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ABSTRACT 

 The tumor microenvironment is a tangled web of multiple cell types, extracellular 

matrix components, and a multitude of cell signaling pathways frequently contribute to 

poor outcomes, which make cancer the second leading killer in the United States. A 

better understanding of how these constituents interact will inevitably facilitate 

development of novel cancer therapeutics and diagnostics. To advance scientific 

discovery towards this goal, innovative experimental techniques are required. In this 

dissertation, new research methods for probing cell communication at a single to multi 

cell level within 3D models of the tumor microenvironment are presented.  

 Optical trapping, composite nanocapsules (i.e., gold-coated liposomes), and 3D cell 

culture models were the foundation for the development of these research tools. The first 

aim of this dissertation was to optimize our ability to optically manipulate gold-coated 

liposomes for the purpose of delivering molecular content to cells. The second aim was to 

apply optical manipulation of gold-coated liposomes to quantitatively deliver signaling 

molecules into a single cell to activate communication. The third aim was to develop a 

3D model of the tumor microenvironment and demonstrate cell communication within 

this physiologically accurate architecture.  

 The basis for this work was gold-coated liposomes’ strong plasmon resonance with 

visible to near infrared (NIR) wavelengths of light, which enabled photo-thermal 

conversion and optical trapping. To identify preferred conditions for optical manipulation 

of gold-coated liposomes for delivering content into cells, gold-coated liposomes made 

with different dielectric properties were optically trapped under various laser modulation 
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schemes and thoroughly characterized, enabled by high speed (kHz) imaging. 

Application of this technique was realized by precise delivery of molecular agents into a 

single cell (i.e., optical injection). As a demonstration of optical injection, the NIR 

trapping beam was utilized to propel gold-coated liposomes encapsulating inositol 

trisphosphate (IP3) into a single cell to initiate calcium (Ca
2+

) signaling. In another 

method for intracellular delivery, cells were preloaded with similar gold-coated 

liposomes, internalized by macropinocytosis, and then exposed to on-resonant laser light 

to trigger on-demand release of IP3 to activate Ca
2+

 signaling. Lastly, a 3D cell culture 

model of ovarian cancer microenvironment was developed as a platform for interrogating 

cell signaling. The in vitro model comprised human ovarian cancerous epithelial cells 

grown upon a collagen and human fibroblast stroma recapitulating architecture of human 

tissue. Gold-coated liposomes encapsulating signaling molecules, optical manipulation, 

and a 3D model of ovarian cancer, a trio of versatile experimental tools opens new 

opportunities for studying the tumor microenvironment. 
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CHAPTER 1: INTRODUCTION 

 

Overview 

 The overall goal of this research was to develop novel experimental techniques for 

improving our understanding of cancer, with the assumption that sophisticated research 

tools will lead to seminal discoveries towards improved cancer diagnostics and 

therapeutics. To achieve this goal, composite nanocapsules, an optical trapping system, 

and novel three-dimensional (3D) in vitro tumor microenvironment models were 

independently developed and characterized, then combined to create a new set of 

experimental methods never before possible. Various formulations of thermosensitive 

gold-coated liposomes (nanocapsules) were engineered to strongly interact with laser 

light to achieve both optical trapping for spatial manipulation and efficient photo-thermal 

conversion for temporally-controlled triggered release of encapsulated content. Optical 

manipulation of these gold-coated liposomes was applied to activate and study gap 

junction intercellular communication (GJIC) in cancerous epithelial cells. Separately, 3D 

epithelial-stroma cell culture models were developed as a physiological recapitulation of 

the tumor microenvironment. Within these 3D models, GJIC was activated by light-

triggered release of signaling molecules from intracellular gold-coated liposomes and 

monitored by advanced microscopy techniques. 
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Cancer 

 Annually, an estimate 13 million new cases are detected and nearly 8 million deaths 

attributable to cancer worldwide (Jemal et al., 2011), making the world’s third leading 

killer a perpetual global health problem for which a solution has been elusive.  

 

 

Figure 1.1. Cancer death rates in United States from 1970 to 2010. Death rates for males 

(blue line) include cancers of the lung and bronchus, stomach, colon and rectum, prostate, 

pancreas, liver, and leukemia. Death rates for females (green line) include cancers of the 

lung and bronchus, stomach, colon and rectum, breast, uterus, ovary, and pancreas. 

(Source data from American Cancer Society, Cancer Facts & Figures 2014). 

 

In 1971, shortly after the United States landed Apollo 11 on the Moon, President Nixon 

declared war on cancer and ambitiously promised a cure to cancer by 1976 (Sporn, 1996). 
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In 2003, the director of the National Cancer Institute, Andrew von Eschenbach, 

announced that suffering and death caused by cancer would be eliminated by 2015. 

Nearly 40 years after Nixon’s bold announcement, and just 1 year shy of 2015, cancer 

death rates in the United States have only decreased modestly (Figure 1.1) and societal 

impact remains immense. The greatest reductions in death rates since the 1970s have 

been in lung, colon, breast, and prostate cancers, largely attributable to environmental 

changes (i.e., smoking cessation), earlier detection, and improved treatments (American 

Cancer Society, 2014), however malignant neoplasms have not been exterminated for any 

cancer type.  

 With the exponential growth exhibited by semiconductor technologies over the last 

several decades as described by Moore’s law, it is surprising that similar advances have 

not been made in healthcare technologies towards elimination of cancer, either by 

prevention or treatment. Cancer is a multifaceted problem, undoubtedly requiring 

multiple strategies to successfully conquer the group of diseases. These will likely 

include greater availability of funding for innovative research (Varmus & Harlow, 2012), 

reduction of environmental carcinogen exposure (Montesano & Hall, 2001; National 

Toxicology Program, 2011), widespread implementation of highly specific and sensitive 

screenings (Smith et al., 2013), reduction of costs associated with diagnostics and 

treatments to improve access for all people regardless of socioeconomic status (Gorey et 

al., 2011), and improved understanding of cancer at a cellular and molecular level that 

will translate to improved medical intervention (Abernethy et al., 2014). Groundbreaking 

and widely accessible cancer interventions that make significant dent in cancer’s death 
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toll will not be possible without major research discoveries. To facilitate these advances, 

researchers will need advanced tools that allow us to dive deeper into the underlying 

mechanisms of cancer. The work described within this dissertation aims to improve 

existing research capabilities through the development of new experimental techniques, 

enabling answers to more complex questions about cancer at a single cell level. 

 

Cell Communication of the Tumor Microenvironment 

 Our limited understanding of the spatiotemporal complexity of cell signaling events 

in the tumor microenvironment is a significant contributor to cancer’s place as the second 

leading cause of death in the United States and third in the world (American Cancer 

Society, 2014). Dysfunctional cell communication combined with co-opted normal cell 

signaling pathways make treating this group of diseases especially difficult, contributing 

to drug resistances, malignancies, and high recurrence rates in many cancer types 

(Hanahan & Weinberg, 2011). For example, roughly 80% of patients treated for ovarian 

cancer will experience disease relapse, at which point many have also developed 

resistances to standard chemotherapies (National Cancer Institute, 2014; American 

Cancer Society, 2014). There are many underlying pathophysiological mechanisms 

responsible for drug resistance development, however recent emerging hypotheses point 

to the significant role of various intercellular communication pathways in apoptosis or 

survival (Agarwal & Kaye, 2003). These hypotheses include interactions between stroma 

and epithelium (Parrot et al., 2001), endocrine and growth factor signaling enriched 

within epithelial crypts (Wong & Leung, 2007), and epithelial-mesenchymal transition 
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(Ahmed et al., 2007). Better understanding of abnormal cell signaling changes during 

cancer development, and in response to new treatments, will likely result in improved 

therapeutic strategies for overcoming this group of deadly diseases and improving patient 

survival rates. 

  

 

Figure 1.2. The complexity of communication within the tumor microenvironment. 

Figure used with permission (Calvo & Sahai, 2011). 
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 The tumor microenvironment comprises a complex arrangement of multiple cell 

types, extracellular matrix (ECM) components, and a multitude of cell signaling 

pathways (Figure 1.2) that actively collude to promote cancer initiation, progression, and 

metastasis (Calvo & Sahai, 2011; Schauer et al., 2011). Cancer is characterized by 

unrestricted cell growth. This occurs by dysfunctional cells gaining a proliferative, and 

therefore survival, advantage over the body’s normal cells (Figure 1.3). Elucidating the 

nature of these multifaceted cell-microenvironment interactions is a prerequisite for the 

development of treatment and diagnostic modalities acting upon the tumor 

microenvironment. Directly targeting signaling pathways that are responsible for 

promoting the cancer microenvironment may be the paradigm shift needed to better treat 

cancers (Duda et al., 2011). One such pathway, involving CXCL12 (also known as 

SDF1α) and receptors CXCR4 and CXCR7, is heavily involved in migration and 

invasion of cancer cells, and exemplified in ovarian cancer, where a CXCL12 gradient 

leads to cancer cell migration to the peritoneum (Scotton et al., 2001). This story is 

compounded by the extensive heterogeneity of the tumor microenvironment. A single 

tumor may include carcinoma cells with a broad range of genotypes, and even a broader 

range of phenotypes based on local microenvironmental factors that dictate gene 

expression and behavior. Therefore, the ability to precisely interrogate and monitor local 

cell signaling events is critical as signaling behavior may be vastly different from cell to 

cell.  
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Figure 1.3. Normal and cancerous tissue microenvironments. Changes in 

microenvironment cell signaling from (a) normal ovary to (b) ovarian serous carcinoma. 

H&E images from Orsinger et al., 2014a. Scale bar = 100 µm. 

 

Ca
2+

 Signaling 

 Intercellular communication carried through gap junctions in the form of fluctuating 

intracellular calcium concentration ([Ca
2+

]) is a ubiquitous and well-studied mechanism 

(Berridge & Taylor, 1988; Newman, 2001; Leybaert & Sanderson, 2012). Ca
2+

 signaling 

within the tumor microenvironment has been recognized to play a significant role in 
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cancer development (Jaffe, 2005; Hanahan & Weinberg, 2011). The spatiotemporal 

fluctuation of intracellular [Ca
2+

] can dictate tumorigenic cell behavior, therefore 

implicating Ca
2+

 signaling in cancer. For example, the frequency, magnitude, duration, 

and velocity of Ca
2+

 signaling in cancer cells encode messages to activate transcription 

factors, promote cell proliferation, induce dedifferentiation into cancer stem cells, 

upregulate telomerase activity leading to cell immortality, direct cell motility for invasive 

activity, diminish responsiveness to apoptotic signals, and contribute to angiogenesis 

(Parkash & Astora, 2010). 

 Intracellular Ca
2+

 release acts as an amplified secondary messenger in both G-protein-

coupled receptors (GPCR) and receptor tyrosine kinase (Rtk) initiated signaling cascades. 

GPCRs are the largest family of cell surface receptors and are the therapeutic target of 

more than half of commercially available drugs and have been observed to be deregulated 

in cancers (Pierce et al., 2002). Hijacked and often overexpressed GPCRs on cancer cells 

are heavily implicated in promoting cell proliferation, metastasis, and angiogenesis 

(Dorsam et al., 2007) and continue to be of interest for development of targeted drug 

delivery (Zwick et al., 2001; Lappano & Maggiolini, 2011).  

 Mechanistically, agonist binding to GPCRs induces activation of intracellular 

phospholipase C, which cleaves membrane-bound phosphatidylinositol 4,5-bisphosphate 

(PIP2) into soluble inositol trisphosphate (IP3) (Lechleiter et al., 1991). Free cystolic IP3 

can then diffuse and bind to the InsP3 Ca
2+

 channel and receptor, housed on the 

endoplasmic reticulum, to trigger rapid dumping of Ca
2+

 into the cytosol. Baseline 

intracellular [Ca
2+

] is typically near 100 nM, but rapidly increases to 0.5 – 1 µM to act as 
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a secondary messenger for downstream signal propagation (Berridge et al., 2000). The 

abundant cytosolic Ca
2+

 can diffuse into neighboring cells joined by gap junctions, 

resulting in Ca
2+

- induced Ca
2+

 release in the adjoining cells (Finch et al., 1991), also 

referred to as gap junction intercellular communication (GJIC). Alternatively, GJIC in the 

form of Ca
2+

waves can propagate by diffusion of IP3 through gap junctions (Boitano et 

al., 1992) or extracellular release of adenosine tri phosphate (ATP) (Leybaert & 

Sanderson, 2012).  

 Experimentally, these fluctuations in cytosolic [Ca
2+

] can be monitored via 

fluorescent microscopy by preloading cells with Ca
2+

-sensitive acetoxymethyl (AM) ester 

dyes, such as Fura-2 AM, Fluo-3 AM, Rhod-2 AM, and Indo-1 AM. Fluorescent AM 

ester dyes permeate the cell membrane and become confined to the cytosol upon esterase 

cleavage of the dye molecules’ ester groups, therefore becoming a reporter for changes in 

[Ca
2+

] localized within individual cells. 

 

Gap Junction Communication 

 A single gap junction is formed by one cell’s connexon, comprising 6 conjoined 

connexin proteins spanning the cellular membrane, fusing with a neighboring cell’s 

connexon, thus providing a conduit for direct GJIC between the two cells. While normal 

epithelial cells often exhibit well-established gap junctions, they are frequently found to 

be dysfunctional in cancer cells (Laird et al., 1999; Umhauer et al., 2000; Leithe et al., 

2006), and therefore may be an ideal target for novel cancer therapeutics (Trosko & 
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Ruch, 2002; Shishido & Nguyen, 2012). However, the functions of gap junctions and 

connexins in cancer progression and metastasis are likely more complex, as recent 

experimental work shows that GJIC acts to promote cancer at various stages of 

development, controlling proliferation, adhesion, and migration behaviors (Cronier et al., 

2009; Naus & Laird, 2010). Better understanding the time course of connexin expression 

and GJIC in cancerous epithelial cells as it relates to the various stages and players in 

tumor grown is needed, and novel experimental techniques, such as those presented 

within this dissertation, will enable this exploration. Specific to this dissertation research, 

Ca
2+

 signaling by GJIC in ovarian carcinoma cells is explored by applying optical 

manipulation of gold-coated liposomes encapsulating IP3 or adenophostin A (AdA) in 

cell networks representing the tumor microenvironment. 

 

Gold-Coated Liposomes 

Light-Activated Content Release from Liposomes 

 Nanoparticles have garnered significant attention over the past couple decades for 

their potential as anticancer drug and/or contrast agent delivery systems (Brigger et al., 

2002; Panyam & Labhasetwar, 2003; Brannon-Peppas & Blancheette, 2004). Along these 

lines, our research group introduced plasmon resonant gold-coated liposomes as a 

platform technology for temporally- and spatially-controlled therapeutic and contrast 

agent delivery (Troutman et al., 2008). By securely sequestering soluble active 

compounds and/or contrast agents within the liposome, systemic exposure can be 
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minimized, enabling higher doses selectively at the disease tissues and cells. The gold 

coating provides a trigger for on-demand release of content by illuminating with laser 

light that matches the peak plasmon resonance band of the liposomes. Gold-coated 

liposomes can be engineered to absorb light providing a mechanism for controlled 

content release (Leung & Romanowski, 2012c). Specifically, the wavelengths at which 

the gold-coated liposomes strongly absorb can be tuned in the visible to near infrared 

(NIR) range, approximately 600 to 1300 nm, allowing multiple populations of liposomes 

encapsulating various content to be released in a spectrally selective manner (Leung et 

al., 2011). 

 

Plasmon Resonance 

 The basis for the spectrally absorptive behavior of gold-coated liposomes is surface 

plasmon resonance. Surface plasmon resonance is the conversion of light energy to a 

collective oscillation of free electrons within 10s of nm from the surface of a bulk noble 

metal, induced by light exposure at a resonant frequency (Eustis & El-Sayed, 2006). For 

metallic nanoparticles with dimensions on the order of 10s of nm, the entire particle can 

be considered a surface, making these ideal resonators. Silver and gold nanoparticles 

conveniently exhibit strong plasmon resonances at electromagnetic wavelengths of 

400 and 520 nm, respectively, tunable further into the visible and NIR by their 

architecture. Therefore, gold and silver nanoparticles have been extensively fabricated, 

characterized, and researched for many applications, from solar energy conversion (Pillai 

et al., 2007; Morfa et al., 2008; Beck et al., 2009; Atwater & Polman, 2010) to 
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biomedical (Liao et al., 2006; Mayer & Hafner, 2011; Dykman & Khlebtsov, 2012, 

Dreaden et al., 2012).  

 These noble metal nanoparticles resonate at varied wavelengths based on their size 

and shape (Mock et al., 2002; Eustis & El-Sayed, 2006). Solid gold spheres up to 50 nm 

diameter (Figure 1.4a) will strongly absorb light at 520 nm; cylindrical gold nanorods 

show two absorption peaks, one due to the smaller dimension (diameter) at 

approximately 520 nm and the second peak due to the long axis, adjustable from 700 to 

1050 nm at aspect ratios of 2.5 to 7.5 (Eustis & El-Sayed, 2006). Core-shell 

nanostructures (Figure 1.4b) demonstrate broad spectral tunability at red to NIR energies 

based on the ratio of the core to shell radii (Oldenburg et al., 1998). For biomedical 

applications, we look to gold in lieu of silver nanoparticles primarily due to the cytotoxic 

effects of silver (AshaRani et al., 2008), as well as gold’s ability to resonant at lower 

energies (longer wavelengths).  

 Based on Rayleigh approximation for small particles, the scattering, absorption, and 

extinction efficiencies of spherical gold nanoparticles in the dipole approximation can be 

calculated as: 
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where Rs is the radius of the sphere, λ is the wavelength, α is the polarizability, and V is 

the volume of gold. Therefore, extinction efficiencies can be adjusted by manipulating 

the size and polarizability of the particle. For a solid sphere, the polarizability of the can 

be expressed as: 

    
(      )

(       )
 , (1.4) 

where εAu and εm are the dielectric constants of the gold particle and surrounding medium, 

respectively (Figure 1.4a).  

 

 

Figure 1.4. Optical properties of gold-coated liposomes. (a) Rayleigh approximation of 

small gold particle. (b) Kerker’s derived solutions for small particles with a core-shell 

structure. (c) For gold-coated liposomes comprising discrete clusters of gold, we apply 

Maxwell Garnet approximation for the effective medium of the composite gold shell. 
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 Alternatively, the polarizability of a structure with a core and concentric gold shell 

(Aden & Kerker, 1951; Kerker & Blatchford, 1982; Oldenburg et al., 1998) can be 

expressed as: 

    
(     )(      )   (     )(      )

(      )(      )   (     )(       )
 , (1.5) 

where εs and εc are the dielectric constants of the shell and core, respectively, q = Rc / Rs 

where Rc is the radius of the core, and V is the volume of the gold shell (Figure 1.4b). 

 Gold-coated liposomes (Figure 1.4c) are comparable to core-shell gold nanoparticles, 

however the liposome’s gold shell is made up of discrete gold nanoparticles, relying on 

interparticle coupling for free movement of electrons and plasmon resonance (Ghosh & 

Pal, 2007). To estimate the polarizability of gold-coated liposomes, we first apply 

Maxwell Garnett effective medium theory to describe the permittivity of the composite 

shell comprising gold and the surrounding medium: 

     
   (    )   (   )

   (   )   (   )
, (1.6) 

 where f is the fill factor, or ratio of the volume of gold clusters to the volume of the shell. 

Experimentally, f is controlled by varying the amount of gold chemically reduced onto 

the liposome surface, therefore providing the primary mechanism by which gold-coated 

liposomes are spectrally tunable. Because gold-coated liposomes’ cores are effectively 

the same material as the surrounding medium, the polarizability based on Kerker’s 

approximation can be rewritten as: 

    
(     )(      )   (     )(      )

(      )(      )   (     )(       )
 . (1.7) 
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The spectral properties of these composite nanocapsules have been thoroughly 

characterized our group (Troutman et al., 2008; Leung & Romanowski, 2012b; Leung & 

Romanowski, 2014).  

 When we model the extinction efficiencies of gold-coated liposomes, the resulting 

spectral profiles are slightly narrower than what is observed experimentally (refer to 

Chapters 2 & 3, Figures 2.2 & 3.3) due to variability between gold-coated liposomes. 

Namely, we are limited by the assumption that the liposomes, gold particles, and fill 

factor are all uniform in geometry when calculating extinction efficiencies. Additionally, 

we assume that as more gold is added to the liposome surface, only the fill factor 

increases while the thickness of the shell and size of the gold particles remains fixed. 

Realistically, the liposomes and their gold shells cover a range of sizes which contributes 

to extinction spectra that deviate from the model. However, because the observed 

experimental spectra are very close to the modeled spectra, we feel that the assumptions 

are reasonable. 

 

Gold-Coated Liposomes for Research 

 Beyond clinical applications for drug and contrast agent delivery, we have recently 

begun exploring the use of gold-coated liposomes as research tools for transferring small 

packets of materials to and into cells. Utilizing gold-coated liposomes, we have 

demonstrated local activation of cell signaling by NIR laser-induced extracellular release 

of peptide agonists to GPCRs (Leung & Romanowski, 2012c). Additionally, we have 
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applied optical trapping to gold-coated liposomes for controlled manipulation and 

intracellular delivery of molecular agents (Leung & Romanowski, 2012a).  

 

Optical Manipulation 

 Optical traps, also referred to as optical tweezers, were first described in 1986 by a 

group from Bell Laboratories (Ashkin et al., 1986), facilitate nanometer spatial 

manipulations of micron to sub-micron particles. For cellular and biological applications, 

optical traps have been applied for measuring pico-to femtonewton forces at a molecular 

level (Finer et al., 1994; Svoboda & Block, 1994a; Sleep et al., 1999; Neuman & Nagy, 

2008).  

 An optical trapping beam traps a small dielectric particle by introducing balanced 

scattering and gradient forces, Fscat and Fgrad, respectively, near the focal spot of the laser. 

Fscat in the direction of light propagation is described by: 
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where I0 is the intensity trapping laser and c is the speed of light. Fgrad is perpendicular to 

the direction of light propagation, along the lateral gradient of light intensity, described 

by: 

      |
 

 
|     . (1.9) 

For stable trapping to occur, the ratio of Fgrad to Fscat must be greater than 1. Additionally, 

a highly focused Gaussian beam is required to impose these forces on a particle, provided 
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by a high numerical aperture (NA) objective lens. NAs over 1, typical of water or oil 

immersion objectives, are necessary for Fgrad to prevail over Fscat.  

 The strong polarizability gold-coated liposomes, described above in the context of 

photothermal conversion for on-demand content delivery, also enables stiff optical 

trapping. Our group has shown that a single composite nanocapsule and its encapsulated 

contents can be manipulated to a position on or near a cell and triggered to dump its 

contents upon modulating the frequency of the pulsed trapping laser (Leung & 

Romanowski, 2012a). We have also shown intracellular delivery of gold-coated 

liposomes encapsulating molecular agents by modifying the optical trap, as demonstrated 

previously with the cell-impermeant fluorescent nuclear dye, TO-PRO-3 (Leung & 

Romanowski, 2012a). In this dissertation, the paradigm is advanced by in-depth 

characterization and implementation of improvements to the process of optical injection 

of gold-coated liposomes. Additionally, active signaling molecules encapsulated within 

gold-coated liposomes are delivered into cells in 3D models for interrogating cell 

communication pathways of the tumor microenvironment. 

 

3D Cell Culture Models of Cancer 

 Traditional two-dimensional (2D) monolayer cell culture of cancer cells carries 

inherent non-physiological limitations. The 2D planar arrangement, the substrate 

materials to which cells adhere and grow such as glass or plastic, and typical 

monocultures of a single cell type are all diversions from physiology. Alternatively, 
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animal models of cancer are routinely used as close approximations of human disease, 

however animal research can be very expensive, carries often difficult ethical 

considerations, and may lead to inaccurate interpretation of results due to potentially 

large diversions from human physiology. Therefore, robust 3D cell culture models that 

recapitulate physiology can bridge the wide research gap that exists between 2D 

monolayer cell culture and in vivo studies in animals, and may even replace animal 

models in certain studies. 

 3D cell cultures of cancer that aim to mimic the in vivo behavior of cancer cells may 

provide greater insights into cancer biology than traditional 2D cell culture (Kim, 2005). 

Cell morphology, gene expression, growth rate, cell motility, among other characteristics, 

can vary vastly between 2D and 3D cell culture (Yamada & Cukierman, 2007). One 

commonly used 3D cell culture technique employs spheroids, consisting of aggregates of 

cancer cells and/or other cell types, and may be grown in either culture medium or 

implanted into biopolymer matrices (Kunz-Schughart et al., 2004; Lin & Chang, 2008; 

Mehta et al., 2012). By applying a coordinated combination of scaffolding and growth 

factors, spheroids can also be directed to assemble into larger cell constructs (Fennema et 

al., 2013). 3D spheroid models of cancer offer many advantaged over in vitro 2D 

monolayer culture and in vivo animal models, however spheroids lack the spatial 

arrangement that represents the epithelium and stroma architecture that is ubiquitous in 

normal human tissues, as demonstrated in a normal human ovary shown in Figure 1.3a. 

When a tumor develops and the carcinoma epithelial cells become invasive, a marked 

loss of structural regularity is expected, as demonstrated in human ovarian serous 
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adenocarcinoma shown in Figure 1.3b. Cancer development is a highly dynamic process 

and to accurately profile changes in cell communication of the tumor microenvironment, 

a 3D model should similarly reproduce developmental changes over time.  

 To study the intricacies of cellular communication within cancer, 3D models should 

also reconstruct the epithelium and stroma in the correct spatial arrangement. A 3D 

model that allows multiple cell types to grow in this accurate spatial arrangement within a 

biopolymer matrix representing the ECM provides the ideal in vitro solution to the 

limitations of 2D cell culture and the restrictions of animal models. Stromal-epithelia 

interactions are important for tissue development and are involved in the initiation and 

progression of cancers (Krause et al., 2010). In healthy tissues, the interactions between 

these two tissue regions are vital for maintaining the homeostasis of that tissue 

(Figure 1.3a). In carcinoma, this balance is skewed as the cancerous epithelial cells 

develop a proliferative advantage, aided by nearby carcinoma-associated fibroblasts 

which have been co-opted to support the cancer cells (Figure 1.3b). Reconstructing the 

spatial arrangement of the components making up the 3D model, as to mimic in vivo 

morphology, is important for a physiologically accurate model. The ECM has a 

significant effect on the behavior of cultured cells and is therefore an important 

component of 3D models (Loessner et al., 2010). In particular, epithelial cells within the 

3D model can be heavily influenced by interactions with the ECM, as demonstrated in 

other epithelia models of the female reproductive system (Adissu et al., 2007). 

Recreating a morphologically correct 3D model of living tissue remains a challenging 

task. 
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 Successful 3D cell culture models will act as a bridge to in vivo studies from 2D in 

vitro studies by providing a controllable and reproducible 3D microenvironment. While 

more complex than 2D models, 3D models are still more simplified than an actual tumor 

microenvironment. A high degree of control over the components and spatial 

arrangement provides a reductionist approach to interrogate and parse out the timing and 

magnitude of specific signaling events. In the work described within this dissertation, the 

tumor microenvironment is deconstructed into a 3D cell culture model designed 

specifically to interrogate cell signaling activity in a simplified, yet physiologically 

relevant architecture. The 3D model includes a stromal compartment comprising 

fibroblasts growing within collagen and an epithelial compartment made up of cancerous 

ovarian epithelial cells. This arrangement allows probing of individual cells within the 

epithelium and subsequent monitoring of cell signaling to adjacent cells. 

 

3D Cancer Models as Drug Development Assays 

 In addition to serving as a recapitulated tumor microenvironment for studying cell 

signaling and disease progression, 3D tissue models also offer great potential for 

improving drug discovery and are being actively researched (Breslin & O’Dricoll, 2013; 

Godugu et al., 2013). As with most preliminary in vitro cell work, 2D cell culture is 

typically used for the first line screening of novel drugs but may not enable accurate 

assessment of that compound’s efficacy. However, 3D models better represent biological 

and molecular characteristics of tumors than 2D culture and how been shown to exhibit 

different sensitivities to chemotherapeutics (Lee et al., 2013). Recently introduced 3D 
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culture models comprising collagen scaffolds and MCF-7 breast adenocarcinoma (Chen 

at al., 2012) as well as MCF-7 spheroid models in Matrigel (Shin et al., 2013) are 

promising for screening anticancer therapeutics. Similarly, 3D models may help better 

elucidate the safety and potential toxicities of new drugs and drug delivery systems. 

 

Summary of Dissertation and Research Aims 

 The primary goal of this work was to develop novel research tools to study cell 

communication in cancer. To achieve this goal, the work described within this 

dissertation addresses three primary aims, corresponding to Chapters 2–4: 

 

 Aim 1: To optimize optical manipulation of gold-coated liposomes for delivering 

molecular material into individual cells (Chapter 2), 

 Aim 2: To apply optical manipulation of gold-coated liposomes to inject bioactive 

molecules into a single cell to activate cell signaling (Chapter 3), 

 Aim 3: To develop a 3D model of the tumor microenvironment in which cell 

signaling can be studied using optical stimulation of gold-coated liposomes 

(Chapter 4). 

