


ABSTRACT 

A 3D microfluidic tumor model to study immune cell infiltration into 
solid tumors  

by 

Timothy Vu 

The tumor microenvironment consists of other cells besides cancer cells, 

including immune cells like T-cells, natural killer cells, and macrophages. The roles 

of these infiltrated cells, however, are diverse and can be both pro- or anti-

tumorigenic. The effects of infiltrated natural killer cells are poorly characterized 

and highly misunderstood. To better study both the mechanics and effects of 

infiltrating NK cells, advances to 3D in vitro cancer models are necessary. To this 

end, I have developed a novel microfluidic device for culturing 3D tumor tissue, 

which can recapitulate the interstitial flow and gradient microenvironment. I utilize 

this device to create novel methods in quantifying NK cell infiltration and 

demonstrate the utility of this device for both infiltration and post-infiltration 

analysis.  
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Chapter 1 

Introduction and Background 

Cancer is one of the leading causes of death. The NIH estimates that in 2016 

there will be more than a one million case increase and more than half a million will 

die from the disease.[1]  Cancer is the process in which abnormal cells divide 

uncontrollably invade other tissues and organs. There are many types of cancers 

which are classified by the origin. Carcinomas are cancers that come from skin or 

tissues. Sarcomas are cancers from bone, muscle, cartilage or other connective and 

supportive tissue. Lymphomas and myeloma are cancers from the immune system, 

while leukemia is cancerous blood cells. Lastly, there are cancers derived from the 

nervous system. Interestingly enough, metastasis, or the process of cancer cells 

spreading from one organ to another, is responsible for 90% of cancer-related 

deaths.[2] Metastasis is a hallmark of late stage cancer, so early detection and 

efficient treatment at the onset will lead to increased mortality rates.  Early 
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detection can be difficult, however, which increases the necessity for more efficient 

treatment options. An increase in understanding of cancer biology, specifically the 

cancer microenvironment, will allow us to develop new strategies to fight cancer. 

One of those strategies is by invoking the immune system to combat cancer, or 

cancer immunotherapy.  

1.1. NK Cell and Cancer Immunotherapy 

Cancer immunotherapy is the process of using the immune system to target 

and fight cancer. The tumor microenvironment typically inhibits the immune system 

from successfully combating cancer; immunotherapy is the act of trying to either 

enhance the immune system or introduce new immune cells into the body. There 

currently many types of immunotherapy methods being developed to fight cancer.  

The general types of immunotherapy are cancer vaccines,[3] monoclonal 

antibodies(mAbs),[4] checkpoint inhibitors,[5] adoptive cell therapy,[6] 

immunostimulants[7], and more(Fig. 1).[8] Cancer vaccines allow antigen presenting 

cells(APCs) to recognize tumor antigens and activate cytotoxic immune cells like T 

cells and natural killer(NK) cells to kill tumors.[3] Monoclonal antibody therapy can 

be used to either induce antibody dependent cell cytotoxicity(ADCC) or to target 

and inhibit growth factor receptors, like EGFR(epithelial growth factor receptor) or 

VEGF(vascular endothelial growth factor).[4]  For ADCC, immune cells can be 

engineered to express a chimeric receptor, and the antibody binds to both the target 

cell and the immune cell to enhance immune cytotoxicity.[9] Checkpoint inhibitors is 



3 
 

the process of preventing immune inhibition at certain immune checkpoints.[5] 

Cancers can either naturally express ligands or can develop ligands that inhibit 

immune cells from reacting, and these checkpoint inhibitors can block the ligand-

receptor binding. Lastly, cytokines are proteins that can activate or enhance 

immune cells like T-cells or NK cells.[7] Typically produced by immune cells, 

cytokines can either be introduced like a drug to enhance immune cells or exposed 

to immune cells in vitro to reintroduced these primed  cells after. The process of 

Figure 1: Various Methods for Immunotherapy. Immunotherapy for cancer cells can consist of many 
different strategies and methods. Checkpoint inhibitors are inhibitors to certain immune checkpoints that 
prevent immune response. The most common checkpoints studied are CTLA4 and PD1 pathways and 
inhibitors for these receptors are typically monoclonal antibodies. Monoclonal antibodies can be used to 
activate ADCC-mediated killing of cancer cells. They can also be used to inhibit/block certain growth 
ligands like EGFR, VEGF, and more to prevent tumor growth. Adoptive cell transfer looks to insert immune 
cells grown ex-vivo that kill cancer cells more efficiently than the bodies own immune cells. Peptide-based 
vacines look to prime dendritic cells that will activate T-cells. Immunostimulatory agents are other 
chemicals that can be used to enhance the immune system, and there are other strategies like converting 
macrophage phenotype and more.[8]  
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introducing new or altered immune cells into the body is called adopted 

immunotherapy. Immunotherapy can target a variety of different cell types(T-cells, 

NK cells, macrophages, DCs, and more) and can either choose to target immune cells 

in the body, or manipulate immune cells in vitro and then reintroduce these cells to 

the patient.[6,7] Cancer immunotherapy is a promising approach to defeating cancer, 

and the many different methods, approaches, and cells to study allow for it to be a 

versatile technology to combat many different forms and types of cancer.  

1.1.1. Targeting Tumor Infiltrating Immune Cells for Immunotherapy 

Of interest to cancer immunotherapy are immune cells that have infiltrated 

into the tumor microenvironment, or tumor infiltrating immune cells. Tumors 

consist of more than just cancerous cells; there are also immune cells, stromal cells, 

and fibroblast present.[10] The major types of cells studied in cancer immunotherapy 

are tumor infiltrating lymphocytes(TILs), which include T-cells[11] and NK cells,[12] 

as well as dendritic cells,[13] macrophages,[14] neutrophils,[15] and more(Fig. 2). 

These cells can either be pro-tumorigenic or anti-tumorigenic, so strategies involved 

are either by eliminating pro-tumorigenic immune cells or increasing anti-

tumorigenic cells. For example, tumor associated macrophages can either be pro-

tumorigenic, classified as M2 phenotypes, or anti-tumorigenic M1 phenotypes.[16] 

TILs are generally shown to have good prognostic value and an indicator for 

chemotherapy success,[17] though regulatory T-cells are been shown to lead to poor 

prognosis.[18] From these observations, researchers have created various methods to try to utilize the body’s immune functions in combatting cancer. For example, 
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using adoptive therapy, researchers have shown for decades that introducing TILs 

can successfully combat cancer.[19] Another strategy previously mentioned is to 

convert M2 macrophages towards a more M1 phenotype, which will convert 

macrophages aiding in tumor progression to become tumor killers.[8] Other methods 

Figure 2: Cells in the Tumor microenvironment. The tumor microenvironment is composed of 
many types of cell types besides cancer cells. Various types of immune cells can be present, including 
myeloid-derived supressor cells, T-cells, macrophages, dendritic cells, NK cells, B cells, etc. Also 
present are different types of blood cells, fibroblast cells, and pericyte cells. At the structural level, 
there will be vasculature forming to the tumor for nutrients. [20] 
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include increasing or enhancing TILs, removing pro-tumorigenic cells, or using TILs 

as drug delivery cells. The major blockades to these techniques, however, are the tumor’s ability to evade immune response.[20] Cancer cells has evolved to weaken 

and regulate immune cell function inside the tumor microenvironment. 

Understanding of immune cell function inside the tumor microenvironment will 

allow for better manipulation or recovery of immune function. One immune cell that 

is currently understudied in the context of the tumor microenvironment, however, 

are NK cells.  

