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Abstract 

 Cancer has been a constantly escalating threat to human health, affecting millions 

of people across the globe. In the United States alone, there are nearly 600,000 new cases 

diagnosed annually, with that number expected to rise in the coming years. Many cancers 

lack effective treatment methods due to the shear heterogeneity of cancer diseases, 

necessitating future medicine to become more personalized. Cancer, at its core, is an 

accumulation of mutations in one’s genetic material that leads to uncontrolled cell growth 

and division. People naturally accumulate genetic mutations as a result of exposure to 

carcinogenic substances, as well as by innate mechanisms within DNA replication, 

meaning that cancer is a disease that is essentially inevitable.  

 In order to attain a more personalized approach to cancer therapeutics, efficient 

diagnostic and prognostic tools must be developed such that treatable qualities of the 

cancer can be identified. Circulating tumor cells (CTCs) have garnered attention in this 

area in recent decades for their unique role in the metastatic process, as well as their 

potential to act as a prognostic marker. Unfortunately, CTCs exist in such low quantities 

in the blood that efficient isolation methods have eluded scientists since their discovery.  

 These experiments seek to establish an inexpensive and efficient method of CTC 

isolation using antibody-tagged microbubbles. Microbubbles are small, gas filled, lipid 

monolayers, which have been used for a variety of theranostic applications for their 

unique acoustic properties, targeting efficiency, and buoyancy. The system proposed in 

this study seeks to use immuno-microbubbles to capture CTCs from whole blood samples 

of cancer patients for their quantification and characterization. To this end, a model of the 



system using fluorescently labeled red blood cells (RBCs) was used to verify the 

potential of this system to capture a small population of cells from the context of a 

significantly larger population of unlabeled RBCs.  

 From our experimentation, it was found that around 72% of labeled RBC could be 

rescued from a much larger population of unlabeled RBC. The linkage between the 

immuno-microbubbles and the RBC was verified using microscopy. The recovery rate of 

RBCs matches or exceeds the current gold standard techniques of CTC isolation. This 

suggests that the use of immuno-microbubbles to isolate CTCs from patient blood 

samples is a viable and efficient technique. 
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Introduction 

Cancer: Impact and Aging 
 Cancer has become one of the most widespread and complex diseases of our time 

due to the sheer number of people afflicted and the mechanisms by which individuals 

develop the disease. Based on data from studies completed between 2013 and 2015 by 

the National Cancer Institute, approximately 38% of men and women will be diagnosed 

with some form of cancer in their lifetime, with a five year survival rate for some cancers 

as low as 8%, making it one of the leading causes of death both in the United States and 

around the world (National Cancer Institute, 2018a; American Cancer Society, 2019). It 

was estimated that about 1.8 million new cases of cancer would arise within the United 

States in 2018 alone, in addition to the over 16 million that already live with cancer in 

some form. Each year, it is expected that we will see over 600,000 deaths in the United 

States. While enormous progress has been made in the treatment of cancer, it remains the 

case that fewer than 70% of cancer patients will survive longer five years after initial 

diagnosis. All of this is despite the nearly $150 billion spent in the United States to treat 

those surviving with cancer today. Some estimates have even gone so far as to say that 

worldwide, the cost of cancer annually in just under a trillion dollars (Cancer Research 

UK, 2016). These expenses are expected to increase in the coming years. Today, it is rare 

to find someone whose life has not in some way been touched by cancer afflictions in 

some capacity. 

 In general, it seems those most at risk for developing cancer are in our eldest age 

bracket (National Cancer Institute, 2015). This fact has been confirmed in seemingly 
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endless epidemiological studies of cancer frequencies (Harding et al., 2012; Pederson et 

al., 2016). In fact, aging has been described as the major carcinogen, since as we age, the 

development of cancer seems nearly inevitable, as will become apparent based on the 

mechanism of cancer development (National Cancer Institute, 2018b). As will be 

discussed in greater detail, cancer, in its simplest form, is an accumulation of mutations 

that lead to uncontrolled growth and division of cells. Given time, our genes will 

naturally accumulate mutations, and as more time goes on, more mutations will be 

garnered by our genes.  

 There are several reasons accounting for the influence of time on the number of 

mutations gathered. Perhaps the most intuitive explanation is that we are surrounded by 

DNA-damaging agents, otherwise known as carcinogens, everywhere we go. The 

International Agency for Research on Cancer (IARC) has published data over the last 30 

years and established that there are exist over 110 substances that are known to be 

carcinogenic that we may interact with frequently, with hundreds more classified as 

probably or possibly carcinogenic (American Cancer Society, 2016). To give some 

perspective, a few of these carcinogenic substances include processed meat, tobacco, 

alcohol and UV radiation. Though some may find it easy to avoid some of these 

carcinogens with dietary changes and avoidance of substance use, it is rather difficult to 

avoid many, such as UV radiation which comes directly from sunlight. While 

carcinogens do not instantly cause cancer, it does stand to reason that constant interaction 

with these substances will increase risk as time goes on. Since nearly all of us are 
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chronically exposed to DNA damaging agents, the link between aging, mutation rates and 

cancer is fairly well defined.  

 If mutations are caused from interactions with external and foreign materials that 

somehow find their way into our DNA and wreak havoc, is it possible to simply live in a 

bubble and avoid cancer? Unfortunately, the short answer to this question is no. 

Mutations rates are inherently encoded within our genes themselves through the infidelity 

of DNA polymerases, which are responsible for replicating our DNA (Pray, 2008). After 

all, natural selection would not favor a system incapable of genetic alteration. The role of 

genetic instability as a result of imperfections in both DNA replication fidelity, as well as 

the imperfection of DNA repair mechanisms, have long been explored as a key aspect of 

the development of cancer. Replicative polymerases in eukaryotes make an error once in 

every 104-105 DNA bases. To add to this, DNA repair machinery is able to recognize and 

correct about 99% of these mistakes through several complex pathways. Though this 

seems to be an incredibly high rate of correctness, there is a small amount of room for 

error. In a human genome of around 6 billion base pairs, even an efficiency this high 

leads to between 3 and 6 mutations per round of replication. Based on the number of 

times each day that the cells in a human body replicate, this leads to between 100,000 and 

1,000,000 spontaneous lesions each day (Preston et al., 2010). This means that errors in 

DNA replication account for at least 85% of the mutations in our DNA, making DNA 

replication even more harmful to our genetic information than external carcinogens. 

 A 2016 study encompassing data from hundreds of thousands of individuals 

included in the Danish Cancer Register and from the Danish Cause of Death Register 
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from between 1978 and 2012 found that this trend of increased age being correlated to 

increased risk of cancer was valid up to a certain point (Pederson et al., 2016). It was 

observed that most forms of cancer have a peak prevalence at around 85 years of age, 

with a decrease in risk after that age. Though this trend is possibly explained as an 

inherent quality of cancer that makes it less likely to develop cancer once one reaches a 

very old age, it seems more likely that certain individuals are less inclined to develop 

cancer and therefore survive longer. If those who develop cancer by age 85 are dying off 

as a result of the disease, that would leave a population of individuals less likely to 

develop cancer. What this implies is that there is some either genetic predisposition or 

some lifestyle and environmental impacts that can act as a preventative measure. Indeed, 

a great number of studies have been performed to test exactly that, though we are yet to 

establish a foolproof method of preventing cancer. 

 As the overall lifespan of humans increases, as is has been for the past century, 

cancer becomes a bigger and bigger threat to our collective well-being (Roser, 2019). 

Even with billions of dollars spent on cancer research and care every year, we still only 

inch towards a solution to the cancer epidemic. This slow progression is simply 

unacceptable, as cancer is constantly changing and adapting faster than we are advancing.  

Cancer: Heterogeneity and Personalized Medicine 

 In truth, cancer is far more than a single disease, but is rather a collection of 

complex diseases, with extreme heterogeneity from one case to the next (Dagogo-Jack 

and Shaw, 2018). It is characterized by an abnormal growth of cellular tissue, with a 
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tendency to spread to surrounding tissues, and beyond, which in truth, is a rather broad 

description of a disease. As mentioned, it occurs as a result of an accumulation of 

mutations that affect a cell’s ability to regulate growth and survival, in order to initiate a 

seemingly limitless replicative potential and effective immortality. Generally, these 

mutations activate systems that already exist within the cell’s genetic code, but are 

inactivated during normal cellular functions. However, the heterogeneity arises from the 

specific systems activated or inactivated in specific cancer types, as well as the tissue 

type affect by the cancerous growth. Given the number of gene mutations with the 

potential to lead to cancer, it is highly unlikely that any two cancer will be identical.  

