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Abstract 

Cancer is one of the most common leading causes of fatality in the world, with around 600,000 

deaths per year. The adaptive immune system plays a major role in eliminating and preventing 

further growth of invading entities. T cells are a major component of this system that are trained to 

recognize antigens through antigen presenting cells (APCs). APC’s give the T cells information 

needed to proliferate and destroy target cells, eliciting an immune response. For the body to fight 

cancer on its own, a large amount of T cells, as well as persistent activation of T cells is needed. 

Naturally occurring T cells typically do not have these qualities; therefore, immunotherapy is a 

helpful treatment designed to enhance the immune system to fight cancer, while limiting additional 

cytotoxicity to the body. 

In this work we aimed to recapitulate the adaptive immune system on a microfluidic chip. The 

proposed system circulates patient-derived T cells around immune enhanced organoids to allow the 

T cells time to interact and become familiar with the tumor cells they need to attack. Once the T 

cells gain exposure to immune enhanced organoids, they are expanded to produce familiarized T 

cells in abundance. We hypothesize that circulated and expanded T cells will have an enhanced 

recognition and cytotoxic activity when they are re-introduced to the tumor cells. Initial evidence 

suggests that ex vivo circulation of immune cells with 3D tumor organoids may educate the T cells 

to recognize and attack the tumor cells. Continuing work will determine the potential of our 

approach as a tool for improving personalized immunotherapy. 



 
 

Chapter 1. Introduction 

1.1 Biological Background 

Cancer and immunotherapy 

Cancer is one of the most common leading causes of fatality in the world, with around 600,000 

deaths per year.1 Cancer develops from mutations in DNA that can occur when damaged and old 

cells do not die, but instead they grow and multiply.2 There are systems set in place to specifically 

eliminate these damaged and abnormal cells from progressing to cancer, such as cell cycle 

checkpoints. Cell cycle checkpoints regulate the progression of cells to properly grow, replicate, 

and divide.3 Specifically, checkpoint proteins are responsible for detecting DNA damage. When 

damage has been spotted, these proteins halt the progression of the cell cycle until the damage is 

repaired. However, these checkpoints are not perfect and defects in the system may occur and go 

unnoticed. In most cases, these cellular mutations occur randomly through dysfunction in these 

checkpoints, resulting in the development of cancer. 

 

The adaptive immune system is another crucial component that is helpful in overcoming the 

development and progression of cancer; however, cancer cells can be tricky and avoid interactions 

with the immune system by losing tumor antigens needed to initiate response from cytotoxic T 

lymphocytes (CTL).4 In order for the body to fight cancer on its own, a large amount of T cells, as 

well as persistent activation of these T cells is needed. Unfortunately, naturally occurring T cells 

typically do not have these qualities. Under the persistent invasion from cancer cells, T cells 

become exhausted due to continuous antigen stimulation. This constant stimulation causes the T 

cells to become overworked and lose their function. As a result, they are unable to prevent growth 

of the cancer cells.5 One important consideration when eliminating cancerous cells, is to limit harm 

or damage to other healthy cells in the body. While chemo and radiation therapy have been used 
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since the early 20th century, these therapies can cause undesired cytotoxicity to other parts of the 

body, as well as weaken the immune system.6 Therefore, immunotherapy is a helpful treatment 

designed to enhance the immune system to fight cancer, while limiting this additional cytotoxicity.7  

 

In 1976, interlukin-2 (IL-2) was discovered as a T cell growth factor that was later approved by the 

FDA in 1992 to use as a treatment for metastatic renal cell carcinoma.8 IL-2 is a cytokine heavily 

involved in the function of immune cells. This therapy was an initial discovery that transformed 

the field of immunology research and immunotherapy because of the success in mediating tumor 

regression in humans. Pembrolizumab, Nivolumab, and Ipilimumab are other common 

immunotherapies that target Programmed Death 1 (PD-1) or Cytotoxic T lymphocyte Antigen 4 

(CTLA-4), which are checkpoint proteins found on T cells that prevent them from actively killing 

other cells in the body.9 When immunotherapies block these proteins, the T cells are then switched 

to a state that allows them to attack and kill the cancerous cells.10 Since the FDA approved 

immunotherapy checkpoint inhibitors in 2017, as many as 15-20% of patients undergoing these 

treatments have achieved durable results and there are more than 1,000 ongoing clinical trials across 

the country.11 

 

Adaptive immune system 

The human immune system is comprised of a diverse array of cell types such as lymphocytes, 

neutrophils, and macrophages. Specifically, the adaptive immune system plays a major role in 

eliminating and preventing further growth of invading entities. One major invading entity being 

cancer. T cells are a major component of this system that are trained to recognize antigens through 

antigen presenting cells (APCs). These APC’s give the T cells the information they need to 

proliferate and destroy target cells, eliciting an immune response. Once the antigen activates the T 
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cells, they become effector cells.12 T cells can be divided into two populations: CD4+ T cells and 

CD8+ T cells.13 CD4+ T cells are known as helper T cells because once an invading entity has 

entered the body, they are responsible for activating other cells, specifically the CD8+ T cells that 

are designed to actively kill the infected cells.14 After these infected cells have been eliminated, a 

majority of the effector T cells die, while a percentage of these T cells become memory T cells5. 

Once this cycle happens, the body creates a molecular memory of the response, allowing the body 

to be better suited to fight and overcome a pathogen or other dangerous cell when it is 

reencountered. However, imbalances in the immune system, such as an overactive or absent 

response, can result in allergies, autoimmune diseases, or cancer.  

 

Adoptive T cell therapy 

Adoptive cell therapy (ACT) is a personalized immunotherapy that modifies or enhances patient 

derived T cells to be injected back into the patient to allow their own immune system to fight cancer. 

ACT has been gaining more attention and research within the past few decades.15 A few approaches 

that are currently in clinical trials and showing promising results include tumor infiltrating 

lymphocytes (TIL) and chimeric antigen receptor-modified T cells (CAR-T). The first approach, 

TILs, are T cells found inside the tumor; therefore, these immune cells are already trained to 

identify specific targets that tell the immune cells to kill the cancerous cells. When the tumor is 

removed from a patient, it is cultured with interleukin 2 (IL-2) to result in proliferation of the TILs 

and then infused back into the patient to attack the rest of the tumor with a stronger ability.16 TIL 

therapy is currently in phase II and showing promising results.17,18 One study showed that out of 93 

treated patients, 52 patients had an objective response with 20 having complete tumor regression, 

of which 19 have ongoing regression after three years.19 One main concern with TIL therapy, is the 

follow up infusion of IL-2, which has been seen to cause undesired side effects.18 The second 

approach, CAR-T cells, are also patient derived T cells; however, in this case, they are genetically 
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engineered to recognize antigens found on the tumor that initiates the immune cells to kill the 

cancerous cells.20 The appeal to this approach is the ability to use non-specific T cells from the 

patient’s peripheral blood, eliminating the need for large numbers of antigen-specific T cells that 

not every patient has.21  This therapy has been approved by the FDA, but there can be side effects 

and CAR-T does not work for everyone.  

 

There are still a handful of challenges with ACT.22 For one, solid tumors can pose great difficulty 

for immune cells to pass through, as well as survive. The tumor microenvironment (TME) can have 

very harsh conditions such as hypoxia, where the oxygen supply is depleted, which deprives 

immune cells of necessary components for nutrients and survival.23 This prevents the T cells from 

making their way to all the tumor cells they need to attack, specifically the tumor cells in the core. 

Toxicity is also a concern of ACT.22 Toxicity occurs when the injected T cells begin to attack 

healthy cells in the body instead of the cancerous cells. Although there has been great success with 

these therapies, further research is needed to improve patient outcomes. 

 

1.2 Cancer Models 

Available models 

Within the past hundred years, there have been major advances in the availability of models to 

study cancer. Due to the heterogeneity of tumors, it has been a challenge to develop a system that 

properly models the cellular components in their relative structure and capabilities. Accurately 

modeling the structure of a tumor is very important for testing drug treatments and therapies before 

they are presented to patients. 
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2D Tumor models 

Two-dimensional (2D) in vitro tumor models are simple, low cost and have been around since the 

early 1900s. These models played an important role in studying the physiological and pathological 

activity of cells.24,25 2D models are produced in flat plates, where the cells form a monolayer and 

receive nutrients from surrounding media. The monolayer structure prevents the cells from being 

able to proliferate and differentiate because of the lack of cell-cell and cell-extracellular matrix 

interactions available. Growing evidence shows that these models lack complexity and true 

architecture of tumor cells found in the body.26-29 Therefore, 2D models do not represent true in 

vivo TME.  

 

3D Tumor models 

The most common way to study cancer is through the use of three-dimensional (3D) in vitro 

models. There are many ways to create 3D tumor models, such as spheroids and organoids. The 

major advantages of 3D cell culture is the morphology of cell types that create cell-cell interactions 

that initiate the cells to properly proliferate, differentiate, and remain viable. When tumor cells are 

added to low adhesion, round bottom well plates, the cells begin to bind to one another and form a 

spheroid, a 3D aggregate of tumor cells comprised of cell layers that mimic tumor characteristics.28 

Spheroid models can be comprised of multiple cell types adding additional complexity. These 

models have been used to study tumor function, test drug treatments and therapies, study tumor 

angiogenesis, as well as studying interactions between tumor cells and immune cells.30-34 

 

On the other hand, 3D tumor organoids have an additional component that can recapitulate tissue 

architecture that better replicates the microenvironment of a tumor in vivo. The use of a gel-based 

system acts as the extracellular matrix (ECM) to the seeded tumor cells, producing a tumor 
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organoid. A common gel is hydrogel, which is a hydrophilic, synthetic polymer, that closely 

resembles structural properties of native ECM. Hydrogels are advantageous because they are 

biocompatible, biodegradable, have adequate mechanical strength, and high porosity.35 Organoids 

are designed to replicate organs found in vivo into a 3D structure; therefore, they have the ability 

to contain multiple cellular components that form the proper cellular diversity and organization. 

Research has increasingly shown organoid models to be the most representative of in vivo structure 

and characteristics, making them advantageous for drug studies.36-39 However, organoid models 

still lack a sense of complexity without their ability to recapitulate a vascularized network that 

provides essential nutrients and gas exchange, as well as their difficulty to be standardized.  

