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Abstract

This study aims to advance the knowledge of diabetes-associated biological assays such as
white adipose tissue secreted glycerol and fatty acid uptake and secretion assays by leveraging the
incorporation of microfluidic platforms. The investigation involves several dimensions, spanning

from diabetes and obesity to the innovation of modern microfluidic devices.

The first chapter initiates a comprehensive exploration of the relationships among diabetes,
obesity, and adipose tissue. These relationships lay the groundwork for the ensuing chapters and
underscores the pivotal significance of microfluidic tools as unique instruments in addressing

complexities of adipose tissue function.

In the second chapter, automated microfluidic devices, microfluidic digital analog
converters (WDAC), are designed to expedite cell and tissue stimulation at high temporal resolution
(5 seconds). This pioneering approach not only streamlines experimentation but also showcases
the potential for modulating stimuli, thereby offering deeper insights into dynamic cellular
responses and the intricacies of disease (diabetes) mechanisms.

Chapter three unveils the application of valve-controlled droplet-based microfluidics,
enabling precise sampling from ex vivo adipose tissue. Through multiplexed sensing of glycerol
and fatty acid secretion, this technique presents a novel avenue for dissecting adipose tissue
dynamics, unveiling implications for metabolic disorders such as diabetes.

Shifting focus to nucleic acid driven sensing through electrochemistry, the fourth chapter

introduces an innovative automated microfluidic device for biosensor preparation on electrode
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surfaces. This approach streamlines the process of electrode fabrication, potentially elevating the

efficiency of nucleic acid-based sensors and paving the way for more precise diagnostic outcomes.

Cumulatively, this research underscores the pivotal role of microfluidics in propelling
forward bioanalysis, particularly when applied to diabetes research. By combining chapters that
span from comprehending diseases to automating assays and multiplexed sensing, this dissertation
contributes to the evolving landscape of diabetes research and diagnostic methodologies. It is our
hope that the advancements showcased herein will stimulate novel insights, streamlined
techniques, and transformative breakthroughs in the future to aid in managing diabetes and its

related metabolic intricacies.
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Chapter 1

Introduction

This portion of this chapter is adopted from the published book chapter “Tissue engineering and
analysis in droplet microfluidics” (N. Shi, M. Moniruzzaman and C. J. Easley In: Droplet
Microfluidics, R. Soc. Chem. Cambridge, UK 2020 )

1.1 Obesity

Obesity is a serious public health problem that has been increasing in prevalence worldwide over
the past few decades. It is defined as having a body mass index (BMI) of 30 or higher, and it is
associated with a number of negative health outcomes, including type 2 diabetes, cardiovascular
disease, and certain cancers'. In this passage, we will review some of the empirical research on
obesity and its impacts on health. One study published in The Lancet in 2017 found that the global
prevalence of obesity has more than doubled since 1980, with an estimated 603.7 million adults
and 107.7 million children being classified as obese in 20152 The study also found that obesity
rates have increased more rapidly in low- and middle-income countries compared to high-income

countries.

Another study published in JAMA in 2019 analyzed data from over 6 million people and found
that higher levels of body fat were associated with an increased risk of all-cause mortality, as well
as an increased risk of death from cardiovascular disease, respiratory disease, and cancer’. The
study also found that the optimal BMI for survival was in the range of 20-25, which is considered
a healthy weight. In addition to its impacts on physical health, obesity is also associated with
negative mental health outcomes. A systematic review published in Obesity Reviews in 2018

found that obesity was associated with an increased risk of depression and anxiety, as well as lower



quality of life and self-esteem®. Efforts to address the obesity epidemic have focused on a variety
of approaches, including public health campaigns to promote healthy eating and physical activity,
policies to improve the availability and affordability of healthy food options, and interventions to
support individuals in achieving and maintaining a healthy weight. However, the effectiveness of

these interventions has been mixed, highlighting the complexity of the issue.

Obesity is a major public health problem that has significant impacts on physical and mental
health. Efforts to address this epidemic will require a multifaceted approach that considers both
individual and societal factors. The disease is a complex disorder that results from a combination
of genetic, behavioral, and environmental factors®. Obesity has been associated with several health
problems, including cardiovascular diseases, diabetes, cancer, and decreased life expectancy®. One
of the primary causes of obesity is an imbalance between energy intake and energy expenditure,
where individuals consume more calories than they burn’. Research has shown that the availability
of unhealthy food and beverages in schools, workplaces, and communities is also a significant
environmental contributor to obesity®. A study conducted by the Centers for Disease Control and
Prevention found that in the United States, the prevalence of obesity increased from 30.5% in
1999-2000 to 42.4% in 2017-2018°. The World Health Organization recommends a combination
of healthy eating, physical activity, and behavior changes to prevent and manage obesity'®. Public
health interventions, such as taxes on sugary drinks and restrictions on unhealthy food marketing,
have been shown to be effective in reducing obesity rates®. A comprehensive approach, including

individual and environmental interventions, is necessary to address the obesity epidemic?®.

1.1.1 Obesity and Adipose Tissue: Understanding the Connection

One of the key factors in the development of obesity is the accumulation of adipose tissue, or

body fat, which can lead to a number of negative health outcomes. In this passage, we will explore



the relationship between obesity and adipose tissue and review some of the empirical research on
this topic. Adipose tissue is a complex and metabolically active tissue that plays a critical role in
energy homeostasis (Figure 1.1), as well as the regulation of appetite and satiety!!. However,
excess adipose tissue can lead to the development of obesity, which is associated with a number

of negative health outcomes, including type 2 diabetes, cardiovascular disease, and certain

cancers!.
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Figure 1. 1 Relation of adipose tissue with other tissues: Adipocytes store and release calories to
the body generally, but numerous examples have emerged that demonstrate additional roles of fat
in a wide array of biological processes. Adapted from Ref.!! with permission from the Elsevier

article, Copyright © 2014 Elsevier Inc. All rights reserved.



One study published in Nature in 2017 found that the accumulation of adipose tissue is regulated
by a complex network of genetic, epigenetic, and environmental factors'?. The study identified
several key genetic pathways that are involved in the regulation of adipose tissue mass, including
pathways related to lipid metabolism, insulin signaling, and inflammation. Another study
published in Cell in 2019 found that adipose tissue also plays an important role in the regulation
of systemic metabolism and immune function'®. The study identified several key signaling
pathways that are involved in the crosstalk between adipose tissue and other organs, including the

liver, pancreas, and gut.

Efforts to address obesity and its associated health outcomes have focused on a variety of
approaches, including lifestyle interventions, pharmacotherapy, and bariatric surgery. One area of
active research is the development of novel therapies that target adipose tissue directly, either by
reducing its mass or by modifying its metabolic function. Adipose tissue is a complex and
metabolically active tissue that plays a critical role in energy homeostasis and the regulation of
systemic metabolism and immune function. However, excess adipose tissue can lead to the
development of obesity and a number of negative health outcomes. Further research is needed to
better understand the relationship between adipose tissue and obesity, and to develop effective

strategies for preventing and treating obesity-related diseases.
1.1.2 The Role of Adipose Tissue in Obesity Development

One of the key functions of adipose tissue is to store excess energy in the form of triglycerides.

When energy intake exceeds energy expenditure, the excess energy is stored in adipose tissue.



However, when energy intake consistently exceeds energy expenditure, the size and number of

adipocytes, or fat cells, increase, leading to the development of obesity'*.

Several studies have investigated the relationship between adipose tissue and obesity
development. A study published in the New England Journal of Medicine in 2019 found that
individuals with obesity have a greater number of adipocytes than individuals with normal weight,
which leads to an increase in total body fat mass!®. This finding suggests that the accumulation of
adipose tissue is a critical factor in the development of obesity. Another study published in the
Journal of Clinical Endocrinology and Metabolism in 2016 investigated the impact of adipose
tissue inflammation on obesity development!. The study found that chronic inflammation in
adipose tissue, which can result from a range of factors including poor diet, physical inactivity,

and stress, can lead to insulin resistance and the development of obesity.

Efforts to address obesity and its associated health outcomes have focused on a variety of
approaches, including lifestyle interventions, pharmacotherapy, and bariatric surgery. However,
targeting adipose tissue directly may also hold promise as a therapeutic strategy for preventing and
treating obesity. For example, a study published in Nature in 2018 found that the use of a protein
called BMPS8Db can increase energy expenditure and reduce adipose tissue mass in mice, suggesting
that targeting adipose tissue metabolism may be a promising avenue for the development of obesity
treatments'’. The accumulation of adipose tissue is a critical factor in the development of obesity.
Further research is needed to better understand the complex interplay between adipose tissue and
obesity development, and to develop effective strategies for preventing and treating obesity-related

diseases.



1.2 Microfluidics

Microfluidics is a rapidly evolving field that focuses on manipulating small volumes of fluids in
channels or chambers with dimensions in the range of micrometers. It has applications in various
fields such as chemical synthesis, biotechnology, drug discovery, and microfabrication.
Microfluidic devices offer several advantages over conventional devices, such as reduced sample

volumes, increased throughput, enhanced reaction control, and reduced costs.

One area of microfluidics research that has gained significant attention is the development of
microfluidic platforms for biomedical applications, particularly in disease diagnosis and drug
discovery. For example, microfluidic systems have been used to isolate and analyze circulating
tumor cells (CTCs) from blood samples for cancer diagnosis'®. In another study, a microfluidic
chip was developed to perform high-throughput screening of drug candidates for treating
tuberculosis'®. Microfluidics has also been applied in neuroscience research, particularly in the
study of the behavior of neurons and synapses. For instance, a microfluidic device was developed
to study the effects of drug treatments on synaptic activity in cultured neurons®. The device
allowed for the continuous perfusion of different drugs while monitoring synaptic activity in real-

time.

Moreover, microfluidic devices have been used for environmental monitoring and analysis.
In a study, a microfluidic chip was developed for the detection of waterborne pathogens, such as
E. coli, using an electrochemical sensor’!. The chip was able to detect E. coli in water samples
with a high degree of accuracy and sensitivity. Microfluidics is a rapidly advancing field with
various applications in diverse areas such as biomedical research, drug discovery, neuroscience,
and environmental monitoring. The development of microfluidic devices has enabled researchers

to perform experiments with greater precision, accuracy, and efficiency.



1.2.1 Fundamentals and Applications of Microfluidics

Microfluidics is a field that deals with the manipulation of small volumes of fluids in
microscale channels or chambers. It has gained significant attention in recent years due to its
potential applications in various fields such as chemical synthesis, biotechnology, and biomedical
research. Microfluidic devices offer several advantages over conventional devices, such as
enhanced reaction control, reduced sample volumes, increased throughput, and reduced costs. The
fundamental principles of microfluidics are based on the behavior of fluids at the microscale. At
this scale, the properties of fluids differ significantly from those observed in bulk, due to the
dominance of surface forces and viscous forces over inertial forces. The physics of microfluidics
is characterized by low Reynolds numbers, which result in laminar flow and reduced turbulence.
Microfluidic devices are typically fabricated using microfabrication techniques such as
photolithography and soft lithography. The channels and chambers in microfluidic devices are

typically made from materials such as silicon, glass, or polymers.

Microfluidics has several applications in various fields, including biomedical research, drug
discovery, and environmental monitoring. For example, microfluidic devices have been used to
study cell behavior, such as migration and differentiation, and to develop organ-on-a-chip systems
for drug screening??. In another study, a microfluidic platform was used to study the effect of shear
stress on the growth and differentiation of stem cells?*. Moreover, microfluidic devices have been
applied in chemical synthesis and analysis, such as the development of microreactors for organic
synthesis**.

Microfluidics is a rapidly growing field with a wide range of applications in various fields

such as biomedical research, drug discovery, and environmental monitoring. The fundamental



principles of microfluidics, coupled with the ability to fabricate complex devices, enable

researchers to perform experiments with greater precision, accuracy, and efficiency.

1.2.2 Design and Fabrication of Microfluidic Devices for Lab-on-a-Chip

Applications

The design and fabrication of microfluidic devices for lab-on-a-chip applications has
become an increasingly important area of research in recent years. These devices offer several
advantages over traditional laboratory techniques, including reduced sample volumes, increased
automation, and improved sensitivity and specificity. Microfluidic devices have been developed
for a wvariety of applications, including point-of-care diagnostics, drug discovery, and
environmental monitoring. The design of microfluidic devices for lab-on-a-chip applications
involves several key considerations, including the selection of appropriate materials, channel and
chamber geometry, and flow control mechanisms. Materials used in microfluidic devices should
be biocompatible, transparent, and have low autofluorescence to minimize interference with
experimental measurements®>. Channel and chamber geometry can be optimized to improve
mixing, reduce sample volumes, and increase sensitivity?®. Flow control mechanisms, such as
pneumatic or electrokinetic pumping, can be used to precisely manipulate fluids within the

device?’.

Fabrication of microfluidic devices typically involves microfabrication techniques such as
photolithography, soft lithography, or injection molding. These techniques allow for precise
control over device geometry and the creation of complex fluidic architectures?®. In addition, 3D
printing has emerged as a promising approach for the rapid prototyping of microfluidic devices®’.
Empirical research has demonstrated the utility of microfluidic devices for lab-on-a-chip

applications. For example, microfluidic devices have been developed for point-of-care diagnostics



of infectious diseases, such as HIV and malaria®. In another study, a microfluidic device was
developed for the high-throughput screening of drug candidates for the treatment of cancer’!.
Microfluidic devices have also been used for environmental monitoring, such as the detection of
heavy metals in water samples’?.The design and fabrication of microfluidic devices for lab-on-a-
chip applications has become a critical area of research in recent years. These devices offer several
advantages over traditional laboratory techniques and have been developed for a variety of
applications. Advances in microfabrication techniques, such as 3D printing, are expected to

continue to drive the development of new and innovative microfluidic devices.

1.2.3 Fluid Dynamics in Microchannels: Modeling and Simulation

Techniques

Fluid dynamics in microchannels is a complex and important topic in the field of
microfluidics. Microchannels are channels with dimensions on the order of micrometers, where
fluid flow is dominated by viscous forces rather than inertial forces. Modeling and simulation
techniques are essential for understanding and predicting fluid behavior in microchannels, as
experimental characterization can be challenging due to the small length scales and high surface

area-to-volume ratios.

One important aspect of fluid dynamics in microchannels is the study of flow regimes.
Microfluidic flow can be classified into laminar, transitional, or turbulent regimes, depending on
the Reynolds number, which is a dimensionless number that relates the inertial forces to the viscous
forces in the fluid. In microchannels, laminar flow is the most common regime due to the low

Reynolds numbers typically encountered?®.

Modeling and simulation techniques can be used to predict flow behavior in microchannels.

Numerical simulations, such as finite element or finite difference methods, can be used to solve



the Navier-Stokes equations, which describe the motion of a fluid. These simulations can provide
detailed information on fluid velocity, pressure, and shear stress distributions within
microchannels®>. Empirical research has demonstrated the utility of modeling and simulation
techniques for understanding fluid dynamics in microchannels. For example, a study used
numerical simulations to investigate the effect of channel geometry on the flow behavior of a
microchannel with a T-junction. The simulations showed that varying the angle of the T-junction
had a significant effect on the flow behavior, with a 90-degree angle producing the most uniform

flow>*,

Fluid dynamics in microchannels is a complex and important topic in the field of
microfluidics. Modeling and simulation techniques are essential for understanding and predicting
fluid behavior in microchannels, and empirical research has demonstrated the utility of these
techniques for investigating the effect of various parameters on fluid flow behavior. Advances in
modeling and simulation techniques are expected to continue to drive the development of new and

innovative microfluidic devices.

1.24 Biomedical Applications of Microfluidics: Diagnostics, Drug Delivery,

and Tissue Engineering

Microfluidics has emerged as a revolutionary technology with a wide range of biomedical
applications, spanning diagnostics, drug delivery, and tissue engineering. This field focuses on
manipulating fluids at the microliter or nanoliter scale within microchannels, allowing for precise
control over fluid behavior. Biomedical researchers have harnessed this technology to develop
innovative solutions that address various challenges in healthcare. In diagnostics, microfluidic
platforms offer rapid and cost-effective solutions for detecting diseases and pathogens. These

devices integrate complex biochemical assays into compact and portable systems, enabling point-
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of-care testing with minimal sample volumes. For instance, the work of Martinez et al.
demonstrated a paper-based microfluidic device that enabled colorimetric detection of biomarkers
associated with diseases such as malaria and HIV>®. This approach significantly streamlined

diagnostic processes, particularly in resource-limited settings.

Furthermore, microfluidics plays a pivotal role in enhancing drug delivery methods.
Traditional drug administration can be imprecise and result in unwanted side effects. Microfluidic
devices offer the ability to tailor drug release profiles by precisely controlling fluid flow rates and
drug concentrations. Research by Kim et al. showcased a microfluidic chip capable of producing
monodisperse drug-loaded microspheres for sustained and controlled drug delivery®®. Such
systems improve therapeutic outcomes by ensuring the right dose reaches the target site at the right
time. Tissue engineering is yet another domain benefiting from microfluidics. Creating functional
tissues in the lab involves precise control over cell microenvironments and nutrient delivery.
Microfluidic platforms enable the design of intricate culture systems that mimic in vivo conditions.
For instance, a study by Huh et al. demonstrated a lung-on-a-chip device that recapitulated the
mechanical and biochemical cues of human lung tissue, enabling real-time drug testing and disease
modeling?’.

Microfluidics has ushered in a new era of biomedical innovation, offering unprecedented
opportunities for diagnostics, drug delivery, and tissue engineering. By providing precise control
over fluid behavior at the microscale, this technology empowers researchers and clinicians to

develop more efficient, accurate, and personalized healthcare solutions.
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1.2.5 Emerging Trends in Microfluidics: From Single-Cell Analysis to Organ-
on-a-Chip Technologies
Microfluidics has rapidly advanced in recent years, leading to the emergence of new trends
and applications. One such trend is the focus on single-cell analysis, which enables the
characterization of individual cells in complex biological systems. Another trend is the
development of organ-on-a-chip technologies, which aim to recreate the structure and function of
human organs in vitro. These emerging trends in microfluidics have the potential to revolutionize

a range of fields, from drug discovery to personalized medicine.

Single-Cell Analysis: Microfluidic devices have been increasingly used for single-cell
analysis due to their ability to precisely manipulate small volumes of fluids. For example,
microfluidic devices can be used to isolate and lyse individual cells, enabling the analysis of their
genomic, transcriptomic, and proteomic profiles*®. Furthermore, microfluidic devices can be used
to study cell-cell interactions and signaling events, providing insights into the complex biology of
multicellular systems™.

Organ-on-a-Chip: Organ-on-a-chip technologies are an emerging application of
microfluidics that aim to mimic the structure and function of human organs in vitro. These devices
consist of microfluidic channels lined with cells, which can be used to model the physiology of
specific organs or tissues’’. Organ-on-a-chip devices have the potential to revolutionize drug
discovery and toxicology testing by enabling the testing of new drugs and therapies in a more
physiologically relevant context*’. Additionally, these devices can be used to study disease

mechanisms and develop personalized medicine approaches.

Empirical research has demonstrated the utility of microfluidics in these emerging trends. For

example, a study used a microfluidic device to isolate and analyze the transcriptomic profiles of
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individual cells from breast cancer patients, providing insights into the heterogeneity of cancer
cells and potential therapeutic targets*!. Another study used an organ-on-a-chip device to model
the blood-brain barrier, demonstrating the potential of this technology for drug discovery and
delivery applications. Emerging trends in microfluidics, such as single-cell analysis and organ-on-
a-chip technologies, have the potential to revolutionize a range of fields, from basic research to
drug discovery and personalized medicine. Empirical research has demonstrated the utility of
microfluidics in these areas, and ongoing advancements are expected to lead to new and innovative

applications.
1.3 Droplet Microfluidics

Droplet microfluidics is a rapidly growing field that utilizes small droplets of fluid to perform a
range of chemical and biological assays. This technology has enabled high-throughput
experimentation and has found numerous applications in biology, chemistry, and materials
science. Droplet microfluidics has several advantages over traditional microfluidics, including

better control over reagent delivery, reduced sample volumes, and high throughput.

Empirical research has demonstrated the versatility of droplet microfluidics. For example, a study
utilized droplet microfluidics to perform high-throughput screening of bacterial cells for antibiotic
resistance*?. The study found that the use of droplet microfluidics improved the screening
efficiency and reduced the number of reagents required compared to traditional screening methods.
Another study used droplet microfluidics to perform single-cell sequencing of cancer cells,
providing insights into the heterogeneity of cancer cells and potential therapeutic targets*. Droplet
microfluidics has also found applications in materials science. For instance, droplet microfluidics

has been utilized to synthesize polymer particles with controlled size and morphology**. This
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technique has the potential to improve the design and performance of drug delivery vehicles and

other materials.

Additionally, droplet microfluidics has been used in the development of point-of-care
diagnostic devices. Droplet microfluidics is a rapidly growing field that has found numerous
applications in biology, chemistry, and materials science. Empirical research has demonstrated the
versatility and potential of this technology, including high-throughput screening, single-cell

analysis, materials synthesis, and diagnostic applications.
1.3.1 Design and Fabrication of Droplet Microfluidic Devices

Droplet microfluidics is a rapidly growing field with numerous applications in biology,
chemistry, and materials science. The design and fabrication of droplet microfluidic devices is
critical to achieving precise and reliable droplet generation, manipulation, and analysis. This
requires the use of microfabrication techniques and specialized materials to create microfluidic
channels with the necessary properties, such as hydrophobicity or hydrophilicity, to control droplet

behavior.

Empirical research has demonstrated the importance of device design and fabrication in
achieving reliable and efficient droplet microfluidics. For example, one study explored the design
and optimization of a droplet-based microfluidic system for high-throughput single-cell analysis*.
The researchers used computer simulations and experimental testing to optimize the device design
for efficient droplet generation, manipulation, and analysis. The resulting device achieved high-
throughput analysis of thousands of individual cells in a single experiment, demonstrating the
importance of device design in achieving efficient droplet microfluidics. Another study focused
on the fabrication of droplet microfluidic devices using soft lithography techniques*®. The

researchers explored the effects of various fabrication parameters, such as mold surface energy
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and curing time, on the properties of the resulting microfluidic channels. They found that careful
control of these parameters was critical to achieving uniform and reliable droplet generation and

manipulation.

In addition to device design and fabrication, the choice of materials is also critical in droplet
microfluidics. For instance, a study demonstrated the use of biocompatible materials for droplet
microfluidic devices to perform high-throughput screening of bacterial cells for antibiotic
resistance*?. The use of biocompatible materials improved the compatibility of the device with
biological samples and reduced the potential for contamination, highlighting the importance of

material selection in droplet microfluidics.

The design and fabrication of droplet microfluidic devices are critical to achieving precise and
reliable droplet generation, manipulation, and analysis. Empirical research has demonstrated the
importance of careful optimization of device design and fabrication parameters, as well as the

choice of materials, in achieving efficient droplet microfluidics.
1.3.2 Droplet Generation and Manipulation Techniques in Microfluidics

Droplet generation and manipulation are critical processes in droplet microfluidics, enabling
precise control over droplet size, composition, and behavior. A variety of techniques have been
developed for droplet generation and manipulation in microfluidic devices, each with their own
advantages and limitations. Empirical research has been conducted to optimize these techniques

and improve their reliability and efficiency.

One common technique for droplet generation is flow-focusing, where two immiscible
fluids are forced to flow through a small channel, resulting in the formation of droplets at the

47

channel outlet™". Research has been conducted to optimize flow-focusing for droplet generation in

various applications, such as high-throughput cell analysis and drug discovery***. For example,
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one study explored the use of flow-focusing to generate uniform droplets containing mammalian
cells for high-throughput drug screening*?. The researchers optimized the flow rates and channel
dimensions to achieve reliable and consistent droplet generation, highlighting the importance of
careful optimization of this technique. Another technique for droplet generation is the use of
microfluidic T-junctions, where two fluids are brought together at a T-shaped junction to form
droplets®. Research has demonstrated the use of T-junctions for droplet generation in applications
such as single-cell analysis and emulsion polymerization®’. For instance, one study used a
microfluidic T-junction to generate droplets containing single bacterial cells for high-throughput
screening of antibiotic resistance®. The researchers optimized the T-junction dimensions and flow

rates to achieve uniform droplet generation and efficient cell encapsulation.
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Figure 1. 2 Droplet generation modes. In a, the four most popular droplet generator geometries,

namely flow focusing, step emulsification, co-flow, and T-junction are shown. b In pressure-driven
continuous flows, a parabolic flow profile across the channel and laminar flow are observed.
Adapted from Ref’! with permission from the Springer article, Copyright © 2019, Springer-
Verlag GmbH Germany, part of Springer Nature.
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Droplet manipulation techniques include methods for merging, splitting, and sorting
droplets based on their properties. One common technique for droplet merging is the use of passive
microfluidic structures, such as Y-junctions or H-junctions, where droplets are brought together
through laminar flow>2. Research has explored the use of passive droplet merging for various
applications, such as the synthesis of complex particles and emulsions** 3. For example, one study
demonstrated the use of a passive microfluidic mixer for the synthesis of Janus particles, which
have different properties on each side>. The researchers optimized the mixer design to achieve
efficient droplet merging and uniform particle synthesis. Another droplet manipulation technique
is the use of droplet sorting based on their properties, such as size, composition, or fluorescence.
Research has demonstrated the use of various sorting techniques, such as droplet electrophoresis
and droplet dielectrophoresis, for applications such as cell sorting and drug screening™. For
instance, one study used droplet dielectrophoresis to sort droplets containing different types of
cells based on their electrical properties®. The researchers optimized the sorting conditions to
achieve high efficiency and purity of sorted droplets.

