which makes PS imaging particularly conducive to online monitoring of 

therapy response, was not utilised in the studies referenced above. It is also 

worth noting that the application of PDT to the treatment of ovarian cancer has 
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shown promise in clinical trials 134, 192, 274 though further studies are warranted to 

establish optimal conditions for light and PS delivery in the clinic. 

 The goal of this study is to explore the potential of our fluorescence 

microendoscope to detect disseminated small volume ovarian cancer tumour 

nodules and provide more accurate and timely treatment response information 

than current technologies. As a proof of principle, this study illustrates the 

significant translational potential of fluorescence microendoscopy for detection of 

ovarian cancer. Specifically, this method could provide the clinician with the 

capability to obtain more timely and accurate treatment response feedback, 

which could be used to optimise treatment parameters to better predict, and 

hence mitigate adverse treatment outcomes. Also, the capability to detect sub-

millimetre tumour nodules suggests the potential utility of fluorescence 

microendoscopy in early detection of ovarian cancer, if combined with serum-

based or other screening tests to identify candidates for endoscopic examination. 

Results 

Validation of fluorescence imaging in cell cultures 
    To establish the capability of our fluorescence microendoscope to resolve 

single cells, we first imaged OVCAR5 cells grown in monolayer and incubated 

with BPD-MA for four hours (Figure 5-1). Our instrument was able to resolve 

individual cells Figure 5-1A. The ability to observe some degree of subcellular 

structure is consistent with our estimate of a 4.4µm optical resolution based on 

the spacing of fibre cores noted above. Within individual cells the diffuse pattern 
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Figure 5‐1: Microendoscopic images of BPD‐MA fluorescence in 
OVCAR5 cells in monolayer 

(A) Endoscope image. Dotted line indicates the field of view of 0.8 
mm. Scale bar is 100μm. (B) Enlarged image of the area marked in 
(A) (square). (C) Same as B after removing pixelation and enhancing 
contrast by software. The image shows localization of BPD in the 
cytoplasm. Scale bars = 25μm. (Zhong and Celli et al., Br J Can 2009) 

of BPD-MA fluorescence localized to the cytoplasm is characteristic of the 

intracellular distribution of BPD observed in previous studies (Figure 5-1B,C). 275   

 To establish our 

instrument’s capability 

for quantitative 

measurements, BPD-

MA fluorescence 

intensity from in vitro 

3D tumour cultures was 

correlated with nodule 

size and fluorescence 

from disaggregated 3D 

nodules (Figure 5-2). A 

representative image of 3D cultures of tumour nodules imaged 24 hours after 

incubation in BPD-MA is shown in Figure 5-2A. As anticipated, the integrated 

BPD-MA fluorescence signal fluorescence from tumour nodules was found to 

increase with nodule size (Figure 5-2B).  A power law curve fit indicated a 

relationship given by kI a∝ , where a is nodule area (in our 2D image) and k = 

1.27.  This power law scaling is within reason for the characteristics of our model 

and light collection.  We would expect k = 1 for clusters of monolayer cells in 

which case light would be collected from an essentially flat plane with intensity 

scaling linearly with the area (determined by the number of cells in the cluster).  

For the ideal scenario of total light collection from the full volume of perfectly 
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spherical clusters of cells, we would expect intensity to scale with area to the 3/2 

power (k = 1.5) corresponding to a linear relationship with volume. The fact that 

the measured power law dependence of k = 1.27 lies in between these two 

limiting cases is not surprising in view of the non three-dimensional light 

collection from the finite depth of focus of the imaging device combined with the 

fact that the in vitro 

micronodules are in 

fact not perfectly 

spherical.  

 As illustrated in 

Figure 5-2C, during the 

24 hours of BPD-MA 

incubation there was 

a time-dependent rise 

in fluorescence 

intensity. The 

measured data were 

fit well with an 

exponential model, 

given as 

)1(* *
0

tkeII −−=  

where 4
0 101.3 ×=I  and 12.0=k .  To validate that the fluorescence intensities 

measured by the microendoscope were reflective of the actual BPD-MA 

Figure 5‐2: Validation of fluorescence imaging in 3D ovarian cultures 
(A) Representative fluorescence image of 3D culture of tumour nodules 
incubated in BPD‐MA. (B) Fluorescence intensity of BPD‐MA in tumour 
nodules plotted against nodule size. The plotted data are fit to a power 
law (line) with k=1.27, with R2=0.94. (C) Uptake of BPD‐MA by 3D 
cultures over time measured with the fluorescence microendoscope. 
The error bars represent standard deviations. The trend line is a single 
exponential fit. (D) Uptake of BPD‐MA by 3D cultures over time 
measured with the fluorescence microendoscope vs plate reader 
measurements from cells of the same disaggregated tumour nodules. 
The linear regression, represented by the solid line, suggests the 
consistency between these two methods. Scale bar = 100 μm. (Zhong and 
Celli et al., Br J Can 2009) 
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concentrations in the 3D acini, we disaggregated the in vitro nodules and 

measured the fluorescence from dissociated cells with a plate reader and 

determined concentration by a standard curve. Figure 5-2D illustrates the strong 

correlation between the fluorescence intensities as measured by the 

microendoscope and the plate reader. A linear fit of these two independent 

measurements gave a Pearson's coefficient of regression R2 = 0.84. 

