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Abstract 
 Circulating tumor cells (CTC) in patient blood samples correlate with poor 

disease-free survival. CTCs derive from a tumor, invade the bloodstream, and colonize 

secondary tissue sites as key agents in the metastatic cascade. Current CTC detection 

modalities use cell surface antigen-antibody affinity but suffer from high antibody costs 

and poor yield due to multiple blood sample processing steps. The objective of this thesis 

project was to develop a peripheral blood CTC detection method using microfluidic 

confocal flow cytometry to discriminate cell types based on differences in backscattered 

light intensity. Characteristic light scattering signatures originate from variable cell 

morphologies and densities of intracellular organelles, and such differences are used 

routinely in clinical complete blood cell counts. 

The proof of concept of this endogenous light scattering detection method was 

explored in three ways. Firstly, the scattering profiles of cultured breast cancer cells were 

compared to enriched populations of the two major leukocyte classes, mononuclear cells 

and granulocytes, isolated from non-cancerous peripheral blood. We determined that 

cultured cancer cells scattered in a unique, intermediate space relative to the two 

leukocyte classes. This result motivated the second set of experiments, where 

fluorescently labelled cultured cancer cells were mixed into hemolysed leukocyte 

suspensions. The purpose was to develop classification algorithms to detect unlabeled 

CTCs in cancer patient blood samples. However, classification performance was reduced 

relative to the enriched sample comparison due to the attenuating effects of residual 

erythrocytes.  

The third set of experiments involved detection of green fluorescent protein-

expressing (GFP
+
) human breast cancer cells following orthotropic implantation into the 

mouse mammary fat pad. This animal work was conducted in collaboration with a 
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therapeutic target project investigating ADAM8, a member of the ADAM (a disintegrin 

and metalloprotease domain) family. CTC concentration and scattering characteristics of 

leukocytes and GFP
+
 CTCs were acquired for two studies. In a one-month tumor 

induction time course study, cells with ADAM8-knockdown had significantly reduced 

circulating tumor cell concentrations and brain metastases. In the second study, anti-

ADAM8 antibody treatment of resected  tumors decreased metastases and significantly 

increased a rare population of autofluorescent leukocytes implicated in an immune 

response. A group of cells with unique light scattering characteristics was identified in 

metastatic mice.   

This confocal flow cytometry approach to cancer cell enumeration and light 

scattering characterization was useful in both in vitro method development and animal 

blood sample assessment. Optimizations in signal processing, blood sample preparation, 

and discriminate analysis are ongoing efforts to enhance the sensitivity and specificity 

performance. 
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Light Scattering Flow Cytometry for the 

Characterization and Quantification of Circulating 

Breast Cancer Cells 

1 Chapter: Clinical significance and review of current 

techniques for the enumeration of cancer cells in blood 
The primary objective of our research is the development of a minimally invasive 

and efficient detection technique to discriminate circulating tumor cells (CTCs) from 

normal blood cells for clinical diagnostic and therapeutic monitoring purposes. CTCs are 

defined as tumor cells shed from a solid tumor and in transit within the circulatory 

system
1
. A blood sample is minimally invasive relative to a bone marrow aspirate where 

disseminated tumor cells (DTCs) were initially found and sparked clinical interest in the 

hematological spread of cancer
2
. Although DTC concentration was demonstrated to be 

prognostically significant, the very low detection rate of tumor cells within only 3% of 

bone marrow aspirates from early stage breast cancer patients prompted renewed interest 

in CTC enumeration within blood
3
. The purpose of this thesis project was to assess 

potential of light scattering-based microfluidic flow cytometry to detect breast cancer 

CTCs as a diagnostic and therapeutic monitoring tool.  

1.1 Motivation  

Epithelial solid tumors are responsible for 90% of the 1.6 million new cancer 

diagnoses in the US, with breast, prostate, lung, and colon cancer constituting the 

majority of cases
4
. Current tumor staging protocols use local tumor extension, sentinel 

lymph node involvement, serum cancer marker analysis, and computed tomography 

evidence of metastasis. Despite ongoing enhancements in these staging modalities, 

metastases are the cause of 90% of the 572,000 annual cancer deaths
5
. Moreover, despite 

recent advances in cancer treatment, the American Cancer Society reports that over 

40,000 women die yearly in the United States of metastatic breast disease. Therefore, 
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there is a clinical need for development of detection technologies with increased 

sensitivity. Hematological spread is an integral step in the metastatic pathway, thus CTC 

concentration monitoring represents one such strategy and has been coined a ñliquid 

biopsyò
6
. 

Although the presence of CTCs in an autopsy was first documented in 1869, the 

rarity and heterogeneity of these cells have hindered our understanding of their role in 

cancer pathology
7
. CTCs are extraordinarily rare; current estimates are one CTC per 

billion blood cells in the circulation of patients with advanced cancer
8
. CTCs are a 

heterogeneous population, a fraction of which is viable metastatic precursors capable of 

initiating a clonal metastatic lesion
8
. Recent technological advances beginning in the 

early 2000s have enabled researchers to characterize and enumerate CTCs. Several 

studies with large cohorts have shown that the detection of circulating cancer cells has 

prognostic value for individual patient disease progression, survival, and therapeutic 

response particularly in breast, prostate and colorectal cancer cases
9
. The majority of 

these prospective multi-center studies of newly diagnosed metastatic cancer patients used 

CellSearchÊ (Veridex/J&J), the first FDA-cleared immunomagnetic bead capture assay 

for CTC detection
10

. Seminal studies found that a CTC concentration of Ó5 cells for 

breast and prostate and Ó3 for colorectal cancer patients in 7.5 mL of peripheral blood 

prior to treatment and at first follow-up correlated with shorter progression free and 

overall survival
1,10-14

. Subsequent studies demonstrated sensitivity of 27-57% and 

specificity of 93-99% based on type of malignancy
15-19

. The CellSearchÊ CTC detection 

platform demonstrated the monitoring efficacy of CTC concentration to improve 

prognosis when individual patient CTC concentrations decreased up to 50% in response 

to therapy
20

. There was a correlated increase or no change in CTC concentrations in the 

cases where individual patients did not respond favorably to therapy. These preliminary 
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findings motivated a major ongoing clinical trial that seeks to incorporate CTC 

monitoring into the standard of care for risk-management and economical purposes
21

. 

Although prognostic and monitoring capacities emerged from these studies, CTCs 

were only detected in approximately half of the metastatic cancer patients using as much 

as 50 milliliters of blood
21

. Moreover, recent results from CTC screening in early-stage 

breast cancer patients demonstrated a less than expected CTC concentration of only >1 

cell/7.5 ml of blood using the CellSearchÊ assay
22

. Compared to the present standard of 

Ó5 CTCs/7.5 ml of blood, this small average of >1 CTC/7.5 ml was insignificantly higher 

than normal (i.e. non-cancerous) levels and was of limited prognostic value to the care of 

early-stage breast cancer patients. 

Therefore, ongoing research, including the work presented here, has focused on 

increasing the sensitivity of a detection assay. Subsequent studies using other CTC 

detection systems have demonstrated similar correlations between CTC concentration 

and patient survival. For example, a microfluidic epithelial antibody-based CTC capture 

device tracked decreasing CTC concentration in metastatic lung, prostate, and breast 

cancer patients in response to effective chemotherapy, hormonal therapy, and targeted 

kinase inhibition
23-25

. Of the samples assayed, approximately 60% were positive for CTCs 

with concentration values ranging from 14 to 5000 CTCs per milliliter of blood. The 

increased sensitivity of a microfluidic approach motivated the pursuit of a minimally 

invasive enumeration technique on a similar blood sample-processing platform.  

Rather than using epithelial-specific antigens for CTC isolation, our detection 

method exploited endogenous differences in light scattering characteristics among CTCs 

and blood cells. Our approach centers on microfluidic-based flow cytometry using 

multiple interrogative visible light wavelengths to detect differences in backscattering 

light intensity that originate from a variety of cell morphologies and densities of 
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intracellular organelles. The excitation wavelengths of 405, 488, and 633 nm were first 

used in our research group to discriminate leukemic from normal blood cells
26

. Specific 

performance attributes of the leukemia study will be discussed in 1.3, and this promising 

technique motivated this thesis work to extend backscattered light-based detection to 

CTCs deriving from solid tumors. 

The following section provides an overview of more established in-vitro detection 

techniques using a range of blood volumes, an overview of current developments in 

minimally invasive and non-invasive alternatives, and advantages and limitations of each 

technique. 

1.2 In Vitro Techniques for Detecting and Enumerating Cancer Cells 

in Blood Samples 

Accurate assessments of CTC concentration are expected to improve risk-adapted 

therapy, which is tailoring individual treatment to the patientôs present risk
21

. Recent 

advances have focused on two endpoints of CTC analysis: isolation with minimal cell 

disruption for pathological understanding and detection with maximal cell recovery for 

prognosis. While this thesis describes a detection-centered method, alternative 

approaches address one or both endpoints. Discussed in this section are in-vitro 

techniques based on physical properties, cell surface biological properties, and nucleic 

acid analysis. Additionally, techniques using in vivo flow cytometry and intrinsic light 

scattering will also be discussed. Prior to cell quantification, most in-vitro detection 

techniques rely on enrichment of samples to increase CTC concentration relative to more 

abundant blood cells. The most commonly used enrichment techniques involve isolation 

of cancer cells by physical properties or affinity to specific antibodies. 

