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SUMMARY

Cells adapt to microenvironmental alterations in oxygen levels and temperature by

shifting metabolic processes and initiating transcriptional programs. Engineered systems

have been developed to probe the biological responses of cells to their microenvironment.

Our microfluidic platforms for gas control have allowed us to generate oxygen landscapes

and gradients found in the physiological setting as a result of metabolic consumption and

oxygen transport limitations. For gas control, we studied the hypoxic activation of the hy-

poxia inducible factor (HIF) family of transcription factors HIF-1α and HIF-2α in human

endothelial cells, and we demonstrated differential hypoxic activation of HIF-1α and HIF-

2α in a spatial linear oxygen gradient. Our temperature control studies have focused on

nonshivering thermogenesis in human subcutaneous adipocytes. We used a ratiometric

cell-permeable thermoprobe to demonstrate intracellular heat generation in adipocytes.

Demonstrable single-cell thermogenesis during cold exposure allowed study of the re-

quirement of glucose in cold-induced thermogenesis. Additionally, one of the fundamen-

tal questions in studying temperature-regulated transcription in human adipose tissue is

whether cold-exposed cells in proximity to the skin surface undergoing browning release

paracrine factors that induce the transcriptional program for conversion of adipocytes in

deeper layers of fat which are not being directly exposed to cold. For this purpose, we

developed an engineered system which generates temperature gradients and allows us

to study paracrine interactions between warm and cold fat cells. Our findings suggest

adipocytes exposed to cold temperature may modulate cellular responses in neighboring

warm cells.
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CHAPTER 1. INTRODUCTION AND BACKGROUND

Portions of this content have previously been published in Brennan, M.D., Rexius-Hall,

M.L., Elgass, L.J., and Eddington, D.T. (2014) Oxygen control with microfluidics, Lab

Chip. 14(22):4305-18.

1.1 Engineered Microenvironments for Controlled Hypoxia

1.1.1 Oxygenation of Cells and Tissues

Oxygen accounts for nearly 21% of the earth’s atmosphere. Although inhaled air is typ-

ically a 21% oxygen (O2) gas mixture, cells and tissues experience a partial pressure

of oxygen, or oxygen tension, well below ambient atmospheric oxygen tension. Nor-

moxia, the term for the normal physiologic level of oxygenation in the body, is cell-

and tissue-specific. The most oxygenated parts of the body—the arteries, lungs, and

liver—experience 10-13% oxygen [3]. In contrast, various regions of the brain and bone

marrow vary from a maximum of around 7% O2 to a minimum of 0.5%-1% O2 [4, 5] (re-

ported physiologic oxygen levels for different human tissues is listed in Table 1.1). In

standard cell culture, physiologic oxygen tension is largely neglected as incubators main-

tain cells at 37◦C in 5% CO2, balanced atmospheric air. The use of ambient levels of O2

does not reflect oxygenation in vivo. Despite this fact, oxygen tension is a parameter of in

vitro engineered microenvironments that is often overlooked.

TABLE 1.1: The physiologic oxygen levels vary for different human tissues.
The indicated normoxic levels are all below atmospheric (21%) oxygen. Val-

ues compiled from refs. [3–6].

Tissue Physiologic Oxygen (%)
Lung alveoli 13
Liver 10–13
Arterial blood 10–13
Venous blood 5
Bone marrow 0.5–7
Brain 0.5–7
Cartilage 1
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1.1.2 Hypoxic Signaling

Cellular function and behavior are affected by oxygen levels in the microenvironment.

Oxygen levels impact a broad array of critical biological processes including angiogene-

sis [7, 8], embryonic development [9, 10], stem cell differentiation [11, 12], extracellular

matrix remodeling [13], tumor growth and progression [14], and metastasis [15]. Cells

adapt to environmental oxygen levels by shifting metabolic processes and initiating tran-

scriptional programs. When oxygen demand exceeds the supply, the intracellular oxygen

levels decrease, and cells experience hypoxia. Virtually all hypoxia-related alterations in

gene expression rely on the transcriptional activity of the hypoxia-inducible factor family

of transcriptional factors.

1.1.2.1 Hypoxia Inducible Factor (HIF) Family of Transcription Factors

Hypoxia-inducible factors (HIFs) are a family of transcription factors that are the central

regulators of the transcription of hypoxia-responsive genes, including growth factors, re-

ceptors, and metabolic enzymes. The key α-subunits, HIF-1α and HIF-2α, are subject to

rapid turnover under normal physiological oxygen (normoxic) conditions via the action

of prolyl-hydroxylases (PHDs) which hydroxylate proline residues within the oxygen-

dependent degradation domain (ODD) of HIFs and promote ubiquitination and protea-

somal degradation [16]. Hypoxia suppresses PHD activity because PHD enzymes use

oxygen as a substrate for hydroxylation, thus allowing HIF-1α and HIF-2α to accumulate

and translocate to the nucleus where they bind to the ubiquitously expressed HIF-1β (also

known as ARNT). The heterodimer forms a functional transcription factor that can then

bind to DNA at a site in a HIF target gene known as a hypoxia response element (HRE)

and initiate hypoxia-activated transcription [7, 17, 18].
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1.1.2.2 Differences Between HIF-1α and HIF-2α

Although HIF-1α and HIF-2α both bind HIF-1β and initiate the transcription of hypoxia-

responsive target genes, differences between the α-subunits have been determined. For

example, HIF-2α has an amino acid sequence that shares only 48% homology with that of

HIF-1α [19]. Additionally, while HIF-1α is present in nearly all cell types, HIF-2α is less

widely expressed. HIF-2α is specifically expressed in cell types including but not lim-

ited to endothelial cells, cardiomyocytes, kidney fibroblasts, glial cells, and hepatocytes

[20]. The temporal patterns of induction differ with HIF-1α mediating acute responses

to hypoxic insult, accumulating rapidly and transiently, while HIF-2α seems to mediate

a gradual and sustained response that persists during prolonged hypoxia [21]. Further-

more, HIF-1α and HIF-2α play nonredundant biological functions; studies suggest that

HIF-1α and HIF-2α regulate different target genes [22].