 

 Chapter 2 details the work towards characterizing and optimizing optical 

manipulation of gold-coated liposomes using a modulated trapping laser. The primary 

goal of this aim was to discover the ideal gold-coating and laser pulsing scheme for stiff 

optical trapping while retaining encapsulated content. Additionally, this work provided 
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the foundation for optical injection of gold-coated liposomes, heavily applied in 

Chapter 3 to activate cell signaling. 

 Chapter 3 describes the application of optical injection of gold-coated liposomes 

encapsulating IP3 into single ovarian cancer cells for local activation of GJIC. Using 

fluorescently tagged liposomes, quantitative optical injection is demonstrated for the 

precise delivery of 10s to 100s of molecules. This method of precision molecular delivery 

enables probing signaling events at an unprecedented spatial, temporal, and dose 

resolution with exceptionally broad cargo compatibility that promises unprecedented 

capacity for a better understanding of cellular communication. 

 Chapter 4 highlights the development and thorough characterization of the 3D in 

vitro model of tumor microenvironment, comprising cancerous epithelial cells, 

fibroblasts, and ECM assembled into a physiologically accurate architecture. In this 

model, we apply a separate technique for releasing intracellular content, relying on 

macropinocytosis of gold-coated liposomes followed by illumination by laser light 

matching the liposomes’ plasmon resonance band for on-demand content release. 

 Lastly, Chapter 5 will conclude this dissertation and explore preliminary findings 

towards future studies involving gold-coated liposomes and 3D cell culture models. 
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CHAPTER 2: TRAP STIFFNESS OPTIMIZATION FOR OPTICAL INJECTION 

OF GOLD-COATED NANOCAPSULES WITH A MODULATED LASER 

 

Introduction 

 Optical manipulation of small particles with nanometer precision makes optical traps, 

or tweezers, extremely powerful research tools. Since first introduced nearly 30 years ago 

(Ashkin et al., 1986) optical trapping has provided insights into biological processes 

otherwise unobtainable, exemplified by measurements of femto- to piconewton forces on 

single molecules (Finer et al., 1994; Svoboda & Block, 1994a; Sleep et al., 1999; 

Neuman & Nagy, 2008). The use of highly focused laser light imposing balanced 

gradient and scattering momentum upon a particle allows manipulation of that particle 

without direct mechanical contact, therefore minimizing disruption of the surrounding 

microsystem, or microenvironment. Optical trapping commonly employs micrometer-

sized particles with refractive indexes greater than the surrounding medium to produce 

the forces necessary to stiffly trap the particle (Verdeny et al., 2011; Molloy & Padgett, 

2002; Shaevitz, 2006). However, to trap particles much smaller than the wavelength of 

the trapping laser, the nanoparticle must exhibit a high polarizability. Metallic 

nanoparticles have previously been shown to have increased trap stability (Svoboda & 

Block, 1994b) leading to recent experimental directions exploring optical manipulation of 

sub wavelength-sized gold particles due to their strong plasmonic interaction with the 

trapping laser (Messina et al., 2011; Juan et al., 2011).  
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 The ability to optically manipulate metallic nanoparticles broadens molecular and 

cellular research capabilities. In particular, the use of optical trapping lasers to propel 

gold nanoparticles through lipid membranes offers a method for perforating cells with 

several hundred nanometer diameter pores for passive delivery of extracellular agents 

(Urban et al., 2011). We have previously demonstrated the ability to optically manipulate 

100 nm diameter gold-coated liposomes with a modulated NIR optical trapping laser 

(Leung & Romanowski, 2012) and have shown the ability to optically propel gold-coated 

liposomes carrying miniscule payloads of active molecules into a single cell (Orsinger et 

al., 2014b), utilizing the plasmonic interaction of the gold-coated liposome’s composite 

core-shell structure with the trapping laser. While the liposomes’ gold shells are formed 

by discrete gold nanoclusters on the order of single nanometers, the close interparticle 

spacing of the gold clusters collectively forming the shell allows for free transfer of 

electrons, affording a polarizability typically exhibited by continuous gold shells of 

similar core-shell dimensions (Oldenburg et al., 1998). Gold-coated liposomes, 

comprising a thermosensitive mixture of lipids (Needham et al., 2000), were first 

introduced as stable nanocarriers that release their encapsulated cargo on-demand by 

plasmonic heating via exposure to laser light matching their peak absorption wavelength 

(Troutman et al., 2009). To optically trap gold-coated liposomes encapsulating cargo 

without triggering release, using a pulsed trapping laser limits heat accumulation at the 

liposome, enabling stable content retention (Leung & Romanowski, 2012). The plasmon 

resonant gold coating therefore serves two distinct purposes – to enable high 
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polarizability for optical stiff trapping and to act as a photothermal trigger for on-demand 

release of content.  

 To expand the capabilities of optical manipulation of gold-coated liposomes, and to 

better understand the balance between plasmonic heating and trapping, we show here 

how to optimize gold-coated liposomes’ interaction with the optical trap. Specifically, we 

explore how different dielectric properties of the gold-coated liposomes, in combination 

with varied laser modulation schemes, affect optical trap stiffness and content retention. 

 

Materials and Methods 

Gold-Coated Liposomes 

 Liposomes were made with a high concentration of fluorescently tagged lipid to 

maximize fluorescence emission to enable observation at high frame rate, short exposure 

time imaging. The following lipid components, based on formulations previously 

described by our group (Troutman et al., 2008; Troutman et al., 2009; Leung et al., 2011; 

Leung & Romanowski, 2012c; Leung & Romanowski, 2012a; Orsinger et al., 2014) and 

adapted from Needham et al. (2000), were combine in chloroform at an 86:10:3.5:0.5 

molar ratio: dipalmitoylphosphatidylcholine (DPPC), monopalmitoylphosphatidylcholine 

(MPPC), dipalmitoylphosphatidylethanolamine-N-[methoxy(polyethylene glycol)-2000] 

(DPPE-PEG2000) (Avanti Polar Lipids; Alabaster, AL), and 

dipalmitoylphosphatidylethanolamine-N-(lissamine rhodamine B sulfonyl) (DPPE-RhB). 

Chloroform was removed first by evaporation under nitrogen gas and then under vacuum 



46 

overnight. Dried lipids were combined with a 2 mL solution of 50 µm Alexa Fluor 647 

(AF647) cadaverine disodium salt (Invitrogen, Carlsbad, CA) in phosphate buffered 

saline (PBS) to bring the final lipid concentration to 60 mM. This lipid-solute mixture 

underwent freeze-thaw cycling between freezing in a dry ice solvent bath and thawing in 

a 60°C water bath. To form the liposomes, the lipid mixture was extruded 5 times 

through 200 nm and 5 times through 100 nm polycarbonate filters under 150 psi of 

nitrogen gas. To remove unencapsulated Alexa Fluor 647 molecules from the outside of 

the liposomes, the sample underwent 3 rounds of dialysis in 100,000 molecular weight 

cutoff dialysis tubing (Spectrum Laboratories) in 2 L of PBS at 4°C. The liposomes’ 

100 nm diameter was verified by dynamic light scattering (Zetasizer Nano ZS, Malvern 

Instruments Ltd., Worcestershire, UK). 

 Liposomes were gold-coated by a gold reduction method previously described by our 

group (Troutman et al., 2008; Troutman et al., 2009; Leung et al., 2011; Leung & 

Romanowski, 2012c; Leung & Romanowski, 2012a; Orsinger et al., 2014b). Briefly, 

1 mL of liposomes diluted to 10 mM lipid concentration in PBS was combined with 

18µL of 100 mM gold chloride, to which 27 µL of 500 mM ascorbic acid was added and 

gently mixed. An immediate color change of the suspension indicated the formation of 

the plasmon resonant gold shell. The absorption spectrum of gold-coated liposomes was 

measured by a spectrophotometer (Cary 5, Varian/Agilent Technologies) with the 

samples diluted to 1 mM lipid concentration. Two versions of gold-coatings were 

prepared in total, exhibiting peak absorptions below and at the trapping laser wavelength 

of 1064 nm. The samples were dialyzed another 3 rounds in 2 L of PBS at 4°C.  
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Optical Trap Setup 

 All optical trapping experiments were performed using an inverted microscope (IX71, 

Olympus, Center Valley, Pennsylvania) modified for optical trapping capability, as 

previously described by our group (Leung & Romanowski, 2012a; Orsinger et al., 

2014b), and schematized in Figure 2.1a.  

 

 

Figure 2.1. Optical trap setup. (a) Components diagram of the optical trap setup with the 

option for modulating the 1064 nm Nd:YAG trapping laser using a Pockels cell driven by 
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an amplified pulse generator. (b) Gold-coated liposomes were optically trapped and 

observed in small volume chambers as depicted (described in detail in text). Gradient 

forces (Fg) balance the scattering force (Fs) of the trapping laser are balanced near the 

focal spot of the beam to successfully trap gold-coated liposomes. 

 

 Briefly, the highly focused optical trap begins with a continuous wave (CW) 1064 nm 

TEM00 Nd:YAG laser (Ventus IR, Laser Quantum, United Kingdom) with a 1.2 W 

maximum power, 1.2 M
2
 value, high beam pointing and power stability. To modulate the 

laser, the beam passes through a Pockels cell (360-80 LTA, Conoptics, Danbury, 

Connecticut) controlled by a pulse generator (9530 Series Pulse Generator, Quantum 

Composers, Bozeman, Montana) and voltage amplifier (25D Driver, Conoptics, Danbury, 

Connecticut), used in combination with a Glan-laser polarizer (GT5-C, Thorlabs), 

capable of producing pulses as short as 20 ns and frequencies up to 30 MHz. The position 

of the optical trap in the experimental field of view (FOV) is controlled by two beam 

steering lenses (f = 250 mm, Thorlabs, Newton, New Jersey) keeping one lens stationary 

and moving the other lens along the X-, Y-, and Z-axes with three motorized actuators. 

The beam enters the microscopes housing and is directed to the 60× 1.42 NA oil 

immersion lens (PLAPON 60XO, Olympus, Center Valley, Pennsylvania) by a short pass 

VIS/IR beam splitter (T700dcsoxru-3p, Chroma, Bellows Falls, Vermont), allowing 

simultaneous optical trapping and imaging of sub 700 nm wavelengths. Epi-fluorescent 

images were acquired via illumination by a 200 W metal halide lamp (Lumen 220, Prior 

Scientific, Rockland, Massachusetts) using either a RhB filter cube (49008, Chroma), 
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comprising a 540–580 nm excitation filter, 585 nm long pass dichroic mirror, and a 

592-668 nm emission filter to observe the fluorescent DPPE-RhB lipid in the liposome 

membrane or a Cy5 filter set (49006, Chroma) comprising a 590-650 nm excitation filter, 

660 nm long pass dichroic mirror, and a 662-738 nm emission filter to observe 

encapsulated Alexa Fluor 647 cadaverin salt. DIC images were acquired by transmitted 

illumination with a 100 W tungsten halogen lamp. All images were collected by an Orca 

Flash 4.0 CMOS camera (Hamamatsu, Bridgewater, New Jersey) protected from the 

trapping laser beam by a 1064 nm OD 6 rugate notch filter (Edmund Optics, Barrington, 

New Jersey). The un-modulated (CW) trapping laser power was measured just after 

exciting the objective lens by a thermopile laser power sensor (818P-001-12, Newport, 

Irvine, CA) and power meter (1918-C, Newport). 

 

Optical Trapping Gold-Coated Liposomes 

 For optical trapping observations, suspensions of gold-coated fluorescent liposomes 

were loaded into a 1 cm wide by 2 cm long by 120 µm deep cavity formed by a #1 glass 

coverslip separated from a glass microscope slide by a 120 µm thick adhesive spacer. 

Gold-coated liposomes, diluted to a lipid concentration of 10 µM in PBS and filtered 

through a syringe-mounted 0.2 µm pore size filter, were pipetted into this chamber at a 

volume of 24 µL. This prepared chamber was assembled onto the microscope stage with 

the coverslip facing the oil immersion objective lens, as depicted in Figure 2.1b. The 

focal plane of the objective, corresponding to both the optical trapping beam focus and 

the imaging plane, was adjusted to 10 µm into the volume of the gold-coated liposome 
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suspension. This axial position was kept consistent across all trapping observations to 

limit variations of trap stiffness due to spherical aberrations imposed by refractive index 

mismatch between the oil immersion objective and the aqueous medium (Vermeulen et 

al., 2006). The pulse generator was set to the desired pulse width and frequency, the 

trapping laser powered on, and once a single gold-coated liposome was trapped, image 

sequences were acquired. All observations were performed at 25°C. 

 

Observation of Trapped Gold-Coated Liposomes 

 The 2048 × 2048 CMOS detector was subarrayed to 48 × 48 pixels, equivalent to a 

5.2 × 5.2 µm FOV at the sample, over the position of the trapping laser, enabling faster 

data readout rates than at full FOV. At these settings, the camera is capable of exposure 

times of 0.47 ms, allowing frame rates of up to 2139 fps. Movies of gold-coated 

liposomes optically trapped under the various experimental conditions described 

hereafter were acquired under observation of the RhB fluorescent signal excited by the 

filtered metal halide lamp set to maximum output and camera frame rates of 1 to 2.1 kHz 

over 2 to 4 s periods. All data were saved as 16-bit multipage tagged image file format 

(TIFF). 

 

Tracking Position Fluctuations of Trapped Gold-Coated Liposomes and Data Analysis  

 The stiffness, or spring constant, κ, of the optical trap can be quantified by applying 

the Equipartition theorem. This method relies on the variance of trapped particle’s 
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positions during trapping, assuming the particle is trapped in a Hookean manner. The 

Brownian energy of the particle, EBrownian, is defined by 

           
 

 
   , (2.1) 

where kB is the Boltzmann constant, T is temperature. The energy stored in the spring, 

Espring, is then be described by  

        
 

 
   , (2.2) 

where σ
2
 is the variance of particle’s position while trapped. The Equipartition theorem 

sets these energies equal to one other, resulting in a determination of spring constant by 

   
   

  . (2.3) 

 The optical trap’s potential energy in the lateral direction (perpendicular to light 

propagation) is determined by applying the calculated trap stiffness, κ, into the potential 

energy equation expressed as 

    
 

 
   , (2.4) 

where x is the particle’s displacement from the center of the trap. Independently of the 

spring constant, the trap potential can also be calculated based on the Gaussian 

distribution of dielectric particle fluctuating positions in harmonic potential by 

 ( )      
  

(    ) 

    
, (2.5) 
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where P(x) is the number of times the particle is observed in position x and P0 is the 

number of times the particle appear at the trap’s center. From this, the trap potential can 

be derived as 

          (
 ( )

  
). (2.6) 

 Alternatively, in combination of the particle’s viscous drag coefficient, γ, trap 

stiffness can be determined using the cutoff frequency, fc, of the spatial frequency power 

spectrum, which is described by 

    
   

   (     
 )

 (2.7) 

and 

       , (2.8) 

where η is the viscosity of the medium (assumed to be 8.94 × 10
-4

 Pa∙s, for water at 25°C) 

and r is the radius of the trapped particle (approximately 52 nm for a gold-coated 

liposome). Trap stiffness, κ, is proportional to fc by 

    
 

   
  (2.9) 

and can be conveniently rearranged to provide: 

         . (2.10) 

This method requires a sampling rate of at least twice the expected fc. The movement of a 

particle under Brownian motion in an aqueous environment is dampened by the 
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surrounding medium to around 1 kHz at room temperature (Molloy & Padgett, 2002). 

Imaging at greater than 2 kHz is adequate for determining fc without aliasing. 

 Images from optical trapping experiments were analyzed to determine the gold-coated 

liposomes’ position at each of frame for the entire image sequence. This was performed 

by applying a simple MATLAB (Version R2012b, The MathWorks, Incorporated, 

Natick, Massachusetts) particle tracking script (Appendix B) into which the multipage 

TIFFs were loaded. The centroid of the trapped gold-coated liposome was determined for 

each frame, with a final output in the form of XY coordinates. After background 

subtraction, only pixels that were greater than 50% of the maximum intensity of the 

trapped particle were used for the centroid calculation. The location of the trap’s center 

was determined by imaging the trapping laser by removing the 1064 nm notch filter and 

similarly determining its centroid. The resulting variance of the optically trapped gold-

coated liposomes positions was applied to the equipartition equation to calculate the 

spring constant, of stiffness, of the optical trap.  

 

Modulated Optical Trap Stiffness of Gold-Coated Liposomes 

 To first demonstrate the range of frequencies at which gold-coated liposomes can be 

trapped, the laser power was set to 70 mW, the pulse width fixed at 100 ns, and gold-

coated liposomes tuned to a plasmon resonance matching the trapping laser (1064 nm) 

were trapped and imaged at frequencies of 1 kHz to 5 MHz. Next, using the frequency 

determined to produce the stiffest trap, the influence of duty cycle, or pulse width, on trap 
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stiffness was investigated by trapping gold-coated liposomes at a fixed 70 mW laser 

power modulated at 1 MHz with pulse widths of 20 to 500 ns, providing 2 to 50% duty 

cycles. To represent 100% duty cycle, CW trapping laser was used. Then, applying the 

duty cycle and frequency combination determined to maximize stiffness, the effect of 

laser power on trap stiffness on gold-coated liposomes was assessed by adjusting the 

laser power from 5 to 100 mW. This series of modulated trapping observations was 

repeated on gold-coated liposomes tuned to peak plasmon resonance below that of the 

trapping laser. 

 

Axial Trap Stiffness  

 Our primary interest in optimizing optical trap stiffness of gold-coated liposomes is to 

better understand and refine optical injection of gold-coated liposomes in to cells to probe 

dynamic biological processes. We have previously described optical injection of gold-

coated liposomes encapsulating active intracellular signaling molecules using an optical 

trapping laser to propel these nanocarriers across the plasma membrane and into the 

cytosol of a single cell to activated signaling (Orsinger et al., 2014b). Optical injection 

requires the focal spot of the trapping beam to be adjusted to several microns within the 

cytosol of a single cell, therefore placing the cell’s membrane in the direct path between 

the upstream position where gold-coated liposomes are pulled into the trap, and the trap’s 

center at the focal point. Therefore, measuring the axial trap stiffness may be more 

applicable to optical injection. While the experimental methods described here do not 

enable direct measurements of axial trap stiffness, we inferred relative axial stiffness by 
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observing fluctuations in observed particle radius or fluorescence intensity as the trapped 

gold-coated liposomes moved in and out of the focal plane, similar to a technique 

previously described (Speidel et al., 2002). To directly observe fluctuations in axial 

positions for stiffness calculations, a second objective lens arranged perpendicular to the 

direction of light propagation could be added. Other methods for axial trap stiffness 

measurement have used stereomicroscopes to obliquely observe a trapped particle for 

changes in axial position (Bowman et al., 2010). 

 Axial trap stiffness can be calculated similarly using the equipartition theorem, 

however accurate observations of axial position is required, a challenge when observing 

the lateral plane as pixel coordinates do not correspond to an axial position. The change 

in axial position must instead be inferred by feature that is observable in the lateral plane 

that correlates to an axial position. Changes in observed particle diameter (Dy et al., 

2013) or variations in diffraction patterns (Dreyer et al., 2004) as a function of depth 

have been successfully applied to calculate axial position when using cameras. Using 

QPDs, the summed signal read by all quadrants can be correlated to axial position (Pralle 

et al., 1999; Ghislain et al., 1994).  

 

Content Retention while Trapping 

 Gold-coated liposomes exhibiting strong plasmon resonances, either below or at the 

1064 nm trapping laser wavelength, were observed while trapped applying the 

predetermined frequency, duty cycle, and laser power that was found to optimize trap 
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stiffness and compared to trapping by CW laser at the same power. Fluorescence images 

of AF 647 encapsulated within the gold-coated liposomes were acquired for 5 min during 

optical trapping. To minimize photobleaching of AF647, the excitation illumination was 

set to 10% of max power shuttered as to only expose the sample for 100 ms every 5 s, 

resulting in 60 images. The average fluorescence intensity originating from the trapped 

liposome and a background region away from the liposome was measured at each time 

point using ImageJ (National Institutes of Health, Bethesda, Maryland). The background 

intensity value was subtracted from the liposome intensity value to yield the fluorescence 

intensity corresponding to the encapsulated AF647. Each time point was then divided by 

first time point’s intensity value to normalize the results for comparison across the 

experiments. 

 

Optical Injection of Gold-Coated Liposomes into Cells 

 OVCAR-3 cells were grown to confluency on 8 mm round coverslips, rinsed twice in 

PBS, and assembled into a flow through cell chamber for optical injection. This setup 

was described previously by our group in more detail (Orsinger et al., 2014b). With 5 µL 

of PBS in the chamber with the cells, DIC, RhB fluorescence, and AF647 fluorescence 

baseline images were acquired with the CMOS. Ten microliters of gold-coated 

liposomes, with peak plasmon resonance at either 800 nm or 1060 nm, at a 10 mM lipid 

concentration were introduced into the chamber, displacing the PBS. With the trapping 

focal spot positioned 2 µm below a single cell’s membrane surface, therefore within the 

cell’s cytosol, the trapping laser was un-shuttered to initiate optical injection. After 30 s, 
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the laser was shuttered, the cells were washed by flowing 100 µL PBS through the 

chamber to remove non-injected gold-coated liposomes, and a second set of DIC, RhB 

fluorescence, and AF647 fluorescence images were acquired. This was performed 

separately for gold-coated liposomes tuned to exhibit peak plasmon resonances of 

800 nm and 1060 nm under both CW laser and the previously determined optimal 

modulated pulsing scheme that enables stiffest possible trapping with least content 

leakage. The number of gold-coated liposomes injected into the single experimental cell 

was quantified by dividing the total accumulated RhB fluorescence signal by that average 

signal originating from a single liposome. 

 

Results 

Gold-Coated Liposomes 

 Spectrophotometry confirmed the absorption properties of the gold coated liposomes, 

also visualized by a distinct color change of the suspension. The formulation made to 

exhibit peak plasmon resonance below the trapping beam wavelength resulted in peak 

absorption of around 800 nm (solid blue line, Figure 2.2a) and the other formulation, 

made to exhibit strong absorption at the trapping wavelength, exhibited peak absorption 

around 1060 nm (solid green line, Figure 2.2a), with twice the absorption at 1064 nm 

than the 800 nm version. These absorption properties were also clearly observed 

immediately following the gold reduction reaction by distinct color changes to the 
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liposome suspensions (Figure 2.2b). All liposomes were confirmed to fall within 

100 ± 5 nm in diameter prior to and 102 ± 5 nm in diameter following gold coating.  

 

 

Figure 2.2. Gold-coated liposomes tuned to 800 and 1060 nm. (a) Extinction spectra (left 

vertical axis) and computationally derived polarizability (right vertical axis) for gold-

coated liposomes engineered for peak plasmon resonances below (blue ―) and at 

(green ―) the trapping laser’s wavelength of 1064 nm (red ―). Using computationally 

derived absorption spectra (blue & green -----) matching those observed experimentally, 

the polarizability for each formulation was calculated (blue & green •••••). 

(b) Photograph of cuvettes containing PBS (far left), uncoated liposomes (middle left, 

corresponding to gray ― in a), gold-coated liposomes with peak resonance just below 

800 nm (middle right, corresponding to blue lines in a), and gold-coated liposomes with 

peak resonance just above 1064 nm (far right, corresponding to green lines in a), from 

which extinction spectra were measured.  
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Figure 2.3. Freely diffusing versus trapped gold-coated liposome. (a) Measured positions 

of CW trapped (red) and freely diffusing (blue) gold-coated liposomes tuned to a peak 

plasmon resonance of 1060 nm over 2 s. (b) Positions of the same tapped (red ―) and 

freely diffusing (blue ―) gold-coated liposomes along the X direction. (c) Histogram of 

trapped (red) and freely diffusing (blue) gold-coated liposomes’ X positions. (d) Potential 
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energy well extrapolated from the histogram of trapped liposome positions (red ♦) and 

theoretical potential derived from the potential energy equation (red ―). For comparison, 

the freely diffusing gold-coated liposome shows no potential energy well, similar 

calculated from position information (blue ■) or the potential energy equation (blue ―). 

(e) The power spectra of position fluctuations show corner frequencies of 176 Hz for the 

trapped particle, and 0.5 Hz for the freely diffusing particle. Lorentzian fit calculated 

using published MATLAB script (Hansen et al., 2006).  

 

Trap Stiffness and Trap Potential Energy 

 As a demonstration of optical trapping gold-coated liposomes, a single gold-coated 

liposome tuned to 800 nm peak resonance trapped by the 1064 nm CW trapping laser set 

to 70 mW was compared to a single, freely diffusion gold-coated liposome (Figure 2.3) 

for a period of 2 s. For the trapped gold-coated liposome, application of the equipartition 

theorem (Equation 2.3) reveals a trap stiffness of 1.61 pN/µm while the power spectrum 

method (Equation 2.10) yields a stiffness of 0.969 pN/µm. 

 

Laser Modulation and Gold Coating Effects on Trap Stiffness 

 The ultimate goal in designing an optical trapping system for light-responsive gold-

coated liposomes is the maximize trap stiffness while minimizing heat accumulation at 

the liposomes to therefore limit or prevent leakage of encapsulated content. By 

modulating the trap laser with the Pockels cell, we can limit heat accumulation, however 
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we sacrifice trap stiffness afforded by a CW laser. Figure 2.4 details the results of 

investigating trapping laser modulation on trap stiffness of gold-coated liposomes with 

strong absorption either below (blue triangles and lines) or at (green circles and lines) the 

trapping laser wavelength of 1064 nm. With the trap laser set to constant power of 

70 mW, the laser was modulated at 1 kHz to 5 MHz frequencies with a consistent pulse 

width of 100ns. The stiffest trap was observed at the highest frequency of 5 MHz for both 

versions of gold-coated liposomes (Figures 2.4a & b). For 800 nm and 1060 nm tuned 

gold-coated liposomes, trap stiffnesses of 0.03 to 0.82 pN/µm and 0.02 to 1.10 pN/µm, 

respectively, were observed when adjusting the trapping laser frequency over the range of 

1 kHz up to 5 MHz. The low value at 1 kHz trapping indicates the inability to trap at this 

low of frequency. 

 To show the effect of duty cycle of trap stiffness, the trap laser was set to a constant 

power of 70 mW, modulated at 1 MHz, and the pulse width was adjusted from 20 to 

500 ns to achieve duty cycles of 2 to 50%, with 100% duty cycle represented by CW trap 

laser (Figure 2.4c & d). For 800 nm- and 1060 nm-tuned gold-coated liposomes, trap 

stiffnesses of 0.32 to 1.55 pN/µm and 0.26 to 1.80 pN/µm, respectively, were observed 

over this range of duty cycles. While the CW and higher duty cycles result in stiffer 

optical traps, our previously observation of encapsulated content leakage at 20% duty 

cycle due to heat accumulation at the liposome (Leung & Romanowski, 2012a) leads to 

duty cycles of 10% or less for handling of gold-coated liposomes. At 10% duty cycle, the 

trap stiffness is approximately 40% or what was observed for CW trapping for both 

versions of gold-coated liposomes. All reported experimental results hereafter when 
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trapping by modulated laser use a pulsing scheme of 5 MHz at 10% duty cycle (20 ns 

pulse width) in order to limit heat accumulation at the thermosensitive liposome and to 

maximize trap stiffness. This setting was determined by the aforementioned experimental 

observations as well as the physical limits of the pulse generator, voltage amplifier, and 

Pockles cell, which together determine the maximum frequency and minimum pulse 

width. 

 Fixing the Pockels cell modulation to 5 MHz at 10% duty cycle, as stated above, the 

laser power was adjusted from 5 to 100 mW for trap stiffness measurements (Figures 

2.4e & f). Trap stiffness is directly proportional to the power of the trapping laser, and 

therefore the observed linear relationship between power stiffness was expected, with the 

greatest stiffness at 100 mW laser power. For 800 nm- and 1060 nm-tuned gold-coated 

liposomes, trap stiffnesses of 0.08 to 1.74 pN/µm and 0.03 to 2.21 pN/µm, respectively, 

were observed over the range of 5 to 100 mW laser powers. Gold-coated liposomes were 

barely trappable at 5 mW. 
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Figure 2.4. Trap stiffness and energy potentials. Gold-coated liposomes tuned to peak 

plasmon resonances below (blue ▲and lines) and at (green ● and lines) the trapping laser 

wavelength of 1064 nm for various laser pulsing schemes. (a) Trap stiffness with the trap 

laser modulated at frequencies of 1 kHz to 5 MHz, at a constant pulse width of 100 ns 

and constant power of 70 mW. (b) Potential energy wells corresponding to trap stiffness 

values reported in a: 5 MHz (―), 1 MHz (― ―), 100 kHz (–  –), 10 kHz (---), and 1 kHz 
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(····). (c) Trap stiffness by modulating duty cycle from 2% to 100% (CW), keeping 

frequency constant at 1 MHz and laser power constant at 70 mW. (d) Potential energy 

wells corresponding to trap stiffness values reported in c: CW/100% (―), 50% (― ―), 

25% (–  –), 10% (---), 2% (····), and 1% (―·―). (e) With the pulsing scheme set to 

5 MHz and 20 ns (10% duty cycle), the laser power was adjusted from 5 to 100 mW for 

trapping. (f) Potential energy wells corresponding to trap stiffness values reported in e: 

100 mW (―), 70 mW (― ―), 50 mW (–  –), 40 mW (---), 20 mW (····), and 

5 mW (―·―). 