Droplet generation and manipulation techniques are critical to achieving precise and reliable
droplet microfluidics. Empirical research has demonstrated the importance of careful optimization
of these techniques for various applications, highlighting the potential of droplet microfluidics for
a wide range of fields.

1.3.3 Quantification of Analytes in Droplet Microfluidics

Droplet microfluidics has emerged as a powerful platform for high-throughput analysis of
analytes in small volumes, such as single cells or molecules. Quantification of analytes in droplet

microfluidics typically involves measuring the fluorescence or absorbance of droplets containing
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the analyte of interest. Empirical research has been conducted to optimize and improve the

accuracy and sensitivity of these measurements.

One common technique for quantification in droplet microfluidics is fluorescence detection,
where a fluorescent label is attached to the analyte of interest and detected using a fluorescence
microscope or flow cytometer?”. Research has been conducted to optimize the sensitivity and
accuracy of fluorescence detection in droplet microfluidics. For example, one study developed a
microfluidic device for single-cell RNA sequencing, where fluorescence detection was used to
quantify the amount of RNA in each droplet®®. The researchers optimized the fluorescence
detection conditions, including the excitation and emission wavelengths and exposure time, to
achieve high sensitivity and accuracy. Another technique for quantification in droplet
microfluidics is absorbance detection, where the optical density of droplets containing the analyte
of interest is measured using a spectrophotometer’’. For example, one study developed a
microfluidic device for neurotransmitter detection, where electrochemical detection was used to
quantify dopamine and norepinephrine in single cells®®. The researchers optimized the device

design and measurement conditions to achieve high sensitivity and selectivity.

The quantification of analytes in droplet microfluidics is a powerful tool for high-throughput
analysis in various fields, such as genomics, proteomics, and metabolomics. Empirical research
has demonstrated the importance of careful optimization of detection techniques and measurement

conditions for achieving high sensitivity, accuracy, and reliability.

1.4 Tissue Engineering and Analysis in Droplet Microfluidics

14.1 Introduction
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In this section, we will provide an extensive overview of systems that integrate tissue engineering
with droplet microfluidics. This comprehensive review will encompass five key areas: cell and
tissue cultivation, small-scale bioanalysis, existing practical applications, the obstacles faced, and
prospects for the future. To start, this introductory section will offer a brief explanation of
traditional tissue engineering and microscale tissue engineering, as well as the incorporation of
tissue engineering into the realm of microfluidics. As we conclude this chapter, we will delve into
the potentially groundbreaking uses of tissue engineering within the context of droplet-based

microfluidic systems.

1.4.2 Tissue Engineering

Millions of solid organ transplantations are performed globally every year, yet a significant
number of patients succumb to the extended waiting period to secure compatible donor organs®.
Additionally, the persistent threats of chronic rejection and immune system-mediated organ
damage present formidable challenges in the field of organ transplantation. These pressing
concerns have driven the emergence of tissue engineering as an innovative solution. Current
technology offers the possibility of implanting engineered biological substitutes or utilizing ex-
vivo perfusion systems as viable alternatives to traditional organ transplantation®. Tissue
engineering, by definition, revolves around the creation of new, fully functional living tissues. This
process combines living cells, device engineering, novel materials, biochemical agents, and
physicochemical techniques®! to fabricate tissues. The core elements of this technology are living
cells or tissues, often considered the "heart" around which devices and systems are meticulously
engineered. These cells are derived from either fluid or solid tissues and are typically categorized
into seven groups based on their sources: autologous cells, allogeneic cells, xenogenic cells,

syngeneic/isogenic cells, primary cells, secondary cells, or stem cells.
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To replicate the extracellular environment of native tissue and facilitate in vitro cell growth,
scaffolds are frequently synthesized and play an indispensable role in tissue engineering. These
scaffolds provide cells with three-dimensional (3D) structures necessary for tissue formation and
favorable cellular interactions®’. Specific requirements are essential for these scaffolds to
effectively reconstruct tissues in vitro. Firstly, they must feature interconnected pores with
adequate sizes to support cell integration and vascularization®®. Furthermore, biocompatibility is a
crucial factor to prevent undesirable tissue responses to implants, while biodegradability ensures
that scaffolds are absorbed by surrounding tissues, obviating the need for surgical removal and
promoting new tissue formation®*. In selecting scaffold materials, various factors come into play,
including material chemistry, polymer molecular weight, surface properties, structure, shape,
degradation characteristics, and water absorption. These materials must also interact with cells in
a manner that fosters cellular attachment, growth, and the development of new tissue®. Over the
past decades, extensive research has explored a plethora of materials, encompassing natural
substances like polysaccharides, polypeptides, and proteins, synthetic materials such as
polyglycolic acid (PGA), polylactic acid (PLA), and poly-e-caprolactone (PCL), as well as
biomaterials like hydroxyapatite (HA) and tricalcium phosphate (TCP), for their potential in tissue
engineering®. Moreover, a wide array of methodologies has been developed to create porous
scaffolds for use in tissue engineering, including techniques like nanofiber self-assembly, textile
technologies, solvent casting, particulate leaching, gas foaming, emulsification, freeze-drying,
thermally-induced phase separation, electrospinning®”> ®® or blow spinning®, CAD/CAM
technologies, and laser-assisted bioprinting’’. To address the challenges of oxygen and nutrient
delivery (mass transport) in tissue engineering, various assembly methods have been explored.

These methods encompass self-assembly, liquid-based template assembly, additive
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manufacturing, and scaffolding. Additionally, the field of tissue engineering incorporates other
critical aspects, such as tissue culture, the development of interconnected cellular and tissue

networks, as well as on-chip or off-chip analyses.

1.4.3 Microscale Tissue Engineering

While tissue engineering presents significant advantages, it is accompanied by several
formidable challenges that require attention, such as the creation of vascular networks and the
accurate replication of authentic tissue functions’'. The uninterrupted supply of oxygen and
nutrients to cells, as well as the efficient removal of waste and carbon dioxide through blood
vessels, are fundamental to cellular survival within the body’>. While certain tissues, like skin,
cartilage, or the cornea, can rely on diffusion from distant blood vessels to facilitate oxygen and
nutrient delivery, the majority of body tissues necessitate the presence of well-developed blood
vessel systems situated less than 200 um away from the tissue’>. Therefore, establishing an
effective blood vessel system, whether through actual vascularization or suitable mimics, is a
critical aspect of tissue engineering. One approach for achieving vascularization is by enhancing
angiogenesis within tissue scaffolds through the introduction of endothelial cells (ECs) capable of
releasing growth factors to stimulate blood vessel formation. However, a drawback to this strategy
lies in its lack of precise control, potentially leading to growth instabilities that raise the risk of
failure. The timing of vascularization or re-vascularization also presents a challenge, as cells may
lose viability before proper vessels can form. Alternatively, there is the option of synthetically
producing vascularized scaffolds before implanting cells, a method made feasible through the use

of various biological and synthetic materials and fabrication technologies.
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Another major challenge revolves around ensuring the proper functioning of cells or tissues
post-implantation. As scientists strive for improved standardization and reproducibility of
engineered tissues, they have unearthed various unique issues’*”’®. It is well-understood that cell-
to-cell contact and tissue architecture significantly influence cell behavior. On a microscopic level,
the entire scaffold provides the boundaries for cell self-assembly, a crucial step in facilitating
interactions and communication between cells to form functional tissue. Yet, achieving uniform
cell seeding throughout the scaffold is difficult, given the rapid attachment and proliferation of
cells on the scaffold periphery, which hinders other cells from penetrating to the core’’. While
traditional perfusion systems can address this challenge of low seeding efficiency by altering
culture conditions, these techniques have inherent limitations within in vitro systems’®. Therefore,
the development of optimized scaffolds that facilitate both cell and nutrient flow to the center of

their architecture is essential.

In recent years, microtechnology has emerged as an effective platform for addressing these
challenges in the biomedical and biological fields. Particularly, the application of soft lithography
in fabricating microfluidics has seamlessly merged the realms of tissue engineering and microscale
technology. Microfluidic cell and tissue culture systems have exhibited tremendous potential in
addressing the aforementioned issues®. Firstly, the scale of microtechnology aligns well with that
of living tissues, providing a substantial surface-to-volume ratio for efficient nutrient and cell
delivery without necessitating complete vascular systems. For instance, typical mammalian cell
diameters range from 8 to 30 um, closely matching the common sizes of microfluidic channels,
which range from 10 to 200 pm”’. Secondly, polydimethylsiloxane (PDMS), a commonly used
substrate in the fabrication of microfluidic devices, boasts numerous advantages when used as the

bulk material for engineered tissues. PDMS is cost-effective, optically transparent, gas-permeable,
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non-toxic, biocompatible, and deformable. Therefore, microfluidic devices can provide cells with
the required nutrients and oxygen through straightforward or specially designed networks of
channels and reservoirs. Thirdly, the application of various physiological stimuli to tissues and the
monitoring or sampling of their responses can be achieved with exceptional precision, accuracy,
and resolution using microfluidics, surpassing traditional methods. Furthermore, the potential for
scaling up to complex and powerful micro-bioreactors has enabled researchers to reach ambitious
objectives, such as organs-on-chips, which have already made a significant impact on biomedical
and clinical applications. In recent years, numerous studies have explored the convergence of

80-90

tissue engineering and microfluidics® ™", and we will delve into these studies in the context of

droplet-based microfluidics in this chapter. Several recent examples of microscale tissue

engineering are depicted in Figure 1.4.1%% 193
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Figure 1.4. 1 Engineered tissue at the microscale. (A) A fully automated, 16-channel microfluidic

input/output multiplexer (WMUX) for endocrine tissue culture and secretion sampling. Adapted
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from Ref. 3 with permission from the Royal Society of Chemistry, Copyright 2017. (B)
Integration of a physiologically relevant microfluidic system for modelling of white adipose tissue
(WAT-on-a-chip). Adapted from Ref. *> with permission from the Royal Society of Chemistry,
Copyright 2017. (C) Biowire II platform for generation of chamber-specific cardiac tissues.
Adapted from Ref. ** with permission from Elsevier, Copyright 2019. (D) Microfluidic system
for dynamic stimulation and tracking of single cells. Adapted from Ref. °! with permission from

the American Chemical Society, Copyright 2018.

14.4 Analysis of Tissues at the Microscale

As tissue engineering scales down to smaller dimensions, the need for analytical and
bioanalytical methods suitable for this reduced scale becomes evident. Two primary strategies are
employed for analyzing micro-engineered tissues: off-chip analysis and on-chip (integrated)
analysis. Conventional off-line analysis methods are still predominantly used to examine samples
from microfluidic devices, mainly because many of these methods have not been effectively or
economically integrated on-chip. Certain widely accepted techniques only become quantitative or
usable after undergoing multiple-step processes such as mixing, incubation, purification, heating,
or amplification, among others. Additionally, some analytes necessitate sophisticated
instrumentation like mass spectrometers, PCR instruments, plate readers, or methods like genomic
sequencing, gel electrophoresis, and immunoassays®> # °°. While off-chip methods continue to be
the standard, numerous challenges remain. Compared to common end-point measurements,
dynamic monitoring offers greater accuracy and significance in tissue detection and medical
diagnosis. Nevertheless, off-chip sampling analysis tends to compromise temporal resolution,
limiting our ability to comprehend the dynamic activities of cells and tissues in vivo. The sample
volumes collected from on-chip tissues can be exceedingly small and often do not meet the lowest

detection volume requirements of certain instruments. Furthermore, the process of sample
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collection and handling can lead to contamination or even the inactivation of the targeted analytes.
In contrast, traditional methodologies usually demand more time, human resources, and costs

compared to equivalent on-chip methods®*,

Direct on-chip measurement proves to be a more convenient and efficient approach for sample
analysis compared to off-chip methods. The inherently small sizes of microfluidic channels,
chambers, or reservoirs can provide robust platforms for quantifying targets with minimal
volumes, minimizing dilution from cell or tissue samples. Conducting all sampling, reaction, and
detection processes on-chip reduces the risk of human errors and contamination while minimizing
waste generated by manual operations and transportation. Droplet-based microfluidics, which is
the focus of this chapter, can enhance the temporal resolution of tissue sampling and detection®*
95.% aligning with the need for dynamic measurements. Nonetheless, there are certain constraints
associated with integrated on-chip analysis. Firstly, the application of heterogeneous assays is
limited on microchips because additional steps involving mixing, washing, and purification are
more challenging to achieve on-chip. For more convenient mix-and-read homogeneous assays®?,
addressing the requirements for mixing multiple reactants and/or extended incubation times
remains a significant challenge for on-chip applications. Secondly, the hydrophobic properties of

PDMS can lead to the adsorption of chemical or biological assay reagents unless effective coating

procedures are implemented and maintained.

To address these challenges in on-chip analyses, several techniques have been introduced
in recent years. To facilitate complex or multi-step biochemical reactions within a microfluidic
device, on-chip manipulations like mixing, sorting, and washing are sometimes necessary.
Techniques such as electric fields, magnetic fields, and surface acoustic waves have been applied

to enhance the flexibility of microfluidic devices by various research groups®’'%2. Similarly, Our
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group has also employed on-chip valves to automate processes involving cell and tissue sampling,
mixing, droplet formation, reaction, and detection®* 6. Pioneering work by the Ramsey and
Kennedy groups integrates microfluidics with mass spectrometry, allowing assays to function
within the microdevice platform before directly transferring products into mass spectrometers for
high-performance detection and identification® 19 1% Another popular approach used by the
Roper and Kennedy groups couples microfluidic chips with capillary electrophoresis to achieve
integrated separation and detection on-chip'®> %, Given that on-chip integrated techniques should
be compatible with ultra-small volumes, low analyte concentrations, or both, optical detection
presents an appealing and relatively straightforward choice. While the small dimensions of
microfluidic channels often render optical absorbance detection impractical for most analytes due
to the limited optical path lengths, highly sensitive detection via fluorescence excitation and
emission is less constrained by small channels. Consequently, fluorescence, detectable with a
standard fluorescence microscope or a custom optical system, is the most commonly used
analytical readout for on-chip detection, although it necessitates the use of fluorophore-labeled

reagents.

1.4.5 Use of Droplet Microfluidics in Engineering and Analysis of Tissue

In conventional biochemical assays, tubes or well-plates are the predominant tools for assessing
secretions from cells or tissues. However, these tube- or well-based sampling methods demand a
substantial quantity of tissues or cells and often yield information that significantly deviates from
in vivo conditions. The dynamic behaviors of cells tend to be lost due to diffusion and dispersion
effects, depriving researchers of vital insights into the target tissues. Since the early days of

technology, microfluidics has been recognized as a valuable and highly efficient instrument for
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the analysis and manipulation of tissues. Over time, numerous research groups have harnessed
continuously flowing fluidics to combine tissue perfusion and culture with downstream analyses.
For instance, rapid-injection electrophoretic immunoassays have enabled in vivo tissue culture and
stimulation, along with continuous monitoring of cellular activity'?”> 1%, While there are some
limitations to these systems, such as the complexity of flow control and electrophoresis setup or
the temporal resolution loss during tissue sampling dispersion, these studies have unequivocally
demonstrated that microfluidic systems possess a unique capability for the temporal investigation

of cells®.

In recent decades, droplet microfluidics has emerged as an enticing platform for exploring
cellular biology. Within a typical droplet-based microfluidic device, monodisperse droplets exhibit
diameters ranging from nanometers to micrometers, offering several significant advantages to
researchers. Firstly, each droplet serves as an isolated and well-protected unit for assays and
reactions, which can be individually manipulated for operations like delivery, mixing, sorting, or
analysis'”’. Secondly, ultra-small volume reactions (~femtoliters to nanoliters) can take place
within these droplets, resulting in substantial savings on experimental reagents and enabling
unique analyses on single cells or even single molecules''* !, Thirdly, compared to traditional
reaction scales, droplet reactors facilitate faster reaction times due to reduced mass transfer times
over very short diffusional distances. Furthermore, generating high-throughput monodisperse
droplets (often at kHz frequencies) that are nearly identical empowers scientists to investigate
biological systems and generate data sets on a larger scale than previously achievable*’. Over the
past years, droplet microfluidics has empowered numerous biological and clinical applications,
13115

including single-cell genome sequencing analysis''?, protein and nucleic acid quantification

and cellular secretion detection''.
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As discussed in this review, droplet microfluidics exhibits remarkable potential for both
analytical and preparative purposes in the field of tissue engineering. For instance, in cellular
secretion sampling, the temporal record of secretory events can be preserved with high resolution
and reconstructed after encapsulated samples in droplets are measured. In contrast to continuous
flow systems where longitudinal broadening limits resolution, temporal chemical and biological
information can be retained by digitizing the analog secretion signal with a droplet-based
microfluidic system®" °> 7. Droplet microfluidics also garners significant attention for its
precision in single-cell analysis, revealing inaccuracies that arise from averaging behaviors across
entire cell populations''®. Encapsulating single cells in individual droplets enables the sorting and

116, 119

cultivation of specific cells from large populations for various downstream purposes , such

as accumulating and quantifying metabolites or even mapping the genetics of single cells'?% 1!,
Furthermore, this relatively straightforward method of generating numerous individual droplets
permits the examination of phenotypic and genetic variabilities at the single-cell level on an ultra-
high-throughput scale'?’. Furthermore, this relatively straightforward method of generating

numerous individual droplets permits the examination of phenotypic and genetic variabilities at

the single-cell level on an ultra-high-throughput scale.

1.4.6 Cell and Tissue Culture

One primary purpose of cell and tissue culture involves the isolation of distinct components
from the entire organism, creating experimentally controlled environments for study. For example,
by extracting tissue from an organism, it becomes possible to sustain its vitality within a precisely
regulated synthetic medium, thus maintaining tissue functionality for extended periods conducive

to tissue engineering or analysis. The requirement for standardized nutrients, salts, and biological
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media like serum has been well-established. These techniques originated from early ex vivo
investigations involving whole organs or tissue fragments maintained in vitro for varying durations
123 While the fundamental methods have been in use for many years, novel concepts persistently
emerge, including spheroid systems and microfluidic culture systems. A significant number of
these innovations revolve around the three-dimensional organization of cells and the creation or
synthesis of tissue-specific extracellular matrices'>*. Such research has made substantial

contributions to our comprehension of mammalian biology and physiology.

1.4.7 Cell and Tissue Culture Fundamentals

A variety of techniques for culturing cells and tissues were available prior to the onset of the
20th century, many of which were designed to address specific research needs'?’. The primary
objective of culturing conditions is to preserve the structure, function, behavior, and biology of
cells in vitro. To achieve this, it is essential to employ sterilized equipment and procedures, prepare
suitable culture media, perform cell passaging, adequately freeze and store samples, ensure proper

126 These diverse culture

recovery of frozen stocks, and typically quantify viable cells
methodologies have ushered in a new era of advancements in various fields, including virology,

morphogenesis, cytology, cytochemistry, toxicology, and molecular biology.

Traditionally, two major categories of cultures have existed: primary cultures and cultures of
established cell lines. Primary cell and tissue cultures originate from tissues directly obtained from
a living organism, in contrast to immortalized cell lines that divide indefinitely. One of the
significant advantages of primary cell extraction and culture is that these cells have traversed the
various developmental stages of the organism within the ideal in vivo environment. Researchers

have developed comprehensive protocols to maintain an in vitro environment post-extraction,
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ensuring cell viability over varying durations. Additionally, the availability of knock-out animal
models provides a unique opportunity to, for instance, compare cells extracted from a wild-type
mammal with those derived from a genetically altered mammal'?’. This methodology also proves
invaluable for neurobiological studies, allowing the direct study of brain tissue. When a brain is
removed from an animal, it can be sectioned into thin slices using a vibratome and kept alive in
slice culture. Alternatively, a brain slice or a specific brain region can be meticulously dissected
to create an explant culture. This explant culture can be enzymatically broken down into individual
cells, resulting in a dissociated cell culture!?’. It is important to note that primary cells often exhibit
significantly different behaviors and morphologies compared to in vitro cultured cell lines®® 2%
129 and our group has recently shown this to be true for oscillatory function in adipose tissue °°.
As depicted in Figure 1.4.2, primary pancreatic islet tissue constitutes a highly interconnected
multicellular system, displaying complex spatiotemporal electrical activity, including full-tissue

waves of calcium influx'?’

. These robust, coordinated calcium waves are not observed in dish-
based cell culture. However, a notable drawback of primary cell culture is the limited lifespan of

the tissue in vitro, which significantly contributed to the development of immortalized cell lines.
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Figure 1.4. 2 Gap junctional coupling in primary pancreatic islet tissue is exemplified by the

existence of unique calcium waves. (A) Fluorescence intensity of an islet stained with a calcium
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binding dye (Fluo-4) in a microfluidic flow device, with two regions of interest (ROIs) marked.
(B) Time course of strong calcium waves is shown from each ROI in part A, with a time delay

showing evidence of the propagating wave in the tissue. Scale bar represents 100 pm. Adapted

f 129

from Re with permission from Elsevier, Copyright 2008.

An immortalized cell line represents a permanently established cell culture that enables the
systematic examination of gradual changes in the cellular structure, biology, and genetics under
well-controlled conditions!*’. This type of cell culture is more or less standardized and does not
necessitate extensive coverage within this chapter. Although cell lines may not fully replicate the
functionality of in vivo tissues, they are still highly valuable, especially for complex tissues like
the pancreas, which comprises various cell types and is challenging to investigate at the single-cell
level in vivo'*’. Notably, organ-on-a-chip-based microfluidic systems have recently spurred
significant advancements in the utility of cell lines, allowing for more realistic modeling of in vivo

organisms even within controlled laboratory settings'3!.

1.4.8 Off-Chip Cell and Tissue Culture

In the context of microfluidics, the term "off-chip" cell and tissue culture pertains to the use of
conventional culture vessels like flasks, petri dishes, roller bottles, or multi-well plates, rather than
microfluidic chips. Off-chip culture methodologies typically necessitate a laminar-flow hood or a
biosafety cabinet, in addition to a humidity-controlled incubator equipped with feedback
mechanisms for temperature and CO2 regulation. It's noteworthy that even in contemporary
biological research, many investigations rely on culturing individual cell types in petri dishes,
employing standard culture systems that require manual and periodic media replenishment, usually

at intervals ranging from 1 to 7 days'*2. As elaborated further in this chapter, microfluidic systems
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have emerged as a conduit bridging the gap between such traditional culture models and those that

more closely emulate the true in vivo environment.

1.4.9 On-Chip Cell and Tissue Culture

Looking through the lens of microfluidics, "on-chip" cell and tissue culture represents a
rethinking of the conventional cell culture vessel, moving beyond petri dishes towards a physical,
chemical, and biological milieu that faithfully emulates in vivo conditions. Researchers have
harnessed their insights into chemical, biological, biochemical, engineering, and physical systems
to devise microfluidic devices and methodologies for cultivating and investigating cells within
more contextually appropriate microenvironments'*!: 3. Through the fusion of microfluidics and
cell biology, scientists have not only proposed the construction of entire functional organs from
human stem cell lines but have also aimed to intentionally fabricate minimal functional units that
replicate tissue and organ-level functions'**>. In one illustrative instance, cells can be precisely
positioned using micropatterns of extracellular matrix (ECM) in linear arrangements within a
microfluidic chamber, enabling the meticulous measurement of muscle cell bending during
contraction to determine cell contraction forces under fluidic conditions!**. In another case, the
Wheeler group capitalized on the automated capabilities of their droplet digital microfluidic
(DMF) systems, pioneering a platform that downsizes standard mammalian cell culture techniques
to the microscale utilizing droplets'*®. This system effectively supported the growth of mammalian
cells, frequently introducing new generations into fresh media. An image of their DMF device,
constructed from an array of electrodes for manipulating the discrete fluidic system, is depicted in

Figure 1.4.3.
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Figure 1.4. 3 Droplet-based digital microfluidics (DMF) was used by the Wheeler group to
automate multi-step cell culture at the microscale. Adapted from Ref. '3° with permission from

the Royal Society of Chemistry, Copyright 2010.