 

1.3 Microfluidics 

Introduction to microfluidics 

Microfluidics is the manipulation of fluid flow on the microscale utilizing microchannels. These 

devices are continuing to gain attraction because of their ability to model complex structures and 

functions of human organs. Biological application of these devices began in the 1990s, where they 

were first used to separate biomolecules using electrophoresis.40 Now, microfluidic devices are 

being designed to model a multitude of different systems. Microfluidic 3D cell culture provides a 

platform that allows for 3D tumor organoids to be combined with a fluid flow component. The 

fluid flow component accurately models tissue architecture, as well as the physiological conditions 

on a micro scale. Physiological conditions such as shear flow, mechanical stress, and stiffness are 

influential components that are necessary for modeling cell and tissue physiology.41 The small size 

of these devices allows for precision over the fluid flow and spatiotemporal dynamics, as well as 

small amounts of cells needed, which can be crucial for clinical studies.22 Microfluidic devices have 

provided major success in modeling human physiological conditions to study underlying cellular 
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mechanisms and improving diagnostics.42-44 One major downside to microfluidics is the challenge 

to be scaled up and produced for high-throughput analysis. 

 

Fabrication of microfluidic devices 

There are many ways to fabricate microfluidic systems such as using glass, paper, or 

polydimethylsiloxane (PDMS). PDMS is a commonly used material for microchip fabrication that 

is easy and cost effective. PDMS is an elastomeric polymer that is known for its versatility and 

desirable properties, such as being optically transparent, biocompatible, and permeable to gas.45 A 

process called soft lithography is used to create a master mold that can be replicated as many times 

as needed (Figure 1). First, a silicon wafer is patterned using photoresist SU-8 to create the 

microchannels at a desired thickness. PDMS is then poured onto the mold, cured, and peeled off 

from the mold. The fabricated PDMS is then pasted onto a plate such as PMMA or a glass slide 

and then ready to be used.46,47 Although PDMS-based microfluidics have been so widely used, there 

are potentially harmful implications towards cell culture. Studies have shown that the hydrophobic 

nature of PDMS can cause swelling in the microchannels leading to absorption of organic solvents 

into the PDMS.48 This can cause an issue during drug studies because PDMS may absorb small 

molecules such as the drugs being tested or serum in the media being used to keep cells alive; 

therefore, results may not be fully accurate. Another issue is the potential for uncrosslinked 

oligomers in the PDMS to leach into the culture media.49 The biggest concern is how the leached 

oligomers are going to interact with the cells or media. The interactions are largely unknown but 

could result in contamination. 
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Figure 1. Fabrication of a PDMS-based microfluidic device. This method depicted uses soft lithography 
to create a master mold.47 

 

Another way to fabricate microfluidic chips is using plastic films and tapes. This technique stacks 

layers of double-sided tape with designed channels and valves that have been cut out via razor 

cutter with other substrates such as glass slides or polymethyl methacrylate (PMMA). The glass or 

PMMA substrates are cut via laser printer to align all channels with their proper inlets and outlets 

for attaching tubing. In this work, we have utilized adhesive film based (AFB) microfluidic 

methods from Cooksey et al. due to easy design and high throughput (Figure 2).50 Fabrication of 

AFB microfluidic chips is quick and low cost, while also providing a system that is biocompatible, 

optically transparent for imaging purposes, and easily adaptable for design purposes. Bubble 

formation in microfluidic channels can be a major concern affecting cells and the way media flows 

in the chamber. This work also utilizes a bubble trap design by Zheng et al. (Figure 2).51 The 

inclusion of a bubble trap layer in the microfluidic chip design allows the bubbles to escape through 

buoyancy before they enter the chamber to eliminate any disruption they may cause. One limitation 

to the AFB microfluidic chip method is the low resolution; however, for the sake of this research 

project, low resolution is not a primary concern.  
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Figure 2. Fabrication of plastic film and tape based microfluidic devices. This fabrication method was 
demonstrated by Cooksey et al.50 The addition of the bubble trap layer, demonstrated by Zheng et al.51 

prevents bubbles from entering the microfluidic system and causing disruption in function. 

 

Microfluidic models of cancer 

Modeling cancer and continuing to find improvements in modeling is crucial to help diagnose and 

treat cancer patients. Microfluidic devices have proved to be significant tools in cancer research 

because of the 3D design and the ability to manipulate small amounts of fluid.52 One common 

microfluidic device is designed to separate and detect circulating tumor cells (CTC) in an 

individual’s blood as a marker for metastatic cancer. The system allows blood to flow through the 

microfluidic chip while staining the CTCs and capturing images through a connected fluorescence 

microscope. The cells stained for CTCs are captured and separated from the other blood cells.53,54 

Another common application of microfluidic devices for cancer research is testing drug treatments. 

Microfluidics provide a cost-effective approach for screening drugs while providing a controlled 

environment to manipulate drug concentrations. These systems also simulate the most accurate 

response as in vivo.55 Drug screening microfluidics can be designed with tumor organoids, called 

tumor-on-a-chip, where different drug treatments are circulated around the organoids and then 
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organoid viability is assessed. In some instances, a concentration gradient can be included to allow 

for more testing of drug concentrations needed.56 Because patient tumors are heterogeneous, 

concentrations of a drug may not be the same for different individuals. Microfluidic devices also 

have the ability to test combinations of therapies, as combinatorial treatments have been seen to 

improve patient outcomes.57-59  

 

Microfluidic models of the immune system 

Using microfluidics to study the immune system requires an accurate representation of the immune 

and tumor microenvironment, which is more accurately depicted through these devices. 

Furthermore, immune cells are found in the bloodstream making microfluidics an ideal tool to 

replicate the native flow conditions immune cells are familiar with. There are a handful of models 

that have provided this field with useful findings regarding interactions between T cells and tumor 

cells. Mattei et al. created a microfluidic device with separate channels to study the crosstalk 

between cancer and immune cells.60 They were able to see migration of the immune cells toward 

the cancer cells, limiting the spread of the cancer cells. Similarly, Lee et al. developed a 

multilayered blood vessel/tumor tissue chip (MBTC) to study the extravasation and migration of T 

cells into solid tumors.61 T cells were added to a top channel above the endothelial layer to model 

the case when T cells are infused into a patient’s veins for therapy. The T cells were seen to 

extravasate via intraluminal crawling and transendothelial migration, and then migrate toward the 

tumor cells at the bottom of the chip. This study was able to model the infiltration process of T cells 

into solid tumors, a design that is useful for testing therapeutics at a pre-clinical level. Studying 

tumor-immune cell interactions through microfluidic devices provides knowledge necessary for 

developing targeted therapeutics. Another microfluidic model developed with a therapeutic goal 

was by Pavesi et al. where they created a microfluidic device that can model different tumor 

microenvironments to test a multitude of T cell preparation variations.62 They engineered T cells 



11 
 

to express tumor-specific T cell receptors and measured the ability of the engineered T cells to 

migrate and kill the tumor under different conditions. This model developed is useful for 

understanding factors that play a role in the variation of T cell function among patients, proving to 

be a preclinical tool. Although modeling tumor-immune cell interactions through microfluidics 

remains limited, the field is growing and shows the need for the microfluidic system introduced in 

this thesis. 

 

1.4 Introduction to thesis 

Microfluidic models studying the interactions between T cells and tumor cells are limited, thus our 

interest in developing an accurate system to study this interaction. Dijkstra et al. co-cultured tumor 

organoids with circulating peripheral blood lymphocytes to create tumor-reactive T cells as a 

personalized therapy.64 The platform displayed evidence that co-culture between T cells and tumor 

organoids increased production of IFN-γ and CD107a, both markers of immune cells, in the CD8+ 

T cells after two weeks. They also saw a significant increase in the tumor reactivity of the CD8+ T 

cells, as well as a decrease in the size of tumor organoids after addition of these circulated T cells. 

This platform of co-culturing immune cells with tumor organoids provided motivation for the 

adaptive-immunity-chip system proposed in this thesis. 

 

In this work we want to reproduce the adaptive immune system on a microfluidic chip with the 

overview seen in Figure 3. Lymph nodes are the primary site for antigen presentation and 

peripheral blood is the common location for lymphocytes. By the combination of tumor cells, 

isolated from the tumor sample, and APCs, isolated from the lymph node sample, immune 

enhanced organoids are formed with an additional flow component to replicate the in vivo immune 

environment. The proposed microfluidic system circulates patient-derived T cells, isolated from 
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the peripheral blood, around immune enhanced organoids as an advancement in ACT. This method 

allows the T cells time to interact and become familiar with the tumor cells they need to attack prior 

to their activation, through the presence of APCs. Once the T cells gain exposure to these organoids, 

they are expanded to produce familiarized T cells in abundance. We hypothesize that circulated 

and expanded T cells will have an enhanced recognition and cytotoxic activity when they are re-

introduced to the tumor cells. This system is easy to mass produce and may be repeated as many 

times as needed to produce necessary cytotoxic T cells in abundance to rid dense tumor structures. 

The end goal of the project would be to infuse these circulated and expanded T cells back into the 

patient as an immunotherapy.  

 

Figure 3. Overview of the adaptive immunity project. From sample collection to circulation of T cells 
through the microfluidic device to testing the recognition and cytotoxicity of the circulated T cells with the 

goals of reintroducing these T cells to patients as an immunotherapy. [Created with BioRender.com] 
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Chapter 2. Experimental Techniques 

2.1 Introduction to Methods 

The microfluidic system utilized has a simple chip constructed from PMMA and patterned adhesive 

film (PAF) stacked on one another with a final PDMS layer to seal the chip and tubing. Tumor cells 

and APCs are combined with a hydrogel, seeded into the microfluidic chip, and crosslinked using 

photopatterning to form organoids. T cells are added to reservoirs and are circulated around the 

organoids to become familiar with their target cells, the tumor cells, for one week. We aim to 

circulate T cells, expand them, and then test the cytotoxicity of the T cells toward their target cells, 

through multiple assays, and compare to other immunotherapies.  

 

2.2 Experimental Methods 

Tumor, lymph, PBMC/WBC, and TIL isolation 

Fresh tumor biopsy, lymphoid tissue, and blood were obtained from patients in the Wake Forest 

Comprehensive Cancer Center and were processed to extract tumor cells, antigen presenting cells 

(APCs), and T cells. Processing follows methods described in Votanopoulos 2020.37  

 

Microfluidic chip construction 

The adaptive immunity microfluidic chip is made from layers of PMMA and PAF. The PMMA is 

made from 1.5 mm Clear Cast Acrylic and the PAF is made from 3M 9495MP Double Coated 

Tape. These layers are printed on a FSL Muse Core Desktop CO2 Laser cutter using developed 

designs on GraphTec. The bottom layer of the chip is a 1.0 mm plain, non-frosted, glass microscope 

slide, and then topped with the respective layers, shown in Figure 4. The top layer is PDMS, made 

with a 10:1 ratio of the elastomer base and curing agent using SYLGARD 184 Silicone Elastomer 
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Kit. The size of the chip was cut out of the PDMS, and plasma bonded to the top tape layer. Holes 

were punched all the way through the PDMS at inlets and outlets. The photomask was cut using a 

Graphtec CE7000-40 Cutting Plotter. AFB methods were adapted from Cooksey et al. and bubble 

trap layers were adapted from Zheng et al.50,51 

 

Figure 4. The construction of the adaptive immunity microfluidic chip. Layers of PMMA and PAF are 
stacked on top of a glass slide, sealed with a final PDMS layer, and the photomask is attached to the bottom 

layer of the glass slide. 

