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Abstract

Cells can transmit signals and adapt to microenvironment variations rapidly with dynamic

processes, such as biomolecule secretion for signal delivery. Dynamic, oscillatory secretion is

expected to exist in many cell types, but only a few selected tissues have been well investigated.

This gap in information is likely due to the shortage of simple bioassays and compatible fluidic

tools to directly sample and detect these secretions at high temporal resolution. To address this

need, we have developed an integrated microfluidic droplet system. Using on-chip valving,

droplets with consistent volume could be generated without the need to connect to macro-

scopic plumbing such as syringe pumps for droplet formation or cell perfusion. Homogeneous

immunoassays and enzyme-coupled assays were also developed and optimized for on-chip, in-

droplet readout and applied within the system to study dynamic secretions of proteins (insulin,

asprosin) and small molecules (glycerol) from both primary tissues and cell spheroids at high

temporal resolution (<4 s).

Chapter 1 introduces the research background. The prevalence of diabetes and obesity,

functional tissues (pancreatic and adipose tissue) and related bioactive molecules are discussed.

Another major part of introduction reviews the detection of bioactive molecules, including mi-

crofluidic tools and bioassays. Microfluidics is a powerful tool to integrate multiple techniques

such as cell/tissue culture, secretion sampling, and detection on a small scale device, with rapid

developments in the area in recent years. Bioassays are geared toward biomolecule quantifica-

tion, where both high sensitivity and specificity are ideal. Particularly for integrating onto mi-

crofluidics, however, assays with simple workflow are much more suitable. Ultimately, simple

assays, such as the homogeneous immunoassays discussed herein, can recognize their targets

in complicated matrices and transfer this recognition into an easily detectable signal such as

direct fluorescence.

In Chapter 2 and Chapter 3, homogeneous assays based on thermofluorimetric analysis

(TFA) were developed for protein and small molecule quantification. TFA translates target
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levels quantitatively into multiplexable DNA melting transitions, allowing discrimination of the

signal from the background, simultaneously. Chapter 2 discussed about TFA methods based on

pairs of probes like antibody-oligo conjugated probes or aptamer pairs. Chapter 3 extends the

TFA concept to study the binding of a single aptamer to protein targets, which can be used to

quantify the targets or applied to monitor the progress of aptamer screening.

Based on previous and continuing work in Prof. Easley’s lab, a microfluidic droplet system

interfaced with enzymatic assays was developed and summarized in Chapter 4. The system

was successfully adapted and utilized to detect the glycerol release from adipose tissue and

encapsulated adipocytes. Interestingly, unique information was revealed about the dynamic

function of adipose tissue, that glycerol release from the tissue was observed in a pulsatile

pattern, distinctly different from adipocyte cell spheroids.

In Chapter 5, we began to explore the dynamic secretion of newly-discovered adipokine,

asprosin. TFA assays for human and mouse asprosin were developed, and the isothermal format

of the mouse asprosin assay was integrated into the microfluidic droplet system for high tem-

poral resolution sampling and detection of asprosin. The results show that asprosin secretion

was responsive to glucose and insulin reductions within a few minutes, and dynamic secretion

behavior was also detected with asprosin. As a newly-discovered hormone, the secretion mech-

anisms and dynamics of asprosin release from adipose tissue are currently unknown, and these

results represent the first report of dynamic asprosin secretion to our knowledge.

This dissertation concludes with Chapter 6, where we summarize the work and discuss the

fact that further assay developments, combined with our novel microfluidic droplet-based sam-

pling, should enable additional unique studies to be conducted on dynamic biological processes

such as hormone or small-molecule secretion.
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Chapter 1

Introduction

This work focuses on the development of bioassays and microfluidic tools to study the

dynamic secretion of biomolecules from pancreatic and adipose tissue. As the introduction, this

chapter begins with an overview of the disease states under study and the tissues involved, and

it closes with a short review about microfluidics and bioanalytical assays used for biomolecule

quantification.

1.1 Diabetes Mellitus

1.1.1 Diabetes and its epidemiology

Glucose is one major type of energy for our bodies. Glucose homeostasis is extremely

important for health and the abnormality of glucose metabolism will usually result in diabetes.

There are two major types of diabetes: type 1 diabetes mellitus (T1DM) and type 2 diabetes

mellitus (T2DM). T1DM is an autoimmune disease, characterized by insufficient insulin pro-

duction. The cause of T1DM is unknown but it is considered that the genetic and environmen-

tal factors are involved. T2DM is the chronic metabolic dysregulation, including carbohydrate,

lipid and protein metabolism disorders to result in long-term hyperglycemia and insulin resis-

tance. 90% of diabetic cases are T2DM. According to the estimation of International Diabetes

Federation, 382 million adults in the world were type 2 diabetic in 2013, and the population

will increase to 592 million in 2035 [1] (figure 1.1).

The persistent diabetic status will cause cardiovascular disease, vision loss, and the failure

of nervous system, kidneys and other systems. T2DM is considered as a result of hormone

dysregulation in obesity and shortage of exercise, but it is also related to aging, genetic factors,

and gene-environment interconnection.
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Figure 1.1: Global T2DM prevalence in 2013 and an extrapolated estimation for 2035 [2].The
figure is reprinted with permission from ref [2] c©2015 Springer Nature.

1.1.2 Insulin secretion

The pancreas is a key organ in the digestive and endocrine system (figure 1.2). As a part

of the digestive system, it can produce and release digestive enzymes for nutrients digestion

and absorption. At the same time, as an endocrine organ, it can secrete several extremely

essential hormones, containing insulin, glucagon, somatostatin, and pancreatic peptides. The

islets of Langerhans are the important endocrine component of pancreatic tissue. In total,

around 1 million of islets exist in a human pancreas, and these “microorgans” are composed of

five different types of cells: α, β, δ, ε and pancreatic polypeptide-producing cells (PP cells).

Different species have distinct percentages of the five types of cells in each islet. In humans, α-

cells, making up of ∼30% of islet, produce glucagon to raise the glucose concentration in blood

and to stimulate lipolysis in adipose tissue [3]; β-cells, accounting for ∼60% of islet, produce

insulin to reduce the glucose concentration [3]; δ-cells, <10% of islet, generate somatostatin

after food intake to inhibit the release of insulin and glucagon; PP-cells,∼1% of islet, generate

pancreatic polypeptide, which is enhanced in fasting and exercise, or when blood sugar levels

are lower; and ε-cells, <1% of islet, produce ghrelin (growth hormone-releasing peptide) to

regulate appetite and stimulate the lipogenesis. These hormones usually have both endocrine
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Figure 1.2: (A) Pancreas and pancreatic islets. Islets are composed of five major types of cells
[8].(B)Biphasic secretion of insulin. The first phase is the docking and releasing of readily
releasable pool (RRP), and the second phase is from the reserved pool [9].Figure A and B
are reprinted with permission from ref [8] c©2015 Springer Nature, ref [9] c©2011 American
Society for Clinical Investigation.

and paracrine functions. Besides being transported by the circulation system to and functioning

on other organs, they also regulate hormone secretion from the other cells in islets. Thus,

the cells in islets are connected and work together to secrete hormones correctly and much

of the cell-to-cell communication occurs through gap junctions. For example, the whole-islet

oscillations in insulin secretion are related to intercellular calcium oscillation waves are a result

of coordination of β-cells through connexin-36 gap junctions [4]. The islets from connexin-36

knockout mouse model were shown to have reduced electrical coupling and slow and out-of-

phase calcium waves [5, 6]. In addition, the β-cells–and perhaps the other cells– are under the

regulation of neurotransmitters from the terminals of the nervous system [7].

Insulin secretion from β-cells of pancreatic islets occurs in a dynamic pattern, co-regulated

by a variety of factors. Glucose-stimulated insulin secretion (GSIS) is the major mechanism of

insulin secretion. One typical feature of GSIS is its biphasic pattern, as shown in figure 1.2B.

When food intake brings up the blood sugar concentration, the increased glucose is sensed

by β-cells by Glut2 (glucose transporter 2) and transported into β-cells. The glucose is phos-

phorylated by glucokinase, which is the limiting step of glycolysis, and the concentration of

glucokinase in the cell is another sensor of glucose level. Subsequently, glycolysis produces
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ATP to increase the ATP/ADP ratio, which closes the ATP-dependent potassium (KATP) chan-

nel, resulting in the depolarization of the cell membrane to open the voltage-dependent Ca2+

channels (VDCCs) and allow the influx of Ca2+, and high concentrations of Ca2+ can trigger

SNARE protein-dependent docking and fusion of insulin-contained vesicles to the cell mem-

brane to boost insulin exocytosis [10]. This is called the first phase of insulin secretion, the trig-

gering step of GSIS (figure 1.3). Secreted insulin will be transported to muscle, liver, adipose

tissue and brain, and they will coordinate to decrease the glucose level to normal concentration.

The first phase of insulin secretion is usually around 10 minutes with a sharp concentration

change just after the glucose level is elevated [11].

In the wake of the first phase, insulin secretion will enter the second phase, where insulin

secretion keeps in a sustained and high level (figure 1.2A). The second phase can last up to 2

hours [11].

Due to difficulties in precisely sampling from small numbers of cells, bioanalytical method-

ology has been generally limited to investigating these insulin secretion dynamics at temporal

resolutions on the order of minutes or hours. As discussed further in this dissertation, microflu-

idic systems have recently been developed that permit high-resolution secretion sampling, and

some of these have even revealed tight coupling between intracellular Ca2+ and insulin oscilla-

tions.

1.1.3 The incretin effect

Insulin secretion is also regulated by other nutrients besides glucose and by factors like

arginine and incretins. Incretins can potentiate the postprandial insulin secretion and the term

“incretin effect” is used to describe that oral glucose administration can stimulate much more

insulin secretion than intravenous injection. There are two known incretins: glucagon-like

peptide-1 (GLP-1) and gastric inhibitory polypeptide (GIP). GLP-1 is released from the L cells

and GIP from K cells of the intestine in the gastrointestinal system. Their release is stimulated

by nutrient ingestion, and both can bind to their receptors expressed on the surface of β-cells

in pancreatic islets. Their receptors are stimulatory G-protein coupled receptors (GPCRs), can

activate adenylyl cyclase after binding with GLP-1 or GIP to transfer ATP to cAMP (cyclic
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Figure 1.3: Molecular pathway of insulin secretion stimulated by glucose and incretins: GIP
and GLP-1.The figure is reprinted with permission from ref [12] c©2011 Elsevier Ltd.

adenosine monophosphate). cAMP can activate protein kinase A (PKA) and Epac2 (exchange

proteins activated by cAMP) to regulate the release and recharge of the calcium ion pool for

insulin vesicles release and insulin granule production (figure 1.3) [11, 12]. Interestingly, the

insulin secretion stimulation driven by these two incretins is glucose dependent. In the absence

of a raised glucose level, the incretins will not elevate the insulin release, which is likely a

protective effect to avoid hypoglycemia, the side effect of most of anti-diabetic medicines. GIP

and GLP-1 not only regulate 50% of total insulin secretion but also stimulate β-cells prolif-

eration by increasing the proliferation-related transcription factor PDX-1 (pancreatic duodenal

homeobox-1 protein) [13, 14]. Therefore, the development of many anti-diabetic medicines

now is based on analogs of the two incretins such as Exenatide (an analog of GLP-1) or in-

hibitors of dipeptidylpeptidase (DPP4) like Sitagliptin and Saxagliptin. DPP4 is an enzyme

that deactivates GLP-1 and GIP, so its inhibition can allow incretins to stimulate more insulin

secretion.
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Very few studies have investigated the temporal dynamics of insulin secretion while vary-

ing the levels of incretin-type stimulations on islets or downstream tissues. As such, little is

known about the changes that occur in islets over very short time scales after incretin signaling.

In this work, we introduce several hormone and second messenger assays that are compati-

ble with high resolution microfluidic sampling. These systems are well-poised to improve our

understanding of incretin effect dynamics.

1.1.4 Insulin resistance

Insulin resistance is the impairment of insulin sensitivity of liver, muscle and adipose tis-

sues, which is thought to result from overcompensated glucose metabolism in these tissues.

The basal glucose concentration in the blood will be higher for the patients with insulin re-

sistance; glucose uptake stimulated by insulin in muscle and adipose tissue reduces and the

glucose production in the liver is out of control, resulting in the chronic hyperglycemia. In

the early stages, islets will try to secrete more insulin to keep the glucose metabolism under

regulation, but with the situation becoming worse, the overworked islets will start losing mass

and eventually will not be able to secrete sufficient insulin to balance the glucose level.In other

words, the eventual result is diabetes.

Notably, obesity related issues such as excessive fat accumulation in adipose tissue, fatty

liver and infiltrating inflammatory cells in adipose tissue can all affect the metabolites and cy-

tokines release from these tissues, and all of these effects have been related to the development

of insulin resistance [15]. Overall, multiple organs and tissues contribute to the glucose home-

ostasis, and their disorders are all somehow related to the hyperglycemia and insulin resistance

(figure 1.4) [2]. Under current technologies, the rapid and simultaneous quantification of a se-

ries of hormones and metabolites to decipher the complicated molecular interaction networks

is still a difficulty.
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Figure 1.4: T2DM is characterized by chronic hyperglycemia, which is related to changes of
cytokine production and resultant insulin resistance in pancreas, liver, intestine, adipose tissue,
kidney, muscle, brain, and vascular system, along with infiltrating of immune cells [2]. TZDs
= thiazolidinediones; NF-κB = nucleat factor kappa-light-chain-enhancer of activated B cells;
TLR4 = Toll-like receptor 4; MAPK = mitogen-activated protein kinase; AMPK = 5’ adenosine
monophosphate-activated protein kinase;. TNF = tumor necrosis factor alpha; ROS = reactive
oxygen species including peroxides, superoxide, singlet oxygen and hydroxyl radical. The
figure is reprinted with permission from ref [2] c©2015, Springer Nature.
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Figure 1.5: Obesity prevalence globally from 1975 to 2015.The figure is reprinted with per-
mission from ref [16] c©2017 Springer Nature.

1.2 Obesity

1.2.1 Obesity and epidemiology

Like diabetes, obesity is also a 21st century epidemic (figure 1.5). This disorder is defined

by excessive accumulation of adipose tissues and is usually associated with chronic and sys-

tematic inflammation.The WHO defines an obese patient as having a body mass index (BMI)

greater than or equal to 30 kg/m2 [16]. In 2016, 650 million adults were obese, and obese and

overweight adults approach 40% (≥ 2.1 billion) of the world population and 66% in US. It is

estimated that by 2030 57.8% of the global adults will be overweight or obese if the obesity

prevalence continues [17]. Studies show that 5% of global death is related to obesity and 2.8%

of the world’s GDP–about $2.0 trillion–is impacted by obesity [17]. The state of obesity in-

creases the risks for many diseases such as type II diabetes [18], cardiovascular diseases, some

types of cancer like breast cancer [19, 20], Alzheimers disease, and diseases related to mental

health [21].

8



1.2.2 Adipose tissue: components and functions

Types of adipose tissue and Cell types in adipose tissue

For a given human’s body weight, adipose tissue can account for anywhere 5 to 50% [22]

of the total weight. For healthy adults, fat tissue is ∼20% of whole body weight for males

and 30% for females. Adipose tissue had been thought just as an energy reservoir, hormonally

inert. But with the discovery of adipokines such as leptin [23] and adiponectin secreted by

adipose tissue, the tissue was revaluated as a complicated, bioactive organ with metabolic and

endocrine functions [24].

It is commonly considered that there are two major types of adipose tissue: white adipose

tissue (WAT) and brown adipose tissue (BAT) (figure 1.6). WAT and BAT are different in func-

tion and anatomy [25]. The major responsibility of WAT is to be the storage of energy with

large unilocular lipid droplet in cells, while BAT is mainly for heat production by non-shivering

thermogenesis, consisting of small multi-locular lipid droplets and more mitochondria. Com-

pared to large amount of WAT, BAT exists in less depots in adult, although there are much

higher proportions in newborn babies. Recently, a new type of adipose tissue is described, the

beige/ brite adipose tissue (figure 1.6), where adipocytes are generated from the browning (or

beiging) of white adipocytes. Cold challenge or chemical stimulation can induce the beiging

process, and WAT beiging is even considered as a potential therapeutic strategy in obesity and

diabetes since the brown-like beige adipose tissues tend to burn fats to heat energy instead of

storing them [26].

Adipose tissues also play different roles depending on their location. According to the

anatomical position of fat in human body, fat tissues can be classified as visceral adipose tissue

(VAT) or subcutaneous adipose tissue (SAT). The VAT depots include omental, mesenteric,

gonadal, perirenal, epicardial, and retroperitoneal [27]. The distribution of VAT and SAT varies

from species to species and person to person [28, 29] . The increase of visceral adipose tissue,

especially omental and mesenteric VAT, is tightly related to the increased risk of cardiovascular

diseases and T2DM. Conversely, the accumulation of SAT, especially in the hip and thigh

(gluteofemoral fat), is protective from the obesity-related diseases [27, 29].
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Figure 1.6: Three types of adipose tissues [25].UCP1 (uncoupling protein 1 in the mitochon-
dria, also called thermogenin), PPARγ (peroxisome proliferator-activated receptor gamma,
a nuclear receptor, related to insulin sensitivity in adipose tissue), PGC1-α (peroxisome
proliferator-activated receptor gamma coactivator 1-alpha, interacting with PPAR-γ and other
transcription factors to regulate the mitochondria function), and PRDM16 (PR domain contain-
ing 16) are the thermogenesis-related factors.The figure is reprinted with permission from ref
[25] c©2017 Elsevier Ireland Ltd.
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Each adipose tissue also shows cell composition complexity. The tissue usually consists of

adipocytes, preadipocytes, fibroblasts, T-cells, macrophages, stromovascular cells, endothelial

cells, lymphocytes, nerve fibers and extracellular matrix [30]. Perhaps as a result of the rela-

tively recent understanding of adipose tissue’s complexity, few studies to date have carefully

evaluated the dynamic function of the tissue.

Lipid metabolism and its regulations

One major function of adipose tissue is the regulation of lipid metabolism. WAT is the

major organ to store energy in the form of triacylglycerols (TAG, known as triglyceride also).

Fatty acids (FA), those taken up from the hydrolysis of TAG absorbed by intestine cells from

food, are transported to adipose tissue and into the adipocytes, then re-esterified to form TAGs

with glycerol 3-phosphate synthesized in glucose metabolism. FA can also arrive from de

novo lipogenesis, usually happening in liver [31]. During fasting status where energy is in

demand, the stored TAG will go through lipolysis and is hydrolyzed into diacylglycerol (DAG)

and NEFA by adipose triglyceride lipase (ATGL). DAG can be further cleaved by hormone-

sensitive lipase to monoacylglycerol (MAG) and NEFA. MAG is eventually decomposed into

NEFA and glycerol under catalyzed by monoacylglycerol lipase (MGL). The NEFA can be used

to produce energy by β-oxidization and the glycerol can be reused or transformed to glucose

via gluconeogenesis in liver [32].

The lipolysis process is under the regulation of insulin, glucagon, epinephrine, nore-

pinephrine (NE), and natriuretic peptides. It’s well-known that a high concentration of circulat-

ing insulin responding to high concentration of blood sugar will inhibit lipolysis in adipocytes

by downregulating the ATGL mRNA, while during fasting status the glucagon can stimulate

the lipolysis of adipocytes. According to the hormone functions, the newly discovered hunger

hormone, asprosin, should also be able to raise the lipolysis rate [33].

As shown by the signaling pathways in figure 1.7, lipolysis can be controlled through

activation of β1/2- adrenergic receptors (β- AR), which are GsPCR (stimulatory G-protein cou-

pled receptor), which signals through adenylyl cyclase (AC) to increase the cyclic-adenosine
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Figure 1.7: The prolipolytic and antilipolytic signaling in adipocytes [32] NPY1 (neuropeptide
Y) can stimulate feeding. The figure is reprinted with permission from ref [32] c©2016 Elsevier.

monophosphate (cAMP) [34]. Downstream effects include protein kinase A (PKA), Hormone-

sensitive Lipase (HSL) and perilipin (PLIN1). Isoproterenol (a derivative of epinephrine) and

forskolin (agonist of AC) are able to enhance the intracellular cAMP amount to stimulate lipol-

ysis. Interestingly, the regulation of catecholamines on lipolysis is age-related in some fat

depots [28], which may indicate the age-related obesity.

Conversely, the activation of α2- adrenergic receptors (α2- AR), which are GiPCR (in-

hibitory G-protein coupled receptor) will function oppositely to inhibit lipolysis after activated

(figure 1.7A) [32].

Other regulator of lipolysis are natriuretic peptides (NP), ethanol [35], and compounds

such as caffeine [36].

1.2.3 Adipokines and endocrine function of adipose tissue

From the previous section, we know that adipose tissue accounts for ∼10% of insulin-

stimulated glucose uptake, where glucose is metabolized for energy or transferred to TG as

energy storage. Another critical role of adipose tissue is its endocrine function. Glucose and
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lipids metabolism in adipose tissue for energy balance are regulated by multiple organs and

tissues, and they can sense energy level and coordinate with each other by release of hormones

or metabolites [37] (figure 1.8). Adipose tissue is the largest endocrine organ and secretes a se-

ries of bioactive cytokines related to the regulation of energy homeostasis and the inflammatory

system.

Here, we focus mainly on hormone secretion in white adipose tissue (WAT), from which

more cytokines (adipokines) are produced compared to brown adipose tissue (BAT). Leptin

was the first identified adipokine. It is considered as a satiety hormone that reduces food intake

by targeting on the hypothalamus and it has a lipolytic effect to raise the energy expenditure in

WAT [38]. Both of VAT and SAT can secrete leptin and SAT shows higher level of leptin mRNA

in women. The circulated concentration of leptin is also proportional to the body fat weight.

Adiponectin is another important and abundant adipokine. Produced only in adipocyte, it is

considered as insulin sensitizer and its amount is reduced in visceral obesity. Adiponectin can

also regulate inflammatory/anti-inflammatory processes [39]. The lymphocytes and stromal

cells present in adipose tissue also produce and secrete resistin, which can reduce food intake.

Sex steroids can also be secreted from adipose tissue, but their functions are not yet elucidated

[38]. TNFα (tumor necrosis factor-α) and IL-6 (interleukin-6) are synthesized and secreted

from the macrophages and T-cells in adipose tissue to inhibit adipogenesis, and the increase

of TNF is correlated to high BMI and associated with insulin resistance [18]. Many other

proteins are also produced and secreted by adipose tissue, such as chemerin, omentin, vaspin,

vistatin, DPP4, and others[40]. Many of these cytokines have not been characterized well, and

new ones remain to be uncovered. Notably, their characterization and discovery would greatly

benefit from simple, rapid, and low-cost but efficient quantitative assays-a subject of Chapter 2

and 5 of this work.

Because many cytokines are produced in adipose tissue, and they participate in crosstalk

with other organs, malfunction of WAT will result in obesity and obesity-related diseases like

T2DM, cardiovascular disease, and other metabolic diseases [41], and the development of these

diseases is related to the insulin resistance of adipose tissue. Furthermore, the alteration of
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Figure 1.8: Regulation of energy homeostasis in multi organs and tissues.The figure is
reprinted with permission from ref [37] c©2017 Springer Nature.
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lipolysis can result in higher basal concentrations of glycerol and FFA in blood, which is as-

sociated with insulin resistance; it can attenuate the response of adipose tissue to stimulated

hormone such as catecholamines owing to the decreased lipolytic Gs, increased antilipolytic α2

adrenoceptors and lower level of HSL [42]. Increased leptin and TNFα will also raise basal

lipolysis in obesity; hyperleptinemia is highly correlated to the insulin resistance. These al-

ready significant correlations between obesity and insulin resistance need further investigation,

thus method development in the area remains an important goal of bioanalytical chemists.

1.2.4 Connections in adipose tissue

Cytokines are secreted from adipose tissue in dynamic patterns, and further evidence of

these effects are shown in Chapter 4 using our microfluidic systems. This type of dynamic se-

cretion is likely due to cell-to-cell communication because cells are naturally connected to each

other and function in a high-level coordination in multicellular organisms. Here, I highlight two

types of important connections in WAT, gap junctions and nerve-cell innervation.

Gap junction

Cell junctions are essential parts for intercellular connection in tissues, giving the only

channels for the direct contact of cytoplasmic matrices [43]. Gap junction intercellular com-

munication (GJIC) (figure 1.9A) is one type of cell junction. Gap junctions are channels of

1.4-1.6 nm in diameter on the cell membrane, which are composed of two connexons (figure

1.9B), and they allow low molecule-weight (< 1000 Da) molecules to exchange between cells

including the ions (e.g. Ca2+), metabolites (e.g. ATP, glucose), and second messengers (e.g.

cAMP) [44]. Known for some time for existing in brain, liver, cardiac, and skeletal muscle

tissues [44, 45], gap junctions are mainly responsible for the buffering and transferring of cel-

lular signaling between cells to synchronize the electrical and metabolic activities of cells in

the intact tissue [46]. The abnormal function of gap junctions and mutation of gap junction

genes are related to heart diseases, hearing impairment [47, 48], and other pathological states.
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Multiple publications have proved that gap junctions exist in brown and white adipose

tissues, consisting of paired connexin 43 proteins and functioning for intercellular communi-

cation to synchronize the cellular events for energy balance and the inflammatory response

[49, 50, 46, 51].

The synchronized cellular activities by GJIC will accelerate and amplify the response of

adipocytes stimulated by hormones from other organs or tissues to regulate the lipid metabolism,

adipokine secretion and immune response as an endocrine organ. In example, gap junctions

(Cx43) are shown to be required to propagate the sympathetic nervous signals in beiging

of WAT in cold challenging [26]. However, the direct responsibilities of gap junctions in

adipokines secretion remain to be further understood. In Chapter 5, we use novel techniques

to show evidence–similar to the removal of gap junctions in pancreatic β-cells where cells lost

calcium oscillation [52]–that the gap junctions also play a vital role in the dynamic secretion of

adipokines from WAT.

Nerve-cell innervation

Energy homeostasis involves the regulation of food intake, energy expenditure and a va-

riety of metabolic processes. The central neuronal system (CNS) is another important part of

the physiological system that helps conserve the metabolic homeostasis and energy balance for

the whole body. Adipose tissues have been known to be innervated by terminals of the sym-

pathetic nervous system (SNS) [53, 54], and it was commonly considered that brown adipose

tissue is more innervated than white adipose tissue (WAT) and that the innervation of WAT is

more due to the blood vessels through the tissues [55]. But with more investigations on the

lipolysis and beiging of WAT, it was revealed that the fat pads of WAT are well connected by a

network of sympathetic arborizations. A recent article has reported >90% adipocytes (figure

1.10A) in the inguinal WAT (iWAT) are apposed closely to the sympathetic fibers, which can

be activated by cold exposure for WAT beiging regulated through β-adrenergic receptor [56].

