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ABSTRACT 

Despite decades of research and billions of dollars in funding,  cancer has maintained its 

epidemiological prominence as the second leading cause of death in the US for nearly 90 years. 

Currently, the clinical trial success rates for oncologic drugs is ~3%, and approved drugs often 

have a modest impact on overall survival. This is due in part to the tumor microenvironment 

(TME) which promotes cancer development and mitigates therapeutic response. Study of this 

biological system, however, is limited by conventional in vitro and in vivo techniques, which 

compromise either physiological relevance or experimental control. 

To better understand the role of the TME, we have utilized microfabrication techniques to 

develop the microfluidic imaging window (MFIW), an implantable platform for the observation 

and manipulation of in vivo TMEs. This technology provides unique opportunities for assessing 

the pharmacologic effects of therapeutics within intact, living tissue. Among the applications 

explored, a novel photolithographic technique, termed post exposure lamination, was developed 

to integrate tapered SU-8 micro-nozzle structures and enhance fluid conduction into porous 

matrices. Using these features, it was found that micro-nozzles improved axial penetration of 

fluorescent dextran into agarose tissue mimics and reduced the radial dispersion of Trypan Blue 

dye. Applications of localized reagent delivery for enhanced assay control were also investigated 

using small molecule nuclear stains and cell-based reporter systems. Here, significant cell 

staining occurred rapidly using small volumes of reagent (100 nL), substrate delivery for 

enzymatic processing was detected using a bioluminescent readout, and induction of cell gene 

expression was used to upregulate the production of fluorescent protein. Collectively, these 

capabilities showcase applications of the MFIW for enhanced monitoring and modulation of the 

TME that are well suited for translation into in vivo animal studies. 
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CHAPTER 1: INTRODUCTION 

1.1. Cancer Background 

Cancer is characterized by the deregulation of cellular pathways that control several critical 

components of cell behavior, including growth and invasion into surrounding tissues. Progression 

of cancer creates an ever-growing burden on the body that can disrupt organ function and lead to 

death1. Cancers can differ in their cellular origins, acquired mutations, and microenvironmental 

conditions, which contributes to a broad range of phenotypes and frustrates the search for a silver 

bullet treatment2. Instead, cancer treatment utilizes a personalized approach, where adjustments to 

treatment are made in response to disease progression. Over the past 30 years, this strategy has 

shown some success as cancer death rates have fallen 31% due to improvements in prevention, 

detection, and treatment3. In spite of these gains, cancer remains the second leading cause of death 

in the United States, and more than 1 in 3 people are expected to develop cancer during their 

lifetime3.  Even more concerning is the fact that novel cancer drugs entering clinical trials only 

have a 3.4% approval rate by the US Food and Drug Administration (FDA), and these drugs that 

do earn approval often have little to no effect on overall survival4,5. These data suggest a 

disjunction in the drug development pipeline where clinical outcomes do not realize the same 

degree of therapeutic success observed in preclinical studies.  

The low rate of clinical translation for novel cancer therapies is due in part to the complex and 

interconnected network of the tumor microenvironment (TME), where cancer cells reside6,7. This 

background encompasses all of the participatory components of a tumor including local 

specialized cell types (immune cells, fibroblasts, etc.), the extracellular matrix (ECM), chemical 

gradients, and physical conditions, such as interstitial fluid pressure and shear stresses. Critically, 
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these components vary at local and regional scales, and, when combined with the genomic 

instability of cancer cells, results in a highly heterogenous disease state7. These local differences 

in the TME have been shown to affect clinically significant tumor properties, such as cancer 

development, progression, and therapeutic response7,8. One particularly prominent process is the 

metastatic cascade, a hallmark of cancer that is long recognized as a significant cause of cancer-

associated mortality, yet remains poorly characterized9–15. The recent designation of metastasis-

free survival as an emerging clinical trial endpoint by the FDA demonstrates both the importance 

of improving our understanding of metastasis and the influence of the TME in therapeutic 

development15.  

1.2. Composition of the Tumor Microenvironment 

The TME is comprised of cancer cells, stromal tissue, extracellular components, and 

biophysical forces that all contribute to tumor cell behavior (Figure 1.1). Understanding these 

biochemical and mechanical cues are critical to reproducing physiologically relevant tumor models 

for extracting actionable data. As each of these components include many nuances and distinctions 

within their diverse populations, we will only briefly discuss their role in the TME. For greater 

detail on specific topics, the following review articles are suggested16–18. 

1.2.1. Tumor Cells and Cancer Stem Cells 

Bearing the namesake of the masses they form; tumor cells possess a series of acquired 

genetic and epigenetic mutations that drive cancer initiation and progression7,19. These changes 

often result in genome instability, which exacerbates the rate of mutation and leads to the formation 

of clonal subpopulations20. This variance results in an evolution of changes to the TME through 

spatial heterogeneity, cancer progression, and exposure to therapeutics that can increase the 

cancer’s 
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resilience to treatment20. Moreover, to maintain their accelerated growth, tumor cells recruit 

neighboring cell types into supportive roles21. One common mechanism involves paracrine 

signaling of proangiogenic factors to improve the tumor cell’s access to nutrients7,22. These 

changes protect and nurture the tumor cells whilst they continue to mutate and compete for 

survival. Once the right combination of mutations have been acquired, the conditions within the 

TME drive invasion-metastasis cascade. Through this process, tumor cells invade the stromal 

compartment, intravasate into the bloodstream, endure systemic circulation, arrive at distant sites, 

extravasate into the parenchyma, survive in the new tissue microenvironment, and finally initiate 

the formation of secondary tumors23.  Due to its prominence in cancer-associated mortality, 

modeling the invasion-metastasis cascade is an active area of research that will be explored further 

in later sections. 

Figure 1.1 The Tumor Microenvironment: A  collection of various cell types, extracellular 

components, and environmental conditions that influence cancer progression and resilience. 
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1.2.2. Tumor Stroma 

The tumor stroma includes noncancerous cells such as endothelial cells, cancer-associated 

fibroblasts (CAFs), and inflammatory cells, as well as any organ-specific cells that may be 

present8. Endothelial cells form the tumor-associated vasculature, which supplies the literal 

lifeblood needed for tumor growth. They also remove interstitial waste and can serve as a gateway 

for tumor cell dissemination and metastasis24. As a tumor develops, tumor cells will induce the 

formation of new blood vessels, a process known as angiogenesis, to increase their access to 

nutrients and oxygen. The resulting neovasculature, however, is often wildly erratic and poorly 

developed, leading to fluctuations in tumor oxygenation and perfusion as well as elevated capillary 

pressure18. Hypoxic conditions add additional stress to tumor cells, which can lead to changes in 

gene expression that increase cell survivability and resistance to induced apoptosis25. Poor 

perfusion also limits tumor exposure to therapeutics, leading to variability in efficacy and 

potentially promoting acquired drug resistance26,27. Similarly, endothelial cells also form the 

lymphatic vessels of the stroma, however, due to the elevated interstitial pressure in the TME, 

these structures are typically collapsed and nonfunctional. The functional lymphatic vessels that 

do exist are often found at the tumor periphery, where tumor cells can invade and metastasize in 

the surrounding lymph nodes7.  

CAFs are often among the most numerous cells in the tumor stroma. Normally quiescent, 

healthy fibroblasts become active during the wound healing response to repair damaged tissue. 

Once homeostasis has been restored, the activated fibroblasts then undergo apoptosis to maintain 

the population’s resting phenotype28. During cancer development, however, a chronic wound 

healing response is mounted, resulting in a persistent colony of activated fibroblasts. These CAFs 

exhibit a broad range of phenotypes that promote cancer proliferation and invasiveness. This 
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includes remodeling the extracellular matrix (ECM), inducing angiogenesis, and cleaving E-

cadherin with matrix metalloproteinases28,29. In addition, metabolic reprogramming of CAFs is 

thought to supply tumor cells with energy-rich metabolites, promoting their proliferative capacity 

in a process known as the Reverse Warburg Effect21,28,30,31. There is also evidence that the CAF 

secretome plays a role in immunomodulation, via monocyte recruitment, and maintenance of 

cancer stemness28,32,33.  

Immune cells are a diverse component of the TME that can both support and oppose tumor 

progression. Tumor-suppressing cells include M1-macrophages, effector T cells (type 1 CD4+ and 

CD8+ cytotoxic T lymphocytes), natural killer cells, and dendritic cells7,34. These cells identify and 

eliminate tumor cells as the body’s natural defense against cancer. In contrast, M2-macrophages, 

mast cells, myeloid suppressor cells, neutrophils, T lymphocytes (type 2 CD4+ and regulatory T 

cells) and B lymphocytes are inflammatory cells that can be reprogrammed by the TME to support 

tumor progression35,36. These cells secrete growth factors, cytokines, and chemokines that promote 

tumor growth and dissemination in addition to suppressing the immune response, and maintaining 

an inflammatory state25,34,37. Characterizing variations in the tumor immune microenvironment is 

an area of active research as a T cell-infiltrating tumor phenotype has been shown to have 

predictive potential in patient response to antibody-based immunotherapy38,39. 

1.2.3. Extracellular Matrix and Physical Microenvironment 

Along with the cell populations discussed above, the ECM and physical microenvironment 

also shape pathophysiological processes in the TME. While not proactive participants, these 

constituents nevertheless mediate and influence cell signaling pathways. 

The ECM is produced by a range of cell types and is composed of glycoproteins, 

proteoglycans, and fibrous proteins including collagen, elastin, laminin, and fibronectin17. CAF-
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mediated remodeling of this network in the TME results in increased ECM density, fiber 

alignment, and crosslinking16. These changes lead to elevated tumor stiffness and track formation, 

where fibroblasts form holes in the ECM, which promote tumor cell invasion and oppose 

infiltration by immune cells40–44. The ECM also functions as a reservoir for growth factors and 

signaling molecules45. When mechanically modified, the ECM can release these particles, further 

dysregulating the TME. This property can lower sensitivity to therapeutics via off-target binding, 

drug filtration, and mean free path reduction. The result is reduced drug penetration in tumors, 

leaving large regions below the therapeutic threshold. 

The mechanical forces that comprise the physical microenvironment generate abnormal 

solid and fluid stresses that can promote cancer progression and alter therapeutic efficacy18. Solid 

stress, mediated by the structural components of the TME, is generated from the rapid expansion 

of proliferating tumor cells. These forces compress cells in the TME and activate 

mechanotransduction pathways that can promote cancer progression, invasion, and metastasis18,46. 

Solid stress can also lead to compression of blood vessels, reducing tumor perfusion and access to 

oxygen. While damaging to the tumor, the resulting hypoxia also stimulates other pro-tumorigenic 

processes including macrophage recruitment and angiogenesis47,48.  

Fluid stress includes the pressures and shear stresses that occur due to the movement of 

fluid in the TME18. As highly permeable and irregular neovasculature is formed in response to the 

many proangiogenic factors in the TME, fluid is more easily able to escape, raising the tumor 

interstitial fluid pressure (IFP)18.  Coupled with a lack of functional lymphatic vessels in the tumor 

interior, the result is an outward flow of fluid into the surrounding microenvironment. This 

condition exposes cells to elevated levels of shear stress, exerts drag forces on the ECM, and acts 

as a transport barrier for therapeutics. As mentioned in previous sections, these stimuli can promote 
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cancer proliferation, survival, and metastasis. Lastly, abnormal flow in the interstitium can disrupt 

physiological chemotactic gradients, biasing migration away from the tumor and increasing 

invasion into neighboring tissues49. 

While heterogeneity among the myriad types of tumors will certainly demand individual 

tailoring for treatment, the fundamental basis established here should begin to convey the 

complexity of the TME. Understanding these components will be invaluable to the study, 

modification, and design of clinically relevant cancer models. 

1.3. Modeling Cancer 

To study the role of the TME in cancer development and progression, cancer models are 

designed with varying degrees of experimental control, system complexity, and model accuracy. 

A particular challenge for cancer models is accounting for the heterogeneous nature of the TME 

while maintaining experimental reproducibility and practicality. The conventional pipeline for 

cancer research is to first screen for potential biological processes in vitro and validate therapeutics 

in vivo before moving to human testing. This approach is standard practice because the low cost 

and high-throughput capabilities of cell culturing techniques allow for robust candidate screening 

and pathway characterization, while in vivo models enhance the physiological relevance of 

therapeutic potential findings and test for systemic toxicities. Yet, the low success rate of this 

methodology in identifying clinically viable therapeutics suggests that there is room for 

improvement. Major concerns, namely, the poor recapitulation of physiological conditions in two-

dimensional (2D) cell culture and the significant differences between human and murine drug 

response, encourage reexamination of conventions in translational cancer research50,51. In the 

following section, we summarize conventional cancer models, discuss their advantages and 
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disadvantages, and summarize common quantification techniques to motivate the need for 

emerging cancer research tools (Figure 1.2).  

 

Figure 1.2 Prominent Technologies for Modeling the Tumor Microenvironment: Cancer models 

determine the biological complexity that is being studied. Monitoring technologies quantify the 

parameters of interest during a study, and manipulation improves experimental control and model 

relevance. Combinations of these technologies are needed for effective translation of findings to 

the clinic. Adapted from Head T, and Cady NC. Monitoring and modulation of the tumor 

microenvironment for enhanced cancer modeling. Exp Biol Med (247;7) pp. 598–613. Copyright 

© 2022 SAGE Publications. DOI: 10.1177/15353702221074293. 
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1.3.1. Existing Preclinical Cancer Models 

In vitro and in vivo cancer models are critical tools in the investigation of cancer signaling 

pathways and development of novel diagnostic and therapeutic technologies. Recent advances in 

molecular characterization and genetic engineering have rapidly expanded both our grasp on 

cancer development and allowed for the rapid generation of new cancer models to better 

recapitulate particular aspects of cancer biology41,52.  

1.3.1.1. In vitro Cancer Models 

Cell culture techniques are some of the most accessible methods for studying cancer 

biology. They enable a bottom-up approach where system complexity is constructed using well-

characterized components to recreate specific niches in the cell microenvironment41,52. This 

additive property of in vitro cell culture ensures a high degree of experimental control and target 

selectivity, which improves experimental reproducibility and enables high throughput analysis.  

The bulk of in vitro cancer research is done using established cancer cell lines due to their 

straightforward validation between labs and ease of maintenance50. Cell line-based models are 

particularly useful in the evaluation of cancer cell specific properties, such as oncogenes and drug 

sensitivity. However, cell lines also suffer from several limitations, including the selective 

pressures of monolayer culture, which can cause genetic alterations that are not found in vivo, and 

clonality, which loses the intra- and inter-tumoral heterogeneity found in the clinic53–55. These 

changes can then contribute to misrepresentation of cell behavior and drug sensitivity. Primary 

cells are used to circumvent many of these concerns; however, sourcing and maintaining primary 

cells is significantly more challenging than commercial cell lines. Moreover, repeated passaging 

and expansion of primary cells depletes native ECM components and can lead to epigenetic drift 
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loss of tissue morphology54. Collectively, these shortcomings limit the scope of cell line 

monocultures to cancer cell-specific functions. 

Table 1.1 Summary of 3D cancer cell culture techniques and animal models. Adapted from Head 

T, and Cady NC. Monitoring and modulation of the tumor microenvironment for enhanced cancer 

modeling. Exp Biol Med (247;7) pp. 598–613. Copyright © 2022 SAGE Publications. DOI: 

10.1177/15353702221074293. 

 

Technology Technique Description Advantages Disadvantages 

Spheroid 

Models 

Multicellular Tumor 

Spheroids 

Aggregation and compaction of 

suspended cancer cell lines56,57 

Standardized cells; ideal for high 

throughput screening (HTS); cell-
cell interactions easily 

incorporated; and partial 

differentiation58 

Immortalized cell lines and 

culture-adapted 

Tumorsphere (Tumor 
Organoids) 

Clonal proliferation of cells 
suspended in stem-cell media58 

Enriched for cancer stem cells  Clonal cell population; only 
cancer stem cells 

Tumor-derived 

Spheroids 

Partial dissociation and 

reorganization of tumor tissue 

Recreates tumor properties/ 

microarchitecture  

Not standardized cell lines and 

exclusively tumor cells 

Organotypic 

Spheroids 

Mechanically diced and rounding 

of tumor tissue 

Preserves tumor heterogeneity and 

microarchitecture  

Not standardized cell lines 

Scaffolds Hydrogel-based 
Scaffold 

Crosslinked hydrophilic polymer 
network59 

Control over ECM proteins and 
growth factors; Cell encapsulation 

Poor mechanical properties 

Porous Scaffolds Various polymeric pore and fiber 
forming techniques60–62 

Diverse material selection and 
engineered microstructures 

Inefficient cell seeding and 
variable mechanical properties 

Decellularized 

Scaffolds 

Decellularized ECM from tumor 

tissues63 

Mimics natural tissue properties 

and biocompatible  

Inefficient cell seeding; 

immunogenic response; and 

technical preparation 

Explant 

Model 

Tissue Slice Sectioning of surgically extracted 

tumor tissue 

Preserves tumor heterogeneity and 

tissue architecture  

Low throughput and  challenging 

to maintain long-term 

In vivo 

Tumor 

Models 

Cell Line-Derived 

Xenograft (CDX) 

Transplantation of cultured cancer 

cells into immunocompromised 
mice54,64,65 

Easily established; synchronous 

growth; and low cost  

Low genetic heterogeneity 

Patient-Derived 
Xenograft (PDX) 

Surgically derived tumor 
transplantation of samples into 

immunocompromised mice65 

Retains human TME interactions 
at low passage numbers and serial 

transplantation avoids in vitro 
selection conditions 

Human stroma loss in higher 
passages; high cost; time 

intensive;  and engraftment 
variability54,65 

Environmentally 
Induced Model (EIM) 

Induction of carcinogenesis via 
exposure to environmental stimuli 

Relevant for tumorigenesis; 
captures genetic; and phenotypic 

heterogeneity 

Difficult to determine tumor 
burden and long latency54,66 

Genetically 

Engineered Mouse 
Model (GEMM) 

Induces cancer by cloning 

oncogenes or knocking out tumor 
suppressors in immunocompetent 

mice65 

Native TME and intact immune 

system 

Variable gene expression and 

potential for random integration65 

Humanized Mouse 

(HM) 

Engrafting human biological 

systems into immunocompromised 
mice 

Incorporates aspects of the human 

immune system  

Potential for graft rejection64 

Other Mammalian 

Models (Companion 

Animals) 

Naturally occurring tumors in 

animals that are genetically closer 

to humans than mice67 

Increased relevance compared to 

mouse models and more 

representative pharmacodynamics 

Higher operational costs; longer 

lifespans; and specialized 

expertise 

Nonmammalian 
Models 

Tumor grafting on chorioallantoic 
membranes or zebrafish68,69 

Low-cost alternatives to 
mammalian models and fewer 

ethical concerns 

Labor intensive and limited to 
specific facets of cancer 

progression 



11 

 

To compensate for the challenges of conventional cell culture, three-dimensional (3D) cell 

culture techniques have been used to more accurately model tumor architecture. Tumor spheroids 

are notable for their similarities to avascular tumors and are commonly used to recreate cell-cell 

interactions and differential exposure conditions70 (Table 1.1). These properties restrict the 

availability of oxygen and nutrients in the core of spheroids, resulting in a gradient of proliferative 

and metabolic cell behaviors that alter therapeutic response and correlate with tumor conditions 

found in vivo71. Spheroids can be generated from established cancer cell lines or derived from 

tumor tissue with varying degrees of cell dissociation and enrichment used to select for particular 

cell subpopulations58,70,72. Importantly, the inclusion of multiple cellular constituents allows for 

the probing of specific interactions between cell types70,71. Due to their construction via 

aggregation, however, spheroids lack control over ECM characteristics and fail to recapitulate 

higher order tissue structures such as vascularization. Precise control over spatiotemporal 

biophysical and biochemical factors are also not available with conventional techniques. In 

addition, not all cell types are amenable to spheroid formation, their small size makes handling 

difficult, and uniform spheroid formation is necessary for comparison73.  