 

Gold-Coating and Trap Stiffness  

 Consistently observed across these experiments was trap stiffness reduction of 

approximately 10 to 20% for gold-coated liposomes tuned to peak plasmon resonance 

below the trapping laser’s wavelength of 1064 nm as compared to those matching the 

laser’s wavelength. This is likely due to a diminished polarizability of the liposomes with 

exhibiting plasmon resonance below the trapping laser wavelength, as shown in Figure 

2.2a. To examine the trap stiffness when optically trapping gold-coated liposomes with 

peak plasmon resonances of 800 nm and 1060 nm, images were acquired at 2139 Hz for 

4 s under CW and modulated (5 MHz, 10% duty) trapping laser set to deliver 70 mW to 

the sample. Figure 2.5 summarizes these results. CW optical trapping minimized position 

fluctuations (Figures 2.5a1-a3 & c1-c3), and therefore maximized trapped stiffness as 

evident by steeper potential energy wells (Figures 2.5a4 & c4), for both versions of the 

gold-coated liposomes as compared to modulated tapping (Figures 2.5b1-b4 & d1-d4). 
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Gold-coated liposomes tuned to 800 nm exhibited trap stiffness of 1.61 pN/µm under CW 

trapping laser and 1.06 pN/µm with the trapping laser pulsed at 5 MHz, 10% duty cycle. 

As expected from the results reported above, the gold-coated liposomes tuned to 1060 nm 

exhibited slightly greater trap stiffnesses, 1.80 pN/µm under CW and 1.36 pN/µm under 

5 MHz, 10% duty cycle trapping laser.  

 

 

Figure 2.5. Effect of gold coating on trapping. Gold-coated liposomes engineered with 

peak plasmon resonance below (approximately 800 nm, shown in blue, Rows a & b) or 

at (approximately 1060 nm, shown in green, Rows c & d) the trapping laser wavelength 

of 1064nm were trapped under CW (Rows a & c) and modulated at 5 MHz, 10% duty 



66 

cycle (Rows b & d) conditions to examine the effect of gold-coating on optical trap 

stiffness. CW illumination yielded approximately 50% stiffer traps, as indicated by 

steeper slopes of the energy potential curves moving outward from the center position. 

 

 

Figure 2.6. Fluorescence intensity to axial position calibration curve. Error bars ± 

standard deviation, n = 5. 

 

 Using a high speed CMOS, we observed fluctuations in fluorescence intensities of the 

trapped liposome, which diminishes as the liposome drifts away from the focal plane, to 

calculate axial position. Fluorescent gold-coated liposomes fixed to a glass slide were 

imaged at known depths to generate a calibration curve relating measured fluorescence 

intensity to axial position (Figure 2.6).  

 



67 

 The axial position, z, was calculated by the following quadratic relationship to the 

normalized intensity, IN, of a single liposome: z = -1.777 × 10
4 

IN
2
 + 2.966 × 10

4
 IN – 

1.188 × 10
4
. Axial positions were extrapolated from the experimental data for the four 

optical trapping examples shown in Figure 2.4, and used to calculate axial trap stiffness 

per the equipartition theorem (Table 2.1). Gold-coated liposomes tuned to 800 nm 

exhibited axial trap stiffness of 1.51 pN/µm under CW trapping laser and 0.97 pN/µm 

with the trapping laser pulsed at 5 MHz, 10% duty cycle. As expected from the results 

reported above, the gold-coated liposomes tuned to 1060 nm exhibited slightly greater 

trap stiffnesses, 1.83 pN/µm under CW and 0.92 pN/µm under 5 MHz, 10% duty cycle 

trapping laser. Axial stiffness values were slightly different from lateral stiffness values, 

but maintained similar trends in relation to optical properties of the liposomes and 

trapping laser schemes. As these values are indirectly calculated from changes in 

fluorescence intensity, instead of direct position measurements, this method is less 

sensitive and more error is possible. 

 

Table 2.1. Comparison of lateral and axial trap stiffness.  

Liposomes Trapping Laser  

Lateral Stiffness 

(pN/µm) 

Axial Stiffness 

(pN/µm) 

800 nm CW 1.61 1.51 

5 MHz, 10% Duty 1.06 0.97 

1060 nm CW 1.80 1.83 

5 MHz, 10% Duty 1.36 0.92 
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Content Retention during Optical Trapping 

 The 800 nm-tuned gold-coated liposomes, which exhibit peak absorption well below 

the trapping laser wavelength of 1064 nm, were capable of retaining encapsulated content 

when trapped by the 5 MHz, 10% duty cycle modulated laser and the CW laser 

(Figure 2.7). Unlike the 800 nm-tuned gold-coated liposomes, the 1060 nm-tuned 

version showed content leakage under both pulsed and CW trapping, with more content 

leakage observed using the CW laser.  

 

 

Figure 2.7. Content retention. (a) Plot showing the normalized change in AF647 

fluorescence intensity over 5 min of trapping by CW (solid) and modulated (open) 

trapping laser for gold-coated liposomes tuned to below (blue triangles) and at (green 

circles) the trapping laser wavelength of 1064 nm. (b) Images series showing changes in 

AF647 fluorescence intensity over 5 min of trapping for the four experimental conditions 

corresponding to the plot in a. FOV is 5 × 5 µm for all images. 
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Content Retention during Optical Injection into Cells 

 As a demonstration of how trapping laser modulation can preserve encapsulated 

content, we optically injected the gold-coated liposomes tuned to absorb strongly at both 

sub- and matched trapping laser wavelengths for 10 s into OVCAR-3 cells using a 

5 MHz, 10% duty cycle trapping laser (Figure 2.8, Rows a & b). Both versions of 

liposomes successfully gained entry into the single injected cell, as evident by 

accumulation of darker material in the injected cells shown under DIC 

(Figures 2.8a2 & b2) and similar accumulation of RhB fluorescence at the same 

locations (Figures 2.8a3 & b3). By dividing the total accumulated fluorescence within 

the injected cell by the average fluorescence emitted from a single liposome, we calculate 

the number of gold-coated liposomes injected into the cells to be 35 and 65 for the 

800 nm tuned and 1060 nm tuned gold-coated liposomes, respectively. Importantly, there 

was observable AF647 fluorescence signal (Figures 2.8a4 & b4) under both conditions, 

showing that the encapsulated AF647 remained within the gold-coated liposomes even 

after gaining entry into the cell. 

 As a demonstration of using an inappropriate trapping laser scheme for optical 

injection, gold-coated liposomes tuned to 1060 nm were optically injected for 5 s using 

the 70 mW CW trapping laser (Figure 2.8, Row c). Damage to the injected cell is seen in 

DIC by the formation of a bubble centered at the point of injection (Figure 2.8c2). A 

significantly greater amount of liposomes become entangled in the cellular debris, as 

evident by the strong RhB signal (Figure 2.8c3). However, even under this violent 

example of injection, presence of AF647 fluorescence shows that the gold-coated 
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liposomes retained content (Figure 2.8c4). Unsuccessful optical injection was 

demonstrated using gold-coated liposomes tuned to 1060 nm with the trapping laser set to 

70 mW trapping laser but modulated at 100 kHz 10% duty cycle for 30 s 

(Figure 2.8, Row d).  

 

 

Figure 2.8. Optical injection of gold-coated liposomes into cells with a modulated laser 

enables retention of encapsulated content. Gold-coated liposomes tuned to 800 nm 

(Row a) and 1060 nm (Row b) were optically injected into cells for 10 s with the 
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trapping laser set to 70 mW modulated at 5 MHz, 10% duty cycle. (Row c) Gold-coated 

liposomes tuned to 1060 nm optically injected for 5 s using the 70 mW CW trapping 

laser. (Row d) Gold-coated liposomes tuned to 1060 nm attempted to be optically 

injected for 30 s using the 70 mW trapping laser modulated at 100 kHz 10% duty cycle. 

(Column 1) DIC images of OVCAR-3 cells with overlaid laser spot indicating cell to be 

optically injected. (Column 2) DIC image of cells after 10 s of exposed to the modulated 

trapping laser. (Column 3) RhB fluorescence images indicating localization of liposomes 

following optical injection. (Column 4) AF647 fluorescence images demonstrating 

content retention within the liposomes following optical injection. (Column 5) Merged 

images of DIC, laser, and fluorescence images. Co-localization of fluorescence shows 

optically injected retained content after entry into the cell. Scale bar = 25 µm, all images. 

 

Discussion 

 Optical trapping enables nanometer manipulation of small particles, with particular 

utility for investigating molecular and cellular interactions. As we have previously 

demonstrated (Leung & Romanowski et al., 2012c; Orsinger et al., 2014b) and further 

show here, optical trapping of gold-coated, temperature sensitive liposomes is a very 

powerful tool for manipulation of small packets of molecules in biological systems. Here, 

we specifically investigated the balance between gold-coated liposomes’ dielectric 

properties, which is controllable by the amount of gold deposited onto the liposomal 

membrane, and trapping laser modulation to optimize the trap stiffness while minimizing 

heat deposition into the liposomes. With the correct combination of laser pulsing and 
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gold coating, gold-coated liposomes can be successfully optically manipulated while 

retaining encapsulated content. We found that a 70 mW trapping laser modulated at 

5 MHz, 10% duty cycle (20 ns pulse width) worked well, providing stiff trapping of 

1.06 to 1.10 pN/µm while limiting heat deposition, evident by the ability to retain 

encapsulated content. These values correspond well to trap stiffness of gold nanoparticles 

tapped by CW trapping beam previously reported (Hansen et al., 2005). 

 The results indicate that gold-coated liposomes made to exhibit strongest absorption 

well below the trapping laser wavelength of 1064 nm, maximized content retention 

(100% over 5 min) with only slight (approximately 10%) reduction of trap stiffness when 

using either CW or pulsed laser. Additionally, gold-coated liposomes tuned to match the 

trapping laser wavelength, which provide the stiffest trapping, lost less than 10% of 

encapsulated content per min under modulated trapping conditions. For short timescale 

manipulations less than 1 min, this rate of unintentional release may be acceptable for 

some applications.  

 Direct temperature measurements of a single liposome is a challenging, if not 

impossible, task, however we can infer temperature increases at single liposomes by loss 

of fluorescence signal of the encapsulated AF647, due to the thermosensitive nature of 

our liposomes. As the liposomes are designed to release content above the 41°C gel-

liquid phase transition temperature of DPPC (the primary lipid component) and all 

trapping experiments were conducted at 25°C, observed release of encapsulated AF647 

during trapping signified a temperature increase of at least 16°C. While this temperature 

increase is likely the result of heating the single, trapped gold-coated liposomes, it is 
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possible that nearby gold-coated liposomes are absorbing the unfocused trapping laser 

light and contributing to bulk heating. All optical trapping experiments for measurements 

of trap stiffness were performed with gold-coated liposomes at an effective lipid 

concentration of 100 µM. To calculate how many liposomes inhabit a certain volume, the 

number of lipids per liposome, N, must first be calculated. This is performed by summing 

the inner and outer surface areas of a single liposome, then dividing by the area of a 

single lipid head group, a, such that 
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, (2.11) 

where d is the diameter of the liposome (100 nm), h is the bilayer thickness (4 nm), with 

a is equal to 0.71 nm
2
. This results in 8.17 × 10

4
 lipids per 100 nm diameter liposome. A 

starting lipid concentration of 100 µM is therefore equivalent to 0.039% of the volume as 

liposomes. At this liposome density, the mean inter-liposomal spacing (Wigner-Sietz 

radius) is calculated to be 687 nm. Based on the experimental observations of content 

retention when trapping 800 nm-tuned, gold-coated liposomes, this spacing is sufficient 

for heat to dissipate away from the trapped gold-coated liposome and limits influence 

from neighboring liposomes.  

 For optical injection, gold-coated liposomes were introduced to the cells at an 

effective lipid concentration of 10 mM, equivalent to 3.86 vol% (100 times greater than 

single particle trapping experiments). At this liposome density, the mean inter-liposomal 

spacing is reduced to 148 nm, a more favorable scenario for bulk heating, as evident by 

unreported experimental observations of bubble formation at the laser focus when 
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optically injecting gold-coated liposomes tuned to 1060nm. Additionally, as the gold-

coated liposomes accumulate within the cell, they are packed into a confined volume 

which may reduce the inter-liposomal spacing at the laser focus to single nanometers, 

which optimizes conditions for rapid and extreme temperature increases that are much 

greater than what is tolerable by a biological system.  

 The energy required for membrane pore formation in the absence of osmotic tension 

can be expressed as the edge energy of the hole (Taupin et al., 1975; Helfrich, 1974; 

Litster, 1975):  

         , (2.12) 

where γ is the edge energy per unit length, approx. 1 × 10
-11

 J/m. Therefore energy of 

formation of a 100 nm diameter pore (r = 50 nm) is Ep = 3 × 10
-18

 J. 

 This energy should be compared to energy of the liposome in the optical trap. The 

focal point of the trap, z = 0, represent minimum energy of the trap. In a simple 

consideration of the spring constant, the liposome gains energy when placed at a distance 

z away from the focal point: 

    
 

 
   

  , (2.13) 

where kz denotes the axial spring constant, or trap stiffness in the axial direction. For 

example, for the trap stiffness of kz = 1 pN/µm, the energy of particle placed 4 µm away 

in the axial direction from the focal point is Et = 8 × 10
-18

 J, in excess of that required to 

open a 100 nm diameter pore in the bilayer membrane. This simplified analysis does not 

take into consideration energy dissipated to the media due to viscosity.  
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Conclusion 

 The results of this study show the versatility of optical trapping gold-coated 

liposomes under modulated trapping conditions. Namely, gold-coated liposomes can be 

engineered to interact strongly with a modulated optical trapping laser while retaining 

encapsulated content. We show that a wide range of frequencies and pulsing schemes can 

successfully trap gold-coated liposomes, however changes in laser power ultimately has 

the drastic impact on trap stiffness. The goal of this study was to determine the highest 

frequency and lowest duty cycle trapping laser modulation setting that affords the stiffest 

possible trap while minimizing heat accumulation at the liposome to prevent premature 

content release. We show that the ideal pulsing regiment to achieve this criterion with our 

trapping setup is a 70 mW laser power modulated at 5 MHz, 10% duty cycle. For optical 

injection of gold-coated liposomes into cells, this pulsed trapping scheme prevented 

leakage of encapsulated content during the injection process, allowing accumulation of 

fully loaded liposomes to be inserted into a single cell.  
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CHAPTER 3: FOCAL ACTIVATION OF CELLS BY PLASMON RESONANCE 

ASSISTED OPTICAL INJECTION OF SIGNALING MOLECULES 

 

Introduction 

 Interactions among the cells that make up organs and various tissue types determine 

the function of living organisms in both the maintenance of healthy homeostasis and the 

development of disease. In cancer, dysfunctional and co-opted cell communication 

pathways have been linked to the development of drug resistances, metastasis, and 

increased recurrence (Hanahan & Weinberg, 2011). Numerous interactions have been 

investigated including cross-talk between stromal and epithelial cell types (Parrot et al., 

2001), localized enrichment of endocrine and growth factor signaling within cell 

populations (Wong & Leung, 2007), and alterations cell-matrix associations observed in 

epithelial-mesenchymal transition (Ahmed et al., 2007). Further, experimental evidence 

and clinical observations have converged in support of the view that the complex, and 

often highly heterogeneous, tumor microenvironment actively participates in all phases of 

cancer development (Schauer et al., 2011). It is this heterogeneity and complexity that 

demands the development of new experimental techniques that enable identification and 

manipulation of biological communication pathways starting at a single cell level (Spiller 

et al., 2010).
 

 Focal activation of a single cell in a quantitative manner remains a particularly 

challenging task. The prevailing method of mechanical stimulation does not account for 
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complexities of many communication pathways, and necessitates new methods for 

precise delivery of messenger molecules to study of various stages of diverse signal 

cascades (Leybaert & Sanderson, 2012). For quantifiable delivery of a broad range of 

unmodified bioactive molecules to a single cell, nanoparticle- and laser-assisted 

intracellular delivery techniques are being explored. For example, NIR laser light can 

manipulate sub-100 nm lipid vesicles with high refractive index cores, achieved by 

encapsulating 1 M sucrose, yielding an inducible dipole moment suitable for stable 

optical trapping (Bendix & Oddershede, 2011). Sub-100 nm metallic particles also 

efficiently interact with infrared (IR) optical trapping lasers due to their high 

polarizability and can be optically injected across lipid membranes to transiently open 

100 to 200 nm pores (Urban et al., 2011). This process relies on simultaneous plasmonic 

heating and optical force in the direction of light propagation to push the gold 

nanoparticle through the lipid membrane, leaving a perforation that allows diffusion of 

extracellular solutes into the cell. Similarly to optical transfection methods, using laser 

light alone can perforate a cell membrane and allow internalization of nucleic acids 

(Stevenson et al., 2010). There is, however, no broad method for quantifiable delivery of 

many types of molecular agents that targets only the single cell of interest while retaining 

cell viability. 

 We previously introduced light-sensitive gold-coated liposome for encapsulation and 

controlled delivery of soluble drugs and contrast agents, as a platform system for 

therapeutic and diagnostic delivery (Troutman et al., 2008). Morphology of this 

composite nanocapsule was elucidated by electron microscopy observations, and their 
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optical properties described by applying the effective medium theory, as summarized 

elsewhere (Leung & Romanowski, 2014). Gold-coated liposomes selectively absorb 

visible to NIR light, providing a photothermal trigger for rapid content release (Troutman 

et al., 2009; Leung et al., 2011). We have employed gold-coated liposomes for the 

localized extracellular delivery of active G-protein coupled receptor (GPCRs) agonists 

(Leung & Romanowski, 2012c). The strong polarizability of the gold shell surrounding 

the liposome’s lipid membrane enhances optical trapping and facilitates the optical 

injection of these nanocarriers into cells. We then demonstrated intracellular delivery by 

optical injection of gold-coated liposomes encapsulating TO-PRO-3, a cell-impermeant 

fluorescent nuclear dye, while maintaining viability of cells following optical injection 

(Leung & Romanowski, 2012a). 

 

 

Figure 3.1. Molecular structures of (a) IP3 and (b) AdA. 

 

 Here we introduce the method of focal activation of intercellular communication by 

optical injection of gold-coated liposomes. We applied a modulated optical trap to propel, 
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or optically inject, 100 nm gold-coated liposomes encapsulating signaling molecules into 

a single cell. The number of gold-coated liposomes delivered into the single cell was 

determined by incorporation of a fluorescently-tagged lipid within the liposomes, 

allowing quantification of the dose of active molecules delivered into the cytosol. As a 

demonstration of focal activation, we examined intercellular calcium (Ca
2+

) signaling in 

the ovarian carcinoma cell line OVCAR-3, initiated by precise delivery of IP3 or AdA 

encapsulated within gold-coated liposomes. IP3 (Figure 3.1a) is a ubiquitous secondary 

messenger in GPCR and receptor tyrosine kinase (Rtk) signaling pathways, acting as an 

agonist of intracellular IP3 receptors (IP3Rs) leading to intracellular Ca
2+

 release 

(Berridge & Taylor, 1988; Berridge & Irvine, 1989; Berridge et al., 1998; Berridge et al., 

2000). AdA (Figure 3.1b), an analog of IP3 with greater affinity for IP3Rs, has been 

shown to exhibit a half maximal effective concentration (EC50) of 8.3 nM for IP3R 

subtype 1 versus IP3’s EC50 of 87 nM for the same receptor (Saleem et al., 2013). 

Increases in cytosolic [Ca
2+

] elicited by delivery of liposomal IP3 or AdA were 

monitored in the single injected cell and neighboring cells using the Ca
2+

-sensitive 

fluorescent dye Indo-1 (Blatter & Wier, 1990). This application of optical injection 

represents a new, quantitative method of focal activation of signaling cascades of broad 

interest in biomedical research, free of many limitations of currently used techniques 

such as mechanical stimulation or photouncaging. 
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Materials and Methods 

Preparation of Gold-Coated Liposomes 

 Five formulations of thermosensitive liposomes were prepared from synthetic lipids 

similar to a composition previously demonstrated for temperature-sensitive content 

release (Needham et al., 2000). The general formulation consisted of DPPC, MPPC, and 

DPPE-PEG2000 (Avanti Polar Lipids; Alabaster, AL) at a 86:10:4 molar ratio. The lipids 

were dissolved in chloroform, dried under nitrogen, and remaining solvent was removed 

under vacuum. Dried lipids were combined with PBS that included IP3 molecules to 

reach a lipid concentration of 60 mM. Liposomes were prepared by freeze-thaw cycling 

followed by extrusion through 100 nm porous polycarbonate membranes. 

Unencapsulated IP3 was removed via three rounds of dialysis using 100,000 molecular 

weight cut-off cellulose membranes (Spectrum Laboratories; Rancho Dominguez, CA). 

To form the plasmon resonant gold shell on the surface of the IP3-loaded liposomes, 

18 µL of 100 mM gold chloride was reduced by 27 µL of 500 mM ascorbic acid in a 

1 mL liposomal suspension at a 10 mM lipid concentration. This process is similar to the 

technique we previously reported (Troutman et al., 2008). A portion of the IP3-loaded 

liposomes were left uncoated for control experiments. 

 The first formulation of liposomes included 0.05 mol% DPPE-RhB (Avanti Polar 

Lipids) with the other lipid components, encapsulated 500 µM IP3 in PBS, and was gold 

coated. The second formulation of liposomes was prepared the same as the first 

formulation, but without DPPE-RhB. The third formulation was prepared similarly to the 

second, however encapsulating 50 µM AdA in PBS instead of IP3. The fourth 
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formulation was prepared the same as the second and third, however without including 

signaling molecules in the PBS. The fifth and final formulation of liposomes was 

aliquoted from the second formulation and was not gold coated.  

 The presence of the plasmon resonant structure was immediately evident by a change 

in suspension color, and the spectral position of peak plasmon resonance was determined 

via absorption spectra obtained on a Cary 5 spectrophotometer. Liposome size 

distributions were determined by dynamic light scattering (Zetasizer Nano ZS, Malvern 

Instruments Ltd., Worcestershire, UK). 

 

Cell Culture 

 The majority of the experiments described here used OVCAR-3 cells (ATCC, 

Manassas, Virginia), a human epithelial ovarian cancer cell line. OVCAR-3 cells were 

subcultured under standard cell culture conditions in RPMI medium supplemented with 

20% fetal bovine serum, 0.01 mg/mL bovine insulin, and 1% penicillin-streptomycin. For 

experimentation, near confluent cells from stock T-75 flasks were detached with 0.25% 

trypsin-EDTA and sub-cultured onto 18 mm round glass coverslips at a 1:5 split ratio and 

grown for five days in standard culture conditions prior to experimentation. OVCAR-3 

cells used here were passage number 35 to 50. 

 For co-culture experiments, Hs-27 cells (ATCC), a human fibroblast cell line, were 

seeded at equal densities and grown with OVCAR-3 cells on glass coverslips under 

similar conditions. Dulbecco’s Modified Eagle’s Medium with 10% fetal bovine serum 
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was mixed at a 1:1 ratio with the RPMI medium described above for co-culturing Hs-27 

and OVCAR-3 cells. 

 

Optical Injection Setup 

 The optical injection setup brings an optical trapping laser beam into an inverted 

microscope (IX71, Olympus, Center Valley, Pennsylvania) and through a 60× 1.42 NA 

oil immersion lens (PLAPON 60XO, Olympus, Center Valley, Pennsylvania) to create 

the highly focused optical trap. The trapping laser is a continuous wave 1064 nm TEM00 

Nd:YAG laser (Ventus IR, Laser Quantum, United Kingdom) with a 1.2 W maximum 

power, 1.2 M
2
 value, and high beam pointing and power stability. Simultaneous optical 

injection and the ability to image cells in transmission DIC or by epi-fluorescence is 

enabled by a short pass VIS/IR beam splitter (T700dcsoxru-3p, Chroma, Bellows Falls, 

Vermont) adjacent to the objective, as depicted in Figure 3.2a. To modulate the trapping 

beam, we use a Pockels cell (360-80 LTA, Conoptics, Danbury, Connecticut) controlled 

by a pulse generator (9530 Series Pulse Generator, Quantum Composers, Bozeman, 

Montana) driving a voltage amplifier (25D Driver, Conoptics, Danbury, Connecticut), 

used in combination with a Glan-laser polarizer. This light modulation system is capable 

of producing pulses as short as 20 ns and frequencies up to 30 MHz allowing for efficient 

trapping with little heat accumulation at the thermosensitive liposome (Leung & 

Romanowski, 2012c).  
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Figure 3.2. Optical injection setup. (a) The schematic depicts the optical setup for the 

optical trap utilized to inject gold-coated liposomes and fluorescence microscopy. Key 
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components include a CW Nd:YAG 1064 nm trapping laser, a Pockels cell with Glan-

laser polarizer to modulate the frequency and pulse width of the laser beam (red), XYZ 

beam steering, a shortpass (SP) 700 nm beam splitter, and a 60× 1.42 NA objective. To 

image the cells during optical injection, the beam splitter passes visible light (green), but 

not the 1064 nm laser, towards the EMCCD allowing for visualization by transmission 

(i.e., DIC) or epi-fluorescence with a metal halide lamp providing excitation light (blue) 

and filter cube containing excitation filter, excitation/emission beam splitter, and 

emission filter. (b) OVCAR-3 cells grown on coverslips are inverted and loaded into a 

closed cell chamber with gold-coated liposomes for optical injection. 

 

For all optical injection experiments described here, the pulse generator was set to a pulse 

width of 500 ns and a frequency of 500 kHz (25% duty cycle). Prior to experimentation, 

the trapping beam’s average power was measured after the 60× objective. The position of 

the optical trap in the experimental FOV is controlled by two beam steering lenses (f = 

250 mm, Thorlabs, Newton, New Jersey) keeping one lens stationary and moving the 

other lens along the X-, Y-, and Z-axes with three motorized actuators. Samples were 

imaged onto an air-cooled 512x512 pixel back-thinned electron-multiplying charge-

coupled device (EMCCD) digital camera (Hamamatsu, Bridgewater, New Jersey) with a 

protective 1064 nm OD 6 rugate notch filter (Edmund Optics, Barrington, New Jersey) 

before the detector. DIC images were acquired via illumination by a 100 W tungsten 

halogen and epi-fluorescent images were acquired via illumination by a 200 W metal 

halide lamp (Lumen 220, Prior Scientific, Rockland, Massachusetts). 



85 

Optically Injecting Fluorescent Liposomes 

 Gold-coated liposomes containing 0.05 mol% DPPE-RhB lipids were used to 

quantify the rate of liposome delivery during the optical injection process. OVCAR-3 

cells grown to confluency on a glass coverslip were washed in PBS and then assembled 

into a semi-closed cell chamber with two open ends (Figure 3.2b). The assembled cell 

chamber consisted of a base coverslip adjacent to the oil immersion objective, two 100 

µm adhesive spacers, and finally the coverslip populated by adherent OVCAR-3 cells, 

resulting in a volume of approximate 5 µL in which PBS was initially loaded. The cell to 

be optically injected was randomly selected from the FOV under DIC. The focal plane, 

corresponding to the location of the laser trap’s focal spot in the Z-axis, was adjusted to 

correspond with the cell’s top surface exposed to freely diffusing liposome suspension. 

An initial DIC and baseline RhB fluorescent images were acquired on the EMCCD in 

16-bit tagged image file format (TIFF). To detect the RhB fluorescence, the following 

filter cube was used: 545/30 nm excitation filter (HQ545/30x), 570 nm long pass beam 

splitter (Q570lp), and 610/75 nm emission filter (HQ610/75m) (all from Chroma 

Technologies Corporation, Bellows Falls, Vermont). Five microliters of RhB-tagged 

gold-coated liposomes at a 10 mM lipid concentration were then gently exchanged for the 

PBS in the cell chamber and optically injected into a single OVCAR-3 cell for 10, 30, 45, 

60, 90, or 120 s. Immediately following optical injection, excess RhB-tagged liposomes 

were gently removed with two PBS washes before another RhB fluorescence image was 

acquired. Using ImageJ software (National Institutes of Health, Bethesda, Maryland), the 

background fluorescent image was subtracted from the experimental fluorescent images 
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and the total integrated fluorescent intensity originating from the footprint of the injected 

cell was measured for each.  

 To quantify the number of gold-coated liposomes injected into a single cell, the 

integrated fluorescence intensity value measured in the injected cell was divided by the 

integrated fluorescence intensity originating from single RhB-tagged gold-coated 

liposome. The latter was determined by diluting liposomes to a 10 µM lipid concentration 

in PBS, loading 5 µL of this suspension into a cell chamber absent of cells, and acquiring 

RhB fluorescence images under the same illumination and camera settings used for 

imaging RhB fluorescence from the injected cells. Fluorescence images of freely 

diffusing gold-coated liposomes were analyzed in ImageJ. Ten fluorescent spots in the 

resulting 16-bit TIFFs, corresponding to 10 individual RhB-tagged gold-coated 

liposomes, were randomly selected and the integrated fluorescent intensity value for each 

of the individual liposomes was determined. The average value of these was assigned as 

the expected fluorescent intensity contribution from a single injected liposome.  

