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ABSTRACT OF THE THESIS  

 

Microfluidic Diagnostics for Leukemia THP-1 Cancer Cells 
By 

Huylong Ngo 

Master of Science in Biomedical Engineering 

 University of California, Irvine, 2016 

Assistant Professor Jered Haun, Chair 

Cancer is one of the most prominent diseases in the world known for its leading cause in 

death.  Cancer development in the human body is triggered by the persistent upregulated 

proliferation of cells.—unlike regular cells, which respond to biochemical signals that regulate 

normal cell behavior, cancer cells grow and undergo division uncontrollably.  Once they reach 

the stage of malignancy, they are able to invade normal tissues and organs and spread throughout 

the body via the circulatory and lymphatic systems.  The process taking place is metastasis, 

where the benign tumor cells become circulating tumor cells (CTCs) and make their way into the 

blood stream.  According to oncologists, it is crucial to detect and monitor cancer in its early 

stages with a noninvasive method before the spread of malignant tumors to other body sites 

enable them to become resistant to localized treatment.  In this study, we explore the 

performance of a developed microfluidic device as a platform to assess the capture efficiency of 

the THP-1 monocytic leukemia cell line and its adherence to its biomarkers CD45 and CD31 

antibodies conjugated on the device under different flow rate conditions.  We were able to 

empirically determine that the flow rate of 8.333 µL /min results in the optimal capture 

efficiency of the device.  It is envisioned that this technology will have applications for tumor 

biopsies and cell sorting.    



1 

 

 

Introduction 

1.1 Background 

More than a million cases of cancer are reported yearly in the United States and 

statistical data on cancer incidences indicate that about half a million Americans die from 

cancer every year (1).  This translates to a mortality rate close to approximately 50% per 

each case of cancer (1).  Furthermore, cancers that encapsulates a broad range of different 

body sites are accountable for a significant portion of these cases.  This is illustrated in 

figure 1 below.  As evident from the findings of American Cancer Society, the most common 

cancers that comprise the majority of United States cancer incidents are breast, lung, 

prostate, and colon/rectum cancer.  Out of this list, lung cancer is the most fatal as it one 

third of cancer related deaths are attributed to bronchogenic carcinoma (1).   

 

Figure 1 (1) 
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1.2 Causes of Cancer  

Carcinogens are lethal and toxic substances that induce cancer.   To shed some insight on 

the types of carcinogens, there have been studies conducted in animals and analytical 

reports of epidemiologic information documented with regards to the frequency of cancer 

in human populations.  For instance, it has been universally well established by health 

professionals and accepted by popular media that UV radiation from sunlight is the 

causative agent of skin cancer.  Moreover, exposure to aflatoxin, a chemical agent that has 

contaminated wheat and grain products has been shown to induce hepatocellular 

carcinoma (1).  In addition, there is significant statistical evidence to show that there is a 

direct correlation between lung cancer and cigarette smoke.  It is incontrovertible that 

smoking has resulted in lung cancer cells as well as other components of the respiratory 

system in overlapping conjunction with the digestive system—such as the pharynx, the 

esophagus and oral cavity.  The carcinogens in tobacco smoke that are primarily 

responsible for a majority of human cancers have been identified to include benzo pyrene, 

dimethylnitrosamine, and nickel based compounds (1).  Regardless, it is overly simplistic to 

attribute one factor as a cause of cancer since metastasis is a much more convoluted 

cascade involving multiple steps with additional factors—including those that have not yet 

been considered—that may aggregate the ability of the cancer to develop.   

1.3 Types of Cancer and Carcinogenic Agents 

The majority of cancers are placed under the following categories:  1) carcinomas; 2) 

sarcomas; 3) leukemias or lymphomas.  Carcinomas comprise 90% of human cancers and 
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are basically metastatic epithelial cells that have exhibited malignancy (1).  Sarcomas on 

the other hand, which are tumors of connective tissues—such as bone, muscle, cartilage, 

and fibrous tissue— are a much rarer form of cancers in humans.  Leukemias and 

lymphomas make up about 8% of human cancers.  Leukemias develop from blood-forming 

cells whereas lymphomas stem from cells belonging to the immune system.  Cancer can be 

further categorized based on the originating tissue and the cell type.  For instance, 

erythoroid leukemias stem from precursors of red blood cells (erythrocytes).  

 Regardless, there are carcinogenic agents that have been universally established with 

high risk factor of causing cancer, particularly radiation, hazardous chemicals, and viruses.   

This has been verified through iterations of human clinical studies and animal experiments.  

The primary route by which chemical agents and radiation facilitate the process of cancer 

development by inducing irreversible damage to DNA, initiating free radical damage and 

causing mutations.   Typically, these factors are classified as the initial carcinogenic agents 

because by causing mutations in important genes linked to cancer, they begin the chain of 

cascade that ultimately triggers cancer development. A secondary pathway for carcinogenic 

agents to activate the series of events that lead to cancer is by provoking unregulated cell 

proliferation.  Such agents are usually classified as tumor promoters because of they are 

accredited for delivering the elevated cell division that is necessary for a cell population to 

outgrow its carrying capacity prolifically during the early phases of tumor development.  A 

classic example of these tumor promoters are the phorbolesters that biochemically turns 

on protein kinase C to galvanize cell proliferation.  This process has been monitored in a 

mice studies by injection of skin tumors into the mice subjects (1).   
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In this mice model, it was found that a single mutagenic carcinogen was sufficient to 

cause tumorigenesis.  However, if the mice is not given a tumor promoter, such as phorbol 

ester to induce prolific growth of the transmuted cells, the process of tumorigenesis is 

negated.  What this means is that although a mutagenic carcinogen in itself can galvanize 

cancer development, it is only able to do so provided that its biochemical activity is under 

the presence of a tumor promoter.   In essence, the tumor promoter is necessary for 

tumorigenesis to develop in this mice model.   Another source of tumor promoters that play 

a role in the progression of certain human cancers are hormones such as estrogen.  For 

instance, cell proliferation in the uterine endometrium is triggered by the presence of 

estrogen.  Consequently, being exposed to surplus of estrogen can tremendously raise the 

chances that a female adult will be infected with endometrial cancer.  This imposes 

concerns with estrogen replacement therapy for women after menopause as an increase 

dosage of estrogen over a long term period can facilitate the likelihood of endometrial 

cancer.  This is counteracted through the ingestion of the progesterone hormones during 

the therapy as they have an antagonist effect on estrogen.  It is unfortunately ironic 

however, that in an attempt to therapeutically remedy one cancer, health professionals 

induce the cause of another cancer as complimenting progesterone with estrogen may pave 

a dangerous route to breast cancer development.   

Compared to chemical carcinogens and exposure to radiological hazards, viruses are 

amongst the minority of agents that induce cancer.  Some of the common types of human 

cancers that result from viral infections are cervical spinal cancer and liver carcinoma; they 

account for approximately 20% of cancer cases (1).  Intensive studies conducted on viruses 



5 

 

have shed light on the biomolecular events that are responsible for the development of 

cancers caused by not only viral carcinogenic agents, but also nonviral carcinogenic agents.   

1.4 Biomolecular Examination of Cancer Cells and their Properties  

Cancer cells have evolved biochemical properties that propels them with a 

competitive advantage over their normal cell counterparts from a natural selective 

idealistic point of view.  In this section, we explore a series of disruptions in normal 

regulatory cellular mechanisms that are known to provoke the uncontrolled growth of 

cancer cells.   When this occurs, there are alterations in cellular molecular behavior that 

would normally allow them to make the distinction between cancer cells and normal cells.  

Moreover, the cancer cells will typically evade the molecular machinery established to 

control cell proliferation and differentiation.  Coupled together, these traits of cancer cells 

pave a route towards their advancement to malignancy.   

 Cancer cells are less prone than normal cells to self-terminate themselves by 

apoptosis.  Their ability to avert programmed cellular death is usually instilled by gene 

mutations that normally regulate apoptosis.  For instance, the majority of human cancers 

have a recessive mutation in the P53 gene that would normally behave as part of a 

checkpoint that instructs the cell to exit their division and replicative mechanism (5).  

Another key difference between a normal cell and a cancer cell in vivo is that normal cells 

are governed by density-dependent inhibition of cell proliferation whereas cancer cells are 

not.  When cells divide and proliferate, they eventually reach a carrying capacity defined as 

their finite cell destiny.  This capacity is based on the limited source of available growth 

factors.  Once they’ve reached the threshold of a saturated cell population, the cells become 
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arrested in the G0 state of the cell life cycle and stop proliferating.   This has been vindicated 

in in vitro studies where a cell culture is used to replicate the in vivo conditions for normal 

cells and juxtaposed to that for cancer cells (1).  Evidently, cancer cells have a method by 

which they can be unresponsive and bypass density-dependent inhibition—rather than 

being receptive to the biomolecular signals that would normally bring normal cells to halt 

in their replicative machinery in mitosis  and enter the G0 of the cell cycle, they continue to 

remain the mitotic stage and proliferate uncontrollably.   