In vivo imaging of micrometastases 
  Microscopic tumour nodules were identified during imaging sessions by 

slowly scanning the tip of the fiber probe over peritoneal surfaces inside the 

anesthetized mice and acquiring images with particular emphasis on the pelvic 

and sub gastric 

omenta, the 

peritoneal wall, 

and the bowel 

mesentery, known 

to have high rates 

of tumour 

occurrence. To 

determine the size 

of microscopic tumour nodules detected, images obtained in the mouse 

intraperitoneal cavity were compared to the pathological analysis of tissues 

resected from the same sites. Figure 5-3 shows a fluorescence image (A-C) and H 

& E stain (D) of a section obtained from the same tissue. This result indicates 

Figure 5‐3: In vivo detection of micrometastases with fluorescence 
microendoscopy 
(A) Fluorescence image of small tumour nodules (tens of microns in size) 
detected in ovarian cancer mouse by the fluorescence microendoscope 
using BPD‐MA as the contrast agent. (B) Enlarged image of the area 
marked in (A) (square). (C) Contrast‐enhanced image of (B). Four high‐
intensity spots (circles) are observed. (D) H & E stain of a 5μm‐thick 
section from the same region. Arrows indicate tumour nodules. Scale 
bars= 100μm (A) and (D), and 25μm (C). (Zhong and Celli et al., Br J Can 2009) 
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that fluorescence endoscopy is able to detect tumour nodules as small as a few 

tens of microns (arrows). 

 We compared the fluorescence images of 171 samples biopsied from 8 

ovarian cancer mice with the results of pathological analysis. Microendoscope 

images, and the correspsonding histopathology specimens were assessed by an 

investigator to identify samples that were positive for tumor, as identified by the 

presence of any visible nodules. Of the 141 samples determined to be neoplastic 

by pathological analysis, 121 showed evidence of tumor nodules via 

fluorescence microendoscopy, with each tumor positive field/specimen being 

weighted equally regardless of the number of nodules.  Of the 30 samples 

determined to be normal by pathological analysis, 16 appeared to be tumor-free 

via fluorescence microendoscopy.  Hence, with BPD-MA as the contrast agent, 

the sensitivity and specificity of fluorescence microendoscopy for detecting tumor 

nodules were 86% and 53%, respectively. 

Discussion 
 In this study, we demonstrate the ability of a custom fluorescence 

microendoscope to detect ovarian cancer micrometastases on the order of tens 

of microns in diameter ― a feature that has not been demonstrated by 

conventional imaging modalities, such as ultrasound, MRI, or PET.  We note that 

this size is an order of magnitude smaller than those found in previous reports 

describing PS fluorescence imaging in ovarian cancer animal models or 

patients.271  In the context of treatment assessment, the ability to detect such 

small nodules could be invaluable to clinicians by providing feedback early in the 
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treatment cycle rather than having to wait until nodules have become large 

enough for detection by laparoscopy or surgical reassessment, at which point the 

disease has advanced to a stage with poor prognosis.  The microendoscope’s 

high sensitivity (86%) to tumour nodules, which translates to a false negative rate 

of 14% as compared to 31% reported for white light imaging in a similar murine 

model 270, may hold the key to more effective detection of ovarian cancer.  

 Our choice of BPD-MA, a potent photosensitizer, as a fluorescence contrast 

agent made PDT treatment a useful therapeutic tool to assess the treatment 

monitoring capability of the instrument, enabling us to treat and monitor response 

using the same molecule. Using BPD-MA in this dual role as a therapeutic and 

sensitive tumor recognition agent we demonstrate the potential of our technique 

to serve as a quantitative tool to evaluate acute response to treatment using 

fluorescence as a reporter of tumor volume. We observed evidence of tumor 

destruction in mice which received PDT treatment while untreated mice 

demonstrated uninterrupted progression of disease from microendoscopy of the 

pelvic omentum, as well as the peritioneal wall. The challenges of sampling the 

large surface area of the latter site suggest the utility of incorporating this 

technology with traditional white light laparoscopy, which is already in clinical 

use. In fact because of the flexible imaging fibre employed in the 

microendoscope, the two methods could be highly complementary. One could 

imagine a clinician seamlessly going back and forth between the laparoscope 

and the microendoscope with the wide field imaging of the former providing a 

cursory identification of suspicious regions to be further interrogated with higher 
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sensitivity and microscopic details using the microendoscope. The diagnostic 

efficiency of fluorescence microendoscopy, which, as with any epi-fluorescence 

based detection strategy, is limited in its ability to penetrate below the tissue 

surface, could be further enhanced by integration with a complementary imaging 

modality to provide depth resolved structural information.   

 Our results specifically indicate the promise of fluorescence microendoscopy 

to fill the vitally needed niche of a minimally invasive technique for treatment 

monitoring. To follow up on these findings, further studies are warranted to 

extend these findings from the acute treatment response examined here to 

assess the capability of this technique to predict long term outcomes to more 

extensive therapeutic regimens in survival studies. It should be further noted, that 

while our use of a PS made PDT a convenient modality for testing this 

technology, this instrumentation is not specific to monitoring PDT treatment and 

could be used in the same capacity for other modalities including surgery and 

chemotherapy.     

 Future improvements will include the incorporation of targeted imaging 

contrast agents to improve specificity for imaging tumours.  However, it is 

encouraging to note that even while implementing our fluorescence 

microendoscope without a targeted imaging agent, the tumour-to-normal ratios of 

BPD-MA in the fluorescence images were found to be between 2 and 3 with an 

overall sensitivity for tumour detection of 86%. We anticipate that with the 

development of more specific tumour-targeted imaging contrast agents a 

substantial improvement in both tumour-to-normal contrast as well as specificity 
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will be realized. This is part of an ongoing effort in our laboratory to develop 

suitable constructs exploring the use of nanoparticle formulations to allow a high 

degree of customization in combining fluorescence imaging agents combined 

with the appropriate binding sites for specific small molecule targets. Further, one 

could envision designing theranostic targeted nano-constructs that could carry 

not only fluorophores but also therapeutic agents. Such "smart" constructs could 

be used in conjunction with fluorescence microendoscopy for diagnostic therapy 

of cancer 276.  
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Non-perturbative, longitudinal imaging of 3D Ovarian Tumor Growth 
and Treatment Response by Optical Coherence Tomography 

Background 
  A major challenge with ovarian cancer is the difficulty in observing the 

growth, development, and treatment of microscale lesions in vivo. These 

microscopic metastases, which grow along peritoneal surfaces, are exceedingly 

difficult to detect clinically with existing technologies and are therefore often 

missed in the diagnosis and treatment of ovarian cancer. As a result, little is 

known about the early development of these tumor nodules, and even less is 

understood regarding their structural and molecular responses to therapeutic 

regimens.  