1.2.1 Physical Property-Based Detection Techniques 

Physical differences among CTCs and normal blood cells include size
27

, 

density
28

, deformability
29

, and membrane capacitance
30

. Although not absolute, these 
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differences have been used to enrich blood samples for enumeration and further 

assessment, such as molecular characterization of gene products. The broad advantage is 

a label-free approach, whereas the broad disadvantage is decreased specificity owing to 

overlapping density distributions
31

. An intermediate density reagent such as Ficoll-Paque 

(1.077 g ml
-1
) separates lower density peripheral blood mononuclear cells (PBMC; i.e. 

lymphocytes, monocytes and macrophages) from higher density polymorphonuclear 

leukocytes (PMN, granulocytes; i.e. neutrophils, eosinophils, and basophils) and 

erythrocytes (Figure 1-1)
32

. 

CTCs sediment within the PBMC layer, and the 

fewer residual erythrocytes decreases the cell 

suspension viscosity for ease of further 

processing
28

. 

Size-based filtration methods exploit the 

larger size of epithelial tumor cells relative to 

normal blood cells. Cancer and blood cells are 

different sizes due to differences in cell volume 

related to transport phenomena and metabolic 

demands
27

. One such embodiment of a detection 

approach is the Isolation by Size Epithelial 

Tumor Cells (ISET) method that employs eight-

micrometer-diameter cylindrical filtration pores
33

. 

The sensitivity threshold for reproducible cancer 

cell detection was determined to be one spiked 

carcinoma cell per milliliter of normal blood 

using established cell lines deriving from liver, 

 

Figure 1-1 Separated blood cell 

sub-populations following density 

centrifugation with Ficoll-Paque 

(1.077 g ml
-1
). PMNs constituted 

the thin pink layer above the dark 

red erythrocyte layer. 
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breast, cervical, or prostate cancer patients. By transitioning the size-based discrimination 

approach to microfluidics, an alternative method used a pinched flow device to retain 

larger tumor cells while smaller blood cells flowed through the channel
34

. Owing to 

differences in size and deformability, CTCs have been captured in a microfluidic device 

studded with physical structures that allowed for passage of smaller and more deformable 

normal blood cells. The optically transparent device facilitates further antibody-based 

microscopic detection and analysis
29

. Although the low cost and high sensitivity in spiked 

samples of these methods are promising, rigid pore sizing, pinched width parameters, and 

physical structure spacing are not dynamically adaptable to smaller diameter CTCs that 

have been observed in clinical cancer samples
35

. 

Differences in cell membrane capacitance and conductance have been used via 

dielectrophoresis (DEP) to isolate CTCs
36

. Total cell capacitance is proportional to 

plasma membrane area and cell size, though ruffles, folds, and microvilli also augment 

discrimination power
30

. Cells flowing through a channel responded to an applied electric 

field, and resultant forces were either attractive or repulsive, thus allowing cells with 

different membrane capacitance properties to be in the fast-flowing center or slow-

flowing boundary of the channel. This approach isolated 90% of spiked breast cancer 

cells at concentrations of one tumor cell in one thousand PBMCs in volumes less than 4.5 

milliliters
36

.  The primary drawback to this method was the requirement for quick sample 

processing times in less than 15 minutes to mitigate changes in membrane capacitance 

due to ion leakage. 

1.2.2 Biological Properties Detection Techniques 

Differences between CTCs and blood cells in surface and intracellular protein 

expression, viability in culture, and invasion capacity have been used for CTC isolation. 

The primary advantage of these approaches was versatility in method design using 
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antibody affinity, whereas the drawbacks were high antibody cost, irreversible antibody 

affinity, slow processing times, and large sample volume requirements
37

. The most 

widely used techniques relied on antibody-based capture of CTCs expressing epithelial 

cell surface markers or rejection of CTCs not expressing leukocyte common antigens, 

such as cluster of differentiation antigen CD45, a pan-leukocyte marker. Antibodies 

against human epidermal growth factor receptor 2 (HER2) served a similar purpose for 

CTC detection in approximately 30% of breast cancer patients
38

. The nearly universal, 

albeit variable, expression of epithelial cell adhesion molecule (EpCAM) in cells of 

epithelial origin and contrasting absence in blood cells has motivated the majority of 

monoclonal antibody-based CTC capture systems. Fluorochrome-labeled antibodies 

against EpCAM have been conjugated to magnetic beads
17

, microfluidic posts
39

, 

magnetic stir bars
40

, directly to cells for flow cytometry analysis
41

, and 3D-structured 

silicon-nanowires
42

. 

The CellSearchÊ system, the only FDA-approved method for CTC detection, 

employed ferrofluidic nanoparticles coated with antibodies against EpCAM to 

magnetically separate CTCs from other blood cells in a 7.5-milliliter  sample. Captured 

cells were further identified as epithelial via affinity for antibodies against cytokeratins 

CK8, CK18, and CK19 or as leukocytes via anti-CD45 antibody affinity
43

. Due to 

contaminating issues where cells express affinity for both antibody types, all nuclei were 

stained with DAPI (4',6-diamidino-2-phenylindole) for microscopic visual inspection. 

The semi-automated method used a four-color fluorescence microscope to discriminate 

epithelial cells from blood cells based on cell size, roundness, nucleation, positive 

cytokeratin staining, positive EpCAM staining, and negative CD45 staining
44

. An 

operator made the final decision on CTC identity from the potential cells found by the 

program.  This platform is the most advanced to date and has propelled the CTC 
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detection field; however, the method is subject to operator discretion, primarily based on 

perceived fluorescence intensity threshold indicating marginal staining
15,37,45

. Specific 

ongoing efforts to automate this CTC selection process are discussed in 2.1.2. 

As previously mentioned in 1.1, an emerging microfluidic device with anti-

EpCAM antibody-coated microposts has already demonstrated improved sensitivity and 

reduced sample volume requirement relative to the CellSearchÊ assay
6
. The first 

generation device relied on microposts to facilitate mixing, and generated promising 

results. Whole blood was flowed through a microfluidic chip, and cells interacted with 

78,000 microposts. EpCAM-expressing cells attached to the posts were inspected by 

staining with antibodies against cytokeratins, similar to the CellSearch assay. Following 

imaging for enumeration purposes, on-chip lysis allowed for DNA and RNA extraction 

and molecular analyses. The investigators attributed the increased sensitivity of a median 

50 CTCs per milliliter of blood in cancer patients to the minimally disruptive one-step 

processing that retained the rare CTC population
23

. This platform demonstrated clinical 

utility in longitudinally monitoring patients for both CTC concentration and molecular 

characteristics. The second generation of the device used a herringbone to generate 

microvortex mixing, thereby increasing the number of cell-micropost interactions to 

increase sensitivity theoretically
39

. The design of this chip was also less complex than 

that of the first generation making it more amenable to manufacturing in terms of cost, 

consistent antibody coating, and visualization of adhered cells. This microfluidic platform 

was one of the most sensitive approaches; however, the relatively increased number of 

detected false-positive cells in nonmetastatic patients and healthy controls warranted 

further investigations on assay specificity. 

A second microfluidic platform, Ephesia, used columns of biofunctionalized 

superparamagnetic beads conjugated to anti-EpCAM antibodies to capture CTCs
46

. The 
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beads self-assembled along microcontact-printed magnet traps, thus enhancing the ease 

of manufacturing of a microfluidic chip platform over the technical hurdles inherent to 

coating antibodies on microposts. A third microfluidic platform, ñFly Paper,ò used an 

anti-EpCAM antibody-coated silicon-nanowire array
42

. The reduced structural dimension 

to the nanoscale theoretically reduced variability encountered due to collision frequency 

and contact duration. Validation experiments are underway, and microfluidic approaches 

continue to show potential for their heightened sensitivity in blood volumes of less than 1 

millil iter.  

Although microfluidic approaches require less initial sample volume, the rarity of 

CTC abundances motivates innovative approaches to enrich CTCs from large blood 

volumes with fewer processing steps than the current standard of the CellSearchÊ 

assay
43

. A new immunomagnetic separation technology, MagSweeper, used a magnetic 

stir bar to enrich gently epithelial cells bound to anti-EpCAM antibody-coated magnetic 

particles
40

. By assaying nine milliliters of blood in less than hour, the system found 12 ± 

23 circulating epithelial cells per patient with metastatic disease (n=47) and none in 

healthy control samples (n=5). CTCs were detected in all 47 metastatic patients assayed, 

and the large standard deviation was attributed to one outlying patient where 100 CTCs 

were detected. 

As the workhorse for clinical CBCs, investigators have adapted flow cytometry 

applications for CTC detection. With the capability to process large sample volumes, 

assaying 10
4
-10

5
 events per second, flow cytometry remains a promising platform for 

enumerating rare cells. Commercial flow cytometers contain multiple excitation 

wavelengths and 10 detection channels, including forward and side scatter intensities, 

which produce real-time scatter plots and histograms, thus allowing the operator to define 

regions of interest. Within the fluorescence-activated cell sorting (FACS) field, regions of 
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interest can be further defined as gates to allow for collection and further analysis of 

specific cell populations. Investigators initially started with anti-EpCAM and anti-

cytokeratin antibody staining approaches but found that variable detection fluorophore 

intensities amidst high background levels of cell and buffer autofluorescence produced a 

surplus of positive counts. In many cases, the number of detected CTCs from the same 

sample was 50 to 3 × 10
5
 higher than observed with other approaches

6
. A new method, 

MAINTRAC
TM

, used specialized laser scanning cytometry to provide additional 

information on the morphological properties of positively identified cells, which was 

similar to the way operators scrutinized each cell microscopically in the CellSearchÊ 

system
41

. 