1.1.2.  NK Cells in Cancer Immunotherapy 

NK cells have recently gained interest as a potential target in cancer 

immunotherapy. These NK cells are immune lymphocytes that kill cells lacking MHC 

class I, such as tumor cells and virus-infected cells.[21] Consisting of about 10%-20% 

of peripheral blood mononuclear cells(PBMC), NK cells can be found in blood, lymph 

nodes, spleen and bone marrow.[21] The advantages of NK cells over T-cells lie in 

their lack of prior sensitization requirement; they do not require antigen specificity 

to exhibit cytotoxicity against tumor cells.[22] Rather, they target self-induced stress 

markers, namely ligands to NKG2D, like MICA/B and ULBP.[23] Other prominent 

receptor include NKp46, NKp30, NKp44, and DNAM1/CD226.[12] NK cells kill cells 

based on the balance between activating and inhibitory signals (Fig. 3).[12] NK cells 

kill either by delivering lytic hits of perforin and granzymes that induce apoptosis, 

apoptosis inducing ligand-receptor binding like FasL or TRAIL, or by secreting 

molecules like IFN-ɣ.[24] NK cells can also regulate and recruit other immune cells to 
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aid in the anti-tumor process. Most 

recently, it has been discovered that the 

exosomes of NK cells are also capable 

having cytotoxic properties, and 

therefore might be a new method of 

interest for tumor surveillance.[25,26] 

There are many methods to 

enhance and utilize NK cells for cancer 

immunotherapy. A common method is 

through proliferation and activation of 

autologous NK cells. This stimulation 

can occur either in vivo or ex vivo/in 

vitro, but center around stimulating NK 

cells with cytokines like IL-2, IL-12, IL-

15, IL-18, or IL-21.[27] The disadvantage 

of this approach is the adverse toxicity that is associated with systemic induction of 

cytokines, though current research in nanoparticle delivery systems has somewhat 

addressed those effects.[28] Another method is to use allogenic, or donor NK cells, 

that have KIR mismatch and therefore less inhibitory signaling, though immune 

rejection is a large concern.[24] NK cells can either be extracted from cord blood, one 

marrow, PBMC, or derived from stem cells.[24] An additional option is the use NK cell 

lines. Currently, there are a few NK cell lines available, including NK92, KHYG-1, 

Figure 3: Balance of NK cell killing A) NK cell 
binds to MHC class I, which inhibits killing. B) 
Lack of MHC class I in tumor cells allows NK cells to recognize tumor cell as missing self  and 
induced cytotoxicity. C) Upregulation of stress 
induced ligands allows NK cells to overcome 
inhibitory signaling to kill the target cell.[12] 
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NKL, and more.[24] The advantages of using NK cell lines include the ability for Good 

Manufacturing Practice(GMP) and the ease of culture, which allows for ease and 

practicality during quality control and production.[24],[29] Lastly, NK cells can either 

be coupled with ADCC through CD16[30] or genome editing/chimeric antigen 

Figure 4: Methods for adoptive cell transfer in NK cells. A. NK cells can come from doner stem 
cells. B. NK cells can also be isolated from a donor. C) Monoclonal antibodies that block inhibitory 
signals can be used to enhance NK cells. [12] 
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receptors[31–33] to increase NK cytotoxicity. In essence, there are many research 

paths one can undertake in trying to improve NK-based immunotherapy and all 

methods are worth further development.  

Despite the advantages of NK cells, there are still many barriers that prevent 

them from becoming efficient cells for immunotherapy. One is the idea that NK cells 

are a seek and destroy  type lymphocyte, capable of finding specific diseased cells 
among healthy cells, but are poor cells for killing multiple targets. This has been 

proposed based on how NK cells converge their lytic granules to prevent bystander 

killing.[34] This can also be demonstrated by a small subset of NK cells that are 

capable of serial killing, or the ability to kill multiple cancer cells consecutively.[35] 

As such, NK cells are a specialized type of immune cell that might better suited for 

finding rare malignant cells rather than being able to combat a larger population of 

unhealthy cells. While this could be a weakness in solid tumors, this can also be 

beneficial in other areas, such as metastasis. Metastasis is when cancer cells invade 

other organs by first intravasation, or entering the blood vessels, then extravasation into another tumor. )f NK cells are more primed to be these seek and destroy  
immune cells, then they can be useful in destroying metastasizing cells either in the 

blood vessels or at other organs. Indeed, it has been shown that NK cells are capable 

of killing cancer stem cells (CSCs).[36] CSCs, also known as cancer-initiating-cells, are 

a specialized type of cancer cell believed to be primarily responsible for initial 

tumor development.[37] If NK cells are cells capable of finding and destroying 

circulating tumor cells (CTCs), tumor cells that have extravasated into another 
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organ, or specifically CSCs, then their utility and potential in immunotherapy can be 

greatly enhanced. 

Another hurdle to NK-based immunotherapy is how to counteract cancer cell’s ability to evade NK cell cytotoxicity. The usage of NK cells to kill CTCs was 

mentioned above as a potential treatment against metastasis. However, NK killing of 

CTCs have been shown to be inhibited by platelets.[38,39] In the bloodstream, 

platelets will typically bind to CTCs to protect them from circulating NK cells. This 

inhibition is thought to be both from downregulating killing receptors[40] or 

inferring MHC class I onto the CTCs.[41] Another theory is that platelets simply block 

the NK cells from creating the immunological synapse to lyse the cells. Additionally, 

cancer cells can also inhibit NK-based cytotoxicity based on strategies involving 

NKG2D.[42] Usually, cancer cells upregulate stress-induced NKG2DLs that allow NK 

cells to bind and kill. To avoid this mechanism, cancer cells can shed their NKG2DL 

to desensitize NK cells.[43] Soluble NKG2DLs will bind towards NK cells or T-cells 

Figure 5: Natural killer cells can be desensitized by shedding of NKG2D ligands. NKG2D ligands like 
MICA/MICB can be cleaved off by metalloprotease ADAM10 or others. This cleave causes soluble MICA in 
solution, which binds to NKG2D. Binding of NKG2D to sMICA/B causes downregulation of NKG2D on surface. This 
desensitization is a two part processes that depletes both NKG2D on the NK surface as well as ligands for NKG2D 
on the tumor surface.[42] 
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and cause downregulation of NKG2D, which in turn cause impairment to the 

cytolytic potential.[43–45] Shed NKG D can also disrupt NK cell’s ability to grow and 
regulate homeostasis.[43] Furthermore, shed NKG2DLs have been shown to be a 

possible biomarker for cancer prognosis in different cancers.[46–48] It is believed that 

this could also happen for other cytotoxicity ligands besides NKG2D as well. These 

two hurdles are especially difficult to overcome when it comes to using NK cells for 

cancer immunotherapy. 

All of these factors most likely have contributed to the lack of efficacy 

currently seen in NK-based immunotherapy treatments. Currently, NK cell 

immunotherapy relies either on administering stimulants like cytokines or mAbs to 

NK cells, or through adoptive NK immunotherapy.[24] The disadvantages of using 

cytokines is the toxicity side effects excess cytokines can cause and the ability for 

cytokines to induce NK-cell apoptosis. [21] To mediate this, nanoparticle based 

methods of drug delivery have been developed for reducing cytokine toxicity.[49] For 

adoptive immunotherapy, NK cells can either come from autologous sources, 

allogenic sources, NK cell lines, or genetically modified NK cells.[24] Autologous NK 

cell immunotherapy has shown limited activity and has not left Phase I clinical trials. 

Allogenic transfer of NK cells has shown much greater success in a variety of 

cancers, though they have the limitation of immune system rejection. Allogenic 

transfer has reached Phase II clinical trials.[24] For NK cell lines, NK92 is the only 

current cell line in clinical trials and demonstrated to be safe with successful 

antitumor effects in both Phase I and II. However, these cells can also undergo 
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immune rejection. Using mAbs has also shown positive results in increasing 

antitumor effects.[24] While safety has been thoroughly tested, efficacy of NK cells in 

combatting tumors and cancer has been limited, demonstrated by lack of Phase III 

clinical trials and Phase II results.[12] 

1.1.3.  Tumor Infiltrating NK Cells 

One particularly interesting aspect of NK cells that hasn’t been fully explored 

yet is the ability of NK cells to localize at the tumor microenvironment. If NK cells are classified as cells capable of seek and destroying,  then they should be very 
capable at finding and migrating towards target cells. This has been shown 

previously that NK cells with better migratory capabilities to contact and adhere to a 

target cell correlate positively with their killing affinity.[35] This would therefore 

allow one to believe that NK cells have a strong migration affinity towards target 

cells. However, this is not the case in solid tumors. NK cells have been shown to be 

poor infiltrators, though the cause of that is unknown.[27] Even knowledge of their 

general migratory ability and motility are unknown.[50]  In many tumors, NK 

infiltration has been shown to be approximately 1% of the tumor mass.[51,52] Other 

studies have shown more NK cell infiltration, which probably implicates that NK 

cells are more responsive to certain tumor types than others.[53–55] Therefore, NK 

cell infiltration is most likely cancer specific.  
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1.1.3.1. Migration Pathway of NK cells and other immune cells 

NK cells must be able to sense a diseased cell and migrate towards it to 

physically mediate the disease. Their differentiation occurs typically in the bone 

marrow or lymph node, where after they must enter the blood vessels. For killing 

diseased cells inside the blood vessels, they must be able to contact the disease cell. 