 

The reservoirs for the microfluidic chip are made using 15 mL conical tubes. The lids of the conical 

tubes are punctured twice with an 18-gauge needle for the tubing to be connected. PTFE 24-gauge 

Thin Wall Tubing is threaded through the punctures to create an inlet, that reaches to the bottom of 

the tube, and an outlet, that is threaded about an inch from the top of the tube. The tubing is then 

cured with SOLAREZ UV Dual Cure Polyester Sanding Resin and a handheld UV light on the top 

of the reservoir lid, as well as the bottom of the lid. Stainless steel 23-gauge metal connectors are 

used to connect the thin wall tubing to the peristaltic pump tubing, MP2 Two-Stop Pump Tubing 

Orange/Yellow (0-.51 mm). Lastly, another metal connector connects the other side of the 

peristaltic pump tubing to another section of thin wall tubing. 
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The microfluidic chip layers, photomask, and reservoirs are all sterilized under UV light for a 

minimum of 45 minutes prior to the addition of cells.  

 

Organoid formation 

The adaptive immunity chip consists of two circuits, with each circuit containing a 3:1 ratio of 

APCs to tumor cells: 750,000 APCs and 250,000 tumor cells. These two cell types are combined 

and spun down at 1500 rpm for 5 minutes. Once these cells are pelleted, they are resuspended in 

Hystem-C hydrogel (Gelin, Glycosil, and Extralink) in a 2:2:1 ratio. Each component of the 

hydrogel has been resuspended in deionized water with 0.1% w/v Irgacure photoinitiator 2959. The 

solution of cells and hydrogel is then pipetted into the inlet of the circuit, 30 uL per circuit. The 

chip is placed on a black plate, flipped over to show the photomask, and covered with aluminum 

foil so that only one circuit with the photomask is exposed. Then, the circuit is crosslinked with a 

DYMAX 75 V.2 UV spot lamp at a distance of 10 cm above the chip for 7 seconds. Lastly, the 

circuit is flushed with 30 uL of DPBS twice, to remove cells around the photopatterned organoids. 

These steps are repeated for the other circuit (Figure 5). 
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Figure 5. The process of photopatterning the microfluidic chip via UV light. Tumor, APC, and 
hydrogel mixture is added to the circuit, exposed to UV light, then flushed out to form thirteen individual 

organoids per circuit. [Created with BioRender.com] 

 

Once both circuits are crosslinked, the bubble trap layer and PDMS gets attached on top to seal the 

chip. Then the chip gets hooked up to the inlet and outlet tubing for media and T cells to flow 

through. Using a syringe, T cell media is flowed through the long tubing inside the reservoir until 

it properly flows through the chip and out the other end of the tubing into the reservoir. Each 

reservoir is set up with 2 mL of media comprised 50/50 of ImmunoCult-XF T Cell Expansion 

Medium and Organoid Media (made up of DMEM-F12 with 5% FBS, 1% PenStrep, 1% L-

Glutamine, 1 ng/nL EGF and ITS supplement), as well as ImmunoCult Human CD3/CD28 T cell 

activator (25 uL/mL) and IL-2. Additionally, 1-2 million PBMCs/WBCs are added per reservoir. 

Finally, the chip tubing is hooked up to a MP2 Micro peristaltic pump that runs continuously at 0.5 

rpm (4.7 uL/min) to circulate the immune cells and media around the tumor organoids for one week 

(Figure 6). Twice, two days apart, 1 mL of fresh media with supplements is added to each reservoir.  
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Figure 6. The microfluidic chip hooked up to a micro peristaltic pump. Media with T cells are in the 
reservoirs that gets circulated through the tubing to flow around the organoids in the microfluidic chip.  

 

Collection and expansion of T cells 

After one week, the chip is taken down from the peristaltic pump and each circuit is flushed with 

DPBS to remove all T cells in the circuit around the organoids. These T cells are then collected and 

expanded using Dynabeads anti-CD3/CD28-coated beads and IL-2. The cells are added to RPMI 

1640 media with 10% FBS, 50 ug/mL penicillin-streptomycin and 2 mM L-glutamine and 

additionally 100 ul/ 10mL media of hyclone anti-microbial/antimycotic (100X). Then, 100 unit/mL 

IL-2 and anti-CD3/CD28 beads are added at a concentration of 1:05 (2 cells per bead). After 4 days, 

the cells are added to a new plate and additional media with IL2 is added. T cells can expand up to 

10 days before used.  

 

Spheroid and organoid plate set-up 

After expansion, spheroids and organoids (50/50) are made in a Corning 96-well Clear Round 

Bottom Ultra-Low Attachment (ULA) Microplate with cryopreserved patient tumor cells. Tumor 

spheroids are made at a density of 3,000-5,000 cells, added to Organoid Media and 200 uL is added 
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to each well. Organoids are made at a density of 50,000 cells and are resuspended in HyStem-HP 

hydrogel (Heprasil, Gelin, and Extralink) at a 2:2:1 ratio. 5 uL droplets are added to each well, then 

crosslinked with DYMAX 75 V.2 UV spot lamp right over the well for 2 seconds. Lastly, 200 uL 

of Organoid Media is then added to each well. The plate is incubated for three days to allow for 

spheroid formation.  

 

After three days, a half media change is performed as well as the addition of the respective T cell 

populations at 5,000 T cells per well (Figure 7). Incucyte Caspase-3/7 Green Dye is also added at 

2 uL per well (n=3). The immunotherapies (Pembrolizumab, Ipilimumab, and Nivolumab) were 

added at a concentration of 100 nM. The plate is then placed into an Incuctye Live-Cell Analysis 

System imaging every six hours for seven consecutive days.   

 

Figure 7. The process of testing the cytotoxicity of microfluidic circulated T cells. A ULA plate with 
spheroids is made, allowed to form for three days, then T cell conditions are added to wells. [Created with 

BioRender.com] 

 

 

 



19 
 

Collection of T cells from organoid plate 

After the T cells have been co-cultured in the organoid plate for seven consecutive days, the T cells 

are collected for flow cytometry. Media from each well with the same condition is pipetted up and 

down and collected into a conical tube to assure all T cells have been collected. Media is spun down 

at 1500 rpm for 5 minutes and frozen in 90% FBS and 10% DMSO for later use for flow cytometry. 

This is the last stage of T cell collection, with all T cell populations depicted in Figure 8. 

 

Figure 8. All T cell populations utilized in the adaptive immunity study. Each population is shown 
where they are derived from and how they progress in this study. TILs are removed from the tumor sample 
and then expanded to be tested on organoids. T cells are processed from PBMCs and go in two directions. 
Some T cells are immediately expanded, known as the uncirculated T cells. The other T cells are placed 
inside the microfluidic chip, removed, and then expanded, known as the circulated T cells. Uncirculated 

and circulated T cells are also tested on organoids. [Created with BiorRender.com] 

 

LIVE/DEAD staining 

LIVE/DEAD staining was performed in the microfluidic chip and in the well plates. For the 

microfluidic chip, Invitrogen LIVE/DEAD Viability/Cytotoxicity Kit was used. The stain is 

comprised of 2.0 μM calcein and 4.0 μM ethidium homodimer in PBS. 200 uL of the stain was 
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added to each microfluidic circuit, incubated at 37 °C for two hours, then flushed with PBS. 

Organoids in the microfluidic chip were imaged using a Leica TCS LSI Macro Confocal 

Microscope.  

 

Organoids in the well plate were also stained with LIVE/DEAD. Media surrounding the tumor 

organoids in the well was aspirated and 100 uL of stain, discussed previously, was added to each 

organoid. Organoids were incubated for two hours, isolated from the plate, and then imaged on the 

same macro confocal.  

 

Membrane tagging cells 

To track each cellular component, the cell populations were stained. Using the Vybrant Multicolor 

Cell-Labeling Kit, the APCs were stained red, tumor cells were stained yellow, and immune cells 

were stained blue. [DiO, DiD, DiI] Media was added to each cell population so that there was 1e6 

cells/mL. 5 uL/mL of the cell-labeling solution was added, and the solutions incubated at 37 °C for 

30 minutes. Cells were then spun down at 1500 rpm for 5 minutes, aspirated, and added to hydrogel 

following the organoid formation protocol stated previously. 

 

ATP assay 

Using the Promega ATP Assay Kit (ThermoFisher), ATP stock solution is made of 100 uL of Cell-

Titer Glo Luminescent Cell Viability Assay solution and 100 uL of media from wells. 50 uL of the 

ATP solution is added to each well and then covered and placed on a shaker at 200 rpm for 30 

minutes at room temperature. The contents of the wells are then transferred to a Costar White 
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Polystyrene 96 well Assay Plate and analyzed on a Veritas Microplate Luminometer using default 

settings. 

 

Organoid staining in the microfluidic chip 

Organoids in the microfluidic chip were stained for CD8+ cytotoxic T cells. First, the organoids in 

the circuit were washed with PBS and fixed in 4% PFA overnight at 4°C. After fixation, the circuit 

is washed three times with PBS. Next, a permeabilization solution comprised of PBS, 5% serum, 

and 0.5% TritonX-100 was added to the circuit for 4-6 hours at room temperature. The chip was 

then incubated with the primary antibody in blocking buffer made of PBS and 5% serum at 4°C for 

48 hours. The circuit was washed in blocking buffer 4-5 times until the next day when the circuit 

was incubated with the secondary antibody and DAPI at 4°C for another 48 hours. Lastly, the circuit 

was washed in the blocking buffer another 4-5 times before being imaged.  

 

Fixing organoids for IHC 

Media in each well was removed and organoids were scraped from the well plates using a scalpel 

and placed into a tube of 250 uL PBS with 4% paraformaldehyde (PFA). Six organoids were 

scraped for each condition, and each condition was added to a separate tube. The organoids sat in 

PFA for 4 hours at room temperature or overnight at 4°C. Then, the organoids were placed into a 

damp sheet, folded, closed in a cassette and stored in 70% ethanol until they were embedded. 

 

 

 



22 
 

Flow cytometry 

Cell populations are thawed the night before using benzonase (1.8 uL) and warm 10% media. Cells 

are spun at 350g for 10 minutes, resuspended in media and the process is repeated one more time 

before the cells are placed into a 37°C incubator overnight. 