Normal cells have a structure beyond their extracellular matrix polysaccharide 

covering, but it is indistinct from the phospholipid bilayer.  It is made from the glycoproteins and 

glycolipids embedded in the membrane.  This portion of the cell is the glycocalyx. It's on the 

exterior surface of the cell because the carbohydrate portions of glycoproteins and glycolipids 

are always on the exterior surface.   The glycocalyx is used for direct cellular communication.  It 

essentially allows for cells to recognize each other.  It also allows microbes such as viruses, 

bacteria, and protists to recognize host cells and infect them.  As previously mentioned, cells 

experience contact inhibition when their surfaces touch, causing growth to slow or stop.  A 

common method by which cancer cells equivocate the regulatory mechanisms of contact 

inhibition is by having an abnormal glycocalyx, thereby making them less receptive or perhaps 

even nonresponsive to contact inhibition (15).  In fact, studies have shown that deviant 

glycosylation is caused by an initial oncogenic transformation that is speculated to be involved in 

the process of metastatic invasion (21).  

Furthermore, studies have shown that cancer cells express less cell surface adhesion 

molecules compared to normal cells; this is responsible for diminishing their adhesive properties.  

For instance, a mechanism by which epithelial cancers or carinomas begin to surpass restrictive 
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boundaries obeyed by normal cell is loss of the phenotypic expression of E-cadherin, which is 

the primary adhesion molecule of epithelia cell (1).  Once this is completed, cancer cells can 

evade communication and reception from other cells and components of the tissue organization; 

this fosters their ability to become more invasive and contributes to their development towards 

the stage of metastasis.  During cellular migration, normal cells continue to move until they 

make physical contact with another neighboring cell and halt in movement.  Subsequently, they 

adhere to each other; this yields an aligned configuration of cells that is order.  In contrast, 

cancer cells continue to migrate after coming into physical contact with their neighbors and do 

not adhere since they have a lower phenotypic expression of cellular adhesion molecules.  

Consequently, they populate in a very chaotic and entropic manner.  So in retrospect, contact 

inhibition coupled with expression of cell adhesion molecules are major factors that are used to 

differentiate normal cells from cancer cells.   

Another primary distinction between cancer cells and regular cells is that regarding 

extracellular growth factors, cancers cells having a fewer requirements and are more lenient in 

their molecular constraints. In essence, cancer cells have a reduced dependence on signals from 

other cells for their growth and survival. To elaborate, cell proliferation is partially controlled by 

polypeptide growth factors.  However, there are certain types of cells such as fibroblasts whose 

prolific capabilities are fully dependent on the availability of growth factors.  Moreover, 

conducted studies that mimic in vivo conditions have found that there is direct correlation 

between the cell’s requirement of growth factors and their phenotype under the conditions of 

carrying capacity (1).  Particularly for fibroblasts, cellular density at which the cells exit mitosis 

and become arrested is dependent on the concentration of growth factors (1).  Inherently, as the 
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concentration of growth factor increases, the cellular density at which the cells can sustain their 

prolific state also increases in response.   

Juxtaposed to regular cells, many cancerous cells do not require such a high level of 

growth factors to maintain their mitotic state in the cell life cycle.  Consequently, they are able to 

proliferate continuously at the much higher levels of cellular densities without suppression of 

their biomolecular machinery.  To exacerbate matters, cancer cells can generate their own 

growth factors that induce their own proliferation.  This is classified as autocrine growth 

stimulation as the cancer cells partake on a feed forward mechanism that allows them to be less 

dependent on receiving growth factors from other physiological resources (1).  A cascade of this 

process is depicted in figure 2.   

 

Figure 2. (1) 

It is apparent that in autocrine signaling, a cell produces its own biological signal.  Now, 

when the signal happens to be a growth factor, the cell can fine tune its prolific machinery at 
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will.  Furthermore, there are incidents the cancer cells’ anchorage on the supply of growth 

factors diminishes because of perturbations and abnormal behavior in key elements within the 

intracellular biomolecular signaling system.  For example, in signal transduction pathways that 

interconnect to the molecular machinery of cell proliferation, a loss of sensibility in growth 

factor receptors or abnormal behavior in other key proteins and enzymes such as the Ras protein 

or protein kinases can negate the cell’s reliance on extracellular growth factors and ultimately 

paving the route towards unrestricted cellular proliferation (1).  Typically, the Ras protein is 

involved in association with the cell’s regulatory pathways in its gene expression.  When cancer 

cells have mutations, the mutations normally have a dominant effect.  It has been established that 

only one gene copy needs to undergo mutation to result in a mutant gene known as the oncogene.  

It’s essentially classified as single mutation that causes a proto-oncogene (a non-mutated 

precursor normal gene) to become the oncogene. Once the oncogene has been turned on, there is 

a hyperactivity in the proteins that are normally produced and secreted in controlled amounts.  

These proteins can have a feedforward mechanism that can drastically alter the molecular 

machinery of the cell.   

Another method by which mutations can induce cancer is by relinquishing normal gene 

functions; these mutations are usually recessive so both gene copies in this case must be lost for 

complete inactivation.  These genes are usually tumor suppressor genes.  By knocking out tumor 

suppressor genes, cells are less inhibited in their molecular machinery and are more opportunistic 

to become cancerous. One of the pathways by which chronic myeloid leukemia—a cancer where 

white blood cells are overproduced—occurs is through a mutated signaling protein, the a tyrosine 

protein kinase.  The mutation can be traced back to an oncogenic form of the Abl gene whose 
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protein product phosphorylates other proteins in its hyperactive state and produces an 

intracellular signal that is unregulated (44).    

Once cancer cells colonize their respective regions, they can undergo several mechanisms 

that intersect with components of the tissue, which is a prerequisite to their next stage of 

becoming more invasive to undergo metastasis.  When cancer cells transition to their malignant 

stage, it is found that they produce a protease enzyme that cleaves components of the 

extracellular matrix—this facilitates the cancer cell’s ability to invade their neighboring normal 

cells.  A classic illustration of this would be the secretion of collagenase, which is a crucial factor 

in allowing the cancer cell to infiltrate through the basal laminae of neighbors and digest 

surrounding connective tissues.  Another event that is required in the transition to metastasis is 

the cancer cell’s initiation of angiogenesis, where it secretes growth factors that stimulate the 

formation of new blood vessels (1).  Once this is achieved, the tumor can sustain growth by 

having a personalized highway of oxygen and nutrients directed to its core (8).  These growing 

cancerous cells are known to exhaust the supply of oxygen and bring their biological 

environment into a state of hypoxia.  In response to hypoxia, HIF—a promoter of tumor 

development— will activate a transcriptional response and have downstream effects with the 

energy metabolism, chemical environment’s pH, cell migration, and alternating the fates of cell 

survival verses necrosis (16).  Indeed, it has been found that tumor cells constantly circulate in 

the peripheral blood of major carcinomas (8).  

The growth factors responsible for the aforementioned cascade of events act by triggering 

proliferation of endothelial cells in the walls of the capillaries in nearby tissue to ultimately 

puncture newly formed capillaries into the tumor and attach to the endothelium (13).  This is a 

primary determinant for metastasis to proceed:  these capillaries provide a transport system for 
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cancer cells to invade the circulatory system and spread to other sites in the body (9).  

Essentially, the cells must ultimately digest through the basal lamina of the epithelium and into 

the underlying tissue of interest to facilitate the colonization of their biological environment.  

Furthermore, once a tumor has reached the pinnacle of its invasive stage, it undergoes the 

epithelial mesenchymal transition process (EMT), resulting in the loss of epithelial antigens on 

its surface (16).  

The last biomolecular property of cancer cells that distinguishes them from normal cells is 

their inability to undergo normal differentiation; this is then heavily correlated with abnormal 

proliferation since cells tend to diminish in their ability to divide and replicate when fully 

differentiated (2, 20).  Thus, because cancer cells are typically not fully differentiated, they retain 

their ability to proliferate and execute their replicative molecular machinery.  A classic example 

of this would be an examination of leukemia cancer cells—which illuminates the connection 

between abnormal differentiation and malignancy (1).  All the categories of blood cells descend 

from a common stem cell ancestor in the bone marrow.  As one traces down the ancestry, it is 

evident that the descendants of the original stem cells become more and more committed to 

specific differentiation pathways with each consecutive round.   For instance, cells can 

differentiate into erythrocytes (red blood cells), lymphoctyes (white blood cells), macrophages, 

or granulocytes (1).  Once they are fully differentiated, they exit their replicative machinery and 

cease in their cellular division, ultimately becoming quiescent in their function of duplicating 

themselves. This is outlined in figure 3 below.    
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Figure 3. (1) 

Leukemic cells on the other hand, derail from the path that all these other cells take 

towards terminal differentiation and instead arrest during the earlier rounds of differentiation 

where they have not yet exhausted their capacity to specialize and retain their potency to some 

degree—they aren’t pluripotent, but do exhibit potency.  This allows them to be prolific as they 

preserve their potential to become malignant in the future during the events leading up to 

metastasis.  The THP-1 is a human monocytic leukemia cell line that differentiates into 

macrophage like cells after treatment with phorbol esters (2).  Upon differentiation, they behave 

like native monocyte-derived macrophages.  With the exhibition of these characteristics, the 

THP-1 cell line can potentially deliver a useful model in shedding insight on the molecular 

mechanisms behind macrophage differentiation and their phenotypic changes to express certain 

biomarkers and to explore their respective physiological functions (2).  Specifically, this 
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investigation is interested in examining the THP-1 expression of CD45 and CD31 antigens on its 

surface (20).   