Other assays have been developed to reject false-negatives. The functional 

EPISPOT assay (for EPithelial ImunnoSPOT) is non-destructive and assessed secreted 

protein products during 24-48 hours of short-term culture
47

. This assay has been applied 

to blood and bone marrow samples of breast and prostate cancer patients, thus providing 

the first indication that cytokeratins can be released by viable isolated cells and used as 

markers for positive CTC identification
48

. A second cell viability method was the 

collagen adhesion matrix (CAM) assay, which assessed CAM ingestion and epithelial 

immunostaining
49

. In vitro, isolated CTCs from breast, prostate, and ovarian cancer 

patients have demonstrated this invasive capability to thrive in a collagen matrix. A more 

thorough discussion on the invasive properties of tumor cells follows in 2.1.1. In addition 

to surface antigen and invasive biological properties of CTCs, molecular characteristics 

provide insight on cell identity, disease pathology, and the influence of the 

microenvironment on the circulating cell. 
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1.2.3 Nucleic Acid-Based Detection Techniques 

In addition to harboring CTCs, blood also contains cell-free tumor DNA and, to a 

lesser extent, RNA. DNA from intact cells and cell-free DNA are emerging as 

complementary biomarkers to CTCs and DTCs for metastatic spread of solid tumors
6
. 

Probable origins include direct shedding from necrotic cells in tumor deposits, tumor-

derived exosomes, and cellular fragments of lysed tumor cells associated with an immune 

response. Nucleic acid analysis provided evidence for an epithelial-mesenchymal 

transition (EMT) where the changing microenvironment influenced variable gene 

expression as the cell transitioned from solid tumor to a shear flow regime in circulating 

blood to a distant site. This phenomenon will be further discussed in 2.1.1, and is typified 

by genetic expression of cancer stem cell properties, namely downregulation of E-

cadherin and some cytokeratins and upregulation of vimentin and N-cadherin
50

. 

 Traditional and real-time polymerase chain reaction (PCR and RT-PCR) 

techniques verified the presence of gene products unique to epithelial cells relative to 

blood cells. Blood sample collection and sample enrichment was followed by nucleic 

acid extraction, cDNA synthesis, and marker gene cDNA amplification. In addition to the 

previously described gene products associated with EMT, other targets included proto-

oncogenes, tumor suppressor genes, loss of heterozygosity, and microsatellite 

instabilities. Collectively, these gene products were unique to epithelial cells and 

indicated metastatic cancer
51

. In assessing metastatic stage in breast cancer patients, DNA 

concentration/integrity in the forms of allelic imbalance, and evidence of HER2 

amplification were measured in patients with indeterminate early or metastatic disease
52

. 

The most sensitive methods for identifying tumor-specific DNA aberrations relied on 

using multiple gene product probes with established cut-off thresholds.  

Advantages of nucleic acid analysis centered on method specificity of a primer-

product match, whereas drawbacks included initial identification of marker genes, high 
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blood volume requirement due to variable abundance of gene products, and observed 

discrepancies between blood-borne and tumor-biopsied nucleic acid sequences
53

. Primers 

designed for specific gene products established preliminary abundance cutoff limits for 

markers indicative of metastatic disease in prostate and breast cancer
53

. These molecular 

characterization techniques have elucidated gene expression aspects of the metastatic 

pathway. Nonetheless, selected primers represented an initial guess of gene products 

indicative of metastasis, and false-positive and false-negatives were observed
51,54

. 

Moreover, primer development was confounded by microenvironment changes that 

influenced gene expression. Blood-borne nucleic acid in plasma and detected CTCs 

differed from primary tumor gene expression, as observed in HER2 status in breast 

cancer patients
22

. Both cell-free tumor DNA and CTC DNA were extraordinarily rare. 

Although next-generation sequencing allows for increased sensitivity, interpretation of a 

negative result cannot be discerned from insufficient amounts of tumor-derived nucleic 

acid in the final sample preparation
8
. 

1.2.4 In Vivo Flow Cytometry (IVFC)  

Of particular interest to our group, in vivo flow cytometry (IVFC) used narrow, 

superficial blood vessels to acquire light scattering and fluorescence signals from flowing 

cells. White and red blood cells
55

, stem cells
56

, leukemic cells
57,58

, breast
56,59

, ovarian
58

, 

and prostate cancer cells
60

 have all been detected using IVFC
61

. Primary aims of IVFC 

were to monitor CTC concentration for metastatic progression and for treatment 

response. Four principal approaches to in vivo assessment have used intrinsic sources of 

contrast, exogenous fluorescent labeling of native cancer cells via surface antigen 

binding, mutated cancer cells capable of fluorescent protein production, and delivery 

methods of venous injection, orthotopic implantation, or ectopic implantation in animal 

models. Intrinsic sources that enabled label-free CTC assessment were coherent anti-
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stokes Raman scattering spectroscopy (CARS) IVFC and photothermal/photoacoustic 

signal detection (PT/PA). 

CARS is a third-order nonlinear optical process that amplifies molecular 

vibrational signatures that are observed in Raman scattering spectroscopy, such as those 

produced by lipids with symmetrical CH2 stretch vibrations. One IVFC application 

exploited accumulation of lipids in primary, circulating, and metastasized lung cancer 

cells in mice following subcutaneous injection
62

. Without use of high signal-to-noise ratio 

(SNR) fluorescence signals, this study demonstrated potential for one source of intrinsic 

contrast in IVFC; however, assay volumes characterized by single cell flow, such as 

narrow veins with low flow rates, currently limit the technology by extending assay time. 

 While both PT and PA emanate from non-radiative relaxation of absorbed laser 

energy, PT signal indicates thermoelestic collision and PA signal indicates photoacoustic 

waves
63

. PT IVFC techniques were based on irradiation of flowing cells in microvessels 

with a spectrally tunable laser pulse and on detection of temperature-dependent variations 

of refractive index with a second continuous probe laser beam
64

. PT signal characteristics 

emanated from intracellular absorbing molecules and included amplitude, rise time for 

cell heating, decay from cell cooling, and local concentration. In the context of blood 

cells, uniform distribution of hemoglobin in erythrocytes yielded a contrasting signal to 

locally distributed absorbing cytochromes in leukocytes and breast cancer cells that 

produced larger PT amplitudes and faster signal decays
65

. 

Similar to PT, PA IFVC techniques used endogenous chromophores, such as 

hemoglobin and melanin, and were susceptible to high background signals in fast-flowing 

blood. The physical mechanism of PA IVFC was thermoelastic sound generation detected 

by an ultrasound transducer
63

. CTCs deriving from a melanoma were enumerated 

following subcutaneous injection using PA detection
66

. Both PT and PA were also 
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adapted for nanoparticle detection with conjugated biological affinity for CTCs
65

. As 

toxicity levels for both PT/PA nanoparticles and exogenous fluorophores used in 

fluorescence-based detection decrease to clinically safe levels, detection modalities have 

already demonstrated efficacy in animal models
66

. 

Fluorescence-based CTC detection systems employed single photon confocal 

excitation, multiphoton excitation, or diffuse tomography. Confocal detection used 

focused illumination at the sample plane and a pinhole in the conjugate plane in front of 

the detector to block out-of-focus light. As in confocal microscopy, tissue scattering, 

absorption, and autofluorescence effects limited imaging depths to less than 200 

micrometers of medium
67

. Nevertheless, superficial capillaries in the human lip
68

 and 

mouse ear
55

 were found 70-100 micrometers below the skin surface. IVFC investigations 

have been used alone and in tandem with in vivo imaging modalities. 

Alternatively, multiphoton microscopy evolved to provide optical sectioning 

resolution to depths of 500-1000 micrometers
69,70

. Multiphoton excitation utilized a 

localized, non-linear probabilistic event where a fluorophore absorbed multiple photons 

simultaneously. The subsequent emission spectrum was equivalent to that of single 

photon excitation; however, the diminished probability of such an event occurring outside 

of the focal volume eliminated the need for a confocal pinhole. Two- and three-photon 

excitation are commonly employed to excite the same fluorophores of interest that emit 

in the visible region. The greater penetration depth was attributed to longer excitation 

wavelengths in the near infrared region where medium attenuation effects were decreased 

relative to those occurring with visible light excitation
69

. Despite these advantages, 

multiphoton approaches had practical limitations relative to single photon excitation 

approaches. Multiphoton excitation required expensive lasers capable of delivering 

necessary peak power in short pulses to achieve sufficient photon flux to cause a 
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fluorophore to absorb two or more photons simultaneously. Moreover, sub-cellular 

resolution of multiphoton excitation limited the focal volume to within a cross-section of 

a blood vessel where flowing cells steadily traversed for consistent excitation 

efficiency
60

. 

The differences in depletion kinetics of two prostate cancer cell lines were 

observed following tail vein injection of fluorescently DiD-labeled cells
60

. By shaping the 

excitation light into a slit and focusing on narrow arteries in ears of mice and rats, the 

decreasing concentration of circulating cells were enumerated over time as they settled in 

specific organs, such as lungs, liver, spleen, kidneys, and lymph nodes. 

In a separate study, epithelial linings of blood vessels were fluorescently tagged 

with a Cy5-conjugated anti-platelet/endothelial cell adhesion molecule monoclonal 

antibody beginning 24 hours prior to inoculum injection. The imaging technique used a 

video-rate confocal scanning laser microscope, first described by Rajadhyaksha et al
71

. In 

a separate study, the homing propensity of tail vein-injected leukemia cells to bone 

marrow vasculature of the skull was assayed to elucidate the mechanism
57

. The inoculum 

cells were fluorescently stained with DiD or DiR and were further imaged within bone 

marrow using a multiphoton fluorescence microscope. 