 

The next morning the cells populations are collected and counted, aiming for 10e6 cells per 

population. The first step is intracellular stimulation. No stim and stim solution are made by adding 

10 mL of 10% media into a 15 mL conical tube, 20 uL Gogli Plug, and 20 uL Golgi Stop. Solution 

is vortexed and divided among two 15 mL tubes. Additionally, 50 ng/mL of PMA and 500 ng/mL 

of ionomycin are added to the stim solution. Cells are added to a 96 well flat bottom plate 10^7/mL 

per well and 100 uL of stim or no stim are added to respective wells and mixed well. The plate is 

then incubated at 37° C for 5 hours, covered.  

 

Antibody compensation beads are made and used as controls. In 4 mL snap-cap tubes, each 

antibody is added to their own tube with FACS buffer (1 mL of FCS + 50 mL of PBS) so that each 

tube is comprised of 100 uL. Appropriate amounts of antibodies are found on each antibody tube. 

Compensations beads (eBiosciece UltraComp eBeads) are then thawed for 5 minutes at room 

temperature, vortexed, then added to a new 4 mL snap-cap tube with ½ drop beads per 

compensation used. An equivalent amount of FACS buffer is then added and vortexed. The bead 

solution is then plated in a 96-well round bottom plate with 50 uL per well and 250 uL FACS buffer 

is added to each well and mixed well with a multichannel pipette. The plate is spun at 1000g for 1 

minute at room temperature. The plate is checked for visible bead pellet in each well, supernatant 

is flicked off and wells are lightly vortexed. Then, 100 uL of correct antibody solution from the 

snap-caps is added to the respective well and incubated at room temperature for 15 minutes covered. 
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After 15 minutes, 140 uL FACS buffer is added to each well, mixed and spun again. Plate is flicked 

to rid supernatant, vortexed, and wash steps are followed two more times with 240 uL FACS buffer. 

After final wash, 200 uL 1% formalin is added to each well, mixed well, and then transferred back 

to their appropriate snap-cap tube. Tubes can be covered and stored in 4°C until ready to acquire.  

 

During stim incubation, surface antibodies can be prepared. Antibody amounts in uL are calculated 

based on number of samples +2. In a snap-cap tube, surface marker antibodies are added with FACS 

buffer ([# samples+2] *70 uL FACS). This antibody cocktail is stored on ice until later step. 

Intracellular antibody cocktail follows these same steps.  

 

In another 96-well round bottom plate, 100 uL of 10^7 cells/mL are added to each well. Plate is 

spun at 800 rpm for 3 minutes at 4°C. Media is flicked off, plate is vortexed lightly and washed 

with 200 uL and spun again. The viability solution is made of 1uL BD Horizon Fixable Viability 

Stain 570 stock solution in 1mL PBS. After PBS is flicked off, 100 uL of viability solution is added 

to each well, mixed well, and the plate is covered and incubated for 15 minutes at room temperature. 

After incubation, the plate is washed two times with PBS and then washed one time with FACS 

buffer. The surface antibody cocktail solution is then added to each well, mixed well, and the plate 

is covered and incubated for 30 minutes on ice. After incubation, the wells are washed three times 

with FACS buffer. After final wash, 200 uL of 1% PFA (1 mL formalin + 9 mL cold PBS) is added 

to each well and the plate is covered and stored at 4°C until ready to acquire.  

 

Cells are spun at 800 rpm for 3 minutes at 4°C. Media is flicked off, plate is lightly vortexed and 

washed once with PBS. Then, 100 uL viability stain is added to each well, mixed well, and the 

plate is covered and incubated for 15 minutes at room temperature. After, the wells are washed 
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twice with PBS and then one time with FACS buffer. Then, surface antibody cocktail solution is 

added to each well, mixed well, and the plate is covered and incubated for 30 minutes on ice.  

 

After incubation, each well is washed three times with FACS buffer. Then 10 mL 

fixation/permeabilization solution is added to 40 mL 1X permeabilization buffer. Then, 200 uL 

fixation/permeabilization solution is added to each well, mixed well, and the plate is covered and 

incubated for 60 minutes at room temperature. After incubation, plate is spun, flicked, vortexed, 

and washed twice with 1X permeabilization buffer. Following, cells are resuspended in 100 uL 1X 

permeabilization buffer with the addition of 4 uL serum. The plate is covered and incubated for 15 

minutes at room temperature. Finally, the intracellular antibody cocktail solution is added to each 

well and the plate is then covered and incubated for 30 minutes at room temperature. After 

incubation, the wells are washed two times with 1X permeabilization buffer and then two times 

with FACS buffer. Lastly, the wells are each fixed with 200 uL of 1% PFA, mixed, and covered 

and stored in 4°C until ready to acquire. Must be acquired within 24-48 hours. Data was acquired 

using a BD LSRForetessa X-20 Analyzer and analyzed using FlowJo. 

 

Statistical analysis 

Statistical analysis was performed using a one-way ANOVA, followed with a Bonferroni post-hoc 

test to determine any statistical significance between the conditions. When comparing two groups, 

a t-test was used with a Bonferroni correction. P-values smaller than Bonferroni correction 

(0.05/samples) were statistically significant. 
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Chapter 3. Establishment of a microfluidic device comprised of immune enhanced 

organoids to promote T cell interactions 

Several organoid designs were assessed, yielding a final design consisting of thirteen individual 

organoids to promote interactions between the T cells and tumor/APC organoids due to high 

organoid surface area and flow. To properly form consistent organoid structures, a photopatterning 

technique was followed by using a UV light to crosslink the cells and hydrogel for 7 seconds at a 

height of 10 centimeters above the chip. Constructed organoids are shown in Figure 9, depicting 

top, middle, and bottom organoids in the microfluidic chip. The system also runs under continuous 

flow to allow continuous exposure of the T cells to the organoids, but at a low enough flow rate 

(4.7 uL/min) that the T cells have enough time to contact with the cell types in the organoids, as 

well as not get flushed away from shear stress.  

 

Figure 9. Organoid structure in the adaptive immunity microfluidic chip. Thirteen organoids, 
comprised of tumor cells and APCs, are shown, with snapshots from the top of the chip, middle of the chip, 

and bottom of the chip. 

 

To create a microfluidic device that promotes interactions between the T cells and organoids, viable 

organoids need to be produced over the extended period of circulation. Viability was measured 

through LIVE/DEAD staining in the microfluidic chip after the course of fourteen days under 

circulation. From three different samples, organoids remain viable after fourteen days of circulation 

in the microfluidic device (Figure 10). This indicates that media in the device is properly flowing 
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as well as the hydrogel in the system having ideal properties that allow the tumor and APC cells in 

the organoids access to nutrients found in the media. 

 

Figure 10. LIVE/DEAD images of organoids in the microfluidic chip from three different samples. 
Live cells are stained green and dead cells are stained red. Each figure indicates viable organoids after 

fourteen days of circulation in the microfluidic system in three different samples. 

 

Media used to maintain viable organoids, as well as T cells, is also crucial. We found that the 

addition of CD3/CD28 T cell activator along with IL-2 in the media maintains viability of T cells. 

Media is also comprised of 50/50 solution of ImmunoCult-XF T Cell Expansion Medium and 

Organoid media and has been seen to maintain viable organoids (Figure 11). When IL-2 was 

present in the media, the T cell viability from the chip was increased by nearly 50%. We continue 

to use CD3/CD28 T cell activator and IL-2 in our media to maintain T cell viability. 
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Figure 11. LIVE/DEAD images of organoids in the adaptive immunity microfluidic chip comparing 
media composition. These LIVE/DEAD figures show an organoid from a microfluidic chip that had IL-2 

added to media versus when IL-2 was not added. In the chip with IL-2, T cell recovery was increased.  

 

Lastly, an effective T cell recovery from the established system is necessary. T cells were counted 

in an automatic cell counter prior to their addition in the microfluidic system, as well as counted 

immediately after the chip was taken down from the circulation process. This gives us information 

on how many T cells we can recover from the microfluidic system after circulation. T cell recovery 

after circulation for fourteen days yielded in a much smaller recovery compared to after circulation 

for only seven days. In some instances, we could not recover any T cells at all. We have seen an 

improvement in T cell recovery from the microfluidic chips that used proper media, as well as those 

that have circulated for only seven days. These trends can be seen in Figure 12. From these results, 

we decided to stop circulation in the microfluidic device after seven days to maintain the most 

viable T cells for expansion. Although each sample has variability in the initial T cell population 

we start with, as well as how many T cells we retrieve to place in the system, some samples will 

still result in a low T cell recovery by nature.  
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Figure 12. T cell recovery between circulation in the microfluidic chip for two weeks versus one 
week. T cells were counted prior to circulation and after circulation. The percentage of T cells recovered 

from the microfluidic chip is very low when circulated for two weeks and some cases no T cells were 
recovered. T cell recovery from the system increased when the chip is only circulated for one week.  

 

3.2 T cell education via microfluidic device 

To verify that the established microfluidic device promotes interactions between the three different 

cellular components, tumor cells, APCs, and T cells, each cell population was membrane tagged in 

the chip. Tumor cells were tagged yellow, antigen presenting cells were tagged red, and T cells 

were tagged blue. Over the course of fourteen days under circulation, organoids were imaged. We 

see infiltration of T cells into the organoids implying possible interactions between the T cells and 
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the tumor cells and APCs (Figure 13). This is also another confirmation that the hydrogel utilized 

in the system is ideal, allowing the T cells to easily penetrate through. Between day seven and day 

eleven, we do not see much of a difference in the number of T cells infiltrated. Additionally, 

because we saw a decrease in the T cell recovery rate after circulation for more than seven days, 

by stopping circulation after day seven, we believe the T cells should have enough interaction at 

this point to be educated. It is interesting to note we do not see any infiltrated T cells at day four. 

This may be caused by a low signal in the blue channel while imaging, or this particular organoid 

did not have any T cells infiltrated at the time of imaging. It is clear from the images after day four, 

there are visible T cells; therefore, interactions are continuing to occur. 

 

Figure 13. Cell membrane tracking of immune enhanced organoids in the microfluidic chip over 
eleven days. Tumor cells are tagged yellow, APCs are tagged red, and T cells are tagged blue. T cells are 

circled white for better visibility. We see infiltration of T cells in the organoids over this time course 
indicating possible interactions between the T cells and the tumor/APC organoids.  
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Since we have seen initial infiltration of T cells in the organoids, we wanted to verify that these are 

indeed T cells, and more specifically if they are cytotoxic T cells. This proposed system is targeted 

towards T cells that have the role of killing tumor cells, so we would like to see if the initial immune 

population includes any of these cytotoxic T cells and see if we can enhance their education and 

produce more through this device. We performed immunohistochemistry inside the microfluidic 

chip after the end of the circulation period and stained for CD8+ T cells. Although few, we did 

verify there were CD8+ T cells on the periphery of the organoid (Figure 14). There is a chance that 

when the microfluidic chip was flushed out to remove the T cells and media flowing around the 

organoids and begin staining, that most of the T cells were removed from the system. However, 

this provided confirmation that the lymphocytes interacting with the organoids are in fact T cells, 

and more specifically, some are cytotoxic T cells which we desire from this particular system.  