Not just the browning of WAT is under the regulation of SNS, as the lipolytic effect of leptin on

the WAT is also related to the neuro-adipose junction. In this study, the optogenetic activation

of sympathetic nerves in iWAT was used to mimic the lipolytic effect of leptin by increase of
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Figure 1.9: (A) Gap junction intercellular communication (GJIC); (B) A pair of connexons
form a GJIC channel, and each connexon contains six subunits named as connexin; (C) The
structure of a transmembrane protein, connexin.The figure is reprinted with permission from
ref [43] c©2008 Future Science.
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Figure 1.10: (A) The sympathetic innervation of inguinal WAT. Synaptophysin is a pan-
neuronal marker and tyrosine hydroxylase is the marker of sympathetic neuron [56]. (B) The
connection of neuron and adipocytes in iWAT fat pad in the anesthetized mouse [57].Figure A
and B are reprinted with permission from ref [56] c©2017 Elsevier Inc, ref [57] c©2015 Elsevier
Inc

norepinephrine and signaling through the β-adrenergic receptor (figure 1.10B) [57]. Further-

more, the electrical stimulation of the hapothalamus can trigger increased FFAs and glycerol

[58]. Overall, the sympathetic system has been found to have profound effects in lipolysis and

anabolic pathways (figure 1.11). The WAT is also innervated by the parasympathetic nervous

system (PNS) [59, 60]. The parasympathetic stimuli inputs are related to insulin sensitivity

of fat tissue and to the endocrine function of the tissues through the secretion of leptin and

adiponectin [59].

Connected by the sympathetic and parasympathetic nervous systems, the brain, adipose

tissues, pancreas, muscle and digestive system form interconnected loops that regulate the ap-

petite and metabolic activities of adipose tissues (figure 1.12)[16]. The innervation of adipose

tissues is also considered to play a role in the difference of lipid metabolism and immobi-

lization in different types of adipose tissues [54]. In deciphering studies herein that focus on

dynamic WAT function (Chapters 4 and 5), it will be important to understand these SNS and

PNS connections to WAT in vivo.

1.3 Dynamic study of biomolecule secretion

From what I have discussed so far, it should be clear that the regulation of metabolism and

hormone secretion in pancreatic and adipose tissues is a complex network. It is important to

study these tissues with higher precision techniques to have better insight about what causes

18



Figure 1.11: Lipolytic effect of leptin to promote the fat loss though the sympathetic nervous
system. The secreted catecholamine from the nerve terminal can activate β-adrenergic receptor
to enhance the lipolysis in adipocytes.The figure is reprinted with permission from ref [61]
c©2015 Springer Nature.

diabetes and obesity and how to keep or bring back our bodies in energy homeostasis and bal-

ance of endocrine system to prevent or cure the diseases. For understanding the tissue function

more thoroughly, the metabolites, secreted proteins and related signaling molecules from the

tissues should be quantified under regular condition and simulated status and at high temporal

resolution if possible. A variety of conventional assays are available for the detection and quan-

tification of proteins and small molecules, which I will discuss it in a later section. However,

intercellular metabolism and extracellular hormone secretion are not simple to keep correlated

in the same pattern and at consistent rate–they secrete dynamically. As mentioned earlier, a

typical example is the calcium wave and synchronization of insulin secretion from coupled

β-cells in pancreatic islets [4]. Even with well-developed systems for imaging and sampling

from islets, it is still very difficult to assemble an experimental system that can simultaneously

measure intercellular Ca2+ and insulin secretion.

Biological systems consist of many dynamic molecular machineries and can deal with

the signals and give responses at a high speed. Figure 1.13 shows how fast various biolog-

ical response in cells can be processed, such as microsecond-to-millisecond cell signaling or

second-to-minute scale protein synthesis. Therefore, to study the active functions of cells and
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Figure 1.12: The appetite control system. The terminals of SNS and PNS in adipose tissue can
sense the energy level and secrete the adipokines, such as leptin and adiponectin from WAT
and UCP1 (uncoupling protein 1) from BAT, to function on the brain to produce neurotrans-
mitters and peptides to trigger the food intake (neuropeptide Y (NPY) and agouti-related pep-
tide (AGRP)) curb the appetite (melanocyte-stimulating hormone (MSH) and amphetamine-
regulated transcript protein (CART).The figure is reprinted with permission from ref [16]
c©2017 Springer Nature.

20



Figure 1.13: Timescales of biological processes.The figure is reprinted with permission from
ref [63] c©2015 Tylor and Francis.

tissue, a tool or technique with high temporal resolution is required to control and monitor the

sampling in real time. The development of microfluidic technologies effectively shined a light

on reforming the investigative methods of cell biology [62]. Due to its accurate and precise

control of time and solution volume and its good compatibility with various assays and mi-

croscopy, it is an ideal tool for dynamic studies of biomolecules secretion from pancreatic and

adipose tissue. In the sections that follow, several relevant microfluidic concepts are introduced.

1.4 Microfluidics

Microfluidics is defined as “the science and technology of systems that process or ma-

nipulate small (10-9 to 10-18 liters) amounts of fluids, using channels with dimensions of tens

to hundreds of micrometers” (quote from Prof. George Whiteside) [64]. The development of

microfluidics has been motivated by the small consumption of reagents and samples, low cost,

rapid analysis with high sensitivity and high resolution, and the most important characteristic–

small size but with highly integrated devices, i.e. lab-on-a-chip system (figure 1.14A-B) [64].
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Figure 1.14: (A) Lab-on-a-chip: a microfluid chip with multiple modules to deal with cell
isolation, sorting, viability test, differentiation, and migration monitoring [65]; (B) Microflu-
idic chip with multi-layers PDMS for studying the immune response of single cells [66]; (C)
Laminar (non-turbulent) flow in microfluidic channels [67]; (D) Pneumatic microvalves for
microfluidic chip to control fluid flow [68]; (E) Micropumping with three microvalves used
to direct fluid flow by sequentially switching in a peristaltic pattern [69].Figure A,B,C and D
are reprinted from ref[65] c©2013 Royal Society of Chemistry, ref [66] c©2016 Elsevier, ref
[67] c©2005 American Chemical Society, ref [68] c©2016 Royal Society of Chemistry, ref [69]
c©2016 MDPI.

22



1.4.1 Materials and components for microfluidics

PDMS (polydimethylsiloxane) is an elastomer widely used to manufacture microfluidic

chips due to its easy fabrication, optical transparency, gas permeability, thermal stability and

biocompatibility. The surface of PDMS can also be treated to be hydrophilic or hydropho-

bic for different application purposes. The flexibility of PDMS makes it able to be fabricated

into microvalves and micropumps used for switching on/off of fluid flowing or driving flowing

within the microchannels [69], figure 1.14D-E. Besides PDMS, other materials can also be

used, like glass, paper, and thermoplastics. The fabrication of glass microchips is more compli-

cated than PDMS, although PDMS is swelled or dissolved in most of organic organic solvents

while [70, 71] glass can tolerate these solvents. Paper is considered as the ideal material for

point-of-care microfluidics, such as in lateral flow microfluidics, owing to its low cost [70, 71].

1.4.2 Continuous microfluidics

According to the mode of fluids flowing within the microchannel, microfluidics can be

generally classified as continuous flow microfluidics or droplet-based microfluidics.

One distinct feature of microfluidics is that the fluid flowing in micrometer dimension

channels is laminar, i.e. non-turbulent, due to the small Reynolds number (Re=ρuL/µ; where

ρ is fluid density, u is velocity, µ is fluid viscosity, L is length).In these devices, Re is much

less than 100 and usually less than 10, meaning that viscous forces within the fluid are much

stronger than inertial forces. In continuous-flow systems, laminar flow patterns are readily

observed as fluids flow in parallel in the same channel without mixing (figure 1.14C). Laminar

flow can be used to deliver fluids to a specific area of the channel at high spatial resolution.

This unique control was applied in gap junction studies since the fluid’s pattern determined

that a dye could be selectively transported to cells only in the middle of the channel, so the

diffusion of dye to the cells close to the sides of channel occurred only through cell-to-cell

communication [46].
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Figure 1.15: (A) The first microfluidic device for droplet formation [72]; (B) Water-in-oil
droplets [75]; (C) The leaking of fluorogenic molecules from droplets into the oil phase [76]].
Figure A, B and C are reprinted from ref [72] c©2013 Royal Society of Chemistry, ref [75]
c©2016 American Chemical Society, ref [76] c©2015 American Physical Society.

1.4.3 Droplet-based microfluidics

In the context of this work, microfluidic droplets refer effectively to highly controlled

water-in-oil emulsion. These droplets, are small volumes of aqueous solution in oil (pico-

liters to nanoliters) that can be produced in a microfluidic chip by flowing aqueous liquids

into another immiscible continuous medium such as oil (figure1.15 A) [72]. Different from

emulsions in conventional tubes, droplets formed in microfluidic devices are highly uniform in

size (between 10-200 µm) because of the precise control of solution volume in microfluidics

[73]. Compared to continuous flow systems, droplet-based microfluidics can reach the goals of

miniaturization of reactions as well as parallelization at same time since the tiny size of droplets

can be formed very fast, at rates up to 8.4 MHz [74]. Droplet microfluidics has allowed break-

throughs in high-throughput screening with less usage of reagents and much lower cost. More

technique details in droplet microfluidics will be presented below.
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Droplet formation

Continuous phase and surfactant Water-in-oil droplet-based microfluidics can compart-

mentalize tiny amount of components and materials inside for reaction (figure1.15 B). Since

each drop should be considered a separate container for its reaction, leaking of components

will reduce the sensitivity of detection and perhaps give a false reading. It is therefore essential

to produce stable droplets and avoid crosstalk between droplets and between droplets and the

continuous phase (figure 1.15 C). At the same time, taking the application of droplets into con-

sideration, the microenvironment in droplets needs to be biocompatible if it is for the capture

and detection of biomolecules and/or biochemical reaction. In a word, it is highly important to

choose the continuous phase along with another critical component for droplet formation, the

surfactant.

Mineral oil and other hydrocarbon oils have been used as the continuous oil phase to form

droplets in emulsions, but they are generally incompatible with PDMS because they can since

they cause swelling of the PDMS devices; these oils can also cause unwanted extraction of

organic reagents and some biological reagents from the aqueous phase into the oil. Several

perfluorocarbon (PFCs) oils is proved to be biocompatible, more thermally and chemically

stable, and having higher respiratory-gas solubility because the strong carbon-fluorine bond

makes it hydrophobic and lipophobic. PFCs such as HFE7500 and FC-40 are widely exploited

as carrier oils in droplet-based microfluidics today [77] to minimize the cross-contamination

between droplets. Figure 1.16 A shows the chemical structure of HFE7500.

The surfactant is another very important component in droplet formation. Thermodynam-

ically, droplets are prone to fuse each other and smaller ones tending toward becoming larger

because two immiscible phases tend to generate an interface with the minimum of energy by

coalescence (the aging of emulsion) and Ostwald ripening (small particles tend to dissolve into

larger one in inhomogeneous solutions). To reduce the surface tension between droplets and

the continuous carrier oil,a surfactant is used, which will increase the energy barrier for coales-

cence of two droplets and increase droplets stability. Since perfluorocarbon oil is chosen as the

carrier oil, fluorosurfactants with perfluorocarbon tails will easily dissolve and stabilize well in
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Figure 1.16: : (A) 3MTM NovecTM HEF7500 for carrier fluid; (B) PFPE-PEG- PFPE triblock-
copolymer for surfactant [78].

the continuous phase. On the other hand, to keep the advantages of microfluidics for bioanalyt-

ical science, biocompatible surfactants are necessary. For this purpose, a non-ionic surfactant

with polyethylene glycol (PEG) as a head group and perfluorinated polyethers (PFPE) as the

tail was synthesized by Professor Weitzs group (figure 1.16B) [78], and is now commercially

available (as Pico-SurfTM) due to its superiority in the field. The non-ionic head points toward

inside of water-in-oil droplet, which will form an inert interface to charged biomolecules like

proteins, DNA and RNA to avoid non-specific adsorption of these molecules on the interface.

Therefore, many biological assays and biochemical reactions can now be carried out in droplet

microfluidic systems. In droplet formation, triblock surfactants with mediate molecular weight

will diffuse faster, which will be a better choice for droplet generation at high rate. But for the

droplet reinjection into channel, the large-molecule surfactants will help stabilize the droplets

under shear stress of flowing [78].

Fluorocarbon oils and PFPE surfactants are carefully chosen to solve the issues of the

droplet stability, but there is still one more issue that needs solving, namingly the leaking prob-

lem of hydrophobic organic molecules between droplets. These molecules may barely dissolve

in fluorinated oil, but the surfactants can help increase these molecules’ solubility [79, 80].

Since the higher retention of hydrophilic molecules in water-in-oil droplet, the fluorophores for

assays can be modified to be more hydrophilic to increase the retention, for example, fluores-

cein (FAM) attached with peptide, the glycosylated coumarin or oligonucleotides attached to

enzyme [74]. This problem can also be solved by using biopolymers as additive such as car-

boxymethyl cellulose (CMC), BSA (bovine serum albumin), sucrose and dextran [81]. Prof.

Hollfelders group has reported that with the increase of surfactant amount, the partition of 3-

O-methylfluorescein into oil phase was raised after 7 h incubation. But if 5% BSA was added

26



into the aqueous solution with 0.75% (w/w) surfactant Abil EM 90, the retention of the fluo-

rescein, from the hydrolysis of fluorescein diphosphate (FDP) by enzyme expressed by E. coli

cells, can be conserved even after 20h incubation in droplets [79]. Later, Prof. Baret group has

proven that BSA can increase the solubility of biomolecules in oil phase to reduce the crosstalk

in thermodynamic way instead of the kinetic barrier formation in the interface [82].

Passive control and active control for droplet generation There are three types of mi-

crodevices commonly used for passive droplet generation. T-junction, also called cross-flow,

was introduced by the Quake group [72] and is widely used due to its simplicity and capability

of forming highly monodisperse droplets at a rate up to 7.4 kHz with less than 2% coefficient of

variation (CV) [83, 84]. The T-junction has been modified to other formats by changing the an-

gle of two channels between the dispersed and continuous phase (figure 1.17A. ii-iv) or adding

more channels for different aqueous solutions (v, vi, vii.-K-junction and viii.-V-junction) [85].

Another commonly exploited format is flow-focusing (figure 1.17C). Hydrodynamic focusing

is applied in the simple cross channels to chop the aqueous jet into droplets at a high speed of

tens of kHz (figure 1.17C). The third type of geometry is co-flow, where the two immiscible

fluids encounter in parallel streams (figure 1.17B). The droplet generation rate for co-flow chip

can be close to flow-focusing. Fewer examples are available for active control of droplet for-

mation. The Niu group has reported forming droplets by a miniature peristaltic pump (figure

1.17D) [86]. The Zeng group has used normally closed valves to actively control droplet for-

mation parameters on-chip [87], and Prof. Easley’s lab has used the Quake-style, normally

closed-valves on-chip as controls to produce the droplets [88], which will be further discussed

in Chapter4.

Droplet manipulation: merging, storage, detection, sorting Since droplets are usu-

ally generated in a large amount at a very high speed, methods to sort and categorize them in

microchannels should be developed to utilize them as micro-containers for biochemical and

biological reactions. To deal with the extremely large number of droplets, integrated and auto-

matic methods are needed to manipulate them. The manipulation of droplets usually includes

mixing, merging, splitting, on-chip and off-chip incubation, storage, reinjection, droplet detec-

tion, and sorting (figure 1.18). While traveling through the microchannel, a convective vortex
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Figure 1.17: Droplet formation by different channel geometries. (A) T-junction channel. (B)
Co-flow channel. (C) Flow-focusing channel [85]. (D) Peristaltic pumping for droplet forma-
tion [86].Figure A, B and C are reprinted with permission from ref [85] c©2016 Royal Society
of Chemistry. Figure D is reprinted with permission from ref [86] c©2017 Royal Society of
Chemistry.

will be produced in the droplet, which brings the effective mixing of the components in the

droplets. A short zigzag channel will make the mixing more efficient because the droplets will

be stretched and folded repeatedly (figure 1.18b) [89]. Droplet merging or fusing is commonly

introduced by electric fields (figure 1.18c). The Abate group has reported the use of salt water

electrode to generate high enough electric field on chip for droplet merging [90] and the method

is widely used now. The electrocoalescence of droplets is due to the destabilization of the oil

film in the interface between two water-in-oil droplets [91]. A similar dielectrophoretic force

can also be used in droplet sorting (figure 1.18g), where the droplets are deflected by electric

field and guided into the specific channel [92]. Droplet sorting can also be operated under the

control of surface acoustic wave (SAW) or magnetic field, and pneumatic valves [93]. The

methods of fluorescence -activated dielectrophoresis [94, 92] and size-based sorting based on

hydrodynamics [95] have been applied for droplet detection and sorting.

Long channels are generally good enough for short-term incubation (figure 1.18d). For

long incubation, the droplet emulsion cream needed to be produced to store more droplets
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(figure 1.18e). The Paegel group has reported a microchip designs to dissipate the continuous

oil to pack droplets to form the emulsion creamer [96]. For longer and larger amount of storage,

standard laboratory tubes are a better choice (figure 1.18j). Other operations like reinjection are

shown in the figure (figure 1.18h and i). These technologies provide researchers more flexibil-

ity to establish an integrated and automatic device for a variety of different applications.Indeed,

our work reported in later chapters leverages on-chip valve-based control, droplet formation at

T-junctions, zigzag mixers, on-chip incubation, and optical detection.

Applications of droplet-based microlfuidics

Droplets are being applied more and more in biotechnology. The small vessels with pico-

to nano-liter volume are ideal microreactors for single cells, genes, and molecules. The au-

tomatic and high-speed formation and sorting also drive the droplet applications inyo high-

throughput screening [91].

Leveraging encapsulation in droplets Droplets can encapsulate many types of molecules

and materials inside. The microfluidic system is able to control the microenvironment in the

compartments to mimic the cell function; for example, a synthetic cell was generated via

bottom-to-up sequential assemble [98]. Such custom vessels should be ideal for creating in-

vitro models of cell [73]. On the other hand, microfluidic droplets are excellent reactors for

small-size and high-throughput tests because of their small volume (0.5 pL -tens of nL) and

large-amount production [97]. Furthermore, rapid mixing by chaotic advection and no disper-

sion when they travel through the network of channels. Many types of biological and biochem-

ical reaction can be miniaturized in droplets (figure 1.19). Droplet-based microfluidic systems

can control reaction time tightly, even being used to study enzyme kinetics at the low milli-

second time scale[89, 99]. Biological DNA assays based on the FRET and biotin-streptavidin

binding have also been exploited within picoliter droplets [100]. Another attractive applica-

tion of droplets is compartmentalization of single DNA or RNA molecule followed by a PCR

amplification reaction, thereby allowing single copies of DNA or RNA to be detected in the

droplets [101]. Both of prokaryotic and eukaryotic cells can be encapsulated and grow in the

droplets. Due to the small size, large amounts of each individual droplet can be controlled to

trap single cell or bacteria for later analysis.
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Figure 1.18: Droplet manipulation.The figure is reprinted with permission from ref [97]
c©2017 Elsevier Ltd.
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Figure 1.19: Biological reactions in the droplets.The figure is reprinted with permission from
ref [97] c©2017 Elsevier Ltd.

With its unique benefits, droplet microfluidics is now a powerful tool for drug screen-

ing [102], enzyme mutant screening [103], vaccine candidate screening by single-virus assays

[104] and from hybridoma cells [105, 106], and bacteria or yeast variant screening [107].

Single cell analysis Traditional bioanalysis for cell biology operates in bulk measurements

of many cells, exhibiting large variation in phenotype and obscuring cell heterogeneity, which

is essential to tissue function. In recent years, one of the most attractive application of droplet-

based microfluidics is single cell manipulation. For example, single bacterial cell trapped in

picoliter droplet were grown for antibiotic resistance test [108]. The fastest development, how-

ever, is happened in the genomic, transcriptomic and epigenomic analyses of single cells in

droplets. Combining the single-cell droplet techniques, barcode methods and NGS, the Weitz

lab developed a droplet barcoding chip, named inDrop (indexing droplets), to study the hetero-

geneity of cell population in their transcriptomics (figure 1.20A) [109]. Their group and others

also reported another similar technique, called Drop-seq, to study the transcriptional profile of

cells from tissues using microparticles instead of hydrogel to deliver primers for library prepa-

ration [110] (figure 1.20B). Later, these single-cell RNA sequencing techniques have been

successfully applied to study the CRISPR-mediated perturbation in single cells [111, 112].
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Figure 1.20: Single cell analysis in droplets.(A) inDrop for single-cell transcriptomic analysis;
(B) Drop-seq for mRNA sequencing to study cell population.Figure A and B are reprinted with
permission from ref [109] c©2015 Elsevier Ltd, and ref [110] c©2015 Elsevier Ltd.
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Until now, droplet microfluidics has shown its strengths in digital analysis (“yes” or “no”

answers), for simplified detection at high speed. But droplets should also be able to be ap-

plied in analog analyses after calibration of on-chip assay, and better sensitivity and precision

of the assay should be achieved since the precise control of solution volume and hundreds

or thousands or more of reactions can be repeated by only using a tiny amount of reagents.

Statistically, the large sample number can help to reduce the standard error of measurements

to enhance the precision of assay, and our group has developed novel analytical modes using

droplets phase-locked to the detection methods [113, 114, 115]. Therefore, droplets can be-

come a potentially powerful tool for biomolecules quantification and dynamic studies of their

secretion. However, to achieve this goal, we need to choose existing assays or develop suitable

assays for biomolecule detection that are compatible with microfluidic volume scales (nano-

liter range). If possible, a homogeneous assay format (mix-and-read) is a good choice for assay

miniaturization due to its simple workflow and the potential for direct optical readout. Below,

in the final main section of the chapter, I discuss homogeneous assays in more detail and focus

on the assays relevant to our research.

1.5 Homogeneous immunoassays

1.5.1 Heterogeneous versus homogeneous immunoassays

In disease diagnostics and development of therapeutic methods, cytokine and metabolite

detection and quantification with high sensitivity and specificity are keys. The changes of cy-

tokines functions are not only biomarkers of many diseases, but also the guidance for treatment

efficacy. Bioanalytical assay development toward proteins and other bioactive molecules can

facilitate the advancement of diseases diagnostics and therapeutics.

According to the workflow, assays can be classified into two main types–heterogeneous

or homogeneous (figure 1.21A). In immunoassays, the enzyme-linked immunosorbent assay

(ELISA) is the gold standard of protein detection, which is a typical heterogeneous immunoas-

say. Traditional sandwich-ELISA is proceeded in microtiter plates (usually in 96-well plate),

where primary antibodies are immobilized on the bottom of each well and can capture target
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molecules after incubation with the sample, followed by washing step that remove the nonbind-

ing agents, and finally an added secondary antibody is conjugated with enzymes to catalyze a

reaction to produce many chromophores for optical detection. The reactions in ELISA are se-

quential and a washing step is always needed after each reagent is added, which makes ELISA

time-consuming. The limit of detection (LOD) of ELISA can be about sub-picomolar, but

the cost of the assay is high and the 96-well plate setting limits the operational flexibility. To

reduce the volume of assay solution and increase the sensitivity further, digital ELISA was de-

veloped and commercialized (figure 1.21B). Digital ELISA integrates a microwell array with

bead-based ELISA to detect single protein, and the absolute target molecule number can be

calculated based on the digital output because the excessive amount of beads are applied to

capture the targets in the sample and the beads are loaded into microwells and each well will

contain only one bead to ensure one-bead-one-molecule and one-well-one-bead [116]. Digital

ELISA has limit of detection down to zeptomolar range[117], but similarly, the instrument and

assay kit costs make it more suitable for routine, high-volume diagnostics in clinics instead of

biological research laboratories. Furthermore, these assays are less appropriate in microfluidics

due to the need for miniaturization of every step in the multi-step assay procedure.

Homogeneous immunoassays are assays following a mix-and-read workflow without wash-

ing steps. Examples, including the amplified luminescent proximity homogeneous immunoas-

say (ALPHA) (figure 1.21C), homogeneous time-resolved fluorescence (HTRF) (figure 1.21D),

Luminex R© xMAP R© technology (figure 1.21E) and DNA-based homogeneous immunoassays

such as molecular pincer assay, proximity ligation assay (PLA) (figure 1.21F) and proximity

extension assay (PEA). DNA-based homogeneous assays will be discussed in more detail in the

next section. ALPHA is an assay based on the singlet oxygen channeling from photosensitizer

molecule to the proximal molecule which can react with singlet oxygen to produce chemilumi-

nescent signal [118, 119]. The two molecules, conjugated on the probes, become close enough

to allow the reaction to happen by binding the probes to the target. HTRF is also based on

the proximity effect after binding to target, but time-resolved fluorophores are used instead of

singlet oxygen. Figure 1.21 D displays that the assay can be competitive or non-competitive.

In non-competitive assay format, probe pair are chosen to recognize the target to bring the
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donor and acceptor in proximity, while the competitive methodology utilizes the labeled target

which give FRET signal and lose the signal after the labeled target is replaced by regular target

molecule. xMAP is the assay where magnetic beads or polystyrene beads with fluorogenic

molecule inside are used to immobilize the capture antibody for target recognition and detec-

tion antibody bound to target to get the donor and acceptor close enough for FRET. ALPHA,

HTRF and Luminex R© xMAP R© assays are characteristic of simple mix-and-read manipulation

but the assays are time consuming (> 2, 3, 6 hours, respectively) and the cost of these assays is

still high because special labelling or beads are required.

1.5.2 Proximity effect and DNA-based homogeneous immunoassay

Binding of two probes to one target drives the distance between the two probes to become

shorter. If the probes are labeled, these labels are brought into proximity and can exhibit en-

hanced reactivity toward each other. This is called the “proximity effect”, since the kinetics

of such reactions are determined by the distance between reactant molecules. It is known that

the intramolecular reactions can be much faster than intermolecular reactions by as much as

200,000 fold, which is the mechanism of some type of catalysts for many organic reactions.

The proximity effect is also the foundation of the DNA-based homogeneous assays used in our

work.The target molecule in these homogeneous immunoassays is functioning essentially as

the “catalyst” to hold the two ”reactants” (labels on probes) close together to increase the rate

of their interaction.

In DNA-based proximity assays, each affinity probe (antibody or aptamer) is conjugated

with an extra DNA oligonucleotide. The ends of the two oligos on a pair of probes are designed

to be complementary and able to form a weakly bound DNA duplex. When a pair of probes are

assembled on one target molecule, the tails of DNA will become close together, and the rate of

hybridization will be enhanced. By this way, the protein quantification is translated into DNA

hybridization. A advantage of this assay format are that the DNA duplex stability can be under

good control by adjusting the number of base pairs in the duplex, and DNA hybridization

is able to be read out in many formats and even amplified by the polymerase chain reaction

(PCR). The proximity effect for DNA-based assays is well explained by Prof. Chris Le, in
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Figure 1.21: Immunoassay types.(A) heterogeneous immunoassay and homogeneous im-
munoassay; (B) digital ELISA [117]; (C) ALPHA based on singlet oxygen transfer [120];
(D) HTRF signal on (antibody pair recognition) and signal off assay (competitive assay) [121];
(E) Luminex R© xMAP R©, Luminex beads can be screened by fluorescence-activated cell sort-
ing (FACS)[122]; (F) In situ proximity ligation assay for phosphorylated protein detection
[123].Figure B, C, D, E and F are reprinted with permission from ref [117] c©2017 Annual
Reviews, ref [120] c©2016 Elsevier B.V., ref [121] c©2016 Bentham Science Publishers, ref
[122] c©2018 Springer Nature, and ref [123] c©2015 American Society for Biochemistry and
Molecular Biology.
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Figure 1.22: Immunoassay types.(A) Proximity effect: binding of the two probes to target
can increase the tailed DNA local concentration from 1nM to 400 µM. (B) After the target-
dependent complex is formed, the tailed DNA duplex become more stable than the complex
without the target binding, which is similar to that the DNA duplex in hairpin structure pos-
sesses higher stability than the hybridization of two strands of DNA with same number of base
pair [124].The figure is reprinted with permission from ref [124] c©2013 John Wiley and Sons.

figure1.22.As noted earlier, DNA-based proximity assays are well-suited for integration into

microfluidic systems [114], since integrating a mix-and-read workflow on-chip is significantly

simpler than designing chips for a multistep workflow.