1.1.2.3 Biological Assessment of HIF Activation

At the cellular level, HIF activation requires α-subunit stabilization, accumulation, and

nuclear translocation. The biological assays to measure HIF activation include fluores-

cent imaging of the protein [23–25], immunoblotting of the protein [25–28], determining

relative gene expression of downstream HIF target genes [29–32], and monitoring lumi-

nescent HIF promoter activity [26, 28, 33, 34]. Imaging and immunoblotting techniques

can both be used to evaluate accumulation of HIF α-subunits wherein intensity of the pro-

tein signal increases as compared to a negative control. Imaging can be used as a method

to determine nuclear translocation; nuclear dyes are used to label the nuclei and imaging

can demonstrate colocalization of the protein with the site of a nucleus. Immunoblotting

can also be used to determine the extent of nuclear translocation, but this requires nuclear

fractionation of cell samples.

Polymerase chain reaction (PCR) can be used to indirectly show HIF activation by

measuring messenger ribonucleic acid (mRNA) levels of known target genes. The mRNA
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levels of HIF α-subunits are not typically thought to be important. Research of HIF reg-

ulation suggests α-subunits are subject to post-translational regulation rather than tran-

scriptional regulation. Emerging evidence suggests that there may be biologically signif-

icant HIF α-subunit regulation at the mRNA level [21, 35, 36]. However, the pathways

and their function are not fully understood.

HIF promoter reporter assays are commonly used to study HIF-regulated signal trans-

duction. Promoter reporter constructs contain HREs which drive the expression of a fre-

quently quantified protein such as green fluorescent protein (GFP) or luciferase. Increases

in units of relative luminescent intensity compared to controls are readouts for the specific

ability of HIF transcription factors to bind HREs and initiate transcriptional activity.

1.1.2.4 Chemical Induction of HIF

Standard biomedical laboratories are often not equipped with tools to modulate oxygen

levels exposed to cell samples. As a result, there has been considerable interest in iden-

tifying compounds that activate HIF by mimicking the effect of a reduced-oxygen envi-

ronment on the HIF signaling pathway, namely by preventing HIF α-subunit degrada-

tion. Chemical inducers of HIF are frequently PHD inhibitors because PHDs (also known

as EGLN enzymes) are the molecular oxygen sensors that regulate HIF. PHDs require

iron, oxygen, and 2-oxoglutarate (2-OG) to hydroxylate proline residues [16]. The com-

pound Cobalt (II) Chloride (CoCl2) and desferrioxamine (DFO) are commonly-used PHD

inhibitors. Both compounds inhibit PHDs by intervening with iron availability; CoCl2

replaces iron (Fe) with cobalt (Co) and DFO is an iron chelator. Dimethyloxaloglycine

(DMOG) and dihydrobenzoic acid (DHB) are also widely used PHD inhibitors. These

compounds are both 2-OG analogs and inhibit PHDs by acting as competitive inhibitors

against 2-OG for binding to the enzyme active site.
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Although hypoxia mimetics are often employed in hypoxia studies as a positive con-

trol for HIF analysis, drugs can have off-target effects and alter cellular behavior oth-

erwise unaffected by oxygen tension. Among the compounds themselves, not all PHD

inhibitors are created equal. There is evidence that different PHD inhibitors have dis-

tinct cellular effects [37, 38]. Adopting the use of tools to control oxygenation has the

advantage of avoiding drugs that may or may not mimic the entire hypoxic response pat-

tern, preserving the natural dynamics of oxygen tension-mediated events, and allowing

obtained research results to truly reflect cellular oxygen-sensing mechanisms.

1.1.3 Methods to Control Homogeneous Oxygenation

The most widely used tools to create hypoxic environments to study cellular behavior

have been (1) hypoxic chambers, (2) hypoxia workstations, and (3) perfusion chambers.

These tools can only produce a single, homogeneous oxygen level at a time. They are

also unable to replicate oxygen gradients found in vivo which form from radial and axial

diffusion of oxygen from the microvasculature and metabolic consumption of oxygen by

surrounding cells. Ultimately, the single oxygen level macroenvironments in such culture

systems do not establish oxygen gradients that are physiologic.

1.1.3.1 Hypoxic Chambers

Hypoxic chambers remain as the tool of choice for imposing distinct oxygen conditions

because they are small enough to be housed inside a standard incubator, do not require

specialized equipment for operation, and have the added advantage of being inexpensive

(∼$500) as compared to hypoxic workstations (∼$50,000). Their price has made hypoxic

chambers an attractive tool for labs interested in studying cells in low oxygen tension

but not necessarily specializing in hypoxia. The hypoxic chamber consists of a vessel in

which to place cell culture plates and dishes that can then be purged with a gas mixture

of interest, sealed, and placed in an incubator. However, hypoxic chambers are prone
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to leaks, have inherently low throughput, require considerable incubator space, cannot

replicate anoxic conditions even when purged with nitrogen, equilibrate slowly (on the

scale of several hours), and are not compatible with microscopic analysis. Additionally,

the oxygen level within a hypoxic chamber is imprecise. The oxygen concentration is not

the same stable concentration as the infused gas throughout the chamber because trans-

port limitations create a discrepancy between the gas concentration within the infused

headspace and the gas concentration at the bottom of the culture dish.

1.1.3.2 Hypoxia Workstations

The hypoxia workstation is a relatively large, sealed biosafety cabinet purged with a gas

of interest, monitored with oxygen sensors, and equipped with its own incubator in one

corner of the cabinet. Due to its cost, the hypoxia workstation is generally only found

in labs specializing in hypoxia research. A workstation is attractive because, as com-

pared to the hypoxic chamber, it is equipped with a small, gas-modulated benchtop to

perform conventional biological assays such as western blot and PCR preparations. The

workspace is useful because hypoxic factors, like the HIF family of transcription factors,

degrade rapidly upon re-equilibrating with atmospheric oxygen. Therefore, performing

such assays in a sealed, hypoxic environment is ideal to achieve the best results. At-

mospheric equilibration is a concern when using hypoxic chambers, rather than hypoxic

workstations, as they must be opened to retrieve cell culture contents or even to change

media, forcing equilibration with ambient surroundings and an unintended intermittent

hypoxia exposure which has been found to alter cell fate and function [39, 40].

Though the workstation offers a precisely controlled, homogeneous oxygen environ-

ment and space to perform biological assays, the setup is cumbersome. Small, delicate

manipulations must be done from outside the cabinet while wearing bulky, integrated

rubber gloves. Additionally, like the hypoxic chamber, the workstation cannot be easily
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coupled to live-cell microscopy unless a microscope is housed within the incubator. Over-

all, the hypoxic workstation is expensive and leaves too large of a footprint to be readily

accessible to a wide population of researchers.