Figure 6: Schematic of NK migration pathway. First NK cells must cross the endothelial wall to 
extravasate out of the blood vessels. After that, they have to migrate through the ECM, either by 
squeezing through the pores or MMP-based decomposition of ECM. Lastly, NK cells will navigate 
towards the tumor, where they will either interact with the peripheral cancer cells or be able to 
infiltrate into the tumor tissue. 
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Homing of NK cells towards an inflamed tissue, however, requires a cascade of 

migration steps. For tumor defense, NK cells, and other immune cells that must 

travel from blood into the tumor, will undergo three different steps: trans-

endothelial migration(TEM), interstitial migration, and tumor 

contact/infiltration.[11,56,57] TEM is the process of immune cells having to exit out of 

the vasculature. To do this, immune cells will first roll on the endothelial wall.[58] 

Next, chemoattractants will cause the cells to adhere, activate and spread on 

endothelial cells. Lastly, the cells migrate across the endothelial wall barrier. These 

cells can either migrate between endothelial cells, or through an endothelial cells.[58] 

All these processes are tightly regulated through surface binding molecules such as 

L-/P-/E- selectin, ICAM and VCAM, and LFA-1.[58] These are just a small subset of 

some of the adhesion molecules important in transendothelial migration. 

After transendothelial migration, immune cells must traverse the tissue 

space, or the interstitial space, to get to the tumor site. Interstitial migration is 

integrin independent, instead using actin flow, morphology conformation and 

squeezing.[57] Another important aspect of interstitial migration is breaking down or 

remodeling of the extracellular matrix(ECM). In areas with tight ECM, cells must use 

proteases to break down ECM composition like collagen of fibrin.[57] In areas with 

larger pore sizes, immune cells can just squeeze through. Likely, interstitial 

migration is similar to fluid flow; most cells will migrate through the point of least 

resistance.[57] In NK cells, the common matrix metalloproteinases(MMPs) used in 

interstitial migration are MMP-2, -9, -13, MT1-, MT3-, and MT6-MMP.[59]   
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Lastly, a subset of immune cells will actually be able to traverse the 

intratumoral space, or tumor infiltration. Chemokines attract NK cells and cytotoxic 

T-lymphocytes(CTLs) towards the tumor tissue and help aid in infiltration. For 

CTLs, the chemoattractants are CXCL12, CXCL10, and CCL2,[57] while NK cells 

migrate towards CXCL12, CX3CL1, chemerin, and more.[60–63] The mechanism of NK cell and CTL infiltration is typically through a seek and destroy  function. NK cells 
and CTLs search for target cells through a random walk, where they arrest and 

create an immunological synapse.[57] To infiltrate, these cells either move along the 

tumor-ECM interface or in between the cell junctions. It is thought that this 

infiltration also likely occurs through immune cells squeezing into tumor cells, 

though not too much is known. Cancer cells also have methods to inhibit infiltration, 

through VEGF, dendritic cells, vasculature, and more.[64,65] The trafficking of NK cells 

and other immune cells occurs through the balance of chemoattractant signals and 

inhibitory cancer signals.  

1.1.3.2. Relevance of Tumor Infiltration  

Interestingly enough, the benefits and role of NK cells in the tumor 

microenvironment is highly questionable.  Many studies claim that the presence of 

NK cells either help mediates tumor growth[61,62] or can be used as a favorable 

prognostic marker.[53,55,66] Other studies have found that infiltrated NK cells are 

impaired, less cytotoxic, and could potentially be changed to a pro-tumorigenic 

phenotype.[67–69] Finally, a few studies found that NK cell infiltration was very few 

and likely did not contribute much to tumor surveillance.[51,52] As such, the roles in 
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NK cells in the tumor microenvironment is truly unknown. Some of these answers 

might lie in the specific cancer type; NK cells kill some cancers better than others. 

Other explanations might be microenvironment specific; there is evidence that NK 

cells adapt specifically to each organ, such as liver NK cells expressing higher TRAIL 

and perforin.[24]  

There are many factors that might contribute to both the number of 

infiltrating NK cells and the function of infiltrated NK cells. An understudied area is 

how tumor infiltration might affect NK-based immunotherapy.[65] If NK cells are to 

be used in solid tumor-based immunotherapy, studying their homing ability and 

what occurs during infiltration is important. Current in vivo studies have just found 

the correlation of NK cell infiltration to positive or negative outcomes, but the key 

mechanisms are still a mystery. To study this, in vitro methods could be a good 

starting point in determining how NK cells can or cannot infiltrate a tumor.  

 

1.2. Modeling the Tumor Microenvironment for Infiltration 

Studies 

In vitro models of the tumor microenvironment have led to many substantial 

insights into tumor development and defense in the past. The advantages of in vitro 

models over in vivo models lie in their ability to isolate factors and components 

when trying to study individual parameters instead of a whole organism. They also 
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can use human cells instead of animal cells and can be modified for automation and 

ease of research. Of course, the disadvantages of in vitro studies are that they don’t 
always extrapolate back to a full organism. To negate this, more advance in vitro 

models that better recapitulate the in vivo microenvironment are always being 

developed. For NK cell infiltration studies, a tumor microenvironment in vitro model 

would be necessary to identify the factors that cause infiltration and how that might 

affect cytotoxicity. 

1.2.1. Design Considerations for the Tumor Microenvironment Model 

To recapitulate the tumor microenvironment, there are many biological and 

physiological parameters to consider. The first and most important is modelling 

cancer cells in the tumor. A tumor is a large mass of cancerous cells that continues to 

grow and divide uncontrollably. The solid tumor mass contains many cancerous 

cells that adhere to each other. When trying to study NK cell infiltration, the model 

must recapitulate the difficulty in NK cells to squeeze in between cancer cells. Any 

tumor created must be tightly formed to mimic the physical conditions an NK cell 

would have to encounter when trying to seek and destroy cancerous cells. 

Therefore, the most important feature of a model to study NK cell infiltration will be 

creating a tightly packed tumor that mimics how NK cells infiltrate within the body. 
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The next important parameter that needs to be captured is the chemokine 

environment. As mentioned above, NK cell localization is mediated by chemokine 

signaling.[60] These chemokines can be inflammation chemokines produced from 

other immune cells or signaling chemokines produced from cancer cells.[61,62] When 

developing a model for NK infiltration, two approaches can be taken. The first is to 

ensure that the cancer cells themselves produce the necessary chemokine gradient 

Figure 7: Tumor microenvironment under various physiological conditions: The tumor 
microenvironment has lots of various physical and mechanical changes due to the environment. Creation 
of vessels from angiogenesis and lymphangiogenesis, as well as pressure differences and other 
mechanobiology phenomenons, causes high interstitial flow pressure, abherent flow, leaky vasculature, 
stiffened ECM, and more. All these physical phenomena can impede on immune cell infiltration and 
immunosurveillance.[74]  
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that will attract NK cells. The second is to produce an external chemokine gradient. 

The advantages of chemokine-producing cells are that it is more relevant to the 

body and the source comes from the actual tumor mass. The disadvantages are 

modifying or finding cells that produce the right chemokines at a large enough 

concentration. Using an external gradient will be easier to control the concentration, but the external source won’t be localized correctly and might influence infiltration. 
Either way, a chemokine gradient is the second most important aspect to study 

infiltrating NK cells. 

Other parameters that a model might consider and incorporate are the ECM, 

interstitial pressure regulation, and vasculature. The ECM is present in all tumor 

microenvironments and there are a variety of cancer cell-ECM interactions. Previous 

work has been shown that the ECM matrix effects how T cells migrate around 

tumors, which probably signifies that the ECM will also effect NK cell migration and 

infiltration.[70,71] Incorporating different types of ECM, such as collagen or basement 

membrane extracts(BME), could be a factor of interest in studying NK-based 

infiltration, especially MMP-based migration. [72,73] Interstitial pressure is another 

factor that might contribute to immune function. There are a variety of forces and 

flows that occur in and around the tumor microenvironment that can affect how the 

tumor grows and uptakes nutrients and drugs.[74]  Also, due to angiogenesis and 

lymphangiogenesis, a tumor has many blood vessels and draining lymph node 

vessels within the environment, which can affect the local and overall pressure and 

flow a tumor might encounter. It has been suggested that interstitial pressure might 
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limit lymphocyte penetration and that targeting interstitial pressure could help 

increase trafficking of immune cells.[11] 

These are some of the parameters to be considered when developing models 

for studying tumor infiltrating immune cells. Of course, not all these parameters and 

factors need to be considered in a singular model. Though a unique, all-

encompassing model is attractive, the difficulty of usage and targets of study must 

be considered when choosing a model. The simplest model would just have a tumor 

mass and NK cells infiltrating through simple interactions. More complex models 

would incorporate ECM, interstitial pressure, angiogenesis, flow, and other physical 

parameters. When developing a model, researchers should consider the parameters 

of interest to study, the methods and techniques that will be used for analysis, and 

the ease of using the model and platform.  