Based on the methods for readout, there are three main types of DNA-driven proxim-

ity assays. The molecular pincer assay developed by the Heyduk lab utilizes optical readout

for protein quantification, where the DNA assembly brings the donor and acceptor labels into

close proximity to allow FRET (figure 1.23A). The electrochemical proximity assay (ECPA),

invented by the Easley and Shannon group at Auburn University, employs the electrochemical

signal as direct readout to quantify as low as femtomolar target concentration (figure 1.23B).

37



Figure 1.23: DNA-based proximity assys.(A) Molecular pincer assay based on the fluores-
cence resonance energy transfer [127]; (B) Electrochemical proximity assay (ECPA) based on
the electrochemical readout [128, 129]; (C) Proximity extension assay (PEA) by qPCR (quan-
titative PCR) measurement [130].Figure A, B, and C are reprinted with permission from ref
[127] c©2008 American Chemical Society, ref [128] c©2012 American Chemical Society, and
ref [130] c©2011 Oxford University Press.

Another type of DAN driven assay is proximity ligation assay (PLA) [125] and proximity ex-

tension assay (figure 1.23C). Both assays were developed by make use of quantitative PCR

to amplify the DNA and increase the detection sensitivity. Due to the amplified signal, PLA

can detect zeptomoles of targets and can be multiplexed based on different DNA sequences for

readout[126].

1.5.3 Affinity ligands and aptamer SELEX

One critical component in homogeneous immunoassays is the affinity probe pair. Un-

til now, most of the assays are based on the antibody-oligo conjugated products. Antibodies

can recognize and bind to antigens with high affinity and specificity, and the methodology of

antibody production is well-developed and commercialized. The antibody, especially the mon-

oclonal antibody holds very important functions in biological research and disease diagnosis,

and therapy. However, the antibody production is carried out in vivo and requires immortalized

hybridoma cell lines, which keeps the antibody production at high cost.
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Another important type of affinity ligand is the aptamer. Aptamer is single-stranded of

DNA or RNA probe, screened from library pools with 1012-1013 diversities, that binds to tar-

get selectively as an antibody. Compared to antibodies, aptamer screening is proceeded in

vitro by systematic evolution of ligands by exponential enrichment (SELEX) [131, 132]. Since

it is generated in tubes, targets of aptamer can be immunogenic or non-immunogenic and it

should be able to bind to any type of molecule. After selection, aptamers are usually produced

by chemical synthesis, so the variation between batches is small and fluorophores or other

modified functional groups are easily labeled onto the aptamer. Particularly for proximity as-

says, the cost of aptamer generation and labeling is much lower than labeled antibodies, since

antibody-oilgo bioconjugation reactions are tedious and exhibit low yield. Another advantage

of aptamers is that their structure changing can be induced by target, which makes it possible

to enrich aptamer for unknown targets for biomarker discovery. However, because the natural

structure of aptamers is less diverse and the SELEX methods of paired aptamers is unmet, the

number of aptamer pairs is limited, and fewer aptamers are currently applied in biological re-

search. If these limitations are overcome, aptamers will become more ideal affinity probes than

antibodies, especially for DNA-driven, proximity based homogeneous assays.

1.5.4 Challenges with homogeneous immunoassays

Homogeneous immunoassays, especially fluorescence-based, enable simple mix-and-read

workflow, low cost, and rapid readout. However, without the washing step and amplification

of signal, the application of homogeneous assay can be limited by low signal-to-noise (S/N)

ratio, especially in complicated biological matrices like cell lysates, serum, or plasma. One

main reason for this is that the strong autofluorescence in the samples will interfere the fluores-

cence readout. To solve this problem conventionally, the sample should be diluted by tens to

hundreds of times to eliminate the interference. However, the concentration of target molecules

is also reduced largely at the same time, and will normally be out of the assay detection range.

Another limitation is the low abundance of most protein targets, around or below the picomolar

range in biological samples. Without amplification, targets with such low concentration will
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be undetectable in large-volumes of assay solution. Therefore, to make the homogenous im-

munoassay feasible in most of biological researches, we need overcome the drawback of low

S/N ratio. To effectively eliminate the background, it must be discriminate form signal,and

novel methods to do will be discussed more in the Chapter 2. To address the issue of low

concentration of targets, one option is to decrease the assay’s solution volume, as done with

digital ELISA. In my dissertation work, microfluidics was used to enhance assay performance

by increasing signal (limited dilution), and lock-in detection methods on-chip [113, 114, 115]

permitted reduced noise. As discussed in the chapters that follow, we applied both droplet mi-

crofluidics and homogeneous immunoassays to investigate biomolecules secretion dynamics

from pancreatic and adipose tissues. As predicted, doing so has enabled unique observations

concerning the dynamics of adipose tissue function involving hormone secretion and lipolysis.
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Chapter 2

DNA-driven homogeneous immunoassay based on proximity-induced fluorescence
resonance energy transfer (FRET)

This chapter is recovered from publications: Joonyul Kim, Juan Hu, Andresa B.Bezerra,

Mark D. Holtan, Jessica C. Brooks, and Christopher J. Easley. Protein quantification using

controlled DNA melting transitions in bivalent probe assemblies. Anal. Chem. 2015, 87,

9576-9579; Juan Hu and Christopher J. Easley. Homogeneous assays of second messenger

signaling and hormone secreting using thermofluorimetric methods that minimize calibration

burden. Anal. Chem. 2017, 89 (16), 8517-8523.

2.1 Introduction

As mentioned in Chapter1, compared to heterogeneous assays, homogeneous protein as-

say is an archetypal assay platform which gives both simplicity and scalability on an assay.

Since a common ambition of bioanalytical scientists is to simplify workflows by limiting user

interaction and providing rapid sample-to-answer time, homogeneous assay formats have be-

come increasingly desirable. However, these formats often suffer from the inability to discrim-

inate target-dependent signal from target-independent background. Additionally, one common

type of noise in the assay is the autofluorescence of complex matrices such as serum. To

avoid the autofluorescence in biological samples, a used output is either a time-resolved flu-

orescence [133] or a chemiluminescence [118], which both require complex optics and spe-

cial reagents, which increases costs and reduces the probability of use in the average research

laboratory. One promising approach is to modify recently developed DNA-driven protein

[128, 129, 125, 127, 134, 135, 130, 136, 124] and small-molecule assays [137, 138] toward

readout on a single instrument.
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In this chapter, it is shown that antibody-oligonucleotide [135] or aptamer [135, 136]

probes can be interrogated by thermofluorimetric analysis (TFA) to permit facile discrimination

of signal and background in DNA hybridization driven assays. Signal complexes consisting of

probe-bound protein targets can be analytically separated from background complexes (probes

only, no target) using DNA melting analysis. Thereby, protein quantities can be effectively

translated into DNA melting transitions due to the thermodynamic stability imparted by tar-

get binding. In addition, other noises like autofluorescence will not change with temperature

and can be automatically excluded. As a result, this differential approach permits rejection of

background fluorescence interferences in matrices such as human serum or cell lysates.

Thermofluorimetric analysis (TFA) is further explored that by using a standard qPCR in-

strument TFA can be adapted to analyze two types of molecules of high importance to cell

signaling studies: hormones and second-messengers. Previously developed DNA-driven as-

says for cyclic adenosine monophosphate (cAMP)[138] and insulin [127, 134] are shown to

exhibit improved performance when adapted to our TFA readout methodology [135, 136]. Both

cAMP and insulin can be quantified from single pancreatic islets under various treatments and

in a temporally resolved manner. Furthermore, an unexpected benefit of TFA was discovered.

Presumably due to the direct-readout mechanism (non-amplified) and the corrective differential

analysis, signal magnitudesand thus calibration curveswere highly repeatable over a period as

long as 7 months. Overall, this approach simplifies quantitative readout of proteins and small

molecules to a single instrument that can also be used for DNA and RNA analyses, it provides

a homogeneous mix-and-read workflow, and it minimizes calibration burden in cell signaling

studies.

2.2 Experimental design

2.2.1 Reagents and Instrument

Bridge-It R© Cyclic AMP (cAMP) all in one Assay Kits and Human Insulin FRET-PINCER

Assay Kits were purchased from Mediomics, LLC (St. Louis, MO). Rat / Mouse Insulin ELISA
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kits (EZRMI-13K), Human Insulin solution, and bovine serum albumin (BSA) were all ob-

tained from Millipore Sigma. Heat inactivated HyCloneTM Fetal Bovine Serum (FBS) was

from Gel Healthcare Life Sciences. The human insulin concentration was confirmed by pro-

tein absorbance at 280 nm (A280) using a NanoDrop 1000 spectrophotometer (Thermo Fisher).

Hanks’ Balanced Salt Solution (HBSS) was purchased from Lonza. D-glucose, HEPES (4-

2-hydroxyethyl-1-piperazineethanesulfonicacid), penicillin-streptomycin, NaCl, CaCl2·2H2O,

KCl, and MgCl2·6H2O were purchased from Sigma-Aldrich (St. Louis, Missouri). Roswell

Park Memorial Institute (RMPI) 1640, 1X with L-glutamine/ without glucose is from the Corn-

ing cellgro (MT-10043CV). Collagenase P was from Roche. Glucose-responsive insulinotropic

peptide (GIP) was obtained from Bachem Americas (Torrance, CA). Forskolin (>95.0%, HPLC)

was purchased from TCI America. The real-time quantitative PCR (qPCR) instrument used

in all experiments was a Bio-Rad CFX96. Binding buffer is 50 mM Tris-HCl, pH 7.5, 100

mM NaCl, 1 mM MgCl2 with 1% BSA. The sequences of thrombin aptamers are as below.

Thr1 BHQ1:5’CAG TCC GTG GTA GGG CAG GTT GGG GTG ACT TTT ACT TTC TGC

ACG ACA CTT TGG AAC AGC /3IABkFQ/; Thr2 TAMRA: /55-TAMK/ AAT AAC GTC

AGA ATC GTA CTC GGG TGT GAC TAC TGG TTG GTG AGG TTG GGT AGT CAC

AAA; connector: C7-12 - CGT TAT TGC TGT TCC AAA G; C8-12- ACG TTA TTG CTG

TTC CAA AG; C9-12- GAC GTT ATT GCT GTT CCA AAG. Insulin antibodies (clones 3A6

and 8E2; Fitzgerald Industries). The sequences of insulin TFA are as below. AbA BHQ2:

/5AmMC6//iSp18/TCG TGG AAC TAT CTA GCG GTG TAC GTG AGT GGG CAT GTA

GCA AGA GG/3BHQ 2/; AbB TYE665: /5TYE665/GTC ATC ATT CGA ATC GTA CTG

CAA TCG GGT ATT AGG CTA /iSp18//3AmMC6T/; connector: C’7-10: T GAT GAC CCT

CTT GCT A; C’8-10: AT GAT GAC CCT CTT GCT A; C’10-10: G AAT GAT GAC CCT

CTT GCT A. All DNA sequences used are purchased from IDT. Antibody-oligonucleotide

conjugates were prepared as described in previous publications from Prof. Easley’s lab[128,

129] by covalent attachment of AbA BHQ1 to insulin antibody 3A6 (probe: 3A6 BHQ1) and

AbB TYE665 to insulin antibody 8E2 (probe: 8E2 TYE665), respectively. Conjugation and

purification were accomplished using the Antibody-Oligonucleotide All-In-One Conjugation
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Kit (Solulink), according to the manufacturers instructions. The final conjugate concentrations

were determined via the BCA protein assay.

2.2.2 TFA of thrombin assay and TFA of insulin assay 1

The concentration of each TFA component in total 20 µL of assay buffer is as below; 50

nM of a pair of thrombin aptamers and 70 nM of DNA connector for thrombin TFA and 6.3

nM of a pair of insulin antibody-oligonucleotide conjugates and 18.9 nM of DNA connector

for insulin TFA. 5 µL of sample was used in both TFAs. The assay mixture was preincubated

at 4 oC for 10 min before starting thermal scanning. Fluorescence, either TAMRA for thrombin

TFA or TYE665 for insulin TFA 1, was measured at the end of 15 sec waiting time after

reaching to the targeted temperature. The range of temperature scanned was from 4 oC to 65

oC with 0.5 oC interval. Isothermal proximity assay (IPA) was performed at 22 oC with same

reaction mixture used in TFA.

2.2.3 TFA of insulin assay 2

To prepare assay probe solutions with the dual antibody-oligo probes, Pincer A and B stock

solutions were diluted 25-fold and mixed using buffer C in the PINCER assay kit (Mediomics,

LLC). Ten different concentrations of insulin used for the standard curve were made from

the stock insulin solution by dilution in BMHH buffer with 0.1% BSA, containing 10 mM

HEPES, 125 mM sodium chloride, 5.7 mM potassium chloride, 2.5 mM calcium chloride, and

1.2 mM magnesium chloride. 10 µL assay probe solution and 10 µL insulin standard were

mixed and incubated at room temperature for 30 min, then loaded into the qPCR instrument.

In cell assays, 4-5 islets were incubated in 40 µL of various treatment solutions for 1 h, and

supernatants were collected. Aliquots of these samples were diluted 1-4 fold with buffer to

a total of 10 µL then mixed with 10 µL assay probe solution and loaded into the instrument.

Using the qPCR instrument for TFA, the mixtures were incubated at 4 oC for 10 min and then

scanned thermally from 4 oC to 50 oC with a 0.5 oC increment and a 10-s delay before each

fluorescence emission measurement. The FAM channel (λex = 470 ± 20 nm, λem = 522 ±

8 nm) was chosen for fluorescence excitation and emission quantification for each solution
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during thermal scanning. The FRET donor and acceptor in this assay was FAM (a fluorescein

derivative) and Cy5, respectively, although Cy5 was used merely as a FAM emission quencher

within this work.

2.2.4 TFA of cAMP assay

To prepare assay probe solutions, the all in one assay solution and the 10x lysis buffer from

the assay kit were warmed at 37 oC for 30 min then mixed together. Ten different concentrations

of cAMP used for the standard curve were made from the stock cAMP solution using 1x KRB-

IBMX buffer. 10 µL of assay solution and 10 µL cAMP standard solution were mixed and

incubated at room temperature for 45 min, then loaded into the qPCR instrument. Cell sampling

for cAMP assays were carried out on single islets as described below. For TFA readout, the

solutions were incubated at 4 oC for 10 min and then scanned thermally from 4 oC to 94 oC with

0.5 oC temperature increment and a 10-s delay before each fluorescence emission measurement

using the FAM channel, as noted above. The FRET donor and quencher in this assay was FAM

and DABCYL, respectively.

2.2.5 Tissue extraction

Pancreatic tissues were extracted and islets were isolated as described previously [139,

140] from live C57BL/6J male mice. After extraction, islets were transferred and cultured in

islet medium (RPMI 1640 with 10% heat inactivated FBS, 10 µg/mL penicillin-streptomycin

and 11 mM glucose) at 37 oC under humidified 5% CO2 overnight before using.

2.2.6 Single islet assays

For a given single-islet experiment, cultured islets were picked up and starved in the 3

mM glucose solution at 37 oC under humidified 5% CO2 for 1 h and then equilibrated in KRB-

IBMX buffer for 15 min at room temperature. Later, a single islet was taken out and placed in

an 8 µL solution with different treatments at 37 oC for 30 min. 5 µL of the supernatants were

collected for insulin secretion quantification by insulin TFA as detailed above. The remaining

islet was lysed in a total of 20 µL lysis/assay buffer, and two 10 µL aliquots were analyzed by
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cAMP TFA as described above. For the dynamic, time-resolved studies, 21 different sets of

single islets (all in different tubes with 8 µL of solution) were treated for different time periods

(from 0 to 60 min, 3-min increment) in duplicate or triplicate; sample collection and cell lysis

methods were the same as above.

2.2.7 Statistical analysis methods

The Student’s unpaired t test with heterogeneous variance was used to process data for

islet experiments. The Deming regression method was used for the correlation plot between

the TFA assay and ELISA for insulin.

2.3 Results and discussion

2.3.1 Proof of concept by thrombin TFA assay

In DNA-based homogeneous assay, target-dependent probe proximity is assessed by quan-

tifying the oligomeric tails of paired probes at equilibrium. Few approaches to optimize S/B

ratio (signal to background ratio) have been reported [125, 141, 127], but none of these was sys-

tematic enough to understand the pairing of two probes by proximity effect. In this study, we

aimed to develop a systematic analytical tool to separate a true signal (i.e. target-driven proxim-

ity of two probes) from total output in free solution. The inspiration was from that an enthalpy-

driven DNA hybridization, readout in most DNA-based homogeneous assays, is sensitive upon

temperature change. This thermodynamic characteristic allows resolving thermal stability of

two complexes simply by temperature scanning; (1) background complex: probe pairs-DNA

connector complex and (2) signal complex: target-probe pairs-DNA connector complex (figure

2.1A). We assume that association of probes to a target protein is relatively more entropy-driven

event, so that it remains stable upon temperature change below 40 oC. As a proof-of-concept,

we selected a pair of thrombin DNA aptamers [142, 143] in which their oligomeric tails were la-

beled with Blackhole Quencher 1 (BHQ1) and TAMRA fluorophore, respectively (Thr1 BHQ1

and Thr2 TAMRA) (figure 2.1A). The oligomeric tail of Thr1 BHQ1 is hybridized to a DNA

connector with 12-bp long, not to be dissociated through entire range of temperature scanned.
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The length of Thr2 TAMRA oligomeric tail to be hybridized is 9-bp long, designed to be dis-

sociated during temperature scanning (Tm < 30 oC, Tm: melting temperature). We expected

that local maxima of the dF/dT (the first derivative of fluorescence intensity with respect to the

temperature) trace at two distinct temperatures should permit assignment and separation of the

two major populations, background and signal complex. Also, it is expected to have an optimal

temperature between two temperatures which allows the amount of signal complex maximized

with zero background. Fluorescence quenching, the consequence of probe proximity, reached

the maximum at low temperature, resulting in the lowest TAMRA fluorescence at the begin-

ning of thermal scanning (figure 2.1B). The fluorescence increased in a temperature-dependent

manner until 50 oC as a result of the dissociation of Thr2 TAMRA from DNA connector. The

plateau at 50 oC suggests that 9-bp in Thr2 TAMRA with DNA connector was completely

melted away. 20 nM thrombin in assay mixture yielded two phases of a melting curve which

Tm is 27 oC and 43 oC, respectively, supporting that two different populations of DNA duplexes,

which are from background complex and signal complex, are successfully separated upon their

own thermal stability. We called this method thermofluorimetric analysis assay.

To estimate thermal stability of signal complex, the designed Tm of probe-DNA connector

duplex should not be higher than Tm of probe-target complexes, which limits the maximal num-

ber of base-pairing in the DNA duplex. The minimum number of base-pairing is also limited

for detectable fluorescence change induced by probe proximity. For systematic understanding

of TFA with the length of DNA connector, we generated the novel thrombin thermofluorimetric

map by linearly varying temperature from 5 to 55 oC (figure 2.1C). The target concentration

was increased stepwise from 0 to 70 nM with 5 nM interval. The lengths of DNA connector

to be hybridized to one probe (Thr2 TAMRA) were varied while keeping the length of DNA

connector to the other probe constant (12-bp long with Thr1 BHQ1). Two different outputs (F:

fluorescence and dF/dT: the first derivative of F) were mapped on two-dimensional space con-

structed by temperature and target concentration (figure 2.1C). In all three connector systems

of both TFAs, fluorescence (F) was negatively correlated with target concentration in ranging

of permissive temperature (at top panel in figure 2.1C), supporting the map is a tool to optimize

DNA-based isothermal proximity assay (IPA). For instances, C8-12 connector allows thrombin

47



assay having the highest sensitivity at an ambient temperature. Meanwhile, C7-12 and C9-12

connector direct the same assay to be optimized at below and above an ambient temperature, re-

spectively. The dF/dT profile (at second panel) visualizes thermal stability of both background

and signal complex, by showing two bright spots in the map. Compared to C9-12 connector

system in thrombin TFA, C8-12 connector yields further separation of two spots, indicating

larger difference in thermal stability between background complex and signal complex. It sug-

gests that C8-12 connector provides the widest range of temperature which permits the highest

S/B ratio in IPA. Same heat map for insulin TFA is created and is shown in figure 2.1C.

While isothermal versions of the same assay are nonresponsive in serum due to autoflu-

orescence interferences (figure 2.1F), TFA is capable of analytically separating signal melt

transitions from slowly varying autofluorescence background. Control over DNA connector

sequences also allows multiplexed protein detection; insulin and thrombin were simultaneously

quantified in serum with LODs of 0.81 and 1.88 nM (figure 2.1D), without compromising per-

formance from the respective singleplex assay. The assay is functional in even more complex

human plasma samples, where near complete recovery of sensitivity is possible using a red flu-

orescent tag (figure 2.1E). In previous insulin TFA with the probes (antibody-oligo conjugated

by Solulink) didnt show the background peak (figure 2.1C), it may be due to the purity and

multivalency of probes. In probes preparation, multiple oligonucleotides can be conjugated

to one antibody and the simple column purification in the conjugation kit is not able to sepa-

rate the antibodies with different number of oligos, which cause multivalency and unpurity of

probes to influence the assay performance. Therefore, we changed the insulin TFA probes in

later experiments from Solulink conjugated ones to the commercial available probes, purchased

from Mediomics.

2.3.2 TFA exploration—a single instrument for second messengers and hormones

After proved the concept of TFA, we tried to apply the assay to more types of targets.

Studies on the biology of cell signaling often necessitate confirmation of mechanistic pathways

that signal through second messengers and lead to a cellular outcome such as hormone secre-

tion. With current methodology, these studies typically require a combination of multi-step
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Figure 2.1: Thermofluorimetric analysis assay (TFA). (A) Schematic of TFA. (B) Fluores-
cence and dF/dT in the presence of 20 nM thrombin. (C) Two-dimensional TFA heat maps for
thrombin and insulin in three different assay connector lengths (C7-12, C8-12, and C9-12 for
thrombin; C’7-10, C’8-10 and C’10-10 for insulin), with protein concentration on the x-axis
and temperature on the y-axis. Background melt peaks and signal melt peaks in each condition
are highlighted with blue and black arrows in TFA dF/dT maps. Blue arrows = background
melting transitions; black arrows = signal melting transitions. (D) Duplex TFA for insulin and
thrombin quantification in 10-fold diluted human serum. (E) Duplex Insulin TFA in 10-fold di-
luted human plasma (filtered); longer wavelength fluorescence emission (TYE665) was shown
to reduce autofluorescence effects as well. SMT area is the are under the curve of the deconvo-
luted signal melt transition peak. (F) Insulin IPA by spiking insulin into 2.5 µL human serum.
These figures are reprinted with permission from ref [135] c©2015 American Chemical Society.
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Figure 2.2: Thermofluorimetric analysis (TFA) for homogeneous, mix-and-read, bioanalysis
of second messengers and secreted hormones with a standard qPCR instrument. (A) Schematic
of pancreatic -cell signalling that is interrogated by TFA in this work. (B) Differential thermal
analysis of fluorescence signals can be used to quantify either intracellular cAMP or secreted
insulin using DNA-driven assay formats. Changes in signal (S) and background (BG) melting
transitions are shown alongside schematics of both assay formats. These figures are reprinted
with permission from ref [144] c©2017 American Chemical Society.

techniques with customized instruments, resulting in prolonged analytical workflow and a need

for additional expertise. As depicted in figure 2.2, our approach permits quantification of in-

tracellular signals and secreted hormones from the same cells by leveraging thermofluorimetric

analysis (TFA) with a standard qPCR instrument.

In this session, we chose to interrogate insulin secretion pathways in pancreatic islets

to demonstrate the benefits of TFA. Insulin TFA is re-investigated by commercial accessible

probes. As mentioned in the first chapter, insulin is well known as a dominant endocrine

hormone which is secreted by β-cells within pancreatic islets. The hormone serves as a sig-

nal to various other tissues such as muscle, adipose, liver, and brain [15, 145], and it is

the key hormone that encounters disrupted signaling in obesity, diabetes, and metabolic syn-

drome [146]. Glucose stimulates insulin secretion in a cascade through glucose transporters
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(GLUT2), glycolysis and respiration, depolarization of the cell membrane (K+ and Ca2+ chan-

nels), and exocytosis (figure 2.2A). As mentioned in introduction, the “incretin effect” is a

more recently discovered phenomenon defined by the significantly larger amount of insulin

secreted after oral glucose input compared to intravenous glucose challenge. Gut-secreted

glucose-responsive insulinotropic peptide (GIP) was discovered as one of the incretin hor-

mones [147, 148, 149, 12, 150], and it is a potent stimulant of insulin release in the hyper-

glycemic state. GIP signals through its receptor and increases cyclic AMP (cAMP), which

affects various pathways in β-cell depolarization to amplify both the first and second phases

of insulin secretion [9] (figure 2.2A). To study GIP related signaling in β-cells or pancreatic

islets, cAMP and insulin assays are obligatory. As depicted in figure 2.2B, we have developed

homogeneous, mix-and-read TFA protocols using two DNA-driven assays, allowing insulin

and cAMP levels to be quantified with a single instrument. Fluorescence emission readout

during thermal scanning allows differential thermal analysis (dF/dT) to be applied. We have

proved that this approach allows separation of signal and background (two peaks for each trace

in figure 2.2B) and effectively negate matrix-based interferences [135, 136].

2.3.3 TFA of DNA-assembling assays for insulin and cAMP

The insulin assay used here was originally designed for isothermal fluorescence readout.

Antibody-oligonucleotide probes (figure 2.2B, bottom) provide a fluorescence resonance en-

ergy transfer (FRET) response in proportion to insulin [127, 134], driven by a target-dependent

entropic stabilization often referred to as the proximity effect [128, 129, 135, 124, 141]. FRET

occurs from a fluorophore labeled oligo to either a quencher molecule or a FRET pair on the

other oligo. We hypothesized that adaptation of our TFA methodology [135, 136] to these

probes would improve consistency and limit of detection while helping negate potential back-

ground interferences in cell perfusates.