1.1.3.3 Perfusion Chambers

Another option is a commercially available perfusion chamber in which oxygen concen-

tration is able to be modulated by alternating the flow of oxygenated and deoxygenated

liquid that is mixed to defined ratios through the chamber. Like the hypoxic chambers

and workstations, perfusion chambers lack spatial control. The effect of the added shear

stress that comes along with the flow must also be considered with use of perfusion cham-

bers. Shear stress is known to alter cell morphology and gene expression [41–43], so the

consequences of non-negligible shear stress should not be underestimated.

1.1.3.4 Motivation for Microfluidic Tools

Current global methods to study cellular behavior in low levels of oxygen tension lack

spatial control, equilibrate slowly, and are difficult or impossible to couple to live-cell mi-

croscopy. To fulfill these unmet needs, a variety of microfluidic devices have been devel-

oped to permit tight control of oxygen levels in cultured cells. In order to understand how

the microscale can be leveraged for oxygen control of cells and tissues within microflu-

idic systems, some background understanding of diffusion, solubility, and transport at

the microscale is necessary.

1.1.4 Diffusion, Solubility, and Transport of Oxygen in Microfluidic Devices

Because microfluidic systems are characterized by low Reynolds numbers, no turbulent

flow is present to enhance mixing within a microfluidic system, and so simple diffusion

adequately describes the transport of diffusive species within a microchannel. Simple—or
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Fickian—diffusion is described by

J = −D(
∂C

∂x
) (1.1)

where J is the diffusive flux, D is the coefficient of diffusion for a chemical species in a

given medium, and C is the concentration of the chemical species. The relationship

x2 = 2Dt (1.2)

describes the mean-square displacement of a particle in relation to time lapsed in the sys-

tem. Because time depends on the square of displacement, diffusion on the microscale

takes much less time because the displacement is orders of magnitude smaller than diffu-

sion on the macroscale. In order to illustrate the effect of scale on diffusion time, consider

two observers in a room with a jar of sulfur. Observer one is positioned 10 micrometers

away from the jar, while observer two is positioned one million times farther away at 10

meters from the jar. At t = 0, the jar is opened and at t1 the sulfur molecules (and odor)

reach observer one at 10 micrometers. At t2 the sulfur molecules reach observer two at 10

meters. Considering only Fickian diffusion as a method of transport and making use of

equation (1.2), it would take 1012 times longer for the molecules to reach observer two at

10 meters as it would to reach observer one at 10 micrometers. Using a realistic diffusion

coefficient of 0.16 cm2sec−1 for sulphur in air, observer one would smell the sulphur in 30

nanoseconds while observer two would be spared for 8 hours and 40 minutes. In reality,

of course, an observer on the macroscale would be able to smell the sulfur rather quickly,

but that is due to the presence of turbulent flow and thermal gradients which facilitate

transport in the air. While relying on diffusion for an experiment at the macroscale would

be an either costly or impossible time commitment, diffusion can be a readily leveraged

mode of transport at the microscale and within microfluidic devices.

PDMS (polydimethylsiloxane) is a commonly used polymer in microfluidics due to
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its many desirable qualities, including but not limited to optical clarity, biocompatibility,

and its ability to be molded down to sub-micron resolution. For this discussion, though,

of interest is its high permeability to gas, as it is the most permeable of the elastomeric

polymers [44]. Microfluidic experiments for oxygen control frequently involve gas diffu-

sion from a channel through a thin PDMS layer (or membrane) into another area of the

device—perhaps another channel or a reservoir.

From Fick’s Law, one can determine that, at steady-state and when either side of the

membrane is exposed to gas, the permeability P of a polymer membrane to a gas can be

described by

P = J

(
dx

dp

)
(1.3)

where dx is the membrane thickness and dp is the difference in pressure experienced by

the two sides of the membrane. From this equation, it is simple to see that diffusive flux

through a membrane will increase with greater pressure difference across the membrane

and with decreased membrane thickness.

When considering a typical diffusion membrane in a device as an example, one side

of the membrane has gas flowing from a pressurize tank and the other side has ambient

air, the diffusive flux experienced by either side is dependent on the net flux of a diffusive

species into or out of the membrane. It is important to note that this is really a dynamic

process as the gas entering or exiting the membrane can be offset somewhat by sorption

to or desorption from the membrane of the same chemical species. At equilibrium, this

should result in a constant net flux into and out of the membrane, and the flux through

any single step (gas channel to membrane, through the membrane, and membrane to

reservoir) is considered the same as the flux through the membrane, and may be defined

as

J = k1
D

D(k1 + k2) + k1k2dx
(c1 − c2) (1.4)

where D is the diffusivity of the gas through the membrane, k1 and k2 are the desorption
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rate constants at each interface of the membrane, and c1 and c2 describe the concentrations

of the gas in the polymer, according to

c = pS (1.5)

where p is the gas pressure on either side of the membrane and S is the solubility of

the gas in the polymer. However, when one side of a membrane is exposed to a liquid,

this relationship is no longer accurate because gas flux, J , is reduced, and the desorption

rate constant of the side of the membrane exposed to liquid, k2, is different than the rate

constant of the side of the membrane exposed to gas, and can now be described by

k2 =
Dk1

D + k14x+ ρwk1D
(1.6)

where ρw is the wet mass transfer resistance.

In addition to changes in the behavior of sorption and desorption from polymeric

membranes depending on the surrounding medium, it is also important to note the dif-

ferences in the way gas—specifically oxygen for the purposes of this paper—behaves in

PDMS versus water. For an excellent in depth analysis, Kim et al. present a mathemati-

cal analysis of oxygen transport in microfluidic systems [45]. Under identical conditions,

oxygen gas is 1.7 times more diffusive in PDMS than in water, and six times more soluble

in PDMS than in water [46].

Oxygen control is permitted by diffusion of compressed gases across a 100 µm thin

polydimethylsiloxane (PDMS) membrane. With such a thin membrane, the time to achieve

equilibrium of gas conditions is on the scale of 20 seconds. The partial differential equa-

tions of Fick’s second law of diffusion can be solved with specific initial and boundary

conditions to plot the period of non-steady state diffusion of gas into the PDMS. The re-

sult is the oxygen partial pressure as a function of spatial position and time. The case of



Chapter 1. INTRODUCTION AND BACKGROUND 11

gas A diffusing into a solid B can be solved as:

Cs − Cx

Cs − Co

= erf

(
x

2
√
Dt

)
(1.7)

with the assumption that the solute is semi-infinite. Cs is the surface concentration of

the element in gas diffusing into the solid. Co is the initial uniform concentration of the

element in the solid. Cx is the concentration at a position x, where the variable x is the

distance from the surface of the solid. D is the diffusivity of the diffusing solute element,

and t is the time. The erf function is the mathematical error function which is defined as:

erf(y) =
2√
π

∫ y

0

e−t2dt (1.8)

1.1.5 Measurement of Oxygen

Measuring the oxygen concentration in the microenvironment or within cell cultures

presents specific challenges. Samples are not large enough for the Winkler method [47], in

which dissolved oxygen (DO) is fixed and measured with stoichiometric methods. Many

times, experiments require real-time measurement as well as high spatial resolution of

oxygen tension. Several tools have been adapted for measuring oxygen tension in the mi-

croenvironment, including employing either Clark-style electrodes or luminescent optical

sensors.