 The in vitro 3D model introduced and described in previous chapters 

provides a powerful platform to visualize ovarian tumor growth and treatment 

response. In the early stages of in vitro growth, ovarian acini are small enough to 

be imaged using standard confocal imaging technology. However, as the acini 

mature, their diameters can range up to 200 μm, beyond the imaging depth of 

confocal microscopes. Ongoing studies investigating therapeutic regimens are 

generally carried out between one and two weeks of growth, at which time the 

acini can reach 350 μm in size. By three weeks of tumor growth, acini can grow 

as large as 1 mm in diameter with complex internal structures. These large 

spheroids, which sit atop several hundred microns of gel matrix, become 

unfeasible to image even with advanced multiphoton microscopy systems. This 

lack of suitable imaging technology has made it difficult to visualize the important 

structural dynamics which occur in these complex tumor models.An ideal 
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approach for visualizing large, structurally complex three-dimensional models is 

optical coherence tomography (OCT). OCT is a highly sensitive, cross-sectional 

imaging technique capable of visualizing the microscopic details of biological 

tissues. OCT has found extensive applications in fields such as ophthalmology 

277, 278, cardiology 279, gastroenterology 280, 281 and dermatology282. As the optical 

analog of ultrasound, OCT provides structural information based on the light 

reflected from objects in a sample.  Current state-of-the-art spectral domain OCT 

systems utilize large bandwidth light sources (>150 nm) capable of cellular-

resolution imaging. With penetration depths exceeding 1.5 mm, OCT is 

particularly apt for visualizing even the largest 3D nodules. Most importantly, 

OCT is a non-perturbative imaging technique. The standard methods for tumor 

spheroid imaging require fixation and staining, 65 which are highly perturbative, 

destructive and can introduce artifacts. With OCT imaging, cells remain viable 

allowing for long-term, longitudinal three-dimensional visualization of acinar 

growth and development. This gives OCT the potential to play a large role in 

understanding tumor therapeutics, where current imaging approaches only 

capture temporal snapshots. Finally, OCT is capable of fast imaging where the 

structure of dozens of acini can be captured in a few seconds. This rapid image 

acquisition enables high-throughput imaging experiments for drug screening 

applications. In this study, OCT will be shown as an ideal structural imaging 

technology for visualizing three-dimensional tumor models, with the capability to 

carry out extended, time-lapse imaging of the complex structural dynamics 

underlying both tumor growth and treatment response. 
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Results 

Imaging structural development and growth of 3D ovarian nodules in vitro 
 Figure 5-4 shows representative images of acinar growth and development 

between day 10 and 21after plating as captured by the ultrahigh resolution SD-

OCT system. After ten days of incubation, ovarian cancer cells form solid 

spherical structures that sit on top of the gel matrix (Figure 5-4A). The varying 

height of these acini above the coverslip reflect the rough surface topography of 

the underlying Matrigel bed, which can be several hundreds of microns thick. 

Acini at this stage of growth are already quite large, with average diameters at 

approximately 100 μm. Unlike their far smaller breast cancer counterparts,16 

ovarian cancer acini were not observed to undergo growth arrest, and continued 

to increase in size. By thirteen days of growth, acini can reach up to 300μm in 

diameter. Beyond this time point, a subpopulation of acini remained solid 

spheroids and continued to slowly grow. The remaining acini, however, followed 

a more complex trajectory, first developing a hollow center near 17 days of 

growth (Figure 5-4C) with loose scattering bodies visible in the hollow centers.  By 

three weeks of acinar growth, the acini developed a luminal structure resembling 

bubbles filled with debris (Figure 5-4D). The luminal appearance of these late-

growth acini resembles luminal bodies found in advanced stage ovarian 

metastatic lesions in a murine model for disseminated ovarian carcinomatosis.233  

This finding indicates that the in vitro 3D model replicates the metastatic growth 

patterns observed in vivo, and could have biological relevance to human disease.   

As can be seen from the temporal progression, the developing acini grow and 

fuse into each other, resulting in the elongated, merged structures observed in 
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later growth stages. These complex structural features, which span up to 1 mm in 

size, were only first observed during OCT imaging. 

Longitudinal visualization of chemotherapy treatment response 
  In addition to giving insights into growth and development, the three-

dimensional ovarian cancer 

models provide a powerful 

platform for modeling tumor 

chemotherapeutic response. 

Ovarian micrometastatic 

lesions are difficult to detect in 

vivo, let alone monitor pre- and 

post-treatment.   As this model 

was created with the end goal 

of better understanding ovarian 

treatment response, the 

volumetric, non-perturbative 

longitudinal imaging provided 

by OCT is an ideal approach 

for visualizing large-scale 

therapeutic effects.  We 

studied the impact of a single 

clinical dose of one of the most 

common chemotherapeutic agents for ovarian cancer, CISplatin, on the ovarian 

Figure 5‐4: OCT B‐scans of 3D acinar growth 
After 10 days of growth (a) (Media 1) acini appeared as 
small, solid structures which continue to grow larger by day 
13 (b) (Media 2). Internal structure appeared on day 17 (c) 
(Media 3) as the acini begin to hollow. By three weeks of 
growth (d) (Media 4), the developing acini were hollow, 
luminal structures full of highly scattering, loosely packed 
bodies. Each B‐scan links to a movie showing a transverse 
scan through a 2 mm × 1mm × 360 μm volume. (Evans et al., 
Opt Exp 2009) 
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cancer model (Figure 5-5). During the first 24 hours of treatment, the acini are 

observed to slow in growth, and did not start developing hollow centers. This 

result correlates well with the mechanism of CISplatin, which interferes with DNA 

replication by cross-linking strands of DNA,283 shutting down the cells’ ability to 

grow and develop. 