Differential thermal analysis with these probes in the presence of varied insulin concentra-

tions is shown in figure 2.3A. Details of data collection and analysis are shown in figure 2.4 in

a stepwise fashion. These results show melting transitions that represent analytical separation

of background (peak at ∼20 oC) and signal (peak at ∼33 oC). The melting peaks represent
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Figure 2.3: Representative data from insulin and cAMP TFA. (A) dF/dT curves with antibody-
oligo probes show melting transitions that shift and change intensity in proportion to insulin
levels. (B) Blank-subtracted dF/dT curves show clear insulin-dependent changes and allow
removal of background interferences. (C) dF/dT curves with DNA-binding protein and oligo
probes exhibit melting transitions that are cAMP dependent. (D) Similar, blank-subtracted
curves for cAMP quantification. These figures are reprinted with permission from ref [144]
c©2017 American Chemical Society.
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fluorescence de-quenching transitions as the antibody-oligos dissociate, and this peak shift to

a higher temperature when insulin provides increased thermodynamic stability to the complex.

As insulin concentration was increased, the background peak decreased as the signal peak

emerged and grew larger. Interestingly, the quality of this separation was comparable to the

previou results using thrombin aptamer pairs yet was significantly improved compared to the

in-house synthesized antibody-oligos (insulin TFA1 in 2.1) [135]. This enhancement could be

a result of either the improved purification of the probes as we estimated or the simplification

of the proximity assembly in this version of the assay, which does not require connector oligos.

Leveraging the blank (zero insulin) subtraction method approach presented in the prior work of

Prof. Easley’s lab [136], the insulin-dependent portions of the TFA curves could then be easily

visualized (figure 2.3B) and applied for the quantitative analysis presented below.

The cAMP assay used in this work was originally designed for isothermal fluorescence

readout as well. In this case, cAMP serves as a ligand which stabilizes a DNA-binding protein

toward associating with its recognition sequence [137, 138]. The recognition sequence of DNA

is thus thermodynamically stabilized by the presence of cAMP, and a FRET pair can be used

for readout. Again, we hypothesized that adaptation of our TFA methodology [135, 136] to

these probes would result in the concomitant improvements in performance.

Differential thermal analysis with these probes in the presence of varied cAMP concentra-

tions is shown in figure 2.3C. Data collection and analysis is detailed in figure 2.4. This assay

showed nicely separated melting transitions. Background peaks were observed at ∼17 oC and

signal peaks at ∼51 oC, representing the best separation (∆T = 34 oC) achieved thus far with

our TFA protocols. This separation quality is due to the high affinity of DNA-binding protein

to its target DNA in the presence of the cAMP ligand [151] (∼0.1 nM). Increases in cAMP

concentration thus resulted in decreased background peak heights and increased signal peak

heights, which is more easily visualized using the blank subtraction approach (figure 2.3D).

To our knowledge, these data represent the first application of TFA to a DNA hybridization

driven small molecule assay. Blank-subtracted data as shown in figures 2.3B and 2.3D allowed

removal of matrix effects [136] and was used for the subsequent calibrations and quantitative

analysis of insulin and cAMP during cell signaling.
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Figure 2.4: Data analysis for insulin TFA. (A) The raw fluorescence data measured by qPCR
in FAM channel. (B) Background correction by subtracting the fluorescence measured from
buffers in the assay. (C) Normalization of data in (B) to the maximum of fluorescence from the
fluorophore (FAM) to correct the influence of temperature on fluorescence. (D) Data smoothing
by 13-window data average. (E) The 1st derivative of fluorescence data in (D) by 9-window
Savitzky-Golay filter. (F) dF/ dT data were subtracted by blank to separate the two peaks.These
figures are reprinted with permission from ref [144] c©2017 American Chemical Society.
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2.3.4 Highly repeatable standard curves for insulin and cAMP

Blank-subtracted data such as that shown in figures 2.3B and 2.3D were used to generate

TFA-derived standard curves for both insulin (figure 2.5) and cAMP (figure 2.6). This method

allowed robust confirmation of the target-dependent response and the mechanism of binding.

For instance, the insulin calibration curve shown in figure 2.5A could be generated by calcu-

lating the difference between the blank-subtracted dF/dT values of Peak 2 and Peak 1 (from

figure 2.3B). The data can also be used to confirm that the total amount of probes remains con-

stant (target-bound and unbound) by plotting the sum of Peak 2 and Peak 1 intensities in figure

2.5B. The fact that this sum is statistically equal to zero and is unchanged by analyte concen-

tration proves that the analyte (insulin) is simply shifting the probes from a lower stability state

(background peak, Peak 1) to a higher stability state (signal peak, Peak 2) but not altering the

total number of probes.

Interestingly, the blank-subtraction method imparted unexpected consistency to the assay

response. The three calibration curves shown in figure 2.5A were collected over a period of 7

months, yet the response (Peak 2 − Peak 1) was essentially equivalent. Even when combining

all data over 7 months into a three-parameter Hill equation (Eq.2.1, below) for a nonlinear

least-squares fitting, the data was highly correlated (R2 = 0.989), with well-defined calibration

parameters (a = 0.7391± 0.0671; b = 1.1142 ± 0.0965; c = 8.71 ± 1.69). The Hill equation

was used due to the lack of an adequate analytical model for this assay, and the b value above

1.0 suggests a mild degree of cooperativity in binding of the antibody-oligo probes with target

proteins. The 3σ limit of detection (LOD) was calculated to be 0.82 nM using the linear portion

of this curve at lower concentrations, and the dynamic range extends to 22 nM under these

conditions.

y =
axb

(cb + xb)
(2.1)

Similar trends were observed using the blank-subtracted data from the cAMP TFA exper-

iments. Peak difference data (figure 2.6A) was responsive to cAMP levels, while peak sum

data (figure 2.6B) remained near zero and constant. Although the peak sum data did seem to

deviate slightly from zero at a few points, the overall response was not correlated. Likewise,
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Figure 2.5: Repeatable insulin TFA calibrations for minimized calibration burden. (A) Over
a 7-month period, insulin TFA assays were highly reproducible (R2 = 0.989 for Hill equation
fitting, dashed curve). Inset is a log-scale plot of the same data. (B) TFA peak sums were
statistically equal to zero and unchanged by analyte concentration, confirming that insulin sim-
ply shifts the probes from the unquenched state to the quenched state without altering the total
number of probes.These figures are reprinted with permission from ref [144] c©2017 American
Chemical Society.
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Figure 2.6: Repeatable cAMP TFA calibrations also minimized calibration burden. (A) Over
a 4-month period, cAMP TFA assays were highly reproducible (R2 = 0.988 for Hill equation
fitting, dashed curve). Inset is a log-scale plot of the same data. (B) TFA peak sums were sta-
tistically equal to zero and unchanged by analyte concentration, as before with insulin (figure
2.5B).These figures are reprinted with permission from ref [144] c©2017 American Chemical
Society.
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the three calibrations shown in figure 2.6A were collected over a period of 4 months, and the

response was essentially equivalent. The combination of all data gave a nicely correlated (R2

= 0.988) response when fit to Eq.2.1, with well-defined parameters (a = 0.1337 ± 0.0029; b =

1.9022 ± 0.1379; c = 43.1945 ± 2.0399). The b value near 2.0 suggests significant coopera-

tivity in binding, which is to be expected in this multi-component assay format. The 3σ limit

of detection (LOD) was calculated to be 10.8 nM using the linear portion of the curve at lower

concentrations, and the dynamic range extends to 200 nM.

In general, this high level of repeatability for both insulin and cAMP TFA adds to the

practical value of the homogeneous, mix-and-read methodology. In our laboratory, this benefit

allowed us to minimize the burden of calibrations during cell signaling studies. It was not

necessary to carry out full range, multi-point calibrations on a day-to-day basis. In practice, we

would run one or two standards (blank and high concentration) for quality control with each

set of samples, then run a more thorough, 10-point system calibration (as shown in figures

2.5 or 2.6) every few weeks. Indeed, in validation experiments comparing insulin TFA with

insulin ELISA on cell secretion samples, the methods were highly correlated despite having

run samples for several months on a single TFA calibration curve (Deming regression, figures

2.7).

2.3.5 Insulin secretion quantification from islets with TFA

These simplified workflows, the minimized calibration requirements, and the low-volume

sample compatibility permitted a number of biological experiments to be performed, even on

single pancreatic islets. Following a variety of treatments on groups of 4-5 islets, supernatant

was collected for insulin secretion quantification by TFA. As shown in figure 2.8A, islets re-

sponded to increases in glucose (3 mM to 11 mM) by secreting more insulin, as expected.

100 M diazoxide, a potassium channel activator that repolarizes the β-cells, decreased insulin

secretion even at high glucose. Finally, 25 mM KCl effectively depolarized the cells further,

promoting additional insulin secretion at high glucose. The incretin effect was also evaluated

with single-islet experiments using GIP treatments. As shown in figure 2.8B-C, the glucose

dependence of GIP-amplified insulin secretion was confirmed with single islets. More than
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Figure 2.7: Correlation plot between insulin ELISA and insulin TFA using Deming regression.
(A) The Deming regression was carried out using secretion samples of primary islets reported
in the main text. The assays were well-correlated as expected, with a coefficient of 0.97. (B)
Regression curve coefficients are tabulated along with standard error and 95% confidence limit
statistics. The 95% confidence interval of the slope encompassed the ideal of 1.0, and the 95%
confidence interval of the y-intercept encompassed the ideal of zero. These results indicate
good correlation between the two methods (TFA and ELISA).These figures are reprinted with
permission from ref [144] c©2017 American Chemical Society.
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Figure 2.8: Biological validation of insulin TFA with antibody-oligo probes for assays on
single pancreatic islets. (A) Single islets under various treatments were successfully assayed by
TFA, with expected responses recorded. (B) GIP-dependent amplification of insulin secretion
was also observed to be glucose-dependent, with (C) amplification ratios that showed at least
50% amplification at stimulatory glucose concentrations but no amplification at low glucose. ∗∗
denotes p<0.01 by student’s t-test.These figures are reprinted with permission from ref [144]
c©2017 American Chemical Society.

50% increases in insulin secretion were observed at all stimulatory glucose concentrations in

the presence of 250 nM GIP, but there was no amplification observed at low glucose (3 mM),

in agreement with previous studies on the incretin effect [147, 148, 149, 12, 150]. The simple,

mix-and-read insulin TFA protocols were thus validated with single islets undergoing treat-

ments that modulate exocytosis by acting upon glucose transporters, potassium and calcium

channels, and G-protein-coupled receptors.
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2.3.6 Insulin and cAMP assays on single islets with TFA

Both GIP and glucagon-like peptide-1 (GLP-1) are important incretin hormones synthe-

sized and secreted by the gastrointestinal cells following meal ingestion. The principal function

of GIP and GLP-1 in pancreatic -cells is to elevate glucose-induced insulin secretion [150, 149],

as validated with our method in figure 2.8B-C. Akin to GLP-1, the incretin effect of GIP is

through the incretin/cAMP pathway [147, 152]. As depicted in figure 2.2A, GIP binds to the

GIP receptor (GIPR), a G protein-coupled receptor which further activates adenylyl cyclase

(AC) to stimulate the formation of cAMP from ATP. cAMP activates various downstream path-

ways, and its combined effects with glycolysis results in a GIP-potentiated insulin secretion

that only functions at high glucose levels [153, 154]. Glucose alone is insufficient at raising

cAMP, as GIP alone is insufficient in amplifying insulin secretion, but these treatments together

result in amplified insulin secretion.

Consequently, the glucose-dependent, GIP-amplified insulin secretion pathways in -cells

of pancreatic islets are ideal for validation of our TFA methodology capable of measuring

both insulin and cAMP with a single qPCR instrument. In each experiment, a single islet was

stimulated, supernatant was sampled for insulin TFA, then the islet was lysed, and intracellular

contents were sampled for cAMP TFA. Forskolin was chosen as a pharmacological cAMP-

raising reagent on pancreatic islets, since it boosts intracellular cAMP through adenylyl cyclase

(AC) [155] and has been shown to have a significant effect on enhancing cAMP levels in islets

[156]. Forskolin can thus be used as a GIP mimicking reagent. The cAMP TFA results shown

in figure 2.9A provide clear affirmation of these effects in single islets. Forskolin at both 1 µM

and 10 µM strongly stimulated cAMP production within islets at both low (3.0 mM) and high

(16.8 mM) glucose levels. GIP, however, only significantly increased cAMP at high glucose

levels.

The insulin TFA results shown in figure 2.9B show the glucose-dependent nature of GIP-

potentiated secretion. No significant increases in single-islet insulin secretion were observed

at low glucose, using either forskolin or GIP. However, at high glucose levels, insulin secretion
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Figure 2.9: Quantitative analysis of cell signalling in single islets using TFA for both insulin
and cAMP. (A) At low and high glucose levels, forskolin strongly stimulated cAMP at both
1 µM and 10 µM. GIP only significantly increased cAMP at high glucose levels. (B) The
glucose-dependence of GIP-potentiated insulin secretion was validated, since the amplification
only occurred at high glucose for either forskolin or GIP treatments. ∗∗ denotes p<0.01 by
student’s t-test.These figures are reprinted with permission from ref [144] c©2017 American
Chemical Society.
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was strongly amplified by both forskolin and GIP treatments. These results validated the per-

missive role of cAMP in amplifying insulin secretion [153]. Before the amplification pathway

is initiated, the glucose-triggered pathway must first be activated.

The results in figure 2.9 further validated the TFA protocols for cell signaling studies with

a single instrument and simple workflows. Since TFA can eliminate most of the background in-

terference from sample matrices, complicated and time-costing cAMP extraction steps from the

lysis solution were not needed, and insulin quantification could be carried out on supernatants

with little interference.

2.3.7 Temporally resolved insulin and cAMP assays on single islets

The non-amplified, direct-readout nature of TFA allows small volumes to be assayed, as

low as 100 picoliters in our lab prior work [135]. This benefit permitted time-resolved studies

of both insulin secretion and intracellular cAMP levels every 3 minutes, even on the same

single islets (figure 2.10). Insulin secretion was observed to increase in a biphasic manner after

changing glucose from 3.0 to 16.8 mM, while cAMP levels were undetectable in single islets at

this temporal resolution. However, upon addition of 10 µM forskolin, both cAMP and insulin

were detectable at 3-min resolution from single islets using TFA. To our knowledge, this is the

first representation of both insulin and cAMP quantification from single islets at high temporal

resolution, a feat enabled by the simplicity of TFA workflows and instrumentation.

2.3.8 Miniaturization of TFA on microfluidic system

As mentioned again and again previously, mix-and-read operation is a characteristic of ho-

mogenous assay, which enables the assay miniaturizable. A temperature-controlled microflu-

idic chip is built where an assay mixture is confined as low as 235 pL (figure 2.11). Simply

by reducing an assay volume, the detection limit of thrombin TFA rivals to PLA detection

limit without any signal amplification. Assay time is less than 3 min. The signature dF/dT

background and signal peaks shown in 235 pL assay mixture (figure 2.11D) proved that assay

volume could be reduced more than eighty-five thousand times. The standard curve of throm-

bin, insulin and cAMP TFA assays were obtained and single-islet cAMP accumulation under
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Figure 2.10: Single-islet insulin and cAMP levels could be assayed with TFA at 3-min tem-
poral resolution. These results were enabled by the simple workflow, low volume requirement,
and direct readout nature of TFA with a standard qPCR instrument.The figures is reprinted with
permission from ref [144] c©2017 American Chemical Society.

the stimulation of 16.8 mM glucose with 250 nM GIP was done in the microfluidic system

(figure 2.12). The corresponding insulin secretion from each islet was quantified by insulin

TFA assay in tube. Compared the figure 2.12A with 2.12B, the amount of insulin secretion is

following the trend of cAMP accumulation amount. The 7-channel microfluidic system is only

the preliminary proof of miniaturized TFA by microfluidics. For further research, the simplified

temperature controlling system (e.g. two-temperature zones) and detection system (e.g. optical

fibers) are the direction of improved miniaturized TFA.

2.4 Conclusions

We showed that TFA can efficiently separate the signal form background in DNA-based

homogeneous assays. It was a standalone assay as well as gave an insight on developing and

optimizing DNA based IPA. As an assay platform, TFA has unprecedented advantages. First,

TFA is the only tool to measure analytes in complex biological matrix among other direct

assays using a simple fluorescence optic, which is feasibly the most economical. Also, it is

robust and highly reproducible because the value (dF/dT) is internally normalized. Secondly,
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it is truly one-step mix-and-read assay taking less than 40 min. Although LODs are certainly

lower using amplified assays with more complex workflows (e.g. ELISA), the sub-nanomolar

Figure 2.11: Caption next page.
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Figure 2.11: (Previous page.)(A) Two-layer soft-lithographic device design with 7-channel
flowing layer (bottom layer) and control layer (top layer) as a push-down pneumatic valve un-
der control of solenoid switches to seal the flowing channel during the temperature scanning.
The device fabrication protocol same as the one described in chapter4. In the flowing channel,
the imaging window (in the red box) are fabricated by SU-8 photoresist, while other parts are
manufactured by AZ positive photoresist and reflowed to form round-shape channel for facil-
itating the complete close of flowing channel by control layer. The control layer is patterned
by SU-8 photoresist. (B) the channel dimensions of microfluidic device. (C) Peltier- thermo-
electric cooling system for temperature control of microfluidic chip, driven by in-house written
LabVIEW programming. (D) Thrombin TFA assay on the 7-channel microfluidic device with
100 nM Thr1 BHQ, 100 nM Thr2 TAMRA and 140 nM pFRET C21(9-12) were in the assay
solution. Thrombin concentrations in the channels were 200 nM, 100 nM, 50 nM, 25 nM, 12.5
nM, 6.25 nM, 0 nM from right to left channel. The temperature scanning range is 5.0 to 55.0
oC with 0.5 oC increment and 20 seconds delay at every temperature point. The red channel
TRITC was used in the photo taking and the capture time is 10 seconds. All of probes are
annealed at low temperature to give low fluorescence (the upper image); and the background
complexes melt at around 37 oC, where the lower fluorescence represents more signal com-
plexes in the solution (the middle image); when the temperature over 48 oC, hybridized DNA
tails are separate to reach the highest fluorescence readout and little differences among seven
channels (the lower image). (E) Calibration curves of hrombin, insulin and cAMP TFA assay
in the 7-channel microfluidic system. LOD: limit of detection, calculated by 3σ. Insulin and
cAMP probes concentration are same as the assays in tubes, with temperature scanning from
5.0 to 55.0 oC with 0.5 oC increment and 7 seconds delay at every temperature point for insulin,
from 5.0 to 40.0 oC with 0.5 oC increment and 3 seconds delay at every temperature point for
cAMP.

to upper nanomolar detection ranges demonstrated herein compare favorably with other non-

amplified, direct-readout methods in the literature. TFA has been validated as a promising

approach for studies on cell signalling with high calibration repeatability, small sample volume

requirement, and the repurposing of a widely-adopted nucleic acid analysis instrument for both

hormone and second messenger quantification.

Considering the importance of incretin effects in diabetes, obesity, and metabolic syn-

drome [147, 148, 149, 12, 150], TFA represents a robust, new tool that could immediately

impact studies on incretin-amplified insulin secretion from islets or β-cells. In the future, it

should be straightforward to adapt the antibody-oligonucleotide version of TFA to any protein

or target with two antibodies (or aptamers), and the development of additional DNA-driven

assays for small molecules and second messengers would expand the catalogue of TFA ana-

lytes. Multiplexing through spectrally resolved fluorophores and/or thermally resolved melting
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Figure 2.12: (A) One islet, in each reservoir connected to one of seven channels on chip, was
incubated in 8 µL 16.8 mM glucose with 250 nM GIP for 3, 6, 9, 12, 15, 18, 21 min at 37 oC in
7-channel chip. After secretion, 4 µL secretion solution is pipetted out for insulin quantification
by insulin TFA assay and 4 µL all-in-one cAMP assay solution was added into the reservoirs,
incubated at R.T. for 1h. Then the solutions were vacuumed into the detection channels and
the temperature scanning was done on chip for cAMP detection. Error bars are from duplicate
scanning from one chip. (B) Insulin quantification in tube via insulin TFA assay.

transitions has already been shown feasible [135], thus further work in this area should permit

small-volume, mix-and-read assays on a variety of analytes to be carried out in a single tube.

Finally, due to its non-amplified, direct-readout nature, adaptation of TFA to the microfluidic

platform is proved practical and can be an obvious yet important field to explore in the future.
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Chapter 3

Quantifying Aptamer-Protein Binding via Thermofluorimetric Analysis

This chapter is recovered from publications: Juan Hu, Joonyul Kim and Christopher J.

Easley. Quantifying Aptamer-Protein Binding via Thermofluorimetric Analysis. Anal. Meth-

ods. 2015, 7, 7358-7362.

3.1 Introduction

Realizing the enormous analytical potential of aptamers for quantifying proteins, researchers

have devised a variety of methods over the years for quantitative readout of aptamer-protein

binding [125, 157, 158, 159, 160, 130, 161, 162, 128, 129, 163, 164, 165]. Homogeneous

quantification DNA ligation and amplification [125], real-time detection with quantum-dot ap-

tamer beacons [157], direct micromagnetic [166] or electrochemical sensing [166, 128, 164]

and the use of chemiluminescence resonance energy transfer [165] are but a few of many

examples. Most of these methods include some exploitation of controlled DNA hybridiza-

tion. DNA hybridization is sequence-specific, making it flexible and controllable, and down-

stream enzymatic amplification of the sequences [125, 165] can provide exquisite assay sen-

sitivities. However, method development can be hampered by the lack of generalizability

of each approach, often requiring customized method development for each aptamer-protein

couple. Although dual probe proximity assays hold promise for improved generalizability

[125, 128, 163, 127, 141, 124], this strategy requires aptamer pairs, of which only a few are

available to date [161]. As mentioned in previous chapter, simplification of an assays work-

flow is always an important goal in analysis, and this is particularly true in bioanalysis, where

mere sampling of a biological system can be complex. As such, homogeneous protein assays

[125, 127, 118] have great potential, and aptamer-based homogeneous assaysreviewed recently

68



by Sassolas et al.[167]could be argued as the most promising toward the bioanalytical ideal of

arbitrary protein detection in real time [161]. In terms of readout, fluorescence-based optical

detection provides high sensitivity and specificity, yet autofluorescence in biological samples

results in high background and usually implores specialized instrumental workarounds such as

time-resolved detection or chemiluminescence [118].

In second chapter, a novel approach was introduced for homogeneous protein quantifica-

tion in biological matrices that exploits a pair of probeseither aptamers or antibody-oligonucleotide

conjugatesand a homogeneous fluorescence readout enabled by thermal scanning [135]. This

approach provides a method for robust mix-and-read fluorescence detection of proteins, and the

thermal scanning allows subtraction of autofluorescence in human serum samples. However,

dual proximity probes such as aptamer pairs [161] are still required for this method. Inspired by

the benefits of DNA melting approach [135], here we introduce a more generalizable thermal

scanning method that only requires a single aptamer for readout and does not require covalent

labelling of the aptamers. By staining aptamers with a DNA intercalating dye, we demon-

strate that the unbound aptamer and the protein-bound aptamer can be thermally resolved using

a standard qPCR instrument that exploits thermofluorimetric analysis (TFA). Platelet-derived

growth factor (PDGF) can be quantified in buffer at sub-nanomolar levels using TFA, and the

methodology is functional with multiple intercalating dyes and other proteins. Importantly, the

ability to negate autofluorescence in human serum [135] is preserved with our single probe

TFA, since background can be analytically separated from signal. Due to its simplicity and

potential for generalizable protein quantification, this approach provides an important addition

to the bioanalytical toolbox.

3.2 Experimental settings

3.2.1 Reagents and Materials

Reagents included deionized ultra-filtered water (Fisher Scientific), bovine serum albumin

(BSA), SYBR Green (10,000 concentrate in DMSO; Lonza), and recombinant human PDGF-

BB (R&D Systems), which is a homodimer of the beta polypeptide of PDGF (referred to simply
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as“PDGF” herein). All oligonucleotides were purchased from Integrated DNA Technologies

(IDT) and purified by standard desalting or HPLC. Pathogen-screened, normal human serum

samples were purchased from BioreclamationIVT.

3.2.2 Aptamer preparation

The parent sequence of the DNA aptamer with affinity to PDGF was obtained from Green

et al. 28. For purposes not related to the current work, additional nucleotides were added

to this aptamer, which minimally affected protein binding. The PDGF aptamer sequence

(parent sequence underlined) was as follows (5’ to 3’): GGC GCA CCC AAC TCA AAA

AAA TAC TCA GGG CAC TGC AAG CAA TTG TGG TCC CAA TGG GCT GAG TAT. 10

µM of the aptamer in buffer (10 mM Tris-HCl, pH = 8.0, 50 mM KCl, 3.3 mM MgCl2) was

folded by heating for 10 min at 95 oC then cooling on ice prior to experiments.

3.2.3 Thermofluorimetric analysis (TFA)

20 µL assay mixtures were prepared in buffer with final concentrations of 100 nM aptamer,

1 SYBR Green or 500 nM SYTOX Orange, and varying concentrations of PDGF. Specifically,

5 µL of 400 nM aptamer in assay buffer (10 mM Tris-HCl, pH = 8.0, 50 mM KCl, 3.3 mM

MgCl2, 0.1% BSA) was mixed with 5 µL of 4 SYBR Green or 2 µM SYTOX Orange in the

same buffer. 10 µL volumes of varying concentrations of PDGF were prepared in protein

buffer (1 PBS buffer, 10.1 mM Na2HPO4, 137 mM NaCl, 2.7 mM KCl, 1.8 mM KH2PO4, 1.0

mM MgCl2, and 1% BSA). The workflow was slightly different for human serum samples, as

follows: 2.5 µL of 800 nM aptamer in assay buffer was mixed with 2.5 µL of 8 SYBR Green;

5 µL of varying concentrations of PDGF in protein buffer were added to 10 µL aliquots of

diluted serum; all solutions were mixed to give final serum ratios of 1:3 (25%) or 1:7 (12.5%).

All final 20 µL mixtures of aptamer and protein (with or without serum) were then incubated at

37 oC for 15 min, and the temperature was scanned from 4 oC to 90 oC at 0.5 oC min-1. At each

set temperature, fluorescence was measured after a 10 s delay with 470 ± 20 nm excitation and

520 ± 10 nm emission filters for SYBR Green staining and 575 ± 15 nm excitation and 630 ±
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20 nm emission filters for SYTOX Orange staining (Bio-Rad CFX96TM qPCR system). Assays

were carried out in triplicate, with standard deviations presented in figures.

3.2.4 Microchip electrophoresis

Using an Experion microchip electrophoresis system (Bio-Rad) along with DNA 1K Chip

and Reagents Kits (Bio-Rad), mobility shift assays were carried out as described by Hu and

Easley [168]. 5 µL of 7.2 µM aptamer was mixed with 5 µL of 7.2 µM DNA adaptor to facilitate

increased intercalator binding. The adaptor sequence was as follows: /55-TAMK/GAG GAG

AGG AAC ACC CGA TTA AAT GTT GAT, with the underlined portion complementary to the

arm of the aptamer; the TAMRA label on this adaptor was not relevant to the current study. The

mixture was incubated for 15 min at room temperature. 1.5 µL of the mixture was then added

into 1.5 µL of either 3.6 µM or 1.8 µM PDGF or into 1.5 µL buffer for a control experiment.