Scaffold-based culture techniques are another method of 3D tumor modeling when cell-

ECM interactions are being investigated68,74 (Table 1.1). Scaffolds can be hydrogels or porous 

substrates composed of natural or synthetic materials. Natural polymers (e.g., alginate, chitosan, 

gelatin, collagen, fibronectin, and Matrigel®) use prominent tumor ECM components that can 

contain native background factors and be reorganized by cells68,75,76. This compositional 

complexity allows naturally derived polymers to mimic the structural heterogeneity found in vivo 

and promote the organized cancer cell development68. Unfortunately, certain naturally-derived 

polymers can be highly variable, overly complex, difficult to isolate, and lack human-specific 
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markers63,76,77. Basement membrane scaffolds also tend to be derived from tumor tissue and thus 

may contain unquantified background proteins and effectors. Alternatively, synthetic polymers, 

such as poly(ethylene glycol), poly(vinyl alcohol), and poly(lactic-co-glycolic acid), are used for 

their high reproducibility, tunable stiffness, and ease of modification78.  Their commercial 

development provides a streamlined matrix selection process, but synthetic materials can also have 

cytotoxic components or unpredictable cell-polymer interactions76. Other challenges to scaffold-

based cell culture include achieving sufficient cell distribution, infiltration, and recovery79. Cell-

cell interactions are difficult to manage when seeding cell suspensions, but spheroid seeded 

scaffolds have shown higher drug resistance than spheroids on a flat surface and scaffolds seeded 

with dispersed cells80.  

Histoculture (explant cell culture) is another approach that captures much of the complexity 

of the TME by culturing sections of tumors grown in vivo (Table 1.1). While this setup is well 

suited for rapid testing and visualization, sample collection and long-term maintenance are difficult 

and only a fraction of the tumor’s overall heterogeneity is captured81.  

While discussion of all available in vitro assays for studying the TME is beyond the scope 

of this work, a broad summary is valuable for recognizing opportunities for advancement in 

quantification. Evaluation of in vitro cancer models is primarily accomplished through 

measurement of cell markers and cell behaviors. Drug sensitivity assays test concentrations of 

anticancer drugs in microtiter plates to evaluate therapeutic effect82. Cancer cell migration and 

invasion are observed using Transwell migration assays, where the movement of cells (B16F10, 

HeLa, MCF-7, MDA-MB213, T-47D, etc.) across a membrane is used to evaluate chemoattractant 

response and malignancy50. Fluorescent reporter genes and colored dyes can be used to label 

markers, in particular, cancer pathways and track cell fate83. These assays have been integrated 
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into hypoxia-response pathways to link hypoxia to increased fibrous tissue deposition84. For 3D 

tumor models, additional cell processing or alternative analysis techniques may be employed to 

preserve spatial or organizational information.  Metrics commonly used for the characterization of 

spheroids include size, shape, and cellular organization, which are best visualized through optical 

microscopy techniques (e.g., bright field, dark field, differential interference contrast, fluorescence 

imaging)71. Flow cytometry can also be used for quantifying fluorescent markers in cells, but 

disaggregation is necessary for analysis, and therefore, steps must be taken to prevent the loss of 

spatial information, such as a dye diffusion assay60,71,85. Other considerations for 3D in vitro cell 

culture techniques include the autofluorescence of certain scaffold materials, such as collagen, and 

cell media, which can interfere with fluorescence imaging of scaffold-based cultures, as well as 

background signal from out-of-plane fluorophores79. To counter these drawbacks, various optical 

sectioning techniques have been used to improve contrast and data collection, including light-

sheet-based fluorescence microscopy, two-photon microscopy, and multiphoton 

microscopy60,68,71. Lastly, chemical gradients and active flow systems are difficult to establish and 

maintain in most conventional cancer cell culture formats, and some in vitro assays are restricted 

to end-point analysis, limiting access to cellular dynamics86. As such, in vitro methods are best 

suited for high throughput testing and screening studies with low model complexity for mechanism 

discovery and therapeutic candidate identification. 

1.3.1.2. In vivo Cancer Models 

In contrast to the low physiological relevance afforded by in vitro methods, in vivo models 

are used to capture a more complete picture of the biological complexity present in the TME by 

allowing cancer cells to grow in an environment that is similar to the human body (Table 1.1). 

This is a critical component for the translational research of novel therapeutics because it allows 
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for systemic toxicity screens and provides more comprehensive data on the impact of clinical drug 

administration. However, the various autochthonous and non-autochthonous models that have 

been developed to study specific aspects of cancer progression are not universally applicable. Non-

mammalian tumor models, such as yeast, zebrafish and chicken chorioallantoic membranes, can 

be used for applications including carcinogens, oncogenes, and angiogenesis while mitigating the 

costs and ethical concerns associated with mammalian models68,87. For modeling, immunotherapy, 

carcinogenesis, and early tumor growth, de novo techniques such as environmentally induced or 

genetically engineered mouse models are preferred because they can be performed in 

immunocompetent animals. These approaches provide a more complete view of the TME, but the 

rapid growth of multifocal tumors limits their application in studying late stage cancer processes 

such as metastasis54,88. On the other hand, transplant models using cell lines (4T1, B16, Lewis lung 

carcinoma, etc.) or patient-derived tumors  are flexible platforms for observing therapeutic efficacy 

and tumor growth, as the location of tumor implantation can be chosen to simplify disease 

monitoring (ectopic), preserve TME interactions (orthotopic), or expedite metastatic dissemination 

and colonization (systemic)54,88. To model human cancers in animal models, cell line-derived 

xenografts (CDXs) are used for their low costs and high availability compared to patient-derived 

xenografts (PDXs), which have significantly higher clinical relevance but suffer from variable 

engraftment rates88. Incorporation of patient-derived cells in hollow fiber implants (mini-PDX) 

assays have also been demonstrated as an alternative approach to accelerate in vivo drug sensitivity 

testing89. Recently, the development of humanized mice has further increased the relevance of 

transplant models by integrating elements of the human immune system64,90.  

Despite the many advantages to studying the TME in vivo, challenges, including cost, time, 

high model variance, and low throughput, limit its statistical power compared to in vitro systems75. 
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Critically, concerns have also been raised that animal testing does not reliably translate to the 

clinic51. Tumor model differences including drug metabolism, immune system composition, 

tumorigenesis, and chimerism can all contribute to response divergence64,68. Also, while inbred 

animal populations are desirable for experimental reproducibility, clinically relevant parameters 

such as population dynamics and intertumoral heterogeneity are absent. To combat some of these 

limitations, animal models with a higher genetic similarity to humans have been used, but their 

associated costs, development time, and handling expertise preclude widespread use67.  

When evaluating changes to the TME in animal models, macroscale indicators such as 

tumor size, weight, and metastatic spread, measured by necroscopy, histology, or cytology, are 

commonly used to gauge cancer growth and progression91. For observation of genetic and cellular 

changes occurring in the TME, molecular biology techniques, e.g. Enzyme-Linked 

Immunosorbent Assay (ELISA), quantitative Polymerase Chain Reaction (qPCR), microarray, 

radioimmunoassay, flow cytometry, immunohistochemistry, western blot analysis, proteomics) or 

optical imaging of labeled molecules (e.g., confocal, multiphoton, wide-field fluorescence) are 

typical91–93. These assays, however, are often end-stage, limiting data collection to single 

timepoints per animal, and some disrupt the TME’s spatial organization. In contrast, noninvasive 

quantification techniques can provide anatomical and functional data ranging from tumor 

structure, perfusion, and permeability to metabolic activity and drug distribution over time, 

allowing for higher statistical power with fewer animals and multimodal analysis94. Anatomical 

information is gathered using techniques with high spatial resolution, i.e. computed tomography 

(CT), magnetic resonance imaging (MRI), photoacoustic imaging (PAI), and ultrasound (US), 

whereas, techniques with high sensitivity, such as bioluminescence imaging (BLI), fluorescence 

imaging (FI), intravital imaging (IVM), positron-emission spectroscopy (PET), Raman 
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spectroscopy (RS), and single photon emission computed tomography (SPECT), are used for 

molecular imaging (Table 1.2)95. Collectively, these techniques can illuminate tissue level 

processes to gauge overall tumor behavior and therapeutic performance. Confocal and multiphoton 

microscopy, in particular, are advantageous for obtaining non-destructive optical sections of intact 

tissue92. Implementation of these technologies with intravital imaging techniques further enhances 

the study of TME dynamics by allowing observation without tumor excision92,96–99. Other 

considerations include imaging agent requirements, penetration depth, temporal resolution, and 

exposure to ionizing radiation, when deciding on a technique. Thus, in vivo models are optimum 

for performing crosstalk studies with high model complexity (angiogenesis and metastasis), 

analyzing drug biodistribution, and assessing systemic toxicity. 

 

 

Table 1.2 Characteristics of current imaging modalities. Adapted from James and Gambhir, 2012, 

Physiol Rev, 92: 897-965. 
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1.4. Improvements to Preclinical Cancer Models via Enhanced Imaging and Localized 

Modulation 

While conventional in vitro and in vivo cancer models have provided numerous insights 

into the TME, the continued low success rate of clinical translation indicates there is room for 

improvement. It stands to reason then that one of two changes needs to occur: either in vivo models 

must become satisfactory predictors of clinical success, or in vitro models should achieve 

sufficient clinical relevance that animal models are replaced (Figure 1.3). Irrespective of the end 

goal, biomedical engineering provides an interdisciplinary approach for enhancing biological 

research.  

 

Figure 1.3 Characteristics of Various Cancer Models: Traditional cancer models (cell culture and 

animal models) must often compromise experimental control or physiological relevance to remain 

tractable. Technological innovation, however, can be utilized to achieve new levels of 

experimentation (humanized mouse models and tumor-on-a-chip). 
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In the work that follows, we discuss the development of an implantable biomedical device 

using intravital imaging techniques and microfluidic technology. This effort builds upon current 

techniques used to locally manipulate the TME, including the in vivo invasion assay and 

implantable drug delivery systems, to enhance characterization of the tumor microenvironment 

through simultaneous observation and manipulation100,101. Initial design and development are 

presented first, followed by optimization of delivery into porous matrices via the inclusion of 

tapered outlets, and validation of device performance in applications including cell staining, 

modulation of enzymatic activity, and induction of gene expression. Collectively, these findings 

promote the application of a novel microfluidic imaging window for improving preclinical cancer 

research and drug development. 
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CHAPTER 2: THE MICROFLUIDIC IMAGING WINDOW 

2.1. Introduction 

In designing a platform for enhanced cancer imaging and modulation, the selection of an in 

vivo platform possesses several benefits, namely the presence of an intact tumor microenvironment 

ripe for characterization. To pursue this end, we examine intravital microscopy to develop a 

flexible platform for in vivo imaging and microfluidic technology. 

2.1.1. Intravital Microscopy 

Intravital microscopy (IVM), also known as intravital imaging, is a non-destructive, optical 

sectioning technique that is capable of dynamic imaging in live animals with single cell 

resolution1,2 (Figure 2.1). Unlike terminal surgeries, non-terminal IVM methods, also referred to 

as survival surgeries, allow for serial study of cells and tissues in vivo over several days to weeks. 

Among the techniques available, implantable imaging windows can be positioned at various sites 

on the animal (e.g. brain, lung, and abdomen) for high resolution observation (Figure 2.1E-K). 

The imaging windows are composed of a window frame and cover glass that enable optical 

imaging of the tissue of interest whilst protecting the underlying area from infection2. An important 

advantage of non-terminal IVM techniques is the reduced number of animals needed for a study 

and heightened statistical significance due to non-correlative data collection. Unlike other imaging 

modalities (e.g. CT, MRI, PET, etc.), IVM has exceptional spatial and temporal resolution, making 

it a potent tool for studying cell behavior (Figure 2.1N). Coupled with fluorescence imaging, IVM 

can analyze multiple channels at once, allowing the tracking of individual cells over time or 

following the dynamics of tagged molecules like drugs and antibodies3–5. This target specificity 
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and resolution can illuminate processes in the cellular microenvironment such as the arrival of 

drugs to specific tissues and its interactions with diseased cells.  

 

IVM, however, is not without its technical limitations. Biological tissues have low optical 

penetrance, which limits the scope of investigation to superficial sites and necessitates the use of 

longer wavelengths (near infrared to infrared) and stronger lasers to reach an appreciable depth of 

penetration (<1.2 mm in homogenous tissues). The use of a coverglass to stabilize the work area 

also prevents many localized delivery techniques, limiting control over the target site application 

Figure 2.1 Imaging Windows: An array of intravital imaging techniques exist for accessing tissues 

of interest, including minimally invasive techniques (A), terminal surgical methods (B-D), and 

survival surgeries (E-K). Adapted from Coste, et al. Cytom Part A, 2020. Imaging windows enable 

longitudinal study of underlying tissues (L). Microscopy through the imaging window (M) allows 

for high resolution study in living systems (N). Photographs L and N courtesy of Dr. Xianjun Ye 

and Rojin Jafari. 
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and complicating drug dosing, response onset, and visualization6. Alternatively, silicone-based 

windows materials have been demonstrated for dynamic or rapidly growing tissues7,8. Due to their 

soft structural material, these imaging windows are compatible with ad hoc delivery of materials 

via syringe, however, localized control is still limited (Figure 2.2)8. Thus, though well suited for 

monitoring disease progression and systemic drug administration, IVM lacks the localized control 

of cells that is fundamental to probing the cellular microenvironment.  

 

 

The configuration of intravital imaging, particularly the installation of an externally 

interfaceable device proximal to the target cells or tissues, presents an opportunity for the direct 

study of drug delivery in the interstitial compartment. Through functionalized design, current 

imaging window technology could foreseeably be engineered for the assessment of local 

therapeutic thresholds while minimizing systemic off-target effects and reducing experimental 

Figure 2.2 Ported Imaging Window: Fluid administration and air removal can be accomplished 

through a window injection port on silicone intravital windows. This setup is not ideal for precise 

modulation of the TME. Adapted from Jacquemin et al. Sci Adv, 2021. 
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drug volumes9. A setup of this nature would also be advantageous for probing microanatomical 

sites like the tumor microenvironment of metastasis (TMEM), a three-cell complex that facilitates 

tumor cell intravasation10. Additionally, interstitial barriers and interactions with novel drug 

formulations could be probed independently of  current systemic drug delivery technology. This 

is particularly relevant in the emerging field of nanomedicine, where transport properties vary 

significantly from conventional therapeutics11,12. Crucially, to achieve this degree of experimental 

control in vivo, there is a need for high resolution fluid delivery systems that are compatible with 

intravital imaging technology. 

2.1.2. Microfluidics 

The miniaturization of sensors and fluid handling technology to the cellular scale and beyond 

has empowered the development of novel cell culture platforms and drug delivery systems13. 

Through the combination of micropatterned features and laminar flow, microfluidic systems are 

ideal for interfacing with biological tissues due to advantages including reduced reagent usage, 

high spatial resolution, and well-controlled fluid behavior13,14. Microfluidic devices can also be 

designed for compatibility with microscopy and their small footprint minimizes invasiveness for 

in vivo studies15,16. Therefore, the incorporation of these characteristics into an implantable device 

would afford new avenues for managing drug concentrations and in situ labelling strategies over 

extended periods of time. Several microfluidic fabrication techniques, such as photolithography 

and hot embossing, are also well suited for mass production. Parallel feature patterning can create 

arrays of channel designs rapidly and with high precision for quick turnaround time and 

optimization.   



30 

 

2.1.3. The Nano Intravital Device 

To our knowledge, there are currently no platforms that are capable of simultaneous localized 

tissue manipulation and imaging for longitudinal studies. Therefore, this project aims to improve 

upon current IVM capabilities by integrating microfluidic technology to enable high precision 

experimentation in vivo.  

Preceding work in this field, from which design decisions were influenced, focused on the 

development and testing of an extension of the invasion assay, where needles loaded with a 

chemoattractant are used to collect motile cells from metastatic mammary tumors17. The resultant 

device, the NANIVID  (NANo IntraVItal Device), is a diffusion-based reservoir that is inserted 

directly into the tumor tissue to generate a gradient of soluble factors (Figure 2.3)18,19. These 

devices are fabricated from 2 layers of glass, one etched with hydrofluoric acid to form a reservoir 

and the other to serve as a cover, that are sealed together with a thin PDMS membrane. A guitar-

shaped reservoir is used to contain a desiccated polyethylene glycol (PEG) hydrogel that is 

preloaded with a molecule of interest and allow for swelling once hydrated. Delivery is controlled 

by tuning the hydration and release kinetics of the loaded hydrogel. These devices have been used 

for induction of hypoxia, localized stimuli, and collection of metastatic cells19–22. Still, NANIVID 

technology is not compatible with long term imaging as the tumor has to be exposed for insertion 

and the timescale of experiments is limited by diffusion. Other qualitative improvements that are 

desirable would include: easier handling, greater fluidic control, and a simplified fabrication 

process. An imaging window could potentially be placed over the NANIVID to extend imaging 

sessions, but the limited volume of the NANIVID remains a design constraint. What is needed, 

instead, is a composite device capable of  both delivery and longitudinal imaging. 
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2.2. The Microfluidic Intravital Window 

To meet these design objectives, the microfluidic imaging window (MFIW) integrates the 

localized functionality of the NANIVID into an intravital window platform. The resultant device 

allows for serial imaging over long periods of time while maintaining access for modulating the 

TME with soluble factors. This allows internal experimentation where localized study is 

anticipated to enable parallel experiments within a single tumor, reducing animal usage and 

Figure 2.3 NANIVID Devices: NANIVID design for various imaging applications (A-D). The 

dual-chamber collection NANIVID contains an internal control for collection studies. Adapted 

from Butt L. The Microfluidic Intravital Window: A Tool for Manipulation and Imaging of the 

Tumor Microenvironment. University at Albany, 2018. Render of a NANIVID with the direction 

of insertion indicated and the external side shaded yellow (E). Cross section render of the 

NANIVID implanted in a tumor (F). A diffusion gradient is produced at the device outlet. 

Fluorescent beads, used to  locate the outlet, are shown in red. Adapted from Williams et al. 

IntraVital, 2016. 
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improving statistical power. This is accomplished by first considering which constraints are 

necessary to achieve the desired function.  

As the intended function is to extend the capabilities of IVM, the MFIW should maintain both 

the optical and surgical qualities of conventional intravital window technology. Optically this 

involves maintaining a similar depth of focus (i.e. the device should be of comparable thickness to 

a #1.5 glass coverslip) and transmissivity (Figure 2.4). In addition, the MFIW must also be stable 

when implanted over a tumor for extended periods without significant inflammation or toxicity 

and maintain a modest footprint to minimize changes to the recipient’s quality of life. The 

remainder of this chapter follows the broad design elements that were investigated and the 

resulting devices. For details on the precise fabrication process flows used, see Appendix A. 

 

Figure 2.4 Conventional Imaging Window Size Constraints: Computer renders of an intravital 

window with a microscope objective positioned for imaging (A – Objective Side, B – Tissue Side). 