 

Figure 14. Immunohistochemistry of cytotoxic T cells in the microfluidic chip. A few cytotoxic T cells, 
marked by green, appear on the outside of the tumor organoid. This indicates the immune cells being added 

to the system are comprised of cytotoxic T cells 

 

Once the microfluidic chip has completed its seven days of circulation, the T cells are flushed out 

of the circuits and are added to anti-CD3/CD28 Dynabeads for expansion. We have seen variability 

in the numbers of T cells post expansion. Some samples of circulated T cells appear to expand very 



31 
 

rapidly; however, other samples do not appear to expand at the same rate. This may be a result of 

initial CD8+ T cell population present in the patient’s blood that responded well to the circulation 

and expansion process whereas some initial patient-derived T cells may not be comprised of 

cytotoxic T cells to the same extent. This may also be a direct effect of patients that have already 

undergone treatment for their cancer. Treatments can affect the immune cell population that is 

initially added into the microfluidic system.  

 

Once the T cells have been collected from the circuits and expanded, the recognition and 

cytotoxicity of the T cells are tested on retained tumor. The first step was to verify we have a system 

to measure this. Using a ULA 96-well plate, retained tumor samples were plated to form tumor 

spheroids. T cells were then added and the plate was placed in an Incucyte to visualize activity over 

time. Tumor cells were membrane tagged green and T cells were membrane tagged red to identify 

the two populations and interactions between them. Over the course of eight days, we see the tumor 

cells by themselves form a proper spheroid, and the T cells by themselves begin to cluster near one 

another but not very tightly (Figure 15). When the T cells were added to the tumor spheroid, we 

see the T cells overlapping with the tumor cells, indicated by the yellow fluorescence, and the 

spheroid does not form as tightly as in the tumor cell only condition. This may indicate recognition 

of tumor cells by circulated T cells. One major issue with these initial results is that the tumor 

spheroids were not properly formed before the T cells were added. In order to analyze how the 

expanded T cells are interacting with the tumor spheroids, proper spheroids must be present. We 

correct this in Chapter 4. Further analysis is needed to test what interactions are occurring and 

whether the T cells are attacking and killing the tumor cells.  
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Figure 15. Initial Incucyte imaging of tumor spheroids with added circulated T cells from the 
microfluidic system. Tumor cells are tagged green and T cells are tagged red. Over the course of an eight-
day period, we see that the addition of T cells appear to move toward the tumor cells, indicated by yellow 

fluorescence, as well as interrupt the normal formation of the tumor spheroid. 

 

Lastly, we measured infiltration of circulated and expanded T cells tested on retained tumor 

organoids. Before T cells were added to the plate with tumor organoids, they were stained with a 

blue membrane dye. After 24 hours and 48 hours, organoids were stained with LIVE/DEAD and 

imaged. Macro confocal images (Figure 16), show that after 48 hours, the tumor cells are beginning 

to die, and we see an increase of T cells invading the tumor organoid. Quantifying how many T 

cells infiltrated in each organoid, using ImageJ, we see more than double the amount of T cells in 

the circulated T cell condition compared to the uncirculated T cells and TILs (Figure 17). Again, 

this confirms that T cells are capable of infiltrating the Hystem hydrogel utilized in the organoid 

formation. Viability between the organoid conditions was also assessed through an ATP assay 

(Figure 18). As noted previously, we have maintained high viability in the organoid only 

conditions; therefore, viability was normalized to the organoids with uncirculated T cells to 

compare viability between the different T cell conditions. Organoids with the circulated and 
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expanded T cells were the least viable, with similar viability as the organoids that had the expanded 

TILs. It is clear that these T cell conditions have cytotoxic properties, as the organoid viability 

significantly decreases with the addition of these populations. 

 

 

Figure 16. Infiltration of circulated and expanded T cells testing on organoids to assess recognition 
and cytotoxicity. T cells are tagged blue, live cells are green, and dead cells are red. (A) There is an 

increased amount of infiltrated T cells in the circulated T cell condition and after 48 hours, the organoids 
that had circulated T cells or TILs appear more dead. (B) Zoomed in (15x) image of infiltrated circulated T 

cells in a tumor organoid. 

A 

B 
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Figure 17. Quantification of T cell infiltration in tumor organoids. There is an increased amount of 
infiltration in the circulated T cell condition as compared to the uncirculated T cells and TILs. 

Quantification of number of T cells in organoids was performed using ImageJ. 

 

 

Figure 18. Viability of tumor organoids with the addition of T cells. The viability is normalized to the 
organoid condition with the uncirculated T cells. The addition of circulated T cells and TILs resulted in a 

much lower tumor organoid viability, inferring T cell mediated tumor death. Viability was measured 
through an ATP assay. 
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Chapter 4. Comparison of circulated T cells with established immunotherapies 

Testing T cells with immunotherapies 

A common treatment for cancer is the use of immunotherapies, previously discussed in the 

introduction. As we observed previously in Chapter 3, by adding circulated T cells to tumor 

spheroids, the T cells appear to move toward the tumor cells. One way to test the ability of the T 

cells to kill tumor cells is by staining with Caspase-3. Caspase-3 illuminates green when a cell 

undergoes apoptosis. First, these circulated T cells are compared to three common 

immunotherapies: Ipilimumab, Nivolumab, and Pembrolizumab (Figure 19). The addition of 

immunotherapies should result in an increase in cellular apoptosis, by acting as the mechanism to 

help the T cells recognize and attack the tumor cells. The T cells and immunotherapies were added 

to tumor spheroids, and it appears that the addition of the circulated T cells alone induces apoptosis 

of the tumor cells as shown by the green fluorescence. We also see a bunch of cells circling around 

the spheroid starting at day three and the gathering of these cells gets larger as it approaches day 

seven. This may be indication of proliferation of the T cells; however, further analysis is needed to 

verify. We see that the area of apoptosis occurring in the spheroid with circulated T cell population 

is similar to the conditions when the immunotherapies are added; however, there is one outlier with 

Nivolumab. It appears the spheroid in this condition died, depicted by the dark color and loss of 

shape, so we do not have an accurate depiction of cellular apoptosis with the combination of T cells 

and Nivolumab added to the tumor spheroid. The plot in Figure 19 shows the steep increase of 

green fluorescence in the spheroids that had T cells and immunotherapies added as compared to 

the spheroid only condition. However, the circulated T cells alone appear to elicit the same amount 

of apoptosis in the spheroids compared to in combination with the immunotherapies. This is 

possible indication that the circulation of the T cells in the microfluidic platform is educating the T 

cells to acknowledge and kill the tumor cells; therefore, responding in the same manner as when 

immunotherapy is combined with uneducated T cells. 



36 
 

 

 

Figure 19. Incucyte images of tumor spheroids with T cell populations added compared to 
immunotherapies. Caspase-3 illuminates green upon cellular apoptosis. The addition of T cells to the 

tumor spheroids, as well as the immunotherapies, induces apoptosis in all conditions except Nivolumab 
because the spheroid died. The green object area shows an increase over the seven days. 
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Our ATP assay shows similarities in the viability of the tumor organoids compared to the tumor 

spheroids after the addition of the T cells and immunotherapies (Figure 20). Tumor cell viability, 

in percentages, is standardized to the control which in this case is the tumor cells with the circulated 

T cells to see if the addition of the immunotherapies effect tumor cell viability. In the organoids, 

viability with the addition of Pembrolizumab and Ipilimumab is similar to the circulated T cells 

only. There is a similar trend in the tumor spheroids, where compared to the control spheroid, 

Pembrolizumab and Ipilimumab have similar viability. Again, Nivolumab is an outlier, and we see 

in the organoid and spheroid conditions, the cell viability is very low. The cell viability results 

reiterate the results seen in Figure 19, that the addition of the immunotherapies in combination 

with the circulated T cells does not appear to elicit much of an increase or decrease in cell death. 

 

Figure 20. ATP assay showing viability of tumor organoids versus spheroids with the addition of T 
cells and immunotherapies. Comparing percentages of tumor cell viability to the control of tumor cells 

with circulated T cells, the addition of the immunotherapies does not decrease tumor cell viability 
significantly. There is a similar viability in the circulated T cells alone as well as in combination with 

Pembrolizumab or Ipilimumab. Nivolumab is an outlier because the tumor cells died. 
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Testing circulated T cells against TILs 

We also compared the cytotoxicity of our circulated T cells with another current therapy, TILs, that 

are derived from the same patient. The TILs were processed from the tumor sample and expanded 

using the same method for expansion of the circulated T cells. The goal is to see if our microfluidic 

system produces T cells in abundance that have enhanced recognition and cytotoxic abilities similar 

to that of TILs, if not better. Again, TILs already have some recognition of targets on the cancer 

cells because of their close contact in the tumor sample; therefore, we have reason to believe that 

TILs should be able to recognize and kill tumor spheroids. Data from this sample, Melanoma, 

shows the most exemplary work that correlates best with our hypothesis (Figure 21). When the 

uncirculated T cells are added to the tumor spheroids, they appear to cluster near the spheroid; 

however, in this sample they did not induce apoptosis. The circulated T cells appear to gather 

around the tumor spheroid, induce apoptosis, and expand or proliferate around the spheroid. When 

the TILs are added, they appear to induce very little apoptosis and they do not cluster around the 

tumor spheroid, whereas they tend to remain in the periphery with fewer cells clustering around the 

spheroid. The circulated T cells induce the most apoptosis, indicated with a bright green 

fluorescence, compared to the uncirculated T cells and TILs. In the control conditions where there 

was no tumor spheroid present, the T cell conditions had similar responses with the circulated T 

cells only eliciting green fluorescence. In this sample, the circulated T cells were the most reactive. 
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Figure 21. Incucyte images of Melanoma spheroids with added T cell populations. The most apoptosis, 
shown by green, occurs in the circulated T cell spheroids, as compared to the uncirculated T cells and TILs. 

 

The graph quantifying the Incucyte images (Figure 22), shows an increase in the green object area 

of the circulated T cells over the course of seven days. There is a statistical significance between 

the spheroid viability of the four groups at days 3-7. Following up with a Bonferroni post-hoc test, 

the circulated T cells produced significantly more area of apoptosis than all three other conditions 

on days 3-6. This infers that the circulated T cells are more educated than the uncirculated T cells 
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and TILs by their significant increase in visible cytotoxic activity. Analysis was performed in 

ImageJ. Error can also occur due to green signal noise found in most images.  