The final mixture was incubated for 15 min at 37 oC, 1 µL was added to 5 µL loading buffer,

and microchip electrophoresis with electrokinetic injection was carried out as described by the

manufacturer.

3.3 Results and Discussion

3.3.1 Protein-stabilized DNA melting transitions

It is known that the thermal stability of proteins can be increased in the ligand-bound state.

Based on this principle, Pantoliano et al. developed a thermal shift assay capable of measur-

ing protein-ligand binding constants, facilitating applications in screening and drug discovery

[169]. Their approach utilized protein staining dyes, which exhibit low quantum yields in aque-

ous solution but high quantum yields in low dielectric solvents, thus increasing fluorescence in

the presence of denatured, or melted, proteins. The method was proven as generalizable to

determine ligand binding constants with >100 protein targets, and the direct optical readout

facilitated high-throughput analysis. A similar method was developed by Niesen et al., who

showed that a standard qPCR instrument could be used to determine protein-ligand binding

constants due to its thermal scanning capability [170]. However, these approaches were not
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Figure 3.1: Schematic of thermofluorimetric analysis (TFA) of aptamer-protein binding. In-
tercalator fluorescence is low in the melted, free state (left) and high in the folded aptamer or
protein-bound state (middle & right). Protein binding adds stability, increasing aptamer melting
temperature, i.e. Tm,bound > Tm,unbound.

used for quantitative measurement of a given protein in a biological matrix, presumably due to

the inherent complexity and high signal from background proteins. Since others have shown

DNA intercalating dyes capable of isothermal quantification of aptamer-protein interactions

[171, 172], we reasoned that significant advantages could be gained by thermally resolving

these complexes. Specifically, differential melting analysis of protein-stabilized DNA melt

peaks should permit removal of fluorescence interference such as background autofluorescence

[135].

In this chapter, we demonstrate that thermofluorimetric analysis (TFA), when coupled

with DNA-intercalating dyes, can be used to quantitatively report aptamer-protein interactions

in biological fluids. Unlike the methods using differential protein melting [169, 170], TFA

monitors aptamer melting, leveraging the increased thermodynamic stability afforded by pro-

tein binding. Differential melting of dye-intercalated aptamers allows quantitative delineation

of protein-bound aptamers from unbound aptamers, even in the presence of significant autoflu-

orescence in human serum. In contrast to the previous method [135], which utilized thermal

scanning to measure binding of fluorescently labelled aptamers or antibody-oligonucleotide

pairs and a connecting strand, this approach is simplified further through direct interrogation

of the protein-aptamer stability. As shown by the schematic in figure 3.1, a DNA-intercalating

dye such as SYBR Green is used to quantify folded aptamers. Upon melting of the aptamer, flu-

orescence decreases to baseline levels (equilibrium shifted left in figure). Since protein-bound
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aptamers are inherently more thermodynamically stable, their melting temperature (Tm,bound)

should be measurably higher than that of the unbound aptamer (Tm,unbound). This should allow

quantitative discrimination between bound and unbound aptamers, yet without physical sep-

aration. If so, background fluorescence could be easily subtracted, since such a well-defined

thermal transition should not be present in this interfering fluorescence background [135].

3.3.2 Thermofluorimetric analysis (TFA) of PDGF-aptamer interactions

As a proof-of-concept, TFA was applied as an assay of interactions of a single aptamer

with its protein target. Platelet-derived growth factor B-chain (PDGF) is a homodimer that

plays an important role in embryogenesis, connective tissue formation, and in cancer prolif-

eration [173]. A high-affinity aptamer for PDGF exists [174], with the Kd value reported to

be ∼100 pM [125], making this an excellent target for preliminary studies. First, to verify

the functionality of our slightly modified PDGF aptamer sequence, we carried out a microchip

electrophoresis mobility shift assay [168]. As shown in figure 3.2A, the free aptamer migrated

past the detector at around 47 s, while the aptamer-protein complex migrated significantly

slower and passed the detector around 65 s. The decrease in free aptamer peak area at 47 s was

observed to be PDGF concentration dependent, consistent with earlier work [168]. The two

peaks observed around 65 s could be attributed to the 1:1 and 2:1 aptamer:protein complexes,

although this was not explicitly proven. These peak areas were not significantly different at

150 and 300 nM PDGF, but saturation at 150 nM was expected with 300 nM aptamer and 2:1

complex formation.

Next, TFA was carried out using a standard qPCR instrument in the presence and absence

of protein. It is clear from the derivative data (-dF/dT) in figure 3.2B that a more thermally

stable species was present in solution, having a melting temperature of approximately 63 oC

compared to the free aptamer peak at 57 oC. Even at a PDGF concentration of 10 nM, the new

peak was easily distinguished from the free aptamer peak. Furthermore, the methodology is

functional with other DNA intercalating dyes, as shown in figure 3.2C with SYTOX Orange

and in figure 3.3 using Thiazole Orange. figure 3.3 also shows that other proteins can be

assayed using TFA. Thiazole Orange was chosen considering the effective DNA secondary
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Figure 3.2: Aptamer-protein binding studies. (A) Binding of aptamers to the PDGF target was
confirmed using a microchip electrophoresis mobility shift assay. Size markers (15 and 1500
bp) are labelled with stars. Thermofluorimetric analyses (TFA) using (B) SYBR green or (C)
SYTOX Orange intercalating dyes were then validated as a readout mechanism for aptamer-
protein binding.
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Figure 3.3: Validation of thrombing TFA using thiazole orange (TO) staining dye. Although
other tested dyes (SYBR Green, SYPRO Orange) were ineffective for TFA with thrombin ap-
tamers, the G-quartet binding dye, TO, shows promise for detection of additional proteins. As
noted in the text, these types of issues highlight that binding mechanism remains important,
such that TFA must first be evaluated for each protein target of interest.

structure in thrombin aptamer is G-quadruplex and thiazole orange is the dye can stain the G-

quadruplex [175, 143, 176]. Together, these data suggested that protein concentration could

be measured without physical separation using TFA. From the results of PDGF and thrombin,

there are two possible reasons of the fluorescence change. One is the change of aptamer thermal

stability with protein bound; another is that aptamer-protein binding interferes the staining of

aptamer by intercalating dye, where the total fluorescence can be changed but the aptamer

stability changes are undetectable.

3.3.3 TFA for homogeneous protein quantification

Figure 3.4A-B proved that the fluorescence emission is only due to the intercalating dye

bound with aptamer (figure 3.4A) and protein with intercalating dye is no fluorescence con-

tribution (figure 3.4B). The data analysis is demonstrated in figure 3.4C-E. From the results

in figure 3.4 A, 100 nM PDGF aptamer shows strong fluorescence intensity and high sensitiv-

ity at same time because in the linear regression (figure 3.4 F), the slope of calibration curve

from 100nM aptamer same as 50 nM but 100nM aptamer possesses higher fluorescence inten-

sity in total. By varying the PDGF concentration and holding aptamer levels at 100 nM, we

demonstrate that TFA can be used as a quantitative readout of protein levels. In figure 3.5A,

the PDGF-bound aptamer melt peak is highlighted further by using -dF/dT difference plots,
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where the -dF/dT trace from the blank measurement ([PDGF] = 0) is subtracted from each

protein-dependent -dF/dT trace. The figure depicts a typical set of runs with varying [PDGF].

The inset image shows the same -dF/dT difference plots presented as images, where grayscale

colour density is used to depict the concentration dependence of the bound aptamer melt peak

(darker pixels = more intense -dF/dT peak). As shown in figure 3.5B, triplicate TFA gave a

linear response through at least 25 nM PDGF and maximal response at 50 nM. Plotted in the

figure are peak heights of the protein-bound aptamer melt peaks in the -dF/dT difference plots.

Assay saturation at 50 nM is expected with 100 nM aptamer probes, since there are two aptamer

binding sites on each PDGF molecule. With homogeneous fluorescence readout, this system

afforded a sub-nanomolar limit of detection (LOD), at 0.74 nM PDGF.

3.3.4 TFA permits subtraction of serum autofluorescence

Finally, a major advantage of TFA is the ability to subtract background fluorescence that

does not exhibit clearly defined melting transitions. We demonstrate this advantage using ho-

mogeneous, optical protein quantification in human serum. Figure 3.6A depicts the -dF/dT

difference plot images (grayscale colour density) of PDGF spiked into minimally diluted (1:7

and 1:3) human serum samples. Shown in figure 3.6B are the peak heights as a function of

protein concentration. As expected, general matrix effects from serum partially degrade as-

say performance, with sensitivity decreasing with increasing serum fraction. However, the

assays in serum retained 61% and 42% of the sensitivity in buffer (for 1:7 and 1:3 dilutions,

respectively), while isothermal versions of the assay (25 oC) were essentially nonresponsive

to protein (figure 3.6C). These results confirm that autofluorescence can be largely subtracted

using TFA, allowing robust quantitative analysis of protein levels using a simple, mix-and-read,

optical technique in human serum, even at a mere 1:3 dilution. LODs were 1.8 nM and 10.7 nM

in the final 20 µL serum samples diluted 1:7 and 1:3, respectively. If correcting to the whole

serum LOD, the 1:7 dilution (12.5% serum) provides a more favourable result, allowing direct

quantification of as low as 14 nM PDGF in a serum sample. The whole serum LOD was not

optimized in this work, since we analysed only spiked samples.
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3.3.5 Application of single aptamer TFA in aptamer SELEX

In our understanding, as long as the aptamer bound with protein can induce the aptamer

structure change, TFA of single aptamer assay can be established. But not only as assay for

protein quantification, this method is potentially applied in aptamer SELEX. One reason for the

Figure 3.4: Caption next page.
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Figure 3.4: (Previous page.)Data analysis. (A) Control experiments to test SYBR Green bind-
ing to varying concentrations of aptamers in the absence of PDGF confirmed that aptamer
quantities could be determined using SYBR Green and TFA. -dF/dT signal was shown to be
directly proportional to aptamer quantity. (B) Control experiments to test SYBR Green bind-
ing to varying concentrations of PDGF in the absence of aptamers suggested that there was no
appreciable binding. This data confirms negligible protein-SYBR Green interactions, allowing
confidence in aptamer-related peak assignments. (C-E) Data processing workflow for -dF/dT
difference plots. The background trace (SYBR Green in buffer; no aptamer or protein) was first
subtracted from raw thermofluorimetric data to give the plots in C. A 5-point Savitsky-Golay
derivative was calculated for DNA melting peak analysis in D, and -dF/dT difference plots in E
were calculated by subtraction of the average 0 nM derivative plot (blank). (F) TFA for PDGF
quantification was evaluated with different probe concentrations (50, 100, and 200 nM). The
highest sensitivity and lowest background was obtained with 100 nM probe, thus most mea-
surements shown in this manuscript were carried out with 100 nM probe concentration. 50
nM probe showed similarly low background but slightly lower sensitivity, while 200 nM probe
concentration exhibited much higher background and lower sensitivity toward protein.

low-yield and time- and cost-consuming aptamer SELEX is the unmet demand of methodolo-

gies to track the SELEX progress, the binding affinity changing during the evolution. TFA for

aptamer-protein complex quantification can discriminate and measure the bound aptamer from

unbound ones, which can be used to calculate the dissociation equilibrium constant to monitor

the aptamer enrichment. Figure 3.7 shows that the sixth run of aptamer pool can bind to tar-

get more tightly than the library pool based on the target concentration for 50% fluorescence

quench.

3.4 Conclusions

We have demonstrated homogeneous, aptamer-based protein quantification using direct

fluorescence and thermal scanning, i.e. by using thermofluorimetric analysis (TFA). Results

show that TFA permits delineation of unbound and protein-bound aptamers without physical

separation. As shown in previous chapter with affinity probe pair [135], a unique capability

of TFA is the effective subtraction of autofluorescence in biological samples such as serum,

permitting optical protein quantification in serum with low nanomolar detection limits using a

simple, mix-and-read workflow and a standard qPCR instrument.

Since many aptamer-protein binding interactions could feasibly be interrogated in this

manner, it is expected that a major advantage of TFA should be the generality of the readout.
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Figure 3.5: Quantitative protein detection with TFA. (A) Blank-subtracted -dF/dT difference
plots highlight the protein-bound aptamer melt peaks at 63 oC. Grayscale colour density plots
of the same data are inset (peaks labelled with red arrow). (B) Peak heights from -dF/dT
difference plots showed a linear assay response through at least 25 nM PDGF, with maximal
response at 50 nM as expected. The assay LOD was 0.74 nM PDGF in buffer.
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Figure 3.6: Homogeneous quantification of proteins in human serum via TFA. (A) Grayscale
colour density images of -dF/dT difference data in 1:7 and 1:3 diluted serum. Protein-bound
aptamer peaks (red arrows) show assay sensitivity decreasing with increasing serum fraction.
(B) Homogeneous protein assays in serum using direct optical readout were enabled by TFA,
(C) while corresponding isothermal protein assays were non-functional due to high background
in serum.
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Figure 3.7: TFA of single aptamer assay for aptamer SELEX monitoring. 25 nM of aptamer
from the 6th run of SELEX and library were used to quantify targets by 2X SYBR Green.
Fluorescence quench is due to the aptamer-protein binding, so the quench ratio represents the
bound aptamer. The target is a adipokine secreted from white adipose tissue.

Judging from our prior work using microchip electrophoresis mobility shift assays [168] and

from the results, it is likely that TFA could be successfully applied to various other aptamer-

protein complexes or even to aptamer-small molecule complexes. However, it is yet to be

determined whether differences in aptamer structure could preclude the use of TFA for cer-

tain aptamer/target combinations, and the data suggests that various intercalating dyes and

aptamer/target combinations should be explored. In the future, based on the simplicity of TFA

and its unique capability to overcome fluorescence interferences, studies should be directed

toward evaluating responses to various analyte classes in complex matrices. Also, TFA can be

exploited as a simple but effective method to facilitate the aptamer SELEX.
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Chapter 4

Active microfluidic droplet system to quantify adipose tissue glycerol secretion at high
temporal resolution

4.1 Introduction

From the discussion in the introduction chapter, the dynamic studies of hormone and

metabolite secretion from cells and tissues such as pancreatic islets and adipose tissue is crit-

ical to understand their biochemical and physiological functions and develop therapeutics for

related diseases. Traditionally, secretion sampling of metabolites and hormones from cells or

tissues is done in tubes and typical temporal resolution of sampling is around one to five min-

utes for metabolites, and ten minutes to hours for hormones, depending on the abundance of

targets and restricted by manual handling [177, 178, 179, 180]. In tube secretion sampling, not

only a large amount of tissue or cells are required and the temporal resolution is limited, but

also the sampling from steady culture system is highly different from the true, in vivo response

[181, 182, 183, 184].

With the increasing biological applications of microfluidic devices recently, the state-of-

the-art in cell culture systems and its temporal limitations have begun to change. Microfluidics

became a powerful tool in studies of cell biology such as cell proliferation, growth, mobility,

response for chemical stimuli [185, 62, 186]. One suitable application of microfluidic chips

is the investigation of dynamics in ions, genomics and proteomics of cells or tissues under

the different treatment due to the automatic and tight control of chemical and mechanical mi-

croenvironments by microfabricated systems, which mimics the in vivo situation [186, 187]. In

dynamic studies, proteomics is more difficult than gene expression, due to the low amount and

no direct amplification methods. Off-line quantification by assays such as ELISA is expensive

and inefficient and can restrict the temporal resolution of dynamic studies. Besides proteins,
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we are also interested in metabolites such as glucose, fatty acids, and glycerol from adipose

tissue because the dynamics in their metabolism are tightly related to cytokine secretion and

cell function in the pancreas, liver, and adipose tissue. However, they remain to be investigated

due to lack of adequate tools available to others. Therefore, the integration of sampling and

detection on-chip is desperately needed. The Kennedy group has reported a continuous flow-

ing system for glycerol and non-esterized fatty acids quantification from 3T3-L1 adipocytes

[188, 189, 190, 191]. But due to the low mixing in continuous flowing microfluidics, a long

incubation channel is required, and this will come with high dispersion of the analytes in the

solution [99, 89, 192]. As a result, temporal resolution will be diminished during the long incu-

bation process before it reaches the detection window. In such systems, including our own de-

vices, the surface chemistry of the channels (PDMS in our work) should be carefully dealt with

to reduce the adsorption of hydrophobic molecules to the surfaces. These above-mentioned

problems of high dispersion, slow mixing, and surface chemistry can be solved through our

droplet-based analytical system.

A microfluidic droplet system has been recently developed in our laboratory to generate

droplets actively and detect insulin secretion from single pancreatic islets by homogeneous

immunoassays without the need of a continuous flow perfusion system and PDMS coating

[88]. However, homogeneous immunoassays for small molecule quantification, such as one

for glycerol, are rarely available. Instead, coupled enzyme assays are well developed for these

small molecules. Meanwhile, microfluidic droplets have been proved extraordinarily useful

for kinetic studying of enzyme reactions [99, 89]. Thus, our goal in the work reported in

this chapter is to apply coupled enzyme reactions in the droplet microfluidic system for small

molecule quantification at high temporal resolution.

Here, using this improved and extended droplet system, we sampled and detected glycerol

secretion from both 3T3-L1 adipocytes and primary adipose tissue at high temporal resolution.

Such high resolution has revealed, for the first time, a pulsatile secretion pattern of glycerol

in tissue that is not present in cell clusters. These results suggest the presence of cell-to-cell

communication in adipose tissue that is similar to that of pancreatic endocrine tissue.
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4.2 Experimental settings

4.2.1 Materials and Reagents

Deionized water was produced by BarnsteadTM MicroPureTM Wter Purification system

(ThermoFisher Scientific, serial No. 42034239) with the resistance value as 18.2 MΩ·cm

at 23.5 oC and particles less than 0.2 µm. All of buffers in the experiments were prepared

with the deionized water. The SYLGARD R© 184 silicone elastomer kit (Dow Corning, Mid-

land, MD) was used to make PDMS (Polydimethylsiloxane), containing elastomer base and

its curing agent. The silicon wafers were from the Polishing Corporation of America (Santa

Clara, CA). The negative photoresist SU-8 2015 and SU-8 2050 was from the Michrochem

(Westborough, MA) and the positive photoresist, AZ 40XT-11D, was bought from the AZ

Electronic Materials USA (Somerville, NJ). Heat inactivated HyCloneTM Fetal Bovine Serum

(FBS) was from Gel Healthcare Life Sciences. Hanks’ Balanced Salt Solution (HBSS) was pur-

chased from Lonza. D-glucose, HEPES (4-2-hydroxyethyl-1-piperazineethanesulfonicacid),

penicillin-streptomycin, NaCl, CaCl2·2H2O, KCl, MgCl2·6H2O, resorufin sodium salt, cholor-

trimethylsilane, agarose (ultra-low gelling temperarue, molecular biology grade), human in-

sulin solution, 3-Isobutyl-1-methylxanthine, dexamethasone, and Glycerol Assay Kit (cat. MAK

117-1KT) were purchased from Sigma-Aldrich (St. Louis, Missouri). Isoproterenol hydrochlo-

ride (>98%, purity), Bovine serum albumin (BSA), Accutase cell detachment solution were

from VWR (West Chester, PA). DMEM (Dulbecco’s Modified Eagle Medium, low glucose,

L-glutamine, sodium pyruvate and phenol red, cat. 11885084), DMEM (no glucose, no glu-

tamine, no phenol red, cat. A11430-01), MEM Non-Essential Amino Acids Solution (100X)

(cat. 111400502), Sodium Pyruvate (100 mM) (cat. 11360070), Fetal Bovine Serum (qual-

ified, USDA-approved regions, cat. 10437010), Penicillin-Streptomycin (10,000 U/mL) (cat.

15140122), Dulbecco’s Phosphate Buffered Saline (DPBS), and HCS LipidTox Green Phos-

pholipidosis detection reagent (1000X) for cellular imaging from ThermoFisher Scientific (Grand

Island, New York). Pico-Surf 2% in Novec 7500 was purchased from Dolomite Microfluidics

84



(Norwell, MA). NovecTM 7500 Engineered Fluid (HFE 7500) was from 3M. The human in-

sulin concentration was confirmed by protein absorbance at 280 nm (A280) using a NanoDrop

1000 spectrophotometer (ThermoFisher).

4.2.2 Masters fabrication

The microdevice photomasks were designed in Adobe Illustrator and printed by Fineline

Imaging (Colorado Spring, CO) at 50,800 DPI resolution. The silicon wafers were ready to use

after shaken in diluted sulfuric acid (1M) at 220 rpm speed for 30 min, washed and shaken in

D.I. water for 30 min and dried by air. The microchip includes two-layer: the valve channel

is on the top and the flowing channel in the bottom. The master wafers were fabricated by

commonly used photolithography. For the control layer, the negative photoresist (SU-8 2015)

was spin-coated on the wafer at 2000 rpm for 45 seconds, following soft bake on hotplate for

5 min at 95 oC, then cool down slowly, UV exposure for 2 min (∼200 mJ/cm2) by an in-house

built ultraviolet lithography light source [193], and hard bake for 5 min at 95 oC, developed in

SU-8 developer for 7 min. The photomask is with about 20-µm photoresist in thickness.

For the master of the flow layer, both of negative and positive photoresists were used. In

the figure 4.2A, the part of chip across with control layer was fabricated by AZ40XT-11D and

the long incubation channel was made by SU-8 2050. The negative photoresist layer was done

at first. The SU-8 2050 was spin-coated on the pretreated wafer at 3000 rpm for 45 seconds,

following soft bake on hotplate for 5 min at 95 oC, then cool down slowly, UV exposure for 2

min (∼204 mJ/cm2), and hard bake for 5 min at 95 oC, and developed in SU-8 developer for 7

min. The photomask is with 50-µm photoresist in thickness. After the pattern was developed,

the wafer was put in oven for 30 min at 60 oC. Then the AZ was used for the next step. The

AZ40XT-11D was warmed to room temperature and spincoated on the wafer at 2000 rpm for

45 seconds, soft bake on the hotplate for 5 min at 65 oC, 5 min at 95 oC and 5 min at 115 oC.

Then it was cooled down to room temperature very slowly. The photomask was aligned on the

AZ photoresist coated wafer and exposed under UV for 90 seconds (∼153 mJ/cm2), then the

post exposure bake was on the hotplate for 5 min at 65 oC, 5 min at 95 oC and 90 seconds at

105 oC. It was also cooled down to room temperature very slowly. The wafer was developed
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in AZ developer for 6 min. The last step was reflowing, processed on the hotplate for 10 min

at 120 oC under the cover of petri dish partially. The negative photoresist layer is 50 µm in

thickness, and the positive photoresist layer is 40 µm. After the photolithography was done,

two wafer masters were ready to use.

4.2.3 Molds fabrication

The silicon molds were exposed to chlorotrimethylsilane(TMCS) vapor for 30 min before

the soft lithography of PDMS. The PDMS precursor and curing agent was mixed at the ratio

of 20:1, 10.5 g in total, and degassed and then spin coating on the valve channel master in the

speed of 2400 rpm for 45 seconds. At the same time, the PDMS precursor and curing agent

was mixed at the ratio of 5:1, 36 g in total, and degassed and poured on the flowing channel

master. Both were baked at 60 oC for 30 min in the oven and the flow channel bulk chip were

cut and aligned to the valve channel under 3X microscopy. The PDMS was continued to bake

for another 4 hours in the oven. After PDMS stamps were peeled off, inlets and outlets punched

by Miltex disposable biopsy punches, washed by methanol, air dry, and irreversibly bound to

the cover slide (24 mm x 40 mm with 0.13-0.16 mm thickness) by plasma oxidization. The

two-layer microchip is ready to use after thermally aged in the 60 oC overnight to avoid the

uncured PDMS monomer leakage.

4.2.4 3D-printed template for the fabrication of cell culture reservoir

The 3D-printed templates and insert used in the device fabrication and experiments were

designed in the 3D modelling computer program, SketchUp 2017, and printed by MakerBot

Replicator 2 with PLA (polylactic acid) filament (HatchBox PLA, 1.75 mm diameter). The

design of 3D mold for the fabrication of cell culture reservoir is shown in figure 4.2B. The

microchip fabrication is as shown as above, except the 3D template was aligned on the wafer

mold for the flow channel after pouring PDMS on. After the bulk PDMS was peeled off from

the 3D template and wafer, the cell culture reservoir is formed with around 1-mm thick PDMS

in the bottom. The 0.75-mm ID punch (69039-07, electron Microscopy Sciences, Hatfield, PA)

was used for the tissue trapping reservoir connected to the inlet channel.
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4.2.5 Automated flow control system of microchip

The 18 pneumatic control valves in the microfluidic chip were driven by solenoid switches

(LHDA 0533115H, the Lee Company, Westbrook, CT) assembled on the metal manifold and

under the control of a data acquisition device (PCI-6259, National Instrument, Austin, TX),

which is driven by LabVIEW programming software. A valve driver circuit was used as the

buffer and current amplifier between the PCI and solenoid switches. A house nitrogen gas

source was used to actuate these pneumatic solenoid valves by 26-psi pressure adjusted by

a pressure regulator. The control valves on microchip were connected to the corresponding

solenoid valve with 90-degree angled 22-gauge blunt 304 stainless steel needles (Jensen Global

JG22-0.5HPX-90, Santa Barbara, CA) through Tygon microbore tubing (0.02” I.D. X 0.06”

O.D., Cole-Parmer, Vernon Hills, IL). The valve inlet interfaced with the control system were

punched by 0.75-mm ID punch (69039-07, electron Microscopy Sciences, Hatfield, PA). An

in-house written LabVIEW application was used to control the open/close of the valves. When

the valve is set in close status, the solenoid switch will be activated to pressure the nitrogen

gas into the dead-end channel of the control layer, filled with deionized water to avoid the air

permitting into the channels, to deflect the PDMS membrane up to close the flow channel in

the upper layer, which are push-up valve. The schematic of droplet formation by active control

is displayed in figure 4.2.

4.2.6 Extraction of murine epididymal adipose tissue (eWAT)

C57BL/6J male mice were used in the project. All animal experiments were done in

compliance with relevant laws, institutional guidelines and the protocols of 2017-3101 were

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

12-week male mice, 20-week wild-type mouse and 20-week diet-induced obese (DIO) mouse

were used in the experiments. Epidydimal white adipose tissue pads were extracted from mice

described in previous papers [194, 195]. After extracted from the mice, they were transferred

into 10 mL phosphate-HEPES buffer (10 mM HEPES, 135.3 mM NaCl, 2.2 mM CaCl2·2H2O,

1.2 mM MgSO4·7H2O, 0.4 mM KH2PO4, 2.2 mM Na2HPO4, 0.4 mM D-glucose, 2% BSA, pH
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7.4). Fat pads were placed in the 60 mm Petri dish with phosphate-HEPES buffer and extra

vasculature was removed by Iris micro dissecting scissor. 2 mm explants were punched from

the fat pads by 2 mm sterile disposable biopsy punch and collected into glass tube with 4 mL

phosphate-HEPES buffer. The explants were washed by the buffer for 3 times by centrifuging

at 1000 rpm for 3 min. 3 mL buffer was removed by the syringe after centrifuge and 3 mL fresh

buffer was added to next step of wash. Then the phosphate-HEPES buffer was changed to 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 in the media for another 2 times. After washed, the explants were placed in the sterile

96-well plate with 200 µL fat serum media and 3D-printed anchor to avoid the buoyance of fat

tissue, each piece of explant in one well. The explants were cultured in the 37 oC incubator

with 5% CO2, which can be maintained up to 7-10 days if the serum media was refreshed twice

per day. The explant for each experiment was pretreated in the high glucose (25 mM) and high

insulin (2 nM) DMEM media without serum for 30 min before loaded on the microchip.