A dimensioned sketch of an intravital window with objective positioned on the window surface 

and microscope stage present (units in millimeters) (C). A computer render of an intravital window 

without the microscope window stage (D). 
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2.2.1. Passive Delivery Designs 

During the development of the MFIW, several design iterations were explored as the 

technology matured. Initially, the MFIW was envisioned as a glass coverslip bonded to a layer of 

poly(dimethyl siloxane) (PDMS) with embedded microchannels (Figure 2.5). This simple setup 

 

(V1) allowed for rapid and facile assembly, but several issues quickly became apparent. Large 

reservoir chambers were prone to collapse, and their contents contributed significant background 

signal when imaging through a loaded chamber. Later modifications moved the reservoir to the 

edge of the device (V2)  to minimize interference with imaging and asymmetrical markings were 

added to the PDMS to determine the orientation of the device (V3) once assembled (Table 2.1). 

Version 3 devices also moved the reservoir inward slightly to improve sealing along the device 

rim and a larger outlet was added incorporated to improve assembly.  

Figure 2.5 Soft Lithography and PDMS Bonding: PDMS is cured onto a prepatterned substrate to 

form microfluidic channels (A). Plasma treatment of glass and PDMS can be used to form a 

covalent linkage and permanently bond the materials (B). 
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 To circumvent this fabrication limitation, poly(methyl methacrylate) (PMMA) was 

explored as a glass substitute to reduce the overall device thickness and allow for further device 

customizability. Using this approach, it was found that, while PMMA-PDMS devices provided 

comparable optical performance to glass-PDMS devices (Figure 2.6), the 60°C silane bonding 

process was not desirable for devices loaded with sensitive biologics. These concerns, as well as 

the performance testing done at Albert Einstein College of Medicine, which found that the release 

kinetics of the loaded hydrogel system in V3 MFIWs limited experimental control after assembly, 

motivated a reexamination of the MFIW design. Release rates could not be adjusted in real-time, 

were restricted by diffusive transport characteristics (agent/particle size), and sequential delivery 

is severely limited (Table 2.2). These issues, combined with the concern that MFIWs had to be 

loaded prior to assembly, limited the device’s overall usability.  

 

Table 2.1 Passive Microfluidic Imaging Windows: Early microfluidic window design iterations 

for diffusion-mediated delivery applications.  
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Figure 2.6 Optical Comparison of Glass and PMMA Devices: Light transmission was found to 

be higher for PDMS-PMMA windows when imaging a mouse carrying cyan fluorescent protein 

expressing tumors (A). Similarly, an FVB/PyMT mouse bearing spontaneous Dendra2-expressing 

tumor was used for imaging (B). An ROI inside the tumor was photoconverted from green to 

orange, to act as a landmark. The tumor was imaged through both windows using the landmark to 

ensure that the same region is located and captured. Image quality with PMMA devices is 

comparable to glass devices, but higher light transmission is observed with PMMA at the same 

gain settings. Images courtesy of Rojin Jafari, Dr. Xianjun Ye, and Dr. David Entenberg at 

AECOM. 

Table 2.2 Passive vs. Active Fluid Transport: Characteristics of two methods for fluid handling 

used for probing the tumor microenvironment. 



36 

 

2.2.2. Active Delivery 

In order to address the many performance issues in previous device designs, active delivery 

methods were considered to improve the transport characteristics of the MFIW. Active flow allows 

control over pressure, flow rate, total delivered volume, and effector concentrations (Table 

2.2)23,24. The incorporation of advanced fluidic control systems such as switching valves and 

pressure controllers can also insert small volumes of reagents in series with buffer fluids to enable 

precise dosing or programmable infusion protocols. Due to the size and usage conditions of the  

MFIW, an onboard fluid-driving system was discounted in favor of off-chip control. This decision 

has the added benefit of eliminating on-chip reservoirs and allowing the delivery of larger volumes 

of fluid. Controlling fluid delivery with this system can be done with a syringe pump or a pressure 

controller (Figure 2.7).  

 

Figure 2.7 Microfluidic Control Systems: A Harvard Apparatus syringe pump (A) and an 

Elveflow OB-1 Pressure Controller (B).  Pros and cons of syringe pump and pressure controller 

systems (C). 
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2.2.3. SU-8 Microchannels 

A significant advantage to building an active delivery system is the complete elimination 

of cargo exposure to device construction. This allows for the exploration of a larger class of 

materials and fabrication techniques that are incompatible with preloaded factors. One such change 

was the transition from a PDMS channel layer to one made of SU-8 photoresist. Using this 

approach, high fidelity alignment of features can be achieved easily and the assembly of sensitive 

device layers by hand is eliminated. SU-8 was selected for its structural integrity, optical 

properties, and biocompatibility25–28. SU-8 is also available in dry film photoresist sheets which 

mitigates the formation of surface irregularities that can occur during spin coating (edge bead) and 

simplifies channel sealing by tenting (i.e. suspending photoresist over open channels) (Figure 

2.8)29–31. This is particularly critical when patterning directly onto glass coverslips as the small 

window diameter leaves little room for edge defects and liquid-based resists require additional 

processing to prevent channel clogging.  

To achieve active flow with the MFIW, tubing is used to transfer fluid from the off-chip 

drive system to a device port. Two port configurations were  considered, in-plane and out-of-plane 

(Figure 2.9). The in-plane connection has the benefit of minimizing stress on the device and was 

investigated first. The resulting in-plane devices, dubbed MFIW V4, use two layers of SU-8 

photoresist to form a raised fluidic path on a glass coverslip (Figure 2.10A). This design allows 

polyimide (PI) tubing to be inserted into the microfluidic channel on the device perimeter to make 

an external connection (Figure 2.10C). The in-plane connection also avoids obstructing the 

microscope during imaging and the tubing could be secured against the intravital imaging frame 

to mitigate animal tampering. It was also envisioned that the tubing could be sealed when not in  
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use to prevent potential fluid outflow or contamination. Using this setup, single and multi-outlet 

devices were fabricated, demonstrating the flexibility of a photoresist platform in producing unique 

delivery effects (Figure 2.10E-G). The point source outlet was designed to allow localized 

delivery to the underlying tissue while the line source outlet was drafted to mimic vascular release.   

Figure 2.8 Advantages of Dry Film SU-8 Photoresist: Spin coating liquid photoresists (A) 

produces an edge bead effect that is not desirable for adhering the window to a frame prior to 

implantation (B). Open regions on the substrate (dashed area) are also filled with liquid resists 

during processing which prevents the formation of open channels for fluid transport. Dry film SU-

8 photoresist sheets (DJ Microlaminates) can be obtained commercially and are laminated directly 

onto the window surface. This process produces planar coatings and can seal channels without 

clogging (C). Adapted from Wangler N, Gutzweiler L, Kalkandjiev K, Müller C, Mayenfels F, 

Reinecke H, Zengerle R, Paust N. High-resolution permanent photoresist laminate TMMF for 

sealed microfluidic structures in biological applications. J Micromechanics Microengineering; 21. 

2011. DOI: 10.1088/0960-1317/21/9/095009. 

Figure 2.9 Fluidic Connections to a Microfluidic Imaging Window: Proposed in-plane (A) and 

out-of-plane (B) connections to an imaging window.  
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A limiting factor for the V4 design was that the in-plane connection required the SU-8 

microchannel to be larger than the outer diameter of the PI tubing (~178 μm). This added 

significant thickness to the overall device (total thickness: 400 μm with 250 μm thick SU-8) so the 

area of the photoresist pattern was  minimized to reduce the affected region during imaging. Other 

concerns were that the MIFW was susceptible to leakage around the tubing and device yield was 

low. Lastly, the in-plane fluidic connection required modification of the intravital imaging frame, 

which was not desirable. Consequently, an out-of-plane device connection was investigated. 

Figure 2.10 MFIW V4: Microfluidic intravital window V4 design without (A) and with (B) a 

simplified frame. A syringe can be connected to the in-plane section of polyimide tubing for 

intravital injection (C, D). Various outlet designs were produced that allow for different release 

profiles (E). Single point (F) and line source outlets (G) are shown delivering Trypan blue. 

Additional device outlet designs include multipoint sources, variations in outlet size, and the 

integration of multiple inlets for ad hoc mixing.  
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2.2.4. Micromachined MFIWs and Inlet Hub 

The development of an out-of-plane connection on an MFIW required a notable departure 

from previous device designs: that fluid must be transported from one side of the of the window 

(exterior side) to the other (interior/tissue side). Of the two possible approaches (around the 

substrate or through it) we elected to go through the glass layer as this presented a more practical 

fabrication approach (Table 2.3). By drilling a via near the perimeter of a glass coverslip and 

patterning a thin microchannel from two layers of SU-8 (V5; total thickness: 220 μm with 70 μm 

thick SU-8), the transfer of fluid through the glass layer is easily achieved. Note: SU-8 is patterned 

across the entire window for uniform imaging. The innovation in this design centers on the 

development of an inlet hub used to stabilize the out-of-plane fluid connection. This stabilizing 

element prevents torquing of the joined tubing from creating stress in the glass layer, which can 

lead to fracturing. 
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In designing the inlet hub, it was quickly determined that the hub would be composed of 

two layers, a structural material and a sealant or adhesive. The adhesive component must also have 

a high viscosity to prevent clogging of the interface. Particular emphasis was placed on alignment 

with the glass via since assembly would be done by hand and minimization of the hub’s dead 

volume is desirable. To this end, a ring-like structure with a similar outer diameter would simplify 

radial alignment of the hub while leaving the imaging region of the window open (Figure 2.11). 

Several design iterations were explored before settling on a 0.75 mm thick polyethylene 

terephthalate glycol (PETG) hub and double-sided adhesive film cut with a CO2 laser (Table 2.4). 

Connection to tubing is facilitated by fixing a section of metal tubing into the PETG. This tubing 

segment is kept short to prevent mouse discomfort and interference.  

Table 2.3 Out-of-plane Fluidic Connection Options: Methods for creating a route for fluid 

transport through a conventional imaging window. To avoid modifying the intravital frame design, 

glass processing methods were explored. Laser-drilled holes were found to provide the simplest 

production method with a minimal footprint. 
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Additional MFIW design modifications include the incorporation of laser cut channel in the 

glass layer so that only a single SU-8 capping layer (20 μm thick) is needed, further reducing the 

MFIW’s total thickness (V6). Other benefits of this change is the reduction in total processing time 

and fewer defects in the final device (Figure 2.12). The final improvement was relocating the 

outlet away from the center of the device to allow for rotational positioning of the outlet once 

installed over a tumor (V7, Figure 2.12C). Tabulated design notes for active MFIWs are shown 

in Table 2.5.  

Figure 2.11 Hub Design Characteristics: A prospective hub design with an out-of-plane 

connection (A). Alignment is simplified to a single rotational dimension with an isometric ring 

(B). An extended chamber in the adhesive layer is used to improve rotational tolerance during 

assembly.  
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Table 2.4 Hub Designs: Vertical inlet designs explored for interfacing with a microfluidic 

intravital window. 

Figure 2.12 Defects in Double- and Single-Layer Photoresist Devices: Dark field images of 

photopatterned coverslips, closeups of their outlets, and diagrams of the device stack for 2-layer 

(A, V5) and single layer (B, V6) devices. Non-centered outlet design (C, V7) for added outlet 

localization. 
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2.3. Testing and In vivo Delivery with AECOM 

Connecting the MFIW to a fluid reservoir is accomplished via a series of Tygon and 

polyetheretherketone (PEEK) tubing segments joined by microfluidic fittings (IDEX) (Figure 

2.13). To test device performance, a syringe pump was used for constant flow rate infusion with 

control over the total delivered volume. MFIWs show well-controlled release when delivering 

dextran in vitro (Figure 2.14). The observed behavior is similar to the diffusion of soluble factor 

away from an idealized spherical volume (Figure 2.14C). A dual pump setup was also used to 

Table 2.5 Active Microfluidic Imaging Windows: Recent design iterations of MFIWs with 

pressure driven flow for dynamic control. 
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show the potential for delivery and flushing of the image area to better manage exposure duration. 

Finally, testing was also done with 4 μm fluorescent beads to mimic the delivery of cells via 

MFIW. 

 

Figure 2.13 Active Flow Connection Setup: Luer lock syringes are connected to an MFIW via a 

sequence of microfluidic connectors and tubing. Luer to threaded cone 10-32 adapter (1), threaded 

fitting to zero dead volume union (2), union to 10-32 thread fitting with 1/16” OD PEEK tubing 

(3), 10-32 threaded fitting to MicroTight adapter (4), MicroTight adaptor to 6-32 MicroTight Nut 

with sleeved metal tubing and Tygon tubing (5). Metal tubing is inserted into Tygon (6), then an 

orange MicroTight sleeve is slipped over the metal tubing (7), sleeved tubing is then fed through 

the 6-32 MicroTight nut (8) and screwed into the MicroTight adapter (9). Fluid flow through the 

sequence is demonstrated (10) and the final setup includes mounting the syringe on a syringe pump 

and the Tygon tubing is connected to the metal tubing on the MFIW port. 
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In vivo delivery experimentation was performed at AECOM by Dr. Xianjun Ye and Rojin 

Jafari. Superficial delivery in vivo validated device function, and normal mouse behaviors were 

observed after implantation on top of the liver using an Abdominal Imaging Window32,33. Initial 

experiments observed the delivery of 500 kDa fluorescein isothiocyanate (FITC), which absorbs 

light at 492 nm and fluoresces maximally around 520nm. The fluorescence intensity change over 

time is similar to the behavior observed in the in vitro case with an additional pulsatile artifact that 

arises from the respiration of the mouse (Figure 2.15). Notably, the dye localization was found to 

be much lower in vivo. MFIWs were also shown to be stable in mice for several days, supporting 

longitudinal imaging practices. Overall, these experiments showcase the fundamental potential the 

MFIW in imaging and controlling the local microenvironment whilst maintaining long term 

survival.  

Figure 2.14 Fluid Delivery with an MFIW: Images of an MFIW outlet during the delivery of 2 μL 

of 155 kDa fluorescent dextran at 1 μL/min (A). Simulated dextran concentration near a spherical 

source and normalized fluorescent intensity of dextran during infusion (B). ROI is located at the 

yellow square in (A & B). Comparison of experimental fluorescence to simulated concentration 

(C). Recorded data collected by Dr. Xianjun Ye and Rojin Jafari, Albert Einstein College of 

Medicine. 
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2.4. Advanced Fluid Control and Window Design 

In addition to the basic fluid control explored above, alternative fluid control methods, such as 

dynamic flow control and fluid switching, were performed to demonstrate potential device 

capabilities. Fluid handling via pressure controller, when combined with inline flow sensors can 

achieve comparable performance to syringe pump systems with the added benefit of affording 

programmable fluid protocols. For this setup, however, the characteristics of the fluidic line should 

be considered as tubing compliance and fluidic resistance can play a role in device response time. 

For bolus injection or fluid switching operations, various valve setups (MXP9900 switching valve 

or Elveflow MUX wire valves) can be used for precise insertion of small fluidic volumes (Figure 

2.16). Such behavior enables the delivery of costly reagents at low volumes and the generation of 

in situ reactions. 

Figure 2.15 In Vivo Delivery: Mouse with implanted MFIW for the delivery of 500 kDa FITC 

dextran at 1 μL/min. Images collected by David Entenberg and Xianjun Ye, Albert Einstein 

College of Medicine. 
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The scalability of this technology simplifies translation to alternative coverslip sizes. Concept 

work on 7 mm and 5 mm devices imply resizing should be sufficient for basic device operation. 

One concern going forward would be maintaining a sufficient working area when the distance 

from the objective to the window surface becomes smaller than the inlet hub height. This factor 

becomes increasingly prominent as the imaging area decreases as a function of R2.   To prevent 

Figure 2.16 Advanced Fluid Handling: General fluid handling setup with an OB-1 pressure 

controller, 2 FS3 flow sensors, and an actuated switching valve (A). Closeup of Idex MXP9900 

switching valve (B) and diagram of connections to form a low volume 2-position inline sample 

introduction setup (C). Pressure controller software (ESI, Elveflow) for setting the desired pressure 

or flowrate when connected to an inline flow sensor (D). Automated sequence control software 

through ESI interface (E). 
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objective collision with the inlet, alternative hub layouts with lower profiles or smaller surface 

areas will likely be necessary to maximize imaging potential. 

2.5. Conclusions 

In this chapter, a platform for enhanced cancer imaging and modulation was developed through 

the integration of in vivo imaging technology and microfluidics. The MFIW builds upon current 

techniques used by intravital imaging to access intact TMEs withing live animals to enable 

localized reagent delivery. Throughout the development process, several design iterations were 

explored that accounted for modes of delivery, material characteristics, and external interfacing to 

maximize device performance and simplify fabrication.  Device characterization confirmed well-

behaved fluid delivery in free solution and demonstrated successful implantation into live mice for 

longitudinal imaging. Finally, a brief discussion outlined potential extensions of the MFIW 

platform to achieve enhanced fluid control and device performance. 
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CHAPTER 3: ENHANCED DELIVERY USING MICRO-NOZZLE 

TECHNOLOGY 

3.1. Introduction 

In highly heterogenous environments, like the TME, fluid transport and drug delivery are 

critical for effective experimental control and hypothesis testing. Interfacial interactions at tissue 

boundaries can have a significant impact on performance for superficially implanted biomedical 

devices. This configuration can be idealized as a stack of porous tissue, an impermeable device, 

and an interfacial fluid layer (interstitial fluid, buffer solution, and gases) (Figure 3.1). Crucially, 

the hydraulic conductivity of these regions are distinct and play a role in the movement of injectate 

during device operation1,2. Due to the higher resistance to flow in porous media, flow along the 

interfacial region is presumed to be responsible for the nonlocalized delivery observed in vivo. 

 

Isolation of the device outlet from the interfacial region, either via penetrating or sealing to the 

underlying tissue, is therefore hypothesized to recover simple delivery kinetics observed in 

homogenous media. This is explored by protruding the MFIW outlet away from the device surface.  

Figure 3.1 In Vivo Device Environment: A simplified model of a drug delivery device after 

implantation. The space between the device and the tissue can contain interstitial fluid, trapped 

gases, or delivered reagents. 
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3.2. Microneedles for Fluid Delivery 

Microneedles were initially viewed as a practical method for facilitating delivery of reagents 

from the MFIW to the tissue layer. Typically, microneedles are intended for transdermal delivery, 

and their small size and simplistic structure were promising for integration on the existing MFIW 

platform. Several microneedle implementations were considered, but, ultimately, hollow 

microneedles were selected for their superior flexibility in fluidic control3 (Figure 3.2). Crucially, 

unlike other types of microneedles, hollow microneedles are not limited to diffusive transport. 

 

To maintain device functionality with intravital microscopy (IVM), the microneedle height 

must be lower than the modality’s depth of field (~1 mm). Compatibility with mammalian cell 

Figure 3.2 Microneedle Types for Drug Delivery: Microneedles are applied to the tissue (A) and 

different release mechanisms are used to transport drugs (B). Solid microneedles are used to 

permeabilize the tissue before being removed and to allow drug diffusion through the perforations 

(solid MN). Coated microneedles have a dissolvable drug layer that solubilizes after insertion 

(coated MN). Completely soluble microneedles release the encapsulated drug during complete 

dissolution (dissolving MN). Hollow microneedles allow injection of drug solutions directly into 

the tissue (hollow MN). Adapted from Kim YC, Park JH, Prausnitz MR. Microneedles for drug 

and vaccine delivery. Adv Drug Deliv Rev 2012; 64: 1547–1568. 
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delivery is also desirable to maintain versatility in device usage so the inner diameter (ID) of the 

microneedle must be sufficiently large (>10-100 μm). To avoid stress-based failure of the glass 

substrate, a tapered profile is needed to minimize the insertion force.  