1.1.5.1 Clark-style electrodes

Clark-style electrodes [48] typically use a platinum working electrode and silver chloride

reference electrode with potassium chloride for the electrolyte. A voltage of about 800

mV , which is sufficient to reduce oxygen, is applied across the electrodes. Oxygen is re-

duced at the working electrode, thus producing electrons or current proportional to the
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amount of oxygen present. The electrodes and electrolyte are protected behind a gas-

permeable layer of polytetrafluoroethylene (PTFE) to prevent adsorption of proteins or

interfering ions from fouling the electrodes. Because Clark-style electrodes consume oxy-

gen in order to detect it, stirring of the sample is usually required for fast response mea-

surements. The electrode is also very sensitive to changes in sample temperature. Clark

electrodes are unreliable for long-term measurements for a number of reasons which con-

tribute to unstable readings: depletion of the electrolyte, the production of OH– ions

affecting the pH causing zero drift, and the anode becoming coated in AgCl. If used with

biological samples, the protective, PTFE membrane will also lose permeability over time

due to the adsorption of protein and other residues. Clark-style electrodes also suffer

from low temporal and spatial resolution due to the time it takes for oxygen to diffuse

across the PTFE membrane and to the electrodes. In addition, the relative size of these

probes (∼3+ mm diameter probe) makes interfacing with microfluidic channels problem-

atic.

1.1.5.2 Luminescent optical sensors

For microfluidic systems, optical oxygen sensors are the tool of choice. They have several

advantages over Clark-style electrodes. They do not consume oxygen so they can be

used in low or no flow environments and do not suffer from fouling, making them stable

for long-term studies. Where Clark electrodes require an electrical connection to each

position to be measured and only provide a single, low spatial resolution measurement,

optical sensors allow measurement over the entire area of the sensor and at any number

of discrete points.

These sensors take advantage of oxygen-indicating fluorophores (e.g. ruthenium or

platinum-based compounds) that are quenched in the presence of oxygen. The degree

of quenching is determined by the oxygen partial pressure. The relationship between
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intensity and oxygen partial pressure is described by the Stern-Volmer equation:

τ0
τ

=
I0
I

= 1 +Kqτ0[O2] (1.9)

where I0 and τ0 are the intensity and excited state lifetime in the absence of oxygen, τ is

the excited state lifetime in the presence of oxygen, [O2] is oxygen concentration, and Kq

is the quenching constant. A Stern-Volmer calibration curve must be made for each sen-

sor and application. When a sensor is calibrated, a corresponding Stern-Volmer curve is

created by measuring the intensity at no fewer than two known oxygen partial pressures.

The intensity data collected is fitted to the Stern-Volmer equation to elicit the correspond-

ing oxygen partial pressure. Typically, a basic fluorescent microscopy setup is sufficient

to monitor a fluorescent sensor-equipped device, although custom excitation/detector

modules can also be created for portability, miniaturization, or placement in an incubator

[49]. Fluorophores are sensitive to photobleaching, where the intensity becomes attenu-

ated after long term constant excitation, but short periodic exposures are typically used to

avoid photobleaching. In addition to simple intensity-based measurements, fluorescence

lifetime imaging microscopy (FLIM) uses a modulated excitation source and detects the

decay in intensity in either the time or frequency domain. This method can be used to

reduce background luminescent artifacts, sensitivity to ambient light sources, and varia-

tions in intensity due to the concentration of the dye [50].

1.1.6 Oxygen Control with Microfluidic Devices

In order to overcome the inherent limitations of current oxygen modulation methods,

microfluidic platforms have been developed to take advantage of rapid diffusion and

advances in oxygen measurement technologies. Microfluidic oxygen control has been

applied to different biological systems, and serves purposes outside of solely controlling

oxygen concentration. Some of these applications include improving the quality of an

experiment, creating a more physiologically realistic environment in which to grow cells,
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and studying the mechanisms of different diseases. Several variations of microfluidic

platforms have been used to generate the desired oxygen environment for these experi-

ments, including devices that rely on diffusion from fluid, utilizing on-or-off-chip mixers

and equilibration steps, leveraging cellular oxygen uptake to deplete the oxygen, and us-

ing chemical, electrolytic or photocatalytic reactions to produce oxygen directly on chip.

Microfluidics platforms have been used to control the oxygen microenvironment and to

measure the effect of oxygen concentration on biological materials in a variety of ways,

including exposing biological specimens to various constant concentrations of oxygen,

discrete regions of different oxygen concentrations, and oxygen gradients. Microfluidic

systems for controlling oxygen at the microscale have been applied to address a variety

of physiologically relevant questions, for examining the behavior of cells in different and

tightly-controlled oxygen environments, and they have been applied to studying specific

pathologies including cancer, strokes, and sickle cell disease.

1.1.6.1 Diffusion from a Source Fluid

Perhaps the most popular and straightforward method for oxygen control in microde-

vices is by diffusion from a source or control channel across a thin, gas-permeable PDMS

membrane and into the cell culture region. The source fluid in the control channel rapidly

diffuses to control the dissolved gas environment experienced by the cells.

Equilibrated Liquid. Exposing cells and tissues to different oxygen levels can be ac-

complished by flowing a pre-equilibrated liquid through the device’s control channels.

In many cases, media is equilibrated with the appropriate gas before introducing it to

cultures. For instance, a commonly used method to mimic the induction of hypoxia is to

place cell cultures in medium that has been bubbled with nitrogen [51]. The equilibra-

tion of media with nitrogen is frequently done in addition to housing the cultures in a

hypoxic chamber or gas-controlled incubator [52] to reach even lower levels of oxygen.
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In microfluidic systems, cell culture media is also frequently equilibrated with appropri-

ate gas mixtures to control oxygen content. In these systems, constant perfusion of the

equilibrated media is usually necessary to maintain the desired oxygen level. Without an

ideal, closed system, the oxygen concentration of media will re-equilibrate with ambient

surroundings (i.e. the atmosphere) over time.