4.2.7 3T3-L1 cell culture, differentiation and encapsulation

3T3-L1 fibroblasts (CL-173) were from American Type Culture Collection (ATCC, Man-

assas, VA) and cultured in DMEM media with 10% BS to 100% confluent in 25 cm2 cell cul-

ture flask. Following it, the adipogenic cocktail (DMEM +10% FBS with 0.5 mM 3-isobutyl-

1-methylxanthine, 250 nM dexamethasone and 8.9 µg/mL insulin) was used to culture the

cells for 4 days and then the differentiation media was removed and changed to insulin media

(DMEM +10% FBS with 8.9 µg/mL insulin) to culture the cells for another 3 days. The 3T3-L1

adipocytes were used in the sixth day after differentiation. Adipogenesis of cells was validated

by visualization of lipid droplet accumulation and staining of lipid droplets (figure 4.1).

For the encapsulation, the culture media was removed and the cell was washed by 4 mL

DPBS for three times. 2 mL 1X LipidTox Green in DPBS was added into the flask and incu-

bated at 37 oC for 30 minutes, cellular imaging was collected in FITC channel in Nikon Eclipse

Ti-E fluorescence microscope. The staining solution was removed and cells were washed by 4

mL DPBS for three times. The cell detachment from the cell culture flask by incubating cells
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Figure 4.1: The culture and differentiation of 3T3-L1 cell line. (A) The fibroblasts of 3T3-
L1 at around 90% confluence. (B) Differentiated 3T3-L1 adipocytes. The cell morphology
is changed from the fibroblast-like to circular shaped with visible lipid droplets formed in the
cells. (A) and (B) were captured by a digital camera (Nikon J1) under 10X magnification
of Nikon TS100F inverted microscope. (C) DIC image and fluorescence image of 3T3-L1
adipocytes by the objective with 10X magnification. The lipid droplets in the adipocytes were
stained by LipidTox Green and detected in the FITC channel of the fluorescence microscope.
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with 2 mL Accutase cell detachment solution at 37 oC for 10 minutes. The cell suspension

was transferred from the flask to 15 mL sterile conical tube and centrifugated at 1000 rpm for

3 min, then the upper layer of solution was aspirated and the cell pellet was resuspended in

200 µL cell culture media. Around 10 µL of cell suspension was loaded in the second inlet

on the microfluidic device. 0.125 g agarose (ultra-low gelling temperature) was dissolved in

10 mL DPBS by heating in microwave for 15 seconds. The agarose gel solution was loaded in

the first and third inlets on the device. HFE7500 with 0.5% Pico-Surf was utilized as oil phase

and loaded in the oil inlet. The celldrop program was running with 350 ms of sample pump

time and 20 of sample pump cycle, and 450 ms of oil pump time and 2 of oil pump cycle. The

cell encapsulated droplets were collected in the reference inlet which was set as outlet in the

specific application. The droplets suspension was chilled on ice for 5 min to gel formation,

then the droplet layer (upper layer) was transferred to adipocyte insulin media in the 3 mL Petri

dish and conserved in the 37 oC incubator with 5% CO2 until using.

4.2.8 Glycerol release measurement, image acquisition and analysis

The microfluidic chip was set up on the stage of the fluorescence microscope mounted

with a Tokai Hit microscope stage top incubator, with D.I. water back-filled into the microchip

valve inlets. All experiments were operated at 37 oC in the incubator. For the standard curve

of glycerol assay on the microfluidic device, 1 µL of dye reagent and 1 µL of ATP from the

glycerol assay kit were mixed with 135 µL glycerol assay buffer from the glycerol assay kit

with 0.25% BSA and 20 µL of the solution was added into the substrates inlet (figure 4.2A).

1 µL of enzyme mix reagent from the glycerol assay kit was mixed with 99 µL glycerol assay

buffer with 0.25% BSA and 20 µL of the solution was loaded into the enzyme inlet (figure

4.2A). 85 µM resorufin was prepared in DMEM (no glucose, no glutamine, no phenol red)

with 1% BSA and added into the reference inlet (figure 4.2A). And HFE7500 with 0.5% Pico-

Surf was used as oil phase and loaded in the oil inlet (figure 4.2A). The glycerol standards (0

µM, 18.75 µM, 37.5 µM, 75 µM, 150 µM, 300 µM) were diluted from 0.1M glycerol stock by

DMEM (no glucose, no glutamine, no phenol red) with 0.25% BSA and 30 µL of the solution

added into the cell culture inlet (figure 4.2A) one by one. The“droplet generation” program was
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run to form droplet with 350 ms sample pumping time and 2 sample pump cycles, 400 ms of

oil pumping time with 2 cycles, and 250 ms of reference pumping time with 3 cycles. Each of

the standards was run for 8 minutes to form droplets and then changed to another concentration

of standard by pipetting. The fluorescence imaging in the detection window (figure 4.2A) were

operated continuously in 150 ms interval in TRITC filter cube (λex=540/25 nm, λem=605/55

nm) by CCD camera (CoolSnap HQ2; Photometrics Scientific) interfaced with Nikon inverted

Ti-E fluorescence microscope (40X, 0.75 NA). The incubation time for enzyme assay in the

long channel was around 10 minutes after the droplet was formed.

For the glycerol secretion from eWAT and encapsulated 3T3-L1 adipocytes, the experi-

ment settings were similar as above, except the cell culture inlet was loaded with tissue explants

or encapsulated cells. The pretreated tissue explant or encapsulated cells was added into the

0.75-mm reservoir in the cell culture inlet (figure 4.2C). For the eWAT explant, a 3D-printed

insert was used to help trap the tissue. The treatments of HGHI [25mM glucose and 2nM

insulin in DMEM (no glucose, no glutamine, no phenol red) with 0.25% BSA] and LGLIS

[3mM glucose, 50 pM insulin with 20 µM isoproterenol in DMEM (no glucose, no glutamine,

no phenol red) with 0.25% BSA] were administrated to the cell culture inlet alternatively to test

the glycerol secretion response from the samples. Fluorescence images were captured similarly

as above. The fluorescence intensity data from the images were analyzed by ImageJ and data

analysis was processed in Excel.

4.3 Results and Discussion

4.3.1 Microchip design

We have shown the development of our microfluidic droplet system and its application for

homogeneous immunoassays in recent work [88], which is the first generation of the droplet-

based microfluidic device including a Y-shape channel for probe loading and secretion sam-

pling, T-junction for droplet formation by using fluorinated oil as continuous phase, a reference

inlet to introduce the lock-in method in quantification [114, 113, 115], and long incubation

channel for the equilibrium of assay solution. However, the application of this first generation
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Figure 4.2: Microchip design and experimental setting. (A) Two-layer microfluidic chip
design: the short red lines, representing the microvalves, is the bottom layer for controlling; the
inlets and incubation channel are in the top layer for fluid flow. (B) 3D-printed template (dark
gray) for cell culture reservoir fabrication, and the 3D-printed insert (red) used in eWAT tissue
sampling to trap the tissue in the reservoir during solution exchange. (C) Schematic figure
of the cross-section of cell/tissue culture reservoir. (D) Experimental setting on the stage of
fluorescence microscope, connected to solenoid switches. Scale bar, 10 mm. (E) Sliced cross
section of reservoir for cell/tissue culture reservoir: upper open part for bulk solution, narrow
lower part for trapping tissue or cell spheroid close to microchannel. Scale bar, 500 µm. (F)
Formed droplets in the long-incubation channel, with small-sized droplets as references and
large sample droplets (see also supplementary video 1). Scale bar, 500 µm. (G) eWAT tissue
in the narrow part of the reservoir in E, connected to the microchannel for sample droplet
formation. Scale bar, 150 µm.

For video 1 about droplet formation, visit the website as below. http://www.auburn.
edu/cosam/faculty/chemistry/easley/research/hujuan/video001.
htm
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of device was limited for mix-and-read assays such as homogeneous immunoassays, where the

probes can be pre-mixed before loading into the inlet. Low cost, simple workflows and sen-

sitivity are the benefits of homogeneous immunoassay [135, 136], but it requires the antibody

pair or the pair of other affinity probes like aptamers, and currently only a small number of

target molecules secreted from tissues or cells can be detected by affinity probe pairs in homo-

geneous assay format, especially for primary adipose tissue. Adipose tissue is a critical organ

for energy homeostasis by regulating the glucose and fat metabolism, as well as a endocrine

organ [22, 196]. A variety of small molecules are taken up into and released from the adi-

pose tissue under the regulation of a variety of hormones [197]. It is important to quantify

the uptake and secretion of these molecules and monitor the dynamics of these processes for

better understanding the physiological and pathological functions of the tissue. The choices of

homogeneous assay for small molecules is much narrower, but a number of enzymatic assays

are well developed, e.g. assays for glucose, glycerol and non-esterized fatty acids. Therefore,

the second generation of our microfluidic droplet system was designed for sampling, reaction

of secretome with enzymatic assay reagents, on-chip incubation, and on-chip readout. For the

coupled-enzyme assay, the substrate and enzymes should be separated before mixing with the

samples, so one extra inlet is included in the second chip design, ending with three inlets for

sample droplet formation: one inlet for substrate, another for enzymes mixture, and a third one

for cell/ tissue culture similar to the first design (figure 4.2A). Most other components in the

microchip are the same as in the first design [88], except the microvalves for oil pumping were

altered. A serpentine-shaped microvalve with five crossing points was exploited in the this de-

vice to increase the contact area, effectively increasing the oil pumping volume by about 8-fold

for each pump cycle, with the volumetric oil flow rate of 9.3 µL·h-1 (figure 4.4).Incidentally,

this means that the new design can replace the first chip for homogeneous immunoassays with

faster droplet generation and higher temporal resolution, thus the device is now suitable for

immunoassays and coupled enzyme assays.

Another important component of the chip is the cell-culture reservoir (figure 4.2E), which

is fabricated by 3D-printed template (figure 4.2B, black one) [88, 194]. As the schematic in

figure 4.2C demonstrates, the treatment solution was continuously flowing through the tissue,
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Figure 4.3: In-house written LabVIEW application was run to control the formation of a pair of
sample and reference droplets. (A) Schematic figure shows the open/close states of microvalves
in control layer for droplet formation. (B) 5-step pumping was used to control the solution
flowing into the channel sequentially to generate a pair of droplets. Each micropump includes
three valves, and the pumping steps for each group of microvalves are labelled from 0 to 4,
representing the 001,101, 100,110,111, (1 = close and 0 = open; 5 is 000 and 6 means 111).

carrying secreted analytes into the microchannel to be trapped into droplets thereafter. The

continuous flow brings fresh media to tissue or cells and takes the metabolic molecules away

to reduce auto-inhibition of biochemical reaction in the cell–arguably more akin to the in vivo

situation. We previously showed this samplinge design capable of complete capture of analytes

from the tissue with high temporal resolution [88].

4.3.2 Microchip function

An in-house written LabVIEW application was used to control the microvalve pumping

in a 5-step pumping cycle, shown in the figure 4.3 and supplementary video 1. A pair of

sample and reference droplets were formed by doing sample pumping, oil pumping, reference

pumping and oil pumping sequentially. The droplet size was controlled by the number of

pumping cycles and was chosen with consideration for the width of incubation channel, since

a widened pancake-shape of droplet in the incubation channel facilitates microscopic imaging
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Figure 4.4: Measurement of the valve pumping volumes. (A) Volume for each pumping cycle
from the various inlets. 3 tests were done for each group of valves, and the pumping frequency
is 2.86 Hz. (B) Flow rate measurement by pumping each group of valves.

by achieving a consistent optical path length. The droplets with smaller size than the channel

width will flow through the channel in different rates and the order of droplets could also

be undesirably altered with small droplets. Since the volume for each pumping cycle of the

micropumping is highly consistent, droplets could be generated at precise volumes. As shown

in figure 4.5, droplet sizes during a 50 minutes testing experiment were stable, changing less

than 1.5%. For all experiments reported in the chapter, 2 cycles of sample pumping at 2.86 Hz,

3 cycles of reference pumping at 4 Hz, and 2 cycles of oil pumping at 2.5 Hz were set in the

programming to produce droplets with average volumes of 2.58 ± 0.04 nL (%CV= 1.5%) for

the sample droplets and 2.18 ± 0.04 nL for the reference droplets (figure 4.5).

4.3.3 Calibration of glycerol enzymatic assay in microfluidic droplets

For every experiment, the microchip was calibrated with glycerol standards before sample

measurements. The substrate and ATP were mixed and loaded in the left reservoir, the enzyme

mix was added into the middle reservoir, and different concentrations of glycerol were added

into the right reservoir in sequence. Each concentration of glycerol was loaded to form droplets

for 8 minutes, and then the input (right reservoir) was changed to another concentration of glyc-

erol by pipette. 85 µM of resorufin was utilized as the reference to correct the fluctuation of

fluorescence measurement by imaging. Other than the tissue/cell culture reservoir, the reagents

in the other three reservoirs were sealed by mineral oil to avoid the evaporation during the

experiments (see in figure 4.2D). Generated droplets travelled in the long incubation channel
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Figure 4.5: Droplet volume measurement shows high precision control with our device, using
914 droplets for each type. The volumes of droplets were calculated by V = Ah + πh2P

8
(h is

the channel depth, A is the droplet area from top-view images, P is the perimeter of the droplet).

for ∼8 minutes to reach the plateau of enzyme reaction before the fluorescence images were

taken. The BSA in the assay buffers was shown to obviate through- oil, diffusional cross-talk of

resorufin between droplets compared to the test without BSA (data not shown). Besides, BSA

is also required for cell secretion experiments, since these proteins help carry out the lipolysis

products such as fatty acids through solution and thereby reduce the auto-inhibition effects.

The data indicates that the enzyme reaction in droplets can reach equilibrium within about one

minute in static droplets (figure 4.6), and the reaction rate should be faster in moving droplet

due to the mixing by formation of counterrotating vortices18. After images were collected, the

fluorescence intensity data of sample and reference droplets were obtained by image analysis

in ImageJ (figure 4.7) and the fluorescence intensity ratio between the sample droplet and ref-

erence droplet was taken as response to concentration changing of glycerol, shown in figure

4.8A. In the calibration curve of glycerol (see in figure 4.8B), the limit of detection was de-

termined to be 0.74 µM in the droplet, which equals 1.92 fmol in amount, based on a volume

of 2.58 nL of one sample droplet. The average percent coefficient of variance (%CV) of the

glycerol assay in droplets was about 1.7%.It can be observed that the fluctuations shown in raw

data from reference droplets, due to optical perturbations during changing of glycerol solutions,
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Figure 4.6: The progress of the detection kit’s enzyme reaction was monitored in static
droplets. The smaller droplet was reference droplet with 85 µM resorufin, and the larger was
the sample droplet containing 100 µM glycerol, enzymes, substrate, and ATP. Imaging started
as soon as the droplets were formed. The produced fluorogenic molecule, resorufin, in the static
sample droplet reached its highest concentration within about one minute

Figure 4.7: Raw data of fluorescence intensity for each droplet during continuous, on-chip
calibration. The fluorescence images were analyzed by ImageJ. Based on the droplet size and
sequence, reference droplets could be separated from the sample droplets. The number of each
droplet pair is shown on, the x-axis, corresponding to about 55 minute total for ∼1000 droplets.

could be corrected through our lock-in droplet analysis methodology [113, 114, 115]; figure

4.8 shows the corrected data.

4.3.4 Encapsulation of adipose cell line into spheroids using microfluidics

To apply our device to glycerol secretion required adipocytes to be interfaced to the mi-

crofluidic reservoir; however, it is very difficult to manipulate single cells or small numbers of

cells in this way. For this reason, we developed a method–using the same microfluidic device–

to encapsulate adipocyte cells (3T3-L1 adipocytes) into agarose droplets. Differentiated from

3T3-L1 fibroblasts, 3T3-L1 adipocytes are typically characterized as white adipocytes in the

basal bioenergetics and gene expression profile, and they respond sensitively to catecholamines

and insulin; the cells widely used as an in vitro model of white adipocytes [198]. To fit the cells
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Figure 4.8: Calibration of glycerol enzyme assay in droplets. (A) The sample-to-reference
ratio (from raw data in figure 4.7) for each droplet pair responded to the different concentrations
of glycerol loaded into the cell culture inlet. Red labeled data were used in the standard curve
calculation. (B) Corresponding calibration curve, which was fitted to a quadratic polynomial
model with R-square 0.98949.
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into our cell culture system, we used the same device to encapsulate mature 3T3-L1 adipocytes

into agarose gel droplets to form 3-D spheroids of cells with around 200 µm diameter. Once

gelled, these spheroids could then be easily loaded into and removed from the cell culture

reservoir by pipetting–akin to manipulating pancreatic islets [88].To form the spheroids, the

cell suspension was added into the middle aqueous inlet, and the other two inlets were filled

with 1.25% agarose with ultra-low gelling temperature (in DPBS buffer). In this case, the refer-

ence channel (normally an inlet) was used as an outlet for droplet collection (see figure 4.9 and

supplementary video 2). The collected droplets were then gelled into 3D spheroids by reducing

the temperature on ice for 3 minutes. We found that adipocytes could be cultured within the

gel for up to one week and that cell viability was usually reduced by about 15% after passing

through the microvalves (data not shown).

It should also be noted that the calculated flow rate of media (see below) was about 92

± 4 µL/min for per gram of cells or tissue in our system, which is close to the experimental

measurement of blood flow rate through the epididymal adipose tissue in the morning, 0.10 ±

0.1 mL/min per gram tissue in un-anesthetized rats [199]. The author also showed the blood

flow rate is 0.17 ± 0.1 mL/min per gram tissue in the evening. From the secretion plots below

and from calculated flow rates in our previous tests [88], we can concludeclaim that thise flow

rate of sampling was high enough to carry out secreted targets without accumulation in the

reservoir. This represents a major difference between our the continuous flowing sampling

system and more standard, static sampling methods in tubes.

4.3.5 Real-time quantification of glycerol release from 3T3-L1 adipocytes

To validate that glycerol secretion could be quantified in real time via the microfluidic

droplet system, glycerol secretion from these encapsulated adipocyte cells was quantified under

different treatments. As seen in figure 4.10 , the lipid droplets in the adipocytes were stained

by LipidTox Green to visualize the trapped adipocytes and confirm that they were present in the

agarose spheroids. After changing the treatment from high glucose with high insulin (HGHI)

to low glucose with low insulin (LGLI) and 20 µM isoproterenol, the glycerol release from

these adipocyte spheroidss was sampled using our microfluidic device, mixed with enzyme
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Figure 4.9: 3T3-L1 adipocytes spheroid generation in the microfluidic droplet chip (see also
supplementary video 2).

For video 2 about cell encapsulation, visit the website as below. http://www.auburn.
edu/cosam/faculty/chemistry/easley/research/hujuan/video002.
htm

assay reagents, then detected by fluorescence imaging in the downstream channel. The pro-

cessed and calibrated data (see section 4.3.3) is shown in figure 4.10A.Glycerol release from

the adipocyte spheroids was observed to increased almost immediately (figure 4.10A), and the

secreted amount was increased by by 2.5 to 5.5 fold compared to baseline, depending on the

cell number in the gel (figure 4.10E). Previous results from others by using continuous flow-

ing microfluidics have reported a similar fold changes [188]. Also noteworthy is the relatively

constant secretion rate that was observed both before and after stimulation, an important point

for comparison to tissue results below. Thus, our high-resolution microfluidic sampling system

with integrated enzyme assay was proven functional for assaying cellular secretions.
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Figure 4.10: (A) Glycerol release from three 3T3-L1 adipocytes spheroids was observed to
respond quickly to treatment changes, with sustained release rates before and after, using our
high temporal resolution microfluidic droplet sampling and analysis system. Inset images show
merged DIC and fluorescence images of stained adipocytes in the spheroids. (B) By contrast,
glycerol release from three primary murine eWAT explants (12-week old mice) was observed
to oscillate. (C) Glycerol release from eWAT explants from 20-week old mice was less pro-
nounced, as was the release from 3T3-L1 cell spheroids. (D) Explants from 20-week old diet-
induced obese (DIO) mice. (E) Compiled fold changes of glycerol release from the four dif-
ferent types of eWAT explants after changing the treatment from the HGHI to LGLI+20 µM
isoproterenol.
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4.3.6 Real-time quantification of glycerol release from eWAT

Primary cells are considered as ideal models for drug discovery and toxicity tests because

they are representative of phenotypic gene expression and behavior of organs [200]. However,

even short periods of culturing can reduce their specificities if the cells are isolated from sur-

rounding tissue by digestion. Therefore, when available, undigested primary tissue should be

a better in vitro model and should present more organotypic secretomes. For this reason, we

have used our device here to sample glycerol secretion from primary murine eWAT explants

taken directly from mouse tissue. Appropriate sizes of eWAT explants were loaded into the cell

culture reservoir and glycerol secretion under different treatments was quantified. As shown in

figure 4.10B, fast and dramatic changes were observed within one minute after changing the

treatment from HGHI to LGLI with isoproterenol, and obvious dynamic changes were super-

imposed upon these responses to treatments. Note that these changes would not be observable

with other analytical systems. It is through our droplet-based, quantitative secretion sampling at

3.3-second temporal resolution that these effects are observable. In figure 4.10E, the glycerol

secretion from adipose tissue of a 12-week old mouse increased 3-5 fold upon treatment, which

was similar to the response from 3T3-L1 adipocytes used in the sixth day after differentiation.

Surprisingly, glycerol release from eWAT explants exhibited an oscillatory pattern (figure

4.10B), which was not observed in encapsulated 3T3-L1 adipocytes (figure 4.10A). Four pieces

of adipose tissues from two 12-week wild-type mice were applied in the glycerol secretion test,

and all four experiments showed similar oscillations with periods of 1-2 minutes (three data

sets shown).

Since our micro-analytical system sampled at such high temporal resolution, it was possi-

ble to delve deeper into the analysis and carry out fast Fourier transforms (FFTs) on the data.

Figure 4.11 shows the comparisons of oscillatory patterns between encapsulated cells lines

and eWAT explants. A low-pass filter with 1.0 Hz cutoff was applied to the time-domain data

(shown in top plots) to aid in visualizing oscillations, and the frequency domain data from 0

to 2 min-1 are also shown (bottom plots). Little to no glycerol secretion oscillations were ob-

servable from the cell spheroids, while strong oscillations were observed from the tissue from
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12-week old mice. Rich patterns can be observed in the frequency domain data of these tissues,

in contrast to the flat and featureless frequency domain data from cell spheroids. Interestingly,

fewer oscillations were observed from tissue of the 20-week old mice. These results suggest a

possible role for tissue connectivity in the adipose tissue’s dynamic secretory function.

As described in the introduction chapter, these types of patterns can be a result of small

molecule transfer between the cell population in the tissue through gap junctions, channels

on cell membranes that permit intercellular communication by facilitating exchange of small

molecules such as ions and metabolites. Such gap junctional tissue coupling can transfer sig-

nals between cells and induce the synchronization of electrical and metabolic activities in

the connective tissue [46]. Notably, the synchronization and oscillation of insulin secretion

from pancreatic islets have been shown to result from gap junctional electrical coupling of

beta-cells, which results in oscillations of Ca2+ , followed by downstream insulin oscillations

[4, 5, 6].Since previous reports have shown that similar gap junctions also exist in the epidydi-

mal white adipose tissue (eWAT) [50, 51],and since we did not observe oscillations from cell

spheroids, we hypothesize that our observed glycerol secretion oscillations from eWAT tissue

explants were also related to gap-junctional coupling within the tissue sampled in our microflu-

idic system. We expect that gap junctions in 3T3-L1 adipocytes could have been lost during

the cell detachment and encapsulation process, which would result in the observed oscillation

deficiency. On the other hand, several publications (using lower-resolution sampling) have re-

ported that plasma glycerol and free fatty acid concentrations oscillated by the regulation of

adrenergic signaling in periods of 6±1 min [201],and one group suggested that lipogenic oscil-

lations with ∼5-min pulses were driven by glycolysis in adipocytes and might have impact on

the delivery of FFA and glycerol to liver [177]. In our investigations, we note that whole adi-

pose tissue explants were analyzed which can conserve phenotypic characteristics and the local

microenvironments within the adipose tissue compared to isolated adipocytes.Further studies

are needed to confirm or deny the role of gap junctional coupling in adipose tissue to oscillatory

glycerol secretion. Nonetheless, that our results provide evidence for cell-to-cell communica-

tion and lipogenic synchronization and oscillation that exists naturally in the adipose tissue. To

our knowledge, these results are the first to show such oscillations, and the collection of these

103



data was uniquely enabled by our novel, droplet-based microfluidic sampling and analysis sys-

tem. Another result we observed was that the fold-increases in glycerol release in response

to isoproterenol became lower, and the oscillations got smaller and less pronounced in the old

mice and obese mice (figure 4.10C, 4.10D and 4.10E, figure 4.11D and 4.11E). The lack of a

difference in glycerol release from eWAT of the 20-week wild-type mouse and the DIO mouse

may be because the mouse became more overweight at 20 weeks compared to 12 weeks, with or

without high-fat feeding, which can be proved by simply comparing the total weight of eWAT

extracted from the three types of mice.However, further investigations are in need for a better

understanding of this intercellular communication and its changes related to age and obesity.

Another result we observed is that the glycerol release increase responding to isoproterenol

becomes lower and the oscillation gets smaller and less in the old mouse and obese mouse

(figure 4.10C, 4.10D and 4.10E, figure 4.11D and 4.11E). The indifference of glycerol release

of eWAT between 20-wk wild-type mouse and DIO mouse may be because the mouse got

more obese in 20 weeks than 12 weeks with or without high-fat feeding, which can be proved

by simply comparing the total weight of eWAT extracted from the three types of mouse. Further

investigations are in need for better understanding of the intercellular communication and its

changes related to age and obesity.

4.4 Conclusions

Our automated microfluidic droplet system was improved to allow on-chip coupled en-

zyme assays following droplet-based sampling at high temporal resolution from cells or tissue.

Droplets with highly consistent volume were generated without connecting to macroscopic

plumbing such as syringe pumps to control the flow rate of solutions for droplet formation and

cell perfusion. Homogeneous immunoassays and enzyme-coupled assays are now able to be

applied in this system to enable unique dynamic studies of small moleculess and low-abundance

proteins secreted from either primary tissue or cell spheroids. Only small number of cells or

tiny sections of primary tissues are needed for investigation in our droplet system, and different

treatment solutions are easily changed and delivered to pass through the sample freshly. This
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Figure 4.11: Oscillation analysis of glycerol release from primary white adipose tissues and
3T3-L1 adipocytes. In each group of figures, the upper plot shows that data in figure 4.10
were analyzed by low-pass filter with 1 Hz frequency cutoff to demonstrate the oscillation of
glycerol release in the eWAT from C57BL/6J mouse. The lower plot displays that data in figure
4.10 were analyzed by fast fourier transform to show the less oscillation in 3T3-L1 adipocytes
than eWAT.
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droplet system can conserve temporal resolution of sampling with minimal diffusion and dis-

persion, and it should be possible to achieve higher temporal resolution by improving the chip

design.