At the end of 

24 hours, numerous 

small vacuoles were 

seen to appear in the 

acini just prior to the 

major structural 

breakdown observed 

at hour 36.  The outer 

walls of the acini lost 

their solid packing, 

and began to slowly 

shed away from the structures. Both large and small acini showed similar 

structural transformation. As the movie progresses, the outer layers of cells 

continued to flake away from the acini structures.  By 81 hours of drug exposure, 

the smaller acini were observed to completely decay, while the two leftmost acini 

retained some structure, with decaying masses surrounding what appeared to be 

remaining solid bodies. 

 

Figure 5‐5: OCT and fluorescence‐based visualization of response to 
cisplatin treatment in 3D ovarian nodules in vitro 

Two acini before treatment (a) and after treatment (b), and their z‐
projections (c), and (d), respectively. Following treatment, both acini 
display solid, spherical structures (blue circles in (d)) that are revealed to 
be the surviving acinar cores using the Live/Dead viability assay (e). 
Viable cells show green fluorescence from cleaved Calcein Green AM, 
while dead cells are are shown in red, stained by Ethidium bromide. 
Many of the dead cells seen in (d) were lost during the staining process, 
resulting in the few dead cells observed in (e). (Evans et al., Opt Exp 2009) 
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 Immediately following OCT imaging, the cell culture dish was processed 

and stained with a Live/Dead assay to show the status of the ovarian acini. As 

expected from the time-lapse OCT movie, the smaller acinar structures contained 

mostly dead cells, stained by ethidium bromide dye. The two large leftmost acini, 

on the other hand, were found to contain living cores that survived the treatment 

(Figure 5-5E), stained in bright green by the cleavage of the Calcein Green AM 

ester in the cells’ cytoplasm. The ability to follow the treatment dynamics and 

visualize living structures with OCT should allow for more advanced studies in 

drug screening experiments. 

Discussion and Conclusions 
  The flaking off of cells from the inner acinar walls observed with time-lapse 

OCT is suggestive of the shedding process seen in epithelial ovarian cancer. 

Cancer cells flake off the surface of primary ovarian cancers into the peritoneal 

cavity, and form metastatic lesions on surfaces in the peritoneum.5  If the cells 

shedding into the acinar core are the result of a similar cellular signaling 

cascade, the structural evolution in these late acini may be used to model 

ovarian peritoneal metastasis.  While better imaging depths could be obtained 

using swept-source OCT systems at 1060 nm or 1300 nm, the current generation 

of these light sources may not be able to maintain a stable, consistent spectrum 

continuously for the many days needed in time-lapse experiments. Additionally, 

few light sources offer bandwidths close to 200 nm. While a broadband SD-OCT 

system was ideal for this study, emerging stable broadband light sources deeper 

in the infrared will significantly enhance three-dimensional tumor model imaging. 
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OCT, with its ability to rapidly visualize large structures with cellular resolution, 

clearly has the potential to provide new insights in the field of three-dimensional 

cancer models. Widefield imaging techniques cannot follow the complex growth 

dynamics, limiting studies of 3D models to 2D observations. Currently used 3D 

imaging methods, such as confocal or multiphoton microscopies, require the slow 

process of taking depth-resolved stacks to visualize three-dimensional structures, 

and typically can only be used to capture snapshots of development due to the 

fixation step needed for staining. Even when dyes compatible with live cell 

imaging are available, fluorescent labels can be perturbative. Moreover, the 

depth penetration of these fluorescence imaging techniques limits them to 

smaller objects below 500 or 600 μm in size. Confocal reflectance imaging, which 

can provide high resolution structural imaging deep in samples, still is limited by 

the time required to collect depth stacks. In contrast, the ability of OCT to collect 

volumes at high rates allowed for rapid surveying and characterization of 

hundreds of ovarian acini on a single dish in just minutes. A video-rate confocal 

microscope with comparable axial resolution to the system used in this work 

would still be nearly an order of magnitude slower than OCT in acquiring the 

same volume. At the same time, it is important to point out the trade-offs inherent 

in using optical coherence tomography as a platform for in vitro model imaging. 

While the strength of OCT is its capability to optically image deep in samples 

nonperturbatively and without labels, the contrast in OCT is based on index of 

refraction changes along the optical path. Therefore, standard implementations 

of OCT do not have the capability of visualizing samples with molecular 
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selectivity. While there has been some pioneering work in visualizing molecular 

information with OCT, most notably by Boppart and his colleagues,284-286 OCT 

remains, in practice, a structural imaging platform.  Another trade-off in OCT is 

the choice between lateral resolution and depth of field.  Since the axial 

resolution is dependent on the bandwidth of the light source, it is essentially 

decoupled from the constraints of optical system.  Thus, unlike the case in 

standard microscopic techniques, high numerical aperture lenses are not 

required for high axial resolution.  Instead, the choice of numerical aperture 

dictates how much of the optical path through the sample will be in focus to yield 

strong backscattered signal.  OCT can take advantage of the large depth of field 

afforded by lower NA lenses to provide large volume imaging, as was done in 

this study.  A numerical aperture of 0.15 was chosen to enable strong OCT signal 

along nearly 1 mm of the optical axis, allowing for the full visualization of even 

the largest acini.  With low numerical apertures, however, comes reduced lateral 

resolution and the inability to resolve subcellular details.  In this study, the lateral 

resolution of approximately 7μm was acceptable for imaging acini composed of 

dozens of cells, and was still less than the size of the cells themselves (about 

15μm). The requirements of individual experiments will dictate the needed 

system parameters; in this work the nonperturbative, label-free structural contrast 

of OCT with a high depth of field was critical for both long term visualization and 

quickly surveying the thousands of acini that can grow on a single plate. The 

rapid surveying capability is critical for 3D tumor models to achieve their ultimate 

usefulness as high-throughput drug screening and therapeutic monitoring 
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models. The majority of studies on drugs and their effects are so far conducted 

on monolayer cell cultures, which lack many of the three-dimensional cellular and 

extracellular cues known to be involved in drug uptake and resistance. This 

deficiency can result in poor drug screens that do not accurately measure 

efficacy and other critical parameters. Animal models are too costly and time 

consuming for large-scale pharmaceutical screening, with complexity that can 

hinder detailed studies of drug effects. The differential drug response seen 

between large and small acini captured by time-lapse OCT in this study 

demonstrates the ability to visualize the long-term effects of therapeutics. This 

imaging approach could be easily scaled to allow for high-throughput screening 

of tens of thousands of acini in a single therapeutic study. 