 

Optical Injection of IP3 and AdA  

 For optical injection experiments we used gold-coated liposomes containing IP3 or 

AdA for the purpose of eliciting a Ca
2+

 response. Coverslips with OVCAR-3 cells grown 

to confluency were washed in PBS and incubated with 8 µM Indo-1 AM (Invitrogen, 

Grand Island, New York), a Ca
2+

 sensitive dye, in RPMI medium for 25 min. Indo-1 

exhibits peak excitation at 338 nm and has two distinct emission peaks, at 400 nm and 
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475 nm, that increase or decrease, respectively, with increasing [Ca
2+

]. The 400 nm Indo-

1 emission peak was observed for its greater sensitivity to changes in [Ca
2+

] as compared 

to the 485 nm emission peak. Following incubation with Indo-1, the coverslips were 

washed twice in PBS and assembled into the cell chamber, described above, containing 

5 µL suspensions of gold-coated liposomes, encapsulating 500 µM IP3, 50 µM AdA, or 

just PBS, at a 10 mM lipid concentration. 

 Similar to above, the cell to be optically injected was randomly selected from the 

FOV under DIC, and the position of the laser’s focal spot in the Z-axis was adjusted to 

correspond with the cell’s top surface exposed to freely diffusing liposome suspension. 

An initial DIC was acquired prior to injection. To detect the Indo-1 400 nm emission, the 

following optical elements were used: 365/20 nm excitation filter (D365/10x, Chroma), 

380 nm longpass (LP) beam splitter (380dclp, Chroma), and 405/30 nm emission filter 

(D405/30m, Chroma). Indo-1 fluorescence images were acquired continuously by the 

EMCCD camera controlled by HCImage Live software (Hamamatsu, Bridgewater, New 

Jersey) at a frame rate of 0.25 to 2 fps before, during, and after optical injection 

experiments. The experimental sequence for initiating and monitoring Ca
2+

 signaling 

during optical injection was as follows: 30 s of baseline images (representative of 

[Ca
2+

]baseline in each cell), 10, 60, or 120 s of images during optical injection, then 30 or 

60 s of recovery images after the optical injection beam had been turned off. DIC images 

were acquired before and after injection experiments for morphological information of 

the OVCAR-3 cells.  
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 Control experiments were conducted under the same conditions as described above, 

but instead of suspensions of gold-coated liposomes, either a suspension of uncoated 

liposomes encapsulating IP3 or PBS with no liposomes was loaded in the cell chamber 

with the cells, and exposed to the trapping laser for 120 s.  

 To temporarily block gap junctions between the OVCAR-3 cells, 1 mM octanol in 

1 mL PBS was added to the coverslips with cells for 10 min immediately following 

Indo-1 incubation. Coverslips were washed twice with PBS and loaded into the cell 

chamber with gold-coated liposomes encapsulating IP3 for optical injection under the 

same protocol as described above. 

 Images acquired during optical injection experiments were saved as 16-bit TIFFs for 

DIC images and multi-page TIFFs for Indo-1 fluorescence images and processed using 

ImageJ software. To determine changes in Indo-1 fluorescence intensity over time in 

individual cells, the footprint covered by each cell in the experimental FOV was 

manually outlined and the average fluorescence intensity confined within each cell was 

calculated for the duration of the experimental image sequence. Average fluorescence 

intensity was determined for every cell in the FOV beginning with the injected cell, 

followed by the first group of neighboring cells in direct contact with the injected cells, 

then the second group of neighboring cells in direct contact with the first group of cells, 

and so on. Typical experimental FOVs contained between three and six cell groups 

spanning outward from the injected cell.  

 To calculate the relative changes in the ratio of [Ca
2+

]/[Ca
2+

]baseline for the duration of 

the experimental sequence, the average fluorescence intensity for each cell was divided 
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by the average baseline fluorescence intensity, generated from the first 30 s of baseline 

Indo-1 fluorescence images.  

 To generate images showing changes in [Ca
2+

], the first 30 s of baseline Indo-1 

fluorescence images were averaged to form a single baseline image. This baseline image 

was then subtracted from subsequent Indo-1 fluorescence images to highlight cells that 

were exhibiting increases in cytosolic [Ca
2+

].  

 

Results 

Spectral Properties of Liposomes 

 A total of five liposome formulations were prepared. First, to quantify the delivery of 

gold-coated liposomes by optical injection, liposomes encapsulating 500 µM IP3 in PBS 

were prepared incorporating 0.05 mol% of rhodamine-B (RhB) conjugated lipid and gold 

coated (Figure 3.3a). For initiating Ca
2+

 signaling, two liposome formulations were 

prepared encapsulating either 500 µM IP3 or 50 µM AdA in PBS and gold coated 

(Figure 3.3b). To assess the effect of injecting gold-coated liposomes into cells without 

the presence of signaling molecules, a fourth formulation of liposomes was prepared 

without IP3 or AdA and gold coated (Figure 3.3c). As the fifth formulation, a portion of 

the 500 µM IP3-loaded liposomes were left uncoated to serve as the negative control 

(Figure 3.3d). Liposomes had an average diameter of 95–100 nm (number-weighted) 

prior to gold coating, and 100–105 nm following the gold coating process as determined 

by dynamic light scattering.  
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Figure 3.3. Liposome formulations and associated extinction spectra. Schematic of 

(a) fluorescently tagged IP3-loaded gold-coated liposomes, (b) IP3- or AdA-loaded gold-

coated liposomes, (c) blank gold-coated liposomes, and (d) IP3-loaded uncoated 

liposomes. (e) Extinction spectra of IP3-loaded gold-coated liposomes made with 

0.05 mol% DPPE-RhB (green line, corresponding to a), IP3-loaded gold-coated 

liposomes (red line, corresponding to b and c), and IP3-loaded uncoated liposomes (gray 

line, corresponding to d). Computationally derived extinction spectra (solid blue line) and 

polarizability (dashed blue line) based on 100 nm diameter gold-coated liposomes with 

2 nm gold shell at a fill factor 0.76. 
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Gold-coated liposomes (Figures 3.3b & c) exhibited peak plasmon resonances around 

700 nm (Figure 3.3e, red line). A similar spectrum was observed for RhB-labeled gold-

coated liposomes (Figure 3.3a) with an additional peak around 570 nm corresponding to 

RhB absorption. A computationally derived extinction spectrum (Figure 3.3e, solid blue 

line) for 100 nm diameter gold-coated liposomes with 2 nm gold shell at a fill factor 0.76, 

shows a peak resonance at 700 nm. Similarly calculated polarizability of these gold-

coated liposomes (Figure 3.3e, dashed blue line) is 4.24 × 10
-16 

cm
3
 at 1064 nm (Figure 

3.3e, vertical line) and is responsible for the gradient force in the highly focused 1064 

nm laser beam (Leung & Romanowski, 2012a). As expected, uncoated liposomes 

(Figure 3.3d) exhibited no plasmon resonance (Figure 3.3e, gray line). 

 

Quantification of Gold-Coated Liposome Optical Injection 

 Under the settings described in Materials and Methods, the average power of the 

optical injection beam in the plane of sample was 10 mW. Optical injection of gold-

coated liposomes prepared with 0.05 mol% DPPE-RhB resulted in RhB fluorescence 

localized within the injected cell whereas the intensity of fluorescence relates to the 

duration of optical injection (Figure 3.4). 
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Figure 3.4. Optical injection of fluorescently tagged gold-coated liposomes. The panel 

shows the accumulation of RhB-tagged gold-coated liposomes (shown in green) 

delivered via optical injection for a duration of 60 s (Row a) and 120 s (Row b). 

Column 1 is the experimental FOV of OVCAR-3 cells in differential interference 

contrast (DIC) with the location of the optical injecting laser overlaid in red. Column 2 

shows the resulting RhB fluorescence signal after 60 or 120 s of optical injection. 

Column 3 is the merged image of Columns 1 & 2 showing localization of the 

fluorescent signal with the position of the laser. Scale bar = 25 µm, all images. 

 

 Analysis of the intensity of fluorescence originating from a single cell enabled us to 

establish a quantitative relation between the injection time and the number of cargo-
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carrying liposomes delivered to the cytoplasm. We calculated the number of injected 

liposomes by dividing the integrated intensity of fluorescence emitted by an injected cell 

by that originating from a single liposome (see Materials and Methods for details). 

Figure 3.5 plots the calculated number of liposomes optically injected into single cells 

for durations of 10, 30, 45, 60, 90, and 120 s at a constant lipid concentration of 10 mM 

(approximately 6 × 10
10

 liposomes per µL) and the optical injection laser settings 

described in Materials and Methods. Linear regression analysis of the data (R-squared 

value of 0.992) indicates that the gold-coated liposomes are injected at the rate of 5.7 s
-1

 

throughout the tested range of injection times, up to 120 s.  

 

 

Figure 3.5. Quantitative optical injection of liposomes. The plot shows the linear 

relationship between optical injection duration and the number of liposomes delivered to 

the injected cell. For each point n = 3, mean  standard deviation. 
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 To estimate the number of signaling molecules delivered to the cytoplasm in this 

process, we assumed that the dose of encapsulated molecules delivered to the cell was 

proportional to the number of injected liposomes, in the manner dependent on the 

concentration of encapsulated content. For example, at the IP3 concentration of 500 µM, 

each 100 nm diameter liposome encapsulates approximately 120 IP3 molecules. Ca
2+

 

release from the endoplasmic reticulum requires a minimum concentration of 30 nM of 

the cellular IP3 (Finch et al., 1991), a level normally activated by upstream agonists to 

extracellular GPCR or Rtk receptors. To reach the minimum activating concentration of 

30 nM IP3, at least 77 liposomes must be delivered into the typical cell volume of 

0.5 × 10
-12 

L. The calibration data obtained using fluorescently tagged gold-coated 

liposomes (Figures 3.4 & 3.5) indicates that this threshold is met at approximately 14 s 

into optical injection.  

 

Optical Injection of Signaling Molecules 

 We monitored intracellular [Ca
2+

] changes induced by delivery of IP3 or AdA carried 

by optically injected gold-coated liposomes. The resulting fluctuations in 

[Ca
2+

]/[Ca
2+

]baseline are determined as the ratio of Indo-1 fluorescence intensity over 

baseline fluorescence and shown in Figure 3.6. Column 1 of Figure 3.6 shows DIC 

images of the experimental FOV merged with an image of the optical trap focal spot, 

which indicates the cell selected for optical injection. The increases in the ratio of 

[Ca
2+

]/[Ca
2+

]baseline at 45, 60, 75, and 120 s after initiation of optical injection are shown 

in Figures 3.6, Columns 2, 3, 4, & 5, respectively. These results are also summarized in 
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Figure 3.7 as plots of [Ca
2+

]/[Ca
2+

]baseline versus time for the optically injected cell and 

neighboring cells grouped by degrees of separation from the single injected cell. All cells 

in direct contact with the injected cell comprised the first group, all cells in direct contact 

with the first group comprised the second group, and so on, with each group of cells 

including those in direct contact with the previous group. An example of this scheme for 

grouping cell is depicted in Figure 3.7a. 

 Optical injection of gold-coated liposomes encapsulating 500 µM IP3 into a single 

OVCAR-3 cell for 60 s, providing an intracellular concentration of approximately 

120 nM, resulted in widespread Ca
2+

 signaling within the FOV beginning at the injected 

cell and sequentially spreading outward to the neighboring cell groups 

(Figures 3.6a1-a5 & 3.7b). The observed Ca
2+

 signal begins at the injected cell 30 s into 

optical injection, spreads sequentially by degree of separation to all cells in the 

experimental FOV, then returns to near baseline at 120 s (60 s after optical injection 

turned off).  

 For comparison, we tested AdA, a highly potent agonist of IP3Rs shown to have 

10 times greater affinity for IP3Rs than IP3 (Saleem et al., 2013). Optical injection of 

gold-coated liposomes encapsulating 50 µM AdA into OVCAR-3 cells for 60 s, yielding 

an estimated intracellular AdA concentration of 12 nM, similarly resulted in widespread 

and sequential Ca
2+

 signaling (Figures 3.6b1–b5 & 3.7c). Rapid onset of Ca
2+

 signaling 

at the cell injected with liposomal AdA is observed at around 15 s. 

 Pre-treating the OVCAR-3 cells with 1mM octanol, a known blocker of gap junctions 

(Lin et al., 1998),
 
effectively confined the observed [Ca

2+
] changes to only the single cell 
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optically injected with gold-coated liposomes encapsulating 500 µM IP3, with no 

evidence of [Ca
2+

] changes in adjacent cells, even after 120 s of continuous injection 

delivering an approximate dose of 240 nM IP3 to the cell (Figures 3.6c1–c5 & 3.7d). 

 

 

Figure 3.6. Ca
2+

 signal propagation in OVCAR-3 cells in response to optical injection of 

gold-coated liposomes. Representative examples of five experimental conditions are 
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shown: (Row a) Optical injection of gold-coated liposomes encapsulating IP3. (Row b) 

Optical injection of gold-coated liposomes encapsulating AdA. (Row c) Optical injection 

of gold-coated liposomes encapsulation IP3 in cells treated with octanol. (Row d) Optical 

injection of gold-coated liposomes containing PBS but no signaling molecules. (Row e) 

Attempt to optically inject uncoated liposomes encapsulating IP3. Column 1 shows the 

experimental FOV in DIC merged with the laser spot. Columns 2 – 5 show calculated 

Ca
2+

 signal over baseline, as reported by Indo-1 fluorescence, at 45, 60, 75, and 120 s 

after initiation of optical injection. Bar = 25 µm, applies to all panels. 

 

 Negative control experiments showed negligible changes in cytosolic [Ca
2+

]. The first 

control, in which gold-coated liposomes without IP3 were injected, showed only a 2% 

increase in Indo-1 fluorescence intensity over baseline at the injected cell observed at 

75 s into injection and no propagation to surrounding cells (Figures 3.6d1–d5 & 3.7e). 

Additional attempts to optically inject IP3-loaded liposomes without the gold coating for 

120 s, consistently showed no observable Ca
2+

 response (Figures 3.6e1–e5 & 3.7f). 

Exposing a single cell to the trapping laser alone for up to 120 s in the absence of 

liposomes also failed to induce observable changes in Indo-1 fluorescence in either the 

single cell exposed to the optical injection beam or the surrounding cells (Figure 3.7g). 

No Ca
2+

 signal was observed in response to delivery of a sub-threshold dose of IP3, as 

demonstrated by 10 s of optical injection of gold-coated liposomes encapsulating 500 µM 

IP3 which resulted in a cytosolic IP3 concentration of approximately 20 nM 

(Figure 3.7h).  
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Figure 3.7. Ca
2+

 signal propagation grouped by degrees of separation from single 

activated cell. (a) Cells were grouped by degrees of separation spanning outward from 

injected cell (blue ♦) as marked on the example DIC image of OVCAR-3 cells: first 

group (red ■), second group (green ▲), third group (violet ×), fourth group (teal +), fifth 
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group (orange ●), and sixth group (black *). Bar = 25 µm. (b) Gold-coated liposomes 

encapsulating 500 µM IP3 optically injected for 60 s resulted in a sequentially-spreading 

Ca
2+

 signal in OVCAR-3 cells. (c) Gold-coated liposomes encapsulating 50 µM AdA 

optically injected for 60 s also resulted in a sequentially-spreading Ca
2+

 signal. 

(d) OVCAR-3 cells treated with 1 mM octanol showed a Ca
2+

 signal localized to only the 

injected cell. (e) Gold-coated liposomes containing PBS but no signaling molecules 

optically injected for 120 s showed only a minimal increase in [Ca
2+

] at the injected cell. 

(f) Uncoated IP3-loaded liposomes optically injected for 120 s resulted in no detectable 

Ca
2+

 response. (g) Exposure to the 1064 nm trapping laser to a single cell in the absence 

of liposomes for 120 s resulted in no detectable Ca
2+

 signal. (h) Gold-coated liposomes 

encapsulating 500 µM IP3 injected for 10 s resulted in no observable Ca
2+

 signal. Data 

points represent average change in Indo-1 fluorescence intensity over baseline 

fluorescence intensity per group of cells. 

 

Propagation of Ca
2+

 Signal 

 To illustrate how the proposed method of focal activation can aid quantitative 

analysis of cellular environment, we examined propagation of Ca
2+

 signal. The timing of 

the Ca
2+

 signal propagation throughout the cells can be used to calculate the velocity of 

the Ca
2+

 signal or, alternatively, the apparent diffusion coefficient responsible for the 

spread of observed signal. Figure 3.8a shows distance of Ca
2+

 signal travelling away 

from the injected cell plotted against time as grouped by degrees of separation for 

OVCAR-3 cells activated by IP3- and AdA-encapsulating gold-coated liposomes. The 
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slope of the linear regression fit to these data reveals the velocity of IP3-induced Ca
2+ 

signaling as 2.83 µm/s and of AdA-induced Ca
2+ 

signaling as 5.20 µm/s.  

  Alternatively, the wavelike nature of Ca
2+

 signal propagation throughout gap-

junction linked cells can be described using the apparent diffusion coefficient associated 

with the observed signal. By plotting the mean squared displacement of the outward 

spreading Ca
2+

 signal versus time, the apparent diffusion coefficient in two-dimensional 

space can be estimated from linear regression analysis of the relation:  

〈  〉     , (3.1) 

where <x
2
> is the mean squared displacement, D is the diffusion coefficient, and t is time.  

 

 

Figure 3.8. Quantitative analysis of intercellular Ca2+ wave. (a) Timing of intercellular 

Ca
2+

 signal, grouped by degrees of separation, traveling outward from an optically 

injected cell activated by IP3-encapsulating gold-coated liposomes (blue ♦) and AdA-

encapsulating gold-coated liposomes (violet ●). Shown for comparison, intercellular Ca
2+
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waves travel an average of 8 µm/s (gray line) in thymic epithelial cells (Nihei et al., 

2003). (b) Mean squared displacement of the same Ca
2+

 signals over time. Mean squared 

displacement of free cytosolic Ca
2+

 and IP3 (gray lines) are also plotted, calculated from 

published diffusion coefficients for cytosolic Ca
2+

, 0.13 × 10
-6

 cm
2
/s, and for cytosolic 

IP3, 2.8 × 10
-6

 cm
2
/s (Leybaert & Sanderson, 2012). 

 

 Figure 3.8b shows the analysis of the mean squared displacement of IP3- and AdA-

induced Ca
2+

 signaling obtained from the experimental results shown in 

Figures 3.6a & 3.7b for IP3 and Figures 3.6b & 3.7c for AdA. These data reveal 

apparent diffusion coefficients of 0.67 × 10
-6

 cm
2
/s and 1.07 × 10

-6
 cm

2
/s for IP3- and 

AdA-induced intercellular signaling, respectively.  

 

Discussion 

 Here we demonstrated the versatility, control, and quantitative nature of focal cellular 

activation by optical injection of gold-coated liposomes. Perhaps most frequently focal 

activation is achieved by gentle mechanical stimulation of a cell with a micropipette or 

similar means, which then triggers production of IP3 (Sanderson et al., 1990; Isakson et 

al., 2003). While mechanical stimulation is relevant to certain, mechanosensitive cells, 

the overall diversity of signal transduction pathways demands appropriately versatile 

methods of focal activation. In particular, arbitrary control of intracellular concentrations 

of various messenger molecules may enable investigation of specific stages of many 
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signal transduction pathways of interest to biomedical researchers. Local delivery of 

molecular agents to single cells can be achieved by microinjection (Whitaker & Irvine, 

1984; Churchill & Louis, 1998), optoporation (Soughayer et al., 2000; Yi et al., 2006), 

and photolysis of chemically modified agonists or photouncaging (Leybaert & 

Sanderson, 2001; Sun & Chiu, 2003; Kantevari et al., 2006; Ellis-Davis, 2007). Each of 

these methods carries inherent technical limitations. For example, while microinjection 

allows quantitative delivery of molecules to a single cell in small volumes, micropipette 

contact can easily result in cell damage and unintentional mechanical stimulation of cell 

signaling, masking specific cellular responses to agonists. Optoporation techniques, either 

enabled by light absorbing membrane dyes or femtosecond lasers, transiently open a 

cell’s membrane for passive diffusion of extracellular molecules into that cell. Smallest 

pore sizes are determined by the diffraction limited laser spot size, typically 100s of nm, 

and have been shown to persist around 20 s (Gu & Mohanty, 2011). With these and other 

membrane perforation techniques (Urban et al., 2011), the dose of active molecules and 

the rate of delivery is dependent on large extracellular concentrations and, generally 

unknown, kinetics of that process. Realizations of such experimental techniques in the 

context of cell signaling are further complicated by the possible influx of Ca
2+

 or 

signaling agents from the extracellular space, and release of ATP and other cellular 

components from the cytosol. Alternatively, photouncaging techniques provide high 

temporal and spatial resolutions of delivery, however they rely on chemical compounds 

not designed to cross the cellular membrane and therefore require preloading in the cell, 

possibly by microinjection or optoporation. Molecules for photouncaging techniques 
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must be chemically modifiable, so types of signaling molecules amenable to this 

technique are limited. Given the complexity of multistep syntheses, applicability of 

photouncaging in biomedical labs is typically limited to compounds available 

commercially (Ellis-Davies, 2007).  

 

 

Figure 3.9. Proposed mechanism of inducing intercellular Ca2+ signaling by optical 

injection of gold-coated liposomes encapsulating IP3. (a) Freely diffusing gold-coated 

liposomes encapsulating IP3 encounter the 1064 nm laser beam and are propelled toward 

the cell. Optically injected into a single cell, they move toward the focal point of the trap 

(shown as the beam waist) where IP3 molecules (blue ▲) are released into the cytosol. 
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(b) IP3 binds to the intracellular IP3R, initiating rapid release of stored Ca
2+

 (green ■) 

into the cytosol. Ca
2+

 and/or IP3 are then able to diffuse through the gap junctions to 

induce rapid release of stored Ca
2+

 into the cytosol of adjoining cells. 

 

 The optical injection of gold-coated liposomes process that we report here addresses 

many of these challenges. In this technique, the focal spot of the optical trap is 

purposefully placed within the targeted cell. In this manner, we create an optical force 

field capable of accelerating nanoparticles in the manner dependent on their 

polarizability. Gold-coated liposomes diffuse freely in the extracellular space and, once 

they encounter the optical force field, are propelled toward the focal point of the trap. 

Moving toward the focal point, they are exposed to increasing densities of 

electromagnetic field which in turn deposit increasing amount of heat, eventually 

resulting in thermal destabilization and content release (Figure 3.9a). Notably, content 

release in this setting does not require any specific activation by the operator of the 

optical trap, rather it is an inevitable consequence of the gold-coated liposomes propelled 

to its own demise. 

 The gold-coated liposomes used for this experimental work were specifically made 

with peak plasmon resonance around 700 nm, well below the 1064 nm wavelength of 

trapping beam, to reduce absorption of light by these liposomes (40% of its value at 

maximum, Figure 3.3e) and subsequent thermal damage and premature leakage of 

content. However, at 1064 nm these gold-coated liposomes retain significant 
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polarizability (80% of its maximal value, Figure 3.3e), resulting in greater optical forces 

and ability to steer the liposomes toward the cell.  

 Our proposed mechanism of delivery into the cell’s cytosol involves two events, 

breaching the cell membrane followed by disruption of the gold-coated liposomes 

structural integrity. Experimental separation of these two events remains challenging, 

although we show that photoporation is not involved there. Exposing a single cell to the 

trapping laser for 2 min without gold-coated liposomes in the extracellular medium 

resulted in no detectable decrease in Indo-1 fluorescence (Figure 3.7g), indicating that 

the integrity of the cellular membrane was maintained. A perforated cell would rapidly 

lose Indo-1 molecules to the extracellular medium. This agrees with our earlier optical 

injection work that demonstrated laser trap does not compromise integrity of the cell 

membrane (Leung & Romanowski, 2012a).
 

 Liposomal encapsulation is applicable to a broad class of water soluble factors, 

including exogenous probes such as TO-PRO-3, previously demonstrated by our group 

(Leung & Romanowski, 2012a), or second messengers, exemplified here using IP3 and 

its analog AdA. We selected activation of IP3R for this demonstration as this represents 

one of many biological processes deregulated in cancer (Akl & Bultynck, 2013). 

Different research groups have shown that IP3R is the target of proto-oncogenes, such as 

protein kinase B (Stephens et al., 1998), and tumor suppressors, for example 

promyelocytic leukemia protein (Giorgi et al., 2010). Precise intracellular delivery of IP3 

and its potent analogs described here may aid in studying deregulated properties of 

cancer cells and mapping altered signaling networks. Liposomal encapsulation is 
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performed with no chemical modification, leaving no residual background activity of the 

molecule, which is a frequent problem accompanying caging of biological molecules. 

Delivery and release can be performed in a quantitative manner, and it is possible to 

adjust gold-coated liposome or encapsulated solute concentrations to fine-tune the rate 

and quantity of delivered compound in a very broad range. At the 10 mM lipid and 

500 µM IP3 concentrations used here, we typically required 30 s of injection to activate 

Ca
2+

 signaling. Conceivably, liposomes can be prepared at 60 mM lipid and 120 mM IP3 

concentration (the maximum IP3 solubility in PBS). At this upper limit, an above-

threshold intracellular IP3 concentration of 95 nM can be achieved within 30 ms of 

injection. For attenuated and more precise delivery, gold-coated liposomes prepared 

encapsulating 4 µM IP3 (resulting in approximately 1 IP3 molecule per liposome) diluted 

to an effective 100 µM lipid concentration can be used to count and deliver single IP3 

molecules into the cell. In this model we make the assumption that the number of 

liposomes optically injected deliver the entire payload of encapsulated IP3, however, in 

the case that there is premature leakage of encapsulated IP3 prior to cellular entry, the 

amount delivered may be less.  

 Focal activation of cells by optical injection of gold-coated liposomes enables 

quantitative analysis of the resulting intercellular Ca
2+

 wave. As demonstrated in 

Figure 3.8a, plotting the time course of the wave propagation reveals signaling velocities 

of 2.83 and 5.20 µm/s in response to IP3 and AdA injections, respectively. For 

comparison, intercellular Ca
2+

 waves are typically reported to travel between 10 and 

20 µm/s (Leybaert & Sanderson, 2012), and 8 µm/s for thymic epithelial cells (Nihei et 
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al., 2003). We also demonstrated that this method can be used to measure the apparent 

diffusion coefficient of intercellular Ca
2+

 signaling (Figure 3.8b). We calculated this to 

be 0.67 × 10
-6

 cm
2
/s and 1.07 × 10

-6
 cm

2
/s in response to delivery of IP3 and AdA, 

respectively, values that are within the range of published diffusions coefficients for 

intracellular Ca
2+

 0.13 × 10
-6

 cm
2
/s and cytosolic IP3, 2.8 × 10

-6
 cm

2
/s (Leybaert & 

Sanderson, 2012).  

 Optical injection of gold-coated liposomes described here combines both controlled 

delivery and release of molecules of interest. In comparison, recent works from several 

labs explain how plasmon resonant nanoparticles illuminated with laser light can initiate 

intracellular release of a drug, nucleic acid, or fluorescent probes once associated carriers 

are delivered to cells by molecular targeting or nonspecific endocytosis (Braun et al., 

2009; Anderson et al., 2010; Lukianova-Hleb et al., 2012). Similarly, efficient 

photothermal conversion in liposome-embedded indocyanine green, a NIR molecular 

dye, can be used to trigger intracellular release of the contents of such liposomes taken by 

a cell via endocytosis (Gregersen et al., 2010).
 
However, all these methods require some 

other, efficient mechanism of cellular entry, either nonspecific or based on activity of a 

specific molecular marker triggering cellular entry. Moreover, none of these methods 

enables addressing individual cells in their microenvironment. Free of these limitations, 

optical injection of gold-coated liposomes is well suited for studying phenotypic 

heterogeneity of cells, independent of varying patterns of expression of molecular 

markers in the cell membrane. As cell populations actually can behave in a functional 

heterogeneous manner (Slack et al., 2008; Altschuler & Wu, 2010), the ability to 
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interrogate a single cell with bioactive agents and subsequently monitor the response 

facilitates a better understanding of phenotypic variations within cell populations. 

 

 

Figure 3.10. Optical injection in a co-culture of epithelial and stromal cells. (a) DIC of 

OVCAR-3 cells grown in a cluster encircled by Hs-27 fibroblasts merged with the 

location of optical injecting laser. (b) Ca
2+

 signaling at 15 s after the onset of optical 

injection, (c) 18 s, (d) 30 s, and (e) 75 s. (f) The plotted Ca
2+

 response shows widespread 

signaling localized to the cluster of OVCAR-3 cells with no cross talk to fibroblasts. 