1.5 Cancer Microfluidic Diagnostics Devices  

There is a diverse array of diagnostic instruments implemented to detect and 

quantitate the presence of cancer for early diagnostic verdict.  For instance, there are 

immunomagnetic methods coupled with MACS systems, size exclusion isolation techniques 

(ISET), and intact organ micoscopy techniques coupled with fluorescent labeling (16).  

Moreover, for the case of detecting leukemic cells, there is an electrochemical impedance 

spectroscopy method that is coupled with employing Jacalin as a biorecognition layer; it’s 

essentially a lectin that is immersed in solution component of a biosensor prepared 

through chemical adsorption onto tin oxide electrodes (21).  There is a fatal disadvantage 

with these methods as they require complex laboratory settings and large bulky 

equipment.  Moreover, they aren’t exactly economical solutions nor do they deliver fast 

results since they do take a long duration of time to run their samples.  Fortunately, there 

have been microfluidic based devices that integrates sandwich ELISA methods and 

immunochemistry to detect and quantitate cancer cells (8).  For instance, prior studies 

have shown that there are particular stem cells as well as epithelial-mesenchymal markers 

that are expressed in the CTCs of breast cancer patients at the malignant stage (7). The 

application of such devices are more robust and appealing because they are cost effective, 

require smaller sample sizes and yet show promising potential of high performance.  

Furthermore a single microfluidic device can be used as a platform to deliver different 

solutions and fine-tuned to deliver a solution for each particular type of cancer detection.    
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Previous studies have shown that microfluidic devices have been developed to 

separate single circulating tumor cells from biopsies and sort them.  Moreover, there have 

been numerous techniques implemented to achieve isolation of the cancer cells based on 

either physical parameters such as size, porosity, or biomolecular chemistry.  Nonetheless, 

the most promising technology to be deployed towards clinical application is the 

circulating tumor cell (CTC) chip that employs certain biomarkers to capture their 

correspondent target cancer cells.  The principle feature of this microfluidic chip is its 

ability to capture the cancer cells with conjugated EpCAM biomarkers (3).  This technology 

was advanced to a new plateau with a second generation CTC capture device known as 

Herringbone chip that integrate biochemistry techniques with fluid dynamics—this HB 

capture device induces turbulent flow and microvortexs in addition to implementing 

avidin-biotin chemistry to functionalize channel surfaces with EpCAM antibody to capture 

the cancer cells that express the EpCAM antigen as they stream through the channels of the 

device (3).  In this study, the chip is biochemically tailored to operate as a leukemia cell 

detector, in particularly for THP-1 cells.  Leukemia is a type of cancer whose early diagnosis 

is not readily established due to the fact that there is a diverse array of cells and 

metabolites present in the human fluid samples (21).   Thusly, a strategic method to 

circumvent this dilemma is to focus on the cancer’s cell specificity to certain biomarkers.  

For instance, glycan molecules can detect specific cancer cells.  For the experiments, 

conducted in this microfluidic investigation, the appropriate biomarkers were 

implemented accordingly. It is envisioned that the findings of this study can be extended to 

ultimately provide a model for detecting circulating tumor cells in blood fluids. 
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Fabrication of Herringbone Capture Device 

2.1 Device History and Implications for Use  

The device used in the studies conducted for this thesis was a replica of the featured 

microvortex herringbone device developed by the Toner biomedical research lab at 

Harvard.  According to their studies, their device indicates a significant increase in capture 

efficiency when compared to conventional cancer cell capture chips.  For the purpose of 

this thesis, we investigated the performance of their device and assessed its ability to 

capture the THP-1 leukemia cancer cell line model initially utilizing the same geometrical 

parameters and flow rate conditions.  The design of the HB device facilitated the flow of 

cancer cells through the channels that exhibited a balance between flow rate and reaction 

time for the cells to chemically interact with their respective biomarker targets conjugated 

on the walls (3).  Based on collision theory and chemical kinetics, it is postulated that the 

capture efficiency will be higher if there is a greater number of collisions between the THP-

1 cancer cells and their biomarker counterparts.  Hence, this is intended to be achieved by 

herringbone structures patterned on the surface of the channels—the generation of 

microvortices is expected to induce the turbulent flow necessary to optimize the number of 

collisions between the cancer cells and their biomarkers.   

2.2 Experimental Design Conditions and Physical Parameters 

For the purpose of experimental studies, it is important to select a flow rate that to deliver a 

high capture efficiency.  Based on previous experiments of the HB device, it has been found that 

a low flow rate of 2 microliters per minute is sustainable in attaining a relatively moderate 
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capture efficiency when compared to the initial studies investigated by the Toner Lab (3).    It is 

important to ensure that the flow rate is high enough so that cancer cells do not die during the 

course of the experiment.  Nonetheless, it is just as important to ensure that the flow rate isn’t too 

high or else it would compromise the molecular interaction between the cancer cells and their 

respective conjugated biomarkers.  Likewise, although a lower flow rate will facilitate higher 

collision between the reactants of interest and prolong such interaction, it may do so at the 

expense of the longevity of the cancer cells; this would result in an unwarranted loss in our much 

sought capture efficiency.  In essence, this is an optimization problem that demands empirical 

testing that is personalized to each cancer model.   

 It is speculated that flow of the fluid medium containing the cells to be streamed through 

the device will closely adhere to Poiseulle’s equation for fluid flow, which predicts that flow will 

be pressure driven.  The governing equation is as follows:   

𝑄 =
𝛥𝑃

𝑅
 

Where Q is the volumetric flow rate of the fluid in [m3s-1], 𝛥𝑃 is the pressure differential or 

the pressure drop across the channel in Pascal, and R is the resistance of the channel 

surface in [Pa m-3s].  This is analogous to Ohm’s law from electrical circuits.  Thus, since the 

HB CTC chip contains four channels in parallel in that diverges from the inlet of the device 

and converges to the outlet, it is practical to extend the application of the resistance 

equations for an RC circuit to model the flow dynamics.  Accordingly, the 4 channels are 

expected to have the same pressure drop since voltages in parallel are equivalent.  This 

pressure differential can be established by exposing the inlet to atmospheric pressure and 

applying a vacuum at the outlet end to induce a “negative” pressure; this is also known as 
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withdrawal.  An alternative would be to induce a pressure greater than atmospheric 

pressure at one opening of the device to induce forward flow.  For the course of our 

experiments, we employed a negative pressure driven flow by applying a negative pressure 

at the outlet using a Havard syringe pump set in withdrawal mode.  Because of the high 

pressure of the fluid flow induced by the syringe pump, it was important to plasma bond 

the PDMS mold of the device to a glass surface so that the stream of fluid particles can be 

properly housed and contained.  

 Moreover, the resistance of the channel is another contributing factor that plays a 

significant role in volumetric flow driven by the pressure drop.  It has been established in 

literature that the resistance for a rectangular microchannel for a given aspect ratio with a 

uniform cross section along the length of the channel is proportional to the fluid viscosity, 

the length, width, and height of the channel.  The governing equation for this resistance is 

as follows:   

𝑅 =
µ𝐿

ℎ3𝑤
 

µ = 𝑡ℎ𝑒 𝑓𝑙𝑢𝑖𝑑 𝑣𝑖𝑠𝑐𝑜𝑠𝑖𝑡𝑦 𝑖𝑛 (𝑃𝑎 𝑠) 

𝐿 = 𝑐ℎ𝑎𝑛𝑛𝑒𝑙 𝑙𝑒𝑛𝑔𝑡ℎ   

ℎ = 𝑐ℎ𝑎𝑛𝑛𝑒𝑙 ℎ𝑒𝑖𝑔ℎ𝑡   

𝑤 = 𝑐ℎ𝑎𝑛𝑛𝑒𝑙 𝑤𝑖𝑑𝑡ℎ   

 According to this equation, it is evident that a high pressure drop is required to scale 

with a microchannel—since the width and height dimensions are small for a microfluidic 

device, the resistance is extremely high and consequently necessitates a bigger driving 

pressure force to facilitate flow.   
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 Additionally because the 4 channels are aligned in parallel, we can also summon the 

equations for resistors in parallel from basic circuits.  Thus, the total resistance of our 

microfluidic device will be equal to the fractional sum of the individual resistances of each 

channel as follows:   

1

𝑅𝑇
=

1

∑ 𝑅𝑖
𝑛=4
𝑖=1

=  
1

𝑅1
+  

1

𝑅2
+

1

𝑅3
+  

1

𝑅4
 

 Accordingly, individual resistances of each channel can be extrapolated from 

knowing the gross resistance of the entire system.  Another important parameter to 

examine in this system is the Reynold’s number which relates the inertial forces to the 

viscous forces.  The generic equation for the Reynold’s number is shown below:  

𝑅𝑒 =
𝑝𝑉𝐷

µ
 

𝑝 = 𝑓𝑙𝑢𝑖𝑑 𝑑𝑒𝑛𝑠𝑖𝑦 

𝑉 = 𝑣𝑒𝑙𝑜𝑖𝑐𝑡𝑦  

𝐷 = 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑐ℎ𝑎𝑛𝑛𝑒𝑙 ℎ𝑒𝑖𝑔ℎ𝑡 𝑎𝑛𝑑 𝑤𝑖𝑑𝑡ℎ  

µ = 𝑓𝑙𝑢𝑖𝑑 𝑣𝑖𝑠𝑐𝑜𝑠𝑖𝑡𝑦  

   Recall that the purpose of the HB CTC device is to induce turbulence through the 

generation of microvortices and consequently induce chaotic mixing of the fluid streamline 

containing the cancer cell.  This will facilitate the number of collisions between the cancer 

cell line and their target antibodies conjugated on the surface of the channels. Because the 

dimensions of the microfluidic channels are small and the system is taking in a flow rate at 

a low velocity, it follows in theory that the Reynold’s number for this system will indeed 

have the inertial forces dominating over the viscous forces.  In other words, the flow is 
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speculated to be laminar as expected.  Nonetheless, it’s the presence of the herringbone 

feature that is responsible for generating the microvortices that ultimately cause the 

laminar flow to become turbulent (3).  In essence, mivrovortices allows for turbulence to 

be possible in a system defined by a low Reynold’s number.    Furthermore, it has been 

found that a high shear stressed—facilitated by this turbulence—will enhance the 

expression of cell adhesion molecules in the THP-1 cell line, which allows us to predict that 

this is microfluidic platform will provide favorable system to study the capture of this 

cancer cell line model (23).  