1.2.2. Current Tumor Microenvironment models 

To date, there have been many attempts to capture the tumor 

microenvironment in a variety of 2D and 3D models and using these models to study 

cancer-immune cell interactions. One of the most common models to study cancer 

and/or immune cells has been using the Transwell system. Transwell systems have 

allowed for studying of both motility and co-culture studies.[67,75–77] For 

transendothelial migration and interstitial migration, Transwell models have 

already been developed.[59,78,79] However, Transwell models are inherently 2D and 

do not recapitulate the microenvironment well. For studying NK infiltration, 3D 
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models would be of better use. 3D culture has demonstrated more physiological 

relevance than in 2D models and better translate to in vivo results.[80–82] New 

technological advances in microfabrication, biomaterials, cell culture techniques, 

and more have allowed for advances in both high-throughput and complexity of 

these models. These new techniques have the opportunity to be translated to 

studying NK infiltration into tumors. 

1.2.2.1. Spheroids 

Spheroids are generally the simplest, most robust, and most used technique 

for 3D culture. To create a spheroid, instead of allowing cells to adhere to a surface 

such as a petri dish or wellplate, the cells adhere to each other instead.[76] This is 

Figure 8: Various methods to study interactions between spheroids and stroma or immune cells. A) 
Spheroids are formed through co-culture of two different cell types. B) Spheroids and single cells such as 
immune cells interact and infiltrate the tumor. Spheroids can interact with larger populations of cells, such as 
monolayer cells(C), or other spheroids(D). E) Spheroids and other cells can be placed inside a gel or matrix 
where they can interact.[129] 
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accomplished by using low-attachment surfaces. The reason why spheroids are 

considered a robust 3D system are twofold: there are many techniques to create 

spheroids and spheroids can be used in many different types of studies. Spheroids 

can be made through cellular suspension, non-adherent surfaces, hanging drops, or 

microfluidic devices.[76] Furthermore, they have the ability to be embedded in a 

matrix or co-cultured for a variety of studies. The typical studies that use spheroids 

include proliferation, migration, invasion, drug screening, angiogenesis, and 

immune response.[76,80] As such, spheroids are becoming a method that is readily 

adopted and widely accepted.  

Spheroids have already been used to study immune cell interactions 

extensively.[80] For NK cells, a couple different studies have focused on cytotoxicity, 

though they also have been able to demonstrate NK localization and infiltration.[83] 

These studies demonstrated the ability of NK cells to kill tumors, and that 

controlling tumor growth was directly proportional to the number of NK cells 

present.[83] It seems that above a certain threshold of NK cells, the tumor volume 

would decrease; below that threshold, the tumor volume would either be constant 

or increase. This balance of NK cell number to tumor growth rate might give an idea 

of the amount of NK cells that need to be recruited to eliminate a tumor. That work 

also demonstrated how NK cells, after 24 hours, would start seeking out the tumor 

based on the number of NK cells docked onto the spheroid surface. In another study, 

they also demonstrated cytotoxicity, but the highlight of the work was the ability to 

separate NK cells based on infiltrated population. They were able to count and 
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separate non-infiltrated vs. infiltrated NK cells by flowing and magnetic 

separation.[84] Through this, they could look at the population of live vs. dead cells at 

the peripheral and the inside of the spheroid. However, there were a few 

shortcoming of these studies. For one, they did not show any phenotype differences 

between infiltrated vs. noninfiltrated NK cells, such as surface marker expression 

differences. Another shortcoming was the lack of either qualitative or quantitative 

data on NK cell infiltration. Neither works were able to show clear images of NK cell 

infiltration, and none could provide quantitative data such as infiltration speed, 

infiltration distance, etc. Typically, increased infiltration and penetration depth 

leads to better prognosis than poorly infiltrated immune cells at the periphery.[85] 

The disadvantages of spheroids are that they are the most basic 3D tumor model, or a micro-metastases  avascular model. As discussed earlier, they do not 

Figure 9: Workflow of NK based separation from spheroids. Non-infiltrated NK cells were 
washed away using flow. Infiltrated cells were separated using magnetic activated cell sorting(MACS) 
to remove NK cells from the spheroid.[84] 
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typically recapitulate many of the physical conditions a tumor experiences. Most models also don’t have vasculature, though some spheroid co-culture models have 

been developed.[86] Microenvironment manipulation is almost limited to culturing 

either in suspension or in matrix, as well as co-culture conditions.[87]  Spheroid 

models pose challenges in terms of imaging, physical and environmental 

manipulations, as well as perfusion and flow-based limitations that better mimic the 

natural tumor microenvironment. Some researchers have addressed these problems 

by building bioreactors that can incorporate some of these features.[88–90] However, 

physical manipulation and imaging can still be a problem as demonstrated 

previously.[83]  

1.2.2.2. Microfluidic Models 

In the past 20 years, microfluidics has become a new player in cell-culture 

systems. Microfluidics is the process of precise manipulation of fluids in channels 

and chambers at micron-level sizes.[91] Using rapid prototyping techniques that are 

easily adapted, researchers can design a multitude of microfluidic devices that can 

be adapted to specific research applications.[92] Specifically, microfluidic devices 

have become very popular in cell culture.[93] The advantages of microfluidics are the 

precise manipulation of fluids allows for rapid handling and high-level control of 

cells not typically found in larger culture systems, especially when it comes to single 

cell analysis. The commonly used material is polydimethylsiloxane(PDMS), a 

polymer that is optically clear, porous for gaseous exchange in culture, and 

biocompatible.[93] While there are disadvantages to using microfluidics, the 
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advantages have allowed researchers to delve into new avenues traditional methods 

cannot reach. 

One areas that microfluidics has strongly impacted is immunology. 

Microfluidics has allowed for the advancement of systems and quantitative 

immunology studies, commonly at the single cell level.[94] For example, using 

microwells, researchers have been able to thoroughly monitor and investigate NK-

target cell interactions at single cell scale.[95] These interactions have led to 

understanding that NK cell cytotoxicity is independent of other NK cells and IFN-ɣ 

production is independent of cytotoxicity. Other microwell studies have shown that 

NK cells have the potential for serial killing, which is typically related to size and 

migration.[35,96] One chip was able to increase the ability of monitoring the 

immunological synapse by vertical pairing of NK-target cells.[97] Cell pairing 

techniques have been able to isolate one single NK-cell with one target cell, allowing 

for monitoring of Ca2+ flux at single cell level.[98,99] Future studies demonstrated that 

a strong calcium response might coordinate with cytotoxicity and IFN-ɣ 

production.[100] One device has been used to study NK cell’s ability to fight CTC’s that 
might occur at the lymph node.[101] Other devices have been developed to monitor 

individual leukocyte migration profiles.[102] These demonstrated how T cells actually 

migrate both towards and away from SDF-1, a common lymphocyte 

chemoattractant. They also demonstrated the lack of persistence, or consistent 

directional migration, and that the cells will tend to keep changing direction. Co-
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culture models have demonstrated the migration of immune cells through paracrine 

signaling.[103] Other devices have been able to recapitulate portions of the immune  

cell migration cascade, including transendothelial migration[104,105] and interstitial 

migration.[106] These are just several of the studies that have utilized microfluidics to 

aid in immunology research. Microfluidics is quickly becoming a valuable tool in 

studying immunology, especially at the single cell level. 

Figure 10: Microwell-based studies of NK cell lysis. A single NK cell and a single target cell. 
A) Schematic of single NK-target cell studies. B) Microscope image of lysis(green) and no 
lysis(red). C) Cell based studies of cytolysis percentage and flow cytometry analysis of CD107 
change.[95]  
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Microfluidics has also been used to model the tumor microenvironment. The 

simplest models have been using microfluidics to create spheroids.[107–110] These 

provide advantages including high throughput, controlling parameters, continuous 

perfusion, and faster formation.[76] They also can be coupled with sensors for more 

quantitative analysis.[111,112] The appeal of microfluidics to co-culture cells and add physiologically relevant stimuli to recreate organ function has been coined organ-

on-chip. [81,113] Tumor-on-chip models have also been used for advanced recreation 

of tumor function. For example, one study created a 3D fibroblast-tumor 

microenvironment to study their interactions.[114] They demonstrated that these 

cancer-associated-fibroblast helped promote tumor spheroid invasion. The Kamm 

group has demonstrated a very unique method of creating organ-on-chip systems 

Figure 11: Device for versataile organ-on-chip functions. A) Schematic of chip, where hydrogel stays in place due 
to surface tension. B) Different possible configurations of chip utilization, including individual cells cultured next to 
the hydrogel, on the hydrogel, around the PDMS, or floating cells interacting with hydrogel. C) Various different 
studies one can produce using this type of device.[115]  
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that allows for many different types of studies.[115,116] This system can print 

hydrogel regions next fluid regions for controlled 3D printing of cells either inside 

the hydrogel or at the hydrogel-liquid interface. Researchers have used this device 

to study drugs,[117,118] angiogenesis,[119] transendothelial migration,[105] and 

more(Figure 10). The potential for microfluidic organ-on-chip studies to recreate 

organ function is promising for applications such as drug screening and 

personalized medicine. 