 Since the odds of one person’s cancer matching the same genetic profile as 

another’s cancer is extremely low, there is an apparent need for a personalized medical 

approach. What this means is that the best way to fight cancer is to fight each specific 

cancer, rather than using the same toolset of medications for every disease that is under 

the blanket term “cancer”. After all, each cancer is basically an entirely separate disease 

from another cancer. Nobody would expect a flu vaccine to prevent malaria. The same 

principles apply to cancer treatments.  

 Therefore, it is crucial to consider personalized medicine for the sake of treatment 

plans for the patient. Each drug on the market works via a unique mechanism of action, 

and will be most effective against a cancer that has arisen from mutations in genes that 

are associated with the mechanism of that specific drug. For example, for certain breast 

cancers, a drug such as doxorubicin may prove a highly chemotherapeutic agent, while as 

a bladder cancer may be better combated with a drug like cisplatin (National Cancer 
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Institute, 2019; Li et al., 2019). Nearly all cancer drugs have limited selectivity, meaning 

that they are potentially damaging to many kinds of cells, beyond simply cancer cells. 

This should make sense, since unlike diseases caused by bacteria or viruses, which have 

defining molecular characteristics distinct from human cells, cancer is made from a 

patient’s own cells, which are often difficult to differentiate from normal cells. 

Chemotherapy often has major side effects on cancer patients because of the inefficiency 

of targeting, which means that receiving the most effective cancer treatment is of 

paramount importance. Otherwise, the toll of the treatment and the enormous expenses 

associated with care would be all for nothing.  

 Recent developments in genetic analysis of tumor cells have greatly improved the 

ability of the medical community to apply personalized medicine to cancer patients. The 

knowledge of familial genetic links to cancer, for instance, has provided insights into 

specific characteristics that an individual’s cancer may adopt (Centers for Disease 

Control and Prevention, 2018). It is relatively common to see that family members share 

susceptibilities to similar cancers, and while not every facet of genetic predisposition to 

cancer is understood, the trends in family history provide much needed insight that can 

lead to personalized care.  

 Some other advances include that of genomic sequencing and RNA profiling. 

These techniques have the potential to give invaluable insights into the molecular nature 

of the tumor (National Cancer Institute, 2017). RNA profiling gives scientists the ability 

to establish the genes that are being activated, the quantities of their gene products that 

are produced, and give clues as to the protein profile of the cell. Ultimately, this can lead 
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to the prescription of medication that can properly combat the set of mutations present in 

each specific cancer. Unfortunately, as much as these techniques can improve our ability 

to provide personalized care, there are limitations. For instance, tumors possess inherent 

heterogeneity, not even simply from one cancer to another, but even within the same 

tumor. Tumors generally have several smaller populations of cells, each with unique 

characteristics. This can limit how useful the genotype of any single tumor cell can be, as 

the individual sequence tells relatively little about the tumor as a whole. Also, the tumor 

itself is constantly accumulating more mutations, meaning that it is only a matter of time 

before any genetic information becomes “dated”. Therefore, the most effective way to 

use these techniques would be to target subpopulations of cells that are most likely to 

cause damage and have the means to quickly and effectively target those cells.  

Cancer: Hallmarks and Mechanisms 

 In an attempt to connect all cancers under one umbrella set of conditions, a 2000 

paper written by Hanahan and Weinberg describes six generalized hallmarks of cancer. 

These hallmarks include a self-sufficiency of growth signals, evading apoptosis, an 

insensitivity to anti-growth signals, sustained angiogenesis, limitless replicative potential, 

and tissue invasion and metastasis (Hanahan and Weinberg, 2000). While each individual 

hallmark is expected to vary from one cancer to the next, it is these traits that usually lead 

to cancerous growth. These six hallmarks stood as the unifying themes for all forms of 

cancer up until recently, when a few more hallmarks were accepted by the scientific 

community. 
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 It was in 2011 that Hanahan and Weinberg revisited their initial six hallmarks of 

cancer and established two more “emerging hallmarks”, as well as two “enabling 

characteristics”(Hanahan and Weinberg, 2011). The former included deregulating cellular 

energetics and avoiding immune destruction, and the latter including genome instability 

and mutations, as well as tumor-promoting inflammation. Though these eight hallmarks 

and characteristics are not without controversy, they have largely been accepted as the 

defining features of cancer at large. 

 To fully understand the nature of cancer, it is necessary to comprehend these 

hallmarks individually with a brief overview of each. Beginning with the first hallmark, 

cancer cells are able to become self-sufficient in growth signaling through mutations in 

signaling pathways that are normally activated by diffusible growth factors or 

transmembrane receptors that are typically activated by surrounding cells. Cancer cells, 

instead, find ways to sustain these pathways even in the absence of communication from 

other cells (Schwab, 2011). A classic example of a mutated pathway in cancer that 

ultimately leads to overgrowth of cancer cells is the Hippo signaling pathway, which 

regulates cell proliferation and cell death (Sourbier et al., 2018). The name “Hippo” was 

given to the pathway because uncontrolled signaling can lead to largely oversized tissue 

or organs in animals.  

Normally this growth is also suppressed by surrounding cells, which can secrete 

anti-growth signals, as an additional mechanism to prevent cancerous growths. It may not 

come as a surprise, and will be observed as a theme for these hallmarks, but cancer cells 

are able to accumulate mutations that allow them to ignore these antigrowth signals. 
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There are several genes and pathways in normal cells, such as p53, PTEN, ARID1A, 

Notch, and IGF (Ruhul Amin et al., 2015). Though the exact pathways by which these 

genes operate is beyond the scope of the work completed here, it is important to 

recognize the sheer variety of genes that may be altered to allow the dysregulation of 

anti-growth signals. Mutations on any of these tumor suppressor genes, as well as 

countless more, can lead to a cancer-like state from an overgrowth of cells and tissue. 

Typically, cells are able to sense dysfunction in either of these pathways and 

determine that for the betterment of surrounding cells and tissue, cell death pathways 

should be activated. The most prominent mechanism of cellular suicide is apoptosis, 

wherein cells will implement a cascade of special proteases, called caspases, which will 

break down the interior components of the cells (Alnemri et al., 1996). Cancer cells are 

able to shut down this pathway, along with other cell death pathways, in order to avoid 

cell death.  

 Even after becoming completely independent of cell-to-cell signalling, normal 

cells possess a seemingly finite replicative capacity. Once a cell has reached this 

maximum number of divisions, it reaches a state deemed senescence, wherein it is no 

longer able to undergo the cycle of mitosis. Through further mutations, cancer cells are 

able to acquire the ability to shut down the regulatory systems in place to prevent 

replication. For example, studies have demonstrated that disabling two genes, p53 and 

pRb, is enough to cause a “crisis state”, which allows the cell line to become 

immortalized and replicate indefinitely (Wright et al., 1989; Sulli et al., 2019).   
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Tumor cells often survive in a harsh microenvironment, where the standard 

vasculature is unable to provide necessary components for survival, such as oxygen and 

nutrients. Typically, the existing vasculature remains relatively quiescent once 

development is complete, preventing the growth of new blood vessels or even the 

branching of existing ones (Hanahan and Folkman, 1996; Huang et al., 2013). To 

circumvent this issue, cancer cells will both secrete factors that seemingly coax new 

branches of blood vessels to form towards the cells, while also diminishing factors that 

prevent this growth. The process of new blood vessels forming from existing vasculature 

is called angiogenesis. This capability is often acquired later within the cancer cycle, but 

is essential for the tumor to develop beyond a limited size.  

Before describing the final of the initial six hallmarks, we will take a brief a 

sojourn in the area of the newer hallmarks, beginning with the capability of tumor cells to 

evade immune destruction. Under normal conditions, cancerous or potentially cancerous 

cells are consumed by macrophages within the body to destroy malfunctioning cells. A 

paper published in 2009 begins to suggest this quality of tumor cells to evade this 

destruction may arise from an overexpression of surface markers, such as CD47, which 

are highly expressed in various forms of stem cells (Jaiswal et al., 2009). This 

overexpression sends a “don’t eat me” signal to surrounding immune cells and prevents 

phagocytosis from macrophages. This very overexpression was observed in myeloid 

leukemias, which provided support for the initial claim that it may be involved in the 

progression of tumorigenesis. Additionally, the transient upregulation of CD47 in mouse 

stem cells and progenitor cells directly correlated with the likelihood that those cells 
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would be targeted by macrophages, with higher expression leading to lower targeting. 

This hallmark continues the be characterized and confirmed, with many genes, such as 

TGFβ being implicated in the development of immune response evasiveness (Tauriello et 

al., 2018).   