Initial approaches explored glass microneedles to alter the outlet geometry. Despite their 

simple production via pipette pulling, integration of microneedles into V3 MFIWs was not 

practical as the PDMS layer of V3 MFIWs was not rigid enough to support the microneedles during 

implantation (Figure 3.3). This was primarily due to PDMS’s elasticity and the low layer 

thickness, which limited fixation of the microneedles. Assembly was also impractical as the 

microneedle’s length was not easily controlled and integration was performed by hand.  

 

 For V3 MFIWs made with poly(methyl methacrylate) (PMMA), both thermoforming and 

solvent casting were explored as methods to form tapered outlet structures. To produce 

thermoformed microneedles, a heated tungsten probe was pressed though a PMMA film to locally 

reflow the area into a tapered outlet (Figure 3.4). For solvent casting, PMMA was dissolved into 

Figure 3.3 Glass Microneedle Integration: Glass microneedles produced by glass pulling and 

stored on PDMS (A). Incorporation of glass microneedles into PDMS membranes had low 

reproducibility due to variations in microneedle length and angle of insertion (B-C). Embedded 

microneedles are indicated in red. 
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a compatible solvent (acetone or chloroform), poured into a mold formed by a PDMS well and a 

gold-plated tungsten probe, and left to dry (Figure 3.5). Unfortunately, both techniques had high 

outlet variability, which limited device reproducibility.  

After accounting for the limitations with the previous methods, it was determined that 

assembly by hand should be minimized. Thus a fabrication strategy that allows precise positioning 

and secure bonding without clogging is needed. These requirements, along with the previous 

device development using SU-8 photoresist, motivated our examination of photolithography for 

microneedle fabrication. 

 

 

Figure 3.4 Thermoforming PMMA: A thin film of PMMA is heated above its glass transition 

temperature as a tungsten probe is pressed through the material. This causes localized reflow of 

the PMMA around the probe tip. After insertion, the probe is cooled and removed, leaving a 

tapered opening in the plastic (A). Photographs of the thermoforming setup (B-D). An aluminum 

bracket supports the PMMA as the tungsten probe is pressing into the film. A microscope is used 

to monitor the probe’s location. Perspective view during thermoforming process (D-E). Side view 

(F) and top view (G) of hollow tapered microstructures obtained by thermoforming. 
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3.3. Fabrication Background 

3.3.1. Photolithography 

Photolithography is a microfabrication process that traditionally uses ultraviolet (UV) light 

to transfer patterns from an optical photomask into a light-sensitive polymer that has been coated 

onto a substrate4. Following UV patterning, photoresists are commonly put through a post-

exposure bake (PEB) to facilitate a light-induced change in solubility before development in a 

compatible solvent. Photoresists come in two classes, positive-tone and negative-tone, which are 

differentiated by the chemical reactions and changes in solubility that occur upon exposure to light. 

Positive-tone photoresists become more soluble upon UV exposure and typically have higher 

resolution and contrast. These materials, however, are generally not as resistant to organic solvents 

as negative-tone resists, and subsequent UV exposure can facilitate positive-tone photoresist 

degradation. Alternatively, negative-tone photoresists become less soluble after UV exposure and 

Figure 3.5 Solvent Casting Microstructures: Intended workflow for casting tapered 

microstructures (A). A PDMS layer and tungsten probe form a hollow conical mold for casting 

PMMA onto a thin film. The resulting structure (B-D) is a thin conformal coating of the mold due 

to low amounts of polymer in solution (E). This limits the practicality of solvent casting as higher 

polymer concentrations will trap solvent in the structure and increase solvent casting time. 
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form robust, highly cross-linked materials that have greater surface adhesion and can produce 

higher aspect ratios (Figure 3.6A). 

3.3.2. Grayscale Lithography for Non-Binary Patterning 

The conditions of exposure during resist patterning are known to be highly influential to 

the resulting structures. While photolithography is commonly used to produce planar features, the 

generation of complex three-dimensional (3D) MEMS structures is non-trivial and often requires 

advanced fabrication capabilities. Simple strategies can involve the repeated alignment and 

exposure of photoresist layers to achieve 3D microstructures, but this adds significant processing 

time and device cost. Advanced techniques, including e-beam lithography and 2-photon 

lithography, have been developed for specific applications, however their specialized  

 

Figure 3.6 Photoresist Tonality and Grayscale Photolithography: Exposure and development of 

positive-tone and negative-tone photoresists (A). Exposed regions of positive-tone resists are 

removed during development and covered regions are removed for negative-tone resists. 

Grayscale lithography applies varying doses of energy across the patterned area to control the 

height of a photosensitive polymer during a single exposure (B and C). Adapted from Nock V, 

Blaikie RJ. Fabrication of optical grayscale masks for tapered microfluidic devices. 

Microelectron Eng 2008; 85: 1077–1082. 
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setups have limited accessibility, low throughput, and high costs5. Grayscale lithography is an 

alternative approach that uses spatially controlled UV exposure to determine resist processing in 

the Z dimension (Figure 3.6B and C). This can be accomplished using a single exposure step 

and circumvents alignment issues associated with multilayer patterning. Also, because grayscale 

lithography is performed using photomasks with non-binary transmission, minimal changes are 

needed to conventional photolithography. 

3.3.3. Depth-Dependent Resist Exposure and Backside Lithography 

In addition to controlling the light distribution for 3D resist patterning, the behavior of light 

in the photoresist must also be taken into account. The interaction of light with the photosensitive 

component in a resist is dependent upon the intensity, or concentration of photons within a defined 

region. As light travels through these photosensitive materials, however, the number of photons 

decreases due to absorption. The result is depth-dependent exposure where greater exposure occurs 

at the surface of the resist and a decrease in photoactivation is observed as a function of resist 

depth (Figure 3.7). This leads to distinct sidewall characteristics for positive-tone and negative-

tone resists. Positive-tone features are thinner at the surface closest to the light source and thicker 

at the base, while negative-tone feature are thicker at the surface and thinner at the base (Figure 

3.7A and B). Incomplete exposure of negative-tone resists can also lead to unattached regions of 

polymerization that lift-off during development (Figure 3.7C). Thus to achieve tapered structures 

that minimize stress on the MFIW, positive-tone resists are more readily suited for standard 

processing. Fortunately, tapered negative-tone structures can be made if exposure is done through 

a transparent substrate. This technique, called backside exposure, works since the base of the resist 

is closest to the UV source and receives the highest dose, reversing the conventional edge profile. 
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By combining backside exposure with controlled transmission through the photomask, negative-

tone photoresists like SU-8 can be patterned into complex 3D structures directly on the MFIW 

(Figure 3.8).  

 

 

 

Figure 3.7 Non-binary Photoresist Behavior: Positive-tone photoresists are etched more at the 

surface closest to the UV source, producing an overcut profile (A). Negative-tone photoresists are 

more crosslinked at the surface closest to the UV source. This creates an undercut effect. Note that 

the resist thickness is measured from the top for negative-tone photoresists. Incomplete 

polymerization of a negative-tone photoresist can lead to unbound structures (C). 

Figure 3.8 Backside Lithography: Photoresists can be exposed through a transparent substrate to 

reverse the distribution of active photopolymer. For negative-tone resists, this results in the highest 

crosslinking at the substrate interface and an overcut profile. 
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3.3.4. Pseudo-Grayscale Lithography for Low-cost Mask Design 

Controlling the light transmission with true grayscale is expensive (~$6000 for a 

calibration mask), since achieving variable transmission of light at high resolution across a 

photomask involves subresolution patterning of chromium on glass, or writing on high energy 

beam sensitive glass with electron beam lithography6,7. Instead, we examined the use of half-tone 

masks, which controls the distribution of opaque pixels to adjust light transmission. Since this 

technique requires pixels to be smaller than the resolving power of the exposure tool to achieve a 

smoothening effect, we shifted from contact mode lithography to proximity mode (Figure 3.9). 

This allows the use of low-cost transparency-based photomasks (~$70 for photoplot) with a 5 μm 

pixel size to operate below the resolution limit of an optical aligner operating at 365 nm. 

 

 

Figure 3.9 Optical Lithography Modes: Contact mode lithography allows for low-cost, high-

resolution patterning by placing the photomask in contact with the photoresist (A). Direct contact 

also makes this process prone to mask and wafer damage. Proximity lithography introduces a gap 

between the mask and resist to prevent defects (B). The resolution of contact and proximity 

lithography is limited to approximately √
𝜆

𝑛
× (𝑧𝑔𝑎𝑝 +

𝑑

2
), where n is the index of refraction of the 

resist and d is the resist thickness. 
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3.4. Mask Design 

For mask generation, grayscale patterns were produced in GIMP (GNU Image 

Manipulation Program) and imported as dithered images into L-Edit (Siemens). Inner diameters 

were explored in 20 μm increments ranging from 90-160 μm using two outer diameters (250 μm 

and 300 μm). GIMP’s gradient tool was used to generate radially symmetric microneedle patterns 

with a 5 μm pixel size. To start, the outer radius of the microneedle mask area was defined with 

the circle selection tool. Then a custom gradient was created with two regions, a constant black 

area, RGB values (0, 0, 0), and a gradient from white (255, 255, 255) to black (0, 0, 0). These 

parameters correspond to the inner bore of the microneedle and the microneedle sidewalls, 

respectively. By adjusting the ID of the microneedle pattern, the gradient is automatically adjusted 

for the sidewall slope. In addition, 8-tone and continuous gradient patterns were generated to 

compare mask transmission to final resist height. For the continuous gradient, the left endpoint 

was set to RGB (0, 0, 0) and the right endpoint was set to (255, 255, 255). A box was then filled 

with the linear gradient from the left side wall to the right. For the 8-tone gradient, the continuous 

gradient was subdivided into 8 segments and the midpoints were moved to the segments boundary 

to discretize gray values. A box was similarly filled with the 8-tone gradient and the images were 

exported as TIFF files. These images were then converted into mask data by importing through L-

Edit’s Image Import feature using a 5 μm pixel size. For the gradient patterns, the Dither grayscale 

image checkbox was selected. 

On the same mask, we also examined diffractive patterns for producing conical resist 

structures. This work was inspired by zone plates, which are diffractive light focusing optics 

comprised of alternating rings of transparent and opaque material. The hypothesis for this 
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implementation was that the light cone formed during focusing could be used to pattern a similar 

structure into a high contrast photoresist. This optical behavior is easily observed in dark field 

microscopy light cones (Figure 3.10A). Zone plate designs were limited by the minimum 

obtainable resolution of transparency-based photomasks (5 μm), but modified mask designs were 

explored with various geometries (Figure 3.10C). Patterns were created in L-Edit using the Circle, 

Torus, and All-angle polygon drawing tools. Features were spaced to allow greater light 

transmission near the ID than the maximum width. Mask designs utilized concentric rings, radially 

oriented isosceles triangles, or combinations of both while feature dimensions  were maintained 

close to the resolution limit of the transparency photomask plotter (5-20 μm). Initially, arrays of 

microneedles were organized for ease of comparison in both positive and negative tonalities to 

compare exposure results in both formats. Singular microneedles were also included to pattern 

directly onto planar outlets, and a transparent ring with a 12 mm ID and a 14 mm outer diameter 

(OD) was included to allow alignment using the device edge (Figure 3.10D). 

    

 

Figure 3.10 Optical Focusing and Mask Patterns: Hollow light cones can be formed using a 

combination of light stops and lenses (A). This exposure process would be ideal for producing a 

hollow cone geometry. Zone plate are a diffractive optical element that uses alternative rings of 

transparent and opaque regions (B). By sampling the optical path before the focal point, a conical 

photoresist structure (PR) could be obtained. Multiple zone plate-inspired mask designs were 

explored to vary the light intensity in the resist (C). Single microneedles were included (red) in 

mask patterns designed to align to 12 mm coverslips (D). 
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3.5. Microneedle Fabrication 

Backside lithography was performed using SUEX (DJ Microlaminates) dry film 

photoresist laminated onto clean 12 mm glass coverslips. Glass was first pre-treated via chemical 

vapor deposition using 10 μL of 2-(3,4-epoxycyclohexyl)ethyltrimethoxysilane (Gelest) at 60℃ 

for 40 minutes to improve surface chemistry. After venting and cooling to room temperature, the 

glass coverslips were dehydrated at 100℃ for 15 minutes to remove trace water from the surface. 

A 20 μm thick SUEX film photoresist was then laminated onto the glass surface at 60℃ with a 

Sky 325R6 laminator at a speed setting of 6 after removing the protective film from one side. This 

thin layer of SU-8 was found to improve the adhesion of tall SU-8 features during development. 

To laminate, an aluminum plate (RMP Store, 1/8 inch thick) was used as a carrier and two sheets 

of 5 mil thick Mylar (AOOIIN) were used to prevent excess resist from sticking to the plate or 

rollers. Spacer tape (3M Polyethylene Tape 483), positioned in front of the glass coverslips, was 

used to mitigate substrate fracture during lamination. For custom substrate sizes, it was found that 

the dry film photoresist sheets could be cut to size using scissors if the film is heated to 60℃. 

Otherwise, nine 12 mm coverslips can be laminated with a single 48 mm square sheet. After 

lamination, a bake step was performed at 60℃ for 5 minutes and then the samples were cooled to 

room temperature. During the post lamination bake, a soft silicone squeegee can be used to gently 

remove air bubbles trapped in the resist. Prior to exposure, the remaining protective film layer was 

carefully removed, and a blanket exposure was prepared. The manufacturer’s recommended 

exposure dose was used (720 mJ/cm2) at 365 nm on a mask aligner (Model 808 Mask Aligner, 

OAI) and the post-exposure bake (PEB) was performed at 90℃ for 5 minutes. Development was 
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performed in propylene glycol methyl ether (PGMEA) for 15 minutes and the devices were rinsed 

with isopropyl alcohol (IPA) and dried with a nitrogen gun. 

For microneedle patterning, 100-200 μm thick SUEX dry film photoresist was laminated 

onto the resist-coated side of the glass coverslips at 60℃ and speed 6. A post lamination bake step 

at 60℃ is done for 5 minutes to improve adhesion. Next, exposure was performed by placing the 

devices face down on the mask aligner chuck and a 900-1300 mJ/cm2 dose of 365 nm light was 

applied. Exposure was done using either contact mode lithography or proximity mode lithography 

with a gap distance of 200 μm. To prevent stress buildup due to difference in thermal expansion, 

a 60℃ PEB was performed for 2 hours. Cooldown was done by shutting off the oven and venting 

the door overnight. Devices were developed in PGMEA for 60 minutes or until all uncured 

photoresist was removed. Last, devices were rinsed with IPA and dried with nitrogen. 

A tapered sidewall profile was observed in proximity mode with a 200 μm air gap, and 

concentric ring patterns were found to produce the most conical structures (Figure 3.11). Contact 

mode lithography produced straighter sidewalls and minimal pattern smoothing was observed. At 

this point it was recognized that the aspect ratio of the obtained devices, where the width is 

comparable to the height, are better described as micro-nozzles rather than microneedles. Arago 

spots, bright points of that appear in the center of a circular object’s shadow due to constructive 

interference, were observed in the developed resist as a narrow protrusion in the center of the 

micro-nozzle structure8. Fortunately, this feature is not significant for our purposes, since the 

micro-nozzle is patterned over an opening, leaving the Arago feature unbound (Figure 3.11A and 

B). Crown-like nozzle features were also generated, providing alternative micro-nozzle geometries 

for future investigation (Figure 3.11C and D).  
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3.6. Post-Exposure Lamination for Feature Placement on Non-Transparent Substrates 

When translating the micro-nozzle patterning process to the MFIW platform, it was found that 

the surface of the laser cut channel was too irregular and dispersive for reliable pattern transfer 

(Figure 3.12A and B). To address this issue, dry film photoresist sheets were exposed prior to 

lamination on the MFIW.  

Dry film SU-8 photoresist (DJ Microlaminates) with a thickness of 100-200 μm were heated 

to 60℃ and cut into 2 cm squares. Next, the clear protective film was removed from one side and 

UV exposure was performed at the manufacturer’s recommended dose 900-1300 mJ/cm2 with a 

500 μm gap distance using the mask aligner. By including a short heating step (contrast 

Figure 3.11 SU-8 Micro-Nozzles: Scanning electron microscope images of micro-nozzles 

patterned by backside grayscale lithography. An Arago spot can be observed  in the polymerized 

resist (A), but this feature is lost when developed over a circular opening (B). Crown-like micro-

nozzles were obtained from non-radially symmetric mask patterns (C and D). Mask design and 

structures resulting from contact mode and proximity mode photolithography (E). 
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bake) for 2.5 minutes at 50℃ on a hot plate, the latent image of the partially cured resist became 

observable under non-uniform illumination (Figure 3.12D and E). This finding allows the 

alignment and bonding of the partially cured photoresist over the device outlet (Figure 3.12F and 

G). Next, the mask aligner was fitted with a glass plate in the mask holder and leveled with a 

Peltier plate on the chuck. Once the leveling procedure was complete, the chuck was unloaded, 

and the glass plate was removed. The sheet of activated photoresist was then taped onto the center 

of the glass plate, leaving the patterned region exposed and facing away from the glass. After the 

glass plate was reloaded into the mask aligner, a 12mm MFIW, composed of a 150 μm glass 

Figure 3.12 Post Exposure Lamination: Backside exposure through the MFIW channel layer 

leads to distorted pattern transfer (A and B). To circumvent this limitation, dry film photoresist 

sheets are patterned prior to laminating onto the substrate (C). Summary of fabrication process; 

(a) laser cut glass microchannel and via, (b) silanization of glass surface with epoxy linker, (c) 

patterning of  dry film SU-8 photoresist cap layer, (d) multilayer alignment of prepatterned dry 

film SU-8 photoresist with planar device outlet, and (e) development of unpolymerized 

photoresist. Multilayer alignment is enabled by introducing a short contrast bake to partially cure 

the resist. The change in material properties is discernable under brightfield when illuminated by 

nonuniform lighting (D and E). The latent image is highlighted with a red arrow. SEM image of 

a micro-nozzle positioned over a channel opening (F). The channel layer can be seen using 

brightfield microscopy (G). 
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substrate and a 20 μm SUEX cap layer, was placed onto the Peltier plate with the resist side facing 

up and the chuck was put back into alignment mode without leveling. With a gap of 300-400 μm, 

the latent image of the micro-nozzle was located with the camera using non-uniform illumination 

to improve the contrast of the material interface. The MFIW outlet is then positioned under the 

latent image using the chuck and the stage is moved into contact mode. With the resist pressed 

against the MFIW, final alignment is verified, and the Peltier is turned on. A change in the optical 

characteristics of the stack is observed when the resist reaches its glass transition temperature. 

Darkening of the surface corresponds to areas of resist reflow as it conforms to the MFIW surface 

and is allowed to proceed until the micro-nozzle area is conformed to the surface. Next, the Peltier 

plate is disconnected, and the device stack is allowed to cool to room temperature before unloading 

the sample to maintain alignment. It was observed at this point that the MFIW was securely bound 

to the partially cured SUEX photoresist sheet. After the sample was recovered, the stack was run 

through the Sky 325R6 laminator at 60°C and speed 6 to improve adhesion. The remaining 

protective film was then removed, and a post-exposure bake was performed at 60°C for 2 hours 

and cooled overnight. After cooling, devices were developed in PGMEA for 20 minutes, or until 

all uncured resist was removed, rinsed with IPA, and dried with nitrogen. The resulting devices 

were inspected using brightfield microscopy and SEM. 

In this process, the use of dry film photoresist sheets were integral for their ease of handling, 

constant thickness, and minimal flow during lamination. Because the resist is patterned prior to 

lamination on the substrate, the orientation of the latent pattern can be selected. This technique has 

since been demonstrated on silicon, demonstrating that features normally obtained by backside 

lithography can be reproduced on opaque or dispersive substrates. 
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3.7. Micro-Nozzle Testing and Validation 

To assess the delivery characteristics of novel micro-nozzle structures we used the MFIW since 

it is suited for simultaneous controlled delivery and observation. Validation of delivery was 

performed in agarose tissue phantom hydrogels to allow for simple monitoring of convective flow 

and diffusion in a substrate with tunable mechanical properties9,10.  