Two tumor induction studies used two distinct fluorescent sources to assess CTC 

concentration following injection. In the first study, cells in circulation were detected 

following intravenous infusion and subcutaneous inoculation
58

. Leukemia cells were 

injected intravenously and followed 15 minutes later by a fluorescently conjugated anti-

folate receptor antibody. In contrast to normal tissues that lack folate receptors or express 

a site that is inaccessible to parenterally administered drugs, some leukemic cells 

overexpressed the receptor.  In this way, circulating cancer cells were detected in ear 

vasculature using nonconfocal, confocal, and multiphoton microscopy. Multiphoton was 
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determined to be superior to other modalities, due to improved sensitivity with increased 

penetration depth and reduced propensity to photodamage. Secondly, murine lung cancer 

cells were implanted subcutaneously to induce tumor formation. Using the same folate 

receptor labeling method, CTCs were detected as early as two weeks following 

implantation with subsequent exponential growth in CTC concentration at three and four 

weeks. Mircometastases were observed in necropsied lung sections. 

In the second tumor induction study, GFP-expressing human breast cancer cells 

were orthotopically implanted in mice to observe the time course of CTC concentration 

alongside development of metastatic lesions
61

. The concentration of CTCs and 

autofluorescent red cells were observed in mouse vasculature using a single photon 

confocal optical system. Shaped into slits and focused on a blood vessel, excitation 

wavelengths were 488 nm for green autofluorescence and GFP-positive CTCs and 488 or 

633 nm light for red autofluorescent cells. Three fluorescent cell types were of interest in 

this study: (1) red autofluorescent leukocytes; (2) green autofluorescent leukocytes; and 

(3) GFP
+
 CTCs. Both red and green autofluorescent leukocytes were observed in non-

tumor-bearing mice with a range of intensity levels and at respective concentrations of 

less than five cells per microliter of blood. In mice that developed metastases, green 

fluorescent cells, e.g. GFP
+
 CTCs and green autofluorescent cells, peaked approximately 

ten days after implantation with an average concentration of 20 ± 7 cells per microliter of 

blood. The increased abundance of green fluorescent cells in metastatic mice relative to 

wild type mice suggested that the detected cells were GFP
+
 CTCs. However, the integral 

number of detected green cells less accurately predicted formation of metastases than the 

ratio of the number of green fluorescent peaks to the ratio of green to red fluorescent 

peaks. Therefore, mice with an increase in green fluorescent cells coupled with a 

decrease in red autofluorescent cells had a greater prevalence of metastatic lesions. This 
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ratio was most accurate within the first seven days following cell implantation. The 

identity of red autofluorescent cells spanned multiple leukocyte lineages. 

Diffuse tomography flow cytometry was a separate imaging approach that 

detected fluorescence light using a high-sensitivity fiber-optic detection ring centered on 

a mouse limb (e.g. forelimb, hindlimb, or tail
72

. The optical sectioning capability and 

increased sensitivity to the isotropic nature of fluorescence emission allowed for analysis 

of larger blood vessels than previous IVFC approaches. Specifically, this technique 

enumerated fluorescently labeled multiple myeloma cells within relatively large blood 

vessels with flow rates from 0.2 ï 0.5 ml min
-1
, which was two orders of magnitude 

greater than vessels assayed in confocal IVFC approaches
56

 and theoretically allowed for 

total mouse blood volume analysis within 10 minutes
72

. 

In adapting flow cytometry principles from in-vitro to in-vivo settings, IVFC 

systems offer a unique opportunity to investigate cells flowing in their natural states. The 

previously described approaches have made progress in overcoming technical design 

challenges attributed to light scattering and absorption from blood vessels and 

surrounding tissue, variations in blood vessel cross section and flow, and presence of 

many normal cells surrounding just a few cancer cells. 

1.3 In Vitro Flow Microfluidic Flow Cytometry  

The final circulating cancer cell enumeration method discussed in this section is a 

combination of microfluidics, flow cytometry, and intrinsic contrast. Elastic light 

scattering is another intrinsic source of signal contrast beyond photothermal and 

photoacoustic sources. At the tissue level, several light scattering spectroscopy studies 

have shown the sensitivity to morphological differences that occurred during neoplastic 

transformation, thus allowing for discrimination of normal from cancerous cells
73

. Prior 

to this thesis work, our group developed a confocal backscattering-based detection 
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system for flowing cells. The hypothesis was that morphological differences among 

circulating cancer cells and blood cells formed a basis for discrimination of various cell 

types. 

Using Nalm-6 cells, a pre-B acute lymphocytic leukemia cell line, as a model, 

cancer cells were discriminated from erythrocytes and leukocytes by varying 

backscattering intensities of three interrogative wavelengths, specifically 405, 488, and 

633 nm
74

. These wavelengths were chosen based on white light scattering spectroscopy 

measurements
26

. By spiking cultured leukemia cells into PBMC or PBMC plus PMN 

leukocyte suspensions at varying concentrations from 0.01-20% of leukocytes, a 

discriminant analysis framework was developed for mixed populations. Statistical results 

from training and validation data sets demonstrated similar performance levels. As 

expected, sensitivity and specificity of the classification of leukemic cells decreased 

when both PMNs and PBMCs were included in the flowing samples. Specifically, while 

the sensitivity and specificity achieved in the validation set were on average 45.2 ± 2.1% 

and 99.6 ± 0.1%, respectively, for samples containing PBMCs and leukemic cells, they 

decreased to 39.5 ± 2.58% and 91.6 ± 1.5% when PMNs were also present. Given that no 

labeling or expensive reagents were needed for this method, these results were promising. 

The instrumentation, microfluidic design, and data analysis within these studies formed 

the foundation of this thesis work and will be discussed in Chapter 3. 

1.4 Thesis Outlook 

The purpose of this thesis work was to extend the detection platform from 

circulating leukemia cells to CTCs originating from solid tumors. An outline of the thesis 

is presented in Figure 1-2. Two breast cancer cell lines were used: (1) SUM 1315 

deriving from a patient with skin metastasis of infiltrating ductal carcinoma who had 

prior chemotherapy and (2) SUM 159 deriving from a patient with an anaplastic 
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carcinoma who did not have prior chemotherapy
75

. The light scattering characteristics of 

these cells were compared to those of blood cells in enriched and mixed populations. The 

blood cells were separated by gradient centrifugation or enriched by ammonium chloride 

erythrocyte lysis. Cultured cancer cells were fluorescently stained with calcein AM, a 

vital dye, to identify positively the cells in the flow cytometry experiments. In this way, a 

complementary aim was to develop a sample handling protocol to assay blood samples 

from breast cancer patients. In recognizing the limitations of using cultured cancer cells 

to classify native CTCs, murine tumor induction studies were conducted. These 

experiments were performed in collaboration with a project centered on assessing a new 

therapeutic target to effectively block breast cancer dissemination. The clinical 

motivation is to improve the overall survival of patients with limited therapeutic options, 

such as women with triple-negative (TN) breast tumors (negative for estrogen receptor, 

progesterone receptor, and HER2)
76

. GFP
+
 CTCs detected in murine tumor induction 

experiments were used to optimize sample processing and define light scattering 

characteristics of native CTCs. A rare population of green autofluorescent leukocytes was 

observed in the wild type mouse cohort.  Thus, a second study was conducted to enhance 

resolution in scattering properties of non-fluorescent leukocytes, autofluorescent 

leukocytes, and GFP
+
 CTCs. A sub-population of green fluorescent cells consisting of 

either autofluorescent leukocytes or GFP
+
 CTCs was discriminated from non-fluorescent 

leukocytes.  
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Figure 1-2 Thesis outlook and outline 
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2 Chapter: Background 
This chapter begins with a discussion of relevant biological principles of solid tumor 

metastasis, the role of the immune system in cancer, and morphological differences 

among blood and epithelial cells. The second section discusses the optical interrogation 

method of elastic light scattering based on cellular structures. The third section discusses 

exogenous and endogenous sources of fluorescence contrast. The fourth section 

introduces confocal flow cytometry as a means of collecting scattering signals from 

flowing cells. The fifth  section illustrates the microfluidic design process. The final 

section summarizes the theory of discriminant analysis as an analytical tool for 

comparing populations with multiple components.  

2.1 Biology 

Biological concepts that intersected with this thesis centered on physical and 

biological differences among blood and epithelial cells. Solid tumor metastatic pathway, 

immune response to cancer, and pertinent blood cell morphologies will be discussed. 

Although a myriad of signaling pathways are implicated in cancer metastasis, a 

collaboration within this thesis work focused on the therapeutic potential of interrupting a 

specific membrane-anchored protein, and the role of this target will be discussed in this 

section. 

2.1.1 Metastatic Pathway including ADAM8  

Cancer metastasis results from a multistep process that selects for invasive tumor 

cells capable of escaping from the primary site and colonizing distant organs
77

. Early in 

the tumorigenesis process, the hypoxic stress that characterizes the low tissue oxygen 

microenvironment of a solid tumor stimulates tumor-induced angiogenesis. The increased 

nutrient and oxygen supply prevents tumor dormancy, supports tumor growth, and 

provides routes for tumor cell dissemination
78,79

. Secretion of proangiogenic mediators by 

tumor cells, most notably vascular endothelial growth factor (VEGF), promotes 
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endothelial migration and proliferation
80

. The resulting neovascularization of the 

surrounding stroma facilitates the dissemination of tumor cells into the blood stream and 

lymphatic vessels, a process which involves adherence to and transmigration through the 

endothelium, in particular via processes involving integrins
81,82

. Depending on conditions 

in the microenvironment at secondary sites, a proportion of these single cells or cell 

aggregates is capable of reinitiating tumor growth in distant organs. Such cells are 

collectively referred to as disseminated tumor cells, occult metastases, micrometastases, 

or minimal residual disease. Chambers et al. reviewed various studies that elucidated the 

barriers to metastatic spread including vascular impingement in capillaries of large CTCs, 

organ homing, and CTC adaptation to a flow regime
83

. 