1.4.10 Organs-on-Chips or Microchip-Based Bioreactors

In the past decade, there has been a notable rise in the development of organ-on-a-chip systems,
which has led to substantial research efforts focused on engineering devices for in vitro cell and
tissue cultivation. Some experts consider the terms "Organ-on-a-chip" and "Micro-Bioreactor" as
interchangeable, as both aim to create finely tailored microfluidic environments that are optimized
for specific cell types'*®. These systems are highly regarded as advanced tools in biotechnology
and find applications in various domains, including the study of human physiology, drug

development, and bioprocess development!3! 137,

One effective approach for outlining the fundamental functional elements essential for
designing such systems is through Hubka-Eder mapping'*®, which allows for the exploration of
how the various integrated functions can be configured!*®. While the specific use and outcomes
of these devices may vary, the underlying connections between biological modules tend to exhibit
similarities. For instance, configurations may encompass an array of small micro-bioreactors, each
equipped with optical sensors at the base, compact artificial liver bioreactors featuring liquid and

gas exchange, or small channels incorporating core membranes for measuring transepithelial
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electrical resistance (TEER) to study drug diffusion'*®. Additional noteworthy examples come
from the work of the Eddington group, who have demonstrated the ability to establish stable
oxygen gradients across cells or tissues by capitalizing on diffusion through polydimethylsiloxane
(PDMS) membranes'?® %0, Their systems have been employed to explore hypoxia-induced
activation of transcription factors in human endothelial cells'*® (Figure 1.4.4) and the impact of
hypoxia on encapsulated pancreatic islets from rats and humans'*°. Continuous bioreactor designs
can be engineered for the constant replenishment of media and the utilization of feedback control
for regulating variables like temperature, pH, and nutrient levels, resulting in the creation of
mammalian cell chemostats'*!. Several analogous systems have been developed and reviewed in
other sources, but these are beyond the scope of the present study.

z

L.,
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Figure 1.4. 4 The Eddington group has used constant perfusion of compressed oxygen and
nitrogen gases into microchannels separated by a diffusion gap, which allows precise control of
spatial gradients of oxygen. Hypoxia-induced effects on cell or tissue function can be studied in
this way. Adapted from Ref. 1*° with permission from the Royal Society of Chemistry, Copyright
2017.

1.4.11 Human Cell Derived Tissues On-Chip
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In recent times, microfluidic systems have found application in the culture, processing, and
manipulation of stem cells, offering capabilities that encompass trapping, sorting, categorizing,
and analyzing these cells'**. Notably, there have been various approaches to stem cell trapping.
For instance, geometry-based methods have utilized polyethylene glycol microstructures to
ensnare mouse embryonic stem cells'*. Similarly, predictable laminar flow, when combined with
microfabricated geometric obstacles, has allowed the precise pairing of two different cell types in
close proximity, facilitating the fusion of embryonic stem cells'*. With this approach, defined
pairing of two cell types in close proximity was accomplished and used for the fusion of embryonic
stem cells'**. Moreover, microfluidic devices designed for single-cell analysis have incorporated
innovative features such as 2048 single-cell traps, which can be efficiently assessed using
automated image cytometry'®. Another notable contribution by Zhang et al.!* introduced a cell
separation device where rigid cells are retained within micro-barriers, while more deformable
stem-cell-like cells, including metastatic cancer cells, can pass through the sorting device.
Additionally, the utilization of water-in-oil droplets has been employed to encapsulate cells,
enabling their long-term culture!*’. Further elaboration on this methodology will be provided in

subsequent sections.

1.4.12 Ex-Vivo Tissue Culture On-Chip

Measurements or experiments conducted with tissue removed from an organism, placed in an
external environment with minimal alterations to its natural conditions, fall under the category of
ex-vivo tissue culture. Ex-vivo studies offer distinct advantages over in-vivo experiments,
including the ability to investigate fully developed multi-cellular tissues, organs, or micro-organs

in their native in vivo environment before experimentation. To establish an adequate number of
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cells for culture and experiments, ex-vivo methods involve surgically extracting living cells or
tissues from a living organism, followed by their cultivation in a microdevice under sterile
conditions that closely mimic the tissue's natural surroundings. Notably, microfluidic systems
featuring continuous perfusion have demonstrated their remarkable utility for ex-vivo tissue
experiments in contrast to conventional static culture systems that lack continuous media

exchange, especially in the context of extended culture periods!*3-150,

In vivo experiments are
considerably more technically challenging and are typically incapable of maintaining consistent
nutrient, oxygen, or other solution delivery rates due to reliance on environmental and
physiological variables like stress, exercise, and diet. Conversely, ex vivo tissue culture can benefit

from continuous media perfusion, ensuring a steady composition of media and consistent provision

of nutrients while facilitating waste removal!#% 151,

Recently Xiao et al.'* introduced a device composed of interconnected modular culture
chambers. In this system, tissue explants were linked via microfluidic channels and
electromagnetically actuated micropumps to drive media flow and physiological hormones. This
innovative setup (illustrated in Figure 1.4.5) enabled the sequential co-culture of ovary, fallopian
tube, uterus, cervix, and liver explant tissues, fostering hormonal and cellular communication
between the tissue chambers. Of significance, murine ovarian follicles were shown to produce the
hormone profile of the human 28-day menstrual cycle, successfully influencing the dynamics of
the human female reproductive tract and peripheral tissues. Such ex-vivo culture systems
exemplify the immense potential of microfluidics in extending culture durations, enhancing
viability, and improving the functionality of complex tissue and organ modules while advancing

our comprehension of physiological systems.
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Figure 1.4. 5 Explants of ovary, fallopian tube, uterus, cervix, and liver tissues were cultured and
connected in series using microfluidic modules. This interconnected system of tissues was shown
to recapitulate function of the human reproductive tract and exhibited a 28-day menstrual cycle.

Adapted from Ref. '* with permission from Springer Nature, Copyright 2017.

1.4.13 Droplet Enabled Cell and Tissue Culture

While this section predominantly focuses on the droplet-enabled analysis of cells and tissues,
several noteworthy studies have demonstrated the utility of microfluidic droplet formation as a
distinct preparative technique in cell biology. Xu et al. '>? harnessed microfabrication techniques
to create droplet arrays that solidified into columns within a microdevice, resulting in a sandwich-
like structure with a liquid top, cells housed in the central columns, and gas exchange channels at
the bottom. This user-friendly system exhibited remarkable cell viability and holds promise for

153 showcased the one-step generation of

high-throughput investigations. Agarwal and coworkers
microcapsules containing mouse embryonic stem cells using a droplet-based microfluidic system.
These microcapsules featured an alginate hydrogel shell and an aqueous core filled with cells (as
depicted in Figure 1.4.6). Notably, the encapsulated cells displayed high viability, and their cardiac

differentiation was compared to conventional hanging drop models'>?.

37



A B 3.7 cm _

1.2cm

Agqueous

shell flow
Aqueous

core flow

Figure 1.4. 6 Droplet-based microdevice enabled fabrication of alginate hydrogel shells with
an aqueous liquid core of cells with a simple, one-step workflow. The internal cells showed
high viability and their cardiac differentiation was similar to conventional hanging drop models.

(A) Device overview, (B) schematic, (C) 3D depiction of flow-focusing junction, and (D) typical

f 153

images of droplets showing gradual formation of the shell. Adapted from Re with permission

from the Royal Society of Chemistry, Copyright 2013.

Water-in-oil droplets, combined with distinctive, photopolymerizable material properties, have
been employed for the prolonged culture of encapsulated cells. Oakey and coworkers!'*’
demonstrated that human lung adenocarcinoma epithelial cells (A549s) could be maintained in a
viable state for several weeks within microfluidically generated polyethylene glycol norbornene
(PEGNB) droplets. These droplets were polymerized through UV light exposure following on-
chip emulsification. This droplet microencapsulation method was proven to yield cell-laden
hydrogel microspheres at high rates, with uniform size distributions and exceptional long-term cell

viability, surpassing the performance of existing materials In a similar vein, our recent research
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involved the encapsulation of 3T3-L1 adipocytes (fat cells) within agarose droplets using a valve-
controlled droplet generator. Subsequently, we employed these adipocyte spheroids as biological
controls to compare cell line functionality with ex vivo murine adipose tissue explants®®. These
investigations collectively underscore that microfluidic droplet formation serves as an innovative
tool for cell culture by enabling the creation of micrometer-scale containers laden with cells or

tissue.

1.4.14 Small-Volume Bioanalysis

When dealing with cells and tissues cultured on microfluidic devices, the available analytical
methods become more limited. To be effective, any suitable bioanalytical approach must initially
be compatible with minute sample volumes, typically ranging from picoliters to nanoliters.
Furthermore, specific applications may require on-chip analysis for optimal outcomes. For
instance, the real-time quantification of cell and tissue secretions greatly benefits from rapid, on-
chip analysis to minimize diffusional spreading. In this section, we will provide an overview of
the general strategies employed by researchers to conduct analyses on such small volumes.
Subsequently, we will shift our focus towards droplet-based microfluidic techniques for achieving

similar goals®% %%,

1.4.15 Modular Analysis with Droplet-Based Techniques

Droplet microfluidics has revolutionized the ability to conduct millions of independent
nanoliter/picoliter reactions and high-throughput screenings'>*.  Presently, droplet-based
microfluidic technology is widely recognized as a swift and precise tool for the cultivation,

isolation, and assessment of cells and their secretions, with several systems available in the
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commercial market!>>.

However, when it comes to intricate cell or gene analyses requiring
multiple processes such as high-temperature heating, sample manipulation, sorting, amplification,
and extended incubation, these tasks cannot be executed on a single microfluidic device!*® An
effective strategy is to integrate multiple distinct microchips in a modular fashion to facilitate the
complete workflow of complex biological analyses'>’. For example, in the automated
measurement of single-cell miRNA on a high-throughput scale, Chen and colleagues integrated
two droplet-based microchips, as depicted in Figure 1.4.7.!% In this automated system, two
separate microdevices were created — one for generating and one for detecting target droplets
containing individual cells and reagents for miRNA analysis. These devices were interconnected
through extended tubing. Occasionally, a combination of a few droplet-based microfluidic devices
may not entirely meet the research requirements. This is particularly true when several off-chip
operations are necessary to process and analyze the sample, such as multiple thermal cycles and
inactivating specific enzymes'>®. In such scenarios, the integration of multiple on- and off-chip
manipulations becomes indispensable for complex cellular analysis. The Abate group has

introduced a method for single-cell genome sequencing that integrates numerous microscale and

bulk steps together, illustrated in Figure 1.4.8.'>
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Figure 1.4. 7 Single-cell miRNA screening was accomplished by integrating multicolour
fluorescence detection with isothermal nucleic acid analysis. (a) Modular system with one chip
generating droplets for cell encapsulation, a long tube for 30-min incubation, and the second chip
spacing and optically detecting the droplets for readout. (b) Multiple fluorescence filters and a
photomultiplier tube (PMT) were used for detection. Adapted from Ref. !> with permission from

the Royal Society of Chemistry, Copyright 2018.
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Figure 1.4. 8 Integrating a combined workflow between on-chip microfluidic droplet methods and
off-chip biochemical methods for single-cell genomic sequencing (SiC-seq). (a) Encapsulation of

random DNA oligo and in-droplet PCR to generate barcode droplets. (b) Formation of single-cell
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containing agarose microgels. (c) Off-chip steps of enzymatic and detergent lysis were conducted
to purify the single-cell genomes. (d) Using another chip, tagmentation reagents were encapsulated
again with the microgel droplets. (¢) The droplets of PCR reagents and barcodes were sequentially
merged with droplets having tagmented genomes at 1:1 ratio on-chip, then barcodes were spliced
to genomic fragments by another off-chip PCR step. Adapted from Ref. ** with permission from
Springer Nature, Copyright 2017.

While droplet-based approaches excel in high-throughput cell culture and analysis, certain
challenges remain, including the need for internal/external pumping, sensitive readout equipment,
and advanced droplet-control techniques for tasks like generation, flowing, merging, sorting, etc.
As an alternative to flowing systems for digital assays via droplet formation, there's a powerful
concept centered around well-based workflows for digital methods. This methodology involves
segregating bulk samples into ultra-small clusters of containers, allowing microfluidic well-based
techniques to detect nucleic acids, proteins, enzyme activity, or even single-cell genotypes and

159-161 " Among these, the SlipChip developed by the

phenotypes with exceptional sensitivity
Ismagilov group stands out as an automated, versatile digital platform that operates without the
need for pumps and valves. This device employs a bottom plate containing preloaded ducts and a
top plate equipped with wells serving as a lid with fluidic pathways. By aligning and sliding (or
"slipping") the plates, solution contact enables diffusional reactions to occur, as depicted in Figure
1.4.9'6% 16 These devices have been employed for various applications, including the
quantification of methicillin-resistant Staphylococcus aureus (MRSA) through digital PCR
amplification on SlipChips with uniform-size wells'®* 16, Furthermore, for clinical diagnosis, the
limit of detection (LOD) for viral HIV and hepatitis C virus (HCV) was enhanced to 2.0x102

molecules mL-1 by employing real-time quantitative digital RT-PCR on the rotational

multivolume-well SlipChips'®3.
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Figure 1.4. 9 SlipChips for digital assays without valves or pumps. (A) Sequential operation steps.

Adapted from Ref. '? with permission from the Royal Society of Chemistry, Copyright 2009. (B)

Image and schematic of rotational multivolume SlipChip with 640 wells of varying volumes. (C)

Fluorescence imaging after thermal cycling of RNA template varied concentrations using

SlipChips from part B. (D) High dynamic SlipChip for multiplexed, multivolume digital RT-PCR.

B-D were adapted from Ref. !¢

2011.

1.4.16 Fully Integrated Analysis On-Chip
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As forecasted by Manz and coworkers in 199066

, microfluidic systems have demonstrated their
capacity for complete integration, culminating in a sample-in-answer-out workflow. The pursuit
of seamlessly merging multiple sample processing and analytical steps into a single device has
been a central goal of microfluidic systems from the outset, offering substantial advantages,
including material and cost efficiencies, shortened reaction times, high-throughput capabilities,
and enhanced portability. It is essential to acknowledge that this endeavor was not devoid of
challenges, including the need for trained personnel, the heightened risk of contamination during
analyte transfers, unexpected cost escalations, and prolonged analytical processes that introduced
certain complexities during the development of integrated microdevices'®’. After years of diligent
effort, the Landers group has notably achieved the publication of the first fully integrated
microfluidic genetic analysis system. This system enables the sensitive and rapid detection of
genetic signatures of B. anthracis directly from whole blood samples by integrating solid-phase
DNA extraction, PCR, and electrophoretic separation on a single chip’* (Figure 1.4.10A). More
recently, the Woolley research group has introduced an integrated microdevice designed for the
concurrent quantification of two protein markers associated with preterm birth (lactoferrin and
ferritin) in human serum. This feat was accomplished through integrated immunoaffinity
extraction and microchip electrophoresis'®® (Figure 1.4.10B). For the analysis of cellular
secretions and interactions between various endocrine tissues (adipocytes and pancreatic islets),
the Kennedy group has ingeniously merged co-culture with on-chip competitive immunoassays
and electrophoretic separations®’ (Figure 1.4.10C). Additionally, the Roper lab has devised a
temperature-controlled system that provides precise control over input glucose patterns imposed
on pancreatic islet tissue. This is followed by an online fluorescence anisotropy-based

immunoassay to monitor insulin secretion dynamics using a mix-and-read assay downstream'!?
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(Figure 1.4.10D). These innovative devices underscore the remarkable potential of microfluidic
systems to consolidate conventional techniques within a single, miniaturized platform. In the
subsequent sections of this chapter, we explore methodologies for incorporating droplet
microfluidics into both the sampling and analysis phases, thereby expanding the array of

bioanalytical tools available at the microscale.
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Figure 1.4. 10 Integration of sample processing, cell culture, and analysis on microfluidic devices.

(A) Sample-in-answer-out capability for genetic analysis directly from blood or nasal aspirates in
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<30 min by Easley et al. Adapted from Ref. ** with permission from the National Academy of
Sciences of the United States of America, Copyright 2006. (B) Integration of microchip

immunoaffinity extraction and microchip electrophoresis for analysis of preterm birth biomarkers

f 168

in serum. Adapted from Re with permission from the Royal Society of Chemistry, Copyright

2018. (C) Integration of tissue co-culture with electrophoretic immunoassays. Adapted from Ref.
87 with permission form the American Chemical Society, Copyright 2018. (D) On-chip integration
of input stimulant patterns, tissue culture, secretion sampling, and homogeneous immunoassays
based on fluorescence anisotropy. Adapted from Ref. !'? with permission from the Royal Society

of Chemistry, Copyright 2017.

1.4.17 Integrated Droplet-Based Analysis of Cells and Tissues

Our research group, in addition to other scientific endeavors, has established the efficacy of
continuous-flow microfluidic sampling as a potent method for investigating the dynamic changes
in various metabolites like insulin, glucose, glycerol, and fatty acids within pancreas, liver, and

adipose tiSSLleSSZ’ 83, 87, 88, 112, 169.

Nevertheless, a significant challenge remains in the form of
longitudinal broadening, primarily caused by dispersion and laminar diffusion within the
microchannels, which significantly hampers the temporal resolution in the sampling and analysis
of cells and tissues. This limitation can lead to the loss of crucial, intricate details concerning
biological activities. Furthermore, conducting single-cell analyses in a continuous-flow setting is
constrained by the minuscule amount of starting material available. Although droplet microfluidics
has already garnered recognition as a potent tool for single-cell analysis, limited research has been
devoted to the dynamics of single-cell behaviors, including processes such as single-cell-like
breakdown, nutrient absorption, and metabolite uptake/release®* !'®. In this domain, we contend
that droplet microfluidics holds the potential to offer distinct analytical solutions. Notably, droplet

84,95, 96

sampling has been shown to preserve temporal chemical information , even at a millisecond
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time scale if thoughtfully designed!!”. Moreover, skillful manipulation of time- and frequency-
domain chemical information encapsulated within droplets has been demonstrated to substantially

enhance analytical sensitivity!'! 170171,

Leveraging these enhancements in analytical sensitivity, our laboratory recently employed a
droplet-based microfluidic system, combined with lock-in analysis, to quantify the uptake of
labeled free fatty acids (FFA*) by individual 3T3-L1 adipocytes!'®. Precise nanoliter flow control
was enabled by active, pneumatic push-up valves (Quake style!”), allowing droplet formation to
be strictly phase-locked to the fluorescence emission detector at narrow bandwidth (+0.04 Hz) for
droplets generated at 3.50 Hz. Using this “uChopper” concept'’’, alternative generation of sample
and reference droplets (Figure 1.4.11A) allows real-time detector drift correction, permitting very
low signals to be recovered from noise. Compared to conventional single droplet fluorescence
detection, the noise magnitude was reduced by more than 50-fold (Figure 1.4.11B). Rather than
averaging the cell population, this pChopper system could precisely quantify single-cell FFA*
uptake rates in 3T3-L1 adipocytes to be 3.5 = 0.2 x 10"° mol cell” for the first time (Figure
1.4.11C). Overall, the pChopper was able to reduce limits of detection (LODs) in absorbance!”
and fluorescence!'® by as much as 200-fold and 50-fold, respectively. We propose that significant
performance enhancements should be achievable in various other detection modes, whether using

optical readout, electrochemical detection, mass spectrometry, etc.
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Figure 1.4. 11 Lock-in detection with the pChopper device concept. (A) Automated device with
valve-controlled segmentation of sample, oil, and reference liquids. (B) With noise reduced by
more than 50-fold, an LOD of 12 pM fluorescein was achieved with standard microscope optics.
(C) Single-cell fatty acid uptake by 3T3-L1 adipocytes was quantified for the first time with the
uChopper system. Adapted from Ref. !'® with permission from the American Chemical Society,

Copyright 2017.

Recognizing the critical need to improve temporal resolution for the examination of tissue

secretions, Easley et al.”>

developed a novel passive droplet-based microfluidic sampling method
to monitor glucose-stimulated secretion of zinc ions from pancreatic islets with high temporal
resolution (Figure 1.4.12). Zn?" secretion sampled and stored into a continuous stream of small
droplets (~0.5 nL) preserved the temporal information and allowed reconstruction of the secretory
time record through downstream analysis (Figure 1.4.12A-C). Bursts in Zn>" secretion as high as

~800 fg islet! min' were captured and quantified, and two major classes of rapid and slow

oscillations (~20-40 s and ~5-10 min) were observed. In later work from our group, we showed
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that automation of the secretion sampling uChopper with pneumatic valves could be combined
with a customized, mix-and-read immunoassay to monitor insulin secretion directly at high
temporal resolution® (Figure 1.4.12D-H). During secretion sampling of single pancreatic islets,
bursts in glucose-stimulated insulin secretion were captured into droplets at 15-second temporal
resolution, revealing fast insulin secretion oscillations (~20-30 s) which matched with the timing

of well-known calcium signals within islets.!”

These systems unequivocally affirm the effectiveness of droplet-based sampling for high-
resolution analysis of cells and tissues. By integrating passive” or automated®* droplet sampling
with on-chip tissue culture, reagent mixing, on-chip homogeneous assay incubation, and optical
readout through lock-in detection, these pioneering analytical systems have shed light on

previously unquantified bursts in secreted ions or hormones from tissue.
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Figure 1.4. 12 Droplet-based secretion sampling at high temporal resolution with uChopper
devices. (A) Device layout for passive sampling. (B) Novel image analysis for phase-locking
droplet signals to oil signals. (C) Zn?" secretion from pancreatic islet tissue was sampled into
droplets and quantified by lock-in analysis, allowing the capture of bursts of secretion under
showing both rapid and slow oscillations (~20-40 s and ~5-10 min). Parts A — C adapted from
Ref. % with permission from the American Chemical Society, Copyright 2009. (D) Device layout
for automated secretion sampling and lock-in analysis. (E) Image of complete device. (F)
Automation of pChopper workflow. (G) Homogeneous immunoassays showed predictable
sample-to-reference ratios (S/R) as a function of insulin concentration, with an LOD of 10 amol
in a single droplet. (H) Single-islet insulin secretion rates shown in pg islet! min™! (blue) along
with imposed glucose waveforms (orange). This device gave 15 second resolution and observed
both fast and slow insulin oscillations, with burst on the order of hundreds of attomoles. Parts D

— H adapted from Ref. 3 with permission from the Royal Society of Chemistry, Copyright 2018.

1.4.18 Recent Applications in Tissue Engineering and Analysis with Droplet
Microfluidics

In this part, we review recent applications of droplet-based microfluidic devices to explore and
interrogate cells and tissues. These applications are organized based on the cells or tissues studied,
and coverage includes the bioanalysis of hepatocytes, pancreatic islets, adipose tissue, and

neuronal cells.

1.4.18.1 Hepatocytes

Hepatocytes comprise a significant portion, ranging from 70% to 85% of liver tissue and are
responsible for the majority of metabolic and biosynthetic processes in the liver. However, there
has been limited exploration into how insulin and glucagon affect hepatic metabolism®® ®°. The
Roper group designed a modular microfluidic system to observe the growth and function of HepG2

cells, which are derived from human hepatocarcinoma®’. This innovative bioreactor featured a cell
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culture incubator for HepG2 cell growth, automated delivery of glucose and insulin stimulants,
droplet-based sampling and mixing with enzymatic assay reagents, and real-time optical detection
for measuring HepG2 cell glucose consumption (Figure 1.4.13A). The Revzin group introduced
another modular bioanalysis platform, which combined a cell culture device and a droplet-
generating device to enable multiplexed analysis of injury responses in hepatocyte spheroids'>’.
In this automated droplet-based microfluidic system, three types of secretions—glucose, total bile
acids, and lactate dehydrogenase (LDH)—were concurrently monitored using colorimetric and
fluorescence detection methods (Figure 1.4.13B). To study cell-to-cell communication within the
liver, the Revzin lab presented a device for creating microcapsules with liquid cores and
polyethylene glycol (PEG) shells, allowing for the assembly and culture of rat hepatocyte
spheroids!’* (Figure 1.4.13C). This work showcased the functionality of encapsulated
hepatocytes, hepatic gene expression, and the interaction between 3T3-J2 fibroblasts and
hepatocytes. Likewise, the Weitz group recently published a method that employed biocompatible
3D core-shell hydrogel scaffolds to create tissue-in-droplets'”>. Highly permeable water-water-oil
(w/w/o) double emulsions were used to create hepatocyte cores with fibroblast shells, resulting in
the formation of "artificial liver" spheroids that were employed to investigate cell-cell interactions
(Figure 1.4.13D). The Wheeler group adopted an alternative approach using digital microfluidics
(DMF) devices and developed a microfluidic organoid culture device for drug screening, known
as MODS!’S. This platform facilitated the generation and on-chip culture of individual, free-
floating, and 3D hydrogel-based liver organoids. These organoids were used to study cytochrome
P450 enzyme activity and hepatotoxicity (Figure 1.4.13E). By co-culturing HepG2 and NIH-3T3
cells in droplets, the resulting hepatic organoids demonstrated fibroblast-dependent contractile

behavior as well as favorable albumin and cytochrome P450 secretion activities.
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Figure 1.4. 13 Hepatocyte culture and analysis with droplet-based microfluidics. (A) Schematic
of integrated system for perfusion, droplet sampling, and online glucose consumption analysis of
HepG2 cells. Adapted from Ref. ®° with permission from the American Chemical Society,
Copyright 2019. (B) Multianalyte secretory analysis (glucose, total bile acids, lactate
dehydrogenase) with a modular system of cell culture device coupled to a droplet sampling and
analysis device. Adapted from Ref. !*7 with permission from the American Chemical Society,
Copyright 2019. (C) Device used to fabricate PEG/hepatocyte spheroids. Adapted from Ref. !74
with permission from Elsevier, Copyright 2017. (D) Multicellular core-shell capsules were
generated using droplet-based microfluidics to make artificial liver spheroids. Adapted from Ref.
175 with permission from the Royal Society of Chemistry, Copyright 2016. (E) Microfluidic
organoids for drug screening (MODS) were made with digital microfluidics (DMF) automation.