3.7.1. Experimental Setup 

Once devices were complete, fluid reservoirs, consisting of either sealed polystyrene tubes 

or preloaded syringes were connected using various fittings, and tubing segments. Microfluidic 

circuits for two setups are depicted in Figure 3.13. The first setup used a programmable pressure 

controller (OB-1 MK2, Elveflow) with inline flow sensors (MFS3, Elveflow) to deliver fluid from 

prefilled 50 mL Falcon tubes and 1.5 mL centrifuge tubes (Eppendorf) for calculating the fluidic 

resistance of devices. The pressure controller setup was configured by first connecting the gas port 

on the OB-1 pressure controller to the gas inlet on the XS Eppendorf tube adapter (Elveflow) using 

a Luer to hose barb adapter (P-850, Idex), a hose barb to 1/4-28 flat bottom adapter (P-646, Idex), 

and 1/16-inch ID Tygon tubing (Masterflex). The fluidic line is formed by first connecting 1/16 

OD PEEK tubing from the XS adapter to the microfluidic flow sensor using flangeless male nuts 

(P-206, Idex). Then 1/16 PEEK tubing is connected to the exit port of the MFS using a P-206 nut 

on one end and a MicroTight adapter (P-770, Idex) using a 10-32 coned fitting (F-120) on the 

other. Finally, a 6-32 MicroTight Nut (F-125, Idex) with a MicroTight sleeve (F-241, Idex) and 

0.012-inch OD metal tubing (30R304, Ziggy’s Tubes & Wires) are added to the other end of the 

adapter. Tygon tubing (Masterflex) with an ID of 0.01-inch is then used to join the fluidic line to 

the MFIW port for testing. 
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For pump driven flow, syringes were fit into a dual channel programmable syringe pump 

(Harvard Apparatus, 33DDS). To form the fluidic line, a 5 mL syringe with a Luer-Lok tip (BD) 

was connected to a threaded Luer adapter with a male 10-32 coned port (P-642, Idex). Next a union 

assembly for 1/16 OD tubing (P-742, Idex) is attached, and a 10-32 coned fitting (F-120, Idex) 

with 1/16” OD poly ether ether ketone (PEEK) tubing is connected. This was then connected to a 

MicroTight adapter using the same sequence as the pressure controller. 

 

Figure 3.13 Fluid Delivery Circuits: An Elveflow OB1 MKII pressure controller uses nitrogen to 

pump fluid through an inline FS3 flow sensor and into a microfluidic device (A), a Harvard 

Apparatus 33DDS syringe pump delivers fluid at fixed flow rates (B). Labelled images of the 

pressure controller setup (C), syringe assembly (D), and a closeup image of the MicroTight 

connector (E) are shown with Idex part numbers or item names. 
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3.7.2. Device Characterization Results 

To understand the effect of micro-nozzles on fluid delivery, two different types of 

microfluidic devices were fabricated. Control devices consisted of laser-cut microchannels in glass 

substrates, sealed by SU-8 films that were photolithographically patterned to yield a planar, 

circular fluid outlet. Micro-nozzle structures were integrated above planar fluid outlets using an 

additional grayscale photolithography process. Figure 3.14D shows planar outlets with a 200 μm 

circular outlet centered on the microfluidic device. Fabricated micro-nozzles, shown in Figure 

3.14E, were positioned directly over planar outlets and were 200 μm tall, with an ID of 130 μm at 

the tip.  

  

Figure 3.14 MFIW with Micro-Nozzle Outlet: Exploded (A) and cross sectional (B) views of a 

microfluidic device (C) used to compare outlet properties. SEM images of planar (D) and micro-

nozzle outlets (E). 
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The fluidic resistance of the micro-nozzles was determined by plotting flow rate as a 

function of the applied pressure as shown in Figure 3.15. Data were collected using a microfluidic 

circuit without a device connected, with control devices, and with micro-nozzle integrated devices. 

Linear correlations were obtained for each condition, validating that the devices were operating in 

the laminar flow regime. Next, a linear regression was performed using the least squares method 

to obtain fluidic resistance for each condition. Micro-nozzles were found to contribute an 

additional 0.5 mBar min/μL of hydrodynamic resistance to the microfluidic device corresponding 

to a 57% increase in total device flow resistance.  

 

Figure 3.15 Fluidic Resistance of MFIW Outlets: Fluidic resistance testing was accomplished by 

driving ultrapure water through the microfluidic circuit with the OB1 pressure controller and 

measuring the resulting flow rate. The applied pressure was programmed with Elveflow’s ESI 

software as a triangular wave with maxima and minima at 200 and  0 mBar, respectively, and a 

period of 120 s. Small ID PEEK tubing was used as a flow restrictor to calibrate the 200 mBar of 

applied pressure to the full range of the flow sensors, 50 μL/min, with no device connected. Data 

were recorded at 20 Hz for approximately 200 s once water was observed to be exiting the outlet 

prior to immersion and a fully developed flow rate wave was formed.  Quantification was done for 

the following conditions: no  device, planar outlet, and micro-nozzle integrated outlet. 
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3.7.3. Comparison of Fluid Delivery 

Next, fluid conduction of planar outlets and micro-nozzles were compared using solid 

tissue phantoms composed of an agarose hydrogel (1% w/v), which is commonly used to mimic 

the porous media properties of tissues due to its tunable permeability9,10. Lateral and axial delivery 

were assessed to compare the 3D characteristics of both outlet types. 

To prepare substrates for testing, agarose tablets (Bioline) were dissolved in deionized 

water by heating in a microwave at 30 second intervals. The solution was then poured into 90 mm 

square poly-styrene petri dishes (Simport, 229-D210-16) and allowed to gel at room temperature. 

For extended imaging sessions, a thin coating of ultrapure water was applied to the hydrogel 

surface to prevent dehydration-associated surface roughening. Excess fluid was removed before 

device placement and testing.  

3.7.3.1. Lateral Fluid Dispersion Testing 

For lateral delivery, MFIWs were primed with 0.4% trypan blue (Sigma) and placed onto 

agarose hydrogels prior to imaging. Delivery of 2 μL volume of 0.4% trypan blue was performed 

at 100 nL/min, while light transmission data was collected using brightfield microscopy (Nikon 

SMZ800 and Andor Neo 5.5 sCMOS camera). Timelapse data was recorded at 60 second intervals 

for 71 minutes. After the brightfield image data was collected, background normalization was 

performed in NIS Elements and the intensity profile across the device window diameter was 

exported for post-processing intensity analysis with Excel (Microsoft) and FIJI11–13.  

For lateral dispersion testing, the decrease in recorded intensity was interpreted as the 

resulting absorbance of the dye in the gel. Relative absorbance was calculated as a function of 

lateral distance from the outlet by averaging the planar outlet data across all samples and 
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subtracting the measured intensity from the average maximum intensity. Absorbance was then 

normalized with respect to the outlet, which was observed to have the highest absorbance due to 

the presence of undiluted dye in the microchannel. 

  

During delivery, the dye formed an approximately circular area at the outlet of the device 

with no interfacial flow (Figure 3.16). Different fluid delivery profiles into agarose phantom tissue 

were observed between planar and micro-nozzle devices (Figure 3.16A and B). For micro-nozzle 

Figure 3.16 Lateral Comparison of Dye Delivery: Timelapse images of trypan blue dye injected 

with a planar outlet (A) and micro-nozzle (B) at 100 nL/min for 20 minutes. The relative 

absorbance before (C) and after (D) dye dispersion occurs are plotted as a function of lateral 

distance from the outlet center. 
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devices, dye was directly delivered into agarose hydrogel with low lateral dispersion. For the 

planar outlet devices, however, a rapid lateral dispersion of dye was observed at the interface 

between the agarose gel and the microfluidic device. We hypothesize that this is due to a localized 

buildup of pressure in the agarose near the outlet that eventually overcomes the resistance to flow 

along the interface. Similar behavior was not observed for devices with a micro-nozzle (Figure 

3.16A and B). We suggest that micro-nozzle structures abrogate this effect by pressing against the 

agarose to block interfacial flow or by penetrating the hydrogel to better distribute the hydraulic 

pressure away from the interface. The lateral distribution of trypan blue dye, shown in Figure 

3.16C and D, was correlated to the measured change in optical density. Here, the lateral distance 

required for a 50% decrease in concentration was 68% smaller for devices with micro-nozzles. 

This indicates that micro-nozzles improved localized dye delivery by limiting the radial spread. 

For biological applications, this shows significantly expanded control of reagent concentrations in 

solid tissues.  

During fluid delivery experiments we also observed that the presence of a fluid layer on 

top of the agarose hydrogel prevented controlled delivery into the phantom tissue (data not shown). 

Thus, the micro-nozzle must make direct contact or penetrate into the hydrogel to yield the desired 

fluid flow distribution. For future studies, longer micro-nozzle structures could be implemented to 

avoid this issue (Figure 3.17). 
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3.7.3.2. 3D Fluid Delivery Testing 

Next, 3D time-lapse data in free solution was collected using confocal microscopy (Leica, 

TCS SP5) during the injection of 20 kDa FITC dextran dissolved in ultrapure water (0.6 mg/mL). 

Flow rates were established by programming a syringe pump for 100 nL/min or 1 μL/min with a 

target volume of 100 nL. For imaging of fluid delivery into agarose gel-based phantom tissues, 

155 kDa TRITC-dextran was infused into 1% (w/v) agarose hydrogels that were prepared with 20 

kDa FITC dextran. Imaging was performed in 6-well and 12-well tissue culture plates (Costar 

3506, Corning) using Leica Application Suite Advanced Fluorescence software (Leica 

Microsystems). XZ-stacks were collected to resolve the depth of dye penetration with minimal 

diffusion between images, and Z-stacks were collected to observe a larger field of view. LIF files 

were then imported into FIJI and axial line profiles were plotted along the outlet center, into the 

media for XZ images. Z-stacks were visualized in orthogonal planes through the outlet to obtain 

axial fluorescence data. To compare fluid transport from planar outlets vs. micro-nozzles, the 

intensity data was analyzed at the z-height closest to the outlet opening. 

Figure 3.17 High Aspect Ratio Micro-nozzles: SEM micrograph of micro-nozzles patterned in 1 

mm thick SU-8 dry film photoresist. 
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While micro-nozzle structures physically place the fluid output into direct contact with the 

agarose hydrogel, the diameter of the nozzle also affects the flow velocity (vs. the planar outlet) 

by increasing the flowrate inside the micro-nozzle lumen. Because the micro-nozzles are patterned 

over the MFIW outlet, the micro-nozzle outlet diameter is slightly reduced to ensure feature 

alignment and bonding. In free solution, this effect is proposed to improve the depth of dye 

injection (Figure 3.18A and B). The distance for FITC-dextran fluorescence to decrease by 50% 

in free solution with a micro-nozzle was found to be 58% further at 100 nL/min and 70% further 

at 1 μL/min than planar outlets (Figure 3.18C).  

 

Figure 3.18 Axial Comparison of Dye Delivery: Cross sectional views of the injection of 100 nL 

of 20 kDa FITC-dextran into free solution using planar outlet control devices (A) and micro-

nozzles (B). The relative fluorescent intensity in free solution (C) and 1% agarose hydrogels (D) 

are plotted as a function of axial distance from the outlet center. The injection of 155 kDa TRITC-

dextran (red) into 20 kDa FITC-dextran (green) labelled agarose hydrogels using control devices 

(E) and micro-nozzle devices (F) was visualized with XZ confocal imaging. 
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Confocal imaging of TRITC dye delivery (red) into agarose hydrogels prepared with FITC-

dextran (green) allowed visualization of fluid transport in the context of a phantom tissue. 

Timelapse data supports the two methods of fluid delivery observed with brightfield microscopy. 

The distance for relative fluorescence of TRITC-dextran to fall by 50% in 1% agarose hydrogels 

with a flow rate of 1 μL/min was 134% larger with a micro-nozzle (Figure 3.18D). For control 

devices, TRITC dye was found to localize at the hydrogel surface, forming a rectangular cross 

section in the XZ-image plane (Figure 3.18E). This dispersion is consistent with superficial flow 

disrupting the conduction of dye into the tissue. Devices with micro-nozzles were capable of 

generating concentration profiles of fluorophore with less lateral dispersion (Figure 3.18F). While 

a quantitative analysis of dye concentration was not performed, the reduction in observable lateral 

dye dispersion at the micro-nozzle outlet supports our hypothesis that convective transport into the 

tissue mimic is improved. For follow-up studies, characterization of fluorophore luminescence 

intensity in agarose using serial dilutions could allow for quantification of local dye 

concentrations. Measurement of fluid pressure at constant flow rates in tissue mimics studies could 

also be used to characterize the poroelastic behavior of target systems. Used in conjunction with 

intravital imaging, these advances could significantly improve the management of drug transport 

in the interstitial compartment to enable biochemical studies in vivo with cellular resolution.  

3.8. Micro-Nozzle Applications in Cancer and Drug Delivery Research 

The control of drug concentrations in tissue has a significant bearing on therapeutic response. 

Too much of a drug can exacerbate off-target effects, while too little will not achieve a significant 

concentration in the target tissue to effect significant change (Figure 3.19A).  This therapeutic 

index is particularly relevant for drugs where small dose differences can  lead to significant health 
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risks (narrow therapeutic index or NTI drugs). Additionally, since continuous drug infusions are 

not feasible for many patients, regular dosing schedules are frequently used to keep drug 

concentrations within their therapeutic window. This can lead to swings in drug concentrations 

during treatment as they are periodically administered and steadily eliminated, resulting in 

significant variability throughout a treatment regimen (Figure 3.19B).  

 

Figure 3.19 Therapeutic Drug Delivery: The therapeutic window of a drug is the range of drug 

concentrations where it can be used effectively (A). For long term therapy, multiple doses are used 

to stay within the therapeutic window (B). Barriers to drug delivery (C). Adapted from Ernsting 

MJ, Murakami M, Roy A, Li SD. Factors controlling the pharmacokinetics, biodistribution and 

intratumoral penetration of nanoparticles. J Control Release 2013; 172: 782–794. 
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The balance of drug dosage becomes more complicated when applied to a whole organism 

as the local concentrations of a drug may not be distributed equally throughout the body. Several 

challenges to effective drug delivery exist, including filtration by both the renal and hepatic 

systems as well as differential drug extravasation into tissues14 (Figure 3.19C). For 

chemotherapeutics, which interfere with or slow the growth of cancer cells, regimens must balance 

the local curative concentrations in tumors against the harmful levels that accumulate in healthy 

tissues.  Encapsulation and targetted delivery of therapeutics can help mitigate drug clearance and 

off-target concerns, respectively, but these alterations often increase the size the formulation and 

alter drug pharmacokinetics (Figure 3.20A).  

Poor interstitial perfusion in solid tumors can also play a role in delivery kinetics. 

Hyperpermeable vasculature and increased vessel tortuosity due to disregulated angiogenesis, in 

combination with minimal growth of new lymphatic vessels in tumors, can lead to elevated 

interstitial fluid pressure (IFP), which disrupts the natural pressure gradients across vessel walls15 

(Figure 3.20B). Without these pressure gradients, diffusion becomes the dominant mechanism for 

interstitial transport into the tumor interior. This severely limits the delivery of large therapeutics 

like immunotherapies and nanoparticles (Figure 3.20C)16. 

To compensate for poor delivery characteristics, techniques such as convection enhanced 

delivery (CED) and vascular normalization have been applied17,18. CED works by using an 

infusion catheter to deliver therapeutics directly into the interstitial space of the central nervous 

system19–21. Unlike traditional systemic forms of drug delivery (intravenous, ingestion, 

intradermal, etc.), CED affords enhanced control over therapeutic concentrations by applying 

localized fluid pressure gradients directly to the region of interest18. Similarly, the MFIW is ideally 
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situated to serve as a test platform for controlling local pressure gradients in solid tumors. 

Enhanced delivery into solid tissue-like matrices with micro-nozzle outlets can be applied for the 

direct testing of therapeutics in vivo with a high degree of control over local drug concentrations. 

It is also anticipated that the MFIW would be a valuable platform for characterizing interstitial 

transport properties in vivo by tracking the motion of tagged macromolecules through live tissues. 

 

Figure 3.20 Nanotherapeutics in Cancer Therapy: Scale of therapeutic agents (A). Adapted from 

Jain RK, Stylianopoulos T. Delivering nanomedicine to solid tumors. Nat Rev Clin Oncol 2010; 7: 

653–664. Fluorescence images of colorectal vasculature in a healthy floxed Apc mouse  (top) and 

Cre-treated mouse with a large lesion (bottom) (B). Adapted from Kim P, Chung E, Yamashita H, 

Hung KE, Mizoguchi A, Kucherlapati R, Fukumura D, Jain RK, Yun SH. In vivo wide-area cellular 

imaging by side-view endomicroscopy. Nat Methods 2010; 7: 303–305. Intratumoral distribution 

of block copolymer micelles, labeled with indium-111 and functionalized with epidermal growth 

factor, in MDA-MB-468 mouse tumors (C). Tumor sections stained with Anti-CD-31 antibody 

show areas of tumor vasculature. Adapted from Lee H, Hoang B, Fonge H, Reilly RM, Allen C. 

In vivo distribution of polymeric nanoparticles at the whole-body, tumor, and cellular levels. 

Pharm Res 2010; 27: 2343–2355.  
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3.9. Conclusions 

In this section, tapered microstructures were explored as a method to improve fluid conduction 

into porous substrates found at device-tissue interfaces. After initial work looked at glass- and 

polymer-based microneedles, a photolithographic approach was developed. Here, grayscale 

lithography and dry film photoresist technology were leveraged to separately pattern tapered 

micro-nozzles and integrate onto existing devices via multilayer alignment with the latent image 

of the micro-nozzle. Subsequently, we showed that the integration of micro-nozzles with 

microfluidic intravital imaging windows improved the conduction of fluid into phantom tissue by 

reducing the dispersion of delivered fluids and increasing the depth of penetration. Lateral dye 

dispersion was reduced by 68% in 1% agarose gel phantom tissues and the depth of penetration 

for FITC-dextran in free solution was improved by >50% for flow rates between 0.1 and 1 μL/min. 

This localization is expected to improve reagent administration across device-tissue interfaces for 

high resolution manipulation of tissue microenvironments. 
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CHAPTER 4: MICROFLUIDIC DELIVERY OF BIOACTIVE 

COMPOUNDS 

4.1. Introduction 

Systemic delivery is often used to introduce bioactive compounds for the evaluation of 

biological processes in live animals. While simple in application, this practice poses significant 

challenges when studying the biological response of the target site. The onset of compound arrival 

and local concentrations within target tissues are challenging to quantify due to the many factors 

involved in systemic administration. Pharmacokinetic and pharmacodynamic (PK-PD) modeling 

techniques can be used to predict pharmacologic effects by accounting for time-dependent 

concentrations in tissues and the dose-dependent drug performance (Figure 4.1)1–3. Still, 

effectively parameterizing a PK-PD model for pre-clinical in vivo testing requires the 

characterization of a large number of biochemical interactions and disease dynamics4. Un-

localized and off-target effects can also obfuscate results, particularly in the study of cancer, where 

chemotherapeutics often have high toxicity and narrow windows of therapeutic efficacy. By 

studying the effects of locally delivered compounds at the target site, many of the confounding 

properties of systemic delivery are avoided and direct control over local concentrations is possible. 

This capability is anticipated to greatly improve efficacy testing in preclinical studies.    