One example is the work by Grist et al. where diffusion from liquids was used to es-

tablish oxygen gradients across a central channel. To create the on-chip oxygen gradient,

off-chip gas bubbling flasks produced deoxygenated and oxygenated water which was

fed via oxygen-impermeable tubing into designated control water channels (Fig. 1.1).

A deoxygenated control water channel flanked one side of a media perfusion chamber

containing cells while an oxygenated water channel flanked the other side. Only a thin,

PDMS membrane of ∼100 µm separated the control water channels from the cell cham-

ber. The high gas permeability of PDMS and the difference in the oxygen level in the con-

trol water channels allowed for the spatial gradient generation in the cell chamber. The

perfusion rate of the oxygenated or deoxygenated water (100 µL/min) was maintained

by syringe pumps which withdrew media, creating negative pressure to pull the liquid

through the device. The media perfusion rate in the cell chamber was purposely main-

tained at a value several magnitudes lower (0.3 µL/min) than the control water channels

to permit the formation of a stable oxygen gradient in the cell chamber.

FIGURE 1.1: An off-chip bubbling experimental setup demonstrates genera-
tion of an oxygen gradient using equilibrated liquid. Reproduced from ref.

[53].

Integrated platinum (II) octaethylporphyrinketone (PtOEPK) sensors monitored the
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oxygen gradient and simulation modeling was undertaken to predict the oxygen gra-

dient profile. However, the model did not fit the acquired data. Namely, the range of

oxygen concentrations created experimentally was not as large as that predicted in the

simulation. It is suggested that this discrepancy was due to the gas-permeable nature of

PDMS and the rapid re-equilibration of the device’s channels with the ambient partial

pressure of oxygen. The researchers expect that coating the outside of the PDMS block

with an oxygen-impermeable coating (e.g. with Parylene) could improve oxygen control

[53].

Gas Perfusion. Flowing gas directly though the control channels eliminates the need

for the pre-equilibration of liquid off-chip. Gas also has the advantage of having a lower

viscosity than water allowing for more rapid mixing. Additionally, flow is driven with

large pressurized sources (gas tank) eliminating the need for syringe pumps. The con-

venience and simplicity of gas perfusion makes it an easy choice for researchers wishing

to accomplish more complicated experimental schemes discussed in detail below. The

following devices demonstrate oxygen control in a variety of ways, including discrete

control (obtaining multiple, uniform oxygen concentrations), spatial control (binary oxy-

gen concentrations, and spatial gradients of oxygen concentrations), and temporal control

(switching between oxygen concentrations at set time intervals or maintaining a constant

oxygen concentration over time).

Leclerc et al. present an early demonstration of oxygen modulation in a microfluidic

device. The system is a bioreactor composed of four microfluidic cell culturing regions

stacked one on top of the other, with a media perfusion channel providing flow to the cell

culture chamber. Inserted into the middle of the bioreactor (flanked above and below by

two cell culturing regions) is what the authors call an “oxygen chamber,” which is con-

nected via channels to the environment outside of the bioreactor [Fig. 1.2]. This served as

a way to allow gas from the outside environment to easily modulate the oxygen condi-

tions within the culturing chamber. After culturing, this oxygen chamber design resulted
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in a 5-fold increase in cell growth compared to a 2-layer bioreactor and 8-fold increase

compared to a 4-layer bioreactor without the oxygen chamber. Additionally, albumin

production was monitored from cultured hepatocytes and only the cells grown in the 4-

layer bioreactor with the oxygen chamber showed increased albumin production over a

12-day experiment [54]. Although the oxygen modulation is completely passive in this

device, it represents a conceptual prototype for the more intricate control devices to fol-

low.

FIGURE 1.2: An early microfluidic bioreactor demonstrates enhanced oxygen
modulation. Reproduced with permission from ref. [54].

1.1.6.2 Discrete Series of Constant Oxygen Concentrations

A number of devices exist for exercising discrete control of oxygen levels in a microfluidic

platform. These devices may be designed such that one device contains several isolated

regions of discrete oxygen concentrations, or such that they maintain constant oxygen

concentrations over a period of time. Vollmer et al. presented a system for dynamic de-

livery and sensing of oxygen in perusing medium when oxygen is delivered via a gas

channel. PtOEPK oxygen sensors are placed in etched wells of a glass slide at the in-

lets and outlets of a microfluidic network to monitor oxygen levels. A custom excita-

tion/collection module was created to house the device and monitor oxygen levels from

the sensors. Again, oxygen diffuses from a gas channel across a PDMS membrane and
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into liquid channels. While this system is not applied to biological studies, it is an early

example of the use of in situ PtOEPK sensors for oxygen characterization, and is a major

advance in the development of microfluidic platforms for oxygen control of the microen-

vironment [55].

Polinkovsky et al. present two devices in which individual growth chambers within

two microfluidic devices take on discrete values ranging linearly between 0 and 100%

oxygen concentration over nine chambers in one device, and exponentially from 0 to

21% oxygen concentration over nine channels in the second device. (Fig. 1.3) In these

experiments, Ruthenium dye was used to characterize the oxygen levels. For each de-

vice, the oxygen concentrations in the gas channels are achieved by flowing two gases

through a three-step, on-chip mixing channel network, culminating in nine separate chan-

nels of discrete concentration that flow over the growth chambers, which contain media.

The growth chambers can be used to culture yeast, bacteria, or mammalian cells. For

the purposes of their experiment, E. coli division rates as a function of oxygen concen-

tration were determined [56]. This device is a step forward in oxygen control systems

because it presents a means to use one device to deliver many different oxygen con-

centrations. Combining this ability with multiple growth chambers means that high-

throughput, oxygen-controlled experiments can be conducted.

Lam et al. present a microfluidic platform for culturing aerobic and anaerobic bacteria

and mammalian cells. An on-chip mixer creates a series of discrete oxygen concentra-

tions by mixing oxygen and nitrogen that range linearly from 0 to 42%, and cells were

cultured in channels at these oxygen concentrations. Incorporated into the device is a

valve multiplexer, which was used to replace media in each of the eight wells at regular

intervals. A custom excitation module was designed using LEDs as the excitation source

and paired with a custom infrared detection module. PtOEPK polystyrene sensors were

embedded in wet-etched wells of a glass slide. The sensors were calibrated using water

with different concentrations of oxygenated water and correlated with the Stern-Volmer
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FIGURE 1.3: Two devices for generating discrete series of gas concentrations
in chambers for various cultures. In the drawing of the two devices in (A) and
(B) the gray serpentine mixing channels determine the dissolved gas environ-
ment of the culture region (black vertical channels). The individual lengths
of the serpentine channels vary in the two devices to determine the degree of

mixing from the two gas inlets. Reproduced from ref. [46]

analysis. Cell density and growth rates were studied with E. Coli, A. Viscosus, F. Nuclea-

tum, and embryonic fibroblast cells [49]. This device couples oxygen and valve control,

and demonstrates that techniques necessary for cell culture (media replacement, in this

case) can be incorporated into these experiments.