Adapted from Ref. !7®, with permission from the Royal Society of Chemistry, Copyright 2014.

1.4.18.2 Pancreatic Islets

The exocrine pancreas is responsible for the production and release of digestive enzymes, which
aid in nutrient digestion and absorption, while the endocrine pancreas, comprising the islets of
Langerhans, plays a crucial role in the endocrine system by regulating glucose homeostasis.
Consequently, the pancreas is a vital organ in both the digestive and endocrine systems. This
discussion will primarily focus on the pancreatic islets. The significance of comprehending this
relatively small organ for research and clinical purposes has been well-established'”’. In recent
decades, droplet-based microfluidics have gained recognition as a valuable tool for investigating
the function and characteristics of pancreatic islets on a microscale. Indeed, various microdevices
have been presented and discussed for studying islets (see Figure 1.4.2'?%; Figure 1.4.10A%, 9-
10C %7, and 1.4.10D ''%; and Figure 1.4.12 % °°). Several research groups active in this field,
including our own, have been examined. In other work, Chen et al.!”® developed a droplet device

designed to encapsulate rat islets with an oxygen-sensitive dye. They quantified the secretion of
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ATP and insulin under varying protocols, demonstrating the impact of oxygen consumption rate
on the metabolism and function of islets within hydrogel microcapsules. Hai-Tao Liu et al.!”
introduced an innovative biocompatible water-in-water droplet system, controlled by valves, for
encapsulating and culturing rat pancreatic cell lines (B-TC6). In this system, PEG and dextran were
employed as the continuous and dispersed phases, respectively, and insulin secretion was
measured, highlighting its strong potential for tissue engineering applications. In earlier research
aimed at examining the dynamics of stimulated islets with high temporal resolution, Ismagilov and

colleagues developed the "chemistrode,"'®°

, a droplet-based microfluidic system coupled with
offline detection instruments such as fluorescence correlation spectroscopy, MALDI-MS,

fluorescence microscopy, and ELISA.

1.4.18.3 Adipose Tissue

Adipose tissue is a multifaceted, indispensable, and dynamic metabolic and endocrine organ
that emits and reacts to signals involved in regulating various factors, including appetite, energy
expenditure, insulin sensitivity, bone metabolism, inflammation, and immunity. It constitutes a
significant proportion, ranging from 5 to 50% of an individual's body weight and is categorized
into two primary types: white adipose tissue (WAT) and brown adipose tissue!®!"!83. While our
comprehension of adipose tissue has advanced significantly over recent decades, certain functions
and mechanisms of this organ remain enigmatic to researchers due to the limitations of
conventional bioanalytical techniques. Droplet microfluidics provides unique platforms for
investigating adipose tissue on a microscale, offering cost-effective, low-volume, high spatial
resolution methods. In one approach, Sakai and colleagues introduced a microfluidic flow-

focusing system employing gelatin, known for its high cell adhesiveness, non-toxicity, and
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biodegradability, for tissue engineering!®*. This device facilitated the continuous generation of
small droplets, within which adipose-derived cells were encapsulated (Figure 1.4.14A). In
contrast, Deveza and co-workers developed a droplet-based microfluidic device to create
biodegradable PEG-based microspheres, aimed at controlling the release of growth factors and
DNA nanoparticles (Figure 1.4.14B)!'*°. This work examined the mesh size and degradation rate
of the droplets at varying concentrations of PEG polymer, ranging from 7.5% to 15% (w/v), which
determined the release rate of encapsulated proteins and DNA. The study also investigated the

effects of released growth factors on adipose-derived stem cells (ADSCs).

In research employing droplets for high-resolution analysis of adipose tissue, our laboratory
recently enhanced our automated pChopper concept to achieve an unprecedented resolution of 3.5
seconds. This improved device was employed for sampling secretions from primary murine
adipose explants®® (Figure 1.4.14C). In this study, both the peaks and valleys of glycerol secreted
from cells and tissues of wild-type, aged, and obese mice were captured. By sampling ex vivo
epididymal white adipose tissue (eWAT) explants from mice, the study unveiled previously
unreported rapid oscillations in glycerol secretion occurring at frequencies of 0.2 to 2.0 minutes-1
(corresponding to periods of approximately 30 to 300 seconds), made possible by the device's high
temporal resolution. These oscillations were absent in clustered cell lines. This research represents
the first report of cell-to-cell communication in adipose tissue resembling that of pancreatic
endocrine tissue, with glycerol secretion spectrographs presented in Figure 1.4.14D as an example

of the distinctive insights offered by this technology-enabled analysis.
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Figure 1.4. 14 Adipose tissue culture and analysis with droplet-based microfluidics. (A)
Schematic of a microfluidic flow-focusing device for adipose-derived cell encapsulation. Adapted
from Ref. '3 with permission from AIP Publishing, Copyright 2011. (B) Droplet formation was
also used to form biodegradable microspheres for controlled release of growth factors to adipose
cells. Adapted from Ref. '35 with permission from the American Chemical Society, Copyright
2015. (C) High-resolution, automated sampling with an improved pChopper device enabled 3.5-
second resolution measurement of glycerol secretion from adipose tissue. This valve-automated
device integrated tissue culture, enzyme and reagent mixing, droplet-based sampling, and
downstream optical analysis with lock-in detection. (D) Unique oscillation analysis of glycerol
release (FFT spectrograms) was enabled by the microfluidic tools developed in this work, where
previously unreported lipolytic oscillations were observed from the eWAT tissue. Parts C — D

were adapted from Ref. °° with permission from the Royal Society of Chemistry, Copyright 2020.

1.4.18.4 Neuronal Tissue
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Neuronal tissue engineering has garnered significant attention in recent decades due to its
fundamental role in physiological processes. Nonetheless, the intricacies of the nervous system
pose formidable challenges that traditional cell culture and tissue engineering methods struggle to
address'®¢. Microfluidic techniques offer considerable promise in the realm of microscale tissue
engineering, offering benefits such as high-resolution in situ imaging, simultaneous performance
of multiple assays, and the creation of integrated systems that mimic cellular interactions with the
extracellular matrix (ECM)'¥7-1%_ Alessandri and colleagues introduced a 3D-printed microfluidic
device designed for the generation of functionalized microcapsules used in incubating and
differentiating human neuronal stem cells (hNSC)'®°. These encapsulated neuronal stem cells,
along with a reconstituted micro-thick ECM layer and a protective alginate shell, resulted in the
formation of hollow micro-hydrogels (Figure 1.4.15A). In a separate effort, Jianhua Qin's
research group combined a floatage-based trap array with a tapered immobilization channel array,
incorporated into a droplet-based microfluidic device, to investigate various responses of
individual C. elegans organisms to a neurotoxin, 6-hydroxydopamine (6-OHDA)"!. This
integrated system handled all processes, including droplet generation, trapping, immobilization,
worm encapsulation, behavior assessment, and image analysis (Figure 1.4.15B). This study
particularly demonstrated the feasibility of conducting whole-animal assays and high-throughput
drug screening for neurodegenerative diseases at a single-animal resolution, highlighting the
ingenuity of tissue engineering and droplet-based device development in achieving these

outcomes.
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Figure 1.4. 15 Neuronal tissue culture and analysis with droplet-based microfluidics. (A)
Combining 3D printing with droplet-based devices allowed production of functionalized
microcapsules for incubating and differentiating human neuronal stem cells. Adapted from Ref.
190 with permission from the Royal Society of Chemistry, Copyright 2016. (B) Schematic and
photograph of an integrated microfluidic system for individual C. elegans assays, using a tapered
immobilization channel array for immobilizing and imaging the worms to study neurotoxicity.

Adapted from Ref. '°! with permission from the Royal Society of Chemistry, Copyright 2010.

1.5 Summary, challenges, and future outlook of this chapter

Herein we have discussed tissue engineering and microfluidics, with a particular focus on

droplet-based microfluidics. Droplet-based microfluidics has been proven highly useful for both
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cell and tissue engineering on-chip, but also for many useful applications in analysing cellular
function. This technology enables generation of monodispersed, micrometer-sized droplets that
can be viewed as individual bioreactors for culture, delivery, and analysis of cells and tissue. We
have shown examples in which unique architectures of cells and tissues can be created through
encapsulation at high throughput, in which particles can be created for controlled release of various
factors onto cells, and in which droplets can be continuously sampled from cells and tissues to
provide high temporal resolution and on-chip analysis, among others. Alongside these capabilities,
the accompanying microfluidic systems can permit the biological and biophysical
microenvironments to be adjusted to mimic the physiological microenvironments, enabling studies
that match more closely to the respective in vivo biology. Considering these and other similar
developments in materials science, bioanalytical chemistry, and tissue engineering, it is clear that
droplet-based microfluidics is well-poised for continued, transformative impacts on our

understanding of biology and physiology in the coming future.

While considerable efforts have been invested with many positive impacts realised, there
remain several challenges to be addressed in the future. For instance, much of the current studies
are focused on single tissue-on-a-chip systems. However, the activities of individual tissues on
these devices may differ significantly from that in the living body, since communication and
physical contact with other tissues is removed. Furthermore, stimulants and media are often
obtained as purified materials from commercial sources, often differing greatly from the complex
mixtures present in vivo. In the future, continued emphasis should be placed on multi-tissue-on-
a-chip systems, and creative solutions should be explored to more closely mimic in vivo media.
One example would be for more investigators to use whole blood where appropriate, rather than

minimal cell media. Indeed, a more realistic microenvironment for many tissues should contain
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branched vascular networks to supply such blood, yet this remains challenging for many to

incorporate into their tissue chips.

In terms of analysis, multiplexing of current techniques is a continued need. More
generalizable, microscale-compatible methods should be sought after to allow real-time,
quantitative detection of multiple biologically relevant analytes, each with the requisite sensitivity.
A multi-analyte readout in real-time would allow a much more comprehensive view of the
functions of cells and tissues as they are being analysed. Automation is another area that could be
improved in many of these systems. Unless the end-use of the device is intended for point-of-care,
many of the systems presented herein could benefit from, for example, valve-based automation
that can help remove user error from the equation. Interestingly, droplet-based microfluidics is
well-positioned for improvements in automation, since each container can be segregated and
individualized, much like digital data in computing. We contend that there is a need for a more
formalized treatment of droplets as packets of information, and we hope to see more of these types
of studies in the future. Finally, it is important for users to carefully evaluate the volumes of cells
and tissues that are examined in their devices, since the scaling of tissues should differ depending
on their true physiological scale. Tissue scaling can have profound impacts on the function under
study, and this issue may pose limitations on the temporal resolutions or analyte sensitivities that
are accessible to the researcher.

While it is true that various challenges remain, it is apparent from the work presented in this
chapter that the various capabilities of forming and manipulating droplets on microfluidic devices
should be considered as a vitally important tools to aid in our understanding of the function of

biological cells and tissues.
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Chapter 2

Microfluidic digital-to-analog converter (uDAC) to rapidly stimulate ex vivo tissue explants

and quantify non-esterified fatty acid (NEFA) uptake rates

This chapter is adopted from the in-preparation publication “Microfluidic digital-to-analog
converter (UDAC) to rapidly stimulate ex vivo tissue explants and quantify nonesterified fatty acid

(NEFA) uptake rates” (Md Moniruzzaman,* Nan Shi,* and Christopher J. Easley*®)

2.1 Introduction

The rising prevalence of obesity' has drawn attention to the importance of understanding the
biology of adipose tissues (fat tissues). Adipose tissues, comprising 5% to 50% of human
bodyweight, play a pivotal role in energy homeostasis. According to recent research, adipose tissue
is a crucial and multifaceted metabolic and endocrine organ with significant systemic impacts,
potentially disrupting the operation of almost all other organ systems?. Alterations in the uptake
dynamics of lipids, such as glycerol and noon-esterified free fatty acids (NFFA), can occur in
various physiological and pathological conditions due to the inactivation of their stimulating
enzymes. Changes in NFFA uptake dynamics can activate different pathologies, such as cardiac
hypoxia®, intestinal malabsorption* and brown adipose tissue (BAT)> might happen in metabolic
processes due to change in NFFA uptake dynamics. Adipocytes naturally absorb and store excess

energy obtained from ingested food, including glucose and NFFA, and transform them into
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triacylglycerol during lipogenesis for long-term storage, which is used for regulating other body
tissues. Excessive intake of energy from food or the bloodstream increases the uptake amount of
NFFA by lipogenesis, leading to insulin resistance in skeleton muscle®, pancreatic B-cells’, liver®,
hepatosteatosis’, cardiac myopathies'®, and lipotoxicity!! in heart. Pharmacological interventions,
such as the anti-cancer drug doxorubicin, cause cardiac metabolic transformation'?, which also
contributes to the changes in NFFA uptake dynamics. The localization and quantification of NFFA
uptake and lipid flux have various implications for basic biological research as well as disease

diagnosis and drug discovery.

Adipose tissue has been shown to be closely related to various diseases, including diabetes,
Alzheimer’s disease, and compromised immunity'*!°. Although our understanding of adipose
tissue has improved significantly in recent decades, the specific functions and mechanisms related
to its metabolism and nutrient uptake still remain a mystery due to the limitations of traditional
bioanalytical methodology. For instance, conventional techniques used for tissue analysis have a
temporal resolution ranging from minutes to hours, which may cause loss of important biological
information'S. Furthermore, traditional tube- or well-based sampling requires a large number of
tissues and cells, and the results obtained from static culture systems are significantly different
from those obtained in vivo!”. The challenges caused by the buoyancy of adipocytes also limit the

development of conventional tools for adipose tissue analysis'®.

Currently, limited techniques and methods exist to investigate the dynamic function of adipose
tissue in small amounts. In recent years, microfluidics has emerged as an effective tool for cell and
tissue culture and bioanalysis'®-2*. Microfluidic chips provide an ideal platform for cellular growth,

proliferation, and response to stimuli in conjunction with material and 3D printing technology**
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25 The microscale channels and reservoirs not only offer a large surface-to-volume ratio but also

closely mimic the in vivo environment?®

. The main advantage of microfluidics is the ability to
collect and access metabolites from cells or single cells, which are typically present at ultra-low
volumes and concentrations. This technology significantly improves our understanding of the
metabolic activities of cells and organs under different conditions' ?’. To investigate the dynamic
changes of specific metabolites such as glucose, insulin, glycerol, and fatty acids in the liver,
pancreas, and adipose tissue, microfluidic systems integrating multiplexed functions like cellular
culture, sampling, and monitoring have been developed by various research groups, including
ours! 16:20: 24,2830 - Oyr group, along with the Kennedy and Roper group, has made significant
efforts in developing high-resolution sampling in continuous-flow systems and automated droplet-
based microfluidics, accurately revealing several secretion dynamics of adipose tissue and

pancreatic islets!> 161831, 32,

The metabolism of adipose tissue has garnered significant attention in recent years, and
microfluidics have demonstrated usefulness in this field. Researchers are keen to explore whether
nutrient uptake can be accurately monitored using this micro-technology. Recent work has
indicated that fatty acid uptake can be visualized and quantified using fluorescence imaging and

encapsulated droplets, respectively, via the use of bodipy-modified free fatty acids (NFFA)! %3,

Recent advances in cellular co-culture and organs-on-chips platforms have demonstrated that
microfluidic analysis systems can simulate physiology at the single-cell, tissue, and even organ
level. Previously, our group developed a fully automated, 16-channel microfluidic input/output
multiplexer (WMUX) for endocrine tissue culture and secretion sampling. Shi et al. discuss the

development of microfluidic-based analog-to-digital converters (WADCs) and digital-to-analog

76



converters (WDACs). These devices are critical components for signal processing in microfluidic
systems, allowing for precise and reliable control of fluidic flow rates and volumes. pADCs and
uDACs have the potential to greatly enhance the capabilities of microfluidic systems, enabling
precise and dynamic control of fluidic flow rates and volumes which can be used in a wide range
of applications, including chemical and biological analysis, drug discovery, and lab-on-a-chip
systems>*. Stimulating tissues in microfluidic devices poses several challenges. One of the main
challenges is ensuring the accuracy and consistency of the applied stimulus. The microfluidic
system must be designed to allow for precise control of the stimulus, such as electrical, mechanical,
or chemical, and to prevent interference from other stimuli*>. Another challenge is achieving a
physiologically relevant environment for the tissue. This involves maintaining the necessary
temperature, humidity, and oxygen and carbon dioxide levels, as well as providing the appropriate
nutrient and waste exchange’®. Additionally, the compatibility of the materials used in the
microfluidic device with the tissue being stimulated must be considered to avoid any toxicity or
damage to the tissue®’. Finally, the design of the microfluidic device must consider the specific
requirements of the tissue being studied, such as its size, shape, and mechanical properties, in order
to ensure accurate and relevant results. Another challenge of these devices is interfacing the tissue
to keep the high temporal resolution. In this study, we present a novel 4-input microfluidic digital-
to-analog converter (WDAC), equipped with automated control through pneumatic valving to
stimulate tissues at higher resolution with the help pf a 3D printed tissue trap template, which
allows for the quantification of NFFA from white adipose tissue (WAT) through downstream

fluorescence imaging.
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2.2 Experimental Design

2.2.1 General materials and reagents

All buffers used for this study were prepared with deionized, ultrafiltered water collected from
BarnsteadTM MicroPureTM Water Purification system (Thermo Fisher Scientific, serial No.
42034239). The following reagents were used without further purification: Polydimethylsiloxane
(PDMS) precursors (Sylgard 184, Dow Corning, Midland, MD); SU-8 2015 photoresist
(Microchem, Newton, MA); AZ-40-XT photoresist (MicroChem, Westborough, MA); insulin, D-
glucose, 4-2-hydroxyethyl-1-piperazineethanesulfonicacid (HEPES), (3-
Aminopropyl)trimethoxysilane, trimethylsilyl chloride (Me3SiCl), sodium dodecanoate,
fluorescein isothiocyanate (FITC), KH2PO4, NaH2PO4, and NaOH were all obtained from
Sigma-Aldrich (St. Louis, Missouri); Bovine serum albumin (BSA), fetal bovine serum (FBS),
NaCl, CaCl2-s2H20, EtOH, MeOH, and DMF were purchased from VWR (West Chester, PA).
4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-diaza-s-indacene-3-dodecanoic acid (BODIPY FL C12,
FFA*; ’bodipy-laurate’), minimal Essential Media (MEM) non-essential amino acids solution
100x, collagenase P, collagenase type I, Dulbecco’s Modified Eagle Medium (DMEM), and
MgS04-7H20 were purchased from ThermoFisher Scientific (Grand Island, New York). Fatty
acid free bovine serum albumin (FAF-BSA) was purchased from Akron Biotech (Boca Raton, FL).
Dimethylformamide (DMF), dicyclohexylcarbodiimide (DCC), N-Hydroxy-sulfosuccinimide
sodium salt (NHS-SO3Na), and Diethyl ether (Et20) were purchased from Sigma-Aldrich (St.
Louis, MO). Penicillin-streptomycin, sodium pyruvate, L-glutamine, and Dulbecco’s phosphate-
buffered saline (DPBS) were purchased from Thermo Fisher Scientific (Grand Island, New Y ork).
4,4-Difluoro-5,7-Dimethyl-4-Bora-3a,4a-Diaza-s-Indacene-3-Dodecanoic  Acid (BODIPY-FL-
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C12, 505/512 nm), and 4,4-Difluoro-5-(2-Thienyl)-4-Bora-3a,4,a-Diaza-s-Indacene-3-
Dodecanoic Acid (BODIPY-558/586-C12, 558/586 nm) were purchased from Thermo Fisher

Scientific (Grand Island, New York).
2.2.2 Microfluidic Master Wafer Fabrication

The study utilized standard multilayer soft lithography methods with 3D-printed templating for
tissue culture interfaces to fabricate two-layer microfluidic devices. To create the fluidic channel
and pneumatic valve control channels, two master wafers were first made using soft lithography.
The channel design was created using Adobe Illustrator and printed by Fineline Imaging (Colorado
Spring, CO) at 50800 dpi resolution to serve as the photolithographic mask. For the control channel
(thin lower layer), a silicon wafer was spin-coated with 30-um thick negative photoresist (SU-8
2015) and baked at 105 °C for 5 min. UV exposure through the mask was done at ~330 mJ/cm2
on an in-house built UV LED exposure unit, followed by hard baking for 5 min at 105 °C and
development in the SU-8 developer solution for 5 min. For the fluidic channel layer, a 50-um thick
positive photoresist (AZ 40 XT) was spun onto the silicon wafer, baked at 105 °C for 5 min, and
exposed to UV at ~330 mJ/cm2. After hard baking at 105 °C for 5 min and developing the wafer
in AZ developer for about 5 min, the master wafer was annealed at 115 °C for 10 min to round out
the cross-section of the fluidic channel template. Prior to use, the silicon wafers were exposed to
trimethylsilyl chloride vapor for 30 min to enhance PDMS removal. The channels were later

characterized by imaging the channel cross section after slicing an assembled PDMS device.

2.2.3 3D-printed interface templates for tissue culture regions
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3D printed templates were used for culture the tissue in 96 well plate and to hold the tissue in the
tissue trap inlet of this uDAC. Both 3D-printed templates were designed in SketchUp 3D
modeling software and printed on a MakerBot Replicator 2 (100 um layer resolution in the z

direction) with polylactic acid filament (PLAF, 1.75 mm diameter).
2.24 Microchip Fabrication

The upper layer of the microfluidic device was fabricated by pouring 36 g of a mixed PDMS
precursor mixture (with a 5:1 ratio of monomer to curing agent) onto a flowing channel wafer.
Meanwhile, 7.5 g of PDMS precursor (with a 20:1 ratio of monomer to curing agent) were spin-
coated onto a separate silicon wafer, which served as the lower pneumatic membrane, at 2100 rpm

for 45 s. Both layers were baked in an oven at 60°C for approximately 30 minutes.

Next, the thick fluidic layer was peeled off, cut, punched, and washed before being aligned to the
valve channel. The assembled layers were then baked overnight in the oven at 60°C. To irreversibly
bind the PDMS to a glass slide, plasma oxidization was used after the PDMS was peeled from the
wafer, diced, and punched. Finally, the microfluidic device was assembled and ready to use, and

it was stored at room temperature.
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image of the fluidic channel of tissue trap

2.2.5 Extraction of Murine Epidydimal Adipose Tissue (eWAT)

In this study, male C57BL/6J mice were used, and all animal experiments were conducted in
accordance with relevant laws and institutional guidelines. The protocols of 2017-3101 were
approved by the institutional animal care and use committee (IACUC) of Auburn University.
Epididymal white adipose tissue (eWAT) pads were extracted from the mice as previously
described in published papers! 4. After extraction, the pads were placed in a 60 mm Petri dish
with 10 mL phosphate-HEPES buffer (10 mM HEPES, 135.3 mM NaCl, 2.2 mM CaCl2-2H20,
1.2 mM MgS04-7H20, 0.4 mM KH2PO4, 2.2 mM Na2HPO4, 0.4 mM D-glucose, 2% BSA, pH
7.4), and excess vasculature was removed using Iris micro-dissecting scissors. Next, 2-mm

diameter explants were punched from the fat pads with a sterile disposable biopsy punch and
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placed in a glass tube containing 4 mL phosphate-HEPES buffer. The explants were washed three
times with the buffer, and after each centrifugation at 1000 rpm for 3 min, 3 mL of buffer was
removed using a syringe and replaced with 3 mL of fresh buffer. The phosphate-HEPES buffer
was then replaced with fat serum media (DMEM + low glucose and phenol red with 12% fetal
bovine serum, 120 units/mL Nystatin, 120 units/mL Penicillin-Streptomycin and 1.2X MEM
NEAA), and the explants were washed twice more in the serum media. Once washed, they were
stored in a sterile 96-well plate containing 200 pL fat serum media. Specific 3D-printed anchors
were used to prevent the buoyancy of the fat tissue, and each explant was placed in a separate well.
The explants were cultured at 37 °C in a 5% CO; incubator and could survive for up to 7-10 days
with the serum media being refreshed twice daily. Prior to loading the explant on the microchip, it

was washed and pretreated with on-demand media without serum for 30 min.
2.2.6 Quantification of Free Fatty Acid Uptake by eWAT

Ex vivo adipose tissue explants were extracted from C57BL/6J mice and cultured for up to 5 days
until ready for transfer to tissue traps on the microfluidic devices. Free fatty acid (FFA) uptake on
this automated device was quantified using fluorescence imaging of a labeled FFA molecule
(BODIPY FL Cl16; green emission), at a region-of-interest (ROI) downstream of the tissue. By
using a LabVIEW application to automate valves on the uDAC device, we alternatively pulsed 2
uM labelled FFAs in either high-glucose/high-insulin solution (HGHI) or low-glucose/low-insulin
with isoproterenol (LGLIS), mimicking feeding and fasting states, respectively. Since the trapped
tissue is minimally disturbed during flow, fluorescence emission at the downstream ROI can be

calibrated for quantitative FFA uptake analysis. As an imaging control, TAMRA-labeled DNA
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(orange/red emission) was spiked into all solutions at 2 uM, and we confirmed that this labeled

DNA was not absorbed by the adipose tissue.