 

Figure 22. Quantification of area of apoptosis that occurred in tumor spheroids. We see a statistically 
significant increase in apoptotic area that occurs in the tumor spheroids that had circulated T cells added 

compared to the uncirculated and TILs. *: Denotes statistical significance of respective group (displayed in 
color of group) compared to the other groups.  

 

From the data presented in Figure 21 and Figure 22, T cells that have been circulated around 

immune enhanced organoids in the microfluidic system appear to show enhanced recognition of 

tumor cells as well as enhanced cellular apoptosis. If the circulated T cells consistently show 

increased tumor cell apoptosis compared to the uncirculated T cells and currently therapy, TILs, 

the microfluidic device utilized could have major implications as a device for personalized therapy. 

However, even though this presented data follows our hypothesis the best, these results have not 

been consistently seen among all samples we have tested. There appears to be a few factors that 

play a role in this variability. Some of these factors include patient heterogeneity, freshness of T 

cells utilized, as well as current cytotoxicity assays being used to test our hypothesis.  
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Patient heterogeneity 

Patient heterogeneity is a large factor that contributes to varying results. This demonstrates the 

importance of personalized medicine, as each patient is comprised of different populations of cells; 

therefore, each patient may react differently even if they are being treated with the same treatment 

as another individual. In Figure 23, we see different results that do not follow the same trend that 

was seen in the previous sample (Figure 21). Casp-3 was also added to these tumor spheroids to 

visualize cell death. First, we see cell death occurring in all populations including the spheroid only, 

the spheroids with added uncirculated T cells, as well as the spheroids with circulated T cells. The 

uncirculated T cells and circulated T cells appear to respond similarly when presented with tumor 

cells. Once they are added to the tumor spheroid, they move toward the spheroid, induce apoptosis, 

and proliferate; however, the circulated T cell population appears to swarm the tumor spheroid at 

a faster rate and elicit a cytotoxic response sooner with a brighter green fluorescence. The graph 

indicates significant difference between the green fluorescence in the circulated T cells compared 

to the uncirculated T cells and spheroid only conditions on day 3 as well as day 7. On days 4-6, the 

uncirculated T cells and circulated T cells elicit similar amounts of green fluorescence compared 

to the spheroid only. There are a few possible reasons for the variability seen in this sample. 
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Figure 23. Incucyte images of Appendiceal spheroids with added T cell populations. Green object area 
of appendiceal spheroids with added T cell populations. *: Denotes statistical significance of respective 

group (displayed in color of group) compared to the other groups.  

 

First, it is important to note that some tumor samples we receive come from an individual’s lymph 

node. When this is the case, it is difficult to completely remove the immune cells from the tumor 

cells. If these tumor cells already have immune cells in them, this may be a possible reason for the 
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tumor only spheroids to elicit apoptosis as early as day 3. Therefore, if the tumor sample comes 

from a lymph node, it is difficult to say that the addition of T cells is causing the visible apoptosis 

in the spheroid. Although the controls are in place to set a baseline for the T cell populations being 

studied, the possibility that T cells are also killing the tumor only spheroid is something to keep in 

mind. Additionally, each individual has a different make up of immune cells that can vary 

depending on factors such as stage of tumor progression, previous cancer treatments, or other 

preexisting immune disorders.65 Some individuals can have a large amount of cytotoxic T cells 

initially in their blood. The variation in immune population may explain why some samples appear 

to have quite a bit of apoptotic activity in the uncirculated T cell populations. If the immune 

population is already cytotoxic, it is difficult to say how much of an affect the circulation in the 

microfluidic chip will have on these T cells. Ideally, each patient’s initial immune population 

should be characterized through flow cytometry prior to circulation through the microfluidic 

platform. Overall, the trend seen in this sample does not follow other samples, but again, with tumor 

heterogeneity it is difficult to conclude much from these results.   

 

Secondly, the initial tumor spheroid visible at day 0 appears slightly different in each condition. 

These spheroids do not appear completely compact or singular in all cases. In the spheroid only, it 

looks like a few different clusters of tumor cells forming together, but by day seven the tumor cells 

appear to form one singular tumor spheroid. Proper tumor spheroid formation may be crucial when 

assessing the cytotoxicity of these T cells. Another interesting observation is the cloudiness and 

clustering of cells in the uncirculated and circulated T cell spheroids. By day seven, the clusters 

appear so large it is difficult to interpret what sort of activity is occurring in the spheroids. The 

proliferation of T cells appears too big to visualize in the well. Additionally, there is a bigger area 

of green fluorescence present than the size of the initial spheroid. This may indicate cellular 

apoptosis of the T cells as well as the tumor cells. For these reasons, the caspase staining in the 
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tumor spheroids may not be the ideal assay to measure cytotoxicity of the T cells. Proper tumor 

spheroid formation and the caspase assay will both be discussed and analyzed further in upcoming 

sections.  

 

Tumor spheroid formation 

Spheroid formation has been another factor contributing to varying results between samples. 

Because of the heterogeneity of tumor samples, not all tumors will form compact spheroids.66 

Ideally, tumor cells should form spheroids within the first few days; however, after further analysis, 

sometimes it may take up to seven days. After having inconsistencies with tumor spheroid 

formation, the first condition tested was the effect of centrifuging the tumor cells at a low speed 

immediately after seeding into the ULA round bottom plate. Spheroids were spun at 100g for 5 

minutes to promote the tumor cells to form and settle at the bottom of the well with one another. 

After allowing the tumor cells seven days to form spheroids, we did not see a noticeable difference 

between the spheroids that were centrifuged and the spheroids that were not (Figure 24). In fact, 

we did not see compact spheroids formed in either condition. This sample was an appendiceal 

tumor that had quite a bit of mucin incorporated in the sample, which we believe may affect the 

behavior of the tumor cells to form closely with one another. Without the tumor spheroids forming 

properly, this may cause inaccurate data on the cytotoxicity induced by the addition of T cells. We 

understand not all tumor samples will form compact spheroids due to the heterogeneity of tumor 
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cells; therefore, in future samples we plan to test spheroid formation with the tumor cells prior to 

testing T cells to make sure spheroids can form. 

 

Figure 24. Images comparing spheroid formation after centrifuging to promote formation.  After 
seven days, we do not see a distinct difference between the spheroids that were centrifuged versus those 

that were not. 

 

Another condition that was tested to enhance spheroid formation was different tumor cell seeding 

densities. In the previous samples, a density of 3K-5K tumor cells is consistently used. Spheroids 

were seeded at 3K, 5K, 7K, and 10K (Figure 25) and evaluated. In all cases, spheroids formed 

regardless of the density. Although we achieved the desired outcome of properly formed spheroids, 

seeding tumor cells at different densities was inconclusive. Due to all densities forming well, we 

decided to stick with 3-5K densities moving forward to preserve tumor cells, as we do not believe 

that is a contributing factor to spheroid formation in this study. Both conditions that have been 

tested to assess spheroid formation, centrifuging the plate as well as tumor seeding density, have 

appeared to have no impact on the formation. Again, we have concluded that patient heterogeneity 

plays a major role in the formation of the tumor spheroids. 
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Figure 25. Formation of spheroids with different seeding densities. Spheroids were seeded at 3K, 5K, 
7K, and 10K. In this sample, all densities formed compact cells indicating spheroid density does not play a 

role in spheroid variability. 

 

Effects of freezing and thawing T cells 

Another tumor sample we have tested our circulated T cells on was a mesothelioma patient sample. 

In this case, all T cell conditions, uncirculated T cells, circulated T cells, and TILs, appear to elicit 

a strong cytotoxic response. Spheroids formed compactly after three days, and then the T cell 

conditions were added. We see similar trends in all three conditions (Figure 26), where the T cells 

swarm to the tumor spheroid within the first day, elicit a cytotoxic response, and in some conditions 

proliferate. Additionally, we see similar apoptotic activity in the T cell conditions alone when there 

is no tumor spheroid present. Activity in the T cell only conditions suggests that most of the 

apoptotic activity seen in the presence of spheroids, may not be cytotoxic activity of the T cells 

toward the tumor cells. In fact, a lot of the apoptosis appears to be coming from the T cells 

themselves. In Figure 27, the comparison between the T cell conditions with and without the 
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spheroid present is shown. There appears to be roughly the same activity occurring in the T cells 

with the presence of the spheroids and without. The caspase assay utilized is not ideal, as T cell 

mediated death cannot be confirmed. Instead, any cell death occurring in the system is being 

visualized. The main question remains whether the circulated T cells have an enhanced recognition 

of the tumor cells to elicit a cytotoxic response. Another question brought to our attention is if the 

round bottom plates are imposing a bias on the testing. Since all the cells will settle at the bottom 

of the well, we cannot confirm that the T cells are migrating towards the tumor cells or if that is 

just the nature of the plate producing that response. Regardless, this provides further evidence that 

the caspase assay is not ideal as there is too much activity occurring making it difficult to interpret 

what activity is going on. 
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Figure 26. Incucyte images of mesothelioma sample with the addition of T cell populations to 
spheroids. All T cell populations appear to induce a strong cytotoxic response indicated by the increase in 

green fluorescence (Caspase-3 dye). Cellular apoptosis is also visible in the T cells conditions with no 
tumor spheroids present, indicating T cell death is also being quantified in the green fluorescence. 
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Figure 27. Green object areas of mesothelioma spheroids with T cells compared to controls without 
spheroids. Similar area of apoptosis is occurring in conditions with and without spheroids indicating 

apoptosis in this assay is including T cell death, not just tumor cell death. 
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Another issue with the caspase assay currently being utilized is the amount of T cells initially added 

to the spheroid compared to the amount of T cells that end up after a week of co-culture. It appears 

that the swarm of T cells around the spheroid grows to at least double the size from day 3 to day 5 

(Figure 26). After analyzing the diameter of the T cells swarming around the spheroids (Figure 

28), we see a bigger swarm in the circulated T cell condition compared to the uncirculated T cells 

and TILs. With the swarm of T cells growing so large in some cases, this indicates proliferation 

occurring. This makes sense because all T cell populations have been stimulated with CD3/CD28 

beads for expansion purposes; however, the large amount of T cells block the tumor spheroid 

visibility and provides motive for testing different ratios of T cells. If T cells proliferate at such a 

quick rate, the T cells may still be efficient if they are added at a smaller ratio compared to tumor 

cells. T cell ratios are evaluated and discussed in a later section.  