Along with the additional oxygen provided to tumor cells from angiogenic 

capabilities, tumor cells often require further modification of their systems to provide 

sufficient cellular energy. Tumor cells often find ways to provide energy through a 

metabolic switch to glycolysis, rather than oxidative phosphorylation, a process known as 

the Warburg Effect (Zhang et al., 2013). This switch may seem illogical, as glycolysis 

results in significantly less energy than oxidative phosphorylation. It is still not entirely 

certain why the Warburg effect occurs, though many papers have been published in order 

explain it. The metabolic switch leads to an increase in glucose transport into cells, as 

well as an increased production of lactate. These qualities may be useful for rapid 

generation of ATP, despite the overall amount produced, cell signalling through the 

generation of reactive oxygen species, or it may support biosynthesis necessary for 

increased cell growth. This metabolic switch is similarly observed under cellular stress 

conditions, such as hypoxic conditions. Knowing the cell’s typical responses to hypoxia 

provides a logical mechanism by which a tumor cell may acquire the ability to regulate 

its metabolism to favor a seemingly less efficient method of producing energy 

(DeBerardinis et al., 2008).  

 Perhaps the most important of these hallmarks for patient survival is the process 

of tissue invasion and metastasis. Metastasis is the process of a primary, solid tumor, 
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developing the ability to migrate into tissue in other regions of the body. It happens as a 

two phase process, beginning with tumor cells developing the ability to migrate away 

from the initial tumor site, and ending with the cells becoming capable of surviving in 

varying tissue environments. While an isolated cancer can be very dangerous for an 

individual, it is most frequently the seeding of secondary tumors that leads to the eventual 

death of a patient. For perspective, nearly 90% of females diagnosed with breast cancer 

survive beyond five years after their diagnosis, while fewer than 27% with metastatic 

breast cancer survive that long (Seyfried and Huysentruyt, 2013). This is because 

localized tumors, while they may be detrimental to the immediate vicinity in which they 

occupy, metastatic cancers can affect many regions of the body and can ultimately cause 

the failure of multiple organ systems. It has been estimated that over 90% of overall 

cancer deaths are a direct result of the metastatic process.  

 Despite our collective knowledge of the dangers of metastasis, much remains 

unknown about the process itself. For instance, it is very common to observe that cancer 

in a given tissue will favor another specific tissue for the seeding process (Sartor and de 

Bono, 2018). For example, prostate cancers tend to favor the bones and lymph nodes for 

their secondary tumor sites, seemingly with little justification. Additionally, we still lack 

a definitive answer as to why some cancer cells are able to metastasize and others stay 

within the primary tumor. This knowledge could prove crucial to our ability to develop 

effective therapeutics against cancers in the future. 

 One element of metastasis that is known is how cells can move from a solid tumor 

state into a circulating tumor state. This process is involves the use of the “epithelial to 
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mesenchymal transition” (EMT). In truth, there are three different variations of EMT, 

though only type 3, the type that leads to tumor metastasis, will be discussed. The process 

of EMT is very complex, but can be broken down into a few, more simple steps. To 

begin, the primary tumor cells possess an epithelial nature, wherein they are stationary 

and exist within the basal layer of the epithelium tissue which surrounds a blood vessel. 

In this state, it will possess a genetic profile that consists of the expression of epithelial 

markers, such as E-cadherin, cytokeratin and many others which are responsible for the 

anchoring of neighboring cells together and the cytoskeletal rigidity of the cells. From 

this state, the transcription of these structural elements corresponding to epithelial 

morphology is diminished through the recruitment of macrophages through the secretion 

of colony stimulating factor (CSF) (Chen et al., 2017). The macrophages secrete 

epidermal growth factor (EGF) and tumor necrosis factor-ɑ in order to alter the gene 

expression profile of the tumor cells, and cathepsin-B, a protease which cleaves the E-

cadherin holding the tumor cells in place (Tan et al., 2013). Once the gene expression 

aligns more closely with migratory cells, the macrophages will secrete matrix 

metalloproteins (MMP) in order to degrade the basement membrane, leading into the 

vasculature. The newly altered genetic profile of the now mesenchymal-like cells will 

promote its permeability into the blood vessels, which ultimately allows their transition 

into the bloodstream (Model 1). 
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Model 1. Epithelial to mesenchymal transition (EMT) of tumor cells. (a) The tumor 
cells adopt an epithelial state, connected by E-Cadherin. (b) Tumor cells alter their gene 
expression to change their morphology and secret CSF to attract macrophages. (c) 
Macrophages secrete cathepsin-B and MMP to cleave E-cadherin and promote the 
migration away from the endothelium. (d) The mesenchymal tumor cell is able to 
permeate the vasculature and migrate through the bloodstream. 
 

Once the process of EMT has occurred, the seeding of the secondary tumor may 

initiate. This process actually requires the reverse of EMT to occur, a mesenchymal to 

epithelial transition (MET). While many facets of EMT remain a mystery, even less is 

known about MET. Nonetheless, it is the process of EMT, a subsequent migration of 

these circulating tumor cells, and the eventual seeding of the secondary tumor that 

defines metastasis (Model 2).  
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Model 2. Metastatic process to seed secondary tumors. The process by which a 
primary tumor metastasizes and leads to a secondary tumor after circulation through the 
bloodstream. 
 

Circulating Tumor Cells 

 Despite the ability of some cells to shed away from the primary tumor and 

circulate through the blood, not all of those tumor cells are capable of metastasizing and 

seeding secondary tumors. In fact, as few as 0.1% of these “circulating tumor cells” 

(CTCs), are capable of producing secondary tumors (Krebs et al., 2010). The inefficiency 

of this process is not entirely understood, and may be related to the MET, as well as 

immune system interactions with CTCs as they travel through the blood. The CTCs that 

happen to possess tumor-initiating properties are often referred to as the “decathlon 

champions” for their superior migratory abilities. It is unclear at this point what 

differentiates these decathlon champions from other CTCs, though a few ideas have been 

proposed. In a recent study, CTCs from breast cancer patients were observed to analyze 
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specific markers present on the CTCs (Theodoropoulos et al., 2010). In particular, CD44, 

CD24 and ALDH1 phenotypes were assessed because of their inherent similarity to stem 

cell progenitors, which has been theorized to increase the likeness of seeding by CTCs. 

Further studies have attempted to correlate these markers to CTCs found in patients with 

metastases, which has yielded support to the claim that stem cell properties are necessary 

for secondary tumor formation from CTCs (Baccelli et al., 2013).  

 The reason for cancer stem cells having the capability to seed better than typical 

mesenchymal cells has not been demonstrated, though it does make conceptual sense. 

Stem cells possess more neutral biomarkers which prevent recognition by the immune 

system and thereby prevent the destruction of CTCs. Additionally, the more plastic 

properties of the cells may provide beneficial versatility when seeding in a new 

microenvironment. Despite these seemingly plausible hypotheses, further research is 

needed to establish a full theory of why certain CTCs possess seeding potential, while 

other do not. 

 Even though only a fraction of CTCs that are decathlon champions are capable of 

causing metastasis, one may wonder why metastasis remains at bay for as long as it does 

in cancer patients. It can take months or years for certain kinds of cancer to metastasize, 

despite already having CTCs present and circulating through the blood (Ye et al., 2017). 

This delay in metastasis is primarily the result of the sheer infrequency of CTCs within 

the blood. A 2011 meta-analysis, incorporating data from four studies aimed at 

comparing the number of CTCs to patient prognosis in prostate cancer patients completed 

over that last 15 years, demonstrated that having approximately 5 or greater CTCs in 7.5 



	 17	

mL of blood was correlated to a poor prognosis and eventual metastasis (Wang et al., 

2011). This means that at any one time, there exists an extremely low number of these 

cells, even in cases where an individual is on the verge of metastasis.  

 As demonstrated in this same study, the number of CTCs in the peripheral blood 

of prostate cancer patients appears to have a correlation to the patient prognosis. In 

general, the more CTCs that can be found within the blood, the worse the outcome for the 

patient. The number and qualities of CTCs in the blood has a direct relationship with the 

rate of metastasis, as well (Markiewicz et al., 2014; Aceto et al., 2014). Even though only 

a small number of CTCs are decathlon champions, having more of them increases the 

chance of metastasis occurring. The implications of this trend are that CTCs and their 

collection from the blood can provide immensely useful information about the stage of an 

individual’s cancer. This provides a basis for using CTCs as a method to determine 

personalized medical approaches to a specific cancer patient.  