To serve as tissue mimics during characterization, glass beads were made pH-responsive by
modifying with fluorescein, which has higher fluorescence quantum yield in slightly basic

solutions (pH = 8) compared to acidic solutions (pH = 4).
2.2.7 FFA Uptake Dynamic Study at Varying Treatments

To prepare the explants for the experiment, they were washed three times with fresh serum-free
media and then treated with a pretreatment solution for 30 minutes in a 96-well plate. To ensure
that the explants were fully immersed in the solution, 3D-printed anchors were used. After the 30-
minute off-chip culture, the tissue was removed, and a 0.50 mm explant was punched out and
placed in a 3D printed tissue trap. The trap was then carefully inserted into the tissue inlet. Two
different solutions, HGHI (25 mM glucose and 2 nM insulin in DMEM without glucose,
glutamine, or phenol red, with 0.2% FF-BSA) and LGLIS (3 mM glucose, 50 pM insulin, and 20
uM isoproterenol in DMEM without glucose, glutamine, or phenol red, with 0.2% FF-BSA) mixed
with 2 uM labeled fatty acid were combined to examine the dependence of adipose tissue FFA

uptake dynamics on the treatments.
2.2.8 Fatty acid uptake analysis

Real time fatty acid uptake by adipose tissue explants was measured with a kit with a custom
fluorescence quenching assay.2Z Each method used bodipy-labelled laurate (cell permeable fatty
acid analogue, FFA*) and a cell-impermeable fluorescent quencher. The uDAC device was
mounted within a microscope stage-top incubator (Tokai Hit, Japan) held at 37 °C, and input

channels were filled with two different solutions, HGHI and LGLIS with 2 uM of labelled FFA*.
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The treatment buffer consisted of serum free DMEM, either 2 uM of FFA* or unlabeled free fatty
acid (FFA). The waste channel was attached to vacuum via a syringe. 2 mm diameter adipose
tissue explants were removed from storage serum media, washed 3x with fresh serum free media,
and pre-treated in serum free DMEM buffer with 3 mM glucose, 0.5 nM insulin and 2.0 uM FFA
for 30 min. After the 30-minute off-chip culture, the tissue was removed, and a 0.50 mm explant
was punched out and placed in a 3D printed tissue trap which can hold the explant in place. The
trap was then carefully inserted into the tissue inlet. In this instance, the uDAC device inlet was
filled with new solutions, filled all the channels with fresh solutions with nutrient using the vacuum
connected to the waste channel. All solutions with FFA* or FFA were held at 37 °C and
alternatively pulsed onto adipose explants as fluorescent videos were collected downstream using
a 20x objective and FITC filter continuously for 8 minutes. Videos were analyzed using NIS-

Elements, Imagel, Microsoft Excel and MATLAB.
2.3 Results and discussion
2.3.1 Microfluidic Chip Design and Modes of Operation

The uDAC device has four fluidic inputs with one waste output, another final output reservoir
for collecting fluids after tissue stimulation and a tissue reservoir (Figure 2. 2). All fluidic channels
and reservoirs are black in color in Figure 2. 3. All red channels are fluidic controls layer made
with SU-8 photoresists where all fluidic channels are made with AZ photoresists. Fluidic flow
layer ~ 35-micron depth, 150-micron width with round shape but all control layers are ~20-micron
depth with 100-micron width. All control layers are connected with external pressure (~20 psi) via
tube to control the fluid flow as the valves can be precisely controlled by LabVIEW program. The
uDAC device was operated as: First input 1 fluidic channel is responsible for HGHI flowing to
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the waste channel for 5 s to wash the whole channel, then the fluid will go to tissue trap region by
opening the respective valves, then HGHI with other fluids will stimulate tissue for 55 s then
finally solution will be stored at final output reservoir. After completion of this cycle the first input
will automatically stop the fluid flow by closing the valves on this channel and will start pumping
the second input. The second input will start circulation of the fluid flow as valves start pumping
on this channel. This one also follows the similar path as first fluidic channel, and this reservoir is
filled with LGLIS with 2 uM FFA and 2 uM Tamara-labeled DNA. The third and fourth fluidic
input are filled with same fluids as first and second input respectively and these fluidic channels
also follow a similar path of fluid flow as first and second channel respectively. 2 uM Tamara-
labeled DNA solution is used as reference solution as this solution does not interact with the
adipose explants. All the FFA uptake quantification by the tissue measured consider 2 uM Tamara-
labeled DNA as references. Thus, this uDAC device was operated to stimulate the explants and
quantify the FFA uptake by the explants. The LabVIEW program helps the device to precisely
control the valves operation as when the specific valves should be open and close to continue the

fluid flow as we want it to flow.
2.3.2 Device Characterization with pH responsive glass beads

To characterize this uDAC device, pH-responsive glass beads were used as mimicking the tissue.
Glass beads were modified with fluorophore to make them pH-responsive. Glass beads
experiments and Fluorescein/food dye solution were used to find out the device resolution. To
evaluate the solution exchange times, we examined the fluorescence output from pH-responsive
glass beads with dimensions ranging from approximately 100 to 200 um, which were placed in the

tissue trap reservoir. This analysis was conducted as two different pH solutions were introduced
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(Figure 2. 4) to the glass beads. The pH-responsive beads were synthesized as described in
previous research!. Initially, 100 mg glass beads were subjected to a series of washes, including 1
M NaOH (1 mL, 3x), deionized H,O (1 mL, 3%), and MeOH (1 mL, 3x%), followed by drying at 65
°C. Subsequently, the beads were treated with 5.0% (3-aminopropyl)trimethoxysilane in EtOH
(281778, Sigma-Aldrich) to introduce the amine functional group on the glass surface by
silanization. The amine-glass beads were then washed with EtOH three times to eliminate
unreacted silane and dried at 65 °C. Following this, the amine-glass beads were exposed to FITC
in DMF solution (0.1%, 1 mL) at room temperature for a 2-hour incubation. The beads were
subsequently washed with DMF and EtOH, and they were stored in EtOH at 4 °C until utilization.
The fluorescence images of the beads during automated pH switching were captured using a Nikon
Ti-E microscope, and the obtained images were subjected to analysis using ImageJ and Microsoft

Excel.

The resolution was measured of this device using both the pH- responsive glass beads on tissue
trap region and with alternating a fluorescent solution. Then two different pH solutions were used
to fill all fluidic input. Then, the LabVIEW program was used to run the device in a way that high
and low pH solution stimulated the glass beads in certain time (2 minutes for each pH solution)
periods back and forth for 16 minutes. In these experiments the microscope was focused on the
pH-responsive glass beads. Similar experiments were performed with fluorescein solution in first
and third fluidic inputs and buffer in second and fourth inputs. But for these experiments,
microscope was focused on our region of interest which after the tissue trap region but before the
final output. Figure 2. 5 A shows the data for two different pH solutions experiments. Here, we

noticed that as the solution changed from high pH to low pH fluorescence intensity decreased
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sharply, and if the solution changed from low pH to high pH the fluorescence intensity increased
sharply in a short period of time. We focused our analysis on the changing part of our data. We
took 40 s lapse (Figure 2. 6 B & C) data for further analysis considering the changes in
fluorescence intensity in the middle of this time period to find out how fast actually the solution
can be changed with fluorescence intensity. Considering all up and down in fluorescence intensity
we can come up with a reasonable resolution of this uDAC which is average of 4.1 s for low pH
to high pH (Figure 2.7 B)and 3.2 s for high pH to low pH (Figure 2. 8 C). The average resolution
of this uDAC with glass beads experiments for high pH and low pH is measured as 3.6 s (Figure
2.9 A inset figure). To confirm this resolution, we did a similar experiment with fluorescein and
buffer solution instead of high pH and low pH. The tissue trap was also filled with the same glass
beads, but the microscope was focused after the trap region as fluorescein and buffer does not
affect the glass beads. This experiment also showed similar numbers as the resolution (Figure 2.
10 A, top right). Thus, this uDAC resolution can be confidently stated as ~5.0 seconds, which
means within this time the explants in each future experiment experienced changes in different

nutrients within 5.0 seconds.
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Figure 2. 11 Characterization of device with pH-responsive glass beads and device resolution.
A. Fluorescence emission of pH-responsive glass beads over the 16 minutes (2 minutes each
cycle including 5 s washing time) time where high pH gives higher intensity and low pH gives
low intensity. Inside plot is the average resolution of this device with glass beads and outsider
plot is the average resolution of this device with fluorescent and buffer solution instead of high
pH and low pH. B. Each plot is the final 40-s (20 s before changing the solution and 20 s after
changed the solution) cycle for high pH to find out the resolution of this uDAC C. Same plot
as in B with low pH to see how fast beads can change the intensity as the solution changes

from high pH to low pH.

2.3.3 Montage of green and red data in puDAC channel

In Figure 2. 12 A is the data for the first explants used for FFA uptake with this uDAC. The first
and third fluidic input were filled with labeled FFA and Tamara-labeled DNA in HGHI where
second and fourth fluidic input were filled with labeled FFA and Tamara-labeled DNA in LGLIS.
The microscope collects the data for both Fluorescein isothiocyanate (FITC) and Tetramethyl
rhodamine (TRITC). For the analysis shown in Figure 2. 13 A, we selected three different time
points to see the changes in fluorescence intensity for both FITC and TRITC emission. For FITC,
the intensity increases as the time passes but for TRITC the intensity remained relatively constant
for the whole time period during the experiments. From these analyses we conclude that labeled
FFA was taken up at the very beginning of the explants were stimulated by the fluids, and as the
time passes the uptake rate was decreasing, so the fluorescence intensity was increasing. But for
the labeled DNA intensity did not change significantly as expected since the DNA was used as
reference for the project. The ratio metric approach of green and red emission (Igreen and Ireq) thus

helps us to determine the NFFA uptake rate during the experiment.
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Figure 2. 14 Example NEFA uptake data over time. A. Fluorescence emission from green NEFA
and red DNA, where green emission shows significant intensity change as the explant was stimulated
with HGHI and LGLIS, alternatively. Selected points a, b, ¢ in green emission and d, e, f in red

emission chose in specific times.

234 Stimulation of explants and FFA uptake

Explants were placed in the tissue reservoir with 3D printed tissue holder very carefully with
minimal disturbance. Then two different fluids HGHI and LGLIS was used to stimulate the tissue.
2 uM labeled NFFA and 2 uM labeled TAMRA-labeled DNA was added to both fluids, HGHI
and LGLIS. The uDAC device was designed in the way so that it can stimulate with one nutrient

and automatically starting the other fluids from next fluidic input by stopping the previous fluid
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with the help of LabVIEW program. The uDAC device was used to introduce square-wave pulses
of feeding (black) or fasting conditions (gray) (Figure 2. 15) to the adipose tissue while
quantifying leftover FFA downstream. 60-s pulses of each treatment were introduced during
continuous flow with on-chip pneumatic pumps. Green emission from labeled NFFA (green trace)
was corrected with orange/red emission from labeled DNA (red trace) via a ratio metric approach,
allowing dynamic and quantitative NFFA absorption measurements from ex vivo tissue (black
trace). NFFA uptake rates could then be quantitatively determined in units of pmol min™'. Some
unique dynamic trends were observed. When any new treatment was introduced (first ~15 s of 60-
s pulse), tissue initially absorbed NFFA with similar positive rate changes (+4.60 + 0.94 fmol min
2), independent of glucose or insulin. However, FFA uptake rate changes appeared to be
insulin/glucose dependent during the sustained region of uptake (last ~30 s of 60-s pulse), with a
slower rate reduction of -1.35 + 0.55 fmol min under postprandial or feeding conditions (HGHI),
but a more rapid rate reduction of -2.38 + 0.71 fmol min> under fasting conditions (LGLIS). In
Figure 2. 16 explants 1, 2 & 3 shows the data for fluorescence emission in ratio metric approach
of Igreen and Ireq. Inset data shows the fluorescence intensity for green and red emission for FFA
and DNA. Each right figure actually shows the FFA uptake rate by the explants. This was
calculated by considering the flow rate of this device. Flow rate was calculated by considering the
channel width, depth, and the valves area which actually the only responsible component to flow

the fluid into the uDAC.
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Figure 2. 17 Explants stimulation with HGHI and LGLIS for FFA uptake. A. Explant 1 shows
significant change in intensity ratio over 8 minutes time period as the HGHI and LGLIS stimulates
the explants in 60 s cycle (including 5 s washing time) back and forth (left figure). Right plot
exactly represents how much FFA was uptake by the explants in pmolmin™ unit where FFA
uptake rate decreases as the time goes up because the explants become full FFAs over the time.
Inset figure shows both green and red emission where green FFA emission increasing, and red
DNA emission remains same for whole time. B and C are the similar data for two other explants

representing the similar result as explant 1.

2.3.5 Insulin and glucose dependency of FFA uptake rate

All explants stimulation experiments show some unique dynamic trends in terms of FFA uptake.
When any new treatment of either LGLIS or HGHI was introduced, tissue initially absorbed NFFA
with similar positive rate changes around +4.60 + 0.94 fmol min? for first ~15 s of 60-s pulse,
which means this change was independent of glucose or insulin levels. However, FFA uptake rate
changes appeared to be insulin/glucose dependent during the sustained region of uptake (last ~30
s of 60-s pulse), with a slower rate reduction of -1.35 + 0.55 fmol min™ under postprandial or

2 under

feeding conditions (HGHI), but a more rapid rate reduction of -2.38 + 0.71 fmol min
fasting conditions (LGLIS). Three different explants showed a significant dependency of glucose
and insulin levels on FFA uptake rate. Figure 2. 18 shows the ~30 s time period for first piece of
explants, in feeding state shifted curves (LGLIS to HGHI) are not changing abruptly which means
FFA uptake rates are higher, on the other hand, in fasting state shifted curve (HGHI to LGLIS)
are being changed very abruptly which indicates that lower amount of FFA absorbed by the tissue.
The box plot also represents the similar effect of levels of glucose and insulin on FFA uptake rate.

In Figure 2. 19 (right) box plot clearly shows that under HGHI the change in FFA uptake rate is

higher than LGLIS. We hypothesize that at HGHI conditions, since there are more CD 36 ( FFA
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transporter) ready to use, the FFA uptake rate “deceleration” was minimized, thus the slope is less
negative in Figure 2. 20 box plot. But at LGLIS conditions there are few FFA transporters (CD
36) ready to use, so the FFA uptake rate “deceleration” was higher than HGHI, and the slope is

more negative in Figure 2. 21 box plot.
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Figure 2. 22 Insulin and glucose dependency of FFA uptake. A. Relative FFA uptake rate in
LGLIS for all explants are less shallow which means changes in FFA uptake in LGLIS for all
explants are less in amount. B. In HGHI, FFA uptake rate is shallower for all explants expressing
the high uptake of FFA by the tissue. C. Box plot also clearly represents the insulin and glucose
dependency in FFA uptake rate considering all explants data. These data calculate a p value less

than 0.015 which means data are experimentally significant.
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2.3.6 Proposed mechanism of FFA uptake of explants

Fatty acid transport across the cell membrane is promoted by CD36 and other membrane proteins.
To study the effect of CD36 on fatty acid uptake, HGHI and LGLIS with 2 uM labeled FFA
(BODIPY FL C16; green emission) and 2 pM labeled TAMRA-labeled DNA (orange/red
emission) was used to stimulate the tissue on this pDAC. In feeding state, the amount of FFA
transporter (CD36) are higher than fasting state since gene expression increases the ready to use
pool of CD 36 in feeding state where explants exposed with higher glucose and insulin levels
(Figure 2. 23). On the other hand, gene expression and translation were lower in fasting state
because of lower insulin and glucose levels which ultimately results in lower amount storage of

fat (Figure 2. 24).

Feeding Fasting Isoproterenol (ISO)
(HGHI) (LGLIS) l

B2-AR
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Figure 2. 25 Proposed mechanism for FFA uptake of mice explants. In feeding, the number of
ready to use pool of CD 36 (FFA transporter) were high compared to the fasting state, which
means in feeding state rate of FFA storage in lipid droplets is much higher than fasting state due

to insufficient number of ready to use pool of FFA transporter (CD 36).

24 Conclusion

To our knowledge, this uDAC device provides the first tool for stimulating endocrine tissue
explants with ~5 s temporal resolution while quantitatively measuring nutrient uptake. Digital
nutrient signals (feeding/fasting) were passed over the tissue continuously while monitoring the
uptake rates (pmol min™') downstream in an analog fashion. The slower uptake rate reductions
during feeding conditions (compared to fasting conditions) are reasonable, since more fatty acid
transporter proteins should be available in the presence of high insulin and glucose. Although
further studies are necessary, this work has demonstrated that our uDAC device provides a unique
and powerful tool to study the dynamics of function of adipose tissue and perhaps other endocrine

tissues.
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Chapter 3

Automated, high-resolution sampling from ex vivo adipose tissue using droplet-based

microfluidics with multiplexed sensing of glycerol and fatty acid secretion

This chapter is adopted from the in-preparation publication “Automated, high-resolution
sampling from ex vivo adipose tissue using droplet-based microfluidics with multiplexed sensing
of glycerol and fatty acid secretion” (Md Moniruzzaman,® Andresa B. Bezerra,” Robert L. Judd,®

James G. Granneman, ** and Christopher J. Easley®)

In this chapter we will talk about the development of microfluidic analog-to-digital converter for
developing multiplexed assays. This device allowed automated and highly precise temporal
sampling of tissue explants at high resolution followed by programmable downstream merging
with multiple assay reagents, revealing unique biological information. Such device features should

be applicable to various other tissue or spheroid types and to other assay formats.

3.1 Introduction

Adipose tissue, also known as body fat, performs a vital function in storing energy and
regulating metabolism. It is a multifaceted and diverse tissue composed of various cell
types, such as adipocytes, immune cells, and vascular components. Investigating the
physiology of adipose tissue and its implications in health and disease necessitates the

utilization of accurate and high-resolution techniques for both sampling and analysis.
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Abnormalities in fat metabolism have a significant impact on the development of type 2
diabetes associated with obesity!™, and increased concentrations of free fatty acids (FFAs)
in the bloodstream are linked to insulin resistance in peripheral tissues and the liver’”.
Adipose tissue, a dynamic organ, plays a crucial role in maintaining glucose homeostasis,
regulating whole-body energy utilization, influencing feeding behaviour, and determining
body composition. In a study conducted by Getty et al.® using dogs, it was demonstrated
that in the fasted state, both FFAs and glycerol exhibited oscillatory patterns in plasma,
with an average of nine pulses per hour and an average pulse duration of five minutes.
Furthermore, oscillatory lipolysis from the omentum was observed, characterized by an

average of 10 pulses per hour and an average pulse length of six minutes’.

Song and Ismagilov demonstrated the ability to overcome dispersion in flowing
channels by utilizing droplet-based microfluidics'®. Building upon this work, they later
introduced the "chemistrode" concept, which offers high temporal, spatial, and chemical
resolution'!. A remarkable application of this concept was recently demonstrated by the
Kennedy group, who combined droplet sampling with nano electrospray ionization-mass
spectrometry (nESI-MS)!'2. Our group first applied this droplet sampling concept toward
high-resolution temporal sampling of endocrine tissue in 2009'3, and we have since refined
these techniques and integrated mix-and-read assays to give automated, fluidic pADC
devies'* 1>, Recently, droplet microfluidics has helped to commercialize the digital assay
readout and single-cell sequencing, although there are a number of sectors remained to be

improved!®.
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Corkey and coworkers showed that, isoproterenol caused a significant increase in
the amplitude of NFFA and glycerol oscillations since isoproterenol mimics norepinephrine
for stimulating the nervous system during the glycerol and fatty acid secretion from
perifused isolated rat adipocytes!”. Bergman et al. showed similar burst like oscillatory
effects for glycerol and fatty acid secretion in male mongrel dogs (average weight, 25.0 +
3.0 kg) in vivo'8.

In recent years, the Kennedy group has shown that isoproterenol has a significant
impact on glycerol and NEFA secretion from 3T3-L1 adipocytes'®. All the studies
previously done for multiplexed glycerol and NEFA secretion by separate groups focused
on adipocytes either in dog or rat and their microfluidic device temporal resolution was
several minutes or more. Oscillatory effects or burst were found in glycerol and NEFA in
continuous laminar flow. Our group observed fast responses of glycerol secretion from
white adipose tissue by introducing a droplet system in the microfluidic device. Hu et al.
observed glycerol release sampled at At = 3.5 seconds from primary murine eWAT explants
(12-week-old mice). They showed glycerol release was increased during fasting conditions,

and oscillations of period (~30-300 s periods) were observed!*.

Recently, significant advancements have been made in microfluidic technologies,
enabling researchers to overcome traditional limitations associated with adipose tissue
analysis. One such breakthrough is the development of a droplet-based microfluidic analog-
to-digital converter (ADC) with on-chip merging electrodes. This cutting-edge technology
allows for high-resolution sampling from adipose tissue and simultaneous quantification of

glycerol and fatty acids, major components of adipose tissue metabolism.
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The pioneering research conducted by different groups has been instrumental in
advancing our understanding of adipose tissue biology and metabolic processes. Dr. Robert
Judd's collaboration with our group developed microfluidic devices and applied these
devices in biological research which actually laid the foundation for the development of
innovative tools for adipose tissue analysis integrating with electrochemical sensing for
highly sensitive and multiplexed detection method!* 2°?2, Dr. Granneman's expertise in
adipocyte biology and lipid metabolism has provided valuable insights into the molecular

mechanisms underlying adipose tissue function®3-2%,

Recent advancements in the field of cellular co-culture, tissue engineering?’ and
organs-on-chips have showcased the ability of microfluidic analysis systems to mimic
physiological processes at the single-cell, tissue, and even organ level. Notably, our
research group has previously developed a fully automated, 16-channel microfluidic
input/output multiplexer (WUMUX) designed for endocrine tissue culture and secretion
sampling!®. In their review, Shi et al. delved into the development of microfluidic-based
analog-to-digital converters (WADCs) and digital-to-analog converters (WDACs), which
serve as crucial components for signal processing in microfluidic systems?®. These devices
enable precise and reliable control of fluidic flow rates and volumes, thereby enhancing the
capabilities of microfluidic systems for various applications, including chemical and
biological analysis, drug discovery, and lab-on-a-chip systems!®.

However, employing microfluidic devices for tissue stimulation poses several
challenges. One key challenge involves ensuring the accuracy and consistency of the

applied stimulus. The microfluidic system must be meticulously designed to enable precise
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control of the stimulus type, whether electrical, mechanical, or chemical, while preventing
interference from other stimuli?’. Additionally, it is essential to establish a physiologically
relevant environment for the tissue, maintaining appropriate temperature, humidity,
oxygen, and carbon dioxide levels, and facilitating nutrient and waste exchange?.
Furthermore, considering the compatibility of materials used in the microfluidic device
with the stimulated tissue is crucial to prevent any potential toxicity or damage to the
tissue®!. Lastly, the design of the microfluidic device should align with the specific
requirements of the tissue under study, including its size, shape, and mechanical properties,
in order to ensure accurate and meaningful results. Maintaining high temporal resolution

while interfacing the tissue is another challenge addressed in these devices.