Not much research has been done using the advantages of microfluidic 

technology to study NK cell localization. One group has demonstrated cell tracking 

of NK cells in a microfluidic gradient device, and used this device to demonstrate 

that DCs can attract NK cells and granulocyte macrophage colony-stimulating factor 

can cause NK cells to migrate away.[120] However, this is in a simple fluidic 

microenvironment. Recently, a device adapting similar methods to the Kamm group 

has demonstrated creating a thick 3D tumor tissue capable of studying NK cell 

infiltration. This work demonstrates the advantages of microfluidic 3D culture over 

traditional spheroid culture in terms of imaging and interstitial flow. They then 

demonstrated that NK cells can infiltrate into the tumor tissue. However, this 

demonstration was just an aside in the project. There are a few other disadvantages 

of their setup. One is the difficulty in retrieving cells for post-analysis. Removing the 

cells from the ECM in a microfluidic device is difficult and so far has never been 

reported. To remove cells from ECM, a type of proteinase like collagenase would 

probably be needed to break down the ECM. The importance of 3D models to be 
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able to extract cells for flow cytometry or sequencing is extremely important in 

phenotype and genotype studies. Another problem is the usage of a hydrogel; 

hydrogels inherently have pores between fibers that vary with concentration.[121] 

These pores do not always represent the actual interstitial tumor space and can 

allow random NK infiltration. The ability to control the tight interstitial spaces that 

might better represent tumors, similar to spheroids, could be more beneficial.  

Figure 12: Microfluidic device for 3D tumor tissue. A) Schematic of microfluidic device. Cells are 
embedded in a gel in the center channel, while pillars act as a surrogate vessel network. Red cells in 
the center represent hypoxia. B) Fluorescence imaging of the cells inside the device vs. C) Fluorescent 
imaging of same cells cultured in a spheroid. Spheroid culture offers pore penetration and only 
allows viewing of peripheral cells. D) Schematic of interstitial flow at high concentrations. Green 
fluorescent beads are trapped in the hydrogel at high pressure(bottom) and flow away at low 
pressure(top).[124]  
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1.3. Requirements to study NK infiltration in vitro 

To study NK cell infiltration into tumors in vitro, certain parameters are 

needed to recreate the tumor microenvironment. First is creating a 3D tissue. 

Typically, 3D tissue need to be at least 100µm in thickness. However, previous 

microfluidic spheroid models and previous experiments have demonstrated that 

cells that fill a 100µm microwell can shrink during the aggregation process.[122] 

Therefore, a 100µm height device might result in a slightly smaller tissue, but is still 

acceptable. As well, the width of the tissue could determine the hypoxia, therefore 

Figure 13: NK Infiltration into tissue. NK cells(yellow) infiltrating HCT-116 tumor 
cells(green) embedded in a collagen hydrogel(concentration: 1.2mg/ml) at 30 
minutes(A) and 100 minutes(B). NK cells have penetrated the hydrogel.[124] 
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the tissue should be at least 500µm wide, which is the minimum hypoxia 

distance.[123]  Also, because the device will mostly be used to study infiltration and 

not growth or cytotoxicity, the spheroid method is chosen over the hydrogel 

method. By using the spheroid condition, cells need to be tightly packed and unable 

to bind to the surface to induce aggregation into a 3D tissue. These are some of the 

parameters for developing the tissue. 

The next requirement is to incorporate and regulate interstitial flow and 

gradient formation. To do this, microfluidic models were deemed the best method 

because it has been demonstrated previously.[124] In the end, interstitial pressure is 

the primary factor. However, interstitial pressure is dependent on interstitial flow. 

To modulate this, inlet flow should be easily changed and variable. The goal of this 

project is simple culture without the need for syringe pumps. Thus, the ability to 

change pressure with the volume, or column of water pressure, is the preferred 

method. Gradient generation has also been shown in previous microfluidic 

devices.[115] Most of the techniques to control interstitial pressure and gradient 

formation have been with the hydrogel method, which is naturally porous and allow 

flow through. It remains to be seen how this will translate to a spheroid if there is no 

adequate spacing and will be highly dependent on the cell and tissue porosity. 

The last requirement is the ability to quantify infiltration and remove the 

cells for flow cytometry. The difficulty in quantifying infiltration lies in both imaging 

and cell-tracking. Because typical spheroid studies have immune cells encompassing 

in all directions, the ability to track where they infiltrate from is a lot more difficult. 
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One of the design considerations is to limit infiltration in one direction in order to 

better quantify infiltration. Limiting in one direction will also help when modulating 

interstitial flow and gradient development as well. Lastly, the ability to remove cells 

for flow cytometry is a very important feature. As mentioned earlier, hydrogel 

devices are very difficult to remove cells, and many microfluidic devices in general 

are designed for studying in chip and disposing after. Therefore, it is important in 

this device that it allows users to easily remove the cells without damaging. 

Dissociation of the tissue back into single cells can be done either in chip or after 

retrieval.  
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Chapter 2 

Aims 

Previously discussed are the many unknowns in biology of immune cells 

within the tumor microenvironment, especially NK cells. The motivation of this 

project was to study specific NK infiltration processes. Specifically, what are 

different factors that affect infiltration and how does infiltration correlate with 

cytotoxicity? For infiltration, I wanted to see how the effects of interstitial flow or 

migration chemokines might affect NK infiltration, as well as how the activation of 

NK cells through cytokines might also effect it. On cytotoxicity, I want to see if more 

infiltration leads to more or less cytotoxicity, whether infiltration causes a decrease 

in activation markers, and how shed NKG2D desensitization affects infiltration. I 

believe all of this will help in developing new strategies for NK-based 

immunotherapies. 

Because in vivo models cannot allow manipulation of many of these studies, 

including manipulating interstitial flow/pressure and gradients, in-vitro models of 

the tumor microenvironment that better recapitulate and control physical elements 

occurring in the body are needed. The aim of this project is to develop a more 
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physiologically relevant 3D tumor culture model that keeps the advantages of 

traditional spheroid models but allows additional features that better mimic 

the tumor microenvironment, and to use such a tool to study the NK cell 

infiltration into tumors. Some of the parameters for this project is as follows. 1) 

This device will allow 3D culture formation just as simply as spheroid models. The 

simplicity and usability of the device is important for users, and spheroids are a 

well-accepted method. 2) The device will better mimic the physical 

microenvironment than spheroid models. Because spheroid models are the simplest 

3D models, they are unable to recreate many other 3D phenomena that occur within 

the body. To create an advantageous model, additional features that allow the model 

to be closer to in vivo are necessary. Specifically, the goal of the device is to be able 

to modulate interstitial pressure, interstitial flow, and gradient formation. 3) The 

model needs to specifically be useful in studying infiltration of NK cells into tumor 

cells. This includes developing quantitative analysis of infiltration that has not been 

demonstrated before. The specific requirements have been previously addressed in 

the introduction (Chapter 1.3). 

While these were the parameters for the model, there will be some 

shortcomings to address. First, the model is simply intended to examine tumor-

immune cell interactions on a contact-basis. To simplify the model, the 

transendothelial migration and interstitial migration steps, which was discussed 

extensively earlier, will be excluded. This is both to simplify the model, but because 

there are many previous works already completed in the past. Second, the model 
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will not currently incorporate ECM components. While ECM is very important in the 

physical parameters of the tumor microenvironment and play a role in infiltration, 

the added complexity would develop more difficulty in using the device. Also, the 

shortcomings of a previous microfluidic device that uses ECM was discussed before. 

Lastly, the project will not focus on high-throughput. Because infiltration studies 

have rarely been completed, the focus was to create a model to better study the act 

of infiltration, not for high-throughput analysis of cells. These are all future 

directions that can be incorporated later.  

In summary, the aim of this project is to develop a simple 3D tumor culture 

model that can help study the ability of NK cells to infiltrate into tumor tissue. While 

this model is aimed at studying NK cell infiltration, there are other applications that 

it could be applied to. The hope is that by developing a model to study infiltration, a 

useful tool will be available to study how infiltration is important in cancer 

immunotherapy. Also, the goal is to convince scientist the importance of studying 

immune cell infiltration mechanics/mechanism, that there are better tools out there, 

and there is still a need to build even more advanced models. 
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Chapter 3 

Results and Discussion 

 The result of this work is a novel microfluidic system that allows for 

studying infiltrated immune cells. By adapting previous microfluidic techniques, the 

microfluidic device can easily create 3D tumor tissue in a confined microfluidic 

space.[125,126] This 3D tumor model allows for additional features traditional 

spheroid models lack, such as chemical gradients, perfusion, and interstitial 

pressure regulation.  Using this device, this work studied the infiltration dynamics of 

NK cells. This work proposes a simple device that allows for superior quantitative 

analysis and flow-based studies, and demonstrate this by studying how NK92MI 

cells interact with MCF-7, an epithelial breast cancer cell line.  