 While the ability to collect and quantify CTCs is powerful in and of itself, CTCs 

can provide even more valuable information using more modern technology. For 

instance, single cell RNA sequencing holds the potential to determine the gene 

expression profile of CTCs, and by extension, much of the genetic profile of the primary 

tumor (Zhu et al., 2017). Beyond even the analysis of mRNA within a cell to determine 

the transcriptional profile, single cell RNA sequencing methods possess the ability to 

determine the types of microRNAs and tRNAs, which can affect the protein expression of 

a cell, and nucleolar RNAs, which are capable of controlling the RNAzyme capability of 

a cell. Though the limitations of this technique, such as the mutation rates of cancer and 
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the heterogeneity of tumor cells, have already been discussed, CTCs may act as a unique 

cell type for this personalized medicine approach. This is because we already have 

evidence that it is these cells that are leading the most deadly aspect of cancer, metastasis. 

Therefore, treatment of the genetic mutations of these cell types stand the best chance of 

providing a positive outcome for the patient. 

This has already been accomplished to identify the expression profile of 

extracellular matrix proteins of pancreatic circulating tumor cells (Ting et al., 2014). The 

study was completed using the well established RNA-seq strategy, which entails using 

the RNA isolated from the cytoplasm to make a library of complementary DNA 

fragments which can each be tagged and then analyzed through sequencing and 

comparison to known genomic information. This will be able to qualitatively determine 

the genes that have been transcribed, as well as quantitatively determine the amount of 

expression based on the number of reads of a specific RNA fragment. This allows the 

generation of “heat maps” that describe the expression levels of the genomic information. 

In this 2014 study, the genetic profile of CTCs captured shed light on crucial aspects of 

the metastatic process through comparison of the CTC transcriptional products to that of 

the primary tumor. Because of the information gathered from CTCs, new medicinal 

targets were able to be identified which may be pertinent to the metastatic process, which 

as discussed previously, is the major cause of death from cancer.  
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CTC Isolation Techniques 

 Since CTCs are so rare within the blood, it can be very difficult to actually 

capture and analyze them. According to some estimates, although one would not find 

greater than 10 CTC within a mL of blood, there are more than a million white blood 

cells and well over a billion red blood cells (Haber and Velculescu, 2014). This signal-to-

noise ratio is astronomical, and consequently requires extremely sensitive isolation 

techniques to differentiate between CTCs and blood cells. Because of this challenge, a 

number of creative solutions to CTC isolation have been developed and tested. For 

example, many forms of microfluidics, using size based isolation or magnetophoresis, 

density-based separations, and immunomagnetic bead separation have all been employed 

to attempt CTC isolation (Zhang et al., 2017; Karabacak et al., 2014; Hosokawa et al., 

2013; Kermanshah et al., 2018). Each of these techniques have demonstrated promise, 

but each also has its shortcomings. The only method of CTC isolation currently approved 

by the FDA is an immunomagnetic separation technique called CellSearch (Muller et al., 

2012).  

 CellSearch is an assay that was first developed in 2000, and quickly became the 

gold standard in CTC isolation (Reiter et al., 1998). It is a method that relies on the 

presence of biomarkers on the CTCs and targets those markers using ferrofluid 

nanoparticles that are coated with antibodies for those biomarkers, namely the Epithelial 

Cell Adhesion Marker (EpCAM) (CellSearch Circulating Tumor Cell Test, 2019). These 

CTCs are directly rescued from a 7.5 mL blood sample from patients. Once they have 

been removed from the blood sample, cells are stained with anti-CD45 antibodies to 
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fluorescently label any leukocytes that may have been captured, as well as anti-

cytokeratin antibodies, which fluorescently label epithelial-like cells. The cells that have 

been captured can then be counted using fluorescent microscopy, since any noise 

captured by the magnetic separation can be discarded upon visual inspection of the cells.  

 While this technique has been largely successful, it has also been scrutinized for 

many qualities that limit its applicability (Wang et al., 2017). For instance, positive 

enrichment methods generally rely upon the presence of specific biomarkers on the 

surface of the CTCs, which may exclude cells that do not have these markers present. 

While it is true that many CTCs express EpCAM, early phase patients has demonstrated a 

decreased expression, with only between 20%-40% of CTCs within their blood 

possessing this marker. The inherent heterogeneity of cancer prohibits reliance on a 

single marker for all CTCs. Additionally, the process of immunomagnetic separation has 

the potential to damage the membrane of targeted cells by imposing too much magnetic 

force on the cells (Zhang et al., 2016). Given the extremely low quantity of cells that are 

even able to be captured to begin with, it is crucial to have a methodology that gently 

rescues that CTCs.  

 Perhaps the most important critique of the CellSearch system is the price. 

CellSearch CTC profiling can cost patients thousands of dollars, and the use of the 

system for research purposes is even more expensive. A single CellSearch kit can cost 

over $4000, and the machinery to perform the assays themselves costs more than 

$100,000. Without the machinery, one can send out samples to have other facilities 

perform the tests, which will incur its own expenses, as well as adding excess time to the 
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process. This makes the technique ultimately impractical and inaccessible to the broader 

scientific community. 

 One technique that has attempted to rectify some of these shortcomings of 

CellSearch is the use of size-based microfluidics. Though there are several variations of 

this method, one very common way to accomplish size-based separation is the use of 

isolation by size of epithelial tumor cells (ISET) (Hosokawa et al., 2013). This technique 

takes advantage of the fact that tumor cells are relatively large compared to leukocytes, 

and significantly larger than red blood cells. By flowing a blood sample through 

miniaturized microcavity array (MCA), which is essentially a porous plate that exclude 

large cells, the CTCs can be isolated from the rest of the blood contents since they will 

not flow through the pores. The data from this study provided rather inconclusive results, 

as they were essentially comparing whether patients were found to be “CTC positive” 

based on if CTCs could be detected using their MCA system compared to CellSearch. 

They had several positive hits that were unable to recorded from CellSearch, which could 

imply an improvement in detection from the CellSearch system, but could also mean a 

greater chance of false positives. Similar studies comparing ISET techniques with 

CellSearch have found that CellSearch is generally more reliable, although certain 

cancers with decreased levels of EpCAM may be better suited to ISET isolation. 

Microbubbles: Properties and Uses 

 Though perhaps an unexpected hero in this story, a possible solution to the issue 

of rare CTC isolation may lie within the tiny, but mighty microbubbles. Microbubbles are 
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an incredibly versatile theranostic agent, capable of being used for a large variety of 

biomedical applications. Fortunately for the sake of explanation, the concept of what 

constitutes a microbubble is very straightforward based on the name alone: they are tiny 

bubbles. More specifically, microbubbles are shells made of lipids, proteins or other 

polymers with a gaseous core that exist on the micrometer scale, usually between 0.5 µm 

and 10 µm (Sirsi and Borden, 2009). The only limit to the composition of the 

microbubbles is what can surround and stabilize the gaseous core. On this small of a 

scale, gaseous bubbles are naturally unstable from surface tension effects, which 

necessitates a relatively stable shell in order to keep the microbubbles in one piece (Park 

et al., 2001). 

 The idea for the creation of lipid coated microbubbles actually originated from 

similar phenomena in oceans and freshwater, as glycoproteins and acyl lipids 

spontaneously form small lipid micellar gas bubbles (D’arrigo, 2011). It is the lipid 

coated microbubbles that are the most ubiquitous within the biomedical field, as they are 

incredibly easy to create, are made from inexpensive components and can have a large 

number of macromolecules incorporated into the shell (Sirsi and Borden, 2009). 

Phospholipids have both hydrophobic and hydrophilic ends, which will spontaneously 

arrange into monolayers around a strongly nonpolar gas when in an aqueous solution. 

Consequently, the flowing of nonpolar gas, often perfluorocarbon gas, into an aqueous, 

phospholipid containing solution will naturally create microbubbles.  

 Microbubbles possess several useful properties that aid in their overall versatility, 

many of which can be tuned by modification of the outer shell. For example, microbubble 
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formulations can be made to be more or less stable based on the intermolecular forces 

that hold together the shell (Borden et al., 2005). This can be useful in order to control the 

destruction of the bubbles, which is a necessary step in many microbubble applications, 

as will be seen. Additionally, the elastic surface and internal pressure of microbubbles 

make them fantastic contrast agents for ultrasound imaging. This is accomplished 

because upon interactions with ultrasound waves, pressure changes are exerted upon the 

bubbles, which makes them resonate at high frequencies that are easily detected by 

ultrasound machines. This creates a much sharper image than would be seen without the 

presence of microbubbles. Another useful property of microbubbles is not dissimilar to a 

property of any bubble that one might imagine: buoyancy. Microbubbles are inherently 

less dense than their aqueous surroundings which causes a very large buoyant force to be 

exerted on the bubbles, making them capable of carrying heavy loads. This property will 

be of particular value to the experiments carried out within this study.  