In summary, this chapter highlights the significance of the droplet-based microfluidic analog-to-
digital converter (ADC) with on-chip merging electrodes as a powerful tool for high-resolution
sampling and multiplexed quantification of glycerol and non-esterified fatty acid secreted from
adipose tissue. We are presenting an integrated device with six input reservoirs for assay reagents,
one oil input reservoir, one tissue reservoir, one merging tool with some zigzag channel for mixing
the reactants, and several incubation channels, and one output reservoir. Fifteen pneumatic valves
were used for controlling the fluid flow through the flow channel which is able quantify
multiplexed glycerol and non-esterified fatty acid (NEFA) secreted from white adipose tissue with

high temporal resolution (~20 s for single assay and ~37 s for multiplexed assays).
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3.2 Experimental

3.2.1 Reagents and Materials

All buffers used for this study were prepared with deionized, ultrafiltered water collected
from BarnsteadTM MicroPureTM Water Purification system (Thermo Fisher Scientific,
serial No. 42034239). The following reagents were used without further purification:
Polydimethylsiloxane (PDMS) precursors (Sylgard 184, Dow Corning, Midland, MD); SU-
8 2015 photoresist (Microchem, Newton, MA); AZ-40-XT photoresist (MicroChem,
Westborough, MA); insulin, D-glucose, 4-2-hydroxyethyl-1-piperazineethanesulfonicacid
(HEPES), (3-Aminopropyl)trimethoxysilane, trimethylsilyl chloride (Me3SiCl), sodium
dodecanoate, fluorescein isothiocyanate (FITC), KH2PO4, NaH2PO4, and NaOH were all
obtained from Sigma-Aldrich (St. Louis, Missouri); Bovine serum albumin (BSA), fetal
bovine serum (FBS), NaCl, EtOH, MeOH, and DMF were purchased from VWR (West
Chester, PA). For glycerol assay, a glycerol assay kit (catalog # MAK117) was purchased
from Millipore Sigma. This kit consisted of ATP, enzyme mixture (glycerol kinase,
glycerol phosphate oxidase), and dye reagent (Amplex red). For non-esterified fatty acid
assay, a free fatty acid quantification kit (catalog # MAKO044) was purchased from
Millipore Sigma. This kit consisted of ATP, coenzyme A (CoA ), enzyme mixture (acyl-
CoA synthetase, acyl-CoA oxidase), and dye reagent (Amplex red). Cell culture reagents
were received from Life Technologies (Carlsbad, CA). Isoproterenol hydrochloride,
sodium dodecyl sulfate (SDS), dimethyl sulfoxide (DMSO), and hexamethyldisilazane

(HMDS) were obtained from Sigma-Aldrich (St. Louis, MO).
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3.2.2 Microfluidic Master Wafer Fabrication

The study utilized standard multilayer soft lithography methods with 3D-printed
templating for tissue culture interfaces to fabricate three-layer microfluidic devices. To
create the fluidic channel, merging channel, incubation channel and pneumatic valve
control channels, two master wafers were first made using soft lithography. The channel
design was created using Adobe Illustrator and printed by Fineline Imaging (Colorado
Spring, CO) at 50800 dpi resolution to serve as the photolithographic mask. For the control
channel (thin lower layer), a silicon wafer was spin-coated with 30-um thick negative
photoresist (SU-8 2015) and baked at 105 °C for 5 min. UV exposure through the mask
was done at ~330 mJ/cm2 on an in-house built UV LED exposure unit, followed by hard
baking for 5 min at 105 °C and development in the SU-8 developer solution for 5 min. For
the merging and incubation channel (thick layer in flow channel), a silicon wafer was spin-
coated with 60-um thick negative photoresist (SU-8 2050) and baked at 105 °C for 5 min.
UV exposure through the mask was done at ~330 mJ/cm2 on an in-house built UV LED
exposure unit, followed by hard baking for 5 min at 105 °C and development in the SU-8
developer solution for 5 min. For the fluidic channel layer, a 40-um thick positive
photoresist (AZ 40 XT) was spun onto the same silicon wafer where already merging and
incubation channel were patterned beforehand, baked at 105 °C for 5 min, and exposed to
UV at ~330 mJ/cm2. After hard baking at 105 °C for 5 min and developing the wafer in
AZ developer for about 5 min, the master wafer was annealed at 115 °C for 10 min to round
out the cross-section of the fluidic channel template. Prior to use, the silicon wafers were

exposed to trimethylsilyl chloride vapor for 30 min to enhance PDMS removal. The

106



channels were later characterized by imaging the channel cross section after slicing an

assembled PDMS device.

3.2.3 3D-printed interface templates for tissue culture regions

3D printed templates were used for culture the tissue in 96 well plate and to hold the tissue
in the tissue trap inlet of this pADC. Both 3D-printed templates were designed in SketchUp
3D modeling software and printed on an Any Cubic 3D printer (50 um layer resolution in

the z direction) with pre-made resin in laboratory.

5.1 Microdevice Fabrication

The upper layer of the microfluidic device was fabricated by pouring 36 g of a mixed
PDMS precursor mixture (with a 5:1 ratio of monomer to curing agent) onto a flowing
channel wafer. Meanwhile, 7.5 g of PDMS precursor (with a 20:1 ratio of monomer to
curing agent) were spin-coated onto a separate silicon wafer, which served as the lower
pneumatic membrane, at 2100 rpm for 45 s. Both layers were baked in an oven at 60°C for

approximately 30 minutes.

Next, the thick fluidic layer was peeled off, cut, punched, and washed before being aligned
to the valve channel. The assembled layers were then baked overnight in the oven at 60°C.
To irreversibly bind the PDMS to a thin cover glass, plasma oxidization was used after the
PDMS was peeled from the wafer, diced, and punched. After plasma oxidation, devices
were baked overnight in the oven at 60°C. Finally, the microfluidic device was assembled

and ready to use, and it  was stored at room = temperature.
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Figure 3. 1 Feeding and fasting state biological reactions. In fasting state Triglyceride converts

into glycerol and NEFA which are our interest to quantify secreted from adipose explants.

3.25

Extraction of Murine Epidydimal Adipose Tissue (¢eWAT)

In this study, male C57BL/6J mice were used, and all animal experiments were conducted

in accordance with relevant laws and institutional guidelines. The protocols of 2017-3101

were approved by the institutional animal care and use committee (IACUC) of Auburn

University. Epididymal white adipose tissue (eWAT) pads were extracted from the mice as

previously described in published papers!> 32, After extraction, the pads were placed in a

60 mm Petri dish with 10 mL phosphate-HEPES buffer (10 mM HEPES, 135.3 mM NaCl,
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2.2 mM CaCl2-2H20, 1.2 mM MgS04-7H20, 0.4 mM KH2PO4, 2.2 mM Na2HPO4, 0.4
mM D-glucose, 2% BSA, pH 7.4), and excess vasculature was removed using Iris micro-
dissecting scissors. Next, 2-mm diameter explants were punched from the fat pads with a
sterile disposable biopsy punch and placed in a glass tube containing 4 mL phosphate-
HEPES buffer. The explants were washed three times with the buffer, and after each
centrifugation at 1000 rpm for 3 min, 3 mL of buffer was removed using a syringe and
replaced with 3 mL of fresh buffer. The phosphate-HEPES buffer was then replaced with
fat serum media (DMEM + low glucose and phenol red with 12% fetal bovine serum, 120
units/mL Nystatin, 120 units/mL Penicillin-Streptomycin and 1.2X MEM NEAA), and the
explants were washed twice more in the serum media. Once washed, they were stored in a
sterile 96-well plate containing 200 pL fat serum media. Specific 3D-printed anchors were
used to prevent the buoyancy of the fat tissue, and each explant was placed in a separate
well. The explants were cultured at 37 °C in a 5% COz incubator and could survive for up
to 7-10 days with the serum media being refreshed twice daily. Prior to loading the explant
on the microchip, it was washed and pretreated with on-demand media without serum for

30 min.

3.2.6 Quantification of Glycerol and Non-esterified Fatty Acid Release by e WAT

Ex vivo adipose tissue explants were extracted from C57BL/6J mice and cultured for up
to 5 days until ready for transfer to tissue traps on the microfluidic devices (LADC).
Glycerol and non-esterified fatty acid (FFA) secretion on this automated device was

quantified using fluorescence imaging (TRITC) of a Amplex red dye and secreted glycerol

109



and NEFA, at a region-of-interest (ROI) (~middle of 15" incubation channel) far from the
tissue reservoir. By using a LabVIEW application to automate valves on the pADC device,
we stimulate tissue with high-glucose/high-insulin solution (HGHI) for ~15 minutes and
low-glucose/low-insulin with isoproterenol (LGLIS) for ~20 minutes, mimicking feeding
and fasting states, respectively. Since the trapped tissue is minimally disturbed during flow,
fluorescence emission in droplets at ROI can be calibrated for quantitative glycerol and
FFA secretion analysis. As an imaging control, two different droplets were generated which
are not merged with droplets generated from tissue inlet. Same experiment was performed

with known concentration of glycerol and NEFA for calibrate the system and device.

3.2.7 Droplet formation and control for enzymatic reaction

To generate droplets and flow the droplets as expected for occurring the enzymatic
reaction, microfluidic analog-to-digital converter (WADC) utilized 27 pneumatic push-up
valves. These valves were under the control of a LabVIEW application developed in-house,
which interfaced with a specialized manifold of solenoid switches (LHDAO0533115H; the
Lee Company, Westbrook, CT, USA) through a multifunction data acquisition system
(PCI-6259, National Instruments). The actuation of these solenoid valves was carried out
by 5 V signals, enabling the controlled switching of a pressurized nitrogen supply at 25 psi.
The redundancy in the operation of pumping valves in the peristaltic pumping meant that
only 15 solenoids were necessary although there were 27 valves in operation for droplet
generation and flow. And a hand-held 100-mL syringe connected via Tygon tubing (0.02"

[.D. X 0.06" O.D.; Cole-Parmer, Vernon Hills, IL, USA) was used to apply a slight vacuum
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to the outlet for rinsing the flow channels of this microfluidic analog-to-digital converter
(LADC).

As previously mentioned!* 33, droplets were produced utilizing three-valve peristaltic
pumps. Aqueous segments were separated by oil segments at a T-junction channel to create
aqueous-in-oil droplets. The precise and automated control of this formation process was

achieved using LabVIEW.

3.2.8 Merging of Reference and Reaction Droplets with Salt-Water Electrodes

Reaction droplet formed from tissue inlet and reference droplets formed from either
glycerol assay reagents or NEFA assay reagents were merged by applying a 10 kHz
alternating current (AC) signal of 500 V to merging channels, specially designed for
amplifying voltage filled with 5 M NaCl. To control the high voltage amplifier (Trek, Inc.,
Lockport, NY, USA; Model 2220), an in-house LabVIEW program was developed. The
merging region was intentionally widened compared to incoming and outgoing channels to
enable slower migration and improve droplet contact during merging. Detailed information

about this methodology can be found in Sciambi and Abate's work>*.

An in-house LabVIEW program was used to preload user-defined time and channel programs
for creating six total droplets sequentially. Droplets flow sequentially like droplet from tissue,
droplet from glycerol assay reagents, droplet from tissue, droplet from NEFA assay reagents, and
then two reference droplets from glycerol and NEFA assay reagents respectively. Subsequently,
electro coalescence downstream was utilized to merge these droplet pairs into larger

droplets (12 nL each). Two types of oil segments were programmed: very short oil
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segments to keep droplets within the tissue droplet and assay reagents droplet close

together, and longer oil segments to separate the next pair and two reference droplets.
33 Results and discussion

3.3.1 Device Design and Operation

In the device (Figure 3. 2 A), the microfluidic analog-to-digital converter (WADC) has
eight different aqueous inlet reservoirs (black colour in Figure 3. 3 A) including three
glycerol assay reagent reservoirs, three non-esterified fatty acid assay reagent reservoirs,
one tissue inlet reservoir and an oil inlet reservoir. There are three T-junction channels for
aqueous-in-oil droplet generation. This device has fifteen pneumatic control channels
which can control actually twenty-seven valves (red colour in Figure 3. 4 A) for automated
chip operation with the help of LabVIEW (National Instruments, Austin, TX, USA) and
NI-DAQ system, with some large and one extra large valves pumping integrated to improve
efficiency and high-volume fluid flow. There is a salt-water electrode channel located near
a widened merging region, at the sharpest electric field gradients for droplet merging with
a high AC voltage. A zig-zag channel was introduced just after merging region for quickly
and completely mixing reagents contained in different droplets. A long incubation channel
was added to the design in this pADC for giving enough time to the mixing droplets for
happening the enzymatic reactions, storing the mixed droplets, and analysing the target
droplets where we choose our region of interest (ROI) to collect the data. There were three
different channel depth in this pADC for better performance of the device like droplet
generations, merging and controlling valves. Droplet generation channels were 35 um in

depth where are droplet merging and storing channels were 55 um in depth. The valves
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control channels were 20 um depth. Valve-controlled 35 um depth droplet generation
channels were AZ-defined rounded channels whereas droplet merging, incubation and
control channels were SU-8 defined rectangular channels. LabVIEW application was used
to precisely control the droplet formation, keeping the expected distance between droplets
and droplet flow rates. Six droplets were generated in one cycle by the LabVIEW
application, one from glycerol assay reagents, one from tissue secreted in fasting and
feeding conditions, one from NEFA assay reagents, again another one from tissue inlets,
one from glycerol assay reagents and one from NEFA reagents sequentially. First pair of
droplets (glycerol assay reagents droplet and tissue droplet) was merged in merging region
and second pair of droplets (NEFA assay reagents droplet and tissue droplet) in a same
merging region, other two droplets was used as references for glycerol and NEFA

quantification secreted from adipose tissue.
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Figure 3. 5 Device design and fabrication with 3D printed tissue holder. A. Complete chip design
with all components of chip B. Fabricated PDMS-based chip contains glycerol and NEFA assay
reagents tissue trap inlet, oil inlet, droplet merger system, few incubation channels and outlet. C.
Top view of 3D printed tissue trapper D. Side view of 3D printed tissue trapper E. Schematic

designs of tissue trapper from different view with their sizes.

3.3.2 Automated droplet formation

The custom LabVIEW application was designed to produce droplets by alternately
pumping aqueous and oil fluids, providing precise control over various droplet parameters.
Adjusting the number of cycles for pumping the aqueous phase allowed for variable droplet
sizes, while varying the pump cycles of the oil phase regulated the spacing between
droplets. Moreover, the pumping codes enabled control over the sample and reference
droplet ratio as well as the frequency of droplet generation. These capabilities closely
resembled the features reported by Zeng et al., who utilized normally closed valves in

PDMS/glass devices™.

Since the process of droplet formation was under digital control, the droplets were directed
sequentially into the merging and storage channels, offering the advantage of individually
addressable incubation times for each droplet. Ideally, this ensured that all components
inside each droplet had the same reaction time as they passed through the detection region.
However, it was observed that the space between droplets decreased as they advanced
downstream, especially when dealing with smaller droplets, due to the lower oil fluidic
resistance. To mitigate this issue, SU-8 patterned rectangular channels were employed,

providing a partial solution.
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Lastly, in long-term experiments, it was crucial to regularly empty the outlet reservoir to
prevent the accumulation of hydraulic pressure differentials that could affect the device's

performance.

The droplet formation mechanism utilized in this study differed from various other
reported mechanisms such as T-junction, co-flow, flow-focusing, and step emulsification?®.
In this case, the hydrophobic PDMS surface allowed for the confinement of a small amount
of oil between the membranes positioned above the sample and reference gate valves. When
the aqueous solution was pumped, the gate valve closed, leading to the formation of a new

oil-water interface.

Compared to the passive T-junction droplet formation mechanism, which can experience
droplet size variations due to pressure and flow rate differences, the valve segmentation-
based method employed in this study, also supported by previous research from our group

and others®> 2728 has demonstrated precise and accurate volumetric control of droplets.

333 Tissue Trap and Device Characterization

One unique aspect of this uADC device is using a 10 mm long 3D printed tissue holder
with an outer & inner diameter of 1.0 mm & 0.5 mm respectively, while inner depth of
tissue holder was 0.25 mm, connection with the device flow channel was 0.3 mm wide. The
tissue piece was placed in this tissue holder and inserted in tissue reservoir by aligning the
flow channel of the device and connection of tissue trap. This connection allows fluids to
stimulate the tissue and pass the tissue inlet with a negligible dead volume which is very

important for measuring the secretion amount from the adipose tissue in picomolar scale.
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pH responsive glass beads!* were placed in tissue inlet reservoir to mimicking the tissue
while solution exchange time were measured. With pH responsive glass beads experiments,
we found the solution exchange time in tissue inlet was ~ 5 seconds while the resolution of
this device was measure ~20 seconds for single assay development and ~37 seconds for
multiplexed assay development. Although we have studied single glycerol secretion assay
with better resolution in a different device'?, we developed fully automated pADC device
concentrating on multiplex assay development which makes this device more complex
compared to the device used other single assay development study. Other studies either
used a method of pre-mixing the assay reagents with tissue secreted glycerol or NEFA, or
mixing the assay reagents with secreted nutrients before droplet formation which makes
their device resolution might be few seconds less compared to this uADC. But in this study,
we used a method of occurring on-chip real-time reaction between the glycerol or NEFA
assay reagents and secreted glycerol or NEFA from adipose tissue, which takes a few
seconds more for completing the enzymatic reaction. Thus, this automated device’s
resolution is few seconds longer compared to previously used device for glycerol study in
our laboratory. Although the resolution of this device is few seconds longer compared to
our previous device, it exhibited higher resolution compared to the devices used in other

group’s studies.

3.34 Single Assay Calibrations

For single assay calibrations, either glycerol or NEFA, we used respective assay reagents

in three different inputs without pre-mixing the reagents. All three inputs dispense same
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amount of fluid volume in specific time as those channels were pumped with same number

of valves with exactly same amount of external pressure.

For glycerol calibration we used six different concentrated glycerol solution prepared
from 100 nM standard and filled tissue inlet reservoir. Glycerol assay reagents like enzyme
mixture (glycerol kinase, glycerol phosphate oxidase), dye reagent (Amplex Red) and ATP
were prepared as described in the technical bulletin of the MAKI117 kit and filled three
assay reagents input reservoir of this device. The initial concentration of the glycerol was
0,37.5,75, 150, 225, 300 uM but after mixing with assay reagents final concentration was
calculated as 0, 12.5, 25, 50,75, 100 uM, because droplets (generating from assay reagents
and glycerol) were mixed with a volume ratio 2:1. The lowest intensity (reaction/reference)
ratio was found as 0.37001 for 0 uM final concentration and highest intensity
(reaction/reference) ratio was found as 0.73805 for 100 uM final concentration. A
calibration curve was determined by nonlinear fitting as enzyme reaction with higher
concentrated glycerol or NEFA became saturated. For plotting the calibration curve, we

used two-parameter Hill fit equation (Figure 3. 6).
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Figure 3. 7 Calibration curve for glycerol and NEFA. A. Iicaction/Ireference droplets within 0 to 100
UM glycerol. B. Ireaction/Ireference droplets within 0 to 300 uM non-esterified fatty acid (NEFA).

Two parameter Hill fit equation was used to justify the curve for both calibration curve.

3.3.5 Multiplexed Calibration

For multiplex calibration curves, we actually use same data from single assay calibration.
We did the same experiments for NEFA calibrations using 8 different initial concentrations
such as 0, 12.5, 25, 50, 100, 300, 600, 900 uM. When we did the single calibrations either
glycerol or NEFA, other assay reagents inlet reservoirs (NEFA or glycerol respectively)
was filled with buffer but was not pumped as we have a flexibility of closing and opening
any pumping operation through automated LabVIEW program. We follow the same

method of plotting calibration curve (Figure 3. 8) for NEFA as we did for glycerol.
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Figure 3. 9 Glycerol and NEFA quantification data as single assay development. A. Secretion rate
for explant 1 shows that in fasting state, release of glycerol is way higher compared to feeding
state. To confirm that box plot (inset) and CWT (right) data shows similar patterned in feeding
state where fasting state is not that much prominent. B. This data shows similar results for glycerol
release from another explants (explant 2). Here, we can also watch the similar effect of feeding
state C. Secretion of NEFA from explants 3, where we can see the isoproterenol effect in fasting
state releasing of NEFA. In feeding state, NEFA release is much lower than fasting state due to
presence of isoproterenol in fluids D. Secretion rate against time, box plot (inset), CWT plot (right)
all shows that release of NEFA is much higher in fasting state compared to feeding state for

explants 4 due to the presence of isoproterenol which actually mimicking the norepinephrine.
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Figure 3. 10 Multiplex assay development on microfluidic devices. A. Secretion of glycerol and
NEFA from same piece of explant 5, here we found that both glycerol and NEFA release rate is
higher in fasting state than feeding state. Box plot for both glycerol and NEFA release shows that
in LGLIS release rate is higher. CWT data for both nutrients also proved that in fasting states
glycerol and NEFA releasing in higher amount, that’s why in these area colors are very intense
where in feeding state colors are not intense B. Explant 6 is also used for multiplexed assay
development. Secretion rate plot against time, box plot and CWT plot agrees with the previous
experiment with explant 5 C. Here, we can also found that secretion of glycerol and NEFA is
higher in fasting state as isoproterenol is present in the LGLIS which actually mimicking the

norepinephrine, stimulates the brain system to release glycerol and NEFA.

3.3.6 Explant secretion Sampling and Quantification

Ex vivo adipose tissue explants were extracted from C57BL/6J mice and cultured for up
to 5 days until the microfluidic devices are ready for transfer in tissue traps inlet. Glycerol
and non-esterified fatty acid (NEFA) secretion on this automated device was quantified
using fluorescence imaging as the reaction of assay reagents and respective nutrients
produces resorufin like product, which is fluorescence sensitive, at a region-of-interest
(ROI) downstream of the tissue. By using manual pipetting, on the pADC device, we
alternatively pulsed either high-glucose/high-insulin solution (HGHI) or low-glucose/low-
insulin with isoproterenol (LGLIS), mimicking feeding and fasting states, respectively.
Since the tissue is minimally disturbed during pipetting and flow and generating droplet in
suitable distance before merging with assay reagents droplet, fluorescence emission at the
downstream ROI can be calibrated for quantitative glycerol and NEFA secretion analysis.
As an imaging control, we used only assay reagents droplets which were not merged with

any nutrients secreted from explants. Reference droplets and merged droplets showed
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significant differences in fluorescence intensity which helps us to quantify the secreted
amount of glycerol or NEFA from tissue. The pADC converter was used to measure tissue
secreted nutrients dynamics by monitoring glycerol and fatty acid release in fasting and
feeding conditions. In fasting condition (LGLIS), the B-adrenergic activator isoproterenol
i1s known to stimulate lipolysis and the release of glycerol and NEFAs by activating protein
kinase A*®. Multiple explants showed dynamic function during lipolytic conditions (low
glucose and insulin, with isoproterenol) with glycerol released at 0.5 — 6 pmol min™' and
NEFA at 0.5 — 3.0 pmol min’! for single assays while release of glycerol and NEFA was
0.3 — 1.0 pmol min™! and 0.5 — 2.0 pmol min! respectively for multiplexed. Levels at high
glucose and insulin remained steady around 1.0 and 0.2 pmol min™!, respectively. While
other groups®’ have previously developed microfluidics for monitoring these analytes from
adipocytes, our work is the first to monitor glycerol and NEFA dynamics from ex vivo

adipose tissue (~0.75 mm explants) and at sub-minute temporal resolution.

3.3.7 Continuous Wavelet Transform (CWT) Analysis

The Continuous Wavelet Transform (CWT) employs time-frequency analysis to offer an
assessment of the timescale/time-frequency characteristics present within signals and
images. This technique is particularly suitable for scrutinizing nonstationary signals, where
the representation of their frequency-domain undergoes changes over time. In our present
investigation, we have gathered a sequence of droplet data across time, yielding intensity

data correlated with temporal instances.

123



To determine instances of frequency alterations in various reaction and reference droplets,
the short-time Fourier transform (STFT) methodology segments the signal into distinct
portions and conducts Fourier transforms on each segment. This is necessary since the
Fourier transform lacks temporal data. Nevertheless, the selection of the window (segment)

size 1s a critical consideration.

In the context of time-frequency analysis via the short-time Fourier transform, selecting
for a smaller window size accelerates improved temporal resolution but at the cost of
frequency resolution. Conversely, choosing a larger window size yields improved
frequency resolution while sacrificing temporal resolution. It is essential to bear in mind
that once a window size is chosen, it remains constant throughout the analysis. If there is
an ability to predict the anticipated frequency components within the signal, this
information can guide the selection of an appropriate window size for the analysis. In figure
3 and 4 shows CWT analysis of glycerol and NEFA secretion for single and multiplex
assays. CWT analysis in both types of nutrients secretion shows unique pattern where in
fasting state shows prominent burst compared to feeding state and this changes in color

started just after change in fluids for different conditions.
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Figure 3. 11 Ratio and reabsorption rate of NEFA and glycerol release. A. In feeding state ration
of NEFA and glycerol release are random although in fasting state the release ratio of NEFA and
glycerol is under three which actually gives us the idea of NEFA reabsorption B. Reabsorption
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rate of NEFA is higher in fasting state than feeding state as the release of NEFA is also higher in
fasting state. And we are also quantifying all forms of NEFA which makes a sense of higher

reabsorption rate.