In addition to a pressure gradient, capillary forces usually play another major role in 

driving fluid flow as the fluid undergoes capillary action due to the macro-scale environment of 

the chips.  Because of the presence of air bubbles in our system, it is necessary to examine the 

Capillary number is as defined below:  

𝐶 =
µ 𝑉

𝛾
 

𝐶 = 𝐶𝑎𝑝𝑖𝑙𝑙𝑎𝑟𝑦 𝑁𝑢𝑚𝑏𝑒𝑟  

µ = 𝑓𝑙𝑢𝑖𝑑 𝑣𝑖𝑠𝑐𝑜𝑠𝑖𝑡𝑦  

𝑉 = 𝑓𝑙𝑢𝑖𝑑 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦  

𝛾 = 𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑖𝑎𝑙 𝑡𝑒𝑛𝑠𝑖𝑜𝑛 

In retrospect, the capillary number accounts for the effect of the viscous force verses the 

surface tension acting between the interface between a liquid or a gas.  And as mentioned before, 

this examination is warranted as with any imperfect microfluidic system, there are always the 

presence of air bubbles.  If we were to theoretically scale our devices, however, it can be justified 

that the capillary forces are omitted as relatively high velocity generated by a pressure gradient 
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outperforms the effect of interfacial tension and viscosity of liquid. Furthermore, a general 

guideline for design requirements is to determine a low capillary number (Ca) with have a 

number less than 10-5 (4).  

 

2.3 HB CTC Microfluidic Device 

Design Specifications  

The physical dimensions of the herringbone capture chip device selected were based on 

the empirical results prior studies to optimize device performance by fine tuning the ratio 

between the height of the trenches, the length channel, integrated to yield the overall dimensions 

of the herringbone device  as shown in figure 4 below(3). The optimal height of the herringbone 

was 50 m with a displacement of 50 m inside the channel. The overall height of the channel 

was 50 µm, with a total height of 100 m in the un-grooved area (3).  

 

Figure 4.  
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 Fabrication of Device  

 Photolithography is widely implemented in materials engineering to pattern desired 

features onto a particular substrate.  The process requires the use of a photoresist layer which 

serves as a mirror in transferring an exact replica of the sought pattern (whether positive or 

negative) to the substrate composed of silicon wafer.  This mirroring effect is achieved because 

the photoresist takes the form of a liquid film—which can readily spread on to a substrate with a 

designed photomask followed by subsequent exposure to UV light.  The purpose of the mask is 

to selectively shield certain regions of the photoresists form the light while it penetrates through 

at other unshielded regions into the deposited film, ultimately creating desired patterns.  

Moreover, the patterning can either be preserved or inverted depending on whether the 

photoresists is positive or negative.  If the photoresist is positive, then UV light will induce a 

chemical structural shift in the exposed regions such that they are more soluble in the developer; 

these exposed regions will etch away.  On the other hand, if the photoresists is negative, then UV 

light will induce crosslinking such that the exposed regions are insoluble in the developer; the 

non- exposed regions will etch away since they aren’t polymerized.  Because of its applications 

in patterning features in microfluidic systems, a photolithography recipe used to fabricate the 

mold for the device (42, 43).  An SU-8 negative photoresist was used to prepare the mold 

according to the following steps:  

1. The first spin is for a 50 m layer of SU-8 2050.  

2. The first exposure is done with Mask 1 to pattern the channel section.  

3. The second spin is for a 50 m layer of SU-8 2050 

4. The second exposure is completed with Mask 2 to pattern the herringbone structures in 

the channel 
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5. The SU-8 is developed to acquire the features of the mold.  

Once the mold was made, it was casted with polydimethylsiloxane— a silicon-based organic 

polymer commonly known as PDMS that provides robust route for fabricating devices that are 

readily disposable after they are used in experiments.  Once the PDMS device is peeled off the 

SU-8 mold, it is plasma bonded to a glass slide.  The mask to complete the SU-8 mold is shown 

in figure 5 below:   

 

 

 

 

 

 

 

 

 

Figure 5 

2.4 Material and Methods 

Mask for Silicon Wafer 

 The photomasks for the mold of the HB capture chip were printed by Output City, a 

commercial vendor that produces customized photomasks.  The mold was drafted on Solidworks 

from prior work on this project and convereted to an AutoCAD file.  The patterns on the molde 

were printing with a resolution of 20K at 8 x 10 inches to obtain the desired size of the features.  
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Subsequently, the photomasks were utilized to construct the silicon wafer according to the 

photolithography procedure in the next section.   

Standard Photolithography Protocol  

 

1. Substrate Preparation 

i. The silicon wafer is rinsed with an Isopropanol Alcohol Solution followed by a 

wash with hydrofluoric acid.  

ii. It is then placed under a dehydration bake for 1 hour at 120 C 

iii. HMDS surface treatment on wafers using YES (Yield Engineering Systems) 

Oven 

2. SU-8 application for first layer  using Laurel spinner and first  mask  to achieve a 

thickness of 50 m using SU-8 2050 

i. Spin 500 rpm for 10 seconds at 100 rpm/s 

ii. Spin 2200 rpm for 20 seconds at 300 rpm/s 

3. Soft Bake 

i. The wafer is baked for 3 minutes at 65 C and then 4 minutes at 95 C. 

4. UV Exposure 

i. An intensity of 160 mJ/cm2 is applied with 12 mW lamp for 13.3 seconds 

5. Post Exposure Bake 

i. The wafer is baked  at 95 C for 10 minutes 

6. SU-8 application for layer 2 using Laurel spinner using second mask  to obtain a 

thickness of 50 m using SU-8 2050 

i. Spin 500 rpm for 10 seconds at 100 rpm/s 
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ii. Spin 2200 rpm for 20 seconds at 300 rpm/s 

7. Soft Bake 

i. Each wafer is baked at 95 C for 10 minutes 

8. Alignment 

i. The alignment tool is implemented align mask 2 over the first exposure 

9. UV Exposure 

i. An intensity of 160 mJ/cm2  is applied with a 12 mW lamp for 13.3 seconds 

10. Post Exposure Bake 

i. Each wafer is baked at 95 C for 10 minutes 

11. Development 

i. The wafer is developed in the SU-8 Developer solution for 25 minutes 

12. Rinsing 

i. The wafer is rinsed with the SU-8 developer solution then with IPA 

ii. The wafer is rinsed with DI water 

iii. The wafer is placed in wafer carrier 

13. Hard Bake 

i. The wafer is placed on a hot plate and slowly ramp up heat from room 

temperature to 65 C, 90 C, 120 C, 150 C, and then ramp back down from 150 

C, to 120 C, 90 C, 65 C, and then back to room temperature. 

 Wafer Silanization  

 Because cured PDMS has the tendency to bond adhesively to the oxide layer at the 

surface of the silicon wafer, it makes it difficult to peel off the PDMS from the wafer.  
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Consequently, it is crucial to silanize the wafer so that the cured PDMS can be readily peeled off 

after casting with no residuals stuck on the wafer.  In essence, we don’t want residual PDMS to 

permanently be stuck on to the wafer, as that will prevent proper molding and imprinting of the 

channel features onto every new generation of the PDMS device.  The SU-8 wafer is silanized 

with trichloro(1H, 1H, 2H, 2H-perfluorooctyl) silane (Sigma-Aldrich):  the Su-8 wafer is 

placed in a vacuum desiccator adjacent to a bottle containing 10 µL of  the silane.  The 

desiccator is placed under vacuum for 24 hours to facilitate the evaporation of silane from 

its liquid phase into its volatile gas phase.  During this period, the volatile silane will bind 

onto the oxide layer of the Su-8 mode via a surface deposition reaction.  This will ultimately 

leave a fluorocarbon functional group to sandwich the wafer’s oxide layer surface nad 

preent the adherence of PDMS onto it (5).  This process was repeated every 3rd  consecutive 

time the SU-8 wafer is used to cast PDMS, as the silane layer does eventually wear out and 

must be redeposited with a fresh layer.   