The investigations of primary tissue using our microfluidic droplet system shows different

glycerol secretion pattern from the encapsulated cell, which may be the results of cell-to-cell

communications. But more studies are required to get more solid conclusions about intercellu-

lar connections and our device provides the platform for this type of dynamic secretion studies.
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Chapter 5

Asprosin secretion studies

5.1 Introduction

Cells can adapt to variations in their microenvironment very fast by responding to a wide

range of signals, which requires a negative feedback in signalling [202]. Feedback will drive

oscillations in biological processes and synchronous oscillations can amplify and transmit the

signal more efficiently. The dynamics of oscillatory secretion is supposed to exist in many cell

types, but few have been well investigated, with the exception of pancreatic β-cells. The reason

is simply due to the shortage of bioanalytical tools to directly detect cellular secretions at high

temporal resolution. Insulin secretion is regulated by calcium waves, and calcium oscillations

in the cytoplasm can be studied simply by imaging [203]. To study insulin secretion oscillation

in pancreatic function directly, other groups have developed electrophoresis-based microfluidic

systems [204, 205]. But due to the dispersion of continuous flowing microfluidics compro-

mising the temporal resolution to some extent, and the complexity of the methodology itself

requiring high voltage and fluorophore labelled targets for competitive assays, these systems

have not yet been widely utilized for other cells and targets. In Chapter 4, we discussed our

microfluidic droplet system that was successfully applied to detect insulin secretion dynamics

from single islets [88] and glycerol release from adipose tissue. In this chapter, we will fur-

ther explore the applications of our microfluidic droplet system for other targets through the

development of novel homogeneous immunoassays for the target and adaptation to our micro-

analytical device. The target we are focused on in this chapter is a very recently discovered

adipokine, asprosin.

As we learned in Chapter 1, adipose tissue is now recognized as a vital endocrine organ

that secretes hormones and responds dynamically to stimuli, not simply as an energy storage
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depot. A new hormone, asprosin, was recently discovered to be secreted by white adipose

tissue (WAT) and was shown to strongly regulate hepatic glucose production by Chopra and

coworkers in 2016 [33]. The following year, asprosin was shown to be an orexigenic hormone

that stimulates appetite through the activation of Agouti-related protein (AgRP) [206]. While

its importance as a potential therapeutic target for obesity, diabetes, or metabolic syndrome is

clear, currently asprosin measurements must be conducted using the laborious and expensive

enzyme-linked immunosorbent assays (ELISA) from only a few commercial sources, and there

has been essentially no information collected on the dynamics of asprosin secretion.

In the work reported in this chapter, we first designed customized antibody-oligonucleotide

conjugates for human asprosin detection and applied our thermofluorimetric analysis (TFA)

methodology as described in Chapter 2. This approach provided the first demonstration of ho-

mogeneous, mix-and-read quantification in < 1 hour in human serum samples and with high

selectivity for human asprosin. Also shown is the development of an aptamer pair based TFA

for mouse asprosin. TFA has thus provided a significantly simplified workflow and should pro-

mote expedited studies on this newly discovered hormone. Based on the assay performance

in TFA, an isothermal proximity assay (IPA) was developed for mouse asprosin and success-

fully interfaced with the microfluidic droplet system (from Chapter 4) for investigating asprosin

secretion dynamics from primary murine white adipose tissue for the first time.

5.2 Experimental

5.2.1 Human asprosin TFA assay by antibody-oligonucleotide probes

Materials and Reagents.

The asprosin antibody pair was chosen from fibrillin 1 commercially available antibodies

to recognize different amino acid sequences of asprosin. Anti-fibrillin 1 (FBN1) monoclonal

antibody (aa2772-2872) was obtained from antibodies-online (product: ABIN396145), and

FBN1 polyclonal antibody (catalog: PAB17824) was purchased from Abnova. These two an-

tibodies were conjugated to single-stranded DNA oligonucleotides and purified by Mediomics

(St. Louis, MO).“Oligo MANT” was linked to the monoclonal antibody and the sequence is
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5’-/5AmMC6/TAGG TGC TCG ACG CTG AC. “Oligo MAGS” was covalently bound to the

polyclonal antibody and the sequence is 5’-/5AmMC6/TAG GAG AGA GAG AGA GGA. The

labeled DNA oligo complementary to oligo MANT is “rev-MANT-TAMRA” with sequence

as 5’-GCT CAT XGT CAG CGT CGA GCA CCTA (X= dT-TAMRA); an oligo complemen-

tary to oligo MAGS is “rev-MAGS-FAM” with sequence as 5’-/6-FAM/ATG AGC TTC CTC

TCT CTC TCT CCTA. The conjugated DNA strands and labeled DNA oligonucleotides were

obtained from Integrated DNA Technologies (IDT) and were purified by HPLC. 200 µg/mL

recombinant human asprosin (carrier-free) and recombinant mouse asprosin (carrier-free) were

purchased from Biolegend (San Diego, CA). Recombinant mouse fibrillin-1/asprosin (N-8His)

was obtained from Novoprotein (Summit, NJ). Bovine serum albumin(BSA), HEPES (4-2-

hydroxyethyl-1-piperazineethane sulfonicacid), sodium chloride, calcium chloride dihydrate,

potassium chloride, and magnesium chloride hexahydrate were purchased from Sigma-Aldrich

(St. Louis, Missouri). Human serum samples were collected and sold by BioreclamationIVT,

where they were prescreened for viral and bacterial pathogens.

Probe preparation.

After purified oligo-conjugated antibodies were obtained from Mediomics, the probe “As-

prosin -MANT-TAMRA” (Probe A) was prepared by mixing the 2.90 µM oligo MANT con-

jugated polyclonal antibody and 9.00 µM rev-MANT-TAMRA oligo at equivalent volumes

and incubating for 30 min at room temperature. Similarly, 4.70 µM oligo MAGS conjugated

monoclonal antibody and 4.81 µM rev-MAGS-FAM oligo were mixed at equivalent volumes

and incubated for 30 min at room temperature to generate the probe “Asprosin-MAGS-FAM”

(Probe B).

Thermofluorimetric analysis (TFA) for a human asprosin assay.

Probe A and B were diluted to 60 or 80 nM for probe premix, 4x higher than the probe

concentration in the final assay solution from the respective stock solution by BMHH buffer

with 0.1% BSA, containing 10 mM HEPES, 125 mM NaCl, 5.7 mM KCl, 2.5 mM CaCl2, and

1.2 mM MgCl2. Based on the probes concentration, eight or nine different concentrations of
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recombinant human asprosin were prepared for the standard curve from the stock asprosin so-

lution which is diluted in BMHH buffer 0.1% BSA. Probe A and B were mixed each other to

make the probe premix. Then 10 µL assay probe solution and 10 µL asprosin standard were

mixed and incubated at room temperature for 30 min. The final assay solution was loaded

into a 96-well qPCR plate for measurement. A real-time quantitative PCR (qPCR) instrument,

Bio-Rad CFX96, was used for all of these asprosin TFA experiments. The protocol was set

to incubate assay mixtures incubated at 4 oC for 10 min, and then the tubes were scanned

thermally from 4 oC to 90 oC with a 0.5 oC increment and a 2-second delay before each fluo-

rescence emission was measured. During thermal scanning, the FAM channel (λex= 470 ± 20

nm, λem= 522 ± 8 nm) was chosen for fluorescence detection for each solution. The solution

with maximum fluorescence was prepared by mixing the 4X probe B and 15 µL BMHH buffer

with 0.1% BSA, which was used for the normalization in data analysis. The solution of mini-

mum fluorescence was 20 µL BMHH buffer with 0.1% BSA used to exclude the background

fluorescence from the assay buffer. Triplicate experiments were done for the standard curves

of asprosin detection.

Asprosin measurement in human serum.

In the experiments of asprosin detection in human serum, , different dilutions were applied

to give a total of 10 µL of sample.5 µL human serum and 5 µL BMHH buffer with 0.1% BSA

were mixed to prepare the samples solution for the human serum from the non-fasted and type

II diabetic donors, while 6 µL serum and 4 µL BMHH buffer with 0.1% BSA were mixed for

obese donors. For the human serum from fasted donors, 3 µL human serum and 7 µL BMHH

buffer with 0.1% BSA were mixed to prepare the samples solution. Then 10 µL assay probe

solution and 10 µL sample were then mixed and incubated on ice for 30 min, after which

thermal scanning was done using the qPCR instrument as in the protocol above. The solutions

with maximum fluorescence (for normalization) was prepared by mixing the 5 µL 4X probe

B,the appropriate volume of human serum (5, 6, or 3 µL for non-fasted, diabetic, or fasted,

respectively), and enough BMHH buffer with 0.1% BSA to reach a total of 20 µL per sample.
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Solutions with minimal fluorescence were made without probe using serum (5, 6, or 3 µL) and

buffer volumes (15, 14, or 17 µL) required for the sample type (non-fasted, diabetic, or fasted).

Statistical analysis.

For statistical analysis, data was processed using the unpaired Student’s t-test with hetero-

geneous variance in asprosin measurements of human serum.

5.2.2 Mouse asprosin TFA assay by aptamer pair probes

Materials and Reagents.

Collaborating with Proximity Biosciences LLC, two mouse asprosin aptamer pairs “PbA

Asp” and “PbB Asp”; “PbFA Asp” and “PbFB Asp”) were selected in vitro using recombi-

nant mouse asprosin (Biolegend, San Diego, CA) as the target using a customized aptamer

selection procedure (modified SELEX) and sequenced by next-generation sequencing (NGS).

The below oligos were purchsed from IDT and used for probe preparation, described in next

section. “Rev LibA FAM 2”: 5’- /6-FAM/TGA CAT GAG CTG CAG TCC TAC TTG CTC

AC, hybridized to PbA Asp and PbFA Asp; “Rev LibB TAMRA”: 5’- CCT ATT CTG CTG

CTT TCT CCA CTT TAC TCA CTT CAC CTT T / 36-TAMSp /, hybridized to PbB; “Connec-

tor libAB 8-10”: 5’- TCA TGT CAA AAG GTG AAG, hybridized to “Rev LibA FAM 2” and

“Rev LibB TAMRA”; “Connector libAB 10-10”: 5’- GCT CAT GTC AAA AGG TGA AG,

same function as “Connector libAB 8-10”; “Rev 007 LibB TAMRA”: 5’-TCA TGT CAX

CCT CTT TCG TCG TCT TAT CCT (X: T/i6-TAMN/), hybridized to “PbFB Asp”. BufferA:

40 mM HEPES, 120 mM NaCl; 5 mM KCl; 5 mM MgCl2; 0.05% Tween 20. DMEM (no

glucose, no glutamine, no phenol red, cat. A11430-01) and Dulbecco’s Phosphate Buffered

Saline (DPBS) from ThermoFisher Scientific (Grand Island, New York).

Probe preparation.

“PbA FAM” was prepared by mixing the 1 µM aptamer“PbA Asp” and 1 µM “Rev

LibA FAM 2” adaptor at equivalent volumes and incubating for 30 min at room temperature.
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Similarly, we combined 1 µM “PbB Asp” with 1 µM “Rev LibB TAMRA” in equal volumes

to get ”PbB TAMRA”, “PbFA Asp” with “Rev LibA FAM 2 to produce “PbFA FAM”, and

“PbFB Asp” with “Rev 007 LibB TAMRA” to obtain “PbFB TAMRA”.

Thermofluorimetric analysis (TFA) for mouse asprosin assay.

80 nM of “PbFA FAM” and 96 nM of “PbFB Asp” in bufferA were mixed in 1:1 volume

to prepare the probe mixture and 10 µL of the mixture was added into 10 µL recombinant

mouse asprosin solution with different concentration in DMEM (no glucose, glutamine and

phenol red) with 1%BSA. The final assay solution is composed of 20 nM “PbFA FAM”, 24

nM “PbFB Asp” and mouse asprosin (0,80, 140, 200, 300 nM), which was incubated at room

temperature for 30 minutes. 19 µL of the solution was loaded into 96-well PCR microplate, and

duplicate experiments were set for each concentration of standards. Temperature scanning was

proceeded from 4 to 95 oC with 0.5 oC increment and a 2 s delay for each increment. The FAM

channel in the qPCR instrument was used for fluorescence quantification. The fluorescence

raw data were analyzed as above for the human asprosin TFA assay, but in this case only the

reduction of background peak was used as the target-dependent response due to its peak shift

and higher temperature. The background solution was an equal volume mixture of bufferA and

DMEM (no glucose, glutamine or phenol red) with 1%BSA, and the maximum of fluorescence

solution was 20 nM “PbFA FAM” in the final assay solution without “PbFB Asp” or target.

For asprosin quantification in the secretion samples obtained from the simplified 8-channel

microchip, the assay solutions preparation were the same, except the standards were replaced

by the collected samples.

5.2.3 Mouse asprosin secretion dynamics

Materials and Reagents.

Sylgard R© 184 Silicone Elastomer Clear was obtained from Dow Chemical. DMEM (Dul-

becco’s Modified Eagle Medium, low glucose, L-glutamine, sodium pyruvate and phenol red,

cat. 11885084, only use in tissue culture), DMEM (no glucose, no glutamine, no phenol red,
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cat. A11430-01, used in treatment solution and asprosin assay), MEM Non-Essential Amino

Acids Solution (100X) (cat. 111400502), Sodium Pyruvate (100 mM) (cat. 11360070), Fetal

Bovine Serum (qualified, USDA-approved regions, cat. 10437010), Penicillin-Streptomycin

(10,000 U/mL) (cat. 15140122), Dulbecco’s Phosphate Buffered Saline (DPBS) from Ther-

moFisher Scientific (Grand Island, New York). Pico-Surf 2% in Novec 7500 was purchased

from Dolomite Microfluidics (Norwell, MA). NovecTM 7500 Engineered Fluid (HFE 7500)

was from 3M. HBSS buffer without glucose (0.14M NaCl, 5mM KCl, 0.4mM MgSO4·7H2O,

0.5mM MgCl2·7H2O, 0.3mM NaHPO4, 0.4mM KH2PO4, 4mM NaHCO3, 1mM CaCl2, Forskolin

(CAS 66575-29-9), TH Antibody (F-11) (cat.: sc-25269), 6-Hydroxydopamine hydrobromide

(CAS 636-00-0), Rp-8-Br-cAMPS (CAS 129735-00-8) and DAPI (CAS 28718-90-3) were

from Santa Cruz Biotechnology (Dallas, TX). 3-isobutyl-1-methylxanthine (IBMX) was ob-

tained from Sigma-Aldrich (St. Louis, Missouri). Connexin 43 Monoclonal Antibody (CX-

1B1) labeled by Alexa Fluor 488 (cat.: 138388),Image-IT Fixative solution (4%formaldehyde

in PBS, methanol-free), proteinase K solution (20 mg/mL), 5-CFDA AM ( 5-carboxyfluorescein

diacetate, acetoxymethyl Easter) were from ThermoFisher (Waltham, MA).

Isothermal proximity assay (IPA) of mouse asprosin.

In tube assays, 64 nM “PbA FAM”, 76.8 nM “PbB Asp”, 96 nM “Connector libAB 8-

10” were mixed in 1:1:2 volume ratio in bufferA. 10 µL of the mixture was added into 10 µL of

the different concentration of recombinant mouse asprosin in DMEM (no glucose, glutamine

and phenol red) media with 0.25% BSA. The finale mixture, including 8 nM “PbA FAM”,

9.6 nM “PbB Asp”, 24 nM “Connector libAB 8-10” and specific concentration of asprosin,

was incubated at room temperature for 30 min. Thrombin was used as the negative control

of target. 19 µL of the final assay solution was loaded into 384-well solid black microplates

with flat bottom, and fluorescence was measured in microplate reader (Beckman Coulter, Fil-

terMaxTM F5 Multi-mode microplate reader) at 37 oC with excitation wavelength 485 nm,

emission wavelength at 535 nm and 1000 ms integration time. 10 µL bufferA plus 10 µL

DMEM (no glucose, glutamine or phenol red) with 0.25% BSA was used for the background
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fluorescence correction. For the standard curve, duplicate experiments were run for each con-

centration. The fluorescence quench ratio was calculated by the following equation: quench

ratio= 1- (F-F0)/(Fmax-F0), where F0 is background fluorescence, Fmax is the maximum of fluo-

rescence signal (blank, no target and only probes in assay solution), and F is raw fluorescence

readout of the sample.

Microchip fabrication.

8-channel microchip fabrication. A passively operated, 8-channel microchip for tissue

sampling has been reported previously by the Easley laboratory [194]. The photomask was

designed in Adobe Illustrator and printed by Fineline imaging (Colorado Springs, CO). The

master wafer was patterned using SU-8 photoresist (Microchem, Newton, MA), as stated in

the traditional photolithography. The PDMS mold was produced from the master wafer by

Sylgard R© 184 Silicone Elastomer Clear (Dow Chemical): mixing the base and curing reagents

in 10:1 ratio, poured on the master, degassed, setting the 3D-printed template on the appropriate

position of the master, and curing at 60 oC overnight. The PDMS devices were peeled off and

cut to suitable sizes.A biopsy punch was utilized to create 2-mm hole at the cross point of the

8 channels. The PDMS stamp was plasma bound to the glass slide. A 3D-printed template for

cell culture reservoirs was designed in the SketchUp and printed by a MakerBot Replicator 2

(0.2 mm layer height), using polylactic acid filament (PLA, 1.75 mm).

Droplet microchip fabrication. Droplet microfluidic chip fabrication and control were

done following the protocols discussed in the Chapter 4.

Murine epididymal white adipose tissue extraction.

Primary adipose tissue was prepared according to the previously published protocol [194,

207]. Epididymal adipose tissue pads were separated from C57BL/6J mice. Right after removal

from mice, tissues were placed in 37 oC phosphate-HEPES buffer (10 mM HEPES, 135.3 mM

NaCl, 2.2 mM CaCl2·2H2O, 1.2 mM MgSO4·7H2O, 0.4 mM KH2PO4, 2.2 mM Na2HPO4, 0.4

mM D-glucose, 2% BSA, pH 7.4) until used. The extra vascular tissues were removed, and

the fat tissue pads were punched into 2-mm sections. The explants were washed by 4 mL
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warm phosphate-HEPES buffer twice by centrifugation for 3 min at 1000 rpm. Then they were

further cleaned using 4 mL warm fat tissue culture media three times by centrifugation for 3

min at 1000 rpm. The explants were transferred to 96-well microplate for culture. For each

well, a 3D-printed anchor was used to overcome the buoyancy of fat tissue [194, 207]. The fat

culture serum media (DMEM with low glucose and phenol red with 12% fetal bovine serum,

120 units/mL nystatin, 120 units/mL penicillin-streptomycin and 1.2X MEM NEAA) needed

to be refreshed twice per day. Under these culture condition, fat explants could live up to 7-10

days.

Mouse asprosin secretion dynamics from eWAT

Dynamic study in 8-channel sampling microdevice. 2-mm eWAT explants were pre-

treated in 25mM glucose in DMEM or HBSS (without glucose) with 1% BSA and loaded into

the 2-mm reservoir of 8-channel chip. The 3D-printed insert was used to push the explant

down and keep it in the reservoir. Different treatment solutions were then added into the large

reservoir. In the experiments, the high glucose solution (HG, 25 mM glucose) and low glucose

solution with 20 µM isoproterenol (LGiso, 3 mM glucose) were applied to stimulate the tissue

function. 8 channels connected with Tygon microbore tubing (0.020”x0.060”OD, Cole-Parmer,

Vermon Hills, IL) were used for sample collection at 20-min intervals under vacuum produced

by 60-mL syringe. The flow rate for sampling was 245 µL/h. The bulk solution reservoir

remained full during experiments. The asprosin concentrations in the collected samples were

measured by TFA using the mouse asprosin assay as described above.

Dynamic study in droplet microchip. As mentioned, the eWAT explant was pre-treated

in 25 mM glucose of DMEM with 1% BSA and loaded into the 0.75-mm reservoir of droplet

chip, and the 3D-printed insert was used to trap the tissue in the place for experiment. Different

treatment solutions were then added into the large reservoir. In these experiments, the high glu-

cose solution (HG, 25 mM glucose,2 nM insulin), the low glucose solution (LG, 3mM glucose,

50 pM insulin) and low glucose solution with 20 µM isoproterenol (LGiso, 3 mM glucose, 50

pM insulin) were used to study asprosin secretion dynamics from the eWAT explants. In the

droplet-based microfluidic device, the upper left inlet was filled with the probe mixture for IPA
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mouse asprosin assay, the middle inlet was filled with bufferA, and the right inlet was the cell

culture reservoir for the tissue. Sampling and measurement followed the protocol mentioned

previously in Chapter 4. The probe mixture was mixed with an equal volume of DMEM with

0.25%BSA to generate the reference solution and added into the lower reference reservoir. The

“Celldrop” LabVIEW application was run with 350 ms of sample pumping time at 2 cycles,

400 ms of oil pumping time at 2 cycles, 250 ms of reference pumping time at 3 cycles, and

with a 10 ms oil delay and 20 ms pump delay. These parameter settings determined the droplet

formation at 0.602 Hz, meaning that droplet-based sampling resolution was 3.3 second.

5.3 Results and Discussion

5.3.1 Human asprosin TFA assay

Data analysis and standard curve of asprosin TFA assay.

The assay design is based on the molecular pincer assay develpoed by the Heyduck group

[127, 134], which is a homogeneous immunoassay. The tails of probe A and B are able to hy-

bridize with each other and the fluorescence of FAM in probe B will be quenched by TAMRA

in probe A, based on the Föster resonance energy transfer (FRET). During temperature scan-

ning, the assembled DNA will denature, and the fluorescence will increase as the separation

of fluorophore and quencher occurs. The raw fluorescence data was measured by the qPCR

instrument, and the steps of data analysis for the asprosin TFA assay is shown in figure 5.1.

In the figure, 20 nM of probe A and B were used to detect asprosin. The raw fluorescence

data were plotted in panel A of figure 5.1 against the concentration of recombinant human

asprosin. Due to the background fluorescence from the detection system and buffers used in

the assay, the minimum fluorescence from the buffer (Mini, lower blue curve) was used to

exclude the background fluorescence by subtracting it from the raw data at each temperature.

The background-subtracted data is shown in panel B of figure 5.1. Also, because the fluores-

cence of the fluorophore (“FAM”) decreased as the temperature increased (as expected), the

maximum fluorescence curve (red) from 20 nM of probe B was used to correct the data from

panel B by normalizing; the resultant data is shown in panel C of figure 5.1. After background
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correction and normalization, it is clearly demonstrated that the fluorescence changes during

the melting shifted to high temperatures as a function of asprosin concentration. Two different

melting transitions were observed, similar to the insulin and cyclic AMP TFA assays described

in Chapter 2. This result is attributed to the proximity effect, in tat the target binding will bring

the DNA tails close to each other and help stabilize the assembled DNA helix at the probe tails,

thus the melting of the DNA helix will shift to the higher temperatures to give a new melting

transition.

When first derivative of the data from panel C was taken (dF/dT), the melting temperatures

could be obtained for the two different complexes with or without target binding, exhibited in

D of figure 5.1. In figure 5.1D, two different melting peaks are given: the peak in lower

temperature is from dissociation of the complex without target binding, and the peak in higher

temperature from the dissociation of complexes with target binding to the antibodies in two

probes. The acmes of two peaks slightly shift with the asprosin concentration rising. To achieve

the better separation of two melting peaks, the blank was subtracted from the data, shown in

E of figure 5.1. The peak 1 represents the complexes melting of probes unbound to targets

and the peak2 is from the the complexes melting of probes bound with targets. The difference

sum of peak 1 and peak2 were used as the response in the asprosin detection, and the standard

curve is plotted in E of figure 5.1. The data was regressed by applying 3-parameter sigmoidal

equation as below and the standard curve is fitted as the red line in F of figure 5.1, with R2

0.9967. In the equation, the value of a is 0.5805, b 3.123 and x0 11.1641. The 3σ limit of

detection (LOD) of asprosin TFA assay is 4.1 nM. The dynamic range of detection is from 4 to

20 nM. It should be noted that the dynamic range can typically be tuned by manipulating the

probe concentrations.

y =
a

1 + e( x0−x
b

)
(5.1)

Standard curves of asprosin TFA with different probes concentration.

To lower the probes concentration and reduce the assay cost as much as possible, different

concentration of probes were tested for the assay performance to lower the cost of assay and
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Figure 5.1: Data analysis for human asprosin TFA assay. (A) Raw fluorescence data from
qPCR instrument with different recombinant human asprosin concentrations. Max represents
the maximum of fluorescence of 20 nM probe B without quencher in the solution. Mini rep-
resents the minimum of fluorescence from the assay buffer. (B) The minimum was subtracted
from the raw fluorescence data to exclude the detector background arising from the buffer. (C)
The data from B were normalized to the maximum fluorescence curve. (D) The first derivative
of the data from C. The asprosin concentration was varied from 0 nM to 30 nM. (E) The blank
curve without asprosin was subtracted from each first derivative curve. (F) The standard curve
with sigmoidal fit, where the y = peak2 - peak1 from E. The standard data were fitted to a
3-parameter sigmoidal equation.
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Figure 5.2: Standard curves for human asprosin TFA assay with two different concentration of
probes, 15 nM and 20 nM. Triplicate experiments were run for each data point.

results are shown in figure 5.2. The data was also regressed by applying 3-parameter sigmoidal

equation with R2 0.9956. Parameter values were: a = 0.5693, b = 2.5898, and x0 = 9.9267. For

15 nM probes, the limit of detection (LOD) of asprosin was around 5.6 nM and the detection

range was up to 20 nM. The better assay performance was given by 20 nM of probes compared

to the 15 nM of probes, when standard deviation for each data point was taken into consider-

ation; yet the LOD and the detection range were similar. Thus, 15 nM of probes was chosen

for later experiments. The LOD is dependent on the standard deviation in the blank without

asprosin in the assay solution, and recent data showed that the LOD of asprosin TFA assay can

be down to 0.6 nM (data not shown here).

Specificity test of asprosin TFA.

The asprosin assay showed good specificity when recombinant mouse asprosin and re-

combinant mouse asprosin with 8-His tag were utilized to perform the same experiments (seen

in figure 5.3). The three-dimension structures of human and mouse asprosin are unknown un-

til now, but the mouse asprosin has 91% identity as human asprosin in amino acid sequence,

which were compared by Protein BLAST online software. The data proved that our asprosin
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Figure 5.3: Specificity test for human asprosin TFA assay with two similar proteins, recom-
binant mouse asprosin and recombinant mouse asprosin with 8-His at the N-terminal. Data of
recombinant human asprosin were same as figure 5.2. Duplicate experiments were run for the
other two.

TFA assay was characterized by high specificity toward human asprosin by using antibody-

oligo conjugated probes.

Detection of asprosin in human serum using TFA.