Upon identification of the primary tumor, carcinoma patient prognosis currently 

relies on imaging technologies that determine the extent of metastasis in distant organs, 

such as such as lymph nodes, bone marrow, liver, lungs, or brain, and subsequent 

outgrowth of these cells in their new microenvironment
54,77

. Even after localized 

treatment and resection of the tumors, DTCs can remain in a dormant state for many 

years before giving rise to macrometastases
84,85

. The same previously described 

cytometric and immunological detection strategies have been applied to characterizing 

DTCs from bone marrow, lymph nodes, and circulating blood. Bone marrow, acquired 

through aspirates of the iliac crest, was a common homing organ for DTCs derived from 

carcinomas of different organs
86

. 

Although the metastatic pathway involves a plethora of genes and gene products, 

the ADAM (a disintegrin and metalloprotease) family is relevant to this thesis work for 

its role as a potential therapeutic target
87

. ADAM8 (A8) is a transmembrane protein and 

mediates cell adhesion, cell migration, and proteolysis of a variety of substrates, 

including cytokine receptors or their ligands, cell adhesion molecules and extracellular 
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matrix components
87

. Synthesized as a proform, ADAM8 can dimerize or multimerize 

and autocatalytically clip off its prodomain, leaving an active membrane-anchored 

metalloprotease. Active ADAM8 can be further processed by release of the 

metalloprotease domain into the extracellular matrix, which leaves a remnant form within 

the membrane. Both active and remnant forms mediate cell adhesion through their 

disintegrin/cysteine-rich/EGF-like (DCE) domains
88

, notably by direct binding to 

integrins
89

. ADAM8 was found to be non-essential under physiological conditions, as 

evidenced by the normal development and lack of pathological defects in ADAM8 

deficient mice
90

, despite its expression in a variety of immune cells
91,92

. Interestingly, 

ADAM8 expression was detected under several pathological conditions characterized by 

inflammation and extracellular matrix remodeling, including cancer
87

. ADAM8 levels 

were induced under hypoxia in breast cancer cells
93

. Therefore, in collaboration with 

investigators seeking to identify ADAM8 as a therapeutic antibody target, this thesis 

work enumerated and characterized light scattering properties of CTCs in tumor 

induction and resection studies. 

2.1.2 Morphological Differences among Differentiated Blood Cells and Epithelial -

Derived Circulating Cancer Cells 

Morphological differences among constituent blood cell types are the basis for 

light scattering discrimination and are used in routine complete blood cell counts with 

flow cytometric analysis. In a clinical blood draw, CTCs may constitute less than one 

percent of nucleated cells; therefore, a discussion on peripheral blood components is 

pertinent. Human blood typically consists of 55% plasma (90% water and 10% protein) 

and 45% cells (>90% of which are erythrocytes) by volume. All normal blood cells 

derive from bone marrow but have different purposes within the circulatory and immune 

systems. Erythrocytes are responsible for oxygen transport, thrombocytes play a key role 

in blood clotting, and various leukocyte sub-populations are primary defenders within the 
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immune system. Normal concentration ranges and percentages of the main circulating 

blood cell types are shown in Table 2-1. 

Table 2-1 Peripheral blood constitutive cell types with normal frequencies and 

percentages
94

. 

Cell Type 

Frequencies 

(X 10
6
 

cells/mL) 

Percent 

Erythrocytes 3800 ï 6200 93 ï 96% of blood cells 

Platelets 140 ï 450 4 ï 7% of blood cells 

Leukocytes 4.1 ï 10.9 
0.1 ï 0.2% of blood 

cells 

Lymphocytes 1.1 ï 3.5 14 ï 47% of leukocytes 

 

T Cells 0.54 ï 1.79 7 ï 24% of leukocytes 

B Cells 0.07 ï 0.53 1 ï 7% of leukocytes 

Natural killer 0.08 ï 0.43 1 ï 6% of leukocytes 

Myeloid 3.9 ï 6.5 53 ï 86% of leukocytes 

 

Dendritic cells 0.02 ï 0.06 0.3 ï 0.9% of leukocytes 

Plasmacytoid 

dendritic cells 
0.01 ï 0.04 0.2 ï 0.6% of leukocytes 

Monocytes 0.2 ï 0.9 2 ï 12% of leukocytes 

Granulocytes 2.13 ï 6.35 35 ï 80% of leukocytes 

Neutrophils 2.09 ï 5.97 30 ï 80% of leukocytes 

Eosinophils 0.03 ï 0.3 0 ï 7% of leukocytes 

Basophils 0.01 ï 0.08 0 ï 2% of leukocytes 

Hematopoietic stem and progenitor cells 

(CD34
+
) 

0.001 ï 0.007 
0.03 ï 0.09% of 

leukocytes 

 

Morphological differences among cell types and corresponding scattering 

signatures of leukocytes are evident in the images shown in Figure 2-1. Mature 

erythrocytes
95

, displayed among single leukocytes, are anucleated, flat and biconcave 

disks, 6-8 µm in diameter, 2-3 µm in thickness, and have a mean volume of 90 µm
3
. 

Optimized for oxygen transport, erythrocytes exist in circulation for approximately 100 

days, lack mitochondria, and are abundant in hemoglobin, which constitutes 90% of the 

cell by volume with approximately 270 million molecules
95

. Hemolysis using ammonium 

chloride (NH4Cl) is a common erythrocyte depletion method that was used in this thesis 

work
96

. First used in the 1940s, the mechanism of action is a rapid influx of NH4
+
 ions via 
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exchange with hydroxide (OH
-
), bicarbonate (HCO3

-
), or chloride (Cl

-
) to cause cell 

swelling and hemolysis
96

. The abundance of these channels in erythrocytes relative to 

leukocytes predominantly spares leukocytes within the first 10 minutes of exposure. 

However, the efficacy of lysis diminishes and leukocyte destabilization ensued after two 

10-minute ammonium chloride exposure rounds
96

. 

Platelets result from fragmentation of precursor megakaryocytes, are even 

smaller than erythrocytes at 2-3 µm in diameter, and have an average lifespan of only 

five to nine days
97

. 

Among leukocytes, there is a close link for roles within the immune system, 

lineages, and cell morphologies. Consisting of two broad groups, the innate and adaptive 

systems follow separate hematopoietic lineages and elicit the broad purposes of resisting 

and eliminating potentially harmful foreign materials and mutant cells
98

. The innate 

immune system is the first line of defense against infection and consists of soluble 

factors, such as complement proteins, and diverse cellular components including 

granulocytes (neutrophils, eosinophils, and basophils), mast cells, macrophages, and 

dendritic cells
98

. These cells derive from common myeloid progenitor cells in bone 

marrow. Granulocytes and mononuclear cells constitute the two broad morphological 

leukocyte sub-types. Granulocytes contain prominent and numerous cytoplasmic 

secretory granules and were first demarcated as polymorphonuclear cells due to the 

presence of a single but multi-lobed nucleus
98

. 

Neutrophils stain a neutral pink with hematoxylin and eosin and contain a 

nucleus divided into two to five lobes with highly condensed chromatin
98

. With a 

primarily antimicrobial purpose, neutrophils respond to cytokines released by activated 

endothelium cells, mast cells, and macrophages. Neutrophils have an abundance of 

intracellular contractile proteins actin and myosin alongside microtubules for ease of 
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extravasation and intracellular transport. Neutrophils phagocytose using intracellular 

reactive oxygen species and hydrolytic enzymes, undergo degranulation to release 

soluble anti-microbial proteins, and generate neutrophil extracellular traps (NETs) 

composed of web-like structures of DNA to quarantine infection
99

. 

Eosinophils stain a deep red with eosin and are characterized by an abundance of 

ellipsoid cytoplasmic granules, and have a bi-lobed nucleus. These cells undergo 

degranulation and are implicated in anti-parasitic, anti-viral, infection chemokine 

chemotaxis, and allergy response, including asthma
100

.  The contents of granules are 

cationic granule proteins, reactive oxygen species, lipid mediators, enzymes, growth 

factors, RNases, and cytokines. 

Basophils stain a deep blue with basic dyes and contain an abundance of 

cytoplasmic granules that visually obscure the bi-lobed nucleus. Like eosinophils, 

basophils respond to inflammatory reactions caused by parasites and allergies
101

. 

However, their granules contain histamine to further trigger inflammation and heparin to 

reduce localized blood clotting. 