 

Figure 28. Measured diameter of tumor spheroids with T cells in a mesothelioma sample. The 
diameter of the tumor spheroid with the T cell swarm increases with the addition of T cell populations. This 

is indicative of proliferation occurring. 
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Upon further analysis, the only difference between the sample depicted in Figure 21 and the sample 

depicted in Figure 26 was freshness of the T cells. Due to timing of circulation of T cells in the 

chip and expansion of the different T cell population, such as the uncirculated T cells and TILs, not 

all populations are ready to test at the same time. Therefore, the uncirculated T cells and TILs were 

frozen immediately after expansion until the circulated T cells were expanded so that the 

cytotoxicity of all T cell populations could be tested at the same time. Testing all populations at 

once preserves frozen retained tumor cells from the patient. It appears that when all the T cell 

conditions added to the tumor spheroids are fresh and not thawed, they all produce a highly 

cytotoxic response, as shown by the bright green fluorescence. An additional sample that utilized 

all fresh T cell populations is shown in the Appendix section (Figure 34), where all T cell 

populations were highly reactive. However, in the sample depicted in Figure 21, the uncirculated 

T cells and TILs were both thawed before being added to the tumor spheroids and there was not 

much cytotoxic activity present in those conditions. This provides evidence that freezing and 

thawing T cells may affect their cytotoxic activity. A major concern is that thawing frozen 

circulated T cells will interrupt or reduce the cytotoxic response they have been trained to do prior 

to freezing. There is very little information on the effects of cryopreservation on educated T cells. 

One study found that cryopreservation of natural killer cells affects their migratory and cytotoxic 

responses toward target cells.67 Another study found that freezing T cells at different stages of 

culture can affect T cell properties such as proliferation, phenotype, as well as function.68 Results 

from the sample shown in Figure 21 may be indicative of this thawing effect. Freezing and thawing 

of the T cells could be the reason for the different trends among these samples. Moving forward, 

all T cell populations have and will continue to be used fresh.  
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Testing T cell mediated death via tumor cell fluorescence 

With the previously used caspase assay not providing evidence of T cell mediated death, a different 

method to measure cytotoxic activity was tested. The tumor spheroids were membrane tagged with 

a red dye prior to seeding in the ULA round bottom plate to form tumor spheroids. After spheroid 

formation, T cell populations were added to the spheroids and the amount of red fluorescence over 

the time course was measured (Figure 29). This test utilized ideal conditions such as utilizing fresh 

T cell populations, beginning with a decently compact tumor spheroid, as well as only visualizing 

and quantifying tumor cell death. The more fluorescence visible, the more viable the tumor 

spheroid; however, the less fluorescence visible may indicate T cell mediated killing of the tumor 

spheroid. In the spheroid with the addition of the T cells, we see a decrease in fluorescence begin 

to occur between days 3 and 7. We do see some interesting variation in the fluorescence between 

day 1 and 4; however, by day 6 and 7 the fluorescence appears to decrease more rapidly. Overall, 

this measure of T cell cytotoxicity is a more accurate representation of tumor cell death only, more 

specifically death mediated by the T cells. These results provide evidence that co-culture and 

circulation of T cells through the microfluidic chip enhances cytotoxicity of these T cells. It is clear 

that the T cells are migrating towards the tumor spheroid to elicit a cytotoxic response. Going 

forward, this assay to measure tumor cell death will be utilized. 
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Figure 29. Incucyte images testing T cell mediated death through quantifying fluorescence of 
membrane tagged tumor cells. Tumor cells are red. When the circulated T cells have been added to the 

spheroid, the red fluorescence decreases, indicating these circulated T cells are recognizing and killing their 
target cells. 

 

T cell to tumor cell ratios 

There are still a lot of unknows when it comes to specifics of cytotoxic T cell activity such as how 

many T cells are needed to kill off tumor cells, how long T cells can maintain their killing rate, and 
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how many tumor cells each T cell can kill before becoming exhausted.69 These T cell characteristics 

may also be patient dependent. After initial cytotoxicity testing of the T cells with Casp-3, the 

amount of fluorescence visible became difficult to interpret and analyze. In some cases, the T cells 

were proliferating at such a high rate, it pegged the question of how many T cells are actually 

needed to kill the tumor spheroid. One factor that can help with understanding these T cell 

characteristics, is assessing the ratio of T cells to tumor cells tested on the spheroid plate. It was 

also a goal to see how few T cells could kill the tumor spheroid entirely. One, this is beneficial to 

indicate how few T cells are capable of killing tumor cell populations, and secondly in cases where 

initial T cell population sizes are limited and expansion does not produce tens of millions of T cells, 

the process is still feasible and effective. We tested three different ratios of T cells to tumor cells; 

0.5:1, 1:1, and 4:1. Although slight decreases in red fluorescence with increased ratio of T cells, 

overall, there is not a major difference between activity (Figure 30). The initial 1:1 ratio of T cells 

to tumor cells we have been using appears to provide sufficient cell death of the tumor spheroid; 

however, none of the ratios appeared to kill the tumor spheroid completely.   

 

Figure 30. Average area of red fluorescence to quantify T cell mediated tumor death with varying T 
cell ratios. There is a decrease in fluorescence when the T cell ratios are increased; however, there does not 

appear to be a drastic difference between the ratios. 
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Flow cytometry 

Characterization of the T cell populations is important in determining the potential of the proposed 

microfluidic system toward the T cell’s phenotype and function. As stated previously, there is a lot 

of heterogeneity in patient samples. In order to see the effect that circulation of the T cells with 

immune enhanced organoids has on the T cells, the initial population needs to be known and 

compared to the post circulated T cell population. We hypothesize that the circulation of the T cells 

will produce an increase in the cytotoxic T cell population and an increase in the cytotoxic function 

markers. The initial flow cytometry panel that was performed confirms our hypothesis (Figure 31). 

We see an increase in the CD8+ T cells after circulation through the microfluidic chip. Further flow 

cytometry data is needed to characterize the difference between all T cell populations tested in this 

study including uncirculated T cells, circulated T cells, and TILs.  

 

Figure 31. Flow cytometry of T cell populations before being added to the microfluidic chip and 
after. Before the T cells were added to the microfluidic chip, they had a low population of CD8+ T cells 

(27%); however, post circulation, the population of CD8+ T cells increased (48.9%).  
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A more extensive flow cytometry panel is necessary to take a further look at functional markers 

present in the T cell populations. Four T cell populations were studied; uncirculated and expanded 

T cells, circulated and expanded T cells, expanded TILs that had been tested and co-cultured with 

tumor organoids (plated), and circulated and expanded T cells that had been tested and co-cultured 

with tumor organoids (plated). Due to some populations having low cell counts, additional T cell 

populations are not included. Plots showing percentages of stimulated T cells with respect to IFNg 

compared to different antibodies are shown in Figure 32. IFNg is a marker expressed in cytotoxic 

T cells. After the T cells have been circulated through the microfluidic chip and expanded, they 

appear to contain relatively similar amounts of IL-2, Ki-67, GranzymeB (GranB), and TCF-1. All 

T cell conditions are expected to express high amounts of IL-2 because all T cells have been 

stimulated with CD3/CD28 beads for expansion purposes. This also means each population should 

express high levels of Ki-67, a marker for proliferation. We see relatively high expression of GranB 

in most T cells, with a slight decrease after the circulated T cells have been plated, another marker 

for cytotoxic T cells that induces target cell apoptosis. Additionally, TCF-1 is a transcription factor 

that is important in producing memory T cells. With respect to IFNg, all T cell populations appear 

to express low amounts of TCF-1.  

 

In the circulated and expanded T cell population that has been plated with the tumor organoids, 

there has been a lot of activity and stimulation over a period of weeks. This can cause variation in 

this T cell population. First, the T cells are co-cultured with tumor organoids twice, in the presence 

of the microfluidic chip, as well as after they have been expanded for testing purposes. Throughout 

this entire process they are stimulated multiple times, by Dynabeads for expansion and with the 

media that is supplemented with CD3/CD28 and IL-2 in the entire process. There is a possibility 

that after the T cells are plated with the tumor organoids, they are eliciting a lot of cytotoxic activity 

causing a lot of them to become exhausted and die. It is difficult to say, but if the T cells that were 
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actively killing tumor cells die, that part of the population will no longer be analyzed in the flow 

cytometry panel. After the circulated T cells were plated with tumor organoids, they show a slight 

increase in both Ki67 and TCF-1. Additional analysis into functional T cell markers would provide 

more insightful knowledge with respect to how the circulation of the T cells in the microfluidic 

device benefits the T cell population.  

 

It also appears that the TILs were the most reactive in this sample compared to prior experiments, 

indicated by the high expression of these described markers. Theoretically, TILs should be highly 

reactive as they are currently being used as a treatment option for patients because of their targeted 

education toward cancer cells. However, with patient heterogeneity that has previously been 

described, as well as effects from freezing and thawing T cells on their activation, there will be 

variation in reactivity of TILs in different samples. Further analysis and a higher number of trials 

is needed to provide a better understanding.  
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Figure 32. Flow cytometry percentages of T cells that are CD45+, CD3+, and CD8+ with respect to 
IFNg compared to different antibodies. Most T cell populations are positive for IL-2 and Ki67 due to 

their stimulation with CD3/CD28 and IL-2. There is minimal variation between the T cells that were 
uncirculated versus circulated and slight variations between the circulated T cells and the circulated T cells 

that had been plated. 
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Conclusion and Future Directions 

The microfluidic platform utilized in this study shows initial evidence that ex vivo circulation of 

patient-derived T cells with 3D tumor organoids may educate these immune cells to recognize and 

attack desired tumor cells. The addition of immune cells to the tumor organoids, as well as the 

addition of a fluid flow component creates a more accurate representation of the in vivo 

microenvironment. The APCs are a crucial aspect of the organoid population that interact with the 

T cells flowing in the system to give them direct information that the tumor cells are the target cells. 

These immune enhanced organoids combined with the microfluidic platform sets this device apart 

from other studies, previously discussed in the Introduction. We show the process and analysis of 

creating an advanced T cell mediated therapy that has the potential to enhance the recognition of 

the cytotoxic T cells necessary to rid the body of tumor cells.  

 

The microfluidic device has been developed to support viable organoids and viable recovery of T 

cells while allowing interactions between the tumor cells, APCs, and T cells for seven consecutive 

days. We have shown an enhancement of the cytotoxic T cells post circulation, resulting in 

increased apoptosis elicited by these T cells toward the tumor cells they have been co-cultured with. 