 OCT can be a powerful imaging technique for the visualization of 3D 

cultures of cancer.  The large size, imaging depth, and structural complexity of 

spheroid and acini models can be rapidly imaged using OCT for high throughput 

studies.  Most importantly, the non-perturbative nature of OCT makes it ideal for 

long-term time-lapse studies of tumor nodules growth and structural 

development.  When combined with complementary molecular imaging 

technologies, OCT is capable of providing new insights into the biology of these 

model cancer systems, and ultimately cancer itself. 
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CHAPTER 6: FUTURE DIRECTIONS 
  
Printed 3D Co-cultures for Ovarian Cancer 

Introduction 
In this section, we build on the 3D model for adherent metastatic ovarian 

cancer presented in the previous chapters using an innovative cell printing 

approach, developed by Demirci et al., 222, 223, 238-240 to incorporate stromal 

signaling partners in precise and reproducible geometries. A cell printing system 

to pattern OVCAR5 and MRC5 fibroblasts with controlled droplet-droplet distance 

and cell densities per droplet is described.  Precision and reproducibility of the 

printing system is characterized for these tumor and stromal cells. Viability, 

growth, and size distribution of printed 3D nodules is evaluated as function of cell 

density and time of culture as compared with previously reported manually 

pipetted cultures.162, 242, 243, 287  To the best of our knowledge, this is the first 

Figure 6‐1. Schematic of a high‐throughput ejector platform composed of a computerized stage and 
two ejectors 
Dual ejectors were used to co‐print OVCAR5 and MRC5 cells on GFR‐Matrigel. (a) The platform is 
installed in a sterile hood to prevent contamination using HEPA filters. (b) It consists of an automated 
xyz stage and nanoliter dispensing valves controlled by a pulse generator. The position of substrate 
and droplet generator were synchronized and programmed through predefined control commands. 
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microprinting approach to build complex 3D cancer models composed of cancer 

and stromal cells with spatial control. This method could allow systematic 

investigation into the multiple unknown regulatory feedback mechanisms 

between tumor and stromal cells in a well defined 3D environment and provides 

a template to create tools for high-throughput drug screening applications. 

Results  
We compared the morphology, structure and growth kinetics of the printed 

OVCAR5 cultures with the pipetted models characterized in Chapter 3 and 

published 

previously. 242, 243  

Two-photon 

images show the 

representative 

images of 3D 

acinar structure 7 

days post 

patterning (Figure 6-2).  This 3D structure qualitatively recapitulates the 

micronodular feature of ovarian cancer that was observed in manual models 73, 

242, 243, 287, 288  and in vivo 4, 162, 289. 

We also characterized the kinetics of acini growth by tracking the patterned 

cancer cells for up to 15 days after patterning.  The size (i.e., calculated as the 

cross sectional area from 2D microscopy image) and number of the 3D acini at 

multiple time points were quantified (Figure 6-3A-C) using a custom-developed 

Figure 6‐2: OVCAR5 cells printed on GFR Matrigel form 3D nodules 
Two‐photon imaging of OVCAR5 cells printed on GFR‐Matrigel shows 3D 
acinar structures formed 7 days following printing. Scale bar=200 µm. 
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MATLAB program previously described 242, 243.  The size distribution of the 3D 

acini changes significantly with culture time (Figure 6-3A).  We observed that the 

distribution of acinar sizes started from a small size range (~100-500 μm2 at day 

1), but the range consistently broadened with culture time as indicated by the 

increased number of acini with larger size (day 5, 9, 15), Figure 6-3A.  This may be 

due to the combined effect of cell proliferation and acini fusion via migration and 

coalescence 73, 242, 243.   

 This heterogeneity recapitulates the variability in tumor sizes observed in 

manually pipetted in vitro cultures71 and in vivo models 162.  We also observed 

both a significant fraction in the 200 ~ 400 μm2 size range, and also another 

 

Figure 6‐3. Acini growth kinetics after patterning. 
(a)  3D  acini  size  distribution  according  to  culture  duration  from  1  to  15 days.  (b) Number  of  acini 
changing  as  a  function  of  initial  number  of  cells  per  droplet.  (c)  Average  acini  size  increases with 
culture time. (d) Bright field image of OVCAR‐5 and MRC‐5 cells after 8 days of coculture. 
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fraction which more rapidly developed into larger structures over time.  The 

similar overall growth pattern has been observed in previous manual models as 

previously reported 242, 243. Figure 6-3B shows the change in number of acini as a 

function of number of initial cells per droplet.  More acini were obtained with 

higher initial number of cells per droplet.  However, the number decreases 

continuously with culture time and gets to a stable state after day 9 independent 

of the initial cell concentration.  These observations agree with the results 

previously reported for 3D acini formed from cells manually ejected from a pipette 

242, 287.  The average size of ovarian cancer acini were observed to grow 

exponentially over the course of 15 days (Figure 6-3C).  OVCAR5 and MRC5 cells 

co-printed 10mm apart were imaged over the course of 8 days and were found to 

consistently remain distinct 

cellular populations (Figure 

6-3D).  