1.1.6.3 Constant Oxygen Concentration

In addition to microfluidic culture chambers of custom microfluidic devices, Oppegard

et al. developed a microfluidic insert for a standard 6-well plate, which can be used to

modulate oxygen concentration in cell culture in lieu of a hypoxic chamber, and with

better oxygen control than a hypoxic chamber. The device’s oxygen concentration is char-

acterized using a ruthenium coated substrate, and was further validated by monitoring

HIF-1α expression in cells, to ensure that it agreed with expression levels from traditional

methods. The device is an insert which nests into standard six-well plate leaving a des-

ignated gap from the bottom of the plate. Gas is constantly perfused across the gas per-

meable membrane (PDMS) where it diffuses to oxygenate or deoxygenate the multiwell
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FIGURE 1.4: Oppegard et al. microfluidic insert for 6-well plate with Boyden
chamber. Reproduced from ref. [58].

plate at the culture surface. The oxygen concentration within the device rapidly changes

when the input gas is changed, and can maintain a steady oxygen concentration over five

days [57]. The main innovation of this work was adapting microfluidic oxygen control

to the 6-well plate which is a standard workhorse of biomedical research. In a follow up

paper they expanded on this theme to develop an insert for Boyden chambers which also

nest into a multiwell plate for cell migration studies (Fig. 1.4). The ability to maintain an

oxygen concentration in addition to the ability to quickly adjust to a new oxygen concen-

tration when a new gas is flowed through the device makes this system very useful for

both constant oxygen concentration studies and intermittent hypoxia studies. Hypoxia

studies were conducted using an invasive breast cancer cell line and it was found that

intermittent hypoxia resulted in different migration than constant hypoxia [58].

Abaci et al. present a microbioreactor for consistent, long-term oxygen control of the

microenvironment with live computer monitoring of oxygen concentration in the device.

The format of the device is a top gas channel which is used to diffuse oxygen into a lower,

closed culture channel via a PDMS membrane. Both channels are etched into polymethyl-

methacrylate (PMMA). Fluorescent sensors were used to monitor the device’s dissolved

oxygen level. The system is composed of sensor patches (flat 3 mm discs), fiber-optic

guides, and a 4-channel transmitter device which interfaces with a computer. Figure 1.5

shows a schematic of the device. Media was constantly perfused at a relatively slow flow
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rate of 0.02 ml/h. The temporal responses of the oxygen tension in the channel in static

conditions in which the gas channel was supplied with discrete oxygen levels (21%, 5%,

and 1%) was compared to dynamic conditions which utilized the same discrete oxygen

levels in the gas channel but also media perfusion in the culture channel at 0.5 ml/h were

compared, and resulted in similar oxygen profiles. The shear stress introduced by per-

fusion was negligible compared to shear stress levels reported to affect cell behavior. To

demonstrate the bioreactor’s abilities, fibrosarcoma cells were cultured and cell viability,

cell density and circularity tests were performed at 1% and 21% dissolved oxygen con-

centrations [59].

FIGURE 1.5: Microbioreactor with in situ oxygen sensors for live computer
oxygen monitoring. Reproduced with permission from ref. [59].

Another example of a microfluidic device used to study the behavior of cancer cells

in hypoxic and normoxic environments is presented by Funamoto et al., who designed

a PDMS microfluidic device with an integrated 3D gel for cell culture flanked by me-

dia channels. Each media channel was separated from a gas channel by a 150 µm dif-

fusion gap. Oxygen diffusion between the incubator environment and the PDMS de-

vice was inhibited by a polycarbonate (PC) film bonded above the channels. The device

was validated using a ruthenium-coated glass cover slip as an oxygen sensor. The de-

vice’s utility was demonstrated by studying the migration of human breast cancer cells

(MDA-MB-231) in hypoxia. Time-lapse live-cell 3D confocal imaging was acquired to de-

termine the cancer cell migration within the gel extracellular matrix (ECM). Cells in the
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gel showed increased net displacement, total path length, and their ratio (persistence) in-

creased under hypoxia as compared to normoxia. Despite demonstrating that the device

design lends itself to establish a gradient across the gel, cells were not studied in a gradi-

ent. Increased migration corresponds with increased invasive behavior of breast cancer

cells reported in other studies [60].

In another example, oxygen was used to control the polymerization of sickle-cell

hemoglobin (HbS) blood as a model of a vaso-occlusive crisis in sickle cell disease. Again,

gas diffuses from a gas channel, across a PDMS membrane, and into the blood perfusion

network. Occlusive and relaxation events due to HbS polymerization and depolymer-

ization, respectively, are measured as a function of oxygen concentration by monitoring

blood flow velocity in their microfluidic device. The device is presented as a tool to study

sickle cell disease and possible future clinically useful agents to block HbS polymeriza-

tion. CO binding is used to demonstrate that HbS polymerization can be blocked even

in cases of extreme deoxygenation [61]. This device represents the first model of the dy-

namic sickling process without influences of endothelial cells and a follow-up study will

be discussed in a later section.

Lo et al. demonstrate a diffusion-from-gas device for a wound healing study in mice.

The device was designed for a live active mouse to wear the device as a topical oxygen

therapy method. 100% oxygen was delivered to the device where it diffused across a 100

µm PDMS membrane placed in conformal contact with the wound. The study demon-

strated improved collagen maturity in treated mice, although the oxygen therapy did not

improve wound closure rates, or microvasculature development [62].

1.1.6.4 Hydration Layer

A common disadvantage of controlling gas in microfluidic cell culture systems is evap-

oration of culture media which is accelerated by the flow of dry gas past the diffusion
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membrane. Using equilibrated liquids to modulate gas concentrations prevents dehy-

dration but may be slow and cumbersome if multi-condition or rapid changes in oxygen

levels are required. Pre-humidification of gas, by off-chip bubbling, reduces but does

not prevent dehydration [63]. A hydration layer is an additional liquid filled channel

between the gas layer and culture layer through which the delivered gas must diffuse

before it reaches the culture layer. In this way, the gas is humidified directly on-chip as it

diffuses to the culture area preventing dehydration.