3.1. Device Design 

The microfluidic device was designed to create 3D tissue similar to how 

spheroids are made. Briefly, the goal of the device was to trap cells into a confined 

space, similar to previous devices.[125,126] To do this, the device is developed to trap 

cancer cells inside the tissue region. Pillars are created to confine the cells in one 
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area. After trapping, the cells will start to aggregate together, like how cancer cells 

aggregate in tight junctions to form spheroids. Because of the defined space, the 

cancer cells will form a 3D shape that conforms to the channel geometry. Cancerous 

cells, however, are very deformable and can easily squeeze out of the trap with high 

Figure 14. 3D Schematic of Device Design and Operation: Cancer cells are flown down the center 
channel into the tissue chamber, where they are trapped by the pillars. Any cells that escape the 
pillars can be removed by flowing media in the side channels. Cells are continuously deposited until 
the tissue area is full. After 48 hours of culture, cells will begin to aggregate and form tight junctions, 
similar to the spheroid process.  
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enough pressure. To mediate this, cells that did escape were quickly washed away in 

the side channels to prevent any attachment.    

The distance between the pillars is a very important design consideration. 

Some cancer cells, typically more metastatic cancerous cells, are more deformable 

than others. The target cancer cell used in this paper, MCF-71, has less metastatic 

potential and is typically less deformable. The average diameter of MCF-7 cells was 

measured to be 15µm using an automated cell-counter(Nexelcom). Another feature 

                                                        
 

1 MCF-7 cells were chosen because they are MICA positive NK cells that are known to be 
somewhat NK sensitive.  
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Figure 15: Histogram of MCF-7 diameter used in consideration of designing the device 
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that helped trapped MCF-7 cells were that they are a cell line that typically clumps 

together, allowing for easier blockage at the traps. Cells like MDA-MB-231, even 

though they have a similar average diameter to MCF-7, are more difficult to trap 

because they are much more deformable. However, the aspect resolution of 

microfabrication using photolithography is a limiting factor. The aspect ratio of SU-8 

30002 is claimed to be >5:1(MicroChem), though when coupled with microfluidics, 

                                                        
 

2 SU-8 is a negative photoresist that crosslinks when UV light is exposed.  

Figure 16: CAD design of microfluidic device: Autocad design of microfluidic device, 
demonstrating the 3 channels with the tissue capture region. Pillar size and distance between pillars 
are measured. 10µm was chosen because it is smaller than most MCF-7 cells, and because it is the 
lowest gap possible at a 10:1 aspect ratio, considering a 100µm height. 
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the typical limit is : . The minimum thickness of tissue to be considered D  is 
50-100µm. The device was designed to be 100µm tall, therefore the minimum 

distance designed was 10µm. Larger aspect ratios might be possible with different 

materials and careful technique, but were not pursued in this work.  

Though our final design was circular pillars, other pillar shapes were 

considered. Besides circles, oval and rectangular pillars were also attempted as 

alternatives. Oval pillars were not a problem to fabricate and were considered 

another option. Rectangular pillars, however, were sometimes a problem to 

fabricate. There was some difficulty in producing sharp edges in rectangular pillars 

at a 10:1 aspect ratio. This probably was due to UV diffusion during exposure. 

Overexposure will lead to light diffusion and sloped edges. Underexposure leads to 

uncured photoresist that could deform the shape. Circles and ovals, which are 

round, help with more uniform exposure. Though it wasn’t impossible to produce rectangular pillars, the difficulty in creating them was one reason they weren’t 
chosen in the final design. In the end, circular pillars turned out to be the most 

reproducible and consistent, so they were chosen. 
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3.2. Device Operation and 3D Tissue Formation 

To form the 3D tissue construct in the device, MCF-7 cells were flowed into 

the center channel and allowed to aggregate together, similar to how tumor 

spheroids are created.[110] The tissue chamber device is filled at least to the top 

pillar to ensure proper flow-profiles of the device, though typically it is filled a bit 

more to ensure tolerance. In these experiments, flow is introduced by column of 

water pressure in a 5mm diameter inlet well, though using a pressure pump or 

syringe pump is also possible. Cells will trap in the center, but some cells will 

Figure 17: 4X image of the device after tissue formation. Tissue is confined to the device area, with 
some extra tissue above the imaging region. 
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squeeze outside the pillars. To prevent those cells from attaching outside the pillar 

area, flow on the side channels is ran concurrently so these escaped cells can be 

washed away. To prevent cells from attaching to the surface, a polyethylene-glycol is 

used to treat the surface to block cell adhesion.[107]  Similar to spheroids in 

microfluidic devices, after 24 hours the cells start aggregating together, and after 48 

hours the cells are compact.[110] Using confocal microscopy, the thickness of the 

tissue was measured to vary between 60µm to 90µm. This variance in diameter is 

expected from previous results and the idea that cells will occupy free space when 

compact.[107,122]  

 

Figure 18: 10x image of a different device. After 2 days, some growth and sprouting outside 
the pillars can be observed. 
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Figure 19: Confocal image of the 3D tissue. Tissue is approximately 60-80µm on average 
due to shrinkage during compactment.  
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Figure 20: Brightfield and phase images of tissue formation. At day 0, individial cells can be easily visualized. At 
day 1, cells are starting to aggregate and become a solid tissue, but some individual cells can still be discerned. At 
day 2, cells have formed compact tissue structure and it is difficult to observe individual cells. Note how cells 
continue to grow in the device and are growing outside the pillar area. This sprouting can be monitored and 
modulated by interstitial flow.  
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 This device allows for two types of culture: within the tissue or infiltration on 

the perimeter. For co-culture within the tissue, a cell mixture of 5:1 MCF-7:NK92MI 

was created and flowed into the device similar to normal operation. Though mixed 

at 5:1, the exact proportion after seeding varies on cell size. Within two days, the 

device created a coculture tissue of MCF-7 with NK cells embedded throughout the 

tissue. For infiltration studies on the perimeter, NK cells are flowed on the side 

channel and allowed to settle onto the tissue. From there, infiltration or cytotoxicity 

can be observed. There is some difficulty in maintaining NK contact with the tumor, 

so gravity is used for one hour to allow cells to settle and start interacting. 

 

Figure 21: Loading of immune cells. Immune cells(green) can either be loaded on the pillars for infiltration studies 
or directly co-cultured into the tumor(red) tissue during tumor formation. These allow for different types of co-
culture and cell-cell interaction studies to be taken place.  
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3.3. Manipulation of the Tumor Microenvironment 

3.3.1. Gradient Formation 

One of the goals is to develop an external gradient, independent of the cell 

secretions. While cells will secrete their own chemokines, external chemokines that 

can be used to better control the concentration or possibly represent signals from 

the lymphatic system might be attractive. Therefore, one of the goals of this device is 

the ability to develop a chemokine gradient. By flowing a higher concentration on 

one side, a gradient will be established as it diffuses between the tissue as well as 

above the tissue, as discussed before the overall tissue size does not encompass the 

full height of the device. To demonstrate gradient formation, fluorescein was used to 

visualize the gradient. Fluorescein was flowed in the side channel of a device with 

intact tumor tissue and imaged after one hour. A gradient can form even when a 

solid tumor tissue is present. This is attributed to two possibilities: the space in the 

device that the tissue does not occupy, and the porosity of the tumor. Finite element 

modeling through COMSOL was also used to demonstrate the steady-state gradient 

profile, assuming constant flow.  Two models are used, one with cells and one 

without cells. The tissue is modeled as a singular shape(rectangle) with a minimal 

porosity of 0.05. Higher porosities above 0.2 make the cell negligent, and smaller 

porosities create a sharper gradient. Because the tissue does not fully encompass 

the full volume of the channel, the predicted steady state gradient is a mix between 

these two.  
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3.3.2. Interstitial Flow 

Another key component that the device aimed to incorporate was interstitial 

flow and pressure regulation. Interstitial pressure at the tumor site regulates tumor 

growth, angiogenesis, drug efficacy, and has possible effects on tumor infiltrating 

immune cells like NK cells. This device allows easy manipulation through 

modulating the flow profile. The flow profile is determined by the inlet and outlet 

pressures, as well as the fluidic resistance. Because of the low Reynolds number in 

microfluidics, the fluidic resistance of microfluidic channels is given by: 

= μL�ℎ3 − .6 ℎ�  

Equation 1: Microfluidic channel resistance, where R is the resistance, µ is the viscosity, L is the 

length, w is the width, and h is the height. 