Monocytes constitute the final component of the innate immune system. Their 

role is to differentiate into macrophages upon extravasation at damaged tissue sites based 

on chemotaxis. In circulation, monocytes, alongside lymphocytes, are one of two cell 

types that constitute peripheral blood mononuclear cells, which is the other 

morphological category outside of granulocytes. For both mononuclear cell types, the 

primary differentiating factor from granulocytes is the presence of a non-segmented 

smooth nucleus. Monocytes are the largest of leukocytes and contain a large, 

eccentrically placed bean-shaped nucleus. Macrophages are highly mobile and mature 

into dendritic cells, thus linking the innate and adaptive systems by processing material 

and presenting antigens on the cell surface for recognition by other cells
98

. 
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If the innate immune system fails to neutralize a threat then inflammation ensues 

and either of the two components of the adaptive immune system, humoral and cell-

mediated, responds with increased antigenic specificity. These cells derive from common 

lymphoid progenitor cells in bone marrow and are composed of lymphocytes. The 

humoral component targets bacteria and consists of antibodies produced by B-

lymphocytes. The cell-mediated immunity component targets virus-infected and cancer 

cells and consists of activated T lymphocytes. Both types of lymphocytes are 

characterized by a round nucleus with condensed chromatin. In contrast to monocytes, 

lymphocytes have fewer intracellular organelles such as lysosomes and vacuoles and a 

less developed Golgi apparatus. Similar in structure to lymphocytes but also containing 

cytotoxic granules, natural killer (NK) cells straddle the innate and adaptive roles by 

lacking immunological memory and nonspecifically lysing target cells, including cancer 

cells. This mechanism of action follows cytokine release from the tumor 

microenvironment
102

. The complex role of the immune response in cancer mitigation and 

progression will be discussed further in 2.2. 
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Figure 2-1 Morphological comparison of leukocytes and SUM 1315 cancer cells. A| 

Giemsa stained images of polymorphonuclear and mononuclear normal cells from 

peripheral blood smear with cell diameter ranges
97

. Scale bar is 10 µm. B| Relative 

forward and side scattering intensities of leukocyte sub-populations from peripheral 

blood sample following hemolysis. C| Phase contrast image of four SUM 1315 in 

suspension. Scale bar is 10 µm. D| Phase contrast image of two SUM 1315 cells adhered 

to a culture plate. Scale bar is 10 µm. 

 

A flow cytometric representation of leukocyte sub-populations (Figure 2-1) 

demonstrates how cell diameter and refractive organelle abundance correlate to relative 

scattering intensity. In general, larger diameter cells scatter more light in the forward 

direction while increasing concentrations of smaller intracellular refractive organelles 

increase side scatter
103

. Elastic light scattering yields the observed differences among 

leukocytes and the underlying theory will be discussed in 2.3. Beyond light scattering 

signatures, leukocytes can be subtyped polychromatically using fluorescently labeled 
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antibodies against specific CD cell surface molecules
103

. This is a common enrichment 

and analytical technique that was introduced in 1.2.2. Noting the light scattering 

differences among leukocyte sub-populations due to morphological differences, a 

discussion on CTC morphological characteristics is pertinent to understand the basis for 

CTC light scattering-based detection. 

The epithelial-mesenchymal yields new, albeit heterogeneous, morphological 

characteristics that distinguish CTCs from blood cells. Within a solid tumor, malignant 

cells are characterized broadly by acceleration of the cell cycle, increased cell motility, 

chemotaxis, changes in surface protein composition, and genomic alterations
104

. These 

characteristics present morphologically with a large, irregular nucleus, prominent 

nucleoli, and scarce cytoplasm. Irregularities within the nucleus reflect the increased rate 

of mitosis and arise from segmentation, invaginations, changes in chromatin 

organization, and increased porosity. Accumulation of ribosomal RNA and messenger 

RNA make the cytoplasm basophilic
97

. Each intracellular organelle experiences 

morphological changes as metabolic demand favors cell division over growth-related 

metabolisms. The granular endoplasmic reticulum undergoes degranulation to enhance 

protein production from free and polysomic ribosomes
98

. The Golgi apparatus is poorly 

developed due to the emphasis on proliferation, rather than differentiation. Mitochondria 

generally decrease in volume, but high variability has been observed, especially in cells 

where fermentation dominates aerobic respiration, which is known as the ñWarburg 

phenomenon.ò Intracellular glycogen increases have been observed in peripheral cells, 

while intra-carcinoma cells have decreased glycogen and increased lipid content
105

. 

As mentioned before in relation to CTC enrichment techniques, the presence of 

cytokeratins distinguishes epithelial cells as these structures enhance cell-to-cell 

adhesion
47

. Although cytokeratins continue to exist in CTCs, the intravasation process 
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disrupts these adhesions with desmosomes and links to the basal membrane.  Surface 

molecular changes reflect the enhanced invasive capacity of some cells while other 

changes tag different cells for apoptosis and immune cell destruction
83

. In the case of 

increased motility, proteins and carbohydrates that acted as enzymes on the cell surface 

receptors diminish and no longer react with corresponding ligands, thereby causing 

reduction in cell-to-cell adhesion contacts, detachment from the basal membrane, and 

evasion from the immune system. The enhanced activity and abundance of ADAM8 is 

one such example of a surface protein in a malignant cell that augmented invasiveness. 

Once in circulation, CTCs are exposed to a flow and shear regime that sharply 

contrasts the relatively static nature of the extracellular matrix of the epithelium
83

. The 

understanding of CTC morphology has improved alongside enrichment techniques; 

however, artifacts from ex vivo manipulation inherently alter morphological aspects to 

some degree. Apoptosis and immune cell destruction persist in circulation, thus reducing 

the population of CTCs capable of the second transition, extravasation, from 

mesenchymal to epithelial traits in a secondary metastatic site. As previously discussed in 

the FDA-approved CellSearchÊ CTC enumeration assay, an operator manually selects 

CTCs from a range of isolated cells. Efforts to standardize and automate this process 

uncovered distinctive morphological characteristics, in addition to immunohistochemical 

EpCAM and cytokeratin positivity, that were used to identify CTCs
44

. Using image 

analysis algorithms on known metastatic and control patient data sets, minimum 

thresholds were established for nuclear to cytokeratin ratio and roundness. Conversely, 

maximum thresholds were set for CD45 intensity. However, leukocytes and CTCs shared 

a size range of 35-900 µm
2
 (in pixels). 
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2.2 Cancer Immune Response 

The interaction between the immune system and cancer, as manifested by rogue 

leukocytes in leukemia, was first discovered in the mid-19
th
 century by the German 

pathologist Rudolf Virchow
106

. Over the past 200 years, a wide body of literature has 

emerged that supports numerous relationships between the immune system and cancer. 

The implications of this immune response to tumor-specific cytokines range from 

inhibiting to promoting tumor growth and are collectively known as immunoediting
107

. 

The predominant evidence for immunoediting derives from genetically mutated mice 

with absent, dysfunctional, or altered immune system components. A comprehensive 

review published in 2011 referred to dozens of such studies
108

. In brief, mice lacking 

components of the adaptive immune system including T cells, B cells, and NKT cells 

were more susceptible to carcinogen-induced sarcomas. In contrast, mice with 

upregulated T cells and eosinophils had reduced carcinogenesis. Additional studies have 

also been conducted on immunocompromised mice where tumorigenesis was observed to 

develop spontaneously in the absence of mitigation mechanisms inherent to the immune 

system
107

.  The typical immune response to unchecked tissue growth is direct infiltration 

by cytotoxic T cell and indirect modulation of angiogenesis factors by humoral and 

cytokine signaling
107

. 

Animal studies have illuminated the activation mechanisms of these responses 

and suggested cofactors that have been subsequently investigated for several cancers to 

determine prognosis
109

. NKT cells abundant in human gastric or colorectal carcinoma 

elicited a favorable prognosis
110,111

. On the other hand, infiltration of other immune cell 

components, such as mast cells, was unfavorable in lung adenocarcinoma
112

. 

Epidemiological evidence based on immunosuppression due to infection (e.g. AIDS) or 

organ transplant medication corroborated the animal data with corresponding increases in 
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cancer prevalence 
113,114

. Functional impairment of T cells and accumulation of myeloid 

suppressor cells in circulation elicited the ability to evade anti-tumor regulation
115-117

. 

Recent cancer immunotherapy developments reflect our growing understanding 

of the role of the immune system in cancer
118

. Current approaches either activate or 

suppress molecules and cells of the immune system to reject cancer. Immunization is one 

example of immune system activation, and the first therapeutic cancer vaccine to receive 

US FDA approval (2010) was Sipuleucel-T, indicated for castration-resistant prostate 

cancer
119

. The vaccine contains autologous PBMCs activated with a recombinant antigen 

that is prostate specific and stimulates therapeutic granulocyte-macrophage formation. 

Monoclonal antibodies constitute a second therapeutic class
118

. Alemtuzumab (Campeth-

1H) typifies an activation approach that targets CD52
+
 blood lymphocytes to initiate an 

augmented immune response and is indicated for leukemia. Conversely, Bevacizumab 

(Avastin) exemplifies a suppression approach that binds vascular endothelial growth 

factor (VEGF) to inhibit angiogenesis and is indicated for colon, kidney, lung, ovarian, 

and breast cancers. The potential therapeutic role of an inhibitory antibody against 

ADAM8 was introduced in 2.1.1, and the early animal studies constituted a major 

component of this thesis work and will be presented in Chapter 6.  

2.3 Elastic Scattering of Biological Molecules 

Differences in elastic light scattering intensity are the basis for our cell type 

discrimination approach. The general theory, relevant scattering regimes, and the 

refractive index ranges of biological molecules will be discussed in this section.  

Light scattering phenomena arise from the wave nature of light. Interaction of a 

propagating wave with a substance of different refractive index than the surrounding 

medium yields a scattering event with a new propagation vector. In the case of elastic 

scattering, there is not an overall energy transfer but only a possible change in the 
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direction of the momentum vector; therefore, the incidence and propagation vectors have 

equal magnitude, and the wave retains the same frequency. Conversely, inelastic 

scattering increases or decreases the frequency of the scattered wave
120

.  