Conversely, OVCAR5 

cells co-printed 1mm apart 

from MRC5 fibroblasts started 

as separate cell populations, 

but over the course of eight 

days spontaneously co-

migrated (Figure 6-4).  The 

printed cell clusters were 

initially contained in 

Figure 6‐4. Co‐printed OVCAR5 and MRC5 cells start as 
separate cell clusters 
On the day of printing, OVCAR5 cells (left) and MRC5 cells 
(right) co‐printed on a bed of GFR‐Matrigel™ start as 
distinct cell clusters with a center to center separation of 
~1200µm and an edge to edge separation of ~300µm. The 
spot sizes range from 450 to 490µm. 
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reproducible droplet sizes that ranged from 440-520µm. The droplets contained 

approximately 80-100 cells each and were separated by 250-300µm at the 

closest edges with a center to center separation of 1150-1250µm.  

Over the course of 8 

days, both cell lines 

remained viable on the 

GFR-Matrigel™ bed, and 

the ovarian cancer cells 

consistently formed 3D 

acinar structures(Figure 

6-5).  A change in fibroblast 

morphology was also 

observed in the presence 

of 3D acini and the two 

initially distinct populations 

co-migrated with time.  The 

center to center distance decreased to ~1100µm and the fibroblasts appeared to 

make physical contact with the ovarian micronodules (Figure 6-5, inset), which 

influenced the growth of 3D micronodules (Figure 6-6). OVCAR5 cells printed 

1mm apart from fibroblasts were imaged starting 5 days after printing and 

consistently formed larger 3D nodules than co-cultures with OVCAR5 cells alone 

or with fibroblasts 10mm away.  

 

Figure 6‐5. Printed OVCAR5 cells form 3D micronodules and 
spontaneously co‐migrate with MRC5 cells 
Eight days after printing the cultures shown in Figure 6‐4, 
which started as distinct cell clusters of single cells, formed 3D 
OVCAR5 micronodules and spontaneously co‐migrated.  The 
center to center distance decreased from ~1200µm to 
~1100µm and the fibroblasts appeared to make physical 
contact with ovarian tumor nodules (inset). 

Day 8 MRC5 
OV5

Radius:
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Radius:
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Conclusions 
A printing with spatial patterning of cell types and the initial cell density 

control in patterned constructs enables creating physiologically relevant ovarian 

cancer coculture models leading to a better understanding of ovarian cancer 

biology and improved clinical therapies.  For example, stromal cells are known to 

play an important role in tumor behavior.  However, the specific contributions of 

stromal cells to cancer behavior are poorly defined and many of the underlying 

mechanisms remain poorly understood.  This could be addressed by the 

approach proposed here by creating 3D cancer models composed of both cancer 

cells and stromal cells with precise spatial control. This system enables 

systematic investigation into the multiple unknown regulatory feedback 

mechanisms between tumor and stromal cells in a well defined 3D environment.  

Figure 6‐6. Proximity of fibroblasts has an effect of OVCAR5 3D nodule growth 
Fibroblasts co‐printed 1mm from OVCAR5 cells on GFR‐Matrigel (green) increase the size of 
3D tumor nodules that form over the course of 15 days, relative to cultures printed with 
OVCAR5 cells alone (red) or fibroblasts printed 10mm away from tumor cells (blue).  
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Customizable Synthetic Nanofiber Scaffolds 

Introduction 
Many 3D tumor models, such as the one described in this thesis, utilize 

reconstituted basement membrane derived from animals which contain a variable 

amount of growth factors and cytokines that can influence the growth of these 

cell culture models. The peptide-based nanofibers introduced by Zhang and 

colleagues14, 219 is now a commercially available self assembling peptide gel that 

is devoid of animal-derived material and pathogens and provides a synthetic 

matrix that supports cell growth. The composition of the basement membrane 

can be customized by attaching a variety of functional groups to a peptide core to 

mimic collagens, laminins and other extracellular components.  Prior to 

commercial release of these nanofibers as PuraMatrix™, our lab served as a 

beta-testing site for BD Biosciences.  The detailed protocol describing the 

preparation and use of PuraMatrix to encapsulate and propagate the ovarian 

cancer cell line, OVCAR5 is described in CHAPTER 2. As described below we 

were able to successfully grow OVCAR5 cells as 3D cultures embedded within 

this synthetic scaffold.   

Results 
During this beta testing phase we evaluated the growth of several human 

cancer cell lines including OVCAR5, which formed acinar structures similar to 

those on GFR-Matrigel (Figure 6-8). Interestingly, the 3D structures only formed 

when the OVCAR5 cells were embedded, and not overlaid, in the nanofibers.  

Upon the addition of cell culture media or injection into a physiological 

environment, the peptide component of PuraMatrix rapidly self assembles into a 
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3D hydrogel that exhibits a nanometer scale fibrous structure with an average 

pore size of 5-200 nm1.  In addition, we demonstrated how to propagate cultures 

grown in encapsulated PuraMatrix. When encapsulated in PuraMatrix, 

OVCAR5cells assemble into three dimensional acinar structures that more 

closely resemble the morphology of micrometastatic nodules observed in the 

clinic than monolayer in vitro models. 

   

Figure 6‐8: Growth of OVCAR5 3D Nodules in a Synthetic Nanofiber Scaffold 
OVCAR5 cells were encapsulated in PuraMatrix and imaged using an inverted Olympus 
FV1000 microscope equipped with Spectra‐Physics DeepSee Ti:Sapphire laser tuned to 750 
nm. Imaging sessions were conducted on days 1, 3, 5 and 7 post‐plating. A long working 
distance, water dipping 40x objective (Olympus LUMPLFLN 0.8 NA) was used to image 
through the PuraMatrix. Three‐dimensional volumes were collected by acquiring image 
stacks in 1.47 μm axial steps. Two non‐descanned detectors collected the 
autofluorescence emission using violet (440‐490 nm) and green (510‐550 nm) bandpass 
filters. The final images and depth stack movies were processed using ImageJ by 
combining both detection channels. (Abu‐Yousif et al., JoVE 2009) 
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I. APPENDIX 

Development of 3D culture plating protocols  
 
 We first tried using silicone gaskets in P35 dishes to limit the size and 

volume of the Matrigel bed and make the system more suitable for experiments. 