Figure 22: Experimental gradient. Fluorescein(GFP) is flowed into the top channel of a device with MCF-7 tissue(red) 
intact. Even with tissue, a clear gradient can be formed. 
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The pillars are areas of high fluidic resistance because of the narrow gap. During low 

fluid pressure, the flow will travel the path of least resistance. However, high fluid 

pressure will overcome the resistance and cause high fluid flow, based on the 

equation: 

= ∗ ∆  

Equation 2: Volume flow rate, where Q is the volume flow rate, R is the resistance, and P is the 

pressure.  

Because the pressure throughout the channel is the same, but the local resistance is 

higher, the flow rate at that area is higher. This is the concept at controlling 

interstitial flow, and ultimately interstitial pressure. Computational models 

Figure 23:Predicted steady state gradient without cells. A sharp gradient profile is within the tissue chamber, 
while the remainder of the channel outside the tissue region is the average concentration. 
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demonstrate this method. The pressure is calculated from the values typically used 

when loading cells, and are calculated based on the following equation: 

=  ��ℎ =  �� �� 

Figure 3: Static fluid pressure, where P is the pressure, ρ is the fluid density, g is the gravitational force, 

h is the height, V is the volume, and A is the area.  

In the simulations, the interstitial inlet pressure for high pressure is input at 

36.75kPa(75mL) while low pressure is 26.95kPa(55mL). All the other inlets and outlets 

are kept constant at 24.50kPa(50mL), which corresponds to typical values used in 

experiments.  

 Experimentally, interstitial flow is demonstrated by the forces on the tissue. At 

low flow, the pressure has minimal perturbations to the tissue. At high flow rates, the 

tissue has strong flow forces acting on the side. This causes the tissue to be dislodged 

from the pillars and deform. This deformation can act as “interstitial pressure” by 

compressing the tumor tissue. The tissue will decompress when high pressure is removed, 

but there is hysteresis to the system and the initial shape cannot be fully recovered. 

Tumors typically grow in areas with large interstitial pressure, where the pressure pushes 

from the center outward. This helps cause tumor sprouting outside the barrier and reduces 

the efficacy of drugs.[127] Fluorescent bead analysis shows beads flowing over the pillars 

under low pressure and beads lodging into the tissue under high pressure.This model 

allows researchers to study how the effects of interstitial pressure might affect 

proliferation and drug efficacy.  
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Figure 25: High inlet flow rates cause high interstitial flow profiles. High flow rates from the 
top inlet(left to right) cause high flow rates in between the pillars. This causes the cels to 
experience higher forces at the pillar interface. 

Figure 24: Low inlet flow rates show low flow profiles in between the pillars. Because the 
resistance is so high at that area, low flow rates cannot overcome and not much flow enters the 
pillar interface. 



51 
 

 

Figure 26: Interstitial flow can cause deformation at the tumor interface. A) Low interstitial pressure will 
slightly push on the tumor tissue at a negligent level. B) High interstitial flow causes the tumor to be pushed away 
from the pillars and to deform. This also pushes the tumor to the bottom pillars. Interstitial flow can be modulated 
on either one or both sides.  
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3.4. Removal of Tissue for Flow cytometry 

An important aspect of this device over previous microfluidic devices is the 

ability to retrieve cells for further analysis. The effects of 3D culture on gene 

expression or surface markers is especially important in studying tumor infiltrating 

immune cells. To this end, the device was designed for easy retrieval of the tissue 

after infiltration or co-culture studies. To accomplish this, flow from the center 

outlet channel is applied to push the tissue back into the inlet. Because the tissue is 

strongly attached to the pillars and the fluidic resistance is fairly high, high pressure 

needs to be applied from the outlet. A cut 1000µm pipette tip that snugly fits the 

outlet is used to apply the high pressure necessary to push the tissue out. 

Afterwards, the tissue can be retrieved at the inlet for flow cytometry analysis.  

Figure 27: Bead flow visualization. A) At low pressures, most beads flow away from the pillar and very few 
even contact the pillars. B) At high flows, many more beads are in contact with the pillars and some beads have 
lodged itself into the tissue region after 5 minutes. The dotted region represents the pillars.  
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Afterwards, the goal was the demonstrate the feasibility of flow cytometry. 

Therefore, the idea was to demonstrate the ability to conduct flow cytometry on NK 

cells lodged inside the tissue. Prior to staining, tissue samples retrieved from the 

device need to be resuspended to single cells. Because the tissue is very compact, 

pipetting and trypsin did not have a strong effect. Sonication was used to break up 

the tissue into single cells. Afterwards, APC-anti-CD56(Molecular Probes) was used 

to sort out NK92MI from MCF-7. Flow cytometry demonstrated that CD56 was 

detected within the 3D tissue with NK92MI cells inside vs. the control. This proves 

Figure 28: Tissue Retrieval. Tissue is pushed out into the inlet where it can be retrieved with a 
pipette for flow cytometry. 
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the ability for this device to allow for post-single cell analysis like flow cytometry, 

which is a large advantage over traditional microfluidic devices that cannot retrieve 

cells. Because the 3D tissue was tightly compacted, even after sonication, larger 

particles are noticed in the size and granule distribution of 3D tissue vs. single cell 

suspensions. 

3.5. Infiltration of Immune Cells 

The main goal of this project was to be able to create a model that could 

easily image and quantify NK cell infiltration. To this end, infiltration studies were 

conducted. NK92MI cells were introduced at the peripheral of the tissue, and after 

24 hours were imaged using confocal microscopy(Nikon). 24 hours demonstrated 

that some NK cells infiltrated somewhat into the tissue. However, infiltration rates 

Figure 29: : Flow cytometry to detect NK cells within 3D tumor. APC-labeled CD56, a marker for 
NK cells, is positive on cells within the 3D tissue while negative in the MCF-7 only control. 
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are very low, as consistent with most previous clinical reports.[51,52] To demonstrate 

quantitative analysis, an infiltration measurement program was written to calculate 

the distance from the tissue border to the centroid of a cell. This allows for novel quantitative data that hasn’t been able to be previously demonstrated.  We compare 

3 devices under the same conditions to show that there is no statistical significance 

between devices. Interestingly enough, we noticed that high interstitial flows led to 

higher infiltration of NK cells, which supports the idea that lowering the interstitial 

pressure inside of a tumor will lead to better infiltration.[11] Interestingly enough, 

Figure 30: Low and High Pressure Infiltration of NK cells. At low pressure, most NK cells are stuck at 
the interface, and only a few NK cells infiltrate. At high pressure, however, we see a lot more NK cells 
infiltrate very deep into the tissue, almost all the way to the other side.  
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the idea to modulate and control the necrotic core might also be something of 

interest when studying infiltrating lymphocytes.  

 

 

 

 

Figure 31: Quantification of NK cell infiltration. NK infiltration depths of 3 
seperate devices under the same conditions. All devices are non-significantly 
differnet to each other. 
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Figure 32: Infiltration in high and low interstitial flow. High pressure devices with more flow 
allowed for much more NK infiltration.  

Figure 33: Analysis of NK infiltration. The tissue is outlined(red, while the NK cells are then sorted by size 
and roundness(green). The centroid of each cell is measured from the closest edge. 
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Chapter 4 

Methods 

4.1. Device Design and Fabrication 

To fabricate the microfluidic devices from the design, photolithography was 

used as described by previous groups.[92] Briefly, designs were created in AutoCAD 

(Autodesk) and printed on glass photomask (PhotoSciences Inc). Molds were 

created to be 100µm using SU-8 3050 (MicroChem Corporation) on a silicon wafer.  

To do this, wafers were plasma treated to render hydrophilic, and SU-8 3050 was 

poured on the wafer. Then, the wafer was spun at 1000rpm to create a 100µm layer. 

After soft-baking at 95OC for 45 minutes and cooled for 15 minutes, the mask is 

placed on-top of the wafer and exposed to UV light at 150-250 mJ/cm2. Following a 

post bake exposure, the wafer is placed in SU-8 developer for 7 minutes to remove 

the non-exposed regions. To allow for the features to stay on the wafer, a final hard 

bake at 150OC is completed to crosslink the SU-8 to the wafer. Trimethylchlorosilane 

is used to treat the wafer afterwards to allow for PDMS to be removed after. To 

make the microfluidic device, PDMS is mixed at a 10:1 monomer:curing-agent ratio 

and poured on top of the silicon wafer mold. Vacuum treatment is done to remove 
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air bubbles, and the PDMS is cured in an 80OC oven. After peeling and punching the 

inlet and outlet holes, the PDMS device is bonded to a glass slide by air plasma.  