In the case of elastic scattering, the plane electric field of the incident wave 

induces dipoles in the electrons of the substance. The oscillations of these induced 

dipoles re-radiate the new scattered spherical waves or ówaveletsô, which our detection 

system, in the far field, perceives as a superposition of scattered light. The induced 

dipoles oscillate in a space constrained by the dimensions of the particle. If the particle is 

small relative to the incident wavelength, then the dipoles are exposed to equal intensities 

of energy and the oscillations are in phase. As the particle size increases, however, there 

is a greater probability for non-uniform dipole induction, and interference occurs among 

the re-radiated wavelets with variable magnitude at different angles of observation. Three 

scattering regimes mathematically approximate the relationship between scattering 

intensity and incident wavelength: Rayleigh, Rayleigh-Gans, and van de Hulst. There is a 

fourth approach, Mie theory, which provides exact numerical solutions by applying 

Maxwellôs equations to plane waveforms incident on any size sphere. 

Consider a particle illuminated by a plane electromagnetic wave described as 

╔ ╔Ὡ ▓►  where Eo is the wave amplitude, i is the imaginary unit, wavenumber 

k=|k|=2ˊ/ɚ, ɚ is the wavelength, r  is the position vector from the scattering event to the 

point of observation, angular frequency ɤ=2 ˊ f, and f is the frequency
121

. The incident 

and scattered fields are transverse to the scattering plane
121

. Thus, these fields can be 

decomposed into two orthogonal components, one parallel, and the other perpendicular to 

the scattering plane defined by the incident and scattered fields. The decomposition of the 

scattering field for incident (Ei) and scattered (Es) fields is a combination of the parallel 

( )᷆ and perpendicular (Ṷ) components as follows in Equation 2-1
122

. 
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Equation 2-1 General formulation for scattering event 

 

The scattered electric field with complex amplitudes is the product of three terms. The 

first term represents the scattered wave in the far field as a spherical, outgoing wave. In 

spherical coordinates, the position vector r is defined in terms of scattering angle ɗ and 

azimuthal angle ű, as shown in Figure 2-2. 

 

Figure 2-2 Scattering plane 

resulting from plane wave incident 

on scattering particle. The incident 

wave is parallel to the x-axis, thus 

the azimuthal angle in zero. The 

scattering angles ɗ for the incident 

and scattered planes are shown 

relative to the z-axis. The parallel 

and perpendicular components of 

the propagation vectors are shown 

relative to the respective planes
121

. 

The amplitude of the wave is inversely proportional to the magnitude of the direction 

vector. The second term is the scattering amplitude or Jones matrix S. For all three 

scattering regimes and for Mie theory, the elements of the S matrix are solved for 

appropriate boundary conditions of electromagnetic field continuity. For example, in the 

case of scattering sphere, the S3 and S4 elements are zero. The third term is the complex 

amplitudes of the incident electric field. Working from this general formulation, the 

respective solutions are functions of the wavelength, characteristic dimension of 

scattering particle, and refractive indices of particle and medium. 
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The size of a scattering particle is parameterized by the ratio ὼ  where r is 

the characteristic dimension, such as diameter for a sphere, and ɚ is the wavelength of 

incident light
121

. Measured as a scattering system, a cell produces an aggregate signature 

that is a combination of the individual regimes of the cell itself and variable-sized 

intracellular components. The refractive indices and size ranges of representative 

subcellular components are shown in Table 2-2. 

Table 2-2 Refractive index and size ranges of blood cell components. 

Biological Component Refractive Index Size Range 

Extracellular fluid  1.35-1.36
123

 Surrounding cells 

Cytoplasm 1.34-1.375
123

 
Contains proteins and solutes 

(<100nm) 

Nucleus 1.38-1.41
123

 3-10 µm containing chromatin
124

 

Mitochondrion  1.38-1.42
123

 
Length: 1-4 µm and Width: 0.3-0.7 

µm
124

 

Lysosome 1.6
125

 0.2-0.5 µm
124

 

PMN Leukocyte 

Granules 
1.47-1.6

126
 0.1-1.2 µm

127,128
 

Lymphocyte 
1.36

129
 

1.36
130

 
6-15 µm

97
 

Monocyte 1.35
130

 16-20 µm
97

 

Erythrocyte 1.41
131

 6-8 µm
97

 

 Noting the dimensions and parameters in Table 2-2, the first regime, Rayleigh, 

applies to particles much smaller than the incident light wavelength, such as components 

of the cytosol. The fundamental assumption of this regime is that all scatters experience 

the same magnitude of induced dipole and are in phase. The elements of the scattering 

matrix take the form shown in Equation 2-2 for a scattering sphere
121

. 

Equation 2-2 Jones matrix for Rayleigh scattering approximation from a sphere 

 

The polarizability ‌  is a function of volume V and relative refractive index m 

between the particle and the surrounding medium
121

. Upon substitution of the Jones 

matrix into the general formulation in Equation 2-1, Rayleigh scattering is characterized 
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by a ɚ
-4
 inverse power law. When using visible light for scattering measurements, 

proteins and small granules with a size of approximately 100 nm scatter light according 

to this regime. 

The second regime, Rayleigh-Gans, pertains to particles with a size comparable 

to the incident light wavelength. The assumptions of this regime are that infinitesimal 

volume elements within the scatterer behave as induced dipoles (Rayleigh scatterers); 

however, their cumulative far field interference follows the superposition principle, 

which allows for phase variability. This variability manifests as oscillations in a log-log 

plot of scattering intensity versus wavelength. In the case of incident visible light on a 

mitochondrion with size of approximately one micrometer, oscillations occur in the 

purple and blue wavelengths before the scattering intensity decays according to the 

Rayleigh inverse power law
132

. 

The final regime, van de Hulst, is relevant to particles much bigger than the 

incident wavelength
122

. The approximate solutions are most accurate in the forward 

scattering direction assuming a spherical scatterer with center-emanating wavelets. 

Furthermore, this approximation uses the total scattering cross-section and is valid up to a 

relative refractive index of two. Cell nuclei and whole cells with diameters greater than 

one micrometer interrogated with visible light produce oscillations throughout the visible 

spectrum. Light scattering spectroscopy has been used to differentiate cancerous from 

normal tissue regions as a function of the increased nuclear size observed in cancerous 

tissues
132

. 

In contrast to the three regimes that vary according to the size of the scatterer for 

a given interrogative wavelength, Mie theory numerically applies Maxwellôs solutions 

and is valid for a sphere of any diameter (relative to scattered light wavelength) and 

relative refractive index. As before, spherical polar coordinates defined in Figure 2-2 are 
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used with appropriate boundary conditions at the surface of the sphere. Although original 

solutions applied to scattering generated from a plane wave, generalized Lorenz-Mie 

theory parameterizes Jones matrix elements for scattering generated from a focused 

Gaussian beam
133

.  

The phase function of scattering is anisotropic and a polar plot generated using 

Mie theory demonstrates the augmented relative intensity in the forward direction and 

frequency of oscillations for larger particles. The phase functions of 0.1 (red), 1 (purple), 

and 6 (black) µm diameter particles with a refractive index of 1.4 in a surrounding 

medium of 1.36 illuminated with 488 nm plane wave light are shown in Figure 2-3
134

. 

With increasing particle size, there is a proportional increase in isotropic intensity and 

frequency of oscillations, as approximated by van de Hulst. For all three particles, 

forward-scatter (0ϊ) intensity is the most intense; however, the relative difference 

between forward and backward intensity is greatest for larger particles. 

 

Figure 2-3 The phase 

functions of 0.1 (red), 

1 (purple), and 6 

(black) µm diameter 

particles (n=1.4) 

illuminated by a 488 

nm plane wave in a 

refractive medium 

(n=1.36). Intensity 

peaks in the forward 

direction and is 

symmetrical 

throughout a 180ϊ 

rotation
134

. 
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In addition to influencing the oscillatory behavior of scattered light, particle size 

also affects the scattering angle, as measured relative to the incident vector. The intensity 

of forward-scattered light (FSC) is proportional to particle size
135

. Light diffracts from the 

interface of changing refractive indexes; therefore, a greater surface area yields a greater 

intensity in forward-scattered light
136

. The intensity of side-scattered light (SSC) is 

proportional to internal complexity and granularity
135

. Light refracts and reflects at any 

refractive index differential interface. As applied to complete blood cell counts, flow 

cytometry discerns granulocytes from agranulocytes within white blood cell sub-

populations based on increased intensity of SSC due to the presence of intracellular 

granules containing refractive cytotoxic agents, as seen in Figure 2-1 B
137

. The reduced 

scattering intensity observed from erythrocytes is a function of the relationship between 

scattering and absorption. Although the constituent hemoglobin of erythrocytes is highly 

refractive (n=1.4), the imaginary component representing absorption dominates and 

erythrocytes are highly colored (red) relative to leukocytes
131

. 

 As predicted by the three scattering regimes and Mie theory, light scattering 

intensity is sensitive to incident wavelength, in addition to particle size. This additional 

level of discrimination is the basis for our multi-wavelength backscattering flow 

cytometry system. The interrogative wavelengths of 405, 488, and 633 nm light were 

determined in light scattering spectroscopy measurements using white light 

illumination
26

.  The backward-direction (150-180ϊ) Mie theory phase functions of one- 

and six-micrometer diameter particles (n=1.4) within a surrounding medium (n=1.36) 

illuminated by plane wave light are shown in Figure 2-4
134

. As before in Figure 2-3, the 

phase functions of the larger particle (6 µm, primary axis) have oscillations while the 

smaller particle (1 µm, secondary axis) follows a power law. Furthermore, the maximum 
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amplitude of the phase function of the larger particle is approximately one to two orders 

of magnitude greater than that of the smaller particle. The aggregate measured scattering 

signal is a superposition of all individual scattering wavelets, such as those emanating 

from small intracellular organelles, the nucleus, and the membrane of the cell. 