3.3.8 Burst Analysis

Burst like lipolysis first observed in dog by Dr. Bergman group'®. But they did not use
any microfluidic platform and quantify glycerol and plasma FFA in vivo. To test the system
for monitoring dynamic changes in glycerol release from adipocytes, we monitored
glycerol and NEFA secretion during treatment of explants with feeding (HGHI) and fasting
state (LGLIS) for 15 and 20 minutes respectively. In fasting state, we added the adrenergic
agonist isoproterenol for mimicking norepinephrine, known to elevate cellular cAMP by
activating protein kinase A to stimulate lipolysis reaction in the system®®. We collected the
data in total of 35 minutes by loading the explants in the tissue reservoir and generating
droplets as described before for merging corresponding droplets for fast enzymatic reaction
with secreted glycerol and NEFA while comparing the merged, reacted droplets with
reference, unmerged droplets generated from tissue inlets. The tissue was minimally
disturbed during fluid change from HGHI to LGLIS. Without isoproterenol explants were
stimulated for 15 minutes and with isoproterenol explants were stimulated for 20 minutes.
In feeding state, glycerol and NEFA multiplex secretion three different explants were
average of 0.115 pmol min™' and 0.308 pmol min™! respectively, whereas in fasting state

' and 0.868 pmol min’!' respectively. After

secretion amount were 0.466 pmol min
switching feeding to fasting state, a transient burst of glycerol and NEFA secretion was

observed, and burst was approximately 4-fold for glycerol and 3-fold for NEFA. This
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number actually proved that secretion of glycerol and NEFA for multiplex assay was found
75% and 64% respectively, higher in fasting state compared to feeding state, which
indicates significant effect of isoproterenol in lipolysis. The bursts in glycerol and NEFA
secretion were found more prominent in fasting state compared to feeding state. As soon
as isoproterenol stimulated the explants, burst frequency and height was more prominent
in the collected data for both nutrients. The average burst area considering all explants in
feeding state and fasting state for glycerol was found to be 0.178 pmol and 0.969 pmol,
stating ~5 times higher in fasting state. For NEFA, the burst area considering all explants
in feeding and fasting state was 0.777 pmol and 2.255 pmol, represents ~3 times higher in
fasting state. For single assay, both glycerol and NEFA shows burst in secretion with almost

similar patterns as with multiplex assays.
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data for quantifying glycerol and NEFA release show similar patterns although we need more

explants data to come a conclusion for this pattern of both nutrients release.

3.3.9 NEFA Reabsorption

The ratio of NEFA/glycerol should be 3:1 as glycerol has three -OH groups*® to facilitate
NEFA attachment. The NEFA can be reabsorbed by the tissue after secretion, so the ratio
of NEFA/glycerol was not found to be consistently 3:1 by our experiments for any explants.
For three multiplex assays, the average ratios of NEFA/glycerol were calculated as 2.58,
3.56 and 1.71. In feeding state, reabsorption was not profound compared to fasting state.
All explants show almost similar trend in NEFA reabsorption, meaning that in fasting state
reabsorption rate is much higher compared to feeding state reabsorption while we were
expecting more reabsorption in fasting state. In Figure 3. 13 B, all three explants show
similar patterns for rate NEFA reabsorption and ratio of NEFA to glycerol over time.
Although some ratios show represents more than the theoretical value in feeding state
where actually the rate of both nutrients secretion is very low. As the NEFA reabsorption
occurring abruptly in feeding state while secretion amount is pretty low, additional
experiments with more explants need to perform to identify the secretion ratios under

varying treatments.
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bur R? value varies from 0.44 to 0.74

34 Conclusions

A multilayer microfluidic analog-to-digital device was developed to study the lipolytic
products from ex-vivo adipose tissue. Multiplexed enzyme assay for glycerol and NEFA
from same adipose tissue and singled assay for both glycerol and NEFA from different
piece of adipose tissue was developed with this pADC. While other groups have previously
developed microfluidics for monitoring these analytes from adipocytes, our work is the first
to monitor glycerol and NEFA dynamics from ex vivo adipose tissue (~0.75 mm explants)

and at much higher temporal resolution.

The pADC has thus enabled the collection of unique biological information. While it
appears that NEFA reabsorption is occurring thus far, additional studies should be done to

identify the secretion ratios with more explants under varying pharmacological treatments.
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Chapter 4

Automated Microfluidic Device For Electrode Preparation and Nucleic Acid Detection

This chapter was re-written from the dissertation “Development of Nucleic Acid Driven Peptide
and Protein Sensors and Their Integration with Automated Microfluidics” (Niamat E Khuda,
Adapted from dissertation with permission from Niamat E Khuda, Copyright 2020 by Niamat E
Khuda) as this was an collaborative project with her where we tried to combine the microfluidics
with electrochemistry.

4.1 Introduction

The interaction between microfluidic and electrochemical technologies creates a mutually
beneficial relationship, enhancing their individual strengths and opening up new possibilities for
advancing point-of-care (POC) analysis'. Microfluidics offers advantages such as device
miniaturization, the integration of multiple components into one unit, precise manipulation of
small sample volumes, simultaneous detection of multiple samples, portability, and cost-
effectiveness® . However, when applied to POC scenarios, downsizing the detection system is
essential for seamless integration into microfluidic platforms. Electrochemical detection methods
align well with POC setups and can be easily combined with microfluidics due to their
compatibility with microfabrication techniques* °. This seamless integration improves fluid
control through electrodes, reducing sample and reagent usage. The smaller microchannel size
accelerates reactions by shortening diffusion times, and automated operations minimize local

variations, enhancing sensor reproducibility.
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In recent times, integrated microfluidic devices with electrochemical detection methods have
been employed to monitor blood metabolites, quantify disease biomarkers, and study cell cultures®
12 This integration has also shown promise in other research areas, particularly in pharmaceuticals,
environmental analysis, and food testing!'>"'®. Microfluidics enables high-throughput analysis by
directing samples to various electrochemical cells, allowing multiplexing and simultaneous

detection of multiple target molecules within a single device!®%°.

An illustrative example of this fusion is the work of Lee and colleagues, who combined an
electrochemical detection system with a digital microfluidic platform to concurrently detect
multiple biomarkers associated with pulmonary hypertension?!. Their device featured five fluidic
chambers controlled by pneumatic microvalves, linked to an electrochemical sensor capable of
detecting four biomarkers. Similarly, Panini et al. demonstrated a sensitive technique for
quantifying prostate-specific antigen (PSA) in human serum samples using continuous flow
microfluidics??. They utilized carbon nanotubes/horseradish peroxidase/anti-tPSA immobilized
glassy carbon electrodes in a microfluidic Plexiglas biochip, achieving an electrochemical readout

with a superior detection limit compared to conventional ELISA methods.

In a similar vein, Uliana and team contributed to this field by developing a cost-effective, fully
disposable microfluidic electrochemical array device (WFED) for detecting the estrogen receptor
alpha biomarker?’. The device featured estrogen response element-modified carbon-based working
electrodes, capturing nanoparticles loaded with estrogen receptor alpha and horseradish
peroxidase. Introduction of H>O» and hydroquinone into the microfluidic device prompted an

electrochemical readout.
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These examples only scratch the surface of the diverse range of studies showcasing the immense
potential of combining microfluidic platforms with electrochemical detection for biomolecule
analysis. In this context, we present our own contribution: the integration of an electrochemical
sensor into an automated microfluidic device (Figure 4.3). This microdevice incorporates a gold
working electrode combined with microfluidics, featuring three input channels regulated by active
microvalves to achieve versatile dynamic control over fluids. Our study underscores the utility of
automated, valve-controlled microfluidics for electrode preparation and analyte detection using a
DNA-based surface assay platform employing square wave voltammetry (SWV). Our future
objective is to employ this automated microfluidic biosensor for real-time detection of secretions

from cells and tissues.

4.2 Reagents and Materials

All solutions were prepared using deionized water that had been filtered through a Barnstead
MicroPure Water Purification system (Thermo Fisher Scientific, Waltham, MA, USA). This water

had a resistance value of 18.2 MQ-cm at 23.5 °C and contained particles smaller than 0.2 pm.

The following reagents were used as received: 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES) and sodium chloride from BDH, Tris-(2-carboxyethyl) phosphine hydrochloride
(TCEP), mercaptohexanol (MCH), gold etchant, and chromium etchant from Sigma-Aldrich,
Gold-sputtered on glass (GoG) (Au 100 nm with Cr adhesion layer 5 nm) was obtained from
Deposition Research Lab, Inc (St. Charles, MO) with dimensions of 1” x 3” x 1.1 mm, Silicon
wafers were sourced from the Polishing Corporation of America (Santa Clara, CA, USA),

Negative photoresists (SU-8 2015) and SU-8 developer were obtained from MicroChem
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(Westborough, MA, USA), AZ 40XT (positive thick photoresist) and AZ 300 MIF developer from
AZ Electronic Materials USA (Somerville, NJ, USA), Polydimethylsiloxane (PDMS) precursors,
SYLGARD 184 silicone elastomer base, and curing agent were acquired from Dow Corning Corp.
(Midland, MI, USA), Dimethyl sulfoxide (DMSO) was obtained from Anachemia, Bovine serum
albumin (BSA) was sourced from VWR (West Chester, PA), Fluorescein was purchased from Alfa
Aesar (Ward Hill, MA, USA). Fluorescence excitation and emission measurements were
performed using a Nikon Ti-E inverted fluorescence microscope (40X objective, 0.75 NA; Nikon
Instruments Inc., Melville, NY, USA) connected to a CCD camera (CoolSnap HQ2; Photometrics
Scientific, Tucson, AZ, USA). Fluorescence images were captured by focusing on a designated
region of interest (Figure 4.5) and collected through the green fluorescence filter cube (Aex =470

+ 20 nm, Aem = 525 £ 25 nm).

Methylene blue-conjugated DNA was acquired from Biosearch Technologies (Novato,
CA) and underwent purification by RP-HPLC. Thiolated DNA was obtained from Integrated DNA
Technologies (IDT; Coralville, [owa) and confirmed for purity through mass spectroscopy. Details

of the DNA samples used are listed inTable: 4.1.

Table 4. 1: Single-Stranded DNA Sequences Used in Oligonucleotide Quantification

Sequence Abbreviatio DNA sequence, listed 5’ to 3’
Name n

Thiolated thio-DNA | /SThioMC6-D/AAA AGC ATG GTG ACG TGT GAG AGA
DNA TAG GAA AAG GAC AAT AAC AA

Methylene MB-DNA | TTG UTA TTG UCC TTU TCC UAT CTC TCA CAC GUC
Blue DNA ACC AUG C/MB-C7/
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Abbreviations: /5ThioMC6-D/ = disulfide bond flanked by two six-carbon spacers (IDT), /MB-
C7/ = methylene blue modification (Biosearch,).

4.3 Experimental Methods
4.3.1 Preparation of Gold Electrodes

The electrode design photomask for our experiment was created using Adobe Illustrator. The
design files were then sent to Fineline Imaging in Colorado Springs, Colorado, where a positive
photomask was generated based on our design. You can see the mask design in Figure 4.1A. In
total, we were able to produce eighteen autonomous gold working electrodes, each with a diameter
of 2 mm, on a single microscope slide using this photomask. The production process followed the
standard photolithographic procedure. We applied AZ 40XT photoresist to create the desired
pattern on the gold-on-glass slide (GoG). Afterward, the GoG underwent treatment with gold
etchant for 30 seconds, followed by chromium etchant for 15 seconds. This treatment selectively
removed the non-protected gold and chromium, shaping the gold electrodes according to the
design on the photomask. To remove the positive photoresist layer from the gold, the electrode
patterned GoG was heated in DMSO at 110°C for 30 minutes. The GoG electrodes then underwent
a series of rinsing steps, which included deionized water and ethanol, followed by drying with

nitrogen.

4.3.2 3D-printed Template For The Fabrication of Electrochemical Cell

A 3D computer-aided design (CAD) file was designed in Sketchup© (Trimble Navigation

Limited) and printed the 3D mold by Makerbot Replicator 2 (200 um layer resolution in the z-
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direction) with Hatchbox’s polylactic acid filament (PLA, 1.75 mm diameter). The 3D CAD

depiction and an example of a printed template is shown in Figure 4.1B & 4.1C.

A)

Figure 4. 1 A) Photomask design used for gold-on-glass (GoG) preparation. B) 3D CAD of the
master to prepare electrochemical cell. C) 3D printed PLA wused for molding PDMS

electrochemical cells.

4.3.3 Master Wafer Fabrication

To create templates for the liquid channels and pneumatic control channels, we employed

traditional photolithography techniques to produce two master wafers. The configurations for these
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channels were designed using Adobe Illustrator software, and high-resolution plastic film
photomasks were produced by Fineline Imaging in Colorado Springs, CO, USA, at a resolution of
50,800 dpi. To prepare the silicon wafers for use, they underwent a series of steps. First, they were
agitated in a 1.0 M H2SO4 solution at a speed of 300 rpm for 30 minutes. This was followed by a

thorough wash and agitation in deionized water for 30 minutes, concluding with air drying.

For the pneumatic control channel layer, we applied a layer of SU-8 2015 photoresist,
approximately 30 um in thickness, onto the silicon wafer using spin-coating at 2000 rpm for 45
seconds. The wafer was then subjected to a soft bake at 95°C for 5 minutes, followed by a gradual
cooling to room temperature. Next, the photomask was precisely positioned on the photoresist-
coated wafer, and UV exposure was carried out for 2 minutes using our in-house UV lithography
light exposure unit. Following UV exposure, the wafer underwent a 5-minute development process

in a SU-8 developer solution, followed by a 5-minute hard bake at 95°C on a hot plate.

For the fluidic layer wafer, we used a positive photoresist called AZ40 XT. We allowed the AZ40
XT photoresist to reach room temperature before use. Subsequently, a layer of AZ 40 XT
photoresist, approximately 40 um in thickness, was spin-coated onto the silicon wafer at 2000 rpm
for 45 seconds. The wafer then underwent a sequence of soft-bake steps: first at 65°C for 5 minutes,
then at 95°C for 5 minutes, and finally at 115°C for 5 minutes, with gradual cooling to room
temperature. The photomask was carefully aligned on the AZ photoresist-coated wafer and
exposed to UV for 120 seconds. Afterward, a hard bake was performed at 65°C for 1.5 minutes,
followed by 95°C for 1.5 minutes, and finally 105°C for 1.5 minutes. Cooling was allowed to occur

naturally, bringing the wafer back to room temperature. The AZ portion of the wafer underwent
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annealing, which facilitated the templating of rounded channel cross-sections, achieved by baking

at 120°C for 10 minutes.

4.3.4 Microchip Fabrication

The process began with the careful alignment of the 3D template onto the flow channel wafer.
After a degassing procedure conducted under vacuum conditions, we poured a total of 45 grams
of a well-mixed PDMS precursor mixture (with a 5:1 ratio of monomer to curing agent) onto the
silicon wafer that had been patterned with flow channels. This wafer was placed within an

aluminum foil container. The fluid layer was then baked in an oven at 65°C for a period of 1 hour.

During the halfway point of the fluid layer's baking, we prepared another mixture of PDMS
precursor (10.5 grams) with a different ratio, specifically a 20:1 ratio of monomer to curing agent.
This mixture underwent a degassing process and was spin-coated onto the control layer at a
rotation speed of 2100 rpm for 45 seconds, resulting in a layer approximately 30 um thick. The

control layer was then baked at 60°C for 30 minutes.

After removing the bulk PDMS material from both the 3D template and the wafer, we
created the reservoir for the electrochemical cell. Subsequently, the flow channel layer was shaped
by cutting, inlets were generated using Miltex disposable biopsy punches, and alignment with the
valve channel layer was achieved under 3X microscopy. These two interconnected layers were

placed in an oven at 65°C overnight to achieve permanent bonding.

Further steps included peeling the PDMS from the wafer, segmenting it into individual

devices, punching the inlet for control valves, establishing connections for fluidic channels and via
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channels using a punch with a 0.35-mm inner diameter, and cleaning the surfaces with methanol,
followed by drying using N2 gas.

Before the PDMS device underwent plasma oxidation, the electrodes were cleaned with a piranha
solution. This solution, freshly prepared, consisted of H2SO4 and H202 in a 3:1 ratio. It was
applied to the electrode surface for one minute and then rinsed with deionized water. Each device
was subsequently permanently bonded to Gold-sputtered on glass (GoG) using plasma oxidation

carried out with the Harrick Plasma system (Ithaca, NY, USA), making the devices ready for use.

4.3.5 Automated Flow Control System of Microchip

The microfluidic chip was equipped with seven pneumatic push-up control valves, and their
operation was controlled by an in-house-developed LabVIEW application. This application was
connected to a customized manifold of solenoid switches (LHDAO0533115H; the Lee Company,
Westbrook, CT, USA) through a multifunction data acquisition system (PCI-6259, National

Instruments).

To activate these pneumatic solenoid valves, a nitrogen gas source was employed, generating a
pressure of 20 psi, which was regulated by a pressure regulator. The microchip's control valves
were attached to the corresponding solenoid valves using 22-gauge blunt 304 stainless steel
needles (Jensen Global JG22-0.5HPX-90, Santa Barbara, CA) at a 90-degree angle. They were
connected through Tygon microbore tubing (0.02” I.D. X 0.06” O.D., Cole-Parmer, Vernon Hills,
IL). The inlet points for the valves interfacing with the control system were created using a 0.75-

mm inner diameter punch (69039-07, Electron Microscopy Sciences, Hatfield, PA).
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In this configuration, an in-house-coded LabVIEW application managed the control of valve
opening and closure. When a valve needed to be closed, the corresponding solenoid switch
released nitrogen gas into the dead-end channel of the control layer, which had been filled with
deionized water to prevent air from entering the channels. This action caused the PDMS membrane
to deflect upwards, effectively sealing the flow channel in the upper layer, a mechanism known as

the push-up valve.

4.3.6 Mixer Performance Evaluation

The microfluidic chip was placed onto the stage of a fluorescence microscope, which was
equipped with a Tokai Hit microscope stage top incubator. To prepare the microchip for
experimentation, the valve inlets were filled with deionized (D.l.) water. A 20 pL solution
containing 100 nM fluorescein was introduced into the probe inlet, while 20 pL of D.I. water was
added to the sample and reference inlets. Following this, the device was configured for fully
automated operation, utilizing either 6 or 5-step peristaltic pumping with a pumping time of 600

ms and a total of 50 pump cycles.

Fluorescence imaging was performed at consistent intervals of 150 ms within the region of
interest (as shown in Figure 4.5A). This imaging process used a FITC filter cube (Aex =470 + 20
nm, Aem = 525 + 25 nm) in combination with a CCD camera (CoolSnap HQ2; Photometrics
Scientific), integrated with a Nikon inverted Ti-E fluorescence microscope (40X objective, 0.75
NA). The obtained fluorescence intensity data from these images underwent analysis using ImagelJ

software, and subsequent data processing was conducted within Excel.
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4.3.7 Custom Reference Electrode

In our experiments, we used a custom-made L-shaped reference electrode, which is illustrated in
Figure 4.2A. This electrode was crafted using a 2 mm outer diameter (OD) glass tubing and
included a CoralPor glass frit (BASi, West Lafayette, IN), as well as a 0.5 mm silver wire (Alfa
Aesar). The silver wire was filled with a solution of 3 M KCI. We obtained a 60-mm section of
silver wire from our available stock and created a rubber plug with a 2 mm diameter from a rubber
stopper using a 2-mm biopsy punch. This plug was attached to the silver wire, positioned
approximately 30 mm from the wire's end. To chlorinate the lower 15 mm of the wire, we
immersed it in a 3 M KCI solution while applying 9 V (direct current) for about 10 seconds, with
the wire serving as the positive terminal with respect to ground and a platinum electrode
functioning as the return electrode. This process resulted in the formation of a gray/white AgCl

coating on the wire's surface.

The chlorinated silver wire was then inserted into the L-shaped glass structure, with the rubber
plug positioned 5 mm below the end of the glass tube. We applied epoxy (Loctite, Diisseldorf,
Germany) to the end and allowed it to cure. After the curing process, we introduced 3 M KCl into
the glass tubing and securely placed the frit at the end of the glass tubing. It was held in place by
transparent heat shrink tubing. This reference electrode underwent a 24-hour equilibration period

before it was used.

Additionally, we designed and produced another 3D CAD template to assist in positioning the

counter electrode on the electrochemical cell, as shown in Figures 4.2B and 4.2C.
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Figure 4. 2 A) Assembled Ag/AgCl L-shaped reference electrode, filled with 3M KCI and closed
by porous frits. B) 3D CAD of the reference electrode holder. C) 3D printed PLA used as a

reference electrode holder.

4.3.8 Electrochemical Measurements

Electrochemical measurements were conducted using a custom-built potentiostat. We introduced
a customized silver/silver chloride reference electrode (3 M KCl) and a platinum counter electrode
(CH Instruments) into the electrochemical cell, which had previously been filled with a 0.1 M
potassium chloride buffer solution. In the sample inlet, we added 20 pL of a mixture containing
equimolar concentrations of potassium ferricyanide and potassium ferrocyanide, while 20 uL of a

0.1 M potassium chloride buffer was placed in both the probe and reference inlets.

For complete automation, the device was configured to operate using peristaltic pumping, with a

pumping time of 600 ms, and was run for either 50 or 400 pump cycles, corresponding to each
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sample concentration. The resulting current, generated by varying concentrations (0, 1, 5, 10 nM)

of the ferri/ferrocyanide redox couple in a 0.1 M potassium chloride buffer, was then monitored

every minute using square-wave voltammetry (SWV). This SWV procedure covered a potential

range from -0.2 to +0.6 V (versus the reference electrode). It utilized a step size of 1 mV, a pulse

height of 25 mV, and an SWV frequency of 100 Hz.

A)

)

via

" sample

referen

ce

*

Figure 4. 3 A) Schematic of the channel layouts, with fluidic channels shown in black and

pneumatic control channels and detection channel in red. B) Photo of assembled device. C) Gold

electrode placed inside the detection channel. D) Photo of working device in the microscope stage.
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Tubing was connected to control channels. Reference and counter electrodes were positioned on
top of the 3D-templated reservoir to serve as the full sensor. E) Microvalves controlling the fluid

flow. F) Serpentine-shaped incubation channel for homogenization of fluids.

4.3.9 Electrode Preparation and Detection of Nucleic Acid

Following the preparation of the device, we loaded all three inlets with 20 uL of a 10 mM HEPES
buffer containing 0.5 M NaCl at pH 7. We then guided this solution through the channel using
valve-based peristaltic pumps. Next, we prepared the electrochemical cell by introducing a custom
silver/silver chloride reference electrode (3 M KCI) and a platinum counter electrode (CH
Instruments). The electrochemical cell was pre-filled with the same HEPES buffer solution. An
initial square-wave voltammetry (SWV) measurement was conducted in the potential range of -
0.45 to 0 V (versus the reference electrode). This measurement used a step size of 1 mV, a pulse

height of 25 mV, and an SWV frequency of 100 Hz.

To reduce the thio-DNA, we employed the reducing agent TCEP. To achieve this, we combined
1 uL of a 200 uM thio-DNA solution with 3 pL. of a 10 mM TCEP solution. The mixture was then
incubated in darkness at room temperature for 1 hour. The resulting solution was diluted to achieve
a final thio-DNA concentration of 1.25 uM in a HEPES buffer containing 10 mM HEPES and 0.5
M NaCl at pH 7. We emptied the electrochemical cell and introduced 50 pL of the thio-DNA
solution into the cell. This mixture was incubated at room temperature for an additional hour.

Afterward, the thio-DNA solution was replaced with buffer, and another measurement was taken.

In the subsequent step, we loaded the inlets with 20 pL of a 3 mM mercaptohexanol (MCH)

solution in a HEPES buffer containing 10 mM HEPES and 0.5 M NaCl at pH 7. This solution
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flowed through the channel for 1 hour, during which SWV measurements were conducted at 10-
minute intervals. Following the MCH passivation step, we loaded the inlets with 20 pL of a 1%
BSA solution in a HEPES buffer. This solution flowed through the channel for 30 minutes, and

SWYV measurements were performed at 10-minute intervals.

For electrochemical detection of MB-labeled complementary DNA, we loaded the sample inlet
with 20 pL of a 100 nM sample solution. This solution was introduced into the microfluidic
biosensor at a flow rate of 4.35 nL./min and then subjected to SWV measurement. In the kinetics

experiment, a 20 pL sample of 50 nM concentration was utilized.
4.3.10 Data Analyses
4.3.10.1 Peak Height

The raw data from SWV, which included both Vstep and Idiff values, was imported into
Microsoft Excel. To create a smoother representation of the data, a 9-point moving average was
applied. To eliminate the influence of capacitance current, a third-order polynomial baseline was
established using Excel's "Linest" function. Specifically, data points falling within the ranges of -
0.421 to -0.358 V and -0.140 to -0.005 V were used for this baseline calculation. The calculated
baseline was then subtracted from the original raw data. You can observe an example of this
process in Figure 3.2. The peak height measurement was determined by extracting the highest

current value from the resulting difference graph (not shown).
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Figure 4. 4 Example MB-DNA redox current sampled during SWV (raw data) along with the
calculated baseline curve used for Faradaic current extraction. The maximum current from the

difference curve (not shown here) was used as the peak height of each individual measurement.