4.2. Device Preparation 

Before loading the cells into the device, the device must be primed and 

prepped. First, the device must be placed in a vacuum chamber for 15 minutes, then 

subsequently filled and washed with 70% w/v ethanol. After allowing the ethanol to 

fill the channels and at least 1 hour of UV sterilization, 2% w/v Pluronic F108(Sigma 

Aldrich) is treated for one hour to overnight to reduce cellular adhesion.[107] This 

treatment is dependent on the cell type, with MCF-7 typically requiring only 1-2 

hours of treatment vs. a more adhesive cell type. Afterwards, the Pluronic is washed 

away and media is replaced in the channel to begin loading cells.  

4.3. Cell Culture and 3D Tissue Formation 

Epithelial human breast cancer cell line (MCF-7, ATCC) was cultured in Dulbecco’s modified Eagle’s medium DMEM  supplemented with % fetal bovine 
serum (FBS) and 1% penicillin-streptomycin. NK92MI (ATCC) were cultured in 

alpha minimum essential medium supplemented with 12.5% FBS, 12.5% horse 

serum, 0.2mM inositol, 0.1mM 2-mercaptoethanol, 0.02 mM folic acid, 1% penicillin-

streptomycin at various amounts of IL-2 indicated in the experimented. For staining, 

MCF-7 cells are stained with CellTracker Red CMTPX(ThermoFisher) and NK92MI 

cells are stained with CellTrace Green CFSE(ThermoFisher) 
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For tissue formation, MCF-7 cells at a concentration above 5x106 cells/mL 

are flowed into the center device channel at low flow rates to prevent deformation 

outside the pillar traps. After filling up the center channel, excess cells are removed, 

media is replaced, and the device is placed into the incubator with positive pressure 

to hold the cells compact. Positive pressure is created either by gravity or by column 

of water. After 48 hours, the cells have aggregated into compact tissue and are ready 

for experimentation. After tissue formation, immune cells can be introduced into 

one of the media channels to study tumor-immune cell interactions.  For co-culture 

experiments, a mixture of MCF-7 cells to NK92MI cells at various ratios were flowed 

into the center channel and the procedure is repeated above. 

4.4. Finite Element Modeling 

All finite element modeling was completed on COMSOL 

Multiphysics(COMSOL). Briefly, the Autocad design is imported into COMSOL. For 

gradient studies, the Transport of Diluted Species  physics package is used. Briefly, 

high concentration channel is fixed to 100% concentration, while the low 

concentration channel is fixed to 0% concentration. Inflow is also fixed accordingly. 

To model the tissue, using Solute Transport  package, a rectangular structure is 
placed in the tissue chamber and the porosity varies. Pore volume is set at 0.05, 

while the bulk density of cells is used from previous studies.[128] For the flow profiles, the Laminar Flow  model is used under the shallow channel 
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approximation. The inlets of one channel vary in pressure for (igh Pressure  and Low Pressure  while the inlets and outlets in the other channels are kept constant.  
4.5. Gradient Formation and Interstitial flow Regulation 

To demonstrate gradient formation, fluorescein was used to visualize the 

concentration gradient. To do this, 0.1% w/v fluorescein in phosphate buffered 

saline (PBS) is put into the top inlet channel, while PBS was placed in middle and 

bottom inlet channels of a device with cancer tissue pre-formed. After 1 hour, the 

time-dependent gradient was visualized.  

To regulate the interstitial flow, different flow rates were used to control the 

interstitial flow. To control the flow, the volume of media in each well is regulated to 

calculate the overall column of water pressure. Briefly, all inlet and outlet wells are 

primed with 50uL of media and let stabilize. To subsequently control the flow, more 

media is dispensed into the inlet to create pressure according to the pressure from 

column of water equation(Eq. 3). Fluid must be replenished regularly to maintain 

the flow profile. For bead visualization, 8µm green fluorescent beads(Corpuscular) 

are flowed at low pressure or high pressure to visualize the flow streams. After 5 

minutes of high pressure flow, beads can be visualized lodged into the tissue.  
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4.6. Retrieval of Cells for Flow Cytometry 

To retrieve the tissue, flow from the center outlet channel is used to push the 

tissue back into the inlet channel. The inlets and outlets are all washed with flow 

cytometry buffer. Then, using a cut 1000µm pipette tip filled with flow cytometry 

buffer that fits the 5mm diameter outlet, pressure is applied by fitting the tip into 

the outlet and applying large pressures. If necessary, this is repeated several times 

to fully push the tissue into the inlet. Prior to flow cytometry, the tissue is broken 

apart into single cells through sonication. 

For flow cytometry, cells are washed in flow cytometry buffer(PBS with 0.5% 

bovine serum albumin and 2mM EDTA) and resuspended in 100µL with 5µL APC-

anti-Human CD56(Molecular Probes). After incubation for 30mins-1hour in 4OC, the 

cells are washed and resuspended in flow cytometry buffer and analyzed through 

the Alexa Fluor 647 filter.  

4.7. NK Infiltration and Quantitative Analysis 

To quantify NK infiltration, the concept is to create an outline of the tumor 

tissue, and measure the distance that a cell travels inside from the outline. Using the centroid of the cell as the cell’s reference point, the minimum displacement is taken 
as the displacement the cell migrated, regardless of the path it could have taken. To 

do this, a combination of ImageJ and Matlab(Mathworks) was used. Briefly, the 

outline of the tissue is created in ImageJ by first running a maximum intensity on the 
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red channel stack( Z-Project  to eliminate Z-variances(for this data, Z-infiltration is 

neglected). Math procedures are applied on the image to get rid of 

noise(subtraction) and to amplify signal(multiplication). Afterwards, the image is made binary Make Binary , which makes an outline of the image. If the amplification of signal is near saturation, then we can take advantage of the Make Binary  algorithm to create an outline of the tissue image. The Skeletonize  
function is used afterwards to sharpen and clean the outline. Points are then 

extracted to a text file for word. 

For NK cells, the stack is first combined for maximum intensity Z-Project . 
Then, manual adjustment of the brightness and contract is done. This is because the 

pixel intensities can vary much per image(pixel saturation and photobleach). 

Afterwards, the image is converted to binary and a segmentation algorithm is used Watershed  to outline clumps. Afterwards, cells are filtered by size 75um2 – 

750um2) and roundness(0.25-1.00%) and the centroids extracted. From there, a 

simple minimum distance measurement from the edge where NK cells are loaded 

from to the centroid is calculated in Matlab.  
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Chapter 5 

Closing Remarks 

In conclusion, the goal of this work was to develop a novel microfluidic 

device for studying immune cell infiltration dynamics, and apply this device to NK 

cells. The research both in developing models to study infiltrating immune cells and 

specifically the role and function of infiltrated NK cells is vastly underdeveloped. In 

this work, I present a simplified model to study different physical dynamics of 

infiltration. This model has the ability to study how immune cells interact with 

cancer cells, which could include killing or infiltrating, and how that might change 

the phenotype. This model also incorporates physiological features not found in 

previous models, such as interstitial flow and gradient formation. These could be 

key factors in determining how NK cells, and other immune cells, infiltrate.  

While this work demonstrated what the model can do, it did not go too in 

depth on what might control NK infiltration and how NK cells are affected by the 

tumor cells after infiltration. It was demonstrated that increasing the interstitial 

flow had an affect on the quantity of infiltrating NK cells. The interstitial flow 

correlates with the interstitial pressure that a tumor exerts. By regulating that 
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pressure inside the tumor, lymphocytes like T-cells and immune cells could possibly 

be better trafficked. This could be a novel strategy and direction for adoptive 

immunotherapy. Some other areas that I wanted to look at was the effects of IL-2 

and shed-NKG2DL on infiltration. Both of this correlates to activation. It would be 

interesting to note if NK cells are better infiltrators when they are more active or 

desensitized. Other work I wanted to work on was what happens after infiltration. 

One thing I wanted to look at was how infiltrated NK cells might have altered 

surface markers. I hypothesize that infiltrating NK cells will have a decrease in 

activating receptors and possibly an increase in inhibitory receptors. I also wanted 

to see how other markers might be affected, like ICAM-1, for example. There are 

many future directions that a model like this can open up. 

The goal of this thesis was to create a better model to mimick immune 

infiltration. However, this model only briefly scratches the surface of what advanced 

models could be. Incorporating ECM, continual flow, other cells, and more would be 

possible. Real-time imaging of infiltration and cytotoxicity is also possible, though 

advances in staining and imaging are needed to reduce photobleaching and to track 

cellular movement. There are many more features that could be incorporated into 

this model, or in other developed models. One thing I wanted to do was to expose 

the lack of models for studying immune cells and demonstrate the need for this 

when studying cancer immunotherapy. I believe this could be a current barrier and 

that solving this might lead to better clinical results, especially for NK cells. 
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