 It is because of these properties that microbubbles are used in such a large variety 

of experiments. Microbubbles have been used as ultrasound contrast agents, drug 

delivery systems, biomarker targeting agents, gene editing platforms, and even used in 

tandem with ultrasound to aid in the crossing of the blood brain barrier, a recent feat that 

has opened the door for much needed therapeutics to be able to enter the central nervous 

system (O’Reilly and Hynynen, 2018). Their use has even lead to effective therapies for 

diseases like acute thrombosis, which can quickly be translated into the clinic and 

improve patient outcomes (Lux et al., 2017). Since the microbubble itself is simply a 
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scaffold for scientists to manipulate, the possibilities of what microbubbles can be used 

for is seemingly endless, as noted in Model 3.  

 

 

Model 3. Variations of microbubbles for a variety of purposes.  

 Perhaps the most common use of microbubbles that one encounters when sifting 

through the literature is an ultrasound contrast agent. However, this purpose has been 

expanded in recent years to give them a far greater purpose. By allowing the 

amalgamation process to incorporate ligands within the lipid monolayer of microbubble 

formulations, microbubbles have been demonstrated to have efficient use in ultrasound 

imaging of specific targeted regions, thereby further enhancing the image of specific 

targets (Unnikrishnan et al., 2018). Using a mouse adenocarcinoma model, these ligand-

coated antibodies were able to target and dramatically improve the image of the mouse 

tumors with ultrasound. The duration of the signal was nearly 4-fold greater than the 

untargeted imaging, due to the fact that the microbubbles localized on the area of interest. 

While this validates the use of microbubbles in aiding the diagnostic aspect of cancer, it 

is far from the only use in combating the disease.  
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 The use of microbubbles as drug delivery systems is not an entirely new concept, 

as it originated decades ago, but several new potential therapies are still in development 

today (Kelly, 1981; Roovers, 2019). In 2017, a study was performed that focused on the 

use of albumin-based microbubbles coated with cetuximab for the purpose of combating 

carcinoma (Narihira et al., 2017). Cetuximab is a potent, apoptosis-inducing agent that 

when introduced to cancer cells, will trigger cell death. The delivery system, in short, 

functions by allowing the microbubble formulation to enter the bloodstream and 

performing a focused ultrasound irradiation at the specific tumor afflicted site. The drug 

that coats the surface of the bubbles is unable to interact with its surroundings due to the 

interactions with the proteins on the microbubble surface. Once the ultrasound is 

delivered, the microbubbles burst and release the drug cargo into the surroundings, 

thereby enabling a targeted therapy. This has resulted in as much as a fivefold increase of 

carcinoma cells, far exceeding the amount of cancer cell death observed from an 

untargeted approach.  

 One of the most groundbreaking uses of microbubbles is their ability to assist in 

the permeation of the blood brain barrier. Focused, pulsed ultrasound, with the aid of 

ingested microbubbles, have demonstrated the ability to open the blood brain barrier and 

allow the passage of therapeutics for several complex central nervous system diseases, 

including glioblastoma and Alzheimer’s disease (Carpentier et al., 2016; Lipsman et al., 

2018). This approach has been moved into clinical trials and demonstrated a high degree 

of tolerance by the patients involved, potentially providing a solution to a decades old 

problem of membrane permeation. It is because of the blood brain barrier that 
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glioblastoma remains one of the most difficult cancers to remove; yet again microbubbles 

have demonstrated the power to overcome this obstacle. 

 Clearly, microbubbles have proven a worthy adversary for the fight against 

cancer, particularly against primary tumors, but as discussed, the larger issue lies in the 

migration of primary tumor cells to secondary locations. Perhaps unsurprisingly, 

microbubbles have shown potential to target the metastatic phase of cancer as well (Tu et 

al., 2018). The process of ultrasound mediated microbubble destruction (UMMD) has 

been developed for gene delivery systems that are capable of enhancing the effects of the 

immune response to cells that display metastatic potential while circulating through the 

blood. Genes are delivered to the antigen-presenting tumor cells with high efficiency in 

order to increase their gene expression of markers visible to immune cells within the 

blood. This increases the potential for the immune system to eradicate the metastatic cells 

and decrease the cancer’s overall ability to seed secondary tumors.  

Microbubbles: a novel method for CTC isolation 

 Given the urgent need for methods to determine personalized medical approaches 

to cancer therapy and the potential insights that CTCs can provide in this capacity, new 

and more efficient methods of CTC isolation is a necessary next step in cancer therapy. 

The current methods of CTC isolation, while useful, lack the sensitivity necessary to 

recover such a small quantity of CTCs from patient blood samples. Microbubbles, 

through their incredible versatility and ease of use, may provide a unique, efficient and 

inexpensive method to accomplish this goal. 
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 The system proposed and explored in these experiments is depicted below in 

Model 4. Lipid-shell microbubbles coated with antibodies, deemed immuno-

microbubbles, already exist and could be used for the purpose of targeting CTCs from 

patient blood samples. By using antibodies specific for biomarkers present on CTCs, such 

as EpCAM or EGFR, the buoyancy of the microbubbles may be able to enrich the 

population of CTCs from the blood, thereby making them usable for genetic profiling or 

prognosis determination.  

 Prior studies have proposed similar systems, but failed to demonstrate the 

potential efficiency of the use of microbubbles to rescue circulating tumor cells (Wang et 

al., 2018). This may be due to a variety of factors, including the methods of detecting the 

cells that have been captured, the inability to efficiently target the CTCs or perhaps the 

physical limitations of the microbubbles themselves and the buoyant force that they 

impose upon the circulating tumor cells. Typical systems use fluorescent microscopy for 

quantification and target a single antigen that may not be present on every CTC, which 

may prevent accurate quantification. 

 In order to explore the viability of this system, RBC labeled with a fluorescent 

tag, FITC, were used as a surrogate for CTCs and immuno-microbubbles specific for the 

FITC marker were formulated to target the FITC-labeled RBC (Model 4). The success of 

the immuno-microbubble formulation was tested using flow cytometry, followed by the 

optimization of the centrifugation conditions to pellet the cells and allow only immuno-

microbubble linked cells to float. The optimized system was tested to confirm the 

isolation of rare labeled cells, and further improvements were attempted. We 
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hypothesized that this proposed system could improve the recovery rates observed by 

current CTC isolation methods and therefore act as a more efficient means of using CTCs 

for personalized medicine in the future. 

 
  
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
Model 4. Proposed method of rare cell isolation using immuno-microbubbles. (a) 
Using antibody-coated microbubbles, a receptor on a specific cell can be targeted and a 
linkage formed between the two. (b) The buoyant force of microbubble, which will be 
linked through the antibodies coating the surface, can overcome the gravitational force 
that would typically either carry the cell to the bottom of a solution, or allow it to be 
suspended within solution. 
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Materials and Methods 

Formulation of Microbubbles 

 Microbubble formulations were made from lipid films containing 1,2-distearoyl-

sn-glycero-3-phosphocholine (DSPC), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine 

(DSPE) linked to polyethlyene glycol (PEG), and DSPE-PEG5k linked to maleimide 

groups, in a molar ratio of 90:8:2, respectively (Table 1). The lipid films were solvated 

using in a mixture of PBS 1X/propylene glycol/glycerol (80:10:10 v/v/v) using a total of 

2 mL volume. Sonication and heat were used to ensure full solvation of the lipid films.  

Amalgamation of the microbubble formulation was completed in sealed vials 

using a gas exchange of perfluorobutane into the lipid solution. Once the gas exchange 

was complete, excess pressure was released from the vial using a syringe and the vial was 

vigorously shaken for a full minute to allow microbubble formation. Microbubble 

formulations were then washed with three successive rounds of low-speed centrifugation 

at 300 x g for 3 minutes each. The centrifugation separated microbubbles within the 

range of 1-6 µm from microbubbles of smaller size (Feshitan et al., 2009). Microbubbles 

of undesired size were removed and replaced with PBS 1X at pH 6.5 + 1mM 

Ethylenediaminetetraacetic acid (EDTA), until all washes were completed. Upon the final 

wash, excess buffer was removed to leave a concentrated sample of microbubbles in the 

desired size range.  

Microbubbles were characterized using a Multisizer to determine the average size 

and concentration of the microbubble sample.Three successive runs on the Multisizer 
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were completed in order to confirm the results and the average of the three runs was used 

to determine concentration and size (Figure 1a).  

 
Table 1. Lipid content of microbubble formulations. 