We next investigate the feasibility of localized delivery for the purposes of enhanced 

monitoring and modulation of the TME. To do this, we utilize the MFIW platform developed in 

the preceding chapters to deliver bioactive compounds for ad hoc enhancement of sample contrast 

and alteration of cellular expression via changes to the local cell microenvironment. The 
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combination of these applications will thus present a compelling argument for the use of localized 

in vivo delivery techniques to probe the TME. 

 

Figure 4.1 Pharmacologic Modeling: A general overview of a physiologically based 

pharmacokinetic model which defines the adsorption, distribution, metabolism, and excretion of a 

drug as a function of anatomy (A).  GIT: Gastro-intestinal tract. Tissue-level kinetics are described 

by a plasma-tissue coefficient and tissue permeability (B). Adapted from Yuan D, He H, Wu Y, 

Fan J, Cao Y. Physiologically-based pharmacokinetic modeling of nanoparticles. J Pharm Sci 

2019; 108: 58–72. 

4.2. Localized Nucleic Acid Labeling in Live Cells 

The direct labeling of cells in vivo, also known as intravital staining, provides many advantages 

for ad hoc interrogation of the TME. While many in vivo reporters are genetically encoded for the 

study of cellular activity, generation of these models is both costly and time consuming. Moreover, 

only a subset of proteins can be targeted with this technique, undesired immunogenic effects can 

occur, and labelling of extracellular structures is limited5. Targeted labeling with exogenously 

delivered probes, however, has demonstrated flexible visualization across a wide range of 
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targets6,7. To this end, we explore the localized labeling of nucleic acids for transient ad hoc 

cytology.   

4.2.1. Initial Testing of Localized Cell Staining 

We first sought to confirm cell labelling using small volumes of a commercially available 

staining kit (LIVE/DEAD BacLight™ Bacterial Viability Kit, Invitrogen L7005). This stain was 

selected for its two-part composition: propidium iodide (20 mM), an intercalating red fluorescent 

(Excitation/Emission: 490/634 nm) stain that is not permeant to live cells, and SYTO 9 (3.34 

mM), a green fluorescent (480/500 nm) nucleic acid stain that can cross the cell membrane. Co-

delivery of these reagents is done to obtain a qualitative measurement of cell viability.  

 

Figure 4.2 Live/Dead Staining of E. coli DH1: Cells incubated in saline (0.85%) primarily 

fluoresced green, corresponding to intact cellular membranes (left). Cells fluoresced red after 

incubating in isopropyl alcohol for 1 hour, indicating compromised cellular membranes (center). 

A stained mixture of control and isopropyl alcohol treated cells enabled determination of live and 

dead cell populations (right). Exposure settings: green channel 18 ms; red channel 65 ms. Scale 

bar: 25 μm. 

Label intensity was confirmed by first growing two 5 mL cultures of Escherichia coli (E. 

coli) DH1 in LB broth overnight. Cells were then spun down at 8000 RPM for 5 minutes (Sorvall 

Legend XTR Centrifuge, Thermo Scientific) and the pellets were resuspended in 5 mL of 0.85% 

saline for live cells and in 5 mL of isopropyl alcohol (Fisher Scientific) for dead cells. Cells were 
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then incubated at room temperature for 1 hour before pelleting at 8,000 rpm for 5 minutes and 

washing in 1 mL of 0.85% saline. Samples were pelleted again at 8,000 rpm for 5 minutes and 

resuspended in 1mL of 0.85% saline. To test staining, 100 μL of cell suspension was aliquoted 

into Eppendorf tubes and 0.5 μL of 1:1 SYTO 9 and propidium iodide were added. After incubating 

for 15 minutes, 5 μL of cell solution was mounted on a glass slide. Wide-field fluorescence 

imaging was then performed using a Nikon Eclipse 80i microscope using a 20X objective, X-CITE 

120 light source, QICAM Fast 1394 CCD camera, and NIS Elements Basic Research software 

(3.22.11 Build 728, Nikon). Live cells were observed to fluoresce in the green channel and red 

cells were primarily observed in the alcohol-treated samples (Figure 4.2). 50/50 mixtures of 

control and alcohol-treated samples showed differential staining (Figure 4.2). Cells without the 

staining solution were not observed during fluorescence imaging.  

To assess the potential of BacLight™ for localized staining, small culture reservoirs were 

prepared by laser cutting a double-sided adhesive spacer (3M 7959MP) and applying it to a glass 

slide (1301, Globe Scientific Inc.). A 25x25 mm square coverslip (1404-15, Globe Scientific Inc.) 

was then used to enclose the chamber region and reduce drying during imaging (Figure 4.3A). 

The chamber was filled by pipetting 60 μL of E. coli suspended in 0.85% saline to the narrow 

opening of the chamber (Figure 4.3B). Cell solution completely filled the gap between the 

coverslip and glass slide. A small volume (0.5 μL) of BacLight™ was then delivered to the wide 

opening of the culture chamber and imaged (Figure 4.3C). Localized cell staining was observed 

near the chamber opening as the stains diffused into the chamber (Figure 4.3D). Propidium iodide 

was noted to weakly fluorescence in the extracellular space, providing a useful indicator of the 

effective staining area. 
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Figure 4.3 Localized Staining in a Microculture System: A small liquid culture chamber, made 

using a glass slide, a glass coverslip, and double-sided adhesive spacer (7959MP, 3M), was 

prepared by injecting an E. coli DH1 cell suspension into the narrow end of the covered area (A). 

After the cell solution filled the region under the coverslip, 0.5 μL of BacLight stain was delivered 

to the large opening (B) and fluorescent cells were imaged (C and D). Scale bar: 150 μm. 

4.2.2. Translating Cell Staining to a Tissue Mimic Format 

The lack of structural support of liquid cultures, in addition to the sensitivity of bacteria to 

mechanical disruption during device placement and fluid injection, motivated the translation of 

this cell staining chamber to a tissue-like format. To make this assay compatible with MFIW 

delivery, E. coli DH1, obtained as a gift from the Fasullo Lab, were embedded in low weight 

percent agar (0.7%) to create a cell-based tissue mimic. Using this approach, MFIWs could be 

placed directly onto the cultured cell substrate and cell movement was restricted (Figure 4.4A). 

Agar gels were prepared by dissolving agar (A9915-500G, Sigma) in DI water and autoclaving at 

121 ℃ for 15 minutes before cooling the agar to 45 ℃ in a water bath. Cell-embedded hydrogels 

were produced by mixing 200 μL of cell suspension with 1800 μL of agar immediately before 

casting in a 35 mm dish with a 5 mL serological pipette. Bubbles introduced during the mixing 
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process were immediately removed before gelling. After gelling, the hydrogel was imaged using 

the Nikon epifluorescence microscope and 2 μL of BacLight solution was dispensed onto the gel 

surface. Rapid cell labeling was again observed despite the hydrogel media, suggesting the agar’s 

pores were large enough to allow rapid diffusion of SYTO 9 into the cells (Figure 4.4B and C). 

Cell staining was primarily green, indicating that cells that cells were tolerant to the gel embedding 

process. A follow-up experiment was performed using a mixture of control and alcohol-treated 

cells to confirm that significant differential cell staining was observable.  

 

Figure 4.4 Tissue Mimic Staining: Illustration of the MFIW testing setup (A) and fluorescence 

signal at dye periphery immediately after BacLight deposition (B). Labelled cells at the dye center 

after staining (C). Scale bars: 500 μm and 50 μm, respectively. 

4.2.3. MFIW Optimization and Testing for Low Volume In Vitro Delivery 

When BacLight™ delivery was initially attempted using the MFIW, it was observed that 

devices would drift on the agar surface due to the weight of the tubing extending away from the 

working area. This was not desirable for studying localized delivery, so rim attachments were 

designed using Inventor Professional 2022 (Autodesk), converted into G-code using DigiLab 3D 

Slicer V1.2.2 (Dremel), and printed on a DigiLab 3D printer (3D45, Dremel) printer with ECO-

ABS filament (Dremel) using a 0.1mm layer height (Figure 4.5A). These snap-on accessories 

included a small slot to grip the Tygon tubing that leads to the device. In addition, an elbow was 
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made from 0.012-inch outer diameter stainless steel tubing (30R304, Ziggy’s Wires and Tubing) 

to prevent torquing of the microfluidic device. The vertical tubing attachment limits the use of 

upright microscope objectives with small working distances but was found to be suitable under 4X 

magnification. Device drift is not expected to occur during in vivo applications as the imaging 

frame is sutured in place and will stabilize the window. 

To limit reagent consumption with the MFIW, short sections of 1/16-inch ID Tygon tubing 

(Masterflex) were used to introduce small volumes of BacLight™ in the fluidic line (Figure 4.5B). 

The fluid capacity of the Tygon tubing was calculated per unit length and total volumes ranging 

from 100-500 nL were tested. For assembly, the MFIW, rim tubing segment, and syringe line are 

first primed with DI water. Dye loading was done by connecting a syringe to a length of Tygon 

tubing corresponding to a target volume and filling the clear Tygon tubing. The dye-loaded 

segment was then connected to the rim tubing segment and disconnected from the loading syringe 

(Figure 4.5C). This sequence limits the introduction of air into the tubing as the back pressure 

from disconnecting the loading syringe was noted to alter the fluid meniscus in the Tygon. Next, 

a driving syringe was primed and connected to the open end of the dye loaded tubing to ensure 

that the syringe pump block is pressed against the stopper and that no air is present in the line. An 

MFIW was then connected to the tubing elbow of the rim segment. The rim tubing segment was 

then fit into the slot on the 3D-printed attachment and the rim attachment was snapped onto the 

prepared 35mm dish. Finally, the MFIW device was gently lowered onto the surface of the cell 

loaded agar to remove air from the interface without damaging the surface.  

Prior to imaging, the device outlet was located using a Nikon Eclipse 80i Microscope at 

4X magnification and automatic collection parameters were defined by optimizing exposure to 
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pre-stained cells. Pre-delivery images of the area around the device outlet were then collected using 

brightfield and epifluorescence for reference. For stain delivery, data recording was started prior 

to activating the syringe pump. Stain was delivered at 5 μL/min using a syringe pump (Pump 33 

DDS, Harvard Apparatus) programmed to deliver a total volume of 1 μL. Delivery was captured 

for MFIWs with planar outlets and with micro-nozzle outlets. It was found that 100 nL of BacLight 

reliably stained a significant portion of the window area (Figure 4.5D).  

To visualize the staining of live cells, video data was imported into FIJI8–10. Collection 

artifacts were eliminated by sub-sectioning the data stack to remove periodic black frames. Image 

brightness and contrast were adjusted for all slices using FIJI’s command Process/Enhance 

Contrast… with 0.025% saturated pixels. This adjustment was performed using the stack 

histogram to conserve the relative signal between time points. Field intensity, as a function of time, 

was collected by selecting the entire image and using Image/Stacks/Plot Z-axis Profile. The 

resulting data showed a near-linear increase in green fluorescence over time (Figure 4.5E). 
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Figure 4.5 MFIW Staining on a Tissue Mimic: A 3D printed rim is used to stabilize the Tygon 

tubing connecting the MFIW to a syringe (A). BacLight is preloaded into small sections of Tygon 

to deliver small volumes (<1 μL) (B). Tubing is loaded with dye using a syringe (1), connected to 

an MFIW primed with buffer with an elbow joint (2), disconnected from the loading syringe (3), 

and connected to the primed driving syringe (4) (C). Imaging through the MFIW showed a 

dramatic increase green fluorescence due to nucleic acid labeling (D). Time series of normalized 

image intensity during BacLight delivery (E). 

4.2.4. Nucleic Acid Labeling During Confocal Imaging 

Next, confocal imaging was used for rapid multichannel capture and optical sectioning 

during dye infusion. Here, 6-well plates were used to maintain stage compatibility and to minimize 
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meniscus formation by the hydrogel. Rim attachments were prepared as above to stabilize the 

MFIW during imaging. Gain settings for the Leica SP5 microscope were established by delivering 

stain to an initial site and adjusting for pixel saturation. SYTO9 and propidium iodide fluorescence 

were recorded using the dual channel FITC & TRITC preset (488 nm at 15% laser power and 

561nm at 33% laser power) using the LAS software (Leica). Once collection settings were 

established, the window was removed and flushed with DI water before reloading. For subsequent 

imaging collection, MFIWs were placed on fresh agar embedded with E. coli DH1 and minimal 

background signal.  

Cross sectional imaging was performed in 1 second increments using the XZ collection 

setting in the LAS software. Prior to imaging, the device outlet was brought into focus by bisecting 

the outlet with the XZ plane software guide and positioning the outlet at the top of the z stack. 

Positioning was validated in XZ by adjusting the y stage controller to verify that the outlet width 

was maximized. After recording for 15 seconds, 100 μL of dye was delivered by pumping 1 μL of 

fluid at 5 μL/min. Data was collected in 1 second intervals. Imaging was continued for an 

additional 5 minutes until it was observed that no additional cell labeling was occurring and that 

the SYTO 9 was photobleaching. Once delivery was complete, a z stack of the window area was 

collected to visualize the extent of cell labeling. Data was exported as LIF files and post-processed 

in FIJI. Image processing was done by first setting the display channels to their corresponding 

color (Image/Color/Channels Tool…). Contrast and brightness were adjusted to improve 

visualization for both outlet types (planar: green [0,142] and red [2, 64]; micro-nozzle: green [5,16] 

and red [5,16]) and data was exported as image and video files, PNG and AVI respectively. 
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Figure 4.6 Axial View of BacLight Delivery: Diagram of confocal imaging setup with MFIW 

delivery (A). Timelapse YZ images of BacLight infusion and nucleic acid labeling with planar (B) 

and micro-nozzle (C) MFIWs. Scale bar: 200 μm. Gain settings: planar: SYTO 9 [634] and 

propidium iodide [601]; micro-nozzle: SYTO 9 [581] and propidium iodide [580]. Orthogonal 

sections of stained tissue mimics after dye delivery for planar (D) and micro-nozzle (E) MFIWs. 

Scale bar: 500 μm. 

Both planar devices and micro-nozzle outlets were found to rapidly (<20 s) label nucleic 

acids during dye delivery (Figure 4.6). Cells were shown to tolerate casting into low molecular 

weight agar, as shown by the strong green fluorescence within the tissue mimic. Differences in 

outlet delivery were not observable after cell staining. This could be due to the low molecular 

weight of SYTO 9 and propidium iodide allowing for significant diffusion through the agar over 

the course of the experiment. 

4.3. Modulation of Protein Activity and Gene Expression by Microfluidic Delivery 

Capturing the spatiotemporal response to localized drug delivery has important implications 

for tracking pharmacological kinetics and dynamics. Among these, the ability to directly quantify 

signaling pathways involved in modulating the cell microenvironment whilst circumventing many 

of the barriers to drug delivery has the potential to greatly simplify compound assessment and 
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optimization. We examine this potential by applying optical reporter systems to quantify protein 

activity and alter cellular expression. 

4.3.1. Bioluminescence – Substrate Delivery to Enzyme-Producing Cells 

Tracking cellular interactions with reporter molecules is one of the most commonly used 

methods for interrogating biological systems. Bioluminescence and fluorescence imaging each 

have distinct advantages and disadvantages when applied to molecular imaging. Bioluminescence 

involves a light producing biochemical reaction between an enzyme and its target substrate. 

Because there is no excitation laser, both phototoxicity and background signal are extremely low. 

Also, since signal generation is primarily limited by enzyme-substrate kinetics, these systems are 

advantageous for rapid to real-time readout measurements11,12. Challenges to this technique 

include the need of cofactors (ATP, magnesium ions, and oxygen) to facilitate enzymatic reactions 

and low substrate permeability during intracellular measurements13. In addition, due to its low 

light output, this technique is primarily used for studying cell populations, but bioluminescent 

microscopy has been demonstrated using high sensitivity cameras protected by a light-tight 

enclosure to attain a usable signal-to-noise ratio14.  

To test the manipulation of protein activity with a microfluidic device, we investigated the 

delivery of luciferin to a constitutively expressed luciferase model (Figure 4.7). Here, the 

luminescent signal is expected to be advantageous for real-time tracking of cell exposure to 

delivered reagents.  
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Figure 4.7 Luciferase Reaction: Firefly luciferase is a 62 kDa protein that catalyzes D-Luciferin 

oxidation using the cofactors ATP, oxygen, and magnesium to produce 560 nm light (left). By 

expressing the luciferase in a cell, the delivery of d-luciferin substrate can be detected (right).  

4.3.1.1. Bacterial Transformation 

First, a plasmid containing the firefly luciferase gene and the ACT1 promoter 

(RS303dKan-pACT1-Luc), gifted by J. Brian Robertson (Department of Biology, Middle 

Tennessee State University) and Carl Johnson (Department of Biological Sciences, Vanderbilt 

University), was selected (Figure 4.8). Firefly luciferase was selected for its glow-based readout 

to allow for longer imaging sessions than flash-based variants. This plasmid also contains selection 

marker genes for histidine production and kanamycin resistance.  

Cell line generation was accomplished by first transforming E. coli HB101 to obtain large 

amounts of plasmid DNA15. E. coli was grown from frozen stock on LB agar plates at 37 ℃ for 

24-48 hours, until single colonies became apparent. Colonies were then suspended in 5 mL of LB 
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broth and grown overnight on a shaker at 37 ℃ . The next day, cultures were diluted 1:100 into 

fresh LB broth at 37 ℃. After 2.5 hours, cells were sedimented at 5000 rpm for 5 minutes at 4 ℃ 

and resuspended in 20 mL of 50 mM CaCl2 for 60 minutes at 0 ℃. Cells were pelleted again at 

5000 rpm for 5 min at 4 ℃ and resuspended in 2 mL of 50 mM CaCl2 for an additional 60 minutes 

at 0 ℃. Next, 100 μL of cells was added to 100 ng of plasmid DNA dissolved in 0.1 mL of 0.1 M 

Tris at pH 7.2 for 10 minutes at 0 ℃. Cells were heat treated for 5 minutes at 42 ℃ using a water 

bath. Then, 0.25 mL of LB broth was added to each tube and the cells were incubated at 37 ℃ for 

20 minutes. Lastly, 100  μL of cell solution was deposited onto warm LB ampicillin agar plates at 

37 ℃ with glass beads. Plates were then sealed with Parafilm and incubated for ~18 hours.  

 

Figure 4.8 pRS303dKan-Act1-Luc Plasmid Map Showing the Luciferase Gene with an Actin 

Promoter for Constitutive Expression.  
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4.3.1.2. Plasmid Purification via Miniprep Kit 

Plasmid DNA was purified using a DNA purification  kit (QIAprep Spin Miniprep Kit, 

Qiagen). To start, transformed bacterial colonies were grown in 5 mL of LB broth and 50 μL of 

ampicillin for 5-6 hours. Cells were sedimented at 5000 rpm for 5 minutes at 4 ℃ and resuspended 

in 250 μL of Buffer P1 with RNase A before transferring to a microcentrifuge tube. Next, 250 μL 

of Buffer P2 was added and mixed by inverting 4-6 times. Then, 350 μL of Buffer N3 was added 

and mixed by inversion to form a precipitate. The solution was then centrifuged for 10 minutes at 

13,000 rpm to form a compact white pellet. A QIAprep spin column was prepared by adding 800 

μL of supernatant, and the column was centrifuged for 30-60 seconds and the flow through was 

discarded. Then, the column was washed with 0.5 mL of buffer PB by centrifuging for 30-60 

seconds and the flow through was discarded. Another wash was performed using 0.75 mL of buffer 

PE and a final spin was performed at 15,000 rpm for 1 minute to remove residual buffer. Finally, 

the column was placed in a fresh 1.5 mL microcentrifuge tube and the DNA was eluted by adding 

50 μL of buffer EB to the center of the spin column, incubating for 1 minute, and then centrifuging 

at 13,000 rmp for 1 minute. 