 PDMS Curing of the Device 

To produce cured PDMS that will be used to cast the SU-8 wafer, silicon elastomer base 

(Sylgard 184, Dow Corning) was mixed with a curing agent (Sylgard 184, DowCorning) 

until the two were crosslinked.  The measured ratio of elastomer base to curing agent 10:1 

by weight measured in grams.  Once the mixture of PDMS elastomer and curing agent was 

mixed, it was casted onto the Su-8 wafer.  The features on the waver were filled up by the 

PDMS solution volumetrically to guarantee that the chip would be approximately 5 mm in 

height.  Subsequently, the wafer was placed in a vacuum desiccator and purged during the 

duration of 45 minutes to an hour to thoroughly remove any air bubbles that may be 
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lurking underneath the PDMS layer and at the surface of the Su-8 wafer.  Once the air 

bubbles have been purged out, the SU-8 wafer housing the PDMS casting is placed in a 

65C oven for at least 2 hours for the PDMS to fully clear.  While in the oven, a cross linking 

between the elastomer and the curing agent occurs by a hydrosylatation reaction between 

vinyl and hydrosilane groups).  After it is cured in the oven, the pdms cast is cut using a 

razor blade and peeled off using a knife to pop the edge off with the assistance of 

isopropanol alcohol to dissolve any residual PDMS on the SU-8 surface.   

Plasma Bonding of the Device 

 Once the PDMS chip is peeled off the SU-8 surface, it is rinsed with IPA and air dried.  

Next, a 1.5 mm hole puncher is used to puncture holes into the inlet and the outlet.  A glass slide 

is rinsed with isopropanol alcohol and also dried with an air gun. Afterwards, the PDMS device 

and a glass slide is placed in a plasma bonding chamber for plasma treatment.  The pump of the 

plasma instrument is turned on and places the system under vacuum to suck out any residual air 

particles.  Subsequently, the oxygen plasma is turned on for a duration of 3 minutes to result in 

functionalizing the surfaces of the PDMS and the glass slide with hydroxyl groups.  Finally, the 

PDMS and the glass slide are removed from the plasma bond apparatus and sandwiched on top 

of each other and placed in the 65C oven for the two surfaces to permanently adhere to each 

other.     

 Device Accessories  

 The tubing used for the microfluidic experiments conducted in these studies were 

manufactured by Fisher Scientific and have the following specifications: a diameter of is .020 

inches and thickness of .020 inches. The material of the tubing is composed of polyvinyl chloride 
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(PVC).  For the course of our experiments, we used various lengths of tubing when connecting 

the openings on the device to their respective syringe pumps or cell solution.  Nonetheless, on 

average, it was empirically determined that a tubing length of 250 mm bridged the inlet of the 

device to the test tube housing the cells.  Meanwhile, the tube length connecting the outlet to the 

syringes was 13 mm. It is desired to minimize the length of the tubing as much as possible, as it 

is postulated that a longer tubing can house a greater diluent volume of solution as it is necessary 

to prime the tubing with a phosphate saline buffer (PBS+) solution without cells to prevent 

backflow pressure.  Moreover, it is speculated that a longer tubing can negatively impact the 

capture efficiency as it leaves more room for cells to get stuck.  The PBS+ volume necessary to 

prime the inlets and outlets will be expected to dilute the cell volume and must be accommodated 

for when calculating capture efficiency.  It can be calculated according to the following 

equations:   

𝑉 = 𝜋𝑅2𝐿 

𝑅 = 𝑖𝑛𝑛𝑒𝑟 𝑟𝑎𝑑𝑖𝑢𝑠 𝑜𝑓 𝑡ℎ𝑒 𝑡𝑢𝑏e 

𝐿 =  𝑡ℎ𝑒 𝑙𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑡ℎ𝑒 𝑡𝑢𝑏𝑒 

Accordingly, the diluent volume due to the tube at the inlet and the diluent volume due to the 

tube at the outlet can be calculated.  Furthermore, it is also imperative to consider the diluent 

volume due to the PBS+ solution housed by the channels in the device.  The total volume housed 

by the device is 75 µL.   

 The syringes used for the experiments were purchased from Fisher Scientific and had the 

following specifications: a volume of 1 mL and an outer diameter of 4.78 mm. The needle that 

was placed onto the syringe was 25 gauge with a length of 5/8” (Fisher Scientific).  

Syringe Pump 
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The syringe pumps used to conduct the experiments required for this microfluidic investigation 

are the Harvard Apparatus Syringe Pumps borrowed from the Elliot Hui lab.  The pump features 

a syringe pump mode for positive pressure as well as a withdrawal mode for negative pressure.  

The latter was used for the course of the studies.   
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 Immunoassay Cell Line Experiments 

3.1 Background and Purpose  

The primary purpose the immunoassay cell line experiments is to verify and validate the 

HB CTC capture device’s performance and ability to capture their desired cancer targets.  To 

accomplish this, avidin-biotin chemistry was implemented to immobilize corresponding 

biomarkers onto the microfluidic channels.   The cell line investigated in this study is the THP-1 

monocytic leukemia cancer cell which were provided by and co-cultured from the courtesy of 

Esther Chen from Wendy Liu laboratory.  The correspondent antibodies used to capture the 

THP-1 cells are the CD45 and the CD31 antibodies purchased from Biolegend.  Once the 

antibodies were biotinylated, they were conjugated to the channels of the device, which are now 

considered functionalized.  In previous studies, it has been found that THP-1 cells have 

phenotypic expression of the CD31 and the CD45 antigens.   

Thus, it is postulated that with the expression of these antigens, they should capture on to 

the functionalized channels housing their respective antibodies.  The cancer cells were mixed in 

a PBS+ buffer at a concentration containing about 150,000 cells to pass through the channels.  

Moreover, a negative control chip was run in parallel with the experimental chip; in the negative 

control, there was no conjugation of the antibodies, but it did have all the preceding biochemistry 

steps applied to it.  In theory, it is speculated that the negative control chip should result in 0% 

capture efficiency—the number of cells entering the device should equal the number of cells 

leaving the device—under perfectly ideal conditions.  Unfortunately, the presence of air bubbles 
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and a heterogeneous distribution of the chemical markers and the antibodies on the chip can 

induce deviations from these conditions.   

3.2 Materials and Methods 

THP-1 Cell Culture 

 For our iterations of experiments we prepared the cell culture media to house THP-1 

cancer cells and to facilitate their passaging.  The media required for THP-1 was base medium 

RPMI coupled with additional components to complete the medium:  2-mercaptoethanol and 

fetal bovine serum to yield a total concentration of 10% relative to the final volume.  The 

medium was an ATCC-formulated RPMI-1640 (Catalog No. 30-2001).  Once the medium was 

made, the cell culturing protocol of the Haun lab is adapted to sustain the passaging of the THP-1 

cells.  Note:  because the THP-1 cell line is non-adherent to its container, the trypsin step in the 

following cell culturing protocol is unnecessary.   

 The THP-1 cell can be sustained with the routine addition of fresh medium or even 

replacement of medium.  Cell cultures could also be reestablished by centrifugation with a post 

suspension step at approximately half a million cells.  Subculture will be permissible when the 

cell concentration reaches the threshold of close to a million cells.  It is imperative to make sure 

that the cell concentration does not overshoot the a million cells per milliliter.  The medium was 

renewed every 2 to 3 days to ensure that the cells do not extend their confluency to a point 

beyond carrying capacity.   

Cell Culture and Passaging Protocol  

Required Biochemicals and Media  

 

1. C-DMEM (DMEM, 10% FBS, 1% P/S, 1% L-Glu) and RPMI-1640, 

2. Hank’s Balanced Salt Solution (HBSS) 
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Procedure 

1. The 10X objective Olympus microscope is used to ensure that desired confluency of 

the THP-1 cell has been reached. 

2. In a tissue culture hood, aspirate media from the flask containing the cells. 

3. The cells are washed with 5 mL of HBSS and HBSS is subsequently aspirated from 

the flask. 

4. The flask is placed in the cell culture fume hood, and 7 mL of cell media is added to 

the flask. The cell media solution is pipetted to obtain a homogenous mixture. 

5. The 10 mL solution is placed into a 15 mL conical tube.  

6.  The conical tubes are centrifuge at 1.5 RPM for 3 minutes, resulting in the formation 

of a cell pellet containing all the THP-1 cancer cells at the bottom of the tube.  

7.  The media layer above the cell pellet is aspirated out in the cell culture fume hood.  

8.  14 ml of cell media is added to  a new T75 tissue culture flask,  

9.  The cell pellet is disintegrated with the addition of 5 mL of cell media to the conical 

tube. A homogenous solution is created through harmonic pipetting in cyclic fashion.   

10.  Add 1 mL of the homogenous solution (from the previous step) to the fresh T75 

tissue culture flask containing 14 mL of media. 

11. The tissue culture flasks housing the THP-1 cells were then stored in 37˚C, 5% CO2 

incubator.   
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Flow Cytometry Results for THP-1 Cells  

Flow cytometry is a bio-optical based technique that offers a diverse array of applications 

ranging from cell sorting, cell counting, and biomarker detection.  For our studies, we 

implemented this method to quantitate the levels of CD45 expression for the THP-1 cell line. 