Lipid Structure Molar 
Ratio 

DSPC 

 

90 

DSPE-PEG2k 

 

8 

DSPE-
PEG5k-Mal 

 

2 

 

Antibody conjugation to microbubbles 

 Alexa Fluor 488 anti-FITC antibodies were purchased and used to create 

immuno-microbubbles. Thiolation of the antibodies was completed from incubation of 

the antibodies with 2-aminothiolane, otherwise known as Traut’s reagent, which attaches 

a reactive thiol group to the surface of the antibodies. Incubation lasted approximately 1 

hour, while rotating the sample within a microcentrifuge tube. The resulting thiolated 

antibody was used to conjugate to the microbubbles through a thioether linkage to the 

maleimide groups on the surface of the microbubbles from the DSPE-PEG5k-Maleimide 
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lipids. Conjugation occured from incubation of the thiolated antibody with the 

microbubbles for at least 3 hours while mixing (Model 5). 

 

Model 5. Conjugation of thiolated antibody to maleimide groups on DSPE-PEG5k-
Mal lipids 
 Success of the antibody conjugation determined by flow cytometry under four 

conditions: unconjugated microbubbles, unconjugated microbubbles with secondary 

antibody (IgG) for fluorescent detection, conjugated microbubbles, and conjugated 

microbubbles with IgG. Only conjugated microbubbles with IgG should fluoresce in high 

yield under these conditions, which confirms successful conjugation.  

FITC labeling of RBC 

 RBC were isolated from whole blood samples acquired from rats. The RBC were 

purified using centrifugation, since RBC pellet at slower centrifugation speeds than the 

larger blood contents, such as leukocytes. The supernatant was removed and the 

remaining blood cells brought up in 1 mL of Hank’s Balanced Salt Solution (HBSS). The 

cells were stored at 0°C.  

 Fluorescein isothiocyanate (FITC) was prepared using dilution of solid FITC in 

HBSS buffer to produce a final concentration of 30 mM. The final solution was mixed for 
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an hour while covered to prevent exposure to light. The FITC solution was mixed with 

the RBC to label the RBC and the solution was mixed for a total of 3 hours. 

Capture of FITC-labeled RBC 

 The isolation of FITC-labeled RBC was accomplished from mixing and 

incubation with immuno-microbubbles. This incubation was allowed to persist while 

rotating for approximately 1 hour to allow efficient linkage between the antibodies and 

the FITC. Once the linkage was allowed sufficient time to occur, the solution was 

centrifuged for 8 minutes at 100 x g in order to produce a pellet of RBC at the bottom of 

the tube. This time and force was established from optimization experiments, seen later in 

these experiments (Figure 2 and Figure 3). FITC-labeled RBC were quantified by 

removal of the top layer of the resulting solution, while leaving the cell pellet in tact 

(Scheme 1). The solution was analyzed and quantified using flow cytometry. 

 

 

Scheme 1. Capture of FITC-labeled RBC from solution. 

Capture of FITC-labeled RBC from unlabeled RBC population 

 FITC-labeled RBC were placed in the context of a much larger population of 

unlabeled RBC in order to mimic whole blood patient samples, using approximately 
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20,000 FITC-labeled cells in 1,000,000 unlabeled RBC. Once the FITC-labeled RBC 

were mixed, immuno-microbubbles were added to the mixture and the remaining 

procedure was followed as in Scheme 1. Quantification was completed using the cell 

pellet to determine the number of FITC-labeled RBC that had not been captured using the 

immuno-microbubbles, due to the limitations of the flow cytometer set up. The number 

of FITC-labeled RBC was back-calculated from this quantity. 

Microscopy imaging 

 Microscopy images were taken using a light field microscope (LFM). Images 

were taken using the capture methods described above with a few changes. First, the 

immuno-microbubbles used contained a DiD dye in order to visualize the microbubbles 

under the fluorescence filter. Second, rather than quantification using the flow cytometer, 

the top layer of the solution was transferred to a slide for microscopy imaging.  
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Results 

Immuno-microbubble formulation 
 Microbubbles were formulated as described previously. A representative sample 

of microbubbles can be observed from the multisizer data in Figure 1a. The mean size 

and concentration of the sample are displayed within the inset of Figure 1a. As the name 

suggests, the microbubbles are generally within the size range of around 1 to 2 microns in 

size and a standard concentration of over 1x109 microbubbles/mL.  

 The success of the conjugation of the anti-FITC antibodies was determined using 

flow cytometry (Figure 1b). The snake-like pattern observed in the region of interest 

(ROI) of the non-gated plots is a typical signature of microbubbles flowing through the 

detector. The intensity of the signal corresponds to the number of counts within that ROI. 

The gated plots distinguish between non-conjugated microbubbles and conjugated 

microbubbles. Anything to the right of the red line on those plots should have a 

fluorescence marker, while the count on the right of that border corresponds to anything 

without fluorescence. The four conditions tested included the control microbubbles 

(Control MBs) both alone and in the presence of the IgG, and the antibody conjugated 

microbubbles (immuno-MBs) both alone and in the presence of the IgG. In this 

representative example, only the condition in which antibody conjugated microbubbles 

were in the presence of the IgG displayed significant fluorescence. It should be noted that 

the concentration of the immuno-microbubbles is far below that of the microbubbles 

alone, as the conjugation process itself results in a loss of microbubbles (Figure 1). A 

small population of control microbubbles also fluoresced, which was unexpected, 
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however other experiments did not demonstrate this same small population of cells, so 

this group was deemed negligible. 

  

  

  
  
 
 
 
 
 
 
  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

Figure 1. Formulation of immuno-microbubbles. (A) Size of microbubbles in a 
representative population from one formulation, as measured by multisizer. 
(B)Microbubbles in four conditions were tested both in the non-gated channel and the 
ROI-gated channel to establish antibody conjugation efficiency using flow cytometry. 
Four conditions were tested for changes in fluorescence, unconjugated microbubbles 
alone (top left), unconjugated microbubble with IgG (bottom left), antibody conjugated 
microbubbles alone (top right), and antibody conjugated microbubbles with IgG (bottom 
right). Percentage of the count above the threshold fluorescence is displayed on the 
graphs. 
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Optimization of CTC recovery system 

 In order to optimize the proposed system, red blood cells (RBC) were brought up 

in HBSS in the absence of microbubbles and centrifuged for varying lengths of time to 

attempt to reduce the number of false positives from unlabeled RBC that manage to 

remain in the top layer of the solution after centrifugation (Figure 2). These values were 

normalized to the RBC found in the cream without centrifugation. As the amount of time 

centrifuged was increased, fewer RBC remained within the cream. Once the 

centrifugation time was increased to about 8 minutes, little to no RBC could be isolated 

from the cream. Because of these results, 8 minute centrifugation times were selected as 

optimal for the subsequent experiments.  

 Additionally, the centrifugal force was varied to determine the optimal force to 

pellet the cells at the bottom of the tube and prevent false positives during RBC isolation 

using immuno-microbubbles (Figure 3). The experiments were performed at 8 minutes, 

according to the results of the prior experiments. There was an observable steep drop off 

in the recovery of RBC even at 100 x g, which implied that this force would be sufficient 

to eliminate false positives during experimentation. In general, lower centrifugal forces 

are favorable for the RBC, since larger forces may disrupt the cell membranes and cause 

damage. 
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Figure 2. Optimization of centrifugation time to eliminate false positives. RBC 
collected from the top layer of the solution after varying centrifugation times between 0 
and 10 minutes. The standardized recovery rate (blue) and the number of RBC (red) were 
determined using flow cytometry. *note: ⧫=multiplication. 
 

 

Figure 3. Optimization of centrifugal force to eliminate false positives. The count 
(red) and recovery rate (blue) determined from varying the force between 0 and 400 x g. 
*note: ⧫=multiplication. 
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Initial attempts of RBC-FITC isolation using immunomicrobubbles 

 Using the optimized system described above, the isolation of FITC-labeled RBC 

was attempted (Figure 4). Flow cytometry works by flowing a sample through a nozzle in 

order to allow cells to be counted as they cross multiple laser light sources. The lasers 

will be able to determine the general size and fluorescence of the cells that pass through. 