The newly developed asprosin TFA assay was next exploited to detect asprosin in human

serum. Human serum samples were collected by BioreclamationIVT and 4 different groups

of patients were sampled, including fasting, non-fasting, obese (Body Mass Index (BMI) >

30), and Type II diabetic donors. 4-5 different patients’ serum samples were collected for each

group. In our previous publications [135], TFA was proven to perform in human serum and

human plasma, since the differential analysis could eliminate autofluorescence influences from

complex matrix. From the results in figure 5.4, the thermofluorimetric assay was successfully

applied to detect asprosin directly in human serum. The asprosin concentration in the serum
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Figure 5.4: Biological application of human asprosin TFA assay. Serum samples were col-
lected from four different groups of patients: fasted, nonfasted, Type II diabetic and obese
(with Body Mass Index > 30). 4-5 different patient serum samples were tested for each group.
Duplicate experiments were run for each sample with different dilution factors.

from fasted donors were significantly higher than those in non-fasted donors, as expected. Ac-

cording to the seminal publication [33], asprosin was characterized as a fasting-induced hor-

mone, so the fasting status will boost the asprosin concentration in human serum. The data

from the obese and T2D group were difficult to interpret due to the unknown information about

the fasting status of the donors. However, the obese and diabetic donors showed significantly

lower asprosin levels than the other donors, and the data represent some of the first clinical

measurements of asprosin in these patient groups, to our knowledge. In fact, asprosin levels

within each donor group (n = 4 or 5) were clustered near a similar mean value for the group.

Overall, these results suggest that our asprosin TFA methodology could be a valuable addition

to the toolbox of physician seeking to evaluate the health of their patients, particularly those

showing compromised glucose homeostasis.

It is noteworthy that a human asprosin ELISA kit was purchased in our attempts to detect

recombinant human asprosin and asprosin in human serum, with the intention to validate our

TFA methods. However, the ELISA kit was found to be inadequate for unknown reasons. Per-

haps this problem is due to the fact that asprosin was only recently discovered, and the kits are

still being developed. To further validate our TFA method’s performance, human preadipocytes
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were cultured and differentiated according to the manufacturer protocol and used for asprosin

secretion tests. The results showed that asprosin secretion increased by 2-3 folds in DMEM

media without glucose compared to in the media with 4.5 g/L glucose. Therefore, our TFA

method was successfully proven with recombinant asprosin standards, human serum samples,

and cell secretion.

To sum this part up, the molecular pincer assay format was chosen to design antibody-oligo

probes for human asprosin, and thermofluorimetric analysis (TFA) approach was successfully

applied as an asprosin assay. From the results, the assay can be applied to asprosin detection in

human serum. Considering that asprosin is a newly discovered adipokine and with nanomolar

concentration in human circulation system, this homogeneous assay should be extraordinarily

useful in the characterization of asprosin in regulating glucose homeostasis. With these re-

sults, we also proved that our assay format can be easily translated to quantify other proteins

with the benefits of rapidity, low cost, and simple manipulation. At the same time, from the

derivative data, the background and signal from the asprosin assay can be clearly separated at

room temperature, which underlies that the assay will also function for direct readout at room

temperature without thermal scanning (albeit without the ability for differential background

correction). In this way, the asprosin assay can be readily miniaturized onto our microfluidic

device to be used for dynamic research of asprosin secretion from WAT, similar to the glycerol

results described in Chapter 4. In the remainder of this chapter, I discuss our application of

such asprosin assay with passive and active microfluidic devices to uncover unique information

on WAT secretion dynamics.

5.3.2 Mouse asprosin TFA assay and mouse asprosin secretion study in 8-channel chip

As discussed in Chapter 4, primary tissue is an ideal model for dynamic studies of hor-

mone secretion, which is characteristic of organotypic features compared to cell lines. And

the mouse, especially the C57BL/6J strain, is a well-developed animal model for diet-induced

obesity, type II diabetes and other related diseases. Since asprosin is an orexigenic hormone,

studying its dynamic function in primary murine WAT should be considered high priority. Our
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laboratory is well-poised to undertake these studies using microfluidics and droplet-based sam-

pling, as long as there is an applicable homogeneous assay available. Therefore, a TFA assay

for mouse asprosin is in demand, particularly since our human asprosin TFA did not respond

to mouse asprosin. Considering the successful development of human asprosin assay using

antibody-oligo conjugated probes and the better TFA assay performance with an aptamer pair

compared to antibody pair shown in Chapter2, we decided to establish a homogeneous assay

for mouse asprosin using an aptamer pair. Aptamer pair SELEX was successfully conducted,

using recombinant mouse asprosin as the target, by collaborating with an Auburn-based startup

company, Proximity Biosciences LLC. The binding affinity of each aptamer was in the pi-

comolar to few nanomolar range, measured by the AGILE R100 (Nanomedical Diagnostics),

which is a sensitive biosensor for label-free analysis of small molecules and proteins based on

the graphene field-effect transistor (FET). A quick test of aptamer pair performance for target

detection can be accomplished using an isothermal proximity assay (IPA), described in later

section of 5.3.3.

The molecular pincer assay format was adapted to the aptamer pair by hybridizing the

aptamer to a fluorophore/ quencher labelled DNA oligonucleotide, shown in the inset figure of

figure 5.5A. Same principles of TFA were followed in the assay to analytically separate back-

ground from signal. Experimental setting and fluorescence measurement were similar to the

TFA of human asprosin assay, and the dF/dT with blank subtraction results are demonstrated in

figure 5.5A. Likened to the results of human asprosin TFA assay (figure 5.1E), the background

and signal peaks were well differentiated, but the background melting peak was narrower and

the separation of two peaks was even better, without any overlapping; this is likely due to the

well-defined 1:1 ratio of aptamer:adaptor. However, taking the higher melting temperature and

melting peak shift of signal complexes into account, only the peak area under “Peak 1” (figure

5.5A) was calculated as the response in the calibration curve (figure 5.5B), where the asprosin

concentration was linearly correlated to the peak area representing the amount of background

complex. After the performance of TFA mouse asprosin assay was proven, epididymal WAT

explants were extracted from a C57BL/6J mouse (< 20 weeks in age), and tube secretion sam-

ples of asprosin were collected under the treatment of high glucose, with varied stimulation
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on each piece of fat explant. The fold change of asprosin secretion was obtained by dividing

the asprosin secretion stimulated by each treatment by the amounts secretec at high glucose.

Three treatments were applied: low glucose, low glucose + isoproterenol or low glucose +

IBMX + forskolin. The fold changes of asprosin secretion under different stimuli are shown

in figure 5.5C. Asprosin secretion increased under low glucose + isoproterenol treatment was

significantly higher than that with the low glucose treatment. However, the secretion results

from low glucose + IBMX + forskolin were not statistically different, yet the data variance was

much higher; one explanation could be the large phenotypic variation of the explants, and an-

other cause may be the inconsistent secretion of asprosin in static tube secretion by comparing

with the results from a microfluidic system. It has been reported that the lipolytic products like

glycerol or non-esterized fatty acids can inhibit lipolysis by negative feedback [177], and we

considered that the same feedback inhibition effect could feasibly occur with asprosin secre-

tion.

Therefore, our simple, passively operated 8-channel microfluidic chip was exploited for

asprosin secretion sampling, with results displayed in the inset figure of figure 5.5D. In the

chip, 8 channels were used for collection of 8 samples at 8 different but continuous time points

under different treatments. The results in figure 5.5D are from two different pieces of explants.

From the plot, changing the treatment solution from the high glucose to low glucose with

isoproterenol, the asprosin secretion was increased two to five folds and secretion was reduced

when the treatment was switched back to high glucose. More consistent results were thus shown

in the flowing system but more experiments need to be conducted to give solid arguments about

the negative feedback control of lipolytic products or asprosin itself on asprosin secretion.

5.3.3 Dynamic mouse asprosin secretion studied in a droplet microfluidic system

In Chapter4, it has been shown that glycerol release from the primary epididymal WAT oc-

cured in an oscillatory pattern, different from encapsulated 3T3-L1 differentiated adipocytes.

We hypothesized that gap junctional coupling is required for these oscillation to occur. It

has been proven that gap junctions exist in WAT through electrophysiological methods and

124



immunostaining [50, 51, 26], and gap junctions exhibit well-known importance for cell cou-

pling to propagate nervous or other stimulating signals by exchanging of metabolites, ions, and

other second signalling molecules like cAMP [44]. Gap junctions can also regulate the syn-

thesis, storage, and secretion of secretory products in endocrine cells to optimize the delivery

of secreted molecules to function organs [208]. Therefore, we expect that asprosin, a secreted

hormone from adipose tissue, will demonstrate an oscillatory secretion pattern if sampled and

Figure 5.5: TFA of mouse asprosin assay for asprosin secretion dynamics. (A) TFA of mouse
asprosin assay by probes 20 nM “PbFA FAM”and 24 nM “PbFB TAMRA”. The plot is dF/dT
data subtracted from the blank, zero targets. The error bar was calculated from duplicate ex-
periments. The inset figure shows TFA of asprosin assay design and principle. Same as human
asprosin, the molecular pincer format was chosen for assay design, except mouse asprosin ap-
tamer pair was used instead of antibody pair. TFA was applied to discriminate the background
complexes from the signal complexes. (B) Standard curve of mouse asprosin TFA assay. Same
data shown in A, and the peak area under Peak 1 in A was calculated and plotted as y-axis.
Linear regression model was fitted to the data with R-square 0.978.

125



Figure 5.5: (C) Asprosin secretion fold changes under different conditions compared to the se-
cretion amount when the murine eWAT explants was treated by high glucose (25 mM) media.
LG: low glucose (3mM); LGiso: low glucose (3 mM) + 20 M isoproterenol; LGBF: low glu-
cose (3 mM) + 200 µM IBMX + 10 µM Forskolin. The asprosin secretion was operated in PCR
tube from one 2-mm fat explant in each tube and secretion was stimulated by 12 µL different
treatments for 1 hour at 37 oC. The fold change was calculated by dividing the asprosin con-
centration from the stimulated secretion samples by asprosin concentration of secretion sample
from the same explant treated in high glucose solution. One-tail of Student t-test was applied
to compare the differences among three treatments. (n= 8, 9, 7 for each group, respectively).
(D) Asprosin secretion dynamic study. Asprosin secretion samples were collected through 8-
channel microfluidic chip from 3-mm primary murine eWAT under treatment changing from
high glucose to low glucose with isoproterenol and then back to high glucose. Asprosin was
quantified by mouse asprosin TFA assay was exploited to quantify. (∗: P <0.05, ∗∗: P <0.01,
compared to the asprosin secretion amount between 40-60 minutes.) The inset figure is the 8-
channel microfluidic chip setting (yellow is fat explant, light blue the bulk treatment solution,
and 8 channels are connected to tygon tubing for secretion solution collecting.).

quantified at high temporal resolution. In this section, similar experiments were set as in Chap-

ter4, except that an isothermal proximity assay (IPA) of mouse asprosin–developed in our lab

(see above) was applied within the microfluidic droplet system for asprosin quantification.

The mouse asprosin IPA assay format was based on the aptamer pair screened in collab-

oration with Proximity Biosciences, as described above. A more general assay format was

designed as the in the inset figure of figure 5.6A, where adaptors introduced the fluorophore

and quencher to aptamers, and a connector was hybridized with both tails of the probe pair to

bring the fluorophore and quencher into proximity for FRET. The format can be readily ex-

tended to other aptamer pairs produced in the future and can be used as an assay to test aptamer

pair performance. Interestingly, this assay does not function as well in TFA, likely due to the

complexity of the five separate oligos in in the complex. Before miniaturizing on the microflu-

idic chip, this mouse asprosin IPA was tested in a microplate reader, where 8 nM of probes

were used for these experiments. The fluorescence quenching ratio was calculated by using

zero target as the maximum of fluorescence signal and buffer as the baseline of fluorescence

measurement. The results of the calibration curve can be seen in the figure 5.6A. Thrombin

was chosen to be the negative control to prove the probe specificity, which had little signal

change in the aptamer-based IPA for asprosin.
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After the assay performance was proven in a standard microplate reader, it was applied

as a homogeneous assay within microfluidic droplets to quantify asprosin secretion dynamics

from eWAT. The IPA probe mixture was loaded into the left upper inlet, buffer was loaded into

the upper middle, and the tissue was cultured and sampled (or calibration standards added) in

the upper right inlet. The probe mixture was mixed with buffer in equal volume to prepare the

reference solution and loaded into the reference inlet (seen in the inset figure of figure 5.6B).

Other settings were same as the ones in Chapter4. The droplets were formed at 3.3-second

temporal resolution, which defines the resolution of sampling. Before starting asprosin secre-

tion tests from eWAT, the system was calibrated by recombinant mouse asprosin and results

are exhibited in figure 5.6B. The calibrated system was used to study the asprosin secretion

dynamics from eWAT explants extracted from a 20-week diet-induced obese mouse (figure

5.6C and D) and a 20-week wild-type mouse (figure 5.6E and F, G and H). From the overall

secretion pattern of three groups of data, the asprosin secretion was observed to increase right

after changing the media to no glucose solution from high glucose and high insulin media and

asprosin levels reached their maximum within 10 min.

As we had hypothesized, under the high temporal resolution of sampling with our mi-

crofluidic system, the asprosin secretion manifested an oscillatory pattern. Additionally, the

high temporal resolution enabled detailed frequeny-domain analysis with fast Fourier trans-

form (FFT) processing. From the FFT analysis and the zoomed-in fine temporal structure

analysis (seen in the inset plots in figure 5.6D, F and H) of the diagrams in figure 5.6C, E and

G, we observed oscillation periods in the range of 30 seconds to 2 minutes, with most oscilla-

tions centered around a period of ∼1 min.These results represent the first report of oscillatory

asprosin secretion, to our knowledge.

The observed oscillations may be a result of calcium oscillation waves in the gap junc-

tionally coupled adipose tissue. Gap junctions couple adipocytes and optimize the bioactive

molecules secretion by synchronizing endocrine cells. Calcium is an ion in the cells (Ca2+),

well-understood in other tissues to transfer between the cytoplasm of cells freely through gap

junctions and closely related to the regulation of hormone granule exocytosis, a common path-

way for hormone secretion. As shown in pancreatic islets the gap junction can modulate the
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insulin biphasic secretion dynamics [5]. On the other hand, cytoplasmic calcium concentra-

tion has been reported to oscillate in a constant amplitude and frequency at 1/min stimulated

by acetylcholine [209]. Other secondary messengers like cAMP can also travel across the gap

junctions to drive secretion oscillations. The gap junction and its function and mechanism in

adipokines secretion remains to be understood. Taking previous publications and our observa-

tions into consideration, our microfluidic droplet system can be a powerful tool to help study

the hormone secretion dynamics directly.

5.4 Conclusions

Biomolecule secretion and delivery through the circulatory system are dynamic processes.

The oscillatory concentration change is also a signal delivered to the target organs. As shown

in the second and third chapters, our TFA methodoly provides a unique tool because it can

detect proteins in complex matrices like serum. In this chapter, TFA method was developed

for human asprosin and proven to work in human serum. By screening an aptamer pair and

matching the format, TFA assay and isothermal proximity assay (IPA) for mouse asprosin were

also developed and the IPA assay was successfully miniaturized into our microfluidic droplet-

based sampling system for dynamic asprosin secretion quantification from primary adipose

tissue. The high temporal resolution of sampling allowed the oscillatory secretion patterns of

asprosin from the tissue to be detected for the first time. Taking the previous results of glycerol

release from the tissue different from the encapsulated adipocytes into account, we propose that

the oscillations may be due to the gap-junctional coupling in primary tissue.

Gap junctions play a significant role in cell-to-cell communication. Remodelling of cou-

pled adipose tissue is associated with the changed physiological and pathological functions

of tissue such as Chagas disease, which results in the upregulation of Cx43 in WAT to facili-

tate lipolysis [51]. Also, the upregulation of Cx43 in cardiomyocytes is related to Duchenne

muscular dystrophy (DMD) and the reduction of full channel formation using Cx43 peptide

mimetics (Gap26/ Gap19) can reduce the isoproterenol-induced arrhythmias [45]. To study

the gap junction influences in hormone or other bioactive molecule secretion from tissues, the

microfluidic system with compatible isothermal mix-and-read assays developed in this chapter
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should prove to be powerful tools. The system shown here is a two-layer microfluidic chip with

multiple microvalves, a little more fabrication process is needed compared to the single-layer

Figure 5.6: Caption next page.
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Figure 5.6: (A) Isothermal proximity assay (IPA) of mouse asprosin. Aptamer pair probes (8
nM “PbA FAM”, 9.6 nM “PbB Asp” and 24 nM ”Connector libAB 8-10” were used for
the assay and the fluorescence was detected in microplate reader at 37 oC. Zero target solution
provided the maximum of fluorescence (Fmax) and buffer solution gave the baseline of fluores-
cence detection (F0). As the target concentration increased, the fluorescence (F) got reduced
due to the more signal complex (figure 5.5B) formed. The fluorescence quench ratio was cal-
culated by 1- (F-F0)/(Fmax-F0) and plotted as y-axis. (B) Standard curve of IPA mouse asprosin
assay in droplet microfluidic system with 33 nM “PbA FAM”, 39.6 nM “PbB Asp” and 99
nM “Connector libAB 8-10” in each droplet, calculation details shown in chapter4. Linear
regression model was fitted to the data with R-square 0.984. The inset figure demonstrates the
microdevice setting. (C) Asprosin secretion dynamic from mouse eWAT explant extracted from
the 20-week diet-induced obese C57BL/6J mouse. Treatment: 1 represents the high glucose
high insulin (HGHI, 25mM glucose and 2 nM insulin in DMEM with 0.25% BSA); 0 means
the no glucose in DMEM with 0.25% BSA. (D) Fast Fourier Tranform (FFT) analysis of data
in C. The inset figure is a zoomed C to the 10-min zone. E and F from mouse eWAT explant
extracted from the 20-week wild-type C57BL/6J mouse. G and H from another piece of explant
of 20-week wild-type C57BL/6J mouse.

chip. However, this process can, in turn, save time to set up sophisticated perfusion systems

and complicated tissue macro-to micro interfacing. In the future, we will focus on the improve-

ment of automatic switching of treatment solution and application of our systems in studying

the phenotype and functions of primary tissues.
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Chapter 6

Conclusion and future work

The research projects in this dissertation were aimed at developing microfluidic tools and

compatible, small-volume assay formats to enable high-resolution temporal secretion studies of

biomolecules from pancreatic and adipose tissues.For the assays, homogeneous immunoassays

based on thermofluorimetric analysis (TFA) were developed, miniaturized, and integrated into

the microfluidic system, which sampled secretions into nanoliter-scale aqueous-in-oil droplets

for downstream fluorescence readout.

Specific assays for homogeneous, thermofluorimetric analysis (TFA) of thrombin, insulin,

asprosin and cAMP homogeneous assays were developed and applied to quantify molecules

from primary tissues. Generally, TFA has been validated in the dissertation work as a promising

approach for studies on cell signaling. The merits of TFA include its simple mix-and-read

workflow, high calibration repeatability, small sample volume requirement, and the repurposing

of a widely-adopted nucleic acid analysis instrument for both hormone and second messenger

quantification. These qualities distinguish TFA from previously reported methods and enable a

number of biological experiments to be conducted with ease. In the short term–considering the

importance of incretin effects in diabetes, obesity, and metabolic syndrome–TFA represents a

robust, new tool that could immediately impact studies on incretin-amplified insulin secretion

from islets or β-cells. It will also help study asprosin related functions, which is identified

as an important hunger hormone functioning on the liver as well as the brain. In the future,

it should be straightforward to adapt the presented antibody-oligonucleotide versions of TFA

to any protein or target with two antibodies (or aptamers), and the development of additional

DNA-driven assays for small molecules and second messengers would expand the catalog of

TFA analytes. Multiplexing through spectrally resolved fluorophores and/or thermally resolved
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melting transitions has already been shown feasible [135], thus further work in this area should

permit small-volume, mix-and-read assays on a variety of analytes to be carried out in a single

tube. The miniaturization of TFA in microfluidic system by two temperature zones is another

future direction, which will save the time for temperature scanning but keep the advantages of

TFA to differentiate the signal from the background.

In terms of the microfluidic developments presented herein, an improved microfluidic

droplet system with faster sampling speed could be readily generalized to other targets (with

further assay development), which will facilitate various dynamic secretion studies of biomolecules

from primary tissues. The microfluidic system was shown to combines high-resolution sam-

pling with integrated optical detection, and expansion to other targets would certainly improve

its scientific impact. In the future, droplet merging by electric fields and/or picoinjection should

be also introduced into the system to improve its flexibility for droplet manipulations such as

reagents dilution and addition. With more types of assays interfaced to the system, our lab-

oratorys continuous calibration lock-in detection approach for each sample could be included

[114, 115]. Another direction is to combine our fluidic multiplexer system [195] with the

droplet system to control the treatment solutions switching more easily and precisely.

To develop simple but reliable techniques for fast sampling and accurate detection of an-

alytes is every analytical chemist’s research goal. Such advancement of bioanalytical methods

can hasten the research progress in the related biological and biomedical areas. As shown

in this dissertation work, the ability of our system to study and observe novel dynamics of

biomolecule secretion directly on-chip at high temporal resolution has given us a unique look

at the real-time function of these hormones and metabolites secreted from endocrine tissues.
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chips as new tools for cell biology results, perspectives and opportunities. Lab on a

Chip, 13(19):3789, aug 2013.

[66] Michael Junkin, Alicia J Kaestli, Zhang Cheng, Christian Jordi, Cem Albayrak, Alexan-

der Hoffmann, and Sava Tay. High-Content Quantification of Single-Cell Immune Dy-

namics. Cell reports, 15(2):411–22, apr 2016.

[67] Douglas B. Weibel, Maarten Kruithof, Scott Potenta, Samuel K. Sia, Andrew Lee, , and

George M. Whitesides*. Torque-Actuated Valves for Microfluidics. analytical chem-

istry, 77(15):4726–4733, 2005.

[68] Jungkyu Kim, Amanda M. Stockton, Erik C. Jensen, and Richard A. Mathies. Pneu-

matically actuated microvalve circuits for programmable automation of chemical and

biochemical analysis. Lab on a Chip, 16(5):812–819, feb 2016.

[69] Anthony K Au, Hoyin Lai, Ben R Utela, and Albert Folch. Microvalves and Micropumps

for BioMEMS . Micromachines, 2:179–220, 2011.

[70] Bingqian Lin, Zhichao Guan, Yanling Song, Eunyeong Song, Zifei Lu, Dan Liu, Yuan

An, Zhi Zhu, Leiji Zhou, and Chaoyong Yang. Lateral flow assay with pressure meter

readout for rapid point-of-care detection of disease-associated protein. Lab on a Chip,

18(6):965–970, mar 2018.

[71] Yuanyuan Yang, Eka Noviana, Michael P. Nguyen, Brian J. Geiss, David S. Dandy, and

Charles S. Henry. Paper-Based Microfluidic Devices: Emerging Themes and Applica-

tions. Analytical Chemistry, 89(1):71–91, jan 2017.

[72] Todd Thorsen, Richard W. Roberts, Frances H. Arnold, and Stephen R. Quake. Dynamic

Pattern Formation in a Vesicle-Generating Microfluidic Device. Physical Review Letters,

86(18):4163–4166, apr 2001.

141



[73] L. D. van Vliet, P.-Y. Colin, and F. Hollfelder. Bioinspired genotype-phenotype linkages:

mimicking cellular compartmentalization for the engineering of functional proteins. In-

terface Focus, 5(4):20150035–20150035, may 2015.

[74] Alexander K. Price and Brian M. Paegel. Discovery in Droplets. Analytical Chemistry,

88(1):339–353, jan 2016.

[75] Cheryl J. DeJournette, Joonyul Kim, Haley Medlen, Xiangpeng Li, Luke J. Vincent, and

Christopher J. Easley. Creating Biocompatible OilWater Interfaces without Synthesis:

Direct Interactions between Primary Amines and Carboxylated Perfluorocarbon Surfac-

tants. Analytical Chemistry, 85(21):10556–10564, nov 2013.

[76] Jan-Willi Janiesch, Marian Weiss, Gerri Kannenberg, Jonathon Hannabuss, Thomas Sur-

rey, Ilia Platzman, and Joachim P. Spatz. Key Factors for Stable Retention of Fluo-

rophores and Labeled Biomolecules in Droplet-Based Microfluidics. Analytical Chem-

istry, 87(4):2063–2067, feb 2015.

[77] K C Lowe, M R Davey, and J B Power. Perfluorochemicals: their applications and

benefits to cell culture. Trends in biotechnology, 16(6):272–7, jun 1998.

[78] C. Holtze, A. C. Rowat, J. J. Agresti, J. B. Hutchison, F. E. Angilè, C. H. J. Schmitz,
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Appendix A

LabVIEW Codes

A.1 LabVIEW application for temperature control on Peltier

A.2 LabVIEW application for microfluidic droplet system
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Figure A.1: Front panel of LabVIEW application for Peltier temperature control.

Figure A.2: Block diagram 1 of LabVIEW application for Peltier temperature control.
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Figure A.3: Block diagram 2 of LabVIEW application for Peltier temperature control.

Figure A.4: Continued block diagram 2 of LabVIEW application for Peltier temperature con-
trol.
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Figure A.5: Block diagram of main program of LabVIEW application for microfluidic droplet
system.

Figure A.6: Block diagram of main program of LabVIEW application for microfluidic droplet
system–to close all valves.
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Figure A.7: Block diagram of main program of LabVIEW application for microfluidic droplet
system–manual control on/of of each valve.

Figure A.8: Block diagram of main program of LabVIEW application for microfluidic droplet
system–“load oil”.
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Figure A.9: Block diagram of main program of LabVIEW application for microfluidic droplet
system–“load enzyme”.

Figure A.10: Block diagram of main program of LabVIEW application for microfluidic droplet
system–“load 2 cell”.
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Figure A.11: Block diagram of main program of LabVIEW application for microfluidic droplet
system–“load 3 substrate”.

Figure A.12: Block diagram of main program of LabVIEW application for microfluidic droplet
system–“load reference”.
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Figure A.13: Block diagram of main program of LabVIEW application for microfluidic droplet
system–“droplet generation”.

Figure A.14: Block diagram of main program of LabVIEW application for microfluidic droplet
system–“Celldroplet for cell encapsulation”.
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Figure A.15: Block diagram of main program of LabVIEW application for microfluidic droplet
system–“chip characterization”.

Figure A.16: Block diagram of main program of LabVIEW application for microfluidic droplet
system–“inlet choosing for droplet”.
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Figure A.17: Block diagram of LabVIEW application subprogram for 5-step pumping.

Figure A.18: Front panel and block diagram of LabVIEW application subprogram for valves
pumping assignment.
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Figure A.19: Block diagram of LabVIEW application subprogram for valve grouping.

Figure A.20: Front Panel of LabVIEW application subprogram for valve grouping.
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Figure A.21: Block diagram of LabVIEW application subprogram for pumping time calcula-
tion in “droplet generation”.

Figure A.22: Front panel of LabVIEW application subprogram for pumping time calculation
in “droplet generation”.
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Figure A.23: Block diagram of LabVIEW application subprogram for pumping time calcula-
tion in “Celldroplet”.

Figure A.24: Block diagram of LabVIEW application subprogram for pumping time calcula-
tion in “inlet choosing for droplet”.
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