Characterization of CD45 antigen expression on the THP-1 cell line will provide us with 

confidence in our ability to validate our hypothesis that the functionalized channels containing 

the conjugated CD45 antibodies.  It is speculated that THP-1 in its natural state, should express 

CD45 antigen.  Nonetheless, it has been established that the addition of PMA IgG to the cell 

media will allow them to undergo a change in phenotype to express THP-1 if they have not 

already done so.  The LSR II flow cytometer coupled with the Flow JO software from the 

Beckman Laser Institute acquired information regarding the fluorescence signals and intensities 

due to cell scattering. The fluorescence signals were normalized by taking the intensity signal 

due to the biomarkers and subtracting them by the background signal that was used to calibrate 

the system.  The results of the flow cytometry are summarized in figure 6 below: 

 

Figure 6.  
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With the addition of PMA IgG to THP-1 cells serving as positive controls—as there is no 

fine tuning in the strength of the phenotype expression with an increase in the concentration of 

PMA—it is evident that the THP-1 cells already express CD45 antigen on their own.  

Consequently, this provides us with confidence to anticipate that the THP-1 cells flowing 

through the channel housing the CD45 biotinylated CD45 antigen will be adherent and result in a 

substantial capture that will be quantified.   

Cell Preparation for Experiment  

Once the desired aliquot of the THP-1 cancer cell line is obtained from the media flask, 

approximately 9 ml of the homogenous solution is transferred to a conical tube.  Subsequently, 

the conical tube housing the cells is centrifuged at 1.5 RPM for 3 minutes, resulting in the 

formation of a cell pellet at the base of the tube.  The media layer is then aspirated out, leaving 

the cell pellet intact at the bottom of the tube.  A solution of PBS+ is used to suspend the cells in 

a homogenous mixture by using the vortex.  Note that it is important to use PBS+ to house the 

cancer cells instead of the RPMI media because doing so will eliminate unwanted background 

protein noise that may be when using the Moxi Z cell counter as discussed in a succeeding 

section.   

Cell Concentration Quantification   

The THP-1 cancer cells suspended in the PBS+ solution will serve as the source of the 

cell volume streaming through the device and thus, it is appropriate to know the concentration of 

this solution in order to calculate the number of THP-1 cancer cells that will be entering the 

device.  Cell concentration was assessed using the Moxi Z cell counter with S cassettes (VWR).  

It employs an automated process known as the Counter Principle to provide an accurate and 

reliable cell count based on a small sample size of 75 µL.  It is imperative to properly vortex the 
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cell solution being counted to ensure a homogenous mixture so that the small sample size is a 

good representation of the actual population of cells.  In other words, this is to ensure that the 

sample size isn’t biased.  Moreover, the Moxi Z cell counter contains a pre filter to screen out 

large cell aggregates, cell debris, and dead cells, and only count exclusively the cell diameters 

that range in the [2 µm, 26µm] gated interval.  This is to guarantee that only single cells are 

being counted. Moreover, the Moxi Z cell counter generates a histogram that displays a 

distribution of cells based on their cell diameter and outputs important parameters such as the 

cell concentration, the average diameter of the cell, and the average volume.    

Functionalization of Surface Channel with Neutravidin and Biotinylated Antibodies  

For their respective experiments, the CD45 and the CD31 antibodies were conjugated onto 

the microfluidic channels of the experimental HB CTC chip.  They were not conjugated to the 

microfluidic channels of the negative control chip.  Prior to the immobilization of the antibodies, 

a series of biochemical modification at the surface of the channels is necessary to chemically 

functionalize the device.   

Once the devices have been completely fabricated with plasma bonding, the microchannels 

are incubated with 75 µL of 4% of 3-mercaptopropyl trimethoxysilane (Sigma Aldrich) in 

ethanol for 1 hour at 25 ˚C in the fume hood.  As silane is volatile and corrosive, micro-

droplets of water were spotted at the opening of the respective inlets and outlets of the device to 

prevent the silane from escaping.  Subsequently, 100% ethanol is washed through the device 

three times consecutively.  Any residual ethanol is aspirated and the device is incubated at 25 ˚C 

for an additional hour with a solution of 10 µg/mL malemide-activated NeutrAvidin from Life 

Technology and Sulfo-SMCC from Thermo Fisher Scientific diluted in PBS+.  Neutravidin is 

essentially an analog that behaves precisely like avidin—but without glycosylation—and 
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has a high binding affinity for biotin.  It is expected that the biotinylated antibody will 

attach to the Neutravidin through a non-covalent interaction between the two functional 

groups (7). Once in their neutravidin incubation stage, the devices were stored in the 

refrigerator at 4 ˚C and left overnight.  When the cell line experiment is ready, the devices are 

washed and incubated with PBS+ to diminish any possible non-specific cell adhesion to the 

channels, Subsequently, 5 µg/mL of biotinylated CD45 or CD31 antibodies in a PBS+ solution 

were introduced into the device and incubated for 1 hour during which the binding 

between the biotin molecules attached to the antibody are anticipated to become cross 

linked to the Neutravidin layered on the channel surface.  Lastly, PBS+ was used to wash 

any molecules that didn’t bind prior to the conduction of the cell line experiment where 

THP-1 cells are streamed through at a defined flow rate.  The details to this procedure can 

be found in a protocol in the appendix section.   

   



36 

 

3.3 Experimental Run and Data Acquisition  

Experimental Setup  

 

 For a particular experimental study, 

experimental samples and control chips 

are set up according to displays in figure 

7 and figure 8.   The THP-1 cancer cells 

with a known cell concentration are 

housed by the conical tube attached to 

the vortex shaker by tape.  The purpose 

of the attachment of the conical tube is to 

ensure that the cell mixture is 

homogenous throughout the course of 

the flow experiment so that the sample 

size of THP-1 cancer cells entering the 

device reflects an accurate representation 

of the cancer cell population from the 

source volume and their defined 

concentration.  The Harvard syringe 

apparatus is set on withdrawal mode to 

induce a negative pressure from the 

syringes and suck the cancer cells from the conical tube and collect them into the syringe.   

Prior to flowing the actual cancers through the device, it was necessary to preload the 

Figure 7.  

Figure 8.  
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syringes with precisely 200 µL of PBS+ so that they can stretch far enough to be locked on 

the grooves without the expense of risking back air pressure that would impede the flow of 

cell volume from reaching their destination at the syringes.  Depending on the flow rate 

experiment conducted, the THP-1 cells were passed through the channels at flow rate of 

4.1667 µL/min, 8.333 µL/min or 16.66 µL/min.  The duration of the experiment was set 

based on the flow rate to fix and control the amount of cell volume passing through the 

device.  

The parameters held consistent throughout the experiments were such that 300 µL 

of cell volume passed through the device and that approximately 150,000 cancer cells 

were introduced to the system. Once the defined cell volume has streamed through the 

device, the conical tube housing the cells is replaced with a conical tube containing PBS+ 

buffer.  The buffer is washed through the device at flow rates equivalent to the flow rate 

for the cell volume or twice the flow rate at most.  The purpose of the buffer wash is to 

remove any non-adherent cells as well as to collect any residual cells that did not make it 

to their destination during the experimental wash.  Next, the 10X inverted Hoffman 

Microscope was used to inspect for captured cancer cells to qualify and assess capture 

effectiveness.  Once the capture effectiveness has been assessed, the cell concentration of 

the collection syringes for both the cell volume and the wash are recorded using the Moxi 

Z cell counter and processed accordingly as define by the succeeding section.   
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Data Analysis Procedure  

The schematic in figure 9 presents a general oversight of the data processing for our 

experimental studies.  

 

Figure 9.  

When the Moxi Z cell counter yields raw cells concentrations, it is imperative that they 

be corrected for dilution due to the diluent volume of PBS+ in the channels, the volume of the 

both inlet and outlet tubing that were primed with PBS+, and lastly the volume that was used to 
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prime the syringe.  The corrections were for the raw cell concentration was made in Matlab to 

yield the true cell count and is coherent with the following recipe:   

1. Correct the concentration for dilution due to tubing and volume of channel before 

converting concentration to cell count.  Use the following equation accordingly:   

𝑴𝟏𝑽𝟏 = 𝑴𝟐𝑽𝟐 

M1 = Corrected Concentration of cells.  

V1 = Actual volume of cells that passes through the device; ergo 300 uL or .3 ml 

M2 = Concentration of cells read out by the cell counter.  

V2  = Volume that accounts for dilution from: (1) the inlet tubing (2 the outlet tubing 

due to priming (3) the capture chip channel and (4) the volume used to prime the 

syringe.  

 

2. Convert concentration to total cell count   

 

𝑪𝒆𝒍𝒍 = 𝑪𝒐𝒏𝒄𝒆𝒏𝒕𝒓𝒂𝒕𝒊𝒐𝒏 (
𝑪𝒆𝒍𝒍

𝒎𝒍
) ∗ 𝑪𝒆𝒍𝒍 𝑽𝒐𝒍𝒖𝒎𝒆 (𝒎𝒍) 

        Cell Volume for collection = the volume incoming from the source (300 uL).   

      Cell Volume for wash = the volume in the system (inlet tube + outlet tube + capture 

chip channel) diluted by volume of PBS+ washed.  