Bar = 25 µm, applies to a – e. 
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 Quantitative focal activation can also find applications in interrogating cell 

communication pathways in multicompartmental models of the tumor microenvironment, 

such as co-cultured or 3D models. In one illustrative example, optical injection of gold-

coated liposomes encapsulating 500 µM IP3 was applied to interrogate Ca
2+

 signaling in 

a co-cultured model of OVCAR-3 ovarian carcinoma cells in direct contact with 

supportive fibroblasts (Figure 3.10). Propagation of Ca
2+

 signaling was confined to the 

island of OVCAR-3 cells and did not spread into the surround fibroblasts, indicating gap-

junction coupling among OVCAR-3 cells but not between OVCAR-3 and fibroblast cell 

types, as expected due to limited presence of direct communication pathways between 

these physiologically separate cell types (Woodward et al., 1998).
 

 

Conclusions 

 We have demonstrated quantitative focal activation of individual cells by the use of 

optical manipulation to gold-coated liposomes. Specifically, we demonstrated how this 

quantitative focal activation may be used to determine parameters of cellular 

communication. Because encapsulated molecules require no chemical modification, we 

believe this method of quantitative intracellular delivery can be applied universally to any 

water soluble molecules, while maintaining diffraction limited spatial resolution in 

combination with doses (zeptomoles) and volumes (attoliters) unattainable by traditional 

microinjection and photouncaging techniques. Optical injection of gold-coated liposomes 

may enable the study of single cell dose-response curves for delivery of therapeutics and 

potentially elucidate functional heterogeneity of cells within a normal tissue or a tumor 
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microenvironment. A better understanding of complex signaling networks beginning at a 

single cell level, facilitated by the novel experimental method of optical injection of gold-

coated liposomes, could lead to improved therapies and diagnostics.  
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CHAPTER 4: ACTIVATED CELL COMMUNICATION IN THREE-

DIMENSIONAL MODELS OF TUMOR MICROENVIRONMENT 

 

Introduction 

 Research tools for investigating single cell behavior are crucial for better 

understanding disease and will inevitably lead to the development of improved 

diagnostics and therapeutics. In cancer, for example, cellular heterogeneity within the 

tumor microenvironment contributes to drug resistances and high recurrence rates 

following treatment (Marusyk et al., 2012), making this group of diseases the second 

leading killer in the United States (American Cancer Society, 2014). The ability to 

interrogate single cells within a population could elucidate phenotypic heterogeneity and 

provide a better understanding of how cells collude to promote disease. Errant cell 

communication within the tumor microenvironment is of particular interest as 

dysfunctional cell signaling is directly responsible for promoting cancerous behaviors, 

including promoting proliferation, enabling cell immortality, activating stromal invasion, 

and inducing angiogenesis (Hanahan & Weinberg, 2011). The work described within 

introduces two novel experimental techniques. The first for growing physiologically 

realistic 3D in vitro models of the tumor microenvironment and the second for activating 

cell signaling at a single cell by intracellular light-triggered release of active molecules 

from internalized gold-coated liposomes. Lastly, these two experimental tools are 

combined as a powerful platform tool for studying cell signaling at a single to multi-cell 

level within complex cell networks, such as those of the tumor microenvironment.  
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3D Cell Culture Models of the Tumor Microenvironment 

 A very large research gap exists between in vitro monolayer cell culture models, 

which may oversimplify the microenvironment complexity, and in vivo animal models, 

which may introduce excessive complexity and species variability (Pampaloni et al., 

2007) to the signaling pathways within the tumor microenvironment. To fill this gap, 3D 

in vitro cell culture models, which recapitulate tissue architecture with a high level of 

control over the arrangement of components, are developed. For example, promising 3D 

culture models of invasive breast cancer (Gudjonsson et al., 2003) and disease 

progression in epidermal cancers (Bernard et al., 2000) have been demonstrated. 3D 

models can comprise human-derived cell lines, mitigating differences in species-specific 

physiology and biology. Use of 3D in vitro models in lieu of animal models can also be 

significantly less expensive and likely alleviate potential ethical concerns associated with 

the use of animals for research.  

 We present an in vitro 3D model of the ovarian cancer microenvironment comprising 

epithelium and stroma grown in a physiologically accurate architecture. Structural 

architecture of a tissue can be a major, if not the most important, factor for determining 

epithelial function (Bissel et al., 2003), an important consideration for tissue engineering 

(Joraku et al., 2009), and of particular importance for models of the tumor 

microenvironment (Griffith & Swartz, 2006). In this 3D model, we probe intercellular 

communication using light-induced release of signaling molecules from gold-coated 

liposomes. The 3D model combined with optically induced release from gold-coated 
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liposomes may provide a platform for untangling cell communication of the cancer 

microenvironment. 

 

Intracellular Light-Induced Release from Gold-Coated Liposomes 

 As we previously introduced, gold-coated liposomes offer unique properties enabling 

encapsulation and controlled delivery of soluble agents such as drugs and contrast agents, 

providing a nanotechnology-based system for therapeutic and diagnostic delivery systems 

(Troutman et al., 2008). Additionally, these composite nanocapsules selectively interact 

with light in the visible to near NIR range providing a mechanism for controlled content 

release (Troutman et al., 2009), which can be tuned to achieve wavelength-selective 

release of multiple compounds (Leung et al., 2011). Recently, we have investigated the 

potential of these composite nanoparticles for controlled delivery of molecular agents to, 

or into, cells (Leung & Romanowski, 2012a; Leung & Romanowski, 2012c). In the study 

presented here, we advance this paradigm by triggering release of signaling molecule 

within the cytosol of the cell signaling molecule IP3 to demonstrate gold-coated 

liposomes’ utility for interrogation cell communication pathways. 

 To accumulate gold-coated liposomes encapsulating IP3 within the cytosol, we rely 

on macropinocytosis by ovarian carcinoma cells. Macropinocytosis, depicted in 

Figure 4.1, is an endocytotic uptake behavior in which cells sample their surrounding 

environment in bulk volumes (Swanson & Watts, 1995; Falcone et al., 2006). In the 

presence of nano- and micron-sized particles, this process can lead to particle 

accumulation within the cell’s cytosol. Essentially, this process enables preloading of the 
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cells with the effectively inactive nanocapsules, evocative of a pro-drug. However, 

instead of enzymatic cleaving to activate the molecule, as would be the case for pro-

drugs, we apply laser light to a cell loaded with gold-coated liposomes to induce release 

of the active molecules into the cell’s cytosol. We encapsulate and release IP3, resulting 

in observable Ca
2+

 signaling within and between OVCAR-3 cells.  

 

 

 

Figure 4.1. Schematic of macropinocytosis. The likely internalization pathway of gold-

coated liposomes is via macropinocytosis, a dynamic process for occurring within min of 

exposure. The process can be split into shown in 3 phases. Phase 1, the first 4 min, 

involves preparation for endocytosis by exocytosis of small cytoplasmic vesicles, 

possibly for increasing cell surface area. Phase 2, up to 20 min following exposure, 

extracellular particles are actively internalized at a steady rate in the form of 

macropinosomes. At phase 3, continuing for as long as the cells are exposed to the 
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particles, macropinocytosis and exocytosis reach equilibrium. Figure used with 

permission (Falcone et al., 2006). 

 

 We activate Ca
2+

 signaling in OVCAR-3 to investigate gap junction intercellular 

communication (GJIC) in 2D and 3D cell cultures. To probe this cell-cell communication 

in a spatiotemporally controlled manner, we bypass extracellular receptors and directly 

stimulate the downstream intracellular receptor and Ca
2+

 channel, InsP3, housed on the 

endoplasmic reticulum (ER) where intracellular Ca
2+

 is stored. We encapsulate IP3, a 

ubiquitous secondary messenger and agonist for the InsP3 receptor, inside gold-coated 

liposomes, load liposomes into the cytosol of OVCAR-3 cells by macropinocytosis, and 

expose a single cell to on-resonant NIR laser light to induce release of IP3 and activate 

Ca
2+

 release from the ER. If the triggered cell has established gap junctions with 

neighboring cells, signaling in the form of a Ca
2+

 wave will propagate within the network 

of connected cells and can be monitored via fluorescence microscopy. A schematic of 

this proposed mechanism is shown in Figure 4.2. 
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Figure 4.2. Light-activated release of IP3 from intracellular gold-coated liposomes. 

(a) IP3-loaded, gold-coated liposomes are incubated with cells to passively load via 

endocytosis. (b) The on-resonant laser is focused on a single cell, inducing release of IP3 

molecules (blue ▲) from the liposomes. (c) IP3 binds to the InsP3 receptor on the 

endoplasmic reticulum and initiates rapid dumping of stored Ca
2+

 (green ■) into the 

cytosol. (d) Diffusion of either free Ca
2+

 or IP3 through gap junctions induces rapid 

dumping of Ca
2+

 in a connected cell. Cell pre-loaded with Indo-1, a Ca
2+ 

sensitive dye, 
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are monitored by observing intensity changes in the 405 nm fluorescence. (Liposomes 

and cells are not drawn to scale). 

 

 In this chapter, we present both a 3D model of the tumor microenvironment and a 

novel technique for activating cell signaling within the 3D model using gold-coated 

liposomes and laser light. We characterize the model’s growth and morphology using 

multiphoton microscopy and histology. The activity of the epithelial cancer cells is 

investigated by observing macropinocytosis of gold-coated liposomes by 3D 

deconvolution (3DD) microscopy. We then apply the light-induced release from 

intracellular gold-coated liposomes to initiate Ca
2+

 signaling in OVCAR-3 cells. We 

compare the morphology, metabolic activity, and cell communication of OVCAR-3s 

grown in 2D monoculture with those grown in 3D models. 

  

Materials and Methods 

Cell Culture 

 Two cell lines were used in the formation of the 3D models, Hs27 human dermal 

fibroblasts and OVCAR-3 ovarian epithelial cancer cells (ATCC, Manassas, Virginia). 

Hs27 cell lines were subcultured in Dulbecco’s modified Eagle medium (DMEM) 

supplemented with 10% fetal bovine serum (FBS). OVCAR-3 cells were subcultured in 

RPMI medium supplemented with 20% FBS, 0.01 mg/mL bovine insulin, and 1% 

penicillin-streptomycin. All cells were maintained in T75 cell culture flasks and 
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incubated at 37°C in 5% CO2. For 2D monolayer experiments, OVCAR-3 cells were 

grown to confluence on 25 mm round coverslips in 6-well plates. 

 

Assembly and Growth of 3D Models 

 The 3D tumor microenvironment models presented here comprised three distinct 

regions – an acellular support matrix, a fibroblast-rich stroma, and epithelium, the 

methods for which were adapted from a protocol previously reported by Carlson et al. 

(2008). To grow six constructs, the following components making up the acellular region 

were combined in order, on ice under aseptic conditions: 1.12 mL of 10× DMEM, 

0.10 µL 200 mM L-glutamine, 1.26 mL fetal bovine serum (FBS), 0.35 mL sodium 

bicarbonate at 75 mg/mL, and lastly 9.28 mL rat tail type I collagen at 3.68 mg/mL. 

These components were gently triturated by pipette on ice to thoroughly combine, 

visually indicated by a uniform yellow color. Next, this mixture was portioned in 1.6 mL 

aliquots into 6 hanging inserts with 3.0 µm porous polyethylene terephthalate (PET) 

membranes in a 6-well plate format (BD Falcon™, BD BioCoat™ Control Cell Culture 

Inserts), and allowed to gelify for 30 min at room temperature. The collagen mixture 

exhibited a color change from the pale yellow to light pink upon gelling. 

 Meanwhile, the cellularized stroma mixture was prepared beginning by trypsinizing 

three confluent T75 cell culture flasks of Hs27 human dermal fibroblasts. Suspensions of 

detached cells were combined and centrifuged at 1250 RPM (Allegra 6R, Beckman 

Coulter, Incorporated, Brea, California) for 10 min to pelletize the cells. The pellet of 

fibroblasts was re-suspended in DMEM to yield a concentration of 1.8 × 10
7
 cells/mL. To 
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prepare the cellularized region, the following components were combined in order at 4°C 

under aseptic conditions: 1.18 mL of 10× DMEM, 0.16 mL 200 mM L-glutamine, 

1.99 mL fetal bovine serum (FBS), 0.55 mL sodium bicarbonate at 75 mg/mL, and lastly 

14.78 mL rat tail type I collagen at 3.68 mg/mL, and 1.6 mL of fibroblasts at 

1.8 × 10
7
 cells/mL (these components are listed under Table 1). Components were gently 

triturated by pipette on ice to thoroughly combine. This cellularized collagen mixture was 

then portioned in 3.1 mL aliquots, yielding approximately 4.4 × 10
6
 fibroblasts per 

construct, directly onto the 6 acellular matrices in the hanging inserts in the 6-well plate, 

and allowed to gellify for 1 hour in the 37°C incubator. Once sufficiently gelled, 5 mL of 

DMEM was added to the outside and 3 mL to the inside of each well. The plate was 

returned to the incubator for 7 days to allow fibroblasts to contract and remodel the 

extracellular matrix (ECM) to form the architecture of the constructs. Media was 

exchanged every 3 – 4 days to maintain a nutrient-rich environment for the fibroblast.  

 The final step to form the 3D model is the addition of the OVCAR-3 epithelium. A 

single T75 cell culture flask with confluent OVCAR-3 cells was trypsinized, centrifuged 

at 1250 RPM (Allegra 6R, Beckman Coulter) for 10 min to pelletize, and re-suspended to 

yield a final concentration of 4 × 10
5
 cells/mL. Media surrounding the previously 

prepared contracted constructs was aspirated to a level below the ECM surface and the 

small volume of media remaining on the surface of the construct was carefully removed, 

making sure not to damage or agitate the collagen surface. Next, 50 µL of the epithelial 

cell suspension was placed onto the surface of each of the 6 partially formed constructs. 

Taking care not to spill the epithelial cell-rich drops off the constructs surfaces, the 
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6-well plate was moved into the 37°C, 5% CO2, humidified incubator for 8 hours to allow 

epithelial cells to settle and attach to the ECM surface. Lastly, each well was topped-off 

with 3 mL RPMI and the constructs were returned to the incubator. Culture media was 

exchanged every 3 – 4 days to maintain a nutrient-rich environment for the living 

constructs. The components and their quantities used to grow a single 3D construct are 

summarized in Table 4.1. 

 

Table 4.1. Components for growing a single, 3D reconstructed ovarian cancer 

microenvironment model. 

Component 

Acellular 

Matrix (µL) 

Stroma 

(µL) 

Epithelium 

(µL) 

10× DMEM 148 180 - 

L-glutamine, 200 mM  13 24 - 

FBS 166 304 - 

Sodium bicarbonate, 75 mg/mL 46 84 - 

Rat Tail type I Collagen, 3.68 mg/mL 1226 2260 - 

Fibroblasts, 1.8 × 10
7
 cells/mL - 246 - 

Epithelial cells, 4 × 10
5
 cells/mL - - 50 

Totals 1600 3100 50 
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Multiphoton Microscopy 

 Two photon excited fluorescence (2PEF) and second harmonic generation (SHG) 

provide simultaneously visualization of endogenous cellular fluorescence and type I 

collagen morphology, respectively, ideal for volumetric live cell imaging of 3D cell 

culture models. Immediately preceding imaging, 3D constructs were harvested from 

culture and a 4 mm diameter punch biopsy was taken from the construct’s center, 

resulting in a 4 mm disc of approximately 2 mm thickness which was assembled into a 

cell chamber for imaging. The cell chamber consisted of an approximately 8 mm 

diameter by 2 mm deep well into which the punch biopsy was loaded with epithelium 

facing up, followed by the addition of PBS, and a glass coverslip placed on top to close 

the chamber. OVCAR-3 cells grown in 2D monolayers on coverslips were also imaged 

by 2PEF.  

 The multiphoton imaging system, thoroughly described previously (Kirkpatrick et al., 

2007) and depicted in Figure 4.3, delivered 780nm, 150 fs pulses from a titanium-

sapphire laser (Mira 900, Coherent, Incorporated, Santa Clara, California) into an upright 

laser-scanning microscope (Zeiss LSM 510 NLO, Carl Zeiss Microscopy, LLC, 

Thornwood, New York) and to the samples through a 20X 0.95 NA water immersion 

objective lens (XLUMPFL20XW, Olympus) with an average power of 70 mW measured 

at the sample. Emitted light was collected through the same objective and directed to 

three separate photo multiplier tubes (PMTs) by a series of dichroic mirrors and filters to 

separate and capture only the desired wavelength bands corresponding to SHG of 

collagen (350-400 nm), 2PEF of NADH (420-500 nm), and 2PEF of FAD (500-600 nm) 
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to form the co-localized images. Final images had a 400 × 400 µm FOV corresponding to 

512 by 512 pixels, and image stacks were acquired from the construct surface to depths 

up to 400 µm at 1 µm increments.  

 

 

Figure 4.3. Multiphoton setup. Collagen SHG (PMT #1), NADH 2PEF (PMT #2), and 

FAD 2PEF (PMT #3) are acquired simultaneously. 
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Growth Study 

 Morphological observations of 3D construct growth over time were performed 3, 7, 

and 21 days after epithelial (OVCAR-3) seeding in 3D constructs with and without 

fibroblasts. Multiphoton images of NADH and FAD autofluorescence by 2PEF and 

collagen fibers by SHG, as described above, were acquired at each time point in three 

randomly selected regions for each model. The number of epithelial cells growing on the 

surface of the constructs was manually counted in the resulting images using ImageJ. 

Based on the image surface area of 0.16 mm
2
, the epithelial cell density was extrapolated 

for each time point.  

 

Histology 

 Immediately following live cell imaging, tissues constructs were loaded into tissue 

processing cassettes, submerged in 10% formalin for 24 hours at 4°C, then into 70% 

ethanol solution for 24 hours at 4°C, followed by processing and embedding into paraffin 

blocks. Tissue blocks were microtome-sectioned at 6 µm and prepared on slides for 

hematoxylin and eosin (H&E) staining. Specimen orientation was maintained so the 

resulting slides produced cross sectional views of the constructs for visualization of the 

epithelium and stroma layers.  

 



124 

3D Deconvolution Microscopy 

 3DD imaging was performed to observe cellular uptake of gold-coated liposomes. 

Co-localized Indo-1 and RhB fluorescence images were acquired to show both cellular 

morphology and localization of gold-coated liposomes, respectively. The system’s key 

components included an inverted microscope (Olympus, IX71) with a 60× oil-immersion 

objective (Olympus PLAPON, NA 1.42), 200 W metal halide lamp (Lumen 220, Prior 

Scientific, Incorporated, Rockland, Massachusetts), Indo-1 filters (365/20 nm excitation 

filter, D365/10x; 380 nm LP dichroic, 380dclp; and 485/25 nm emission filter, 

D485/25m; all from Chroma Technologies Corporation, Bellows Falls, Vermont), RhB 

filters (545/30 nm excitation filter, HQ545/30x; 570 nm LP dichroic, Q570lp; and 

610/75 nm emission filter, HQ610/75m; all from Chroma), 512 × 512 pixel EM-CCD 

camera (ImagEM, Hamamatsu), and motorized stage (Prior Scientific, Incorporated) 

controlled by open source µManger software (Edelstein et al., 2010). 3DD imaging first 

requires acquisition of a 3D data set, achieved by wide field fluorescence imaging of 

Indo-1 or RhB at a step size of 0.25 µm over 15 – 120 µm axially, yielding data cubes of 

up to 512 × 512 × 480 (X × Y × Z) pixels. The step size was selected to be as close as 

possible to the lateral resolution of the detector (approximately 0.26 µm), so that the 

aspect ratio was nearly isometric. All raw images were acquired and saved as 16-bit 

multipage tagged image file formats (TIFFs). 

 The z-stack of 2D fluorescent images, or 3D image set, is described by: 

 (     )    (     )   (     ), (4.1) 
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where g is the 3D matrix of the observed image, f is the real image 3D matrix, and h is 

the 3D matrix of the point spread function (PSF) of the system. To perform 

deconvolution on the 3D image dataset, h, which describes how the imaging system 

convolves the real image, is required. Here, we generated a 16-bit gray scale 

128 × 128 × 128 (X × Y × Z) synthetic PSF using an open source ImageJ (National 

Institutes of Health, Bethesda, Maryland) plugin (‘PSF Generator’, Biomedical Imaging 

Group) based on the key optically properties of the experimental setup, including pixel 

dimension 0.26 µm × 0.26 µm, imaging wavelengths of 485 or 590 nm, objective NA of 

1.42, and immersion refractive index of 1.515. Separate PSF matrices were generated to 

perform 3DD on Indo-1 485 nm fluorescence and RhB 590 nm fluorescence.  

 3DD was performed using an open source plug-in (‘DeconvolutionLab’, Biomedical 

Imaging Group, http://bigwww.epfl.ch/algorithms.html) for ImageJ (National Institutes 

of Health) by applying Richardson-Lucy (RL) iterative deconvolution. The 3D image, g, 

and the 3D PSF, h, were loaded and RL deconvolution was performed according to: 

        (
 

    
  )  (4.2) 

where fk is the estimated real image after k iterations. More than 20 iterations did not 

noticeably improve images quality here, so all 3DD images presented here were limited 

to 20 iterations.  
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Preparation of Gold-Coated Liposomes 

 Thermosensitive liposomes were formulated from synthetic lipids similar to a 

composition previously demonstrated for temperature-sensitive content release (Needham 

et al., 2000) consisting of DPPC, MPPC, DPPE-PEG2000, and DPPE-RhB in a 

90:10:3.95:0.05 molar ratio (all from Avanti Polar Lipids, Alabaster, AL). Lipids were 

dissolved in chloroform then dried under nitrogen gas followed by vacuum. Two 

different liposome formulations were prepared. The first batch was made encapsulating a 

cell impermeable nuclear dye, TO-PRO-3 (T3605, Life Technologies Corporation, Grand 

Island, New York) by introducing 50 µM TO-PRO-3 in PBS to reach a final lipid 

concentration of 60 mM. The second batch was made instead encapsulating IP3 (I-1223, 

Life Technologies Corporation) by introducing 500 µM IP3 in PBS to reach a final lipid 

concentration of 60 mM. Both batches underwent freeze-thaw cycling and extrusion 

through 100 nm porous polycarbonate membranes to form the liposomes. Un-

encapsulated solutes in the extra-liposomal buffer were removed via three rounds of 

dialysis in 2L of PBS using 100,000 MW cut-off cellulose membranes (Spectrum 

Laboratories; Rancho Dominguez, CA).  

 To form the plasmon resonant gold shell on the surface of the liposomes, 18 µL of 

100 mM gold chloride followed by 27 µL of 500 mM ascorbic acid was added to 1 mL of 

liposome suspensions diluted to an effective lipid concentration of 10 mM. This process 

is similar to the technique previously reported by Troutman et al. (2008). The presence of 

the desired plasmon resonant structure was immediately evident by a change in solution 

color. Gold-coated liposomes were dialyzed another three rounds in 2 L of PBS using 
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100,000 MW cut-off cellulose membranes. Peak plasmon resonance was confirmed via 

absorption spectra obtained on a spectrophotometer (Cary 5, Agilent Technologies).  

 

Optical Setup for Intracellular Release of IP3 from Gold-Coated Liposomes 

 The optical setup is designed to bring an on-resonant laser beam into the same 

inverted microscope (IX71, Olympus) used for 3DD, for simultaneous laser illumination 

and microscopic imaging, as depicted in Figure 4.4. For inducing on-resonant release 

from gold-coated liposomes, a 760 nm diode laser (RPMC Lasers, O’Fallon, Missouri) 

driven by a constant current, square pulse source (ILX Lightwave, Bozeman, Montana) 

set to a fixed 10% duty cycle at either 0.5 (200 kHz) or 5 µs (20 kHz) pulse width (PW) 

delivering 10 mW average power was used. The beam was expanded then directed by a 

700 nm VIS/IR dichroic mirror (T700dc, Chroma Technologies Corporation, Bellows 

Falls, Vermont) into a 60× 1.42 NA oil immersion lens (Olympus, Center Valley, PA) to 

create an approximately 10 µm diameter spot size at the focal plane of the objective lens. 

The 10 mW average laser power was confirmed by measuring the beam just after exciting 

the objective lens by a thermopile laser power sensor (818P-001-12, Newport, Irvine, 

CA) and power meter (1918-C, Newport). Indo-1 images were captured by an air-cooled 

512x512 pixel back-thinned EM-CCD digital camera (Hamamatsu, Bridgewater, New 

Jersey) controlled by HCImage Live software (Hamamatsu, Bridgewater, New Jersey). 

Indo-1 405 nm fluorescence images were acquired using the following filters: 365/20 nm 

excitation filter, D365/10x; 380 nm LP dichroic, 380dclp; and 405/30 nm emission filter, 

D405/30m (all from Chroma). TO-PRO-3 fluorescence images were acquired using a 
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Cy5 filter set: 620/60 nm excitation filter, ET620/60x; 660 nm LP dichroic, T660lpxr; 

and a 700/75 nm emission filter, ET700/75m (49006, Chroma). RhB fluorescence images 

were captured using the same filters as for 3DD.  

 

 

Figure 4.4. Optical setup for activating signaling by light-induced release. The schematic 

depicts the experimental setup for triggering on-demand content release from gold-coated 

liposomes in cells. The 760 nm beam is expanded and directed into the 1.42 NA 60× 

objective by a 700 SP dichroic mirror and reaches the sample with a spot diameter of 
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~10 µm. Epi-fluorescence is simultaneously monitored by the EMCCD with the desired 

excitation and emission filters in place. 

 

Light-Induced Content Release in Microinjected Cell 

 As a preliminary demonstration of intracellular release of molecules from gold-coated 

liposomes, TO-PRO-3 liposomes were microinjected into a single OVCAR-3 cell which 

was subsequently exposed to the on-resonant laser light to induce content release. 25 mm 

round coverslips with confluent OVCAR-3 cells were washed in PBS and assembled into 

an open cell chamber on the stage of the inverted microscope. A borosilicate 

microinjection needle with a sub- 1 µm tip diameter was filled with 5 µL of 10 µM gold-

coated TO-PRO-3 liposomes, loaded into a pneumatic microinjector (IM-11-2, Narishige 

International USA, Incorporated, East Meadow, New York) with hydraulic axial control 

(MMO-220A, Narishige International USA, Incorporated), and positioned by an XYZ 

coarse micromanipulator (M-152, Narishige International USA, Incorporated). The 

needle was gently inserted into a single OVCAR-3 cell and a small bolus of gold-coated 

liposomes was injected into the cytosol of the cell. The same cell was then exposed to the 

760 nm laser for 1 min. DIC, TO-PRO-3 fluorescence, and RhB fluorescence images 

were acquired before injection, after injection, and after laser-induced release. 

 

Initiation of Ca
2+

 Signaling in 2D Culture 

 To demonstrate intracellular light-induced release of signaling molecules from gold-

coated liposomes, 25 mm coverslips with confluent OVCAR-3 cells were incubated in 
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1 mL of 1 mM gold-coated liposomes in RPMI encapsulating 500 µM IP3 for 1 hour at 

37°C to allow sufficient time for macropinocytosis of the nanovesicles. Coverslips were 

then moved into 1 mL of 8 µm Indo-1 AM, a Ca
2+

-sensitive dye, for 30 min. After 

2 washes in PBS, coverslips were assembled into a cell chamber on the stage of the 

inverted microscope for light-induced release experiments. DIC and RhB fluorescence 

images were acquired immediately preceding laser-induced release to show the cell 

morphology and localization of gold-coated liposomes, respectively. Continuous images 

of Indo-1 fluorescence (405 nm peak) were acquired at 2 fps for 10 s prior to laser 

illumination for baseline fluorescence, for the duration of laser illumination (1 to 300 s), 

and for 60 s following illumination. 

 

Initiation of Ca
2+

 Signaling in Epithelium of 3D Culture 

 Ca
2+

 signaling within the epithelium of the 3D models was activated similarly to the 

method of activation in 2D monolayers of epithelial cells as described above. 4 mm 

punch biopsies of 3D models were incubated in 1 mL of 1 mM gold-coated liposomes in 

RPMI encapsulating 500 µM IP3 for 1 hour at 37°C to allow sufficient time for 

macropinocytosis, and therefore accumulation within the OVCAR-3 cells. 3D models 

were washed in 1 mL PBS, incubated for 30 min in 1 mL of 8 µm Indo-1 AM, and finally 

washed twice in PBS prior to placing into the cell chamber with epithelial cells towards 

the objective for signal activation experiments. With the objective focused on the 

epithelial cells while observing Indo-1 fluorescence, a single epithelial cell in the 

experimental FOV was selected for activation and co-aligned to the 760 nm laser spot. 
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Indo-1 485 nm and RhB fluorescence images were acquired immediately preceding laser-

induced release to show the cell morphology and localization of gold-coated liposomes, 

respectively. Continuous images of Indo-1 405 nm fluorescence were acquired before, 

during, and following laser illumination, similar to experiments using 2D cultured cells. 

 

Ca
2+

 Image Analysis 

 All images were saved in 16-bit TIFF format and analyzed using ImageJ software 

(National Institutes of Health). To measure changes in Indo-1 405 nm fluorescence 

intensity over time at a single cell, representative of changes in cytosolic [Ca
2+

], the area 

covered by that cell was manually outlined to measure the average intensity of the 

encircled pixels for each frame of the complete image sequence. These intensity 

measurements were acquired for the exposed cell, a control cell that showed no 

observable response, and neighboring cells that showed increases in intensity. 