Wood et al. demonstrate the utility of a PBS layer in preventing dehydration of blood

while allowing the transport of oxygen in a microfluidic device designed to assess vaso-

occlusive risk in sickle cell disease [64]. In cross section, the design consists of a gas

channel stacked on top of a PBS channel on top of the blood sample channel (Fig. 1.6).

Oxygen concentration in the gas channel of the chip was modulated with solenoid valves

from N2 and air sources, and oxygen levels were monitored with a fiber optic O2 sensor

at the outlet of the gas channel. Deoxygenation of blood from sickle cell patients resulted

in a reduction of flow velocity and blood conductance under the same pressure drop

across the device. The reduction of flow velocity is due to the sickle shape adopted by

the red blood cells (RBCs) as they became deoxygenated. The molecular basis for the

shape change is a variant hemoglobin molecule, HbS, which is the result of a mutation

in the gene coding the β-globin protein. Deoxygenation of these RBCs causes HbS to

polymerize into long chains which stiffens the cell and leads to the shape change. The

morphological change then causes changes in flow by increasing the apparent viscosity

of blood, resulting in differences in the rates of change in blood conductance (defined

as the velocity per unit pressure drop). The rate of change in blood conductance was

leveraged to measure disease severity.

Cui et al. demonstrated what they refer to as a “water jacket” in a device for long-term

studies of bacterial cell growth behaviors. An additional layer is added to a diffusion-

from-gas device that serves as a hydration layer. This work also features modeling of
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FIGURE 1.6: A hydration layer of PBS between the gas layer and blood layer
prevents dehydration of the blood sample. Reproduced with permission

from ref. [64].

humidity within the device due to the hydration layer as well as comparison of dehydra-

tion rates in the culture chamber, while using dry gas, humidified gas with an off-chip

bubbling method, and their hydration layer with and without humidified gas [63].

FIGURE 1.7: A hydration layer is incorporated into this device to prevent de-
hydration of bacterial cell culture chambers. The green layer is gas, the purple
is the hydration layer, and the blue is the culture chamber. Reproduced from

ref. [63].

1.1.6.5 Binary Oxygen Environment

For some experiments, a binary oxygen concentration profile is useful to elicit a biolog-

ical response as a result of exposure to two distinct oxygen regions. In the previously

mentioned paper, Oppegard et al. show that an oxygen profile of a dual-condition mi-

crochannel can maintain a stable binary oxygen profile over fourteen days. Additionally,

the author presents an interdigitated microfluidic channel network that generates a cyclic

oxygen profile [57]. Mauleon et al. modified an existing brain slice chamber with a PDMS
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membrane and microfluidic channel layer. This device allows different areas of a 350 µm

thick brain slice to be exposed to different oxygen concentrations independently. Oxygen

levels and calcium-sensitive dyes were used to validate delivery of oxygen to discrete

regions of brain slice anatomy [65, 66].

1.1.7 Oxygen Gradients

1.1.7.1 In Vivo Oxygen Gradients

Oxygen supply to cells and tissues is not homogeneous; oxygenation is characterized

by oxygen gradients in vivo. These oxygen gradients occur naturally due to transport

limitations of oxygen and the metabolic consumption of oxygen by surrounding cells.

Within tissue, different cells are exposed to distinct oxygen levels because the oxygen

supply to a given cell is limited by the diffusion distance of the cell from microvessels [67].

Much of the oxygen exchange that occurs is across capillary walls. However, studies

have also found precapillary oxygen losses [68], and it is now recognized that a longitu-

dinal gradient of oxygen is found in the arteriolar network [68–70]. The difference in the

partial pressure of oxygen across the vascular wall drives oxygen out of the blood and

into the tissue. The pO2 progressively falls along an arteriole in concert with hemoglobin

saturation [71]. The pO2 of blood along a capillary also declines, and the longitudinal oxy-

gen profile along a capillary is nonlinear due to the sigmoidal shape of the hemoglobin

oxygen dissociation curve. A longitudinal capillary oxygen gradient has been confirmed

by direct Phosphorescence Quenching Microscopy (PQM) [72]. Radial oxygen gradients

also exist as oxygen diffuses in the radial direction from blood in the capillary into the

tissue. Overall, homogeneous oxygenation models do not reflect in vivo oxygen gradients

that occur both radially and longitudinally in the microvasculature. Tissue oxygenation

decreases rapidly with increased distance from a microvessel.
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1.1.7.2 Generation of Microfluidic Oxygen Gradients

To better model oxygenation found in the physiologicial setting, diffusion of gas in mi-

crofluidic devices has been used to control oxygen at the microscale and generate gradi-

ents of oxygen concentration within a device. As a continuation of the work previously

described by Polinkovsky et al., Adler et al. modified this device by controlling input

to nine gas channels with computer-actuated, three-way solenoid valves, which produce

different mixtures to feed into the channels. Additionally, channel wall thicknesses were

decreased so different gas concentrations generate a gradient rather than discrete oxygen

concentrations. Here, as well, ruthenium dye was used to characterize the oxygen gradi-

ent. The authors proposed that this device be used to study the responses of unicellular

organisms to chemotactic gradients, and noted that the device design would allow a user

to modify the gradient intensity of specific regions of interest within the device [73].

Most microfluidic oxygen control devices are limited to oxygen control within mi-

crofluidic channels, but a demonstration by Lo et al. presented gas channels buried within

a gas permeable substrate of a larger open well for two different microfluidic networks.

One design relied on the diffusion between parallel flow gas channels, and the second de-

sign operated via direct mixing of gas in network channels. The oxygen profile generated

via the parallel channel device was more linear compared to the mixing network device,

from which the profile was strongly sigmoidal (Fig. 1.8). The devices were characterized

using a ruthenium substrate placed directly against the PDMS diffusion membrane. This

device was used to determine the reactive oxygen species (ROS) response of cells exposed

to 0-100% oxygen gradients. The results indicated that the ROS response is modulated by

oxygen microgradient profiles as expected in hypoxia and hyperoxia [74].