 

3. Use cell count to calculate Capture Efficiency  

 

𝑪𝒂𝒑𝒕𝒖𝒓𝒆 𝑬𝒇𝒇𝒊𝒄𝒊𝒆𝒏𝒄𝒚 (%) =  
𝑪𝒂𝒑𝒕𝒖𝒓𝒆𝒅 𝑪𝒆𝒍𝒍𝒔 

𝑰𝒏𝒄𝒐𝒎𝒊𝒏𝒈 𝑪𝒆𝒍𝒍𝒔 
=

𝒊𝒏𝒄𝒐𝒎𝒊𝒏𝒈 𝑪𝒆𝒍𝒍𝒔 − 𝑶𝒖𝒕𝒄𝒐𝒎𝒊𝒏𝒈 𝑪𝒆𝒍𝒍𝒔

𝑰𝒏𝒄𝒐𝒎𝒊𝒏𝒈 𝑪𝒆𝒍𝒍𝒔
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3.4 Results 

THP-1 Cells Capture Efficiencies with CD45 Antibody  

Experiment  Flow Rate of 

Cell Volume 

(uL/min)  

PBS+ Wash 

Flow Rate  

(uL/min) 

Control Capture 

Efficiency  

Experimental 

Capture 

Efficiency 

1 8.333  8.333    

  25.3214 

 

93.9522 

94.4119 

2 8.333 8.333 19.3214 82.9773  

89.9948 

3 8.333 8.333 20.7348 95.0349 

 

Figure 10.  

 

 

Experiment  Flow Rate of 

Cell Volume 

(uL/min) 

PBS+ Wash 

Flow Rate  

(uL/min) 

Control Capture 

Efficiency  

Experimental 

Capture 

Efficiency 

1 8.333  16.667 15.0532 79.0532, 

85.0239 

2 8.333 16.667 15.4360 85.5784 

3 8.333 16.667 14.9034 83.8720 

 

Figure 11.  
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Experiment  Flow Rate of 

Cell Volume 

(uL/min) 

PBS+ Wash 

Flow Rate  

(uL/min) 

Control Capture 

Efficiency  

Experimental 

Capture 

Efficiency 

1 16.667 16.667 11.897 69.0652 

2 16.667 16.667 12.794 65.5784 

3 16.667 16.667 15.436 73.4987 

 

Figure 12.  

 

 

Experiment  Flow Rate of 

Cell Volume 

(uL/min)  

PBS+ Wash 

Flow Rate  

(uL/min) 

Control Capture 

Efficiency  

Experimental 

Capture 

Efficiency 

1 4.1667 8.333 29.9884    97.7663 

 

2 4.1667 8.333  33.2340 96.8572 

3 4.1667 8.333  30.1635 97.6602 

 

Figure 13.  
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Figure 14. Experimental Capture Chip with THP-1 onto CD45  

 

Figure 15. Control Capture Chip with THP-1 and no Conjugated Antibody 
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THP-1 Cells Capture Efficiencies with CD31 Antibody  

Experiment  Flow Rate of 
Cell Volume 
(ul/min)  

PBS+ Wash 
Flow Rate  
(uL/min) 

Control Capture 
Efficiency  

Experimental 
Capture 
Efficiency 

1 8.333  8.333    

26.7334 
84.8337 

2 8.333 8.333 96.7910 
3 8.333  8.333  84.1842 

4 8.333 8.333 97.2074 

5 8.333 8.333 27.9128    97.9126 
 

6 8.333 8.333 91.8566 

Figure 16.  

 

AVERAGED THP-1 Cells Capture Efficiencies with CD45 Antibody  

Flow 

Rate 

(µL/min) 

Wash 

Rate 

(µL/min) 

Average 

Control 

Capture 
Efficiency 

Standard 

Deviation 

Average 

Experimental 

Capture 
Efficiency 

Standard 

Deviation 

Normalized 

Capture 

Efficiency   

8.333  8.333  21.79253 3.13673 91.27422 5.04071 69.4812 

8.333  16.667 15.13087 
 

.27466 83.38188 
 

2.97201 68.2510 

16.667 16.667 13.37567 
 

1.8398 69.38077 
 

3.96957 56.0100 

4.1667 8.333  31.6112 
 

1.8254 97.4279 
 

.49708 65.8167 

 

Figure 17.  
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Figure 18.  

 

AVERAGED THP-1 Cells Capture Efficiencies with CD31 Antibody at 8.333 µL/min  

Average Control 

Capture 
Efficiency 

Standard 

Deviation 

Average 

Experimental 

Capture Efficiency 

Standard 

Deviation 

Normalized 

Capture 

Efficiency   

27.3231 .83396 92.13092 6.28315 64.8078 

 

Figure 19.  
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3.5 Discussion  

In order to evaluate the performance of the device and its functionalization with CD45 

and CD31 antigens, approximately 150,000 cells was streamed through the channels to assess the 

capture efficiency for the capture targets. For the experimental studies to examine how well 

THP-1 cells would adhere to the device given that the antibody used to target them was CD45, it 

is evident that regardless of the flow rate as, on average, the capture efficiency lies roughly 

between [56%, 69%] once the experimental capture efficiency is normalized and subtracted from 

the background capture efficiency provided by the control chip.  Nevertheless, it is found that the 

most consistent set of data was obtained using the 8.333 flow rates in conjunction with an 8.333 

wash rate.  Another key observation is that when normalizing the capture efficiency to the 

negative control, there is no drastic discrepancy between the flow rates.  This indicates that the 

number of cells that are actually getting captured onto the chip is consistent throughout 

experimental conditions and is not subjective to the flow rate.  Accordingly, for the experiments 

with conjugating CD31 antibodies to capture the THP-1 cells, we have decided to implement the 

flow rate of 8.333 uL/min x 8.333 uL/min that has been empirically determined to yield the most 

consistent results.   

Based on the results obtained from the experimental studies with using CD31 antibodies 

to capture the THP-1 cancer cells, it is evident that the THP-1 must exhibit a high phenotypic 

expression of CD31 antigens in addition to CD45 antigens since the normalized capture 

efficiency turns out to be between [60%, 65%] for the CD31 antigen experimental studies.  
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Throughout the course of the experimental trials conducted in this thesis investigation, 

there was also something consistent with regards to the control chip—the capture percentages 

indicated that some THP-1 cancer cells were becoming adherent on the control devices, despite 

the fact that there was an absence in antibody conjugation.  An inspection of the control 

devices—as shown in figure15— under the microscope did assert however, that there was not a 

significant amount of THP-1 cancer cells that were indeed adhering to the device at all.   

 A possible source of error in our experiments that would account for this discrepancy is 

during the step where the tubing is momentarily detached from the syringe housing the cell 

volume and reattached the syringe to collect the buffer wash and any residual cancer cells that 

did not attach to the device.  It is possible that with cancer cells being lost, the capture efficiency 

calculation equation would count them as being adhered to the device, since the equation only 

inputs the number of cells that do arrive at the destination and not the number of cells that 

actually adhered to the device as there is no established method to achieve such a task except by 

laborious manual counting.  Another possible source of error is mechanical disturbances when 

setting up the experimental equipment, inserting the tubes into the device and moving the device 

itself; this has the potential to dismantle either the conjugated antibodies or even THP-1 cells off 

the surface of the device and cause a descend in the theoretically ideal capture efficiency.    

Furthermore, the ability of the antibodies to bind and conjugate to the Neutravidin can 

also have an unwarranted effect on the capture efficiency and cause it to diminish from its ideal 

predictions.  In particular, if the antibodies provided by Biolegend and R D systems have 

approached their shelf life, it is possible that they may have begun to lose their protein 

phenotype. It is then suggested that for future studies we employ an appropriate monoclonal 

antibody instead of a polyclonal antibody; this is anticipated to augment the efficiency of the 
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antibodies in their ability to bind and cross link to Neutravdin and become conjugated on the 

surface of the microfluidic chip.  There is also a proposed alternative to enhance the conjugation 

of the antibodies such that they are uniformly distributed across the channels of the chip.  In the 

protocol for this thesis, the antibodies were conjugated using a pipet to transfer them into a chip.  

There is possible source of pipetting inconstancy for every chip that may cause differentials in 

their distribution across the chip.  It is believed that this can be remedied by using the 

microfluidic syringe pump to load the antibodies into the chip so that all the chips have 

antibodies conjugated in a homogenous fashion amongst their regions on the chip.   