 

Results 

3D Model Growth and Morphology 

 Figure 4.5 shows the progression of a growing 3D construct, beginning with the 

stroma, consisting of collagen and Hs27 fibroblast (Figure 4.5a), ECM remodeling after 

7 days of growth (Figure 4.5b), at which point OVCAR-3 epithelial cell were seeded, 

and harvesting at 7 days of epithelial cell growth for live cell imaging and cell 

communication experiments (Figure 4.5c).  



132 

 

Figure 4.5. 3D models of the ovarian cancer micro-environment. 3D model growth 

begins with the stromal layer (a) consisting of type I collagen and human fibroblasts, 

followed by a layer of epithelial cells seeded on top (b). The models are harvested (c) 

after 3 to 21 days of epithelium growth for live imaging, cell signaling studies, and IHC. 

 

 Multiphoton imaging of 3D constructs at 3, 7, and 21 days of growth shows the 

morphological development model with and without fibroblasts, as shown in Figure 4.6. 

Models grown with fibroblasts in the stroma appear to have more densely packed 

collagen throughout growth and a more regulated epithelial growth than those grown 

without fibroblasts. Constructs without fibroblasts appeared to hamper OVCAR-3 growth 

(Figure 4.7) but allow more invasive behavior, as evident at days 7 (Figure 4.6e) and 21 

(Figure 4.6f). Histology of H&E-stained constructs (Figure 4.8) corresponded well with 

multiphoton images at the same time points (Figure 4.6). By day 7, the epithelial cells in 

models grown with fibroblasts had fully covered the construct surface, as exemplified by 

Figures 4.6b & 4.8b. OVCAR-3 confluency was maintained for a minimum of 2 weeks 

(Figures 4.6c & 4.8c). As compared to 2D monolayers of OVCAR-3 cells seeded at the 

same density and grown for 7 days, OVCAR-3 cells grown in the 3D model similarly 

form a uniform epithelium of tightly packed cells (Figure 4.9).  
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Figure 4.6. 2PEF (red) and SHG (gray) of 3D models grown with cancerous epithelial 

cell line, OVCAR-3, with and without fibroblasts in the stroma. Each image set consists 

of an en face XY image and cross-sectional YZ and XZ images, corresponding to 

locations marked by yellow lines. 
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Figure 4.7. Growth curve for OVCAR-3 cells grown in 3D models. OVCAR-3 seeded on 

collagen matrices with (●) or without (○) Hs27 fibroblasts.  

 

 

Figure 4.8. H&E-stained sections of 3D models. Harvested and fixed at (a) 3, (b) 7, and 

(c) 21 days. Scale bar = 100 µm, all images. 
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Figure 4.9. Multiphoton microscopy of morphology in 2D and 3D cultures. (a) 3D 

surface rendering of integrated NADH and FAD 2PEF autofluorescence (red) of 2D 

monolayer of OVCAR-3 cells from a 30 µm z-stack. (b) 3D surface rendering of 3D-

cultured OVCAR-3 cells and stromal fibroblasts from a 100 µm z-stack. (c) A single en 

face image from the 2D cultured OVCAR-3s shown in a. Orthogonal views derived from 

z-stack are from positions indicated by yellow lines. (d) A single en face image from the 
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3D model shown in b, showing both cellular and ECM morphology (gray), imaged by 

SHG. Scale bar = 100 µm, applies to c and d. 

 

Gold-Coated Liposomes 

 Gold-coated liposomes exhibited an absorption peak around 700 nm, with strong 

absorption at 760 nm (Figure 4.10), the wavelength of the laser used for light-induced 

release. The sharp absorption peak at 560 nm is caused by the fluorescent DPPE-RhB 

lipid component. 

 

Figure 4.10. Fluorescent gold-coated liposomes. (a) Liposomes are prepared 

encapsulating TO-PRO-3 or IP3 (left). The plasmon resonant gold shell is deposited via 
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chemical reduction of gold chloride (middle), then on-demand content release from gold-

coated liposomes is triggered by illumination with on-resonant laser light. (b) Extinction 

spectra from uncoated, IP3-loaded liposomes (gray line) and plasmon resonant gold-

coated liposomes (red line) with the position of the 760 nm diode laser indicated by 

vertical red line. 

 

Light-Induced Release from Microinjected Gold-Coated Liposomes 

 As a preliminary demonstration of light-induced release of content from intracellular 

localized gold-coated liposomes, TO-PRO-3 gold-coated liposomes were microinjected 

into a single OVCAR-3 cell.  

 

 

Figure 4.11. On-demand nuclear staining. (a) Experimental FOV in DIC of OVCAR-3 

with red circle indicating location of 760 nm laser focal spot. (b) RhB fluorescence image 

showing location of gold-coated liposomes encapsulating TO-PRO-3 in microinjection 

needle and confined to the single OVCAR-3 cell. (c) Following 1 min of exposure to the 

760 nm laser, the nucleus of the microinjected cell is stained by the TO-PRO-3. 
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(d) Merged imaged of DIC, RhB fluorescence, location of laser spot, and resulting TO-

PRO-3 fluorescence. Scale = 25 µm, all images. 

 

RhB fluorescence localized to the single injected cell (Figure 4.11b) confirmed 

successful loading of the liposomes into the cell. Following illumination of that cell with 

760 nm laser light for 1 min, TO-PRO-3 fluorescence was observed localized at the 

nucleus of the injected and illuminated cell, therefore demonstrating successful release of 

content from intracellular gold-coated liposomes.  

 

Macropinocytosis of Gold-Coated Liposomes Observed by 3DD 

 Approximately half of the OVCAR-3 cells in the populations grown in 2D cultures 

were observed internalizing gold-coated liposomes when incubated with liposome 

suspensions at an effective 10 mM lipid concentration for 1 hour, as determined by 

localization of punctate RhB fluorescence in the cytosol of only some of the OVCAR-3 

cells (Figures 4.12a & c). OVCAR-3 cells grown in 3D models for 7 days appeared to 

take up even fewer gold-coated liposomes when incubated under similar conditions as 

2D-cultured cell, with apparent cell surface binding (Figures 4.12b & d). 
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Figure 4.12. 3DD of OVCAR-3 cells incubated with RhB-tagged gold-coated liposomes 

and loaded with Indo-1 in 2D and 3D cultures. (a) 3D surface rendering of Indo-1 

fluorescence centered at 485 nm, used as cytosol marker (green), and RhB fluorescence, 

originating from gold-coated liposomes (red), in 2D monolayer of OVCAR-3 cells from a 

20 µm z-stack. (b) 3D surface rendering of 3D cultured OVCAR-s cells incubated with 

gold-coated liposomes from a 20 µm z-stack. (c) En face view of 2D cultured cells shown 

in a. (d) En face view of 3D cultured cells shown in a. Orthogonal views in c and d 

corresponding to positions marked by yellow lines. Scale bar = 25 µm, c and d. 
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Activation of Ca
2+

 Signaling in 2D Culture 

 Successful internalization of gold-coated liposomes encapsulating IP3 from the 

surrounding medium was evident in many OVCAR-3 cells grown in 2D culture, seen in 

RhB fluorescence images (Figure 4.13). After illuminating a single OVCAR-3 cell, 

selected for its high level of internalized gold-coated liposomes, for 10 s with the 760 nm 

laser light at a 0.5 µs PW and 10% duty cycle, the cell quickly responded with an 

increase in cytosolic [Ca
2+

] (Figures 4.13a & 4.14a). The Ca
2+

 signal spreads beyond the 

activated cell to neighboring cells and beyond over 30 s, then recovers to near baseline at 

60 s. Similar illumination of another OVCAR-3 cell loaded with gold-coated liposomes 

encapsulating IP3 resulted in activation of that single cell, but alternatively provided a 

diminished intercellular Ca
2+

 wave spreading to only several cells within the FOV 

(Figures 4.13b & 4.14b). Another cell with similar liposomal loading was exposed to on-

resonant laser light for only 1 s, resulting in a Ca
2+

 signal that does not propagate beyond 

the single activated cell (Figures 4.13c & 4.14c). 

 As a control, OVCAR-3 cells were allowed to internalize gold-coated liposomes 

encapsulating only PBS, without signaling molecules, similarly for 1 hour. Laser 

exposure for 300 s of a single OVCAR-3 cell, with evidence of these gold-coated 

liposomes internalized, resulted in no observable Ca
2+

 signal (Figures 4.13d & 4.14d). 

Adjusting the laser to 5 µs PW at 20 kHz (still 10% duty cycle) and illuminating a single 

OVCAR-3 cell loaded with gold-coated liposomes encapsulating IP3 for 10 s resulted in 

a rapid and intense spike in [Ca
2+

] in the exposed cell, followed by rapid intercellular 
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Ca
2+

 signaling to the neighboring cells (Figures 4.13e & 4.14e). However, the nearly 

immediate loss of Indo-1 fluorescence from the exposed cell indicated cell rupture, likely 

due to rapid bulk heating due to the lower frequency laser setting. Mechanical stimulation 

by gentle contact with a glass micropipette produced similar intercellular Ca
2+

 signaling 

(Figures 4.13f & 4.14f), however also lead to rupture of the activated cell.  

 

 

Figure 4.13. Ca
2+

 signal activation in 2D cultured monolayer of OVCAR-3 cells. As 

initiated by on-resonant release of IP3 from gold-coated liposomes encapsulating IP3 

(Rows a–e) and mechanical stimulation by contact with a micropipette (Row f). Leftmost 

column of images shows the location of the laser spot (red) merged with DIC or cells 
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(micropipette in f). Moving to the right, the next column shows the RhB fluorescence 

(red) signal from internalized gold-coated liposomes (or Indo-1 fluorescence, green, in f). 

The next 6 columns show the Ca
2+

 signal (false color) over time (in seconds following 

the laser turning on) calculated by subtracting the baseline Indo-1 405 nm fluorescence 

from the images sequence. (Row a) Observed intercellular Ca
2+

 signal in response to 10 s 

of 760 nm laser exposure modulated at 200 kHz, 0.5 µs PW (10% duty cycle). (Row b) 

Under same illumination scheme, but for duration of only 5 s. (Row c) Laser exposure 

for only 1 s. (Row d) Cells incubated with gold-coated liposomes without encapsulated 

IP3, exposed for 5 min. (Row e) 10 s of illumination with the pulsing scheme changed to 

20 kHz, 5 µs PW. (Row f) Single cell activated by gentle poking by a glass micropipette.  
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Figure 4.14. Plots of normalized Ca
2+

 wave in 2D-grown OVCAR-3s. Cells activated by 

on-resonant release of IP3 from gold-coated liposomes encapsulating IP3, corresponding 

to calculated Ca
2+

 images shown in Figure 4.13. (a) Observed intercellular Ca
2+

 wave in 

response to 10 s of 760 nm laser exposure modulated at 200 kHz, 0.5 µs PW (10% duty 
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cycle). (b) Under same illumination scheme, but for duration of only 5 s (note: plotted 

Ca
2+

 signal is from 5 individual cells). (c) Laser exposure for only 1 s. (d) Cells incubated 

with gold-coated liposomes without encapsulated IP3, exposed for 5 min. (e) 10 s of 

illumination with the pulsing scheme increased to 20 kHz, 5 µs PW (still 10% duty 

cycle). (f) Single cell contacted with glass micropipette tip. For all plots, blue ♦ 

correspond to the single activated cell co-localized with the laser spot (or contacted by 

micropipette as in f). All other points represent the average observed Ca
2+

 signal from 

surrounding cells as grouped by degrees of separation (except in b). Red ■ correspond to 

the average response from all 1
st
 degree cell neighbors in direct contact with the exposed 

cell, green triangles to 2
nd

 cell neighbors in direct contact with 1
st
 degree cells, violet ● to 

3
rd

 degree neighboring cells, teal * to 4
th

 degree cells (only in e), and orange ● to 5
th

 

degree cells (only in f). 

 

Activation of Ca
2+

 Signaling in 3D Culture 

 The limited uptake of gold-coated liposomes by OVCAR-3 cells growing in 3D 

models limited the number of cells available for light-induced release experiments. 

Figures 4.15 & 4.16 show three examples derived from these experiments. A single cell 

exhibiting high level of internalized gold-coated liposomes encapsulating IP3 exposed to 

the laser light for 10 s resulted in widespread intercellular Ca
2+

 signaling initiated at the 

exposed cell (Figures 4.15a & 4.16a). Another cell, showing limited uptake of gold-

coated liposomes and possible cell surface localization, resulted in limited, but 

observable, intercellular Ca
2+

 signaling (Figures 4.15b & 4.16b) when similarly exposed. 
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Unsurprisingly, a cell showing no noticeable evidence of gold-coated liposomes uptake, 

did not lead to any observable Ca
2+

 signaling (Figures 4.15c & 4.16c). 

 

 

Figure 4.15. Ca
2+

 signaling in OVCAR-3 cells grown in 3D models. Initiated by on-

resonant release of IP3 from gold-coated liposomes encapsulating IP3. In Rows a–c, 

leftmost column of images shows the location of the laser spot (red) merged with Indo-1 

485 nm fluorescence signal (green), here used as a cytosol dye. Moving to the right, the 

next column shows the RhB fluorescence (red) signal due to internalized gold-coated 

liposomes. The next 6 columns show the Ca
2+

 signal (false color) over time (in seconds 

following the laser turning on) calculated by subtracting the baseline Indo-1 405 nm 

fluorescence from the images sequence. (Row a) Observed intercellular Ca
2+

 signal in 

response to 10 s of 760 nm laser exposure modulated at 200 kHz, 0.5 µs PW (10% duty 

cycle). (Row b) Same illumination scheme and duration, however on a cell with fewer 

internalized gold-coated liposomes. (Row c) Again, same illumination scheme and 

duration, however on a cell with no observable internalized gold-coated liposomes.  
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Figure 4.16. Normalized Ca
2+

 signal propagation in 3D model. Activation signaling by 

on-resonant release of IP3 from gold-coated liposomes encapsulating IP3observed in 

OVCAR-3 cells grown in 3D models for 7 days, corresponding to calculated Ca
2+

 images 

shown in Figure 4.15. (a) Observed intercellular Ca
2+

 wave in response to 10 s of 

760 nm laser exposure modulated at 200 kHz, 0.5 µs PW (10% duty cycle). (b) Same 

illumination scheme and duration, however on a cell with fewer internalized gold-coated 
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liposomes. (c) Again, same illumination scheme and duration, however on a cell with no 

observable internalized gold-coated liposomes. For all plots blue ♦ correspond to the 

single exposed cell co-localized with the laser spot. All other points represent the average 

observed Ca
2+

 signal from surrounding cells as grouped by degrees of separation. Red ■ 

correspond to the average response from all 1
st
 degree cell neighbors in direct contact 

with the exposed cell, green ▲ to 2
nd

 cell neighbors in direct contact with 1
st
 degree cells, 

violet ● to 3
rd

 degree neighboring cells, and teal cross to 4
th

 degree cells. 

 

 The velocity of the propagating intercellular Ca
2+

 wave was calculated to be 6.06 µ/s 

in OVCAR-3 cells grown in 2D monolayers and 5.85 µ/s in 3D models (Figure 4.17a). A 

similar velocity, 5.75 µ/s, was observed in the 2D-grown cells mechanically stimulated 

by gentle contact with a glass micropipette. The fastest velocity was observed in the 

photoablation example, traveling at a rate of 16.36 µ/s. 

 The apparent diffusions coefficient, D, of the observed intercellular Ca
2+

 wave was 

calculated using the 2D diffusion equation, <x
2
> = 4Dt. Mean squared displacement, x

2
, 

of the wave was plotted over time (Figure 4.17b), from which the slope of the linear 

regression, x
2
/t, divided by 4 yielded D. The apparent diffusion coefficient of the 

intercellular Ca
2+

 wave initiated in 2D cell culture was calculated to be 1.04 × 10
-6

 cm
2
/s, 

compared to 0.89 × 10
-6

 cm
2
/s in the 3D model. For the wave produced following 

photoablation, D was calculated to be 2.46 × 10
-6

 cm
2
/s. For the wave produced following 

mechanical stimulation by contact with the micropipette, D was calculated to be 

0.91 × 10
-6

 cm
2
/s.  
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Figure 4.17. Travel of intercellular Ca
2+

 waves following activation. Activation by on-

resonant light-induced release of IP3 from intracellular gold-coated liposomes in 2D 

monolayer (blue ●) and 3D models (green ▲), photoablated cell in 2D (red ♦), and 

mechanical stimulation in 2D (orange ■). (a) Propagation of intercellular Ca
2+

 waves 

over time. (b) Mean squared displacement of intercellular Ca
2+

 waves over time. 

Equations of the linear regression lines are used to calculate the velocities (a) and 

diffusion coefficients (b). 

 

Discussion 

 Together, the presented 3D model and cellular activation techniques provide a 

powerful platform for isolating and investigating interactions between cells of the cancer 

microenvironment. We specifically demonstrated utility for initiating GJIC and 

monitoring Ca
2+

 signaling by light-induced release of IP3 from gold-coated liposomes 

within cancerous epithelium in 2D culture and the 3D model. The model’s architecture 

provides a reproducible, physiologically mimicking in vitro platform for examining cell 

communication networks of the tumor microenvironment. The described methods for 



149 

growing a 3D model of the cancer microenvironment successfully produced an 

organotypic construct representing morphology of the ovarian tissue. Comparison of the 

3D model, characterized micrographically by 2PEF, SHG, 3DD, and H&E histology, to 

human ovarian tissue detailed in literature (Orsinger et al., 2014a) revealed that our 

described model is of a comparable microarchitecture.  

 The experimental results demonstrated successful intracellular light-induced release 

of molecules from gold-coated liposomes accumulated within cells by macropinocytosis. 

On-demand release was made possible by liposomes’ unique gold shell comprising 

discrete gold nanoparticles that collectively form a core-shell structure that exhibits 

plasmon resonance in NIR wavelengths. Small doses of molecules can be released into a 

single cell, and, in combination with the correct laser pulsing scheme, presents minimal 

risk of damage to the cell. However, as this process relies on macropinocytosis for 

internalization of gold-coated liposomes, the number of liposomes that accumulates can 

vary widely from cell to cell, evident in experimental results, so the actual dose of IP3 

released within the cell following laser exposure is difficult to quantify without further 

investigation. We have previously introduced optical injection of gold-coated liposomes 

encapsulating active molecules for quantifiable single-cell delivery with the use of a 

modulated optical trapping laser (Orsinger et al., 2014b). Combining optical injection of 

gold-coated liposomes with illumination by a separate, on-resonant laser light as 

presented here, could provide even greater control of molecular delivery into single cells. 

Encapsulation within gold-coated liposomes is compatible with nearly any small soluble 

molecules, highlighting the versatility of gold-coated liposome delivery when compared 
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to photo-uncaging techniques which require chemical modification. Light-triggered 

release from nanocarriers opens vast opportunities for exploring single cell dynamics in 

models of disease. 

 The lack of observed Ca
2+

 signal activation when exposing a single OVCAR-3 cell 

that had internalized gold-coated liposomes without IP3 for 300 s of on-resonant laser 

light provides evidence that light-induced release of IP3 is responsible for the other 

observed Ca
2+

 signals, and that our proposed mechanism of action (Figure 4.2) is likely 

correct. Even at the same duty cycle (10%), low frequency, longer PW laser modulation 

can cause bulk heating around the gold-coated liposomes and lead to cell ablation. This is 

evident by the rapid diminishing of Indo-1 fluorescence from the cell exposed to laser 

light delivered at 20 kHz, 5 µs PW (Figures 4.13e & 4.14e). The rapidly spreading and 

highly intense Ca
2+

 signal observed was likely due to heating shock, not release of IP3. 

 Propagation of intercellular Ca
2+

 signaling varied only slightly between 2D 

monolayers and 3D models of OVCAR-3 cells, approximately 4% faster in 2D grown 

cells (Table 4.2). However, when comparing apparent diffusions coefficients of the 

spreading Ca
2+

, the 2D-grown OVCAR-3 cells had a 17% greater value. In comparison to 

intercellular Ca
2+

 signaling activated by optical injection of gold-coated liposomes 

encapsulating IP3 (Orsinger et al., 2014b), light-induced release of IP3 from intracellular 

gold-coated liposomes resulted in a 114% faster intercellular Ca
2+

 wave and a 55% 

greater apparent diffusion coefficient. 

 

 



151 

Table 4.2. Summary of intercellular Ca
2+

 wave propagation in OVCAR-3 cells. 

Experimental Condition 

Velocity 

(µ/s) 

Apparent Diffusion 

Coefficient, D (cm
2
/s) 

Light-induced release of IP3, 2D monolayer 6.06 1.04 

Light-induced release of IP3, 3D model 5.85 0.89 

Mechanical Stimulation, 2D monolayer 5.75 0.91 

Photoablation, 2D monolayer 16.36 2.46 

Optical Injection of IP3 in 2D (Chapter 3) 2.83 0.67 

Optical Injection of AdA in 2D (Chapter 3) 5.20 1.07 

Thymic epithelial cells (Nihei et al., 2003)  8.00 - 

D, Cytosolic Ca
2+ 

(Leybaert & Sanderson, 2012) - 0.13 

D, Cytosolic IP3 (Leybaert & Sanderson, 2012) - 2.8 

 

 On the level of just a handful of cells, spatial arrangements can vary widely 

throughout the tumor microenvironment, well represented in the models presented here. 

Chemokine paracrine signaling between cells relies on chemical gradients which can be 

largely impacted by separation distance and ECM density which affects diffusion. For 

example, a single epithelial cell may be receiving chemical signals from the 5–10 

epithelial cells in direct contact by GJIC, but also from the adjacent fibroblast of the 

stroma. Depending on the fibroblast density and proximity, that single epithelial cell may 

be receiving communication from only a single fibroblast or up to 10s of fibroblasts. 

Even a highly controlled model, like the ones characterized in this work, will exhibit 

spatial heterogeneity at a single cell level. Therefore, 3D cell culture models studied in 
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conjunction with computational systems models may be needed to best understand the 

vast and interconnected networks of signaling between cells of the tumor 

microenvironment.  

 Beyond investigating cell communication of the tumor microenvironment, there a 

numerous applications for which 3D cell culture methods are being developed to fill the 

gap between traditional 2D monolayer cell culture and animal models. For example, 

progression of disease development can be precisely controlled and morphologies can be 

tailored for specific imaging systems for conducting longitudinal studies (Klien et al., 

2013). Arguably the most impactful research focus for 3D tissue models has been 

towards improved efficacy and toxicity assays for drug development (Chen at al., 2012; 

Krause et al. 2010; Breslin & O’Dricoll, 2013; Godugu et al., 2013; Lee et al., 2013). 

With less variability than live animal models, 3D culture models like the one we present 

here could provide better pharmacological or toxicological predictors for screening of 

new drugs and drug delivery systems. 

 

Conclusion 

 Our 3D model of tumor microenvironment combined with on-demand release of 

active molecules from gold-coated liposomes jointly provides a robust platform for 

isolating and investigating cellular communication in disease. Better understanding 

communication between the cells in budding tumor microenvironments will undoubtedly 

provide new targets for treating cancers. The tumor microenvironment can be highly 

complex, comprising intertwined networks of communication pathways, cell types, and 



153 

ECM components. Minimizing the number of these players in simplified, yet 

physiologically accurate arrangements in a 3D in vitro cell culture models, similar to the 

one presented here, will help tease out interactions between specific players and improve 

our understanding of disease.  
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CHAPTER 5: CONCLUSIONS AND FUTURE DIRECTIONS 

 

Conclusions 

 Improved research techniques for studying communication in cancer will inevitably 

lead to better diagnostics and therapeutics, and therefore improve patient outcomes. 

While the phrase ‘cure for cancer’ is often used liberally as the end goal of cancer 

research, the definition of ‘cure’ in this context is patient interventions that allow that 

patient to live long enough to instead die of another cause. As the life expectancy in the 

United States continues to climb, malignant neoplasms will be increasingly responsible 

for human deaths, affectively making a cure ever more elusive. In the meantime, new 

experimental findings that lead to better therapies will help chip away at cancer’s societal 

impact and improve patients’ quality of life. Altogether, the work presented in this 

dissertation presents a series of novel tools that will enable the much needed 

experimental discoveries for better understanding cell communication of the tumor 

microenvironment. 

 Optical manipulation of gold-coated liposomes, described in Chapter 2, in one 

possible technique that can facilitate detailed studies of cell communication in cancer. By 

optimizing the dielectric properties of the gold-shell, we can precisely control the 

miniscule amounts of material transferred to the cell during optical injection, while 

mitigating damage to the cell. In addition to studying signaling, this technique could be 

furthered to genetically alter individual cells within a population. For example, 
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encapsulation of short interfering RNA (siRNA) in gold-coated liposomes that are 

injected into a single cell could be used to selectively turn off certain proteins involved in 

specific signaling pathways. Some research groups have recently reported successful 

single cell transfection by optical techniques for transferring DNA, RNA, and siRNA, 

into single cells (Braun et al., 2009; Stevenson et al., 2010), suggesting gold-coated 

liposomes as nanocarriers could improve upon these techniques. 

 The presented application of optical injection of gold-coated liposomes in Chapter 3, 

building on the findings of Chapter 2, provides a versatile platform for delivery of 

molecular agents at high spatial and temporal resolutions, compatibility with virtually any 

soluble small molecule including non-cageable compounds, and the ability to precisely 

deliver doses as small as single molecules in zeptoliter (10
-21

 L) volumes. Future work 

involves further characterizing the optical injection process. Specifically, experimentation 

separating the entry of gold-coated liposomes into the cell and the release of encapsulated 

content is being explored and would help better understand cellular entry by this method. 

Alternative methods for cellular entry are facilitated by targeting to cell surface receptors 

by including ligands on the PEG chains of the gold-coated liposome, followed by laser-

induced release. For example, the use of folate-conjugated liposomes for targeting 

ovarian cancer cells has been demonstrated (Turk et al., 2004; van Dam et al., 2012). We 

have begun preliminary investigations using gold-coated, folate-conjugated liposomes for 

targeting ovarian cancer cells, however further work is required to describe this targeting 

scheme in detail.  
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 We elicit cell signaling events with precise delivery of zL to aL (10
-21

 to 10
-18

 L) 

packets of signaling molecules to single cells. In these small volumes, optically 

manipulated gold-coated liposomes can deliver anywhere from 1 to approximately 

10
5
 molecules to a single cell. With a lipid bilayer of 4 nm thick, a 100 nm liposome 

encapsulated a volume of approximately 400 zL. With a solute at a concentration of 

500 µM (that used for IP3 encapsulation in Chapters 3 & 4), approximately 

120 molecules are packed within a single liposome. Alternatively, a solute concentration 

of 4 µM would yield a single encapsulated molecule. The upper limit of encapsulation is 

determined by the solubility of the solute in PBS. For example, the maximum solubility 

of 5-fluorouracil (5-FU) in PBS is 50 mM, leading to 12,000 molecules packed into a 

single liposome.  

 Optical stimulation of signaling without the aid of light-absorbing nanoparticles has 

been demonstrated in neuronal cells using IR light at wavelengths of 2120 nm and longer 

by taking advantage of IR absorption properties of cellular components to perturb cells to 

trigger signaling (Wells et al., 2005). With our approach of optical injection using 

1064 nm illumination, interaction of the laser with cellular components is negligible at 

10s of mW powers, as evident in experimental results in Chapter 3. Instead, optical 

injection of gold-coated liposomes relies solely on the strong interaction of the laser 

trapping beam with the gold-coated liposome due to the dielectric properties of the 

composite nanostructure.  

 Experimental techniques for probing cellular dose-response behavior commonly 

employ global dosing and global observations of responses, with results reported as 
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averages that assume a cellular population of homogenous phenotype. Alternatively, the 

ability to deliver active molecules to a single cell, rather than global cell populations, will 

enhance improve our understanding of cellular heterogeneity within tissues and cancers. 

One such application, for which we have performed some preliminary experiments 

delivering IP3 and measuring Ca
2+

 signaling, is to study dose-responses of single cell. 

This method could be expanded for examining pharmacological action of novel 

therapeutics with intracellular targets. Repeated dosing of a single cell in a non-

destructive manner over time, a capability of optical injection of gold-coated liposomes, 

could help better elucidate the pharmacodynamics of novel drugs.  

 In Chapter 4, we introduced two additional techniques for studying cell signaling in 

the tumor microenvironment. The first was a 3D in vitro cell culture model that provided 

a physiologically accurate recapitulation of the tumor microenvironment for studying cell 

signaling. This model enables a future study of autocrine and paracrine cell signaling 

events in a physiologically relevant architecture at a high spatiotemporal resolution. 

Additionally, the model provides a platform for examining nanoparticle-based drug and 

contrast agent delivery to specific cells of the tumor microenvironment. Future studies of 

interest specific to our research group include targeted delivery of liposomes 

encapsulating chemotherapeutics such as doxorubicin or 5-FU, targeted delivery of up-

converting lanthanoid nanoparticles, and examination of nanoparticle diffusion as a 

model of extravasation from blood vessels.  

 The second research technique introduced in Chapter 4 expands our capabilities for 

activating cell signaling. In this method, a single cell preloaded with gold-coated 
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liposomes (by macropinocytosis), is exposed to focused on-resonant laser light trigger 

intracellular release of IP3 for activating GJIC. The precision of the delivered dose using 

this method is limited as compared to optical injection of gold-coated liposomes. 