In Figure 4, the axes in the first panel correspond to the forward scattering (FSC-A) and 

side scattering (SSC-A) of the light as the sample passes through. The P6 ROI 

corresponds to the immuno-microbubbles linked to RBC, while the P8 ROI represents the 

microbubbles that were not linked to any RBC. The following two panels correspond to 

the P6 gated region to establish the amount of FITC-RBC rescued using this method. The 

fluorescent FITC-A gate is used to measure the fluorescence in the following panel, 

allowing the establishment of quantification of FITC-labeled cells. The final panel counts 

the number of cells that crossed the threshold fluorescence gate. The total count found 

from the final panel corresponded to a 39.5% recovery rate of the labeled RBC, since 

19,766 were rescued of the 50,000 that were put in solution. Though this represents a 

relatively low recovery rate, it does provide promising evidence that immuno-

microbubbles may be able to rescue CTCs from patient blood samples.  
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Figure 4. Recovery of FITC-labeled RBC using immuno-microbubbles. FITC-labeled 
RBC rescued by immuno-microbubbles as measured by flow cytometry. 
 

Increasing microbubble size to improve recovery rate 

 The size of the microbubbles may have an impact on the efficiency of the 

recovery of FITC-labeled RBC. It stands to reason that larger microbubbles would be 

able to exert a larger buoyant force on the RBC. This may result more RBC lifted from 

the pellet and an increased recovery rate. Following this theory, an attempt to make larger 

microbubbles was made using differential centrifugation, as described above. The results 

are displayed in Figure 5 and demonstrate approximately a two-fold increase in the 

average size of microbubbles.  

 The larger microbubble formulation was conjugated to anti-FITC antibodies and 

used to rescue a population of FITC-labeled RBC (Figure 6). The recovery rates 

determined from this experiment demonstrated a minimal increase in average percentage 

of cells rescued with no statistically significant difference observed. Normal microbubble 

populations, therefore, were used for the subsequent experiments.  
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Figure 5. Larger microbubble formulation. Microbubble formulations as measured by 
multisizer. (a) Normal microbubble formulation. (b) Larger microbubbles retrieved by 
differential centrifugation. 
 

 
Figure 6. Recovery rate of FITC-labeled RBC using normal and larger microbubble 
formulations. Percentage of cells rescued as determined by flow cytometry for both the 
normal (red) and larger (blue) immuno-microbubbles. *note: ⧫=multiplication. 
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Rescuing of FITC-labeled RBC from a population of unlabeled cells 

 The ultimate goal of these experiments is to capture cells from whole blood 

samples from patients. To that end, it is necessary to demonstrate that this system is 

capable of isolated FITC-labeled RBC from a population of unlabeled cells (Figure 7). 

Due to the limitations of the flow cytometer, the number of FITC-labeled RBC floated to 

the top of the solution was back-calculated from the amount of FITC-labeled RBC in the 

pellet. This was done because the flow cytometer probe counts cells from the bottom of 

the solution being sampled. Since the microbubbles, in theory, capture cells and float 

them to the top of the solution, it is likely that the previous measurements of recovery 

rate were low because the cells floated before the flow cytometer could measure them. As 

predicted, the amount of FITC-labeled RBC that could be found in the pellet 

corresponded to 28% of the total number input into the mixture, implying that 72% of the 

FITC-labeled RBC had floated as a result of attachment to the immuno-microbubbles. As 

expected, the characteristic microbubble signal in the P8 ROI was unobservable since the 

microbubbles should not be found in the pellet of the solution. The vast majority of cells 

counted were unlabeled RBC, with a small population of FITC-labeled RBC present.  
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Figure 7. FITC-labeled RBC found in the pellet of a RBC mixture. Flow cytometer 
data for the pellet of a mixture of FITC-labeled RBC and unlabeled RBC. 
 

Fluorescence and light microscopy of isolated cells 

 To confirm that the microbubbles were attaching directly to the FITC-labeled 

RBC, microscopy was used to view the isolated top layer of the solution of immuno-

microbubbles with FITC-labeled RBC (Figure 8, Figure 9). When viewing the top layer 

of the sample under the light microscope, microbubbles can be seen directly adjacent to 

the RBC (Figure 8). The microbubbles appear as dark spots under the light field, while 

the RBC, due to their relatively thin center, appear lighter. It is possible that a single 

microbubble can link to multiple RBC (Figure 8b), or that multiple microbubbles can link 

to a single RBC (Figure 8c).  

 Using immuno-microbubbles with DiD containing lipids, along with FITC-

labeled RBC, fluorescence filters could be used to visualize the colocalization of the two 

(Figure 9). The microbubble signal was far more disperse, due to the ratio of immuno-

microbubbles, however, all RBC could be seen surrounded by microbubbles in the 

overlay of the two filters (Figure 9D). 
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Figure 8. Light microscopy of immuno-microbubbles linking to FITC-labeled RBC. 
The top layer of a mixture of FITC-labeled RBC and immuno-microbubbles. (A) Broad 
view of the mixture. (B) Region 1, highlighted in panel A to observe linkage of one 
microbubble to multiple RBC. (C) Region 2, highlighted in A to observe multiple 
microbubbles linked to one RBC.  
 

 

Figure 9. Fluorescence imaging of immuno-microbubbles linking to FITC-labeled 
RBC. (A) Light field image of the top layer of a mixture of immuno-microbubbles with 
FITC-labeled RBC. (B) FITC fluorescence of the cells seen in a to visualize the labeled 
RBC. (C) DiD fluorescence imaging of A to visualize microbubbles. (D) Overlay of 
figures B and C to determine microbubble linkage to RBC.  
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Discussion 

 The capture of CTCs stands to provide immense clinical benefit, as we may be 

able to use them to answer crucial questions, such as why cancer cells metastasize, or 

how MET is able to occur. Additionally, they can give diagnostic and prognostic insights 

into an individual’s cancer and guide personalized medical approaches. CTCs also 

represent the most dangerous population of tumor cells, as metastasis is responsible for a 

majority of deaths from cancer. 

The overall goal of these experiments was to develop a system capable of quickly 

and efficiently isolate CTCs by taking advantage of the physical properties of 

microbubbles. The system presented throughout this study has successfully demonstrated 

the use of immuno-microbubbles to rescue labeled red blood cells from populations of 

unlabeled red blood cells, which may indicate future success in using this system to 

capture CTCs from blood samples. The successful formulation of immuno-microbubbles, 

created by conjugation of thiolated antibodies to the surface of microbubbles formulated 

to include lipids with maleimide groups extending outward from the surface to allow for 

thioether linkage, could be observed using flow cytometry. The optimization of this 

system was demonstrated by varying the centrifugation conditions, as well as attempting 

to alter the size of the microbubbles used, which resulted in a system that ultimately 

demonstrated moderate enrichment of FITC-labeled RBC from the population. Finally, a 

change in the method of measurement provided a more accurate way to count the cells 

that were rescued, demonstrating a high percentage of FITC-labeled RBC from the larger 

population of cells. The proof that this system can in fact result in RBC floating from 
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linkage to buoyant immuno-microbubbles can be seen through microscopy images of the 

two together.  

 As demonstrated in Figure 1, a large percentage of microbubbles in a given 

formulation could be made into immuno-microbubbles through the thioether linkage 

proposed. These microbubbles, only when presented with a secondary IgG containing 

FITC, displayed a shift in fluorescence consistent with FITC fluorescence. These data 

imply that the linkage to the microbubbles was successful. As noted previously, the 

amount of microbubbles that could be recovered during the conjugation process was 

somewhat less than the amount input, as could be seen in the P3 ROI of Figure 1. This 

was presumably because the transfer of microbubbles throughout the conjugation steps 

resulted in a loss of microbubbles. However, the number of microbubbles that survived 

the conjugation process remained significantly above the amount needed for 

experimentation.  

 Once it was demonstrated that immuno-microbubbles could be easily created for 

experimentation, the optimization of the system was able to be commenced. It seemed 

best to optimize this system using RBC rather CTCs for various reasons. Perhaps the 

most obvious of these reasons is that CTCs are rather difficult to acquire, which remains 

the purpose of developing this system to begin with. However, one could argue that the 

use of immortalized cells could have mimicked much of what would be observed in 

CTCs. While immortalized cells certainly share similarities with CTCs, the biomarkers 

that would be targeted using the immuno-microbubble system will likely not be present 

regardless of the use of immortalized cells or RBC. Additionally, RBC are much easier to 
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acquire and label than immortalized cells in these experiments, which make RBC a more 

logical starting point for experimentation.   

 To begin the optimization process, centrifugation conditions were first analyzed. 

Though, in theory, the separation of immuno-microbubble linked cells from those not 

linked could have been achieved simply by waiting, since RBC will naturally fall to the 

bottom of solution and microbubbles will naturally rise, centrifugation seemed necessary 

for the sake of time. Centrifugation would pellet all cells at the bottom, while those 

linked to the immuno-microbubbles would be able to escape this pellet and float. Some 

concerns with this approach included the idea that centrifugation is too gentle may not 

successfully pellet the cells and that centrifugation that is too harsh could damage the 

cells. The first of these problems was addressed in Figure 2 and Figure 3. These figures 

assessed the background RBC that could be collected from the top layer of solution 

without the presence of microbubbles. If all RBC were pelleted, no RBC should be 

detected from flow cytometry of the top layer of solution. After centrifugation of 8 

minutes at 100 x g, nearly all RBC were pelleted at the bottom of the tube.  