However, the OVCAR5 cultures plated with these gaskets did not grow (Figure 

I-2). They remained single cell cultures for 7-10 days. 

We subsequently tried three different plating methods (Figure I-1) to 

determine if the gaskets are interfering with the growth of the cultures and to 

work out the system that is best suited for microscopy experiments and biological 

assays: 

 
   

Silicone gaskets (0.5 mm each) 

Silicone gaskets (1.0 mm) 
P60

Single cells 

100 µl Reduced Growth Factor Matrigel bed 

A. Silicone Gaskets 

 
 

Reduced Growth Factor Matrigel bed 

B. Silicone Gaskets + Clonal Selection Ring 

P60

Single cells Clonal Selection 

60 
80µl

Silicone gaskets (0.5 mm each) 

Silicone gaskets (1.0 mm) 

C. MatTek Glass Bottom Culture Dishes 

150µl

 
 

Reduced Growth Factor Matrigel bed 

P35

Single cells 

coverslip 
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Protocol for preparing cultures 

 
Preparing Plates  

A. With silicone gaskets, without clonal selection ring 

- Sterilize gaskets and two forceps 

- Using forceps, place one adhesive gasket (1.0mm) in a P60 

dish 

- Using forceps, stack one non-adhesive gasket (1.0mm) on top 

of the adhesive gasket, lining up the center openings carefully 

- Using forceps, stack three non-adhesive gaskets (0.5mm) on 

top of the adhesive gaskets, again being careful to line up the 

center openings 

- Place plates in -20°C freezer to allow them to cool 

- Using one plate at a time, placed on a frozen ice pack, pipette 

100 µl chilled Reduced Growth Factor Matrigel into the center of 

the plate and promptly rotate the plate to spread the Matrigel 

evenly inside the gaskets: 

o Matrigel solidifies rapidly when it warms up, so it is 

important to do this quickly to get an even bed 

o Avoid air bubbles as this interferes with cell growth 

- Cover P60 dishes and allow Matrigel to solidify at room 

temperature 
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B. With silicone gaskets, with clonal selection ring 

- Sterilize gaskets, clonal selection rings, vacuum grease and two 

forceps 

- Using forceps, place one adhesive gasket (1.0mm) in a P60 

dish 

- Using forceps, stack one non-adhesive gasket (1.0mm) on top 

of the adhesive gasket, lining up the center openings carefully 

- Using forceps, stack three non-adhesive gaskets (0.5mm) on 

top of the adhesive gaskets, again being careful to line up the 

center openings 

- Using the forceps, gently press one end of the clonal selection 

ring into the vacuum grease to lightly coat the bottom of the ring. 

- Using forceps, place the clonal selection ring in the center of the 

silicone gaskets  

- Place plates in -20°C freezer to allow them to cool 

- Using one plate at a time, placed on a frozen ice pack, pipette 

80µl chilled Reduced Growth Factor Matrigel between the 

silicone gaskets and the clonal selection ring and promptly 

rotate the plate to spread the Matrigel evenly: 

o Matrigel solidifies rapidly when it warms up, so it is 

important to do this quickly to get an even bed 

o Avoid air bubbles as this interferes with cell growth 
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- Pipette 60µl chilled Reduced Growth Factor Matrigel in the 

clonal selection ring and spread the Matrigel evenly 

- Cover P60 dishes and allow Matrigel to solidify at room 

temperature 

C. MatTek Glass Bottom Culture Dishes 

- Place P35 plates in -20°C freezer to allow them to cool 

- Using one plate at a time, placed on a frozen ice pack, pipette 

100 µl chilled Reduced Growth Factor Matrigel into the center of 

the plate and promptly rotate the plate to spread the Matrigel 

evenly: 

o Matrigel solidifies rapidly when it warms up, so it is 

important to do this quickly to get an even bed 

o Avoid air bubbles as this interferes with cell growth 

- Cover dishes and allow Matrigel to solidify at room temperature 

 

Preparing cells for plating 

- Aspirate culture medium from a P150 dish and add ~15ml PBS 

w/o Ca2+/Mg2+ and place in incubator for 5 minutes 

- Aspirate PBS and add 1ml Trypsin-EDTA (0.05% Trypsin, 

0.53mM EDTA) for 5-10 minute incubation in the incubator 

- Use 12ml complete culture medium (F-12K, +10% FBS, +1% 

Pen-Strep) to harvest the cells into a 50ml Falcon tube 
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- Resuspend repeatedly with pipette (10-15X) to obtain a single 

cell suspension 

- Take 13 µl samples (2X) to count cells on hemacytometer 

- Spin down remaining cells at RT for 5 min (between 2-3 on 

Sorvall) 

Cell counts: 21, 39, 28, 19, 34, 33, 25, 19  

Average = 27.25 x 10,000 = 272, 500 cells/ml 

272, 500 cells/ml x 50 ml = 13, 625, 500 cells harvested from 1 P150 dish 

Prepare a solution that contains 3 x 104 cells/ml 

- Aspirate supernatant from spun down cells and resuspend pellet 

in 22.7 ml complete culture medium (600,000 cells/ml) 

- Resuspend repeatedly with pipette (~15X) to obtain a single cell 

suspension 

- Take 0.5 ml of this suspension and bring up to 10 ml with fresh 

complete medium (30, 000 cells/ml) 

- Resuspend repeatedly with pipette (~15X) to obtain a single cell 

suspension (very important) 

- Plate 200 µl of this suspension per P60 dish (6,000 cells/P60) 