However, on-resonant release from intracellular gold-coated liposomes does not require 

the cells to be bathed in suspensions of gold-coated liposomes for intracellular delivery, 

and is therefore more applicable for studies involving 3D tissues and possibly in vivo. 

Additionally, this technique used in combination with targeted cold-coated liposomes 

could be adapted into a photoablation technique for selectively ablating cancerous cells. 

 New research tools are essential for bridging the expansive gap that currently exists 

between laboratory research and clinical implementation of novel technologies for 

improving human health. A better understanding of complex cell signaling in the tumor 

microenvironment can be attained with the tools presenting in this dissertation and will 

hopefully lead to safer and more effective cancer treatments. The remainder of this 

chapter will review preliminary findings towards future experimental explorations using 

gold-coated liposomes and 3D in vitro models of cancer. 

 

Future Directions 1: Improving Gold-Coated Liposome Thermosensitivity 

Temperature Sensitivity of Gold-Coated Liposomes 

 The work presented within this dissertation demonstrated some of the versatile 

qualities of gold-coated liposomes as applied to transferring material into cells for 

researching cell communication. In addition, our group has previously demonstrated 
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many other characteristics of gold-coated liposomes pertaining to drug and contrast agent 

delivery, including spectral tunability (Troutman et al., 2009), spectrally-selective release 

(Leung et al., 2011), and degradability to a size compatible with renal clearance 

(Troutman et al., 2008). Gold-coated liposomes for clinical applications specifically 

exploit the gel-liquid phase transition temperature of the liposomal lipids for on-demand 

release upon photothermal heating to a temperature just slightly above body temperature. 

However, based on recent experimental observations, improvements to the thermal 

stability of our gold-coated liposomes prior to release of content may be important for 

translation into the clinic as a viable drug delivery system. 

 Needham et al. (2000) previously demonstrated a temperature-sensitive liposome 

formulation (DPPC:MPPC:DPPE-PEG2K at a 86:10:4 molar ratio) that exhibited 

stability at 37°C, then destabilized upon reaching temperatures above the gel-liquid phase 

transition temperature for DPPC of 41°C. Our work with gold-coated liposomes, 

including the work presented within this dissertation, has relied primarily on this 

composition for two reasons: transition temperature just above physiological 37°C 

meaning that only small temperature increases will induce release and our discovery that 

this formulation enables adjustable gold coating by chemical reduction of gold. However, 

upon examination of experimental results using this temperature-sensitive composition 

described by Needham et al. and our own group, it becomes obvious that the liposomal 

stability at 37°C is on the order of 10s of minutes. Alternatively, ideal stability at body 

temperature for a successful on-demand drug delivery system should be on the order of 

hours to days. Therefore, we aimed to formulate gold-coated liposomes with a new lipid 
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composition to minimize leakage for at least 72 hours at 37°C, while retaining the ability 

to be coated with gold and to allow on-demand release by increases in temperature. As an 

alternative to the Needham et al. composition, which used DPPC as its primary lipid 

component at a transition temperature of 41°C, we explored 

distearoylphosphatidylcholine (DSPC) as alternative, which exhibits a higher transition 

temperature of 55°C.  

 Higher temperature liposomes were formulated from synthetic lipids using DSPC and 

distearoylphosphatidylethanolamine-N-[methoxy(polyethylene glycol)-2000] (DSPE-

PEG2000) in a 95:5 molar ratio (all lipids from Avanti Polar Lipids; Alabaster, AL), and 

prepared similarly to the DPPC-based liposomes described in Chapters 2–4. To examine 

content retention, either 3 mM carboxyfluoroscein (CF) or 50 mM 5-FU in PBS was 

encapsulated within the liposomes. From each of these versions, a portion was gold-

coated. Permeability coefficients for each condition were calculated based on content 

release at 37°C. To examine the ability of this composition to be gold coated, similar 

liposomes were also made without encapsulated solute explicitly for gold coating trials. 

 

Content Retention at 37°C 

 A content retention assay was designed to assess our liposomes’ ability to retain 

encapsulated content at physiological temperature, or 37°C. The setup used 1 mL 

100,000 MW cutoff dialysis cartridges (Spectrum Laboratories, Rancho Dominguez, 

California), into which 1 mL samples of liposomes at 10 mM lipid concentration were 
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loaded. Dialysis cartridges were first prepared by washing for 10 min in 15% ethanol, 

followed by 2 washes for 1 min each in deionized water then 2 washes for 1 min each in 

PBS. Prepared cartridges loaded with liposomes were placed into an 8 mL volume vessel 

containing 5 mL PBS and a small magnetic stir bar then sealed with Parafilm. This assay 

was performed for gold-coated and uncoated DSPC- and DPPC-based liposomes 

encapsulated either CF or 5-FU (8 samples total).  

 To begin, 1 mL of the buffer was immediately collected as the first time point and 

replaced with 1 mL clean PBS to maintain the buffer volume at 5 mL. The resealed 

content retention assay cartridges were then placed on stirplates in a 37°C incubator. 

Buffer samples were collected again at various over the next 72 hours. The concentration 

of solute was measured for each buffer sample, using a back thinned TE-cooled CCD 

spectrometer (Ocean Optics) to measure fluorescence emission of CF or a 

spectrophotometer (Cary 5) to measure characteristic ultraviolet (UV) absorption of 

5-FU. To measure leaked CF, dialyzate samples were excited with a 470 nm LED and the 

fluorescence intensity at the 520 nm emission peak for each sample was converted to CF 

concentration based on a standard curve (Figure 5.1). For 5-FU, UV absorption spectra 

acquired over 200 to 350 nm for each sample and the magnitude of the peak absorption 

value at 265 nm, characteristic of 5-FU presence, was converted to 5-FU concentration 

based on a standard curve (Figure 5.2). Concentration calibration curves were generated 

by measuring fluorescent emission (CF) or UV absorption (5-FU) of various serial 

dilutions at known solute concentration. These assays permitted detection of CF and 

5-FU down to single nM and µM concentrations, respectively. 
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Figure 5.1. CF fluorescence intensity-to-concentration calibration curve. 

(a) Fluorescence emission spectra at various known concentrations of CF (490-550 nm 

BP filter used). (b) Intensities at the 520 nm peak plotted against concentration to 

generate calibration equation (126.63 counts/nM). Note: this relation is only valid for CF 

fluorescence measured under the same conditions as used here. 

 

 

Figure 5.2. 5-FU absorption-to-concentration calibration curve. (a) Absorption spectra at 

various known concentrations of 5-FU. (b) Absorption values at the 265 nm peak plotted 

against concentration to generate calibration equation (0.0057 nM
-1

). Note: this 
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calibration only valid for 5-FU absorption measured under the same conditions as used 

here. 

 

 The total amount of leaked content at each time point, St, was calculated by the 

following equation: 

   (        )  (
       

      
     ), (5.1) 

where C is the measured solute concentration, Vtotal is the combined volume of liposome 

suspension and buffer, Vsample is the volume of the sampled buffer, and St-1 is the 

calculated leaked content from the previous time point. 

 To determine the initial amount of solute encapsulated within the liposomes, 10 µL of 

the liposomes were heated to 80°C for 4 h to force full release. These heat-treated 

samples were dialyzed in similar 1 mL dialysis cartridges for 4 h at 25°C and the buffer 

was collected to measure concentration. Using this measurement and the known volume 

of initial liposomes, the total initial encapsulated content, Slipo, was calculated per: 

      (        ), (5.2) 

 The cumulative percentage of content retained in the liposomes at each time point, 

retainedt, was then calculated by the following: 

                  (
       

     
). (5.3) 
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Figure 5.3. Liposome content retention at 37°C. (a) Retention of CF by gold-coated 

DPPC:MPPC:DPPE-PEG2000 (86:10:4) liposomes (red) and gold-coated DSPC:DSPE-

PEG2000 (95:5) liposomes (blue). (b) Retention of 5-FU by gold-coated DPPC-based 

liposomes (red) and gold-coated DSPC-based liposomes (blue). (c) Retention of CF by 

uncoated DSPC-based liposomes (gray) and gold-coated DSPC liposomes (red). 

(d) Retention of 5-FU by uncoated DSPC-based liposomes (gray) and gold-coated DSPC 

liposomes (red). Data points calculated per Equations 5.1 – 5.3. 
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 We examined liposomal encapsulation stability of CF and 5-FU at 37°C to mimic 

standard physiological temperature. CF, a common fluorescent reporter of liposomal 

encapsulation, provides a sensitive marker of leaked content. 5-FU, a chemotherapy agent 

often used to treat colorectal, pancreatic, and skin cancers, provides a pharmacologically 

relevant marker of retained drug content. We encapsulated these compounds in two 

different thermosensitive lipid compositions comprising either DPPC or DSPC. The 

rationale for using a DSPC-based lipid composition is that its higher transition 

temperature will result in greater encapsulation stability at physiological temperature. 

The following results, depicted in Figure 5.3, demonstrate CF and 5-FU exhibit quite 

different stabilities under similar experimental conditions. 

 When exposed to a temperature of 37°C for 72 hours, DPPC-based gold-coated 

liposomes retained only 2% of initital CF content while DSPC-based gold-coated 

liposomes retained nearly 95% (Figure 5.3a). With 5-FU encapsulated, DSPC-based and 

DPPC-based gold-coated liposomes retained 65% and 55% of starting 5-FU content, 

respectively, after 72 hours at 37°C (Figure 5.3b). Uncoated and gold-coated DSPC-

based liposomes encapsulating CF retained 99% and 96% of their original content, 

respectively (Figure 5.3c). Lastly, after 24 hours of exposure to physiological 

temperature, uncoated and gold-coated DSPC-based liposomes encapsulating 5-FU 

retained only 77% and 69% of their original 5-FU content, respectively (Figure 5.3d).  

 While the DSPC-based composition provides generally more stable encapsulation 

than DPPC-based liposomes, CF encapsulation is more sensitive to lipid composition 

than 5-FU. This suggests that the mechanism of permeability is different between lipid 
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compositions and molecule-dependent. This could be attributed to differences in 

molecular properties of encapsulated drugs, such as their charge and the presence of 

ionizable groups, their size, solubility, or the partition coefficient. While the DSPC-based 

liposome composition provides more stable encapsulation at 37°C for both CF and 5-FU, 

a specific design of the delivery system should reflect properties of a particular drug to be 

encapsulated.  

 

Permeability Coefficient Calculation 

 The permeability of the liposomes is expected to vary depending on the lipid 

composition, the presence or absence of gold coating, and chemical structure of the 

encapsulated solute. From the data acquired by the content retention assays described 

above, the permeability coefficient, P, can be calculated. Content release is expected to 

follow an exponential decay, so the following relation can be fit to the data: 

    ( )     
    , (5.4) 

where N0 is the initial encapsulated content in nmol, N(t) is the cumulative content that 

has been released by the liposomes at a given time point, t, and k is the solute flux in 

units of s
-1

. N0 was confirmed by measuring amount of leaked content from a portion of 

each experimental sample forced to fully release content at 80°C for 1 hr. Applying 

natural log to each side reveals a linear relation:  

  (    ( ))    (  )      , (5.5) 
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from which k is easily determined from the fit line’s slope, as demonstrated in 

Figure 5.4.  

 

 

Figure 5.4. Absolute leaked content at 37°C from liposomes for determination of solute 

flux, k. (a) For CF encapsulated by gold-coated DPPC-based liposomes (red) and gold-

coated DSPC:DSPE-PEG2000 (95:5) liposomes (blue). (b) For 5-FU encapsulated by 

gold-coated DPPC-based liposomes (red) and gold-coated DSPC-based liposomes (blue). 

(c) For CF encapsulated by uncoated DSPC-based liposomes (gray) and gold-coated 

DSPC liposomes (red). (d) For 5-FU encapsulated by uncoated DSPC-based liposomes 
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(gray) and gold-coated DSPC liposomes (red). Plots correspond to data presented in 

Figure 5.3. 

 

 The permeability coefficient, P, is proportional to k and scaled by the ratio of the total 

encapsulated volume, V, over total internal liposomes surface area, A, resulting in 

   (  ⁄ ) .   (5.6) 

 To calculate V and A, we assume each of our 100 nm diameter liposomes comprises 

8.17 × 10
4
 lipids (calculated in Chapter 2) and that with the lipid bilayer being 4 nm 

thick, the internal diameter (ID) is 92 nm. A single 92 nm ID liposome has an internal 

surface area of 2.66 × 10
-10

 cm
2
 and encapsulates a volume of 4.08 × 10

-16
 cm

3
. A 1 mL 

suspension at an effective 10 mM lipid concentration, used here for the content retention 

assay, contains 6.02 × 10
18

 lipid molecules, equal to 7.37 × 10
13

 liposomes. Under these 

conditions, A is therefore equal to 1.96 × 10
4
 cm

2
 and V is equal to 0.03 cm

3
. Calculated 

permeability coefficients at 37°C for both uncoated and gold-coated liposomes 

encapsulating either CF or 5-FU are shown in Table 5.1. 
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Table 5.1. Permeability coefficients, P, at 37°C. Calculated for gold- and uncoated 

liposomes made from either DPPC-based or DSPC-based lipid formulations, 

encapsulating either CF or 5-FU. 5-FU/DPPC/Au- data not obtained. P calculated per 

Equations 5.4–5.6. 

Encapsulated 

Solute 

Primary Lipid 

Component 

Gold 

Coating P (10
-12

 cm/s) 

CF DPPC Au
+
 28.19 

Au
-
 18.70 

DSPC Au
+
 0.24 

Au
-
 0.07 

5-FU DPPC Au
+
 2.90 

Au
-
 - 

DSPC Au
+
 3.69 

Au
-
 3.76 

 

Plasmon Resonant-Assisted Release of Content 

 Release of content by exposure to laser light was performed on liposomes 

encapsulating 5 mM CF (a self-quenching concentration) and gold-coated to peak 

extinctions around 760 nm. A 760 nm laser diode set to 5 µs PW, 10% duty cycle at 

10 mW average power was used. Droplets of 20 µL were placed in cuvettes and exposed 

the laser for various durations up to 20 min. CF fluorescence emission was measured for 

each time point to calculate the amount of leaked content. This was conducted for DPPC-
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based liposomes, both gold-coated and uncoated, as well as gold-coated DSPC-based 

liposomes. As shown in Figure 5.5, gold-coated DPPC-based liposomes release nearly 

all their content after around 5 min of exposure, while both uncoated DPPC-based 

liposomes retained nearly all their content after 20 min of exposure. Roughly 50% 

content leakage is observed after 20 min of laser exposure by the gold-coated DSPC-

based liposomes.  

 

 

Figure 5.5. Laser-induced release from liposomes. Gold-coated (blue circles) and 

uncoated (red diamonds) DPPC-based liposomes and gold-coated DSPC-based liposomes 

(green triangles). 

  

 While gold-coated DSPC-based liposomes exhibited much lower permeability 

coefficients than DPPC-based gold-coated liposomes (Table 5.1), this new formulation 
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may actual encapsulate content too stably, as indicated by experimental observations of 

laser-activated release (Figure 5.5). Additional experimental data will is required to more 

accurately characterize the observed content retention behavior and calculate 

permeability coefficients. Specifically, the poor linear fits to most of the natural log plots 

in Figure 5.4 used for calculating solute flux, k, likely led to inaccurate calculations of P.  

 

Gold Coating DSPC Liposomes 

 This subsection explores gold coating DSPC-based liposomes and work towards 

characterizing the resulting spectral properties of this alternative liposome formulation. 

DSPC-based liposomes were gold coated under similar conditions as the DPPC-based 

liposomes, detailed in Chapters 2-4. The resulting extinction spectra of gold-coated 

DSPC-based liposomes coated with varying amounts of gold does indicate that this lipid 

composition can be gold coated and tuned to absorb at different wavelength in the red to 

NIR range (Figure 5.6). However, this is not as striking as what is achievable with 

DPPC-based liposomes. Further characterization is displayed in Table 5.2 and 

Figure 5.7. 
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Figure 5.6. Extinction spectra of DSPC-based liposomes gold coated by varying amounts 

of AuCl3. PBS (black), uncoated liposomes (gray), 2 µL AuCl3 (blue), 6 µL AuCl3 

(green), 8 µL AuCl3 (purple), 12 µL AuCl3 (orange), 14 µL AuCl3 (teal), 35 µL AuCl3 

(red). All gold reduction reactions were performed on 500µL of 100 nm DSPC liposomes 

at and effective 10 mM lipid concentration. 
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Table 5.2. Gold-to-lipid ratio’s effect on spectral properties. Resulting spectral 

characteristics using varying amounts of AuCl3 for gold reduction reaction. Ascorbic acid 

(C3H8O6) was consistently added in a volume 1.5 times greater than AuCl3. 

Lipid 

Conc. 

(mM) 

Liposome 

Suspension 

Vol. (µL) 

0.1 M 

AuCl3 

(µL) 

0.5 M 

C3H8O6 

(µL) 

AuCl3/Lipid 

molar ratio 

Peak 

Ext. 

(nm) 

Max. 

Ext. 

(a.u.) 

20 500 7 11 0.07 697 0.350 

11 16.5 0.11 732 0.352 

14 21 0.14 711 0.587 

18 27 0.18 765 0.609 

24 36 0.24 830 0.476 

26 39 0.26 973 0.390 

28 42 0.28 1150 0.287 

 

 

Figure 5.7. Spectral characteristics of DSPC-based gold-coated liposomes coated at 

various AuCl3 to lipid molar ratios. (a) Peak extinction wavelengths and (b) magnitude of 

extinction peaks. 
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Future Directions 2: Engineering Gold-Coated Liposomes’ Extinction Efficiencies 

Buffered and pH-Adjusted Gold Reduction 

 The typical gold coating reaction, thoroughly described previously in Chapters 2 – 4, 

begins by first introducing the liposomes to aqueous AuCl3 at approximately 1 – 5 mM 

(depending on volume of the 100 mM stock AuCl3 solution added), followed by the 

addition of a small volume of 500 mM ascorbic acid at as a reducing agent (resulting in 

ascorbic acid concentrations of approximately 5 – 35 mM for the reaction). In this 

subsection, we explored the effect of buffering the reducing agent at various pHs. The 

stock [AuCl3] was maintained at 100 mM, however the standard 500 mM ascorbic acid 

was buffered with 500 mM sodium phosphate and was adjusted with NaOH to attain the 

desired pH. DPPC-based, 100 nm diameter liposomes were diluted to 10 mM effective 

lipid concentration and portioned into 500 µL aliquots. The 100 mM AuCl3 was added in 

volumes of 6, 12, 18, or 24 µL and gently mixed into the liposomes for evenly 

distribuion, followed by the addition of the 500 mM ascorbic acid in volumes of 9, 18, 

27, or 36 µL, respectively, and gently mixed. This was performed for un-buffered 

ascorbic acid at pH 5, buffered ascorbic acid at pH 5, buffered ascorbic acid at pH 7, and 

buffered ascorbic acid at pH 9, for a total of 16 gold-coated liposome suspensions. The 

effective concentrations of constituents in the reactions are shown in Table 5.3 and the 

resulting extinction spectra for the 16 gold-coated liposome suspensions are shown in 

Figures 5.8 & 5.9. 
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Table 5.3. AuCl3 and ascorbic acid (C3H8O6) used for gold reduction reactions. 

Starting Quantities  Reduction Reaction Conditions 

Liposome 

Suspension 

Vol. (µL) 

Lipid 

Conc. 

(mM) 

0.1 M 

AuCl3 

(µL) 

0.5 M 

C3H8O6 

(µL) 

Total Vol. 

(µL) 

Lipid 

Conc. 

(mM) 

AuCl3 

Conc. 

(mM) 

C3H8O6 

Conc. 

(mM) 

500 10 6 9  515 9.71 1.17 8.74 

12 18  530 9.43 2.26 16.98 

18 24  542 9.23 3.32 22.14 

24 36  560 8.93 4.29 32.14 

 

 

Figure 5.8. Effects of pH-adjusted reducing agents on gold-coating. Blue lines are from 

un-buffered reducing agent of ascorbic acid at 0.5 M, which has a pH of 5. Purple lines 

are from gold coating with 0.5 M ascorbic acid buffered with 0.5 M sodium phosphate 
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and pH kept at 5.Green lines are from gold coating with 0.5 M ascorbic acid buffered 

with 0.5 M sodium phosphate and pH adjusted to 7 with NaOH. Red lines are from gold 

coating with 0.5 M ascorbic acid buffered with 0.5 M sodium phosphate and pH adjusted 

to 9 with NaOH. Line patterns represent the different amounts of AuCl3 used for the 

gold-reduction reaction: 6 µL dotted; 12 µL dash-dotted, 18 µL solid, and 24 µL dashed. 

 

 

Figure 5.9. Effect of pH-adjusted and buffered reducing agents on gold-coated liposomes 

extinction spectra. (a-d) Extinction spectra grouped by reducing agent: (a) un-buffered 

ascorbic acid at pH 5; (b) buffered ascorbic acid at pH 5; (c) buffered ascorbic acid at pH 

7; (d) buffered ascorbic acid at pH 9. (e-h) Extinction spectra grouped by volume of 

AuCl3 used: (e) 6 µL; (f) 12 µL; (g) 18 µL; (h) 24 µL 
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Osmolarity Effect on Gold-Coated Liposomes’ Spectral Properties 

 We also examined the effect of osmotic pressure on gold-coated liposome structure. 

We found no significant change in plasmon resonance following rapid introduction to 

buffers of higher or lower osmolarities for 4 different batches of gold-coated liposomes 

made with varying spectral properties. These liposomes were made in 1X PBS 

(290 mosmol/L) and introduced into lower (0.5X, 145 mosmol/L) or higher (1.5X, 

435 mosmol/L) osmolarity PBS immediately preceding measurements of extinction 

spectra. These results (Figure 5.10) showing limited change in extinction suggest that the 

liposomes do not change in size due to these osmolarity changes, which should induce a 

spectral shift. This may indicate that rapid free diffusion of small molecule solutes is 

occurring between intra- to extra-liposomal spaces before the extinction spectra can be 

measured. 
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Figure 5.10. Osmotic pressure changes on liposomes do not significantly change the 

spectral properties. Four batches of gold-coated liposomes were prepared, represented by 

blue, green, red, and purple lines, from the same stock suspension of uncoated liposomes 

(gray lines): 0.5X PBS (•••••), 1.5X PBS (----), and 1X PBS (―). Extinction spectra for 

uncoated liposomes and 1X PBS are shown in gray and black lines, respectively. 
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Future Directions 3: Improvements to the 3D Model 

CAOV-3 Models 

 As detailed in Chapter 4, we found that the OVCAR-3 cell line worked very well as 

the epithelium for the 3D models of tumor microenvironment. We also explored another 

cancerous epithelial cell line, CAOV-3, to form the models’ epithelium and found that 

these cell behaved similarly to the OVCAR-3s (Figure 5.11). For the sake of consistency 

across experimental work, we continued using the OVCAR-3 cell line for the 3D models. 

Future renditions of the 3D model could easily incorporate CAOV-3s, or even other 

epithelial cell lines.  
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Figure 5.11. Multiphoton microscopy of OVCAR-3 and CAOV-3 3D models. Ovarian 

cancer microenvironments captured by NADH autofluorescence (red) from cancerous 

epithelial cells (CAOV-3 in a and OVCAR-3 in b) and stromal cells (HS27), merged 

with second harmonic generation (SHG) (shown in gray) of stromal collagen with 

corresponding XZ and YZ cross-sections from full image stack. Corresponding 3D 

reconstruction of the same image stacks shown in c and d. Image dimensions: 400 µm × 
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400 µm × 150 µm (X × Y × Z). Voxel dimensions: 0.8 µm × 0.8 µm × 1 µm (X × Y × Z). 

Scale bar = 100 µm, applies to X and Y dimensions only. 

 

Normal Ovarian Microenvironment 

 In addition to the 3D models of tumor microenvironment described in Chapter 4, we 

also attempted to recapitulate a normal ovarian tissue microenvironment with limited 

success. We used normal ovarian epithelial cell line IMCC-3, a gift from Dr. Patricia 

Kruk (University of South Florida, Tampa, Florida). However, the formation of confluent 

pepplestone-like monolayers, the quintessential morphological characteristic of a healthy 

normal epithelium, remained elusive throughout multiple attempts at growing these cells 

in both 2D and 3D cultures (Figures 5.12–5.15). Additionally, the experimental results 

showed no GJIC in the form of Ca
2+

 signaling following activation of a single IMCC-3 

cell in the 3D model (Figure 5.16), indicating that no formation of gap between the cells. 

The following results show some of the preliminary findings using this cell type. Future 

3D models of reconstructed normal epithelium should look toward other epithelial cell 

types. 
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Figure 5.12. Growth of normal ovarian microenvironment. 2P (red) and SHG (gray) of 

3D models grown with normal epithelial cell line, IMCC-3, with and without fibroblasts 

in the stroma. 

 

 

Figure 5.13. 3DD microscopy of normal epithelium. IMCC-3 model grown with 

fibroblasts stained with Indo-1 AM and imaged at the 485 nm emission peak of Indo-1. 
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Figure 5.14. H&E-stained tissue sections of ‘normal’ 3D ovarian model. At 3 (a) and 7 

(b) days of epithelial growth. Bar = 100 µm. 
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Figure 5.15. Multiphoton microscopy of nascent 3D models of normal and cancer 

microenvironment. 2PE (green) and SHG (gray) of 3D models showing cell and collagen 

distribution and morphology in normal, IMCC-3 epithelium (a), and cancerous 

epithelium, OVCAR-3 (b), with corresponding XZ and YZ cross-sections generated from 

2PE z-stack. 3D reconstruction of the 2PE image stacks showing cell distribution and 

morphology in 3 day old normal (c) and cancerous (d) 3D models. Image dimensions: 
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400 µm × 400 µm × 200 µm (X × Y × Z). Voxel dimensions: 0.8 µm × 0.8 µm × 1 µm 

(X × Y × Z). Scale bar = 100 µm, applies to X and Y dimensions only. 

 

 

Figure 5.16. Ca
2+

 signaling in 3D cell culture models of normal and cancerous ovarian 

epithelium. 3D models of normal (a-f) and cancerous microenvironment (g-l) are loaded 

with gold-coated liposomes containing IP3. Panels a and g are false color images of the 

405 nm Indo-1 fluorescence prior to activation of signaling with the 760 nm laser spot 

indicated by the yellow circles. Panels b-f (normal) and h-l (cancerous) are the calculated 

Ca
2+

 response generated by subtracting baseline Indo-1 fluorescence at 0, 6, 12, 18, and 

60 s after laser exposure begins. In both cases, the 760 nm laser is turned on for 5 s 

beginning at t = 0 s and induces measurable increase in cytosolic [Ca
2+

] at the exposed 

cell. In the normal model, the signal is localized to the exposed cell while in the 
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cancerous model, the signal rapidly spreads to neighboring cells. The Ca
2+

 signal then 

returns to near baseline at 60 s. Plots of Ca
2+

 signaling in the exposed cell and 

neighboring cells (grouped by separation from exposed cell) are shown for normal and 

cancer models in panels m and n, respectively. Bar = 25 µm applies to all images in a-l. 

 

Future Directions 4: Single Cell Dose-Response 

Repeated Delivery of IP3by Optical Injection 

 Optical injection of gold-coated liposomes encapsulating active molecules was 

demonstrated to be a quantitative intracellular delivery technique in Chapter 3. As this 

technique provides a very high level of control over the delivered dose of molecules with 

minimal cell damage, a natural extension of this work is applying this tool for studying 

single cell dose-response. As a preliminary demonstration, liposomes were formulated 

encapsulating a 10× higher IP3 concentration than that used in Chapters 3 & 4 (5 mM 

versus 500 µM, resulting in approximately 1.2 × 10
3
 IP3 molecules), and gold-coated. 

The purpose of this was to increase the rate of IP3 delivery to achieve an activating 

concentration IP3 more rapidly and therefore facilitate multiple dosing of a single cell in 

a shorter period of time.  

 Figure 5.17 is an intercellular Ca
2+

 signal plot of the resulting waves from a single 

OVCAR-3 cell injected with 4 successive doses of 1.4 × 10
5
 IP3 molecules with 30 s 

recovery in between each time. With a cell volume (simply calculated by measuring 

surface area covered by the cell multiplied by an average thickness of 5µm) of 3.3 fL, the 
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initial dose of IP3 was 68 nM. Subsequent doses are difficult to convert to concentration, 

due to the likelihood of residual IP3 remaining from the previous dose. Free cytosolic IP3 

is inactivated by either phosphatase dephosphorylation (IP2) or kinase phosphorylation 

(IP4), the rate of which will impact the duration of a Ca
2+

 signal. 