Validation of plasmid presence and confirmation of the expected plasmid size was 

performed using an EcoRI restriction digest. Reactions were set up by combining 1 μL of purified 

plasmid DNA (1 μg/μL), 5 μL of 10X NEBuffer EcoRI, 1 μL of EcoRI, and 43 μL of nuclease-

free water and incubating at 37 ℃ for 1 hour. Heat inactivation of EcoRI was performed at 65 ℃ 

for 20 minutes. Agarose gel electrophoresis was performed on the products to confirm 

linearization. Gels were prepared by dissolving 1 g of agarose in 1X TAE (Tris-acetic acid-

Ethylenediaminetetraacetic acid (EDTA)) buffer by microwaving for 1 minute. The agarose 
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solution was then poured into a gel mold and 4 μL of ethidium bromide (EtBr) was added before 

removing bubbles and placing the comb. The solution was then covered with aluminum foil to 

prevent EtBr degradation and allowed to gel at room temperature for an hour. Once solid, the 

agarose gel was transferred to the electrophoresis box, 1X TAE was added until the gel was 

submerged, and 5 μL of EtBr was added to the buffer on the positive side. Gels were pre-run for 

10 minutes at 80 V prior to sample loading to improve band quality. 

Samples were prepared by adding 0.5-2 μL of DNA (up to 100 ng) and 2 μL of loading 

buffer to 20 μL of nuclease-free water. After pre-running, gels were loaded with 20 μL of prepped 

sample per well. A λ DNA-HindIII digest (New England BioLabs) was used as a ladder. After the 

bands had travelled 75-80% through the gel, imaging was performed using a UV spectrometer 

(AlphaImager, Alpha Innotech). Bands corresponding to the linear and supercoiled plasmid were 

observed and a shift in the EcoRI digested samples was noted, supporting the presence of the 

RS303dKan-pACT1-Luc plasmid in the transformed cells (Figure 4.9). 
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Figure 4.9 Gel Electrophoresis of EcoRI Digested pRS303dKan-Act1-Luc Collected from E. coli 

HB101. 

4.3.1.3. Bulk Plasmid Purification via Cesium Chloride Gradient 

As the RS303dKan-pACT1-Luc plasmid is an integrating plasmid, the rate of 

transformation in yeast is significantly lower than non-integrating plasmids. To account for this 

lower efficiency, a significantly higher concentration of plasmid DNA is needed. Preparing this 

plasmid supply was therefore accomplished via cesium chloride purification. 

Bacteria was first grown overnight in 250 mL of LB + ampicillin. Cells were then spun 

down at 7,000 rpm and the supernatant was discarded. The pellet was then resuspended in 9 mL 

of cold STE buffer (15% sucrose, 50 mM Tris, 50 mM EDTA, pH 8.0) by pipetting up and down. 

Lysozyme was added (10-25 mg) and the solution was incubated on ice for 1 hour. Next, 9 mL of 

cold TTE buffer (0.1% Triton X-100, 50 mM Tris, 50 mM EDTA, pH 8.0) was added and the 

solution was incubated on ice until the solution became viscous and clear. Cell debris was spun 

down at 13,000 rpm at 4 ℃ for 10 minutes. The supernatant was collected in a 50 mL 
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polypropylene tube and 18 g of cesium chloride (CsCl) and 1 mL of 10 mg/mL ethidium bromide 

(EtBr) were added and well mixed. Then, the tubes were covered in aluminum foil to prevent EtBr 

degradation and left at room temperature for 1 hour. After spinning the tubes at 5,000 rpm for 10 

minutes and remove scum from the surface using a Q-tip, the solution density was then verified  

to be 1.59 g by correcting with CsCl or TE. Tubes were balanced to within 0.01 g, sealed, and spun 

at 60,000 rpm and 12-15 ℃ for 17 hours. After spinning, a UV light was used to visualize two 

bands  in the tube, chromosomal DNA (top) and plasmid DNA (bottom). The bands were extracted 

separately by inserting a needle through the side of the tube drawing into a syringe. 

To remove ethidium bromide, one unit of DNA solution and one unit of isopropanol 

saturated with aqueous 5 M NaCl, 10 mM Tris,  and 1 mM Na3 EDTA (pH 8.5) were mixed in a 

microcentrifuge tube. Extractions were repeated 3-5 times until the aqueous phase was no longer 

pink. Two units of water and 6 units of ethanol were added before storing at –20 ℃ for at least 1 

hour. The precipitate was then sedimented and the pellet was washed with 70% ethanol before 

drying. Finally, the pellet was dissolved in 100-500 μL of 10 mM Tris and 1 mM Na3 EDTA (pH 

7.5). DNA concentrations were then measured as 4 μg/μL using a NanoDrop spectrometer. Stock 

solutions were then diluted in TE buffer to 1 μg/μL. 

4.3.1.4. Yeast Cell Line Transformation and Validation 

Purified plasmid stock was used to transform two yeast strains, BY4743 and W303. First, 

2 mL overnight cultures were spun at 6,500 rpm for 5 minutes at 4 ℃ and the supernatant was 

discarded. Cells were then washed with 200-500 μL of sterile water, vortexed to dissolve the pellet, 

re-sedimented, and the supernatant was again discarded. This wash step was repeated a second 

time and cells were then resuspended in 100 μL of 1 step Buffer (0.2 M lithium acetate, 40% PEG, 
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100 mM MDTT) by vortexing. Next, 5 μL of salmon sperm DNA (boiled 3-5 minutes and cooled 

on ice) was added to both blank and sample tubes and 1-5 μL (10 ng – 5 μg DNA) of plasmid DNA 

was added to the sample tube. The solutions were then incubated at 42 ℃ for 45 minutes and the 

contents were plated on synthetic complete media-histidine (SC-His) agar using glass beads. 

Colonies were observed after 3-4 days for the transformed plate, but not on the blank plate. 

Polymerase chain reaction (PCR) and enzymatic digests were used to verify transformants after 

growing single colonies in SC-His.   

For PCR validation, primers were selected by first extracting the actin promoter and 

luciferase sequence from the plasmid map. Next, primer sequences were identified and ordered 

using PrimerQuest (IDT). Reaction conditions used for screening were: 50 mM monovalent salt 

concentration, 200 nM primer DNA concentration, and 0.8 mM dNTP (deoxyribonucleoside 

triphosphate) concentration. Primer criteria included a melting temperature range of 52-65 ℃ with 

an optimum temperature of 59 ℃, GC% range of 35-65% with an optimum value of 50%, and a 

primer size range of 17-30 nucleotides with an optimum value of 30 nucleotides. Several primer 

sets were selected with staggered locations to probe for different locations on the target sequence. 

To confirm the presence of the luciferase gene in transformed cells, DNA extraction was 

performed. First, 2 mL cultures were inoculated  and incubated overnight at 30 ℃. The next day, 

cells were sedimented by centrifuging at 13,000 rpm for 5 minutes and the supernatant was 

discarded before resuspending in 200 μL of breaking buffer (2% Triton X-100, 1% SDS, 100 mM 

NaCl, 10 mM Tris, pH 8.0, and 1 mM EDTA). Glass beads (300 mg), phenol:chloroform:isoamyl 

alcohol (50:48:2) (200 μL), and Tris EDTA (200 μL) were then added bead beat  for 10 minutes 

using a  Next Advance Bullet Blender. Cell lysis was verified by microscopy before pelleting at 
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13,000 rpm for 5 minutes at room temperature. The resulting aqueous layer was kept for 

subsequent validation.  

Table 4.1 Thermocycling Steps for PCR. Protocol Adapted from New England Biolabs, PCR with 

Taq DNA Polymerase with Standard Taq Buffer(M0273). 

STEP  TEMP TIME  

Initial Denaturation  95°C  30 seconds  

30 Cycles  

95°C 

45-68°C 

68°C  

15-30 seconds 

15-60 seconds 

1 minute/kb  

Final Extension  68°C  5 minutes  

Hold  4-10°C    

Next, 300 μL of supernatant was combined with 6 μL of potassium acetate (5 M) and 700 

μL of ethanol and stored at -20 ℃  for 2 hours. The solution was then centrifuged at 10,000 rpm 

for 10 minutes and the pellet was dried and resuspended in 20 μL of TE. PCR validation of 

transformed cells was performed in 25 μL reactions. To centrifuge tubes, 2.5 μL of 10X Standard 

Taq Reaction Buffer, 0.5 μL of 10 mM dNTPs, 0.5 μL of both forward and reverse primers at 10 

μM concentration, template DNA (1-10 ng of purified plasmid DNA or 1-200 ng of genomic 

DNA), 0.125 μL of Taq DNA polymerase, and to 25 μL of nuclease-free water were added while 

on ice. The PCR tubes were then loaded into a PCR machine with the block preheated to 95 ℃ 

and the cycle was initiated. PCR was performed with 2 of the primer sets and using the conditions 

listed in Table 4.116
. Gel electrophoresis was then performed and showed low molecular weight 

bands that correspond to the predicted amplicons (Figure 4.10). 
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Figure 4.10 PCR Validation of Yeast Cell Lines: PCR amplification of DNA extracted from two 

transformed yeast cell lines, BY4743 and W303, showed successful incorporation of RS303dKan-

pACT1-Luc (pACT-Luc).  Two ladders were used for validation: HINDIII with a 1240 bp 

amplicon (A) and 100 BP with a 1346 bp amplicon (B).  

4.3.1.5. Luminescence Detection and Bioluminescence Imaging 

To initiate the luminescent chemical reaction, a combination of luciferin, luciferase, ATP, 

oxygen, and magnesium ions must be present11. For yeast grown under optimal conditions, 

luciferin and luciferase concentrations are the primary parameters for an enzymatic reaction. 

Reaction kinetics were first validated by growing BY4743-pACT-Luc cells in 5 mL of SC-His 

overnight at 31 ℃. Luciferase activity was measured by depositing 100 μL of cell suspension into 

the wells of a 96-well plate and recording luminescence with a plate reader (Tecan Infinite® 200) 

immediately after dosing cells with 1 μL of 15 mg/mL luciferin (LUCK-100, GoldBio). Sample 

sizes were selected to demonstrate statistical significance by Welch’s unequal variance t-test for 

biologically distinct conditions. After luciferin addition, luminescence was detected in all treated 

wells, confirming that luciferase activity was present in the transformed cells and that the reaction 

had minimal delay (Figure 4.11A). Luminescence decreased by a factor of 3.4 for cells treated in 

SC-His and by 3.9 for cells in YPD over 115 min (Figure 4.11B). Cells suspended in 0.7% agar 

at a 1:9 ratio were observed to luminesce, albeit over longer activation timescales and with lower 
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overall signal due to luciferin diffusion and light scattering within the agar. Data were verified to 

be normally distributed using the Shapiro-Wilk test. Significance tests and P values were 

calculated using Welch’s t-test, using normal-based 95% confidence intervals and two-sided 

testing.  

Bioluminescent imaging (BLM) with the luciferase reporter was tested by first treating 

BY4743-pACT-Luc cells grown overnight in SC-His media at 30℃ with luciferin and verifying 

luminescence activity on the plate reader. After luciferase activity was confirmed, cells were 

imaged using a Nikon Eclipse 80i and Leica SP5 confocal microscope. Despite a clear signal in 

the plate reader, no signal was observed during imaging on either microscope. Synthetic reactions, 

performed using 100 μL of 0.01 mg/mL luciferase in reaction buffer (100 mM Tris-NaOH (pH 

7.77), 5mM MgCl2,  10 μL of 15 mM ATP, and 0.5μL of 15 mg/mL luciferin), were visible by 

eye, but were not detectable via microscopy using 4x4 binning and a 60 second exposure time. 

Based on these results, it was determined that the detectors available for imaging were not suited 

for  bioluminescence imaging with the RS303dKan-pACT1-Luc reporter system.  
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Figure 4.11 Luminescent Signal After Luciferin Administration to BY4743-pACT-Luc in Growth 

Media: Luminescence recorded immediately after luciferin administration (A) and 115 minutes 

after administration (B). Data represents mean, upper and lower quartiles, and maximum and 

minimum values for 3 biological replicates. P values were determined using two-sided Welch’s 

unequal variance t-test. Time series of luciferase activity in BY4743-pACT-Luc cells grown in 

SC-His (C) and YPD (D). 

Next, MFIW-mediated luciferin delivery was investigated in the Tecan Infinite 200 plate 

reader. Modified 6-well plates, based on Costar 3335 well plate dimensions, were printed using a 

fused deposition modelling  printer (DigiLab 3D45, Dremel). Notches were included in the well 

plate top to route tubing across the plate without obstructing the plate reader optics. BY4743-

pACT-Luc cells were suspended in a 1:9 ratio with 0.7% agar and 2 mL was cast per well. 
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Luciferin was delivered in small volumes (250 μL) by introducing sections of pre-filled Tygon 

tubing in line with buffer solution (DI water). Fluid was delivered at 10 μL/min for 5 minute. 

Luciferase activity was found to rapidly increase upon delivery of luciferin (Figure 4.12). 

Differences in fluidic resistance of MFIWs are presumed to contribute to the observed difference 

in rate constants. After delivery was complete, luminescence was observed to continue increasing 

over time, likely due to luciferin diffusing away from the infused region. 

 

Figure 4.12 Activation of Enzymatic Activity via Localized Substrate Delivery: Treated wells 

show a rapid increase in luminescence upon infusion of luciferin (blue and green) while control 

wells showed a negligible change in luminescence over time (red and black). 

4.3.2. Galactose-Induced Production of Green Fluorescent Protein 

Fluorescence is the emission of light after excitation by electromagnetic radiation. Since 

this process is driven by an external source, signal strength is significantly higher than those used 

for bioluminescence. This is particularly advantageous for detecting low concentrations of 
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molecules and determining protein localization in cells. The lack of substrates and cofactors also 

simplifies detection, but cellular autofluorescence introduces a higher background signal than 

bioluminescence. When tracking gene expression by coupling a fluorescent protein to its promoter, 

signal kinetics can be delayed by fluorophore maturation, which limits temporal resolution.  

 

Figure 4.13 pGAL-GFP Kan Plasmid Map: pGAL-GFP kan was a gift from Daniel Reines 

(Addgene plasmid #122060; http://n2t.net/addgene:122060; RRID:Addgene_122060). 

As the signal observed in the luciferase reporter system was not able to be measured with 

available imaging hardware, we next considered a fluorescent reporter system using green 

fluorescent protein (GFP). To study cell induction of protein production, we used a yeast model 

with a pGAL-GFP kan plasmid (AddGene), where kanamycin resistance is used for bacterial 

growth and URA3 is used for selection in yeast17 (Figure 4.13). Here, the GAL1 promotor was 

selected for its significant upregulation (~1000 fold) when cells are in the presence of galactose. 
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Normally, glucose is the preferred carbon source for yeast, and Gal80p will repress transcription 

of the GalI gene. If glucose is depleted and galactose is present, however, the Gal80p repression 

will be relieved and Gal4p activation of transcription will occur18. By coupling this pathway to the 

GFP gene, a controllable ON-OFF fluorescence readout is obtained. 

 

Figure 4.14 Gal Promotor Activity: Galactose metabolism is influenced by the availability of both 

glucose (repressing) and galactose (promoting). Adapted from O’Connor, CM. Regulation of the 

GAL1 promoter. (2021, January 3). Boston College. https://bio.libretexts.org/@go/page/17573. 

"Regulation of the GAL1 promoter" by Clare M. O’Connor, LibreTexts is licensed under CC BY-

NC-SA. Gal Promotor Activity by Tristen Head is licensed under CC BY-NC-SA 4.0. 

4.3.2.1. Yeast Transformation and Fluorescence Characterization 

To begin, BY4743 cells were similarly transformed as done for the RS303dKan-pACT1-

Luc plasmid in 4.3.1.4, and transformed cells were selected using Synthetic Complete-Uracil agar 

plates. Cells grown overnight in 2 mL liquid cultures of glucose-rich media (YPD: yeast peptone 

dextrose) were observed on the Nikon Eclipse 80i microscope to have minimal fluorescence due 

to GAL1 repression, while cells grown in glucose-free YP+Galactose (yeast peptone + 2% (w/v) 

galactose) exhibited intense green fluorescence. 
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GFP expression kinetics were assessed by measuring cellular fluorescence in FlexStation 

(Molecular Devices) 3 microplate reader for 24 hr with excitation and emission wavelengths of 

485 nm and 515 nm, respectively. Cells were first grown overnight in YPD and washed in YP 

before resuspending in YP+Raffinose (yeast peptone +2% (w/v) raffinose) for 4 hours to reduce 

glucose repression prior to data collection. Growth conditions tested included glucose, galactose, 

raffinose, and glucose + galactose in 0.5% increments from 0-2%. Readings were taken in free 

solution (YP) every 15 minutes at 30 ℃ for 24 hours. Data was normalized with respect to 

raffinose when comparing carbon sources and with respect to 0% galactose when comparing sugar 

concentrations. Plate reader measurements of fluorescence showed the production of GFP occurs 

over several hours (>9 hr) after the introduction of galactose (Figure 4.15A). Carbon sources not 

involved in the promotion of the Leloir pathway, i.e. glucose and raffinose, were found to produce 

minimal fluorescence compared to galactose growth, confirming the selectivity of the GAL 

pathway. Higher galactose concentrations in culture also correlated with an increase in maximum 

fluorescence due to longer periods of GAL induction (Figure 4.15B). 
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Figure 4.15 GFP Expression After Induction of BY4743 pGAL-GFP kan: BY4743 pGAL-GFP 

kan grown in various carbon sources were found to produce significant green fluorescence when 

in the presence of galactose (A). Higher initial galactose concentrations were found to increase the 

final green fluorescence due to a longer period of induction (B). Sample size n=2. 

4.3.2.2. Fluorescence Imaging of GAL1 Induction 

Next, GFP induction was examined using a confocal microscope (Leica SP5). Cells were 

grown overnight in 4 mL of YPD at 30 ℃ on a shaker, washed in 1mL of YP (yeast peptone) at 

8,000 rpm for 5 minutes at 4 ℃, and resuspended in 1mL of YP media. Cells were then transferred 

to a 24-well plate directly or mixed at a 1:9 ratio with 0.7% agar and cast into wells. Liquid volumes 

were prepared in 250 μL and 500 μL volumes, and agar-embedded cells were prepared in 500 μL 

total volume. Prior to imaging, 20% galactose solution was added to each well to produce final 

galactose concentrations of 0%, 1%, 2%, and 3%. 

Leica Acquisition Suite was used to define multiple scan locations for automated multi-

well timelapse data collection. Three locations were selected along the y axis for each well and a 

21.5 μm tall z-stack with 2.39 μm step size was defined to account for well-to-well variations. 

Image cycles were initiated every 15 minutes using a 488 nm laser at 15% power for 6 hours. 
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Visualization was accomplished in FIJI using Image/Stacks/Z Project… to produce projections of 

the z stack at each time point. Next, noise was removed using Process/Subtract Background… 

with a rolling ball radius of 2 pixels. Thresholds were set manually to minimize noise using a range 

within 38.0557 to 1030. This converts the image into a binary mask where pixels with signal within 

the threshold are assigned a value of 255 and all other pixels are 0. Quantification of agar-

embedded cells was accomplished by summing all slices in a Z stack to obtain a projection. Next, 

a threshold was set above a value of 40 to select regions with significant fluorescence. The area of 

the resulting image over time was then used to characterize the change in fluorescence of treated 

cells. 