Consumption of oxygen by cells can also be combined with constant flow of fresh me-

dia to modulate oxygen tension in the microenvironment. In order to study liver zonation

Allen et al. cultured hepatocytes in a flat plate bioreactor with a 100 µm by 28 mm by 55

mm channel through which media was flowed (Fig. 1.9). The reactor was designed so
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FIGURE 1.8: Lo et al. devices with associated oxygen concentrations. The
inlets were supplied with a 100% and 0% oxygen source. Oxygen measure-
ments demonstrated the gradient profiles generated from each mixing de-

sign. Reproduced from ref. [74].

that cells upstream consumed oxygen leaving less for downstream cells. In this sense,

cell media was progressively depleted of oxygen as it flowed through the device. By con-

trolling the oxygen level of media entering the channel and the flow of media through the

reactor, a steady-state oxygen gradient was formed along the length of cell culture. The

gradient could also be shifted along the length of the channel by changing the inlet oxy-

gen partial pressure, and could be made steeper by decreasing the flow rate. This study

was performed prior to the development of optical luminescent probes and verification

of the gradient was performed with a hypoxia cell assay dye. Also, corresponding inlet

and outlet pO2 levels were shown to correlate strongly with model predictions. In addi-

tion to validating oxygen levels, they found biological evidence of zonation by the het-

erogeneous distribution of proteins phosphoenolpyruvate carboxykinase (PEPCK) and

cytochrome P450 2B (CYP2B) along the length of the bioreactor, correlating with what is

known to occur in physiological oxygen gradients in vivo [75, 76].

Oxygen can also be modulated by on-chip reactions that either generate or consume

oxygen. The advantage of this method is that it eliminates the need for pressurized gas
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FIGURE 1.9: Modeling of the oxygen gradient in a flat-plate bioreactor with
dimensions of 28 mm x 55 mm and 100 µm in height. Computational models
were created to produce a gradient depending on consumption of oxygen
by a cell culture with media of different initial pO2 levels and flow rates.
An example gradient predicted by the model with inlet pO2 of 158 mmHg
and a media flow rate of .035 mL/min demonstrates a linear gradient across
the bioreactor as media flow from left to right (A). Measured experimental
inlet and outlet pO2 levels were compared to numerical and analytical model
predictions for verification (B). Reproduced with permission from ref. [75].

tanks, although it typically requires syringe pumps to deliver the reagents. It also requires

the careful modeling and balancing of reaction kinetics to achieve desired dissolved gas

partial pressures.

Skolimowski et al. were the first to use an oxygen scavenger to create a gradient in a

microfluidic cell culture device. A biofilm of P. aeruginosa was cultured on a thin PDMS

membrane below which a serpentine channel carried the scavenger (10% sodium sulfite

with 0.1 mM CoSO4 as a catalyst) which irreversibly consumed oxygen from the culture

above. A glass slide with a PtOEPK sensor formed the top of the culture chamber and was

used to characterize the effect of media flow on the gradient and to monitor oxygen levels

of the culture. A media flow rate was chosen to apply a gradient that reduced oxygen

saturation at the end of the device by 60% from ambient. Attachment of P. aeruginosa was

shown to gradually decrease along the length of the decreasing oxygen gradient (Fig.

1.10) [77].

Chen et al. took this idea one step further by developing a device that generated and

scavenged oxygen on chip using a pair of chemical reactions. The device consisted of a
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FIGURE 1.10: (A) Schematic of an oxygen scavenging device showing the
serpentine channel scavenging layer (red), separated by a thin PDMS layer
(yellow) from the culture chamber (green) and the oxygen sensor lid (purple).
(B) Image of the device with the serpentine scavenging channel (blue) and
culture chamber (yellow). (C) A comparison of simulated oxygen gradients
along the chamber (dotted lines) with measured oxygen levels (solid lines)
under three different flow rates. (D) Images of stained bacteria in the device
at different positions along the gradient. A culture at atmospheric conditions
(above) is compared to a culture with a gradient applied resulting in oxygen
saturations of 97%, 79%, 60%, and 41% from atmospheric (from left to right).

Reproduced from ref. [77].

central cell culture channel that is flanked on either side with a chemical reaction channel.

An oxygen gradient was formed across the central channel by an oxygen-generating reac-

tion, H2O2 + NaOCl, and an oxygen-scavenging reaction, pyrogallol + NaOH. Each chem-

ical species entered the chip through a dedicated channel, and both respective reactions

were initiated on chip by a serpentine mixer just before meeting the cell culture channel

(Fig. 1.11). With proper throttling of flow in each channel, a steady, linear gradient could

be formed across the cell culture and was characterized with a liquid ruthenium-based

dye. Carcinomic human alveolar basal epithelial cells were cultured in the device under

oxygen gradient and with or without Tirapazamine (TPZ), an anti-cancer drug that is ac-

tivated to a toxic radical at low oxygen levels, to verify the oxygen sensitive effects on

cancer cells [78].

Wang et al. demonstrate the formation of an oxygen gradient within a channel by

matching the flow of a scavenger with diffusion of oxygen from the surrounding PDMS.

With the scavenger flowing through the channel as oxygen diffuses from the PDMS bulk
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FIGURE 1.11: (A) Schematic of a device that initiates oxygen-generating and
oxygen-scavenging reactions with on-chip mixers, resulting in an oxygen
gradient across a central cell culture channel. (B) Image of the device with
the central cell culture channel (red) flanked by the chemical reaction chan-
nels (green and blue). (C) a cross-sectional view of the device shows the path
of oxygen diffusion from the H2O2 + NaOCl channel across the culture chan-
nel to the Pyrogallol + NaOH channel where it is consumed. Reproduced

from ref. [78].
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FIGURE 1.12: An oxygen scavenger flowing in a channel creates an oxygen
gradient. Oxygen is depleted most in the center of the channel and against
the gas impermeable wall and is replenished from the surrounding PDMS

bulk. Reproduced from ref. [79].

the result is greater depletion in the center of the channel and ambient conditions near

the PDMS walls. The fourth wall of the channel is a glass slide which, because it is gas

impermeable, does not contribute oxygen creating a near-zero oxygen level for the culture

surface (Fig. 1.12). Because the scavenger used is non-toxic (sodium sulfite), cultures of

two cancer cell lines were grown directly in the channel and treated with oxygen sensitive

TPZ as bio-verification of the gradient [79].

1.2 Engineered Systems for Controlled Thermogenesis

1.2.1 Temperature in Biological Systems

Temperature is a key parameter affecting biological processes. Many biological processes

are temperature-dependent, including cytoskeletal dynamics [80–83], cell division [84–

87], enzyme kinetics [88–92], calcium signaling [93–95], and activation of ion channels

[96–101].

1.2.2 Methods to Control Temperature

To control temperature as a parameter of biological studies, the microscope incubation

box and temperature