 Some other concerns about this methodology include the potential of 

centrifugation to disrupt the linkage of the microbubbles to the cells and the stability of 

the microbubbles during centrifugation. Given the strength of the affinity of the antibody 

on the immuno-microbubbles for the FITC on the RBC surface, it is highly unlikely that 

this linkage would be disrupted by such weak centrifugation. Other immuno-

microbubbles have reported extremely high binding-efficiencies, which makes this an 

unconcerning possibility (Wang et al., 2018). Additionally, the stability of the 
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microbubbles during centrifugation has been assessed numerous times and microbubbles 

have been found to withstand greater than 400 x g without significant loss of 

microbubbles, providing support that 100 x g will not cause damage to the microbubble 

population (Owen et al., 2018).  

 Once the centrifugation conditions were optimized, the system was implemented 

for initial testing (Figure 4). The resulting recovery rate of FITC-labeled RBC was 

around 39.5%, which seems relatively low, given the incredibly small number of CTCs 

that would be present in the blood. However, this number must be put into perspective by 

comparing it to known methods of CTC isolation. The highest reported recovery rate of 

CTCs by the current gold standard of CTC isolation, CellSearch, sits at around 61%, with 

other methods of isolation performing much closer to 40% (Maertens et al., 2017). This 

implies that the recovery of labeled cells is on par with other forms of CTC isolation. It is 

yet to be seen if this same recovery rate can be achieved using actual CTCs.  

 Furthermore, as was briefly mentioned earlier, the mechanism by which the flow 

cytometer counts cells is not ideal for the experimental system presented. This is because 

the probe through which the flow cytometer collected the sample reaches to the bottom of 

the sample tube. The microbubbles rapidly float to the top of the sample, carrying along 

with them the FITC-labeled RBCs that are supposed to be quantified. This may prevent 

the flow cytometer from accurately counting the cells that are within the sample, despite 

the fact that those cells have, in fact, been released from the cell pellet by the immuno-

microbubbles. An attempt was made to correct for this by shaking the sample to mix the 

solution just prior to measurement, though that was by no means a perfect solution. 
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Because of this flaw with the quantification method, it is very likely that the recovery rate 

was much higher than what was presented in Figure 4.  

 In order to improve the recovery rate further, it was hypothesized that an increase 

in microbubble size would correlate to an increase in buoyant force and thus increase the 

number of cells that could be floated from the cell pellet. If the cells that were not 

collected from the experiments in Figure 4 were not recorded because they were linked to 

microbubbles but remained stuck in the pellet, this greater buoyant force should improve 

the recovery rate. As is apparent from Figure 6, this did not seem to be the case. There 

was no apparent difference from the use of larger microbubbles, even though there was a 

demonstrable increase in the average size of the microbubble population (Figure 5). 

There are several reasons why these observations may have occurred. The first is that any 

RBC not rescued in these experiments were not recovered simply because no immuno-

microbubbles targeted the RBC, which would render bubble size irrelevant. It is also 

possible that the increase in size was not enough to free cells that were pelleted at the 

bottom. Further experiments with even larger microbubbles would have to be used to test 

this.  

 Ultimately, this system will be used to isolate CTCs from whole blood samples, 

without any purification steps. Therefore, it was necessary to test if this system could 

isolate a subpopulation of cells from a larger population. To prove that immuno-

microbubbles could achieve this goal, immuno-microbubbles were used to target a 

population of FITC-labeled RBC and remove them from a much larger population of 

unlabeled RBC. To account for the issues with measurement using the flow cytometer, 
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the measurement came from the pellet rather than the top layer of the sample. 

Theoretically, all FITC-labeled RBC that are not found in the pellet should have floated 

out of it. While this is by no means a perfect system for quantification, it does provide a 

seemingly more accurate way to quantify the cells. Using this methodology, it was 

determined that around 72% of cells were able to be removed from the pellet (Figure 7). 

This number far surpasses the recovery rate recorded for the CellSearch technique, 

implying that the use of immuno-microbubbles may be superior to the current method of 

CTC isolation. It is likely that some of the FITC-labeled RBC that were not found in the 

pellet simply had not pelleted, despite not being linked to any immuno-microbubbles, 

falsely inflating the number calculated for recovery rate. However, as demonstrated in 

Figure 2 and Figure 3, the number of cells not pelleted was likely very low, given that the 

centrifugation conditions seemed to pellet nearly all RBC.  

 In order to confirm that the system was functioning as proposed, microscopy 

images were taken to directly observe the linkage between the immuno-microbubbles and 

the RBC. As highlighted in Figure 8, the linkage appeared successful based on the 

proximity of the immuno-microbubbles to the RBC. Further fluorescence imaging further 

confirmed that the RBC were surrounded by microbubbles (Figure 9). Far more 

microbubbles were present than RBC, so it is possible that the localization of the two in 

Figure 9 could be from random chance, though this is unlikely given the successful 

recovery rates observed in prior experiments.  

 Overall, the results of these experiments suggest that using immuno-microbubbles 

to enrich a subpopulation of cells through buoyant force is a promising, novel technique. 
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The recovery rates observed demonstrate comparable, or even superior percentages 

compared to current methods of cell isolation. Additionally, the cost of these experiments 

is far below what would be necessary to perform techniques, such as CellSearch, which 

require the use of kits that can cost thousands of dollars, while also necessitating a 

CellSearch system which can cost over $100,000. In contrast, the only required materials 

for the system proposed here are the materials to formulate microbubbles and the 

antibodies to which the microbubbles will be conjugated.  

 There are a large number of ways that this research can be expanded to prove the 

efficacy of this system for CTC isolation for use in liquid biopsy. The most obvious next 

step would be to test the ability of immuno-microbubbles to capture cancer cells from 

whole blood samples. One would predict that the system would function much the same, 

although a few difference between cancer cells and RBC may cause some differences. 

For instance, cancer cells possess much greater mass compared to RBC. This would have 

an impact on the amount of buoyant force necessary to float the cancer cells within 

solution. On the other hand, cancer cells also have a greater surface area, which may 

create more space for microbubble linkage, therefore compensating for this increase in 

necessary buoyant force. Another difference lies in the biomarkers that would be present. 

Cancer cells are notoriously heterogenous, which could make the production of immuno-

microbubbles specific for CTCs somewhat difficult. As mentioned earlier, the EpCAM 

biomarker may prove an efficient target for its role in EMT, though even this marker is 

not present on 100% of CTCs. It may be possible to compensate for this by coating the 

surface of the microbubbles with multiple antibodies specific to other common 
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biomarkers. This is another variable that requires exploration before this system of CTC 

isolation can be ready for use.  

 Some other tests that may provide insights into the viability of using immuno-

microbubbles for rare cell isolation would be to perform animal tests. By injecting a 

limited number of labeled cells into the circulatory system of a rat and allowing 

circulation before taking a blood sample. If immuno-microbubbles are able to isolate 

those same labeled cells from a whole blood sample from an animal in this scenario, it 

would provide strong support for the use of this system in human trials.  

 In order to improve the system further, it would also be possible to create 

microfluidic devices for cell sorting based on buoyancy. Microfluidic devices have been 

developed for microbubbles currently, but are not in use for cell sorting (Lin et al., 2016). 

The basic premise of such a device would be that blood samples mixed with immuno-

microbubbles are flowed through a network where cells will remain within a specified 

path unless they possess a buoyancy that will carry them up another path (Model 5). 
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Model 5. Microfluidic device to sort cells based on buoyancy from immuno-
microbubble linkage.  
 
 In summary, the data presented from these studies provides a framework for the 

use of immuno-microbubbles to be used for rare CTC isolation. This novel method of 

CTC isolation stands to both improve the costs associated with liquid biopsies of cancer 

patients, as well improve the overall effectiveness of these tests. Given the value of using 

CTCs to determine prognosis and personalized medical approaches to treatment of 

cancers, it is crucial that improvements be made to the current methods of CTC isolation. 

Further testing will be necessary to establish the exact efficacy of the proposed system to 

isolate cancerous cells, rather than RBC, but there is reason to believe that those tests will 

ultimately be successful. Hopefully, using immuno-microbubbles to isolate CTCs from 

whole blood samples from cancer patients can be developed into a new gold standard 

technique.  
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