Lastly, there is also the subject matter of antibody unsaturation—if the number of cancer 

cells passing through the device greatly outnumbers the number of available antibodies that they 

can bind to, then it is expected for the capture efficiency of the experimental chip to be 

approximately leveled out to the capture efficiency obtained by the negative control chip.  This is 

analogous to the following scenario:  Suppose we have 100 mouse traps in maze A (the 

experimental maze) and zero mouse traps in maze B (the control maze). The mazes are precisely 

identical in physical parameters and design except for the presence of traps in one and the lack in 

the other.  If the system resembles a good experimental system to assess capture, then precisely 

100 mice will run through both mazes.  We anticipate for maze A to result in zero mice exiting 

the maze whereas maze B, for there to be 100 mice to exist the maze assuming that they are all 

sufficiently smart to think their way through.   Now, if the system is unsaturated in traps, or 

oversaturated in mice, then the number of mazes is greatly reduced compared to the number of 

mice.  For instance, if there is 100,000 mice flowing through maze A that contains only 100 

mouse traps, and 100,000 mice flowing through maze B, that contains no mouse traps, the results 

of the experimental maze will be leveled out to yield similar capture efficiencies to the control 
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maze.  Consequently, it is imperative to make sure that the concentration of CD45 and CD31 

antibodies used is not so unsaturated compared to the number of THP-1 cells that are flowing 

through; in other terms, the cell volume of THP-1 cells should not oversaturated the number of 

available antibodies that it can biochemically bind to.    
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CONCLUSION AND SUMMARY 

All in all, the objectives of this investigation have been accomplished—the performance of 

the HB CTC microfluidic device has been extended to another platform where the THP-1 

monocytic leukemia cancer cell line and its ability to adhere to its correspondent CD45 and 

CD31 antibodies was evaluated.  It was found that the normalized capture efficiencies ranged 

from 60% - 70%.  Overall, every piece of data obtained in this microfluidic investigation was 

found to complimentary and coherent to one another.  For instance, given the fact the data from 

flow cytometry indicated that the THP-1 cells are already expressing CD45 antigen without 

supplementary requirements of PMA to induce a differential change in phenotype, it raises the 

degree of certainty that the experimental devices with conjugated CD45 antibodies should bind 

to the CD45 antigen expressing THP-1 cancer cell lines streaming through the device.  Indeed, 

this was verified and validated during the course of experimentation.   

For future studies, we aim to extend experimental parameters of this scientific study to 

tumor models.  In particular, we will be using the same flow rate conditions of [8.333 µL/min x 

8.333 µL/min] that were found to yield optimal and consistent results with the aforementioned 

leukemia cell model.  Regarding tumor models, we will investigate the following systems:  (1) 

the H1650 cancer cell line and its capture to its corresponding biomarkers EPCAM and MUC1; 

(2) The SKVO3 cancer cell line and its adherence to HER2; (3) the Hela cancer cell line and its 

capture target to MUC1; and (4) the A431 cancer cell model and its capture to EGFR.  For these 

systems, the same protocol for data acquisition will be implemented and their capture 

efficiencies will be calculated accordingly.     
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Appendix 

Standard Operating Procedures and Data Processing Code 

Reconstitution of Human EpCAM/TROP-1 Biotinylated Antibody Protocol 

R&D Systems 

 

Materials 

50 ug of human EpCAM/TROP-1 Biotinylated Antibody 

250 ul PBS+ 

Micro-centifuge tube 

 

Methods 

1. Add 150 uL sterile PBS to vial containing 50 ug of EGFR to make .2 mg/ml of 

Biotinylated EpCAM. 

2. Vortex to mix the solution 
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4% 3-Mercaptopropyl Trimethoxysilane Preparation Protocol 

Sigma Aldrich 

Materials 

600 ul silane 

15 mL ethanol 

Pipette-man 

Pipette aid 

25 mL serological 

Sharps chemical waste container 

50 mL centrifuge tube 

 

Methods 

1. Label 50 mL centrifuge tube with the following: 

a. 4% Silane 

b. Date 

c. TOXIC (stored only in chemical hood) 

2. Pipette 15 mL of ethanol to centrifuge tube 

3. Pipette 600 uL silane into 15 mL ethanol. The final diluted stock will produce 15 mL. 

The final diluted stock will produce 15.600 mL of 4 % silane. 

4. Secure cap to bottle before cleaning hood. Final diluted stock should be kept inside the 

fume hood at all time 
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Preparing 10 ug/mL Malemide-Activated NeutrAvidin Protocol 

Sigma Aldrich 

Materials 

2mg no-weigh sulfo-SMCC 

200 uL DMF 

200 ul neutravidin (250 ug/ml in PBS) 

750 PBS +400 ul PBS 

Pipette-man 

2 mL Zeba column 

Microcentrifuge tube (Eppendorf tube) 

15 mL centrifuge tube 

 

Methods 

1. Label Eppendorf tube with the following: 

a. Sulfo-SMCC 

b. Sulfo-SMCC+Neutravidin:maleimide-activated neutravidin 

2. Reconstitute 2 mg no-weigh sulfo-SMCC (-20 C) in 200 ul DMF (flammable cabinent). 

Store unused in -80 C. 

3. Add 50 uL sulfo-SMCC to 200 uL NeutrAvidin (250 ug/mL in PBS) into an eppendorf 

tube. Incubate at RT for 1 hour. 

4. Centrifuge 2 mL zeba column at 1000g for 3 mins to remove storing solution. 

5. Add 750 uL PBS to maleimide-activated NeutrAvidin to a total of 1 mL. Add everything 

to Zeba column, centrifuge at 1000g for 3 mins. Store unused at -80 C. 

6. Make aliquots of 100 uL of the malemide-activated NeutrAvidin and keep in freezer until 

used. 

7. Once ready to use, add 400 ul PBS+ to 100 uL malemide-activated NeutrAvidin to a to a 

total volume of 500 uL, 10 ug/mL malemide-activated NeutrAvidin in micro-centrifuge 

tube. 
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Immobilizing Antibodies on the Channel Surface Protocol 

Sigma Aldrich 

Materials 

glass slide 

 200 uL DMF 

100% EtOH  

Device 

20-200 µL Pipet  

 

Methods 

1. Rinse glass slide in 100% EtOH for 10m and dry with air gun.  

2. Plasma treat glass slide with PDMS to bond the PDMS substrate to the glass.   

3. Incubate device in 4 % 3-mercaptopropyl trimethoxsilane at RT for 1 hour 

4. Prepare 10 ug/mL malemide-activated neutravidin. 

5. After 1hr silanization, rinse channels with 100% ethanol at least 3x, dry with air gun. 

6. Pipet (~75ul/channel) of 10 ug/ml malemide-activated NeutrAvidin and incubate @RT 

for 1 hr to adhere neutravidin to sulfo-SMCC.  

7. Store devices in neutravidin at 4 C up to 2 weeks (or until use) 

8. Wash the chamber with 1% BSA (PBS+). Block with 1% BSA at RT for 1 h. 

9. Aspirate out the PBS+ in the channel and dry a vacuum line. 

10. Incubate with at least 75 ul of 5ug/ml capture antibody per channel @RT for 1h.  

11. Wash with 1% BSA (PBS+). Incubate with 1% BSA (PBS+) at RT for 30mins (can store 

in fridge for up to 1 hr, should be immediately used). 
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Matlab Code to Analyze Data  

EXPERIMENT 18:  RATE at 8.3333 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%% CLAUSE 1  
%Calculations to Fix Extra Dilution factors from the PBS in the tube for 
%priming and the inherent PBS in the device.  
% we must essentially correct for the volume of 
% PBS due to priming.  Instead of 300, it's 300 +  volume in inlet tube + 

volume outlet tube + volume PBS  

  
%Volume of cells flowing through device  
V=300;  

  
%Output tube Length in mm  
l1=100 ; 

  
%Inlet Tube Length in mm  
l2=250; 

  

  
% Diameter of Tube  
d=.508 %  

  
x1= l1*(d/2)^2*pi %%Don't need to factor into time calculation because it's 

on the output end.  
v1=x1*(1/10)^3*1000 % Unit conversion from mm^3 to uL ; OMG It just cancels 

out because 1 mm^3 is 1 uL  

  
x2= l2*(d/2)^2*pi %% need to factor into time calculation because it's on the 

input end.  
v2=x2*(1/10)^3*1000 % Unit conversion from mm^3 to uL; OMG It just cancels 

out because 1 mm^3 is 1 uL  

  

     
Vt= v1+v2+75 + V + 200 %% Use this V2 to correct the concentration  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%% CLAUSE 2 Input of Concentrations 
%Concentration of Source  
ConcentrationS= ; %___________________ 

  

  
% Correction Concentration for Experimental1  (Sample 1) 
M2C=; %___________________ 
M1C= (M2C*Vt/V) 

  
% Correction Concentration for Experimental2  (Sample 2) 
M2E=; %___________________ 
M1E= (M2E*Vt/V) % Dilution volume is now the V; cell volume is now from 

tubing and device  
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% Correction Concentration for Negative Control Wash (Sample 1 Wash) 
M2CW=; %___________________ 
M1CW= ((M2CW*Vt)/(Vt-V)) 

  
% Correction Concentration for Experimental  Wash  (Sample 2 Wash) 
M2EW=; %___________________ 
M1EW= ((M2EW*Vt)/(Vt-V))   % Dilution volume of the wash is now the incoming 

V; cell volume is now the volume of the system from tubing and device  

  

  

  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%% CLAUSE 3 Cell Calculation  

  
CellsS=(ConcentrationS/1000)*V 
% Theoretical Cell Count for Negative Control  

  
CellsC=M1C*(V/1000) + M1CW*((Vt-V)/1000) 
% Theoretical Cell Count for Experimental   
CellsE=M1E*(V/1000) + M1EW*((Vt-V)/1000) 
 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%% CLAUSE 4  Capture Efficiency Calculation  
% Capture Efficiancy Negative Control  
CaptureEfficiencyE1=((CellsS-CellsC)/CellsS)*100 
% Capture Efficiancy Experimental   
CaptureEfficiencyE2=((CellsS-CellsE)/CellsS)*100 

  

  

  

 

 