 

 

Figure 5.17. Multiple dosing of the same cell. A single OVCAR-3 cell repeatedly 

injected with 4 successive doses of 1.4 × 10
5
 IP3 molecules (with 30 s recovery in 

between each) resulted in 4 widespread Ca
2+

 waves. 
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Single Cell Dose-Response 

 After demonstrating that a single cell can be repeatedly dosed by optical injection of 

gold-coated liposomes, the next goal was to inject a single cell with various doses of IP3 

and observe the Ca
2+

 response. Figures 5.18a & b show the calculated Ca
2+

 responses of 

2 different OVCAR-3 cells each given 5 different doses of IP3 delivered by optical 

injection of gold-coated liposomes. Indo-1 fluorescence images were acquired 

continuously for the duration of the experiments at 2 fps in the following scheme: 10 s 

baseline images, first dose images, 30 s recovery images, second dose images, 30 s 

recovery images, and so on, up to a total of 5 doses. Each Ca
2+

 response image in Figures 

5.18a & b is calculated by first subtracting the average of the 10 s of baseline Indo-1 

fluorescence images, then summing all of the images acquired during dosage (i.e., optical 

injection) and the following 30 s of recovery. Dosages were controlled by duration of 

optical injection, and calculated using the previously derived optical injection rate 

(5.7 s
-1

) with each liposome carrying 1.2 × 10
3
 IP3 molecules, resulting in approximately 

3 × 10
4
 to 4 × 10

5 
IP3 molecules delivered into the cells. The doses, in units of 

concentration, was later calculated to be anywhere from 13 to 153 nM, based on cell 

volumes of 2.9 fL (Figure 5.18a) and 4.5 fL (Figure 5.18b). 

 To quantify these observations, the response for each cell was calculated as the area 

under the Ca
2+

 signal curve (similar to the plots in Figure 5.17) confined to just the 

injected during and following injection. Therefore, for each dose, the response was 

measured over the period of time from the beginning of optical injection to the end of the 
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30 s of recovery. The resulting dose-response data for each cell were fit to characteristic 

sigmoidal binding curves per the Hill equation using SigmaPlot as follows: 

  
       

(         )
 , (5.7) 

where y is the Ca
2+

 response, [IP3] is the dose, b is binding cooperativity, K is the binding 

constant or EC50, and a is scalar.  

 

 

Figure 5.18. Single cell dose-response curves. (a & b) Various doses of IP3 were 

delivered into two different OVCAR-3 cells by varying the duration of optical injection, 



190 

delivering between 3 × 10
4
 to 4 × 10

5 
IP3 molecules to the cytosol. IP3 concentration was 

determined based on cell volumes. The resulting Ca
2+

 response was measured as 

integrated increase in Indo-1 fluorescence intensity at the activated cell. (c) The derived 

IP3 EC50 for these two OVCAR-3 cells was 86 and 95 nM in a & b, respectively. Scale 

bar = 10 µm, all images. 

 

 Fit curves are plotted as solid lines in Figure 5.18c. The calculated potencies (EC50) 

of IP3 for inducing Ca
2+

 release from the endoplasmic reticulum were 86 and 95 nM, 

corresponding to Figures 5.18a & b, respectively, which agree with published IP3 EC50 

for IP3R subtype 1 of 87 nm (Leybaert & Sanderson, 2012). The binding cooperativities 

for these same two examples were determined to be 2.7 and 1.8, corresponding to 

Figures 5.18a & b, respectively. 

 Improvements to this method of measuring single cell does-responses could be 

achieved by increases the recovery time between the various doses so that each time the 

cytosolic [Ca
2+

] begins at the same baseline. As evident in Figure 5.17, the Ca
2+

 signal 

from the first dose is still prominent when the second dose is delivered. We estimate that 

a minimum of 5 data points are required to generate a valid sigmoidal Hill equation fit for 

determination of binding constants, however increasing the number of data points and 

repeating each dose in triplicate could yield significant profile of the single cell.  

 If more finely honed, this technique could enable unprecedented examination of 

single cell dose-dependencies, which could be applied for determining agonist binding 

constants within that cell. Future applications could be studying heterogeneity of cancer 
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cells within larger populations and examining single cell pharmacodynamics of novel 

therapeutics with intracellular targets.  
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APPENDIX A: LIST OF ABBREVIATIONS 

[Ca
2+

] ............................................................................................ calcium ion concentration 

2D ................................................................................................................ two-dimensional 

2PEF .................................................................................. two-photon excited fluorescence 

3D .............................................................................................................. three-dimensional 

5-FU ................................................................................................................ 5-fluorouracil 

AdA .............................................................................................................. adenophostin A 

AF647 ......................................................................................................... Alexa Fluor 647 

BP ........................................................................................................................... band pass 

Ca
2+

 ..................................................................................................................... calcium ion 

CF ............................................................................................................ carboxyfluoroscein 

CMOS .............................................................. complementary metal-oxide-semiconductor 

CW ..............................................................................................................continuous wave 

DIC ..................................................................................... differential interference contrast 

DMEM ....................................................................... Dulbecco's modified Eagle's medium 

DNA ................................................................................................... deoxyribonucleic acid 

DPPC................................................................................... dipalmitoylphosphatidylcholine 

DPPE-PEG2000 ..................................................................................................................... 
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................. dipalmitoylphosphatidylethanolamine-N-[methoxy(polyethylene glycol)-2000] 

DPPE-RhB .............................................................................................................................  

........................ dipalmitoylphosphatidylethanolamine-N-(lissamine rhodamine B sulfonyl) 

DSPC..................................................................................... distearoylphosphatidylcholine 

DSPE-PEG2000 ..................................................................................................................... 

.................... distearoylphosphatidylethanolamine-N-[methoxy(polyethylene glycol)-2000] 

EC50 .............................................................................half maximal effective concentration 

ECM ....................................................................................................... extracellular matrix 

EM-CCD .......................................................... electron-multiplying charge-coupled device 

ER ..................................................................................................... endoplasmic reticulum 

FAD............................................................................ flavin adenine dinucleotide, oxidized 

FBS .......................................................................................................... fetal bovine serum 

FOV................................................................................................................... field of view 

GJIC .................................................................... gap junction intercellular communication 

GPCR ......................................................................................... G-protein coupled receptor 

H&E .................................................................................................. hematoxylin and eosin 

HBSS..................................................................................... Hank's Balanced Salt Solution  

IP3 ....................................................................................................... inositol trisphosphate 
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IP3R ...................................................................................... inositol trisphosphate receptor 

IR............................................................................................................................... infrared 

LP ............................................................................................................................long pass 

LUT .................................................................................................................... lookup table 

MPPC ............................................................................ monopalmitoylphosphatidylcholine 

MW ............................................................................................................ molecular weight 

NADH .............................................................. nicotinamide adenine dinucleotide, reduced 

NIR .................................................................................................................... near infrared 

PBS .............................................................................................. phosphate buffered saline 

PET ............................................................................................. polyethylene terephthalate 

PMT ...................................................................................................... photomultiplier tube 

PSF .......................................................................................................point spread function 

PW....................................................................................................................... pulse width 

RhB .................................................................................................................. rhodamine-B 

RNA ............................................................................................................. ribonucleic acid 

RPMI .............................................. Roswell Park Memorial Institute-1640 culture medium 

Rtk ................................................................................................... receptor tyrosine kinase 

siRNA ............................................................................... short interfering ribonucleic acid 
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SP ........................................................................................................................... short pass 

TIFF ............................................................................................... tagged image file format 

UV ......................................................................................................................... ultraviolet  



196 

APPENDIX B: MATLAB SCRIPT FOR PARTICLE TRACKING 

 The following MATLAB script was used to determine lateral positions of trapped 

gold-coated liposomes from image stacks acquired using the CMOS detector imaging the 

liposomes fluorescence, as described in Chapter 2. To run this script, titled ‘tracking.m,’ 

three additional MATLAB functions are required – ‘bpass.m,’ ‘pkfnd.m,’ and ‘cntrd.m.’ 

All 4 of these files can be found in the Romanowski Lab shared network drive in the 

‘Orsinger Archive’ directory: Z:\Orsinger Archive\Dissertation Files\MATLAB Script for 

Particle Tracking (Appendix B). 

 The script returns an M × 4 matrix labeled ‘C,’ where M is the number of rows 

corresponding to the number of frames in the multi-page TIFF file. Columns 1 and 2 

show the X and Y coordinates, in pixels, of the gold-coated liposome’s centroid for each 

frame. These coordinates can be copied and pasted into MS Excel for conversion into 

nanometers (when using 60× oil immersion lens and CMOS Orca Flash 4.0, each a single 

pixel is approximately 109 × 109 nm) and calculation of standard deviations and lateral 

trap stiffness values, ᴋx and ᴋy. Column 3 returns the brightness value of the liposome in 

16-bit scale (if the multi-page TIFF is also 16-bit). Column 4 returns the square of the 

radius of gyration. While Columns 3 and 4 were not used for determining lateral trap 

stiffness values, they could possibly be used for determining axial trap stiffness, ᴋz.  
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%% G. Orsinger Trapped Liposome Tracking 

%returns centroid, in pixels, of trapped liposome  

  

%input multipage TIFF image sequence of trapped liposomes to be 

analyzed 

fname = 'MPTIFFXXX.tif'; %replace 'MPTIFFXXX' with actual name 
info = imfinfo(fname); 

num_images = numel(info); 

%output matrix or certroid coordinates 

C = zeros(num_images,4); 

tic; 

%centroid determination for each frame of MPTIFF 

for k = 1:num_images 

    A = imread(fname, k, 'Info', info); 

    % bandpass function to remove noise and background 

    %(2D image,lengthscale noise,interger length larger than an object) 

    B = bpass(A,1,11); 

    % peak finds bright spots/trapped liposome in FOV 

    %(image,minimum brightness,value slightly larger than blob) 

    peak = pkfnd(B,max(B(:))*0.6,13);  

    % centroid calculation, returns coordinates, max intensity, and r^2 

    %(image, locations of maxima, diameter of window used to calculate) 

    cnt = cntrd(B,peak,11);  

    % loading centroid into matrix for entire file 

    % if no liposome detected, returns 0 

    TF = isempty(cnt); 

    if TF == 1 

    C(k,1) = 0; 

    C(k,2) = 0; 

    C(k,3) = 0; 

    C(k,4) = 0; 

    end 

    if TF == 0 

    C(k,1) = cnt(1); 

    C(k,2) = cnt(2); 

    C(k,3) = cnt(3); 

    C(k,4) = cnt(4); 

    end 

end 

toc; 
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APPENDIX C: OPTICAL INJECTION OF IP3 FOR FOCAL ACTIVATION AND 

MONITORING OF Ca
2+

 SIGNALING PROTOCOL 

Location 

 This protocol applies to the optical injection and inverted microscopy setup located in 

Room 8C in the basement of the Keating/Bio5 Building at the University of Arizona, 

Tucson, AZ.  

 

Laser Safety 

 Make sure to wear appropriate goggles for blocking 1064 nm (green or teal colored), 

turn on flashing ‘Laser’ light located outside, and put blackout curtains in place to limit 

exposure to region surrounding the optical table on which the optical injection setup 

resides.  

 

Indo-1 Loading for Optical Injection 

Supplies & Equipment 

 Indo-1 AM (Life Technologies, 1 mg package, provided in 20 separate vials with 

50 µg each, keep at -20C. See technical data sheet for more details) 

 Eppendorf tubes (1 mL) 

 Clean 6-well plate 

 HBSS high glucose 

 DMSO  
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 Tweezers 

 Cell culture incubator (37°C, 5% CO2, humidified) 

 

Protocol 

1. Cells should already be grown to confluency on 8 mm round #1 coverslips. 

2. For each planned experiment/coverslip, fill 1 well of the 6-well plate with 2 mL 

HBSS high glucose. Place into incubator. 

3. Bring Indo-1 to 1 mM by adding 49.5 µL of DMSO directly into vial of 50 µg 

Indo-1 and vortex upright and upside-down several times to mix thoroughly. If 

already prepared, remove from -20°C freezer and thaw. Keep wrapped in foil to 

limit light exposure. 

4. Prepare 8 µM Indo-1 by aliquotting 8 µL 1 mM Indo-1 into an Eppendorf tube 

followed by 1 mL culture medium (this can be taken directly from the well in 

which the cell-covered coverslips are growing) or buffer. Triturate to mix well. 

5. Remove 6-well plate from incubator and carefully use tweezers to transfer a 

single coverslip of cells into an empty well of the 6-well plate. 

6. Immediately pipette the prepared 8 µM Indo-1 into the well to completely cover 

the coverslip making sure to introduce at the perimeter of the coverslip (i.e., not 

directly onto the coverslip).  

7. Place 6-well plate back into incubator for 30 min.  

8. After 30 min, remove 6-well plate and transfer coverslip into well containing 

HBSS.  

9. Immediately bring 6-well plate with Indo-1-loaded cells to the basement room 8C 

for optical injection. 

10. Return Indo-1 to -20°C freezer. 
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Optical System Setup 

Note: Complete these steps of the protocol while cells are incubating in Indo-1. 

Protocol 

1. A components diagram of the optical injection setup is shown in Figure C.1. 

2. Power on EMCCD Camera (Figure C.2a), the computer (Figure C.2b), plug in 

Nd:YAG 1064 nm laser (white power cable), turn on voltage amplifier 

(Figure C.3a), and turn on pulse generator (Figure C.3a). 

3. Select output ‘B’ and set function generator to desired frequency by setting pulse 

width ‘Wid’ and period ‘T0’ (Figure C.3b). 

a. To verify output, plug oscilloscope’s BNC cable into the channel ‘B’ 

output in the back of the pulse generator. Note: Channel ‘A’ does not 

work. 

4. Power on Prior stage and shutter controller (Figure C.4b), Thorlabs shutter and 

actuators (Figure C.4c), Prior metal halide lamp (Figure C.4d), and Olympus 

halogen lamp (Figure C.4e). 

5. Login to computer and open HCImage Live software (Version 4.2.0.33). Set up 

auto-save to a desired folder. Also, make sure the default Image sequence file 

type is MPTIFF. 

6. EMCCD camera should reach -65°C prior to imaging (about 20 min). Camera 

temperature is displayed under the ‘Capture’ tab in HCImage window 

(Figure C.5a). 
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Figure C.1. Optical injection components diagram.  

 

 

Figure C.2. EMCCD camera and computer power buttons. (a) Turn on camera at least 

20 min prior to imaging. (b) Computer power button on top of housing. 
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Figure C.3. Pulse generator and voltage amplifier. (a) Power switch locations for the 

pulse generator and voltage amplifier. Turn amplifier on first. (b) Select the desired 

output channel button (typically ‘B’), set to desired pulse width and period (frequency
-1

), 

and press the ‘Run/Stop’ button to activate. (c) Pulse width, ‘Wid’, is selected using the 

‘Next’ button and then adjusted using the arrow keys. (d) Period, ‘T0’, is adjusted by 

scrolling to the shown page with the ‘Menu’ button and adjusting the setting with the 

arrow keys. 
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Figure C.4. Power buttons. (a) Various power supplies and control boxes are located on 

top of the optical table shelf. (b) Power switch location for Prior stage and shutter 

controller box. (c) Power switch location for Thorlabs shutter and actuators. (d) Power 

switch location for Prior metal halide lamp typically used for fluorescence excitation. 

Output intensity can be adjusted using the knob. (e) Power switch location for Olympus 

halogen lamp typically used for trans-illumination. Output intensity can be adjusted using 

the knob. 
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Figure C.5. HCImage Live software. (a) Open HCImage after turning on the camera and 

make sure the temperature is down to -65°C before imaging. (b) Use the Binning and 

Subarray menu to mark the trapping laser position by clicking the ‘Define’ button. (c) 

Select the ‘Sequence’ pane for continuous image acquisition. 

 

Cell Chamber Assembly 

Supplies & Equipment 

 25 mm round #1 coverslips 

 Warner Instruments cell chamber 

 Silicone grease (Dow Corning High Vacuum Grease) 

 Spacers (Secure Seal Spacers, 0.12 mm depth) 

 Scissors 
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 Tweezers 

 Gold-coated liposomes encapsulating IP3 

 Micropipettes 

 Kimwipes 

 

Protocol 

1. Coat the inside rim of the cell chamber outer ring with a thin layer of silicone 

grease (Figure C.6a). 

2. Using tweezers, gently place a 25 mm coverslip onto the grease-coated support 

ring, making sure it is centered and a seal is formed (Figure C.6b). 

3. Place the inner ring into the outer ring to secure the coverslip in place 

(Figure C.6c). 

4. Cut 2 small strips from the spacer material, remove the backing and place onto the 

coverslip with the tweezers. Use the back of the tweezers to make sure these are 

pressed securely onto the glass. Figure C.6d shows the chamber assembled up to 

this point. 

5. Remove the remaining piece of backing from the spacers to expose the adhesive 

surfaces. 

6. Add 10 µL of the gold-coated liposomes to the surface of the glass between the 

two spacers. 

7. Remove the coverslip of Indo-1-loaded cells from the 6-well plate, dry off back of 

glass with Kimwipe and gently lay cell-side down onto the drop of gold-coated 

liposomes and spacers. Gently press coverslip down to sit flat on the spacer 

surfaces. Use Kimwipe to wick away any excess fluid. 

8. A cross-section schematic of the final assembly is shown in Figure C.7. 
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Figure C.6. Cell chamber setup for optical injection. (a) Outer ring with silicone grease 

applied to the inside rim. (b) Use tweezers to place a 25 mm round coverslip into the 

chamber. (c) Place the inner ring into the outer ring to secure the coverslip into place. 

(d) Cut and place 2 small 120 µm thick adhesive spacers onto the coverslip 

approximately 3 to 5 mm apart. The white backing is removed, gold-coated liposomes 

added, and 8 mm coverslip with cells is placed onto the spacers to sandwich the 

liposomes between the cells and the bottom coverslip 

 

 

Figure C.7. Cell chamber schematic. 
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Optical Injection and Ca
2+

 Imaging 

Note: User should at minimum already be trained on operation of fluorescent microscope 

for acquiring images in DIC and fluorescence using an oil immersion lens. 

 

Supplies & Equipment 

 Optical trapping setup and Olympus IX71 inverted microscope in Room 8C 

 Laser goggles with OD > 6 for 1064 nm 

 Lens paper 

 Paraffin oil (optical grade) 

 

Protocol 

1. Using the 60× Oil Immersion lens, place a small drop of paraffin oil onto the lens 

surface. For now, keep the objective in a lowered position. 

2. Make sure the cell chamber stage adapter is on the microscope.  

3. Make sure 900 nm SP mirror slider is in the ‘IN’ position (Figure C.8b). 

4. Make sure Thorlabs filter wheel (Figure C.9a) is in position 1 (1064 nm notch 

filter). 

5. Place the assembled cell chamber into the stage adapter, making sure it is seated 

correctly in the recess. 

6. With the objective centered on the space between the 2 spacers, gently bring the 

objective lens up to the bottom coverslip (by turning focus knob 

counterclockwise) until the oil makes contact.  
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7. While observing through the eyepieces and imaging in DIC (MAKE SURE 

TRAPPING LASER IS OFF), continue to slowly adjust the focus until the cells 

are visible. Switch the image output from the eyepieces to the camera. 

8. In HCImage software, click the ‘Live’ button to view cells in DIC (Figure C.5a). 

Sensitivity Gain, Gain, and Exposure settings will depend on illumination 

intensity, however a good place to start is 0 S. Gain, 1 Gain, and 100 ms 

exposure. 

9. Locate the trap position in the FOV. 

a. Adjust the laser to a low output power by pressing the green lit button 

twice then turning the knob (Figure C.10). Between 37 & 40% works 

well. 

b. Remove the illumination from the sample by turning the illumination 

selection knob (Figures C.11a & b). 

c. Change the imaging setting in HCImage software to 0 Sensitivity Gain, 

1 Gain, and 31 ms exposure (minimum possible settings). 

d. Put on LASER SAFETY GOGGLES and turn on laser emission by 

turning the key 90° and pressing the red button (Figure C.10).  

e. Open the laser shutter by pressing the marked button on the Thorlabs 

control strip (Figure C.9e) or using the APT software shutter control 

(Figure C.12). Sample is now being exposed to laser. 

f. Adjust the Thorlabs filter wheel (Figure C.9a) to position 6 (no filter) to 

visualize the laser beam location. If the beam is saturating the image, turn 

laser power down or turn the Glan polarizer (Figure C.1) to diminish the 

laser power reaching the camera. 

g. If you would like to move the trap position, the beam steering optics can 

be adjusted using the APT software (Figure C.12). However, moving the 

position may diminish the integrity of the trap. 

h. Under the Binning and Subarray heading, select the ‘Define’ button and 

mark the laser spot location in the live image with a small box 

(Figure C.5b). 
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i. Return the Thorlabs filter wheel (Figure C.9a) to position 1 (1064 nm 

notch) to block the laser. 

j. If necessary, return the Glan polarizer to maximum throughput. 

k. Close shutter and turn off laser (turn the key counterclockwise) 

(Figure C.10). 

10. Adjust the laser to the desired power for optical injection. Typically 55 – 80% 

(Figure C.10). 

11. Set the pulse generator to the desired settings (Figure C.3). Between 10 & 25% 

duty cycle at 500 kHz to 5 MHz is typically used for optical injection. Press the 

output button to activate (Figure C.3b). 

12. In DIC, find a single cell for optical injection and position the laser trap on the 

cytosol of the cell, making sure the cell surface is in focus. Take a DIC image. 

13. Change to Indo-1 405 nm fluorescence imaging. 

a. In HCImage Live, set images settings to: 150 S. Gain, 4 Gain, and 500 ms 

exposure.  

b. Turn the metal halide lamp knob to 100% output (Figure C.4d). 

c. Remove trans-illumination source from sample (Figure C.11). 

d. Remove Wollaston prism and polarizer sliders from beam path below the 

objective (Figure C.8). 

e. Change the Thorlabs filter wheel to position 3 (400 nm BP filter) 

(Figure C.9). 

f. Make sure Indo-1 excitation filter cube is in position (#2 currently) 

(Figure C.8a). 

g. Open the excitation shutter by pressing the shutter button on the Prior 

controller (Figure C.9d). 

h. Turn on Live imaging to observe Indo-1 405 nm signal 

14. Switch from the ‘Capture’ tab to the ‘Sequence’ tab (Figure C.5c).  

15. Open fluorescence illumination shutter (Figure C.9d). 
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16. Click the ‘Start’ to begin continuous acquisition of Indo-1 images (Figure C.5c). 

17. Turn on laser emission (Figure C.9).  

18. When ready to begin optical injection (typically 10 to 30 sec into imaging – make 

sure to write down this time), (LASER GOGGLES ON) open laser shutter 

(Figure C.9e or C.12). 

19. To stop optical injection, close laser shutter (Figure C.9e or Figure C.12), and 

turn off laser emission key (Figure C.10). 

20. Continue imaging for 30 to 120 sec to capture entire duration of Ca
2+

 signal. Click 

‘Stop’ when done. Close illumination shutter (Figure C.9d). 

21. Typical optical injection experiments for activation of Ca
2+

 signaling involves 

continuous acquisition of images for 10 sec baseline, 30 sec optical injection, and 

60 sec of recovery images.  

22. Switch back to DIC (Figures C.8 & C.11) and acquire an image following 

injection. 
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Figure C.8. Sliders and adjustments on the IX71 microscope. (a) On the right side of the 

microscope, the DIC polarizer slider and the filter cube wheel can be accessed. (b) On the 

left side, the DIC Wollaston prism slider and the 900 nm SP dichroic slider can be 

accessed. 

 



212 

 

Figure C.9. Controllers for Thorlabs filter wheel, Prior stage and shutter, and Thorlabs 

shutter and actuator units. (a) The Thorlabs filter wheel is powered on by a switch on the 

right side and the desired filter is selected by using the arrow buttons. (b) The Prior stage 

and shutter controller allows for X-Y positioning with the joystick and Z position 

adjustments with the right side knob. (c) To scroll through the menu options, press the 

left most button. (d) To control the fluorescence illumination shutter, scroll to the shutter 

page and press the button 2
nd

 in from the left. (d) The Thorlabs shutter for the trapping 

laser can be opened and closed by pressing the right button on the topmost unit label with 

an arrow. 
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Figure C.10. Nd:YAG laser controller. Use this box to adjust laser output power (press 

lower green button twice, turn knob) and to turn on laser emission (turn the key and press 

red button). 

 

 

Figure C.11. Trans-illumination knob. (a) Turn this knob on top of the microscope so 

that arrow point to the right (toward the lamp) to illuminate the cells. (b) Turn clockwise 

to prevent light from reaching the sample (arrow pointing to the left). 
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Figure C.12. APT software. This software can be used to open and close the trapping 

laser shutter and control the position of the beam steering lens. 
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APPENDIX D: 3D TUMOR MICROENVIRONMENT MODEL PROTOCOL  

Note: At minimum, this protocol requires previous training in traditional aseptic cell 

culture techniques. 

 

Supplies and Equipment 

 Epithelial cells (OVCAR-3) 

 3 - T75 cell culture flasks of confluent Hs27 fibroblasts 

 RPMI + 20% FBS, 0.01 mg/mL bovine insulin, & 1% penicillin-streptomycin 

 DMEM + 10% FBS (1X DMEM) 

 0.25% trypsin 

 sterile PBS 

 10× DMEM 

 200 mM L-glutamine 

 FBS 

 75 mg/mL sodium bicarbonate 

 3.5 – 4.0 mg/mL rat tail type I collagen  

 humidified incubator, 37°C, 5% CO2 

 ice 

 BD BioCoat™ Control Cell Culture Inserts, 6-well, 3 µm pores 

 centrifuge, Beckman Coulter, Allegra 6R 
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Protocol for Growing 6 Models 

Acellular Base 

1. On ice, mix the components listed under the ‘Acellular’ column in Table D.1 in 

order under aseptic conditions.  

2. Gently triturated by pipette on ice to thoroughly combine, visually indicated by a 

transition from a swirled pink/yellow to uniform yellow color.  

3. Portion 1.6 mL aliquots into 6 hanging inserts of the 6-well BD Biocoat plate 

(Figure D.1a & d).  

4. Allow to gelify for 30 min at room temperature. The collagen mixture will change 

color from pale yellow to light pink upon gelling (Figure D.1b & e). 

 

Stroma 

5. Meanwhile, begin preparing the cellularized stroma by trypsinizing 3 confluent 

T75 cell culture flasks of Hs27 human dermal fibroblasts.  

6. Centrifuge suspensions of the detached cells at 1250 RPM for 10 min to pelletize. 

7. Re-suspended the pellet of fibroblasts in 1X DMEM to yield a final concentration 

of 1.8 × 10
7
 cells/mL.  

8. Next, prepare the cellularized collagen by mixing in order the components listed 

under the ‘Stroma’ column in Table D.1 under aseptic conditions. 

9. Gently triturate by pipette on ice to thoroughly combine.  

10. Portion 3.1 mL aliquots, approximately 4.4 × 10
6
 fibroblasts per construct, 

directly onto the 6 gelled acellular matrices in the hanging inserts. Allow to 

gellify for 1 hour in the 37°C incubator.  

11. Once gelled (approximately 45 min), add 5 mL of 1X DMEM to the perimeter 

and 3 mL to the inside of each well.  

12. Return the plate to the incubator for 7 days to allow fibroblasts to contract and 

remodel the ECM.  
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13. Exchange media after 3 – 4 days to maintain a nutrient-rich environment for the 

fibroblasts.  

 

Epithelium 

14. Trypsinize and pelletize OVCAR-3 cells and re-suspended in RPMI to yield a 

final concentration of 4 × 10
5
 cells/mL.  

15. Aspirate existing media to a level below the ECM surface and carefully remove 

the small volume of media remaining on the surface of the construct, making sure 

not to damage or agitate the collagen surface.  

16. Next, pipette 50 µL of the epithelial cell suspension (20,000 cells) onto the 

surface of each of the 6 partially formed constructs.  

17. Taking special care not to spill the epithelial cell-rich drops off the constructs 

surfaces, move the 6-well plate into the 37°C, 5% CO2, humidified incubator and 

leave undisturbed for 8 hours to allow epithelial cells to settle and attach to the 

stroma surface.  

18. Top-off each well with 3 mL RPMI and return to the incubator.  

19. Exchanged media every 3 – 4 days to maintain a nutrient-rich environment for the 

living constructs.  
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Table D.1. Components for growing 6, 3D reconstructed ovarian cancer 

microenvironment model. 

Component 

Acellular 

(mL) 

Stroma 

(mL) 

Epithelium 

(µL) 

10× DMEM 1.12 1.18 - 

L-glutamine, 200 mM  0.10 0.16 - 

FBS 1.26 1.99 - 

Sodium bicarbonate, 75 mg/mL 0.35 0.55 - 

Rat Tail type I Collagen, 3.68 mg/mL 9.28 14.78 - 

Fibroblasts, 1.8 × 10
7
 cells/mL - 1.60 - 

Epithelial cells, 4 × 10
5
 cells/mL - - 50 

Totals 12.11 20.26 50 
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Figure D.1. 3D model growth. (a & d) Acellular collagen just following deposition into 

hanging inserts. (b & e) The color changes to pink after 30 min of gelling at room 

temperature due to slight rise in pH. (c & f) Addition of the cellularized collagen. 

(g & h) One week later, constructs have contracted due to fibroblast remodeling. To seed 

the epithelial cells, media is aspirated away from the models and a drop of cells is added 

to the center of the model. (i) Models can be harvested after 3 to 30 days of epithelial cell 

growth. 
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APPENDIX E: REPRINT PERMISSIONS 

For Figure 1.2: 
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For Figure 1.3: 
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For material in Chapter 3: 
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For Figure 4.1: 
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