 

Figure 2-4 Backscattering intensity plot from 150-180ϊ for particles of one (secondary 

axis) and six (primary axis) micrometers in diameters for the three interrogative 

wavelengths of 405, 488, and 633 nm. In both cases of particles diameter, the refractive 

index of the particle was 1.6 and that of the surrounding medium was 1.4. 

 The backward detection direction was chosen for purposes of system design, 

translation to in vivo assessment, and supporting studies demonstrating the ability to 

resolve scattering from intracellular structures
138-142

. In general, backscattering from cells 

and tissues follows an inverse power as a function of interrogative wavelength. Different 

cell types have characteristic power law exponents, thus suggesting that differences in 

cellular composition produce variable aggregate scattering signatures. Although Mie 

0.E+00

5.E-03

1.E-02

2.E-02

2.E-02

3.E-02

3.E-02

0.E+00

1.E-01

2.E-01

3.E-01

4.E-01

5.E-01

6.E-01

7.E-01

8.E-01

9.E-01

150 155 160 165 170 175 180

1
 µ

m
 P

a
rt

ic
le

 I
n
te

n
si

ty 

6
 µ

m
 P

a
rt

ic
le

 I
n
te

n
si

ty 

Backscattering Angle 

6 and 1 µm Particles in Plane Wave 

6 um 405 6 um 488 6 um 633

1 um 405 1 um 488 1 um 633



Polmear, M MS Thesis - Georgakoudi January 2014 

Page 50 of 206 

 

theory accurately describes phase functions from single particles, even more nuanced 

approaches are required to model the cumulative effect of multiple scattering events and 

interfering wavelets. Whereas photons emanating from multiple scattering events exhibit 

phase changes and are rejected with a polarizer in the detection pathway, interference 

effects constitute the final detected signal. Finite Difference Time Domain (FDTD) is a 

grid-based differential modeling method that allows for refractive index changes in the 

space and time domains
143

.  By switching between solving for the electric and magnetic 

fields in a given grid unit with variable refractive indices and boundary conditions, the 

approach leapfrogs across the space to develop a transient or steady state model. A 

second approach to modeling scattering contributions from multiple sources is based on 

fractal organization of continuous refractive index fluctuations
140,141,144-146

. Fractal 

organization has been observed in nuclear and cell membranes, nuclear chromatin, and 

mitochondrial networks
146,147

. Primary purposes of these analyses are to more accurately 

characterize the high-frequency power spectral density and provide insight into the 

topography of dominant scatterers. 

2.4 Fluorescence 

Fluorescence signal was used in this thesis work as a positive identification of 

labeled cells and as a marker of rare autofluorescent cells. The two fluorescence 

molecules were calcein AM and green fluorescent protein (GFP). 

A fluorescence event starts with absorption and it is followed by radiative 

relaxation
148

. Incident light excites a ground state electron to a vibrational level in an 

excited singlet electronic state. The energy of the incident wave must be sufficient to 

excite the electron, which is equal to the energy difference between the two electronic 

states as determined by principal quanta levels in atoms and molecular orbitals in 

molecules. Non-radiative internal conversion reduces the position of the electron to the 
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lowest vibrational level in the excited electronic state. Fluorescence occurs when the 

electron returns to any vibrational level within the ground state. The internal conversion 

process elicits the Stokes shift where the fluorescent photon has a longer wavelength than 

the incident excitation light
148

.  

Biological fluorophores are endogenous and exogenous. In both cases and in the 

context of visible light, the molecules contain extensive conjugated systems that possess 

an energy gap of approximately two eV between the bonding and anti-bonding molecular 

orbitals. Amino acids, enzymes and coenzymes, and proteins are endogenous 

fluorescence sources. Tryptophan, tyrosine, and phenylalanine are aromatic amino acids. 

Flavin adenine dinucleotide (FAD) and reduced nicotinamide adenine (phosphate) 

dinucleotide (NAD(P)H) are cytosolic and intra-mitochondrial metabolic factors
149

. Both 

molecules have extensively conjugated aromatic structures. GFP is a beta barrel structure 

protein that undergoes a proton transfer when exposed to blue light with peak excitation 

and emission at 473 and 508 nm, respectively. The fluorescence process emits a green 

photon upon relaxation. GFP was first isolated from jellyfish and is now used extensively 

as a reporter molecule for transfection and transduction experiments
150

. 

Exogenous calcein AM (acetomethoxy) is a cell-permeant dye that is commonly 

used to determine eukaryotic cell viability
151

. In live cells, intracellular esterases 

hydrolyze the acetomethoxy group of the no fluorescent dye, thus generating a 

hydrophilic molecule, which is trapped inside the cell and fluoresces via binding Ca
2+

, as 

shown in Figure 2-5. 
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A

 

B 

 

Figure 2-5 Calcein as a 

fluorescent indicator of cell 

viability. A| Intracellular 

esterase hydrolysis of 

acetomethoxy groups to yield 

hydrophilic, fluorescent 

molecule. B| Excitation and 

emission spectra (495/515 nm) 

of calcein AM used as a 

positive identification for 

viability among select cell 

populations
152

. 

In contrast, dead cells lack active esterases, have compromised cell membranes, and do 

not fluoresce via calcein. Having established the basis for biological scattering and 

fluorescent events, the following section on confocal reflectance microscopy discusses 

the optical techniques used for detecting such events. 

2.5 Confocal Flow Cytometry 

The confocal design of the backscattering light detection system minimizes 

scattering signal from out-of-focus light in the flowing samples. Whereas standard 

detection systems collect scattered and fluorescent light inside and outside of the focal 

plane, confocal detection systems achieve depth resolution by blocking out-of-focus light 

from the detectors. As illustrated in Figure 2-6, the light source transmits through a beam 
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splitter and is focused into a point on the sample by an objective lens. Scattering and 

fluorescent photons propagating within the collection angle of the lens are reflected by 

the beam splitter and focused onto a conjugate plane that aligns with a pinhole in front of 

the detector. Our flow system continuously measures signal intensity passing through the 

confocal pinhole. 

 

Figure 2-6 Schematic of confocal arrangement where focal plane and slit are conjugate 

planes and unfocused light is blocked from reaching the detector, thus achieving depth 

discrimination. 

 

 In our optical system, the objective is responsible for illumination and collection. 

The lateral resolution, r, and axial resolution, z, of the light microscope are described by 

the Abbe equation, as shown in Equation 2-3 and Equation 2-4, as functions of emission 

wavelength ɚ, refractive index of the sample n, and numerical aperture (NA) of the 

objective
148

. 
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Equation 2-3 The xy-resolution of an 

objective as a function of the emission 

wavelength and numerical aperture 

(NA) of the objective. 

Equation 2-4 Axial resolution near the focal 

plane of the slit as a function of the emission 

wavelength, refractive index of the sample, 

and NA of the objective. 

 
 

The numerical aperture is defined as ὔὃ ÎϽÓÉÎ‌ where n is the refractive index of the 

sample and Ŭ is half of the acceptance angle. Although a higher NA allows for additional 

light collection over a wider angular range, the size of the confocal slit is a practical 

limitation that balances transmitting focused light while blocking unfocused light. The 

optimal diameter of a slit, D, is equal to the full width at half maximum of the Airy figure 

and can be approximated by Equation 2-5
148

. 

Equation 2-5 Optimal diameter of confocal slit as a function of emission wavelength, 

system magnification, and NA of the objective. 

 

The magnification M is specified for each objective from the sample to the imaging 

plane. The NA of our objective was selected to allow sufficient working distance to 

interrogate the middle of a 30-70 µm (height) channel above a millimeter of microscope 

slide glass. Our mid-range 40x 0.6 NA objective has a working distance of 2.7-4 mm. 

The theoretical resolution and slit diameter values are shown in Table 2-3 for the three-

wavelength system. 

Table 2-3 Theoretical resolution and slit diameter values for the three-wavelength system 

using a 40x 0.6 NA objective. 

Parameter Wavelength (nm) 405 488 633 

Resolution 
Lateral r (µm) 0.411 0.496 0.644 

Axial z (µm) 2.6 3.2 4.1 

Slit Diameter D (µm) 45.0 54.2 70.3 
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Experimental measurements of these same parameters are discussed in Chapter 3. The 

primary design goal of a confocal system is to minimize out-of-focus light. Sources of 

noise include ambient light, spherical aberrations arising from refractive index 

mismatches between objective glass and biological molecules, and absorption events that 

attenuate scattering intensity. 

2.6 Microfluidic Design and Processing 

The microfluidic devices used in this work were created using soft lithography and 

fusion bonding techniques, which have roots in the microelectronics industry but are now 

widespread in microbiology and flow applications
153

. The fabrication process is 

illustrated in Figure 2-7 with images of the final device. 

 

Figure 2-7 Fabrication of a PDMS layer incorporating microstructures. The first four 

steps correspond to the fabrication of a rigid master via photolithography while the last 

two steps are the soft lithography process. Channels are embossed into the PDMS during 

the curing process. Channel dimensions are dictated by the mask and photolithography 

process. 

The materials of silicon, photoresist, and glass reflect the microelectronics origin 

of the technology. The first four steps entail the photolithography process wherein a 




























































































































































































































































