Using a digital gain of 800, a fluorescent signal was apparent within four hours for both 

free solution cells and in agar in galactose-treated wells. Free solution measurements had greater 

uncertainty due to cell movement/settling but an accumulation of fluorescent cells on the well 

surface was observable. Agar-embedded yeast were fixed in space, which eliminated cellular 

motion as a source of uncertainty, and exhibited a similar increase in fluorescence over time 

(Figure 4.16). Fluorescent signals in agar were lower due to cell distribution throughout the gel 

volume. 
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Figure 4.16 Galactose-Mediated GFP Production: Projections (top) and processed images 

(bottom) of green fluorescence observed during imaging of liquid cultures (A). Intensity over time 

showcasing significant upregulation of GFP in agar-embedded S. cerevisiae due to galactose 

exposure with minimal signal from non-induced wells (B).  

4.3.2.3. MFIW-Mediated Delivery of Galactose 

For MFIW-mediated delivery, BY4743-pGAL-GFP cells were prepared in low weight agar 

as before and cast in 6-well plates with a total volume of 2 mL to mitigate gel curvature. 3D printed 

rim attachments were prepared, and the fluidic line was primed with 20% Galactose. Imaging was 

performed at 15-minute intervals at 3 locations in each well, with one location centered on the 

device outlet. Z-stacks were collected to account for differences in height between wells. Initial 

results showed significant movement of the MFIW over several hours. This is likely due to 

dehydration of the agar without the lid. To mitigate water loss during imaging, the 6-well plate 

was modified to allow lid  placement without interference from the tubing and the edges were 

sealed with Parafilm M (PM996, Bemis). For device-mediated delivery, 100 μL of 20% galactose 

was delivered at 10 μL/min with imaging every 15 minutes. Controls received 100 μL of galactose 

or water at the start of delivery, corresponding to a final galactose concentration of 1%.  

Initial results showed strong GFP signal in cells not covered by the MFIW but little signal 

under the device (Figure 4.17). Similar results were obtained after delivering 1 μL of 20% Gal at 
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1 μL/min. To determine if SU-8 was responsible for decreased GFP fluorescence, 100 μL of 

galactose was deposited onto agar-embedded BY4743-pGAL-GFP cells and 12 mm glass 

coverslips or MFIWs were placed onto the agar. Similar results were observed for glass coverslips, 

MFIWs placed after galactose administration, and galactose delivered by MFIW (Figure 4.18).  

 

Figure 4.17 Delivery of Galactose via MFIW: MFIW placed on agar-embedded cells for galactose 

delivery (A). Green fluorescence was not observed under the MFIW after galactose delivery (B) 

but was detected in regions not covered by the device (B-F). Mean channel intensity of regions 

covered by an MFIW had similar GFP expression to non-treated wells, while uncovered regions 

had signal intensities similar to treated wells that did not have a device (G). 

Based on these findings, low oxygen availability under the MFIW was suspected, as this 

could prevent oxygen dependent GFP maturation and fluorescence.  Alternatively, lower oxygen 

availability could promote fermentation over cellular respiration, increasing the local pH under the 

MFIW and decreasing GFP signal intensity. Removal of the MFIW after 30 hours and imaging at 

48 hours after induction did not show a significant increase in signal intensity. Next, 25 mm glass 

coverslips were placed onto BY4743-pGAL-GFP cells embedded in 0.7% agar in a 6-well plate. 

Here, the larger coverslips allowed the trapping of bubble between the glass and agar surface. Cells 
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located near these air pockets were found to have a significantly higher GFP signal than cells 

grown in regions without bubbles (data not shown).  

 

Figure 4.18 GFP Dependency on Oxygen Availability: Multiple tested conditions verified that 

cells without an oxygen impermeable covering fluoresce while covered cells do not fluoresce. 

To improve oxygen availability during galactose induction, an inverted culture chamber 

was designed for mounting the MFIW onto the bottom of the culture. This allows oxygen diffusion 

through the top of the hydrogel and enhances GFP maturation via increased galactose induction. 

Devices were mounted using double-sided adhesive (7959MP, 3M) and the edges were sealed 

using a 2-part epoxy (Plastic Bonder, JB Weld) (Figure 4.19A). Solutions composed of 20% 

galactose and 0.2 mg/mL TRITC dextran were prepared at a 2:1 ratio and preloaded into the 

inverted culture system MFIWs before casting 1mL of BY4743-pGAL-GFP cells in 0.7% agar 

(1:9 ratio). Here, TRITC allowed for visualization of fluid infusion to confirm delivery of 
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galactose. Fluid was also observed to form a hemispherical source at the device outlet. Subsequent 

imaging with an epifluorescence microscope (Nikon Eclipse 80i) 6 hours after galactose 

administration demonstrated a significant increase in green fluorescence for chambers with 

MFIW-mediated galactose treatment when compared to glucose-treated control wells (Figure 

4.19B-D).  

 

Figure 4.19 Induction of GFP Production via Localized Galactose Delivery: Inverted MFIW 

chamber for oxygen availability during delivery studies (A). Chamber fluorescence 6 hours after 

galactose infusion compared to glucose treated cells (B). Error bars represent the standard 

deviation of three locations within the well. Demonstrative images of green fluorescence in 

glucose- (C) and galactose-treated (D) BY4743-pGAL-GFP cells at 6 hours after induction. 
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4.4. Conclusions 

The utility of localized delivery for in vivo study are many. Increased experimental control 

within the full complexity of an intact biological system provides many opportunities for bridging 

the gap between in vitro assays and in vivo results.  Here, we explored applications of localized 

reagent delivery for applications including ad hoc cell staining, substrate delivery for 

bioluminescent readout, and the induction of reporter genes.  

Cell staining was tested using a bacterial Live/Dead stain on E. coli. SYTO 9 and propidium 

iodide were shown to achieve rapid and localized cell labeling within tissue mimics. Using this 

approach, iterative staining or renewed introduction of labels can enhance contrast during imaging 

or counteract degradation and clearance of previously administered dyes over long periods of time. 

No difference in labelling was observed between planar outlet devices and MFIWs with micro-

nozzles, which is likely due to the higher diffusivity of small molecule dye reagents. Larger 

molecular weight compounds, like fluorescently labelled antibodies and dextrans, are predicted to 

have a greater dependence on outlet morphology during delivery due to their significantly lower 

diffusivity. For this class of particles, convective flow plays a greater role in mass transport than 

diffusion and differences in fluid conduction into porous matrices will strongly determine local 

concentrations. Characterization of labeling agents with higher molecular weights and/or lower 

diffusion coefficients will thus be useful for understanding the mobility of various classes of drugs 

used in the clinic. 

For the bioluminescence sensor, a luciferin-responsive cell line was used to demonstrate the 

modulation of enzymatic activity. A rapid response in signal was observed after substrate addition 

and luminescence was found to persist for several hours. MFIW-mediated delivery was quantified 



119 

 

using a plate reader and localized luciferin administration produced an enzymatic response within 

minutes. As the available light microscopes and Leica SP5 confocal microscope were unable to 

resolve any luminescent signal, bioluminescent microscopy (BLM) was not possible. Still, a 

system with background light elimination and higher sensitivity cameras (e.g. EMCCD) should be 

considered for future investigations. Alternative strategies using Fura-2, a ratiometric calcium 

sensor, or NanoLuc, an engineered luciferase with >150-fold increase in luminescence signal, may 

be better suited for BLM19,20.  

Lastly, the induction of reporter genes was demonstrated using a tightly controlled galactose 

promoter. This readout allowed the observation of changes in metabolic activity upon delivery of 

galactose to cells in a glucose-poor environment. Kinetic studies found an increase in fluorescence 

occurs over several hours. MFIW-mediated delivery showed a loss of fluorescence in agar-

embedded cells due to poor oxygen availability when covered by a device. Inverted MFIW 

chambers eliminated this issue for in vitro assays, but this effect is not expected to be a significant 

concern for in vivo studies as oxygen is supplied through the vasculature. The use of oxygen 

independent fluorophores would also reduce readout sensitivity to hypoxic conditions. When 

considering the use of fluorescent labels, it should be noted that the pharmacokinetics and 

pharmacodynamics are less impacted for proteins and large therapeutics than small molecule 

compounds. In some situations, co-delivery with tracer particles may be useful for indirect tracking 

without modifying drug properties7. The inclusion of destabilized proteins can also be applied to 

shorten signal lifetime and improve temporal resolution.  
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CHAPTER 5: CONCLUSIONS AND FUTURE DIRECTIONS 

5.1. Conclusions 

To address needs in cancer research a greater understanding of disease progression in the 

context of an intact tumor microenvironment is needed. Within this body of work, the design and 

development of an implantable microfluidic imaging window (MFIW) for simultaneous imaging 

and reagent delivery was explored (Figure 5.1). The techniques used in device fabrication, 

namely glass laser cutting and photolithography, are amendable to flexible outlet design and 

allow facile device adaptation to novel applications. In free solution studies, MFIW fluid 

delivery was reported as a well-behaved spherical source and reagent delivery was shown to be 

well tolerated by live cells. Continued study in vivo is needed to expand upon preliminary results 

in mouse models. 

Further optimization in fluid delivery to porous tissue matrices investigated outlet 

morphology as a means for improving fluid conduction. Here, it was found that tapered micro-

nozzle structures, produced using a novel photolithography process, improved axial penetration 

of fluorescent dextran into agarose tissue mimics and reduced radial dispersion. Finally, 

applications of localized reagent delivery for enhanced assay control were investigated using 

small molecule nuclear stains and two cell-based reporter systems. Cell staining was found to be 

rapid and significant even for small volumes of staining solution (100 nL). Both cell induction 

methods, luciferase bioluminescence and galactose-stimulated green fluorescent protein (GFP) 

expression, were achieved in vitro and showcased enhanced monitoring and modulation of the 

cell microenvironment with an implantable window. Experimental timescales varied from 
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seconds (cell staining) to minutes (enzymatic reactions) to hours (inducing 

transcription/translation) Collectively, these findings represent a significant improvement in 

current in vivo experimentation methods by combining microfabrication techniques and imaging 

technology to emulate evaluation advantages normally limited to in vitro assays. 

 

Figure 5.1 Technologies and Techniques Utilized with the MFIW: Elements utilized in the 

development and testing of an implantable microfluidic imaging platform. 

5.2. Future Directions 

Due to the multidisciplinary techniques used within this work, several points of continuation 

are apparent for future investigation. Here, we overview angles of approach for the various 

technologies and techniques that have been discussed. 

Scaling of MFIW technology (e.g. 5- and 8-mm windows) for alternative imaging locations 

(lung, brain, etc.) would expand the range of biological sites for investigation (Figure 5.2A). 

Preliminary designs show simple adaption of the V6.3 design to an 8-mm format are possible, 
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but current hubs could interfere with imaging for smaller window designs. Removal of the 

support ring that runs along the window circumference could mitigate this issue by reducing 

spatial constraints but transitioning to V5.6 or V5.7 hubs may be needed. Additional MFIW 

modifications include the incorporation of advance outlet designs (multi-output and/or multi-

input)  for applications including in vivo drug/prodrug gradient production, micro-dialysis for 

sampling the TME interstitium, and jet injection to improve drug penetration (Figure 5.2B). 

Lastly, inline fluid control through the incorporation of injection or switching valves can enable 

the introduction of small reagent volumes for delivery or alternate between multiple reagents for 

rapid mixing/nanoparticle synthesis (Figure 5.2C). 

 

Figure 5.2 MFIW Variations: Scaling window size for different anatomical locations (A). Multi-

inlet and multi-outlet devices for in vivo gradient generation or increased field distribution (B). 

Inline reagent introduction for low volume delivery applications (C). 

Prediction of structures obtained by post-exposure lamination (PEL) lithography by 

optimizing mask design would be advantageous for adapting this technique to other grayscale 

applications. To this end, initial work with computational lithography has been explored in 
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(Appendix B). One application of note is to anticipate the morphology of alginate fibers 

extruded by various micro-nozzle designs (Figure 5.3A). For instance, crown-like micro-nozzles 

obtained in (Chapter 3) could foreseeably mimic piping tips when injecting alginate into CaCl2 

solution (Figure 5.3B). Alternatively, sheathed delivery can be explored for in situ gelling using 

multiple outlets or a curtain design (Figure 5.3C and D). 

 

Figure 5.3 Alginate Gelling with Varying Outlet Morphologies: Extrusion of sodium alginate 

into calcium chloride solution can form fibers with controlled diameters (A). Micro-nozzle 

outlets can incorporate teeth with could produce unique piping morphologies in alginate fibers 

(B). Multi-outlet (C) and curtain designs (D) can produce sheathed delivery profiles for core-

shell fibers and coaxial hydrogel structures. 

Additionally, post-exposure lamination can be utilized for the reversal of sidewall profiles in 

applications that are not compatible with backside exposure. Opaque and non-transparent 

substrates (e.g. silicon and prepatterned glass) are the most prevalent materials used in the 
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cleanroom, but these substrates are incompatible with backside exposure techniques due to their 

optical characteristics. Reversing photoresist tonality would allow for the use of structurally 

advantageous negative photoresists for molding of interlocking components (Figure 5.4). Here, 

optimizing gap distance for large features is not necessary but grayscale mask designs can be 

incorporated for small features. 

 

Figure 5.4 Molding of Interlocking Components: Conventional photolithography of negative-

tone photoresists on non-transparent substrates will produce vertical or uncut features that can 

prevent the recovery of molded components (A). Post-exposure lamination can produce overcut 

features, regardless of substrate optical properties, which allows for separation of molded parts 

(B). PR: Photoresist. 

For biological labelling applications, the delivery of stains and contrast agents have a 

multitude of applications. Notably, antibody targeted labels for cancer cell markers and markers 

associated with dormancy, stemness, and cell death are of particular relevance to cancer 

research1–3. Here, localized delivery can enhance site specific labelling in vivo by limiting 

reagent consumption to areas of interest or tagging small cell populations for fate tracking 

studies. Labeling in tandem with label-free imaging techniques (Second Harmonic Generation 
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and Fluorescence Lifetime Imaging) can further extend the number of targets used during in vivo 

imaging4.  

Characterization of the response of tumor, ECM, and stroma to tumor phenotype drivers is 

another area of active interest. Delivery of mediators for hypoxia (desferroxamine), altered ECM 

(L-ribose and β-aminopropionitrile), dormancy, chemotherapy (doxorubicin, paclitaxel, etc.), 

immune cell activity, and engineered cells are all areas of interest for probing the impact of 

individual factors on the TME. Localized administration of these compounds is anticipated to 

enable high resolution study of these factors with greater experimental control than that of 

conventional methods. 

Lastly, localized delivery with controllable outlet morphologies can enhance drug 

permeability characterization by studying the movement of various drugs and nanoparticles 

through the interstitium. This is of particular interest for novel biologics and RNA therapeutics 

which have currently had limited success in solid tissues due to their large size and poor 

transport properties5. In addition, flow rate and interstitial fluid pressure are complementary 

parameters that can be explored. 
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Figure 5.5 Directions for Future Investigation Based on Elements Developed Within this Body 

of Work. 
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Appendix A : MFIW Fabrication Protocols 

A.1. Planar Device Fabrication 

Glass coverslips with a diameter of 12 mm, a 150 μm via, and a laser cut microchannel that is 

50 μm deep, 5 mm long, and widens from 150 to 200 μm wide were obtained from Potomac 

Photonics. Glass was cleaned using detergent (Alconox), followed by acetone and isopropyl 

alcohol (Sigma-Aldrich), and dried with nitrogen. The glass was then functionalized by chemical 

vapor deposition of 5 μL of 2-(3,4-epoxycyclohexyl)ethyltrimethoxysilane (Gelest) at 60°C for 

40 minutes to improve surface chemistry during lithography.  

 

Figure A.1 MFIW Fabrication Process Flow 

A layer of SUEX dry film photoresist (20-micron) from DJ Microlaminates was then 

patterned onto the glass surface to form a covered channel from the peripheral hole in the 
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coverslip to the center. Prior to photoresist application, residual water on the glass surface was 

removed by baking at 120 ℃ for 15 minutes. Then 20-micron SUEX (K20) was laminated onto 

coverslips using a SKY 325R6 laminator at 60°C with a speed setting of 5. To laminate, an 

aluminum plate (RMP Store, 1/8 inch thick) was used as a carrier and two sheets of 5 mil thick 

Mylar (AOOIIN) were used to prevent excess resist from sticking to the plate or rollers. Spacer 

tape (3M Polyethylene Tape 483), positioned in front of the glass coverslips, was used to 

mitigate substrate fracture during lamination. For custom substrate sizes, it was found that the 

dry film photoresist sheets could be cut to size using scissors if the film is heated to 60℃. An 

additional bake at 60 ℃ on a hot plate may be used to enhance film adhesion to the glass surface. 

The coverslips were then cooled for 2 minutes and separated for exposure. Exposure was done at 

720 mJ/m2 using an OAI MDL 800 Series UV exposure tool after aligning the photomask to the 

device outlet and switching to contact mode. A post-exposure bake is then performed at 90 °C 

for 5 minutes. Finally, the resist is developed in propylene glycol methyl ether acetate (PGMEA) 

for 15 minutes and rinsed with isopropyl alcohol.  

To interface with the coverslip, a hub was cut from polyethylene terephthalate glycol (PETG) 

shim stock (Cole Parmer, 9513K24) and Membrane Switch Spacer 7959MP (3M, 7959MP) 

using a CO2 laser cutter (Dremel, LC40) to form a cap and alignment reservoir, respectively. 

Metal tubing (30 gauge) (Ziggy’s Tubes and Wires, 30R304-36) was then glued into the PETG 

hub with cyanoacrylate (The Original Super Glue Corporation) and the hub was assembled 

before placement onto the glass side of the MFIW. Prior to final assembly, hubs were tested for 

clogging by flowing DI water with a syringe pump. The hub inlet is then aligned with the via on 

the glass coverslip to ensure fluidic conduction through the device and additional testing is 

performed with DI water to check for device leakage.  
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A.2. Micro-Nozzle Fabrication and Integration 

Dry film SU-8 photoresist (SUEX) with a thickness of 200 μm was obtained from DJ 

Microlaminates (Sudberry, Massachusetts) and the clear protective PET film was removed. UV 

exposure was performed at 1300 mJ/cm2 with a 500 μm gap distance using an OAI exposure 

tool. In order to resolve the activated photoresist, a contrast bake was performed for 2.5 minutes 

at 50°C on a hot plate. Next, the OAI exposure tool was fitted with a glass plate in the mask 

holder and leveled with a Peltier plate on the chuck. Once the leveling procedure was complete, 

the chuck was unloaded, and the glass plate was removed. The sheet of activated photoresist was 

then taped onto the glass plate, leaving the patterned region exposed and facing away from the 

glass. Using the OAI’s optical microscopes, the partially polymerized SUEX features could be 

distinguished from the unactivated resist using non-isotropic illumination. This allows 

identification of the pre-patterned features and alignment with the microfluidic chip in gap mode.  

After the glass plate was reloaded into the OAI, an MFIW without the inlet hub was placed onto 

the Peltier plate with the channel side facing up and positioned under the activated photoresist 

using non-isotropic illumination. Once the micro-nozzle was positioned above the planar outlet 

on the chip, the stage was moved into contact mode and the Peltier plate was turned on. After 

allowing 1-2 minutes for sufficient reflow of the dry film photoresist, the Peltier plate was turned 

off and allowed to cool before unloading the stage. At this point, the MFIW will adhere to the 

partially cured SUEX photoresist sheet. The sample were then run through a Sky 325R6 

laminator at 60°C and speed 6 to improve adhesion, and a post-exposure bake was then 

performed at 60°C for 2 hours and cooled overnight. Development was done in PGMEA for 20 

minutes. 
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