A few factors have been found to contribute to variability between samples that include patient 

heterogeneity, freshness of T cells used, and the cytotoxicity assay used. It was previously 

mentioned that some tumor samples come from the patient’s lymph node; therefore, there may be 

T cells initially in the tumor cell population that were unable to be processed out. This can cause 

variation in tumor viability if the T cells begin to attack the tumor cells. This can also cause 

difficulty in figuring out if the tumor cell death is caused by the added T cell populations, or the 

initial T cell population in the tumor cells. Additionally, all patients have different immune cell 

populations. To determine whether circulating T cells through the microfluidic system enhances 

the T cell functions, analysis such as flow cytometry needs to be performed to investigate the 
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functional markers prior to circulation and directly following circulation. It was also discovered 

that freezing and thawing T cell populations has an effect on T cell activation. This was visible 

when comparing samples of all fresh T cell populations that were very reactive compared to 

samples when the T cells were thawed and did not produce a response to the tumor cells. Lastly, 

the previous cytotoxicity assay was overestimating tumor cell death by quantifying all cell death in 

the system, including T cell death. A new measure of cytotoxicity has been utilized to measure T 

cell mediated death post microfluidic chip circulation. T cells were still seen to swarm the tumor 

spheroid and elicit a cytotoxic response as depicted by a decrease in the tumor cell fluorescence, 

regardless of T cell to target cell ratio. 

 

Moving forward with testing patient samples in the microfluidic platform, new parameters have 

been set. First, the microfluidic device and organoid fabrication processes will remain the same. 

However, on the same day the sample is received, tumor spheroids will be made in ULA round 

bottom plates to verify that the sample will form proper spheroids when it becomes time to test the 

T cells. Additionally, once all T cell populations have been expanded, they will be tested on tumor 

spheroids fresh and will not be frozen. The new assay mentioned will measure T cell mediated 

killing of the tumor spheroids by quantifying tumor cell fluorescence. Lastly, T cell populations 

will be analyzed through flow cytometry pre-circulation and post-circulation to measure functional 

markers to validate whether the microfluidic device enhances recognition and targeted cytotoxicity 

of the T cells.  

 

Although completion of circulation and expansion of T cells can take time, this process can be 

repeated as many times as necessary to rid entire tumor populations, if not eliminated after one 

trial. One advantage of this microfluidic device is the low cost and easy reproducibility of 



61 
 

constructing the microfluidic chips and reservoir systems. The addition of patient specific immune 

components, studies and develops a therapeutic that suits each patient for their need creating a 

targeted therapy. This system has the possibility to advance from bench to bedside, with the overall 

goal to develop efficient results to patients as quickly and abundantly as possible. Overall, there is 

a need for advancing therapies to help cancer patients have a bright future ahead. 

 

Device design 

Device design of the proposed microfluidic system could be improved upon. First, a major issue 

when hooking the microfluidic chips up to tubing is the formation of bubbles. Media is slowly 

flowed through the circuits and tubing to eliminate bubbles and the chip design is also comprised 

of a bubble trap layer; however, bubbles can still form. When bubbles do form it can affect the way 

the media with T cells circulate through the circuit and it is difficult to remove them once they are 

present. The appearance of a bubble can prevent T cells from coming into contact with a few 

organoids, possibly limiting the amount of interactions.  

 

Secondly, T cells appear to settle at the bottom of the reservoir tubes. Although tubing reaches the 

very bottom of the reservoir to prevent T cell settling, there is a possibility that not all T cells are 

moving through the tubing and microfluidic chip to circulate around the organoids. To prevent 

settling of the T cells and advance the system, reservoirs could be attached to a rotating device that 

would keep the reservoirs in motion during the entirety of the chip circulation period. Rotation 

could disrupt the T cell ability to pellet and promote all T cells to flow through the microfluidic 

system. In this stage of the circulation process, it is important for the T cells to interact with the 

organoids as much as possible within the seven days of circulation.  
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Additionally, at the end of the seven-day circulation in the microfluidic chip, the process to remove 

all T cells in the circuits may need to be improved. Currently, the method of flushing PBS through 

the circuits rids the area around the organoids of any T cells; however, there is a possibility that T 

cells are infiltrated in the hydrogel of the organoids as well. If T cells are in the hydrogel, this 

flushing method will not flush those T cells out. As of now, it is unknown if leaving these T cells 

in the hydrogel has any effect on the circulated T cell population. It is possible that a bunch of 

educated T cells are being left behind and it would be ideal to remove all of the educated T cells to 

expand them in abundance. If the microfluidic system utilized a dissolvable hydrogel to form 

organoids, the hydrogel could be dissolved during the process of removing T cells to achieve 

removal of all T cells in the system. One hurdle with dissolving the hydrogel would be having to 

separate out the cell populations in the organoids, as the organoids are comprised of tumor cells 

and APCs. A more detailed analysis into this would need to be accomplished to figure out if this 

extra step would be beneficial to the circulated T cell population. 

 

Additional experimental designs 

There are a few additional experiments that may provide useful information to further validate the 

proposed model. In one case, an issue arose where a microfluidic chip circulated T cells around a 

circuit that did not have organoids present. The T cells were still circulated for one week in the 

microfluidic chip and then expanded. To our surprise, these circulated T cells with no organoids 

present appeared to elicit a cytotoxic response in the tumor spheroids (Figure 33). The results 

compliment previous results where T cells circulated through the microfluidic chip produce a 

cytotoxic response to the tumor spheroid and begin to cluster around the spheroid. Whereas the TIL 

population does not form as compact as the circulated T cells, appearing cytotoxic at the core, but 

seeming more spread out and clustering further away from the spheroid core. This led us to 

questioning whether the initial T cell population consisted of cytotoxic T cells or more importantly, 
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is our proposed system and expansion process selectively isolating for the cytotoxic T cells. 

Following these questions, we believe it is important to construct a microfluidic chip similar to this 

incident; however, to stick with consistency, we want to construct a microfluidic chip with cell free 

organoids. This will provide similarity to the initial system for the T cells to be circulating around 

the hydrogel organoids; however, the difference is that these T cells will not have any contact or 

interaction with tumor cells or APCs. We have yet to receive a tumor sample with enough PBMCs 

to set up this scenario.  

 

Figure 33. Incucyte imaging of a Melanoma sample that was circulating T cells through an empty 
microfluidic chip. We see similar results where the T cells from the microfluidic chip elicit cytotoxicity to 
the tumor spheroid and then cluster around the spheroid. The TIL population also appears to react similar to 

previous samples with interruption of all cells forming around the spheroid. 

 

Another assay that would validate the enhanced recognition of the T cells after circulation through 

the microfluidic chip would be a migration assay. Sherman et al. utilized a migration assay in 

transwells to test tumoricidal activity of immune cells toward tumor spheroids.70 First, the tumor 

cells would be seeded into an ULA round bottom plate as described in the methods section. Once 

the tumor spheroid has formed, a transwell would be added to each well containing the T cell 

conditions. This proposed method would measure the migration of the T cells toward the tumor 
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spheroid and then measure the cytotoxicity of the T cells toward the tumor spheroid. From this 

migration assay, we would expect to see an increase in the amount of T cells that migrated from 

the transwell to the tumor spheroid in the microfluidic chip circulated T cells, as well as a decrease 

in the amount of time it takes for the circulated T cells to migrate toward the tumor spheroid as 

compared to the uncirculated T cells. 

 

Additionally, to further validate whether the circulation of the T cells in the microfluidic platform 

is indeed enhancing T cell recognition and cytotoxicity toward target tumor cells, the sample size 

needs to be increased. Samples will continue to be analyzed through the discussed assays as they 

are received.  

 

Clinical implications of this technology 

Circulating T cells through our developed microfluidic platform creates a T cell population in 

abundance that have an enhanced recognition of antigens to identify tumor cells in the individual. 

This is one major advantage of the microfluidic platform compared to TILs and CAR-T therapies. 

In TIL therapy, there are a limited number of T cells present in the tumor sample and they are also 

immobile; therefore, the T cells can only recognize a very limited number of antigens. This makes 

it difficult for the T cells to kill the entire tumor cell population. In the developed microfluidic 

platform, immune enhanced tumor organoids represent multiple specimen sites to recapitulate the 

entire tumor microenvironment. With the T cells in constant circulation around the tumor cells and 

APCs, the T cells are able to interact with many antigens to increase their recognition when they 

are reintroduced to the tumor cells. Additionally, CAR-T therapy is a complex and expensive 

treatment option. The process of constructing the microfluidic device is quick, inexpensive, and 

eliminates the need for continual invasive surgery. The device could easily be scaled up with the 
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goal that whenever a tumor biopsy and blood sample is taken from a cancer patient, their immune 

cells would be processed and immediately inserted into the microfluidic device until time to retrieve 

and expand. Following expansion, the T cells could be tested in house for the enhanced function to 

assess whether the T cells would kill the patient’s tumor cells prior to infusing them back into the 

patient. This would be the ex vivo model to assess whether this treatment would benefit the patient 

and evaluate how they would respond. 

 

There are still a lot of unknowns on the capabilities of T cells. It is difficult to determine how many 

cancer cells each T cell can kill before becoming exhausted, as well as how long it takes for the T 

cells to successfully kill the tumor cells. Since these are patient specific questions, by using this 

developed microfluidic system that is personalized for each patient, we can figure out on a case-to-

case basis how many T cells would be needed to kill the tumor and how long it would take. The 

fewer T cells the patient needs, the fewer T cell infusions they would need to undergo.  

 

One downside to this technology is the current extent of the timeline. The process to circulate the 

T cells, expand the T cells, and then test whether the T cells would work in the patient can take up 

to one month. With aggressive cancers, some patients may not have that long to wait for a treatment. 

The duration of circulation could be more thoroughly tested. Currently the only timelines for T cell 

circulation in the microfluidic chip that has been tested has been two weeks versus one week. With 

more desirable outcomes after one week circulation, there is a possibility the circulation process 

could be decreased. To shorten this timeline, the recognition and function of the T cells could be 

assessed after a few days. This would make the approach faster and help the patient quicker.  
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Although T cell mediated therapy using the microfluidic platform may not work for everyone and 

would not be a front-line defense, there is hope this method will act as a secondary treatment option 

to individuals who have already undergone chemotherapy or radiation and need further assistance. 

However, hopefully in the future this device could progress to being a primary treatment option. 

With this therapy using all patient-derived cells and acting as an enhancement of a patient’s own 

immune system to fight cancer, this makes the treatment highly desirable and could eliminate the 

need for harsh and cytotoxic treatments that leave individuals with undesired side effects and harm 

to other healthy cells in the body.  
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Appendix 

 

Figure 34. Incucyte images with the addition of T cell populations all fresh. The addition of fresh T cell 
populations elicit strong cytotoxic activity in all three conditions. The uncirculated T cells and TILs 

proliferate at a rate that is difficult to visualize in the Incucyte. T cell conditions without the presence of 
spheroids also appear very reactive. 
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