- Make up a 4% Matrigel solution in complete medium 

o 400 µl Reduced Growth Factor Matrigel in 9.6 ml 

complete medium 

- Add 200 µl of this 4% Matrigel solution to each culture 

o Final volume = 400 µl/plate 
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o Final Matrigel concentration per plate = 2% 

- Dilute remaining solution to 2% Matrigel for maintenance of 

cultures  

o Change medium the next day and every two days 

thereafter 

Use 1ml per culture when changing medium 

MatTek 3D cultures  
 After trying the three different systems for 3D cultures as described above, 

we discovered that the silicone gaskets were interfering with the ability of the 

cultures to grow (Figure I-2, Figure I-4, and Figure I-3), whereas the MatTek plates 

(P35G020C) provided the best imaging platform and most consistent culture 

system (Figure I-5). We, therefore, use these plates for the majority of the 

characterization and treatment response experiments. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Protocol for preparing cultures 

Preparing Plates  

 

 
 

Reduced Growth Factor Matrigel bed 
150µl

P35

Single cells 

Coverslip 
(Mounted on the bottom of 
each dish. Matrigel bed and 
cells sit on top of the coverslip) 

MatTek Glass Bottom Culture Dishes 
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(MatTek Glass Bottom Culture Dishes) 

- Place P35 plates in -20°C freezer to allow them to cool 

- Using one plate at a time, placed on a frozen ice pack, pipette 

150 µl chilled Reduced Growth Factor Matrigel into the center of 

the plate and promptly rotate the plate to spread the Matrigel 

evenly: 

o Matrigel solidifies rapidly when it warms up, so it is 

important to do this quickly to get an even bed 

o Avoid air bubbles as this interferes with cell growth 

- Cover dishes and allow Matrigel to solidify at room temperature 

Preparing cells for plating 

- Aspirate culture medium from a P150 dish and add ~15ml PBS 

w/o Ca2+/Mg2+ and place in incubator for 5 minutes 

- Aspirate PBS and add 2ml Trypsin-EDTA (0.05% Trypsin, 

0.53mM EDTA) for 5-10 minute incubation in the incubator 

- Use 28ml complete culture medium (RPMI 1640 (Mediatech 10-

040-CV), +10% FBS, +1% Pen-Strep) to harvest the cells into a 

50ml Falcon tube 

- Resuspend repeatedly with pipette (10-15X) to obtain a single 

cell suspension 

- Take 12 µl samples (2X) to count cells on hemacytometer 

- Spin down remaining cells at RT for 5 min (between 2-3 on 

Sorvall) 
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Prepare a cell suspension that contains 3 x 104 cells/ml 

- Aspirate supernatant from spun down cells and resuspend pellet 

in complete culture medium (300,000 cells/ml) 

- Resuspend repeatedly with pipette (~15X) to obtain a single cell 

suspension 

- Take 0.5 ml of this suspension and bring up to 10 ml with fresh 

complete medium (15,000 cells/ml) 

- Resuspend repeatedly with pipette (~15X) to obtain a single cell 

suspension (very important) 

- Plate 500µl of this suspension per MatTek P35 dish (7,500 

cells/P35) 

- Make up a 2.6667% Matrigel solution in complete medium 

o 1ml Reduced Growth Factor Matrigel + 36.5ml CM (37.5 

ml total) 

- Add 1.5 ml of this 2.6667% Matrigel solution to each culture 

o Final volume = 2ml/plate 

o Final Matrigel concentration per plate = 2% 

- Dilute remaining 2.6667% Matrigel solution down to 2% Matrigel 

for maintenance of cultures  

o Change medium every 3-4 days thereafter with this 2% 

Matrigel solution 

o Use 2ml per culture when changing medium 
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Figure I‐1. Plating systems evaluated to grow 3D OVCAR5 cultures 
OVCAR5 cells were seeded on a bed of GFR‐Matrigel that was contained inside (A) Silicone gaskets, 
(B) Silicone gaskets + Clonal selection rings or (C) The center well of MatTek dishes. 

A B C

A B CSilicone Gaskets

Silicone Gaskets + 
Clonal Selection Ring MatTek Dish
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Figure I‐2. Silicone gaskets inhibit the growth of OVCAR5 3D nodules 
OVCAR5 cells did not develop into 3D nodules when seeded on GFR‐Matrigel as revealed by 
brightfield imaging of cultures 7 and 12 days post‐plating. Scale bars = 100 µm. 

5X

10X

20X

Day 7 Day 12

A Silicone Gaskets
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Figure I‐3. OVCAR5 cells separated from silicone gaskets inside clonal selection rings develop into 
3D nodules 
Brightfield images taken 7 and 12 days  after seeding OVCAR5 cells inside clonal selection rings to 
separate the cells from gaskets demonstrates the formation of 3D nodules. Scale bars = 100 µm.

Day 7 Day 12

B Silicone Gaskets + 
Clonal Selection Ring

5X

10X

Inside 
Clonal
Ring

 

Figure I‐4. Cells outside the clonal selection ring remain growth inhibited 
Brightfield images outside the clonal selection ring of the same cultures shown in Figure I‐3 confirm 
that silicone gaskets inhibit growth of ovarian cancer cells in vitro.  Scale bars = 100 µm. 

5X

10X

Day 7 Day 12

B Silicone Gaskets + 
Clonal Selection Ring

Outside 
Clonal
Ring
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Figure I‐5. MatTek glass‐bottom culture dishes prove to be the best plating option for 3D cultures 
OVCAR5 cells seeded on a GFR‐Matrigel bed in the center well of MatTek plates consistently formed 
3D ovarian micronodules, and with coverslip bottoms, were the best suited for imaging studies. 
These dishes were used for the growth characterization studies and monolayer versus 3D treatment 
response studies described in Chapters 3 and 4, respectively. Scale bars = 100 µm.  

C MatTek Dish

5X

10X

20X

Day 7 Day 12
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