4.3.10.2 Average Distance Between Nanostructures

The number of moles of nanostructure, Niot, was determined using a previously established

relationship?* %> using the following relationship,

sinh (%)
Iy = EanN,F; % h (ﬂ] 1

RT

where ip is the peak height of the current measurement, » is the number of electrons transferred
per redox event (with MB label, n = 2), F'is the Faraday constant, R is the universal gas constant,

T is the temperature, E is the applied voltage amplitude, and f'is the SWV frequency.
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We assumed that electron transfer occurs exclusively between MB and the electrode surface
once the nanostructure is formed. This assumption was based on previous findings that indicated
MB is washed away in the absence of proper formation®®. To determine the nanostructure surface
density in units of mol cm™, we divided the number of nanostructure moles by the electrode surface
area. By taking the reciprocal of this density value (strands cm™), we estimated a circular area
around each DNA-nanostructure, and from the diameter of this circle, we calculated the distance

between nanostructures.
4.3.10.3 Signal Suppression

The following equation was used to calculate signal suppression, where i, (initial) is the
peak height of the initial current measurement (before target incubation) and i, (final) is the peak

height of the final current measurement (after target incubation).

i, (final) — i, (initial)

r 3 g - I ey 0 = —
Signal Suppression (%) 100 x ip (initial)

4.4 Results and Discussion

4.4.1 Microchip Design and Operation

The microchip design consists of two PDMS layers, as illustrated in Figure 4.4 the lower layer,
known as the control layer and highlighted in red, contains 7 pneumatic channels to enable fully
automated chip operations, along with a dedicated detection channel. The upper layer is designed
for the fluidic channel, shown in black, which includes a T-junction channel to facilitate the mixing

of reagents and samples. This layer also features a serpentine-shaped incubation channel, essential
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for thorough homogenization of the two components. A connection point (via) exists between
these two layers to ensure seamless integration.

In the operational process, the sample follows the serpentine-shaped channel until it reaches the
detection channel. Within this region, the downstream profile of the sample solution allows for
direct contact with the electrode. This design minimizes sample diffusion within the bulk solution.
At the end of the detection channel, you'll find the electrode, accompanied by a 3D-templated
reservoir positioned above it. This reservoir serves as a container for the supporting electrolyte,
reference electrode, and counter electrode, which are all crucial components for facilitating

electrochemical measurements.
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Figure 4. 5 Schematic of the channel design at higher resolution. Two-layer microfluidic chip
design: the short red lines, representing the microvalves, is the bottom layer for controlling. Via is
the connection point between the two layers, which connects the fluidic channel and detection

channel. The inlets and incubation channel are in the top layer for fluid flow.
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In this system, fluid movement along the channels is achieved using valve-based peristaltic
pumps. One significant feature of this device is the deliberate alignment of fluids from the probe
inlet and the sample or reference inlet, ensuring their orthogonal convergence at the T junction.
This alignment is facilitated by coordinating the activation of valves within their respective
channels, programmed to pump simultaneously. Each channel is equipped with three valves

arranged within a single channel configuration.

Peristaltic pumping occurs when these valves are actuated following either a 6-step pattern
(101, 100, 110, 010, 011, 001) or a 5-step pattern (100, 110, 011, 001, 101), where the binary
representation of 0 and 1 corresponds to open and closed valves, respectively. In each pumping
cycle, the volume dispensed downstream precisely matches the volume occupied by the central
valve membrane when it closes. This mechanism allows for precise control over the sample
volume by adjusting the number of cycles pumped.
Compared to more passive microfluidic setups relying on methods like syringe pumps, pressure,
or vacuum, this peristaltic pumping system offers significantly enhanced precision in volume
metering. Additionally, passive systems often rely on laminar flow to control the mixing ratio of

components and are susceptible to fluctuations over extended operation periods.

4.4.2 Evaluation of Mixer Performance

The microchip incorporates a lengthy incubation channel with a distinct serpentine shape. This
channel plays a crucial role in ensuring thorough and complete mixing of the two assay solutions

while maintaining a predefined flow rate. In this context, a solution containing 100 nM fluorescein
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was introduced through the probe inlet, while water was simultaneously pumped in through the

sample/reference inlet. The flow rate for this process was precisely set at 4.35 nL/min.

During this operational phase, the sample solution loaded with fluorescein travels through the
extensive serpentine channel, undergoing a deliberate mixing process with the introduced water.
The resulting fluorescence intensity measurements were taken from various regions of interest
(ROIs). As shown in Figure 4.5, a combination of the sample and water becomes evident after
traversing 8 turns of the serpentine channel. This blending ultimately yields a consistent

fluorescence signal, particularly at ROI#11, which corresponds to the detection channel.

An interesting phenomenon occurs as these two fluids move along the serpentine channel. The
center of each fluid stream advances at a faster rate than the edges, causing the interface between
the fluids to stretch. This stretching effect significantly enhances the rate of diffusion across this

interface, facilitating rapid and efficient mixing and equilibration of the solution.
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Figure 4. 6 A) Fluorescence intensity measured at different region of interest (ROI) to evaluate
the extent of mixing. Steady fluorescence signal at ROI#11 indicates homogenization of two fluids.

B) Channel layout with color coded circles to represent ROI.
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4.4.3 Dynamic Electrochemical Measurement

To validate the simultaneous operation of both fluidic and electrical components within the
device, an experiment was conducted involving the concurrent flow of a sample and
electrochemical detection. The microfluidic system functioned as a flow injection apparatus, where
a sample containing potassium ferri/ferrocyanide was injected into a continuous buffer stream.
Inside the microchannel, a steady flow of 0.1 M potassium chloride solution, serving as the
supporting electrolyte, was maintained through the probe inlet. Simultaneously, a sample solution
with varying concentrations of potassium ferri/ferrocyanide was introduced through the sample
inlet. This solution traveled through the incubation channel, mixed with the buffer, and then

progressed through the detection channel after dilution.

A gold electrode located at the end of the microfluidic detection channel played a crucial role in
confirming the system's electrochemical response. As expected, a distinct and well-defined SWV

peak corresponding to the [Fe(CN)6]>

redox couple was obtained. An illustrative example of
this phenomenon for the 10 nM concentration is presented in Figure 4.6A. Interestingly, the system
effectively differentiated between four distinct sample concentrations. Notably, a decrease in
signal intensity was observed as the sample concentration decreased, as shown in Figure 4.6B.
However, it's important to note that the signal was detected approximately 3 minutes after the

sample injection. This delay may be attributed to the positioning of the electrode outside the

detection channel.
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Figure 4. 7 A) SWYV peak of [Fe(CN)6]-3/-4 redox couple obtained by simultaneous sample flow
and electrochemical measurement. B) Profile of the sensor current signal in response to three
concentrations of [Fe(CN)6]-3/-4 injected into a stream of buffer flowing through the electrode.
C) Profile of the sensor current signal in response to programmed square wave of buffer and

sample at different concentrations.

We conducted an additional experiment involving the placement of the electrode within

the detection channel. The device was systematically operated using a square wave approach, with
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the automated introduction of buffer and sample solutions at various concentrations. This setup
aimed to demonstrate the functionality of the temporal sampling mode. In this specific scenario,

the reference inlet was used to inject the buffer solution into the channel.

As depicted in Figure 4.7C, the microfluidic flow-injection mechanism resulted in a noticeable
increase in peak current when the sample was introduced into the channel. Subsequently, a
decrease in peak current was observed as the buffer solution was injected. These electrochemical
measurements performed within the integrated microfluidic system not only validated the
operational performance of both the electrochemical system and the fluidic mixer but also
highlighted the device's capability to operate in temporal sampling mode. It is worth noting,
however, that the device remained unresponsive for the initial 100 minutes of operation. This delay
could potentially be attributed to channel clogging or valves adhering to the flow channel, causing

slow or restricted fluid movement.

4.4.4 Automated Microfluidic Electrode Preparation

Upon the initial confirmation of device functionality, we proceeded to adapt our automated,
valve-controlled microfluidics for the purpose of electrode preparation. The entire process of gold

electrode preparation, which included the following steps, was carried out on-chip:
1. Deposition of bare gold.
2. Formation of a DNA monolayer.
3. Passivation using mercaptohexanol (MCH).

4. Passivation with bovine serum albumin (BSA) in a buffer solution.
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As shown in Figure 4.7, the introduction of a DNA monolayer resulted in an increased capacitive
current (1.6 pA). This increase can be attributed to the negatively charged phosphate backbone of
the nucleic acid. Subsequently, upon the injection of MCH through the channel, the capacitive
current gradually decreased. This decline indicates the surface-blocking effect of MCH and the
removal of weakly and nonspecifically adsorbed nucleic acids, leading to the formation of a dense
MCH sublayer. Finally, the introduction of BSA further reduced the capacitive current to 74 nA.
These results convincingly demonstrate that electrodes can be effectively prepared using minimal

reagent volumes (Dead volume: 20 pL) through the application of automated microfluidic

techniques.
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Figure 4. 8 Multiple, automated electrode preparation steps conducted on-chip. DNA monolayer
formation resulted in high capacitive current, which was gradually decreased by MCH and BSA

passivation.

4.4.5 Detection of Nucleic Acid

To detect complementary DNA, we introduced a sample solution labeled with a redox tag into a
continuous buffer stream through the sample inlet. This allowed the sample solution to interact
with the thiolated-DNA immobilized on the electrode surface, resulting in the generation of an
electrochemical signal. As depicted in Figure 4.8A, the MB-labeled DNA was rapidly detected in
real-time within just one minute after its introduction into the channel (indicated by the red arrow).
This detection was achieved through the use of on-chip valve-based peristaltic pumps. The signal

reached a stable state after approximately 20 minutes.

Subsequently, the device underwent a square wave of buffer and sample introduction, with buffer
solution being introduced through the reference inlet. Figure 4.8B illustrates the sequence of
events, where a signal emerged upon the injection of the sample into the well. A consistent signal
was maintained in the buffer stream, followed by an increase in signal magnitude during the second
cycle of sample injection. These results once again confirmed the device's suitability for temporal

sampling mode.
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Figure 4. 9 A) Real-time detection of 50 nM MB-DNA strand. B) Sensor response to programmed
square wave of buffer and 100 nM MB-DNA strand.

4.5 Conclusions

We have successfully demonstrated the integration of an electrochemical detection system with
automated microfluidics for electrode preparation and nucleic acid detection. Through the use of
valve-controlled automated microfluidics, we achieved a reduction in reagent consumption during

the multi-step electrode fabrication process. Furthermore, the real-time detection of target DNA
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was achieved within just one minute of injection into the microchannel. The microchannel system
demonstrated efficient fluid mixing, suggesting its potential for conducting biochemical assays
that require sample-reagent premixing directly on the chip. While further advancements are
required, this automated microfluidics-linked electrochemical detection system establishes a

foundation for studying real-time cell secretion scenarios

One practical application of this device involves the utilization of the electrochemical proximity
assay (ECPA)?*” ?® to monitor insulin secretion from live murine pancreatic islets over time,
triggered by stimuli such as glucose. By simultaneously injecting secreted insulin and antibody-
oligo probes into the microchannel, their combination becomes feasible. Subsequently, the
complex can be captured on the thiolated-DNA modified electrode surface, resulting in an
electrochemical signal. As a result, this integrated device provides a promising avenue for gaining

enhanced insights into the dynamic functionality of endocrine tissues.
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5.4

Conclusions and Future Directions: Development of of FFA uptake and secretion

quantification assay from same explant on microfluidic platform

5.1 Final words for dissertation

In this dissertation, we developed a few microfluidic devices for free fatty acid (FFA) uptake
assay, glycerol, and non-esterified fatty acid (NEFA) multiplex secretion assay and also for
preparing DNA nanostructure on gold electrodes. We also have a future plan to expand the research
on quantifying free fatty acid uptake and secretion from same piece of tissue at the same time by

combining uDAC (Figure 2. 26) to pADC (Figure 3. 15 A).

As this research was advanced, the plan was to enhance the system's efficiency and accuracy
by concurrently detecting two eWAT explants in future projects. This modification would broaden
the scope of investigations and improve data acquisition. In summary, the research background
underscores the significance of microfluidic devices for studying endocrine tissue dynamics,
particularly in the context of adipose tissue metabolism and fatty acid and glycerol uptake or
secretion. The development and integration of the uDAC and pADC designs into the microfluidic
platform represents significant advancements in the field, with the potential to improve our

understanding of endocrine tissue functions in health and disease.

Based on the outcomes of this research, my career aspirations revolve around advancing
microfluidic technology to study endocrine tissue functions, particularly in the context of adipose

tissue dynamics and metabolic processes, bridging the fields of engineering and biology. In the
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future, I aim to apply these findings to clinical and translational research while collaborating with

experts in biology, medicine, and other engineering disciplines.

5.2 Future directions : Development of pDAC to pADC converter for FFA uptake and
secretion quantification assay from same explant simultaneously

Microfluidic devices have gained recognition as valuable tools for simulating in vivo conditions
and interfacing with cultured or primary cells to explore the dynamics of endocrine tissue
functions!. These devices enable the creation of microenvironments that replicate conditions
within endocrine tissues, offering a valuable platform for studying their roles in normal and

diseased states.

In the context of my research, I aimed to leverage microfluidics to emulate endocrine tissue
microenvironments and gain novel insights into their functions. I designed, fabricated, and
characterized several microfluidic devices to stimulate tissues with higher resolution during
different physiological states, such as feeding and fasting. These devices provided the capability
to investigate time-dependent responses of endocrine tissues to various stimuli, including nutrient

uptake or secretion.

To examine the timing of stimulation in microfluidic devices, I developed an innovative method
involving fluorescein-labeled glass beads as tissue mimics. These beads were used to modulate
fluorescence emissions by exposing them to solutions with varying pH levels, enabling precise
control over the stimulation conditions®. This approach allowed for a temporal resolution (At) of
approximately 5 seconds for the microfluidic digital-to-analog converter (WDAC), showcasing its

ability to capture rapid tissue response dynamics.
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Building upon the capabilities of the uDAC, I integrated it into a microfluidic device featuring
a 3D-printed adipose tissue trap. This automated laminar flow-based setup enabled real-time
monitoring of free fatty acid uptake dynamics in adipose tissue. By subjecting the tissue to
sequences of "fasting" and "feeding" treatments, I observed rapid, insulin-dependent dynamics of

fatty acid uptake in ex vivo adipose tissue explants from mice.

I emphasize that this microfluidic device allowed for the first-time quantitative analysis of
dynamics in epididymal white adipose tissue (eWAT) free fatty acid uptake rates and amounts at
high temporal resolution (sub-minute), offering new possibilities for exploring adipose tissue

function and metabolism with unprecedented precision.

The prevalence of diabetes and prediabetes in the United States and worldwide underscores the
urgent need for improved tools to monitor and understand adipose tissue dynamics, which play a
pivotal role in whole-body lipid buffering and various physiological processes. Microfluidic
technology offers a promising avenue to investigate these dynamic processes and acquire novel
biological insights.

My research further involved the development of a pneumatic valve-controlled, customized
microfluidic analog-to-digital converter (WADC) capable of sampling adipose tissue secretions
into droplets at high temporal resolution. This device facilitated multiplexed analysis of glycerol
and non-esterified fatty acids (NEFA) by merging sampled droplets with coupled enzyme assay
reagents using on-chip merging electrodes. Calibration and optimization of the assays for glycerol
and NEFA characterized the device's capabilities, enabling the monitoring of their dynamics from

ex vivo adipose tissue explants at high temporal resolution.
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These results provided valuable insights into adipose tissue function during lipolytic
conditions and varying glucose and insulin levels. Notably, the study suggested the occurrence of
NEFA reabsorption, warranting further investigations with more explants and varying
pharmacological treatments to accurately determine secretion ratios. The pADC demonstrated its
potential to gather unique biological information, positioning it as a valuable tool for future

research in endocrine tissue dynamics.

From our analysis of chapter 2 and chapter 3, it has become evident that adipose tissue
cells secrete significant molecules such as glycerol and non-esterified fatty acids in a dynamic and
phased manner. To delve deeper into the dynamics of this secretion process, advanced tools like
our pADC devices are imperative. Glycerol is a product by complete lipolysis as illustrated in
Figure 3. 16 and it is released through a protein channel known as AQP7. The synchrony of NEFA
release with glycerol remains unknown, but it is well-established that NEFA follows a distinctly
different metabolic pathway compared to glycerol. Hence, it is crucial to measure glycerol and
NEFA concurrently and with high precision within a short timeframe, for which our novel device
proves to be exceptionally valuable. Our microfluidic digital-to-analog circuit (WDAC), depicted
in Figure 2. 27 is seamlessly integrated with pADC (Figure 3. 17 A) sampling for quantifying
protein efflux in white adipocytes. To optimize valve timings for rapid stimulation to the tissue
reservoir, we employ pH-responsive beads as surrogates, mimicking tissue properties. These beads
serve as on-site solution sensors of equivalent size to tissue explants, a critical factor for achieving
high-resolution results. While interfacing with tissue in a uDAC/pADC device poses a challenge,
Easley and Judd possess extensive expertise in adipose-focused interfacing techniques, including

the use of 3D-printed reservoir templates (Figure 5. 1)>*°. We have previously demonstrated that
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the extended incubation channel on the pADC (Figure 3. 18 A) allows for continuous tissue
imaging followed by subsequent assay readout in droplets’- 8. The release of metabolites in a cyclic
or pulsatile manner is observed in circulation and likely plays a role in coordinating
systemic/hepatic metabolism with the repackaging of NEFA into lipoproteins and glycerol into
glucose. While these mechanisms in adipose tissue remain unknown, they likely involve feedback
loops associated with cAMP, NEFA, acyl-CoA (lipase inhibition), or protein-regulated NEFA
efflux. Our approach will involve systematic testing of mechanistic controls or protein-regulated
NEFA efflux by combining simultaneous efflux assays (NEFA, glycerol, and possibly lactate) with
optical FRET-based imaging of intracellular reporters developed by Granneman (cAMP, NEFA,
acyl-CoA). Ligands ISO and SR-3420 will be utilized, and quantitative burst analyses (Figure 3.
19) and CWT spectrograms will be applied to study glycerol and NEFA release while correlating
with real-time imaging. The underlying premise is that vital signaling molecules for systemic
insulin sensitivity, including FABP4, are released via lipolysis-dependent non-conventional
protein secretion. These molecules are believed to originate either in soluble form!® ' from

secretory lysosomes'® 12

, or through an endosome/exosome pathway. Prior investigations have
primarily focused on static conditions, neglecting the study of mechanisms and dynamics. Given
that adipose-secreted FABP4 is elevated in metabolic disease!?, it is imperative that we uncover
these mechanisms. Our approach will begin with the development of new mix-and-read proximity
immunoassays for both CD63 (an exosome marker) and soluble FABP4. Subsequently, we will

stimulate lipolysis in the tissue through PKA-dependent and -independent routes using various

treatments (ISO, SR-3420, Aci, Ins). Following this, we will employ pnADC droplet devices to
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quantify CD63 and FABP4 at high resolution (< 5 s) using the uDAC system (Figure 2. 28) for

the first time.

A
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Figure 5. 2 Methods for interfacing dispersed adipocytes and adipose tissue explants to

microfluidic devices have been developed by the Easley and Judd laboratories

5.3 New device: puDAC to pADC converter

The upper layer of the microfluidic device was created by pouring a mixture of PDMS

precursor, consisting of 36 g with a 5:1 ratio of monomer to curing agent, onto a wafer containing
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the flowing channel. Simultaneously, another 7.5 g of PDMS precursor with a 20:1 ratio of
monomer to curing agent was spin-coated onto a separate silicon wafer, which acted as the lower
pneumatic membrane, at 2100 rpm for 45 seconds. Both layers were then baked in an oven at 60°C

for approximately 30 minutes.

Subsequently, the thick fluidic layer was carefully removed, cut, punched, and cleaned before
being precisely aligned with the valve channel. The assembled layers were left to bake overnight
in the oven at 60°C. To permanently bond the PDMS to a thin cover glass, plasma oxidation was
employed after peeling, cutting, and punching the PDMS. Following plasma oxidation, the devices
were once again baked overnight in the oven at 60°C. Finally, the microfluidic device was fully

assembled, prepared for use, and stored at room temperature.
5.4 Device

The whole PDMS device (Figure 5. 3) is ready to use for its application. This uDAC to pADC
converter consists of two fluidic inputs ( black in Figure 5. 4 A at bottom ) for uptake assay, three
fluidic inputs ( black in Figure 5. 5 A at top ) for secretion assay, one oil input ( black in Figure
5. 6 A at middle left ) for generating droplets after uptake assay, one tissue trap region, two waste
reservoir, a whole system ( white in Figure 5. 7 A at top right ) for applying high voltage to merge
the droplets, few incubation channels ( white in Figure 5. 8 A at right ), two region of interest and
sixteen rectangular shape valves ( red in Figure 5. 9 ) to control and flow the fluid through the

microfluidic channels.
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Figure 5. 10 Future device for nutrients uptake and secretion assay from explants

simultaneously. A. Adobe Illustrator design of pDAC to pADC converter. B. Largescale image
of the device after fabrication with PDMS. C. Whole chip-ready to use

5.5 Limitations of microfluidic devices
Microfluidic devices used in this research are complicated in terms of use as they consist of

large number of valves for controlling the fluid flow inside the microfluidic channels. We are
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planning to work with a smaller number of valves so that our devices can operate easily, and the
efficiency of the devices can increase. Again, these devices need a huge laboratory set up support
to make them automated and easy to use. This is another drawback of these devices that we cannot
run them in another laboratory without proper set up. Interfacing the tissue on uDAC tissue trap
region is complicated without the tissue holder, that’s why we used 3D printed tissue holder in our
research for holding the tissue inside the tissue reservoir. For pADC, we sacrificed our device

temporal resolution due to on chip reactions for multiplexed quantification.

5.6 Conclusion

The research discussed here collectively emphasizes the significance of microfluidic
technology in advancing our understanding of adipose tissue dynamics and its role in the broader
context of endocrine tissue function. Each project contributes to a comprehensive exploration of
these dynamics and provides innovative solutions for monitoring and analyzing key aspects of

adipose tissue metabolism.

A microfluidic digital-to-analog converter (WUDAC) was developed to study the uptake rates of
fatty acids in ex vivo adipose tissue by rapidly stimulating the tissue. By precisely controlling the
stimulation timing using innovative fluorescein-labeled glass beads as tissue mimics, we have
achieved an input temporal resolution of approximately 5 seconds. The device was further
integrated into a microfluidic setup for real-time monitoring of free fatty acid uptake dynamics,
offering a novel tool for quantitative analysis of epididymal white adipose tissue (¢eWAT) uptake
rates and amounts. This development is a significant advancement in understanding adipose tissue

function and metabolic processes, particularly in the context of obesity and diabetes.
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Later we worked on the role of microfluidic devices in emulating endocrine tissue
microenvironments and gaining insights into their functions. We designed and fabricated
microfluidic devices that enabled the study of time-dependent responses of endocrine tissues to
various stimuli. By using pH-responsive beads as surrogates to mimic tissue properties, we
achieved high-resolution results. These efforts provided a valuable platform for exploring adipose
tissue function and metabolism with unprecedented precision. The importance of understanding
adipose tissue dynamics in the context of diabetes and obesity is underscored, emphasizing the

potential of microfluidic technology in this research.

In future work, we address the pressing issue of diabetes and prediabetes and the need for
improved tools to monitor and understand the dynamics of adipose tissue. The development of a
microfluidic analog-to-digital converter (WADC) for high-resolution sampling from adipose tissue
is discussed. This device enables the quantification of glycerol and non-esterified fatty acids
(NEFA) in a dynamic and phased manner. It is an important step in understanding the dynamics
of NEFA reabsorption, a critical aspect of adipose tissue function. The project also emphasizes the
potential for microfluidic methods to provide new biological insights and highlights the

importance of monitoring these analytes at higher temporal resolution from ex vivo adipose tissue.

In summary, this dissertation collectively demonstrates the power of microfluidic technology
in advancing our understanding of endocrine tissue dynamics, with a particular focus on adipose
tissue. Microfluidic technology offers innovative solutions, tools, and methodologies for studying
the dynamic functions of this vital organ, which plays a central role in whole-body lipid

metabolism and is closely associated with conditions such as diabetes and obesity. These
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developments have the potential to open new avenues for research and contribute to our knowledge

of endocrine tissue function in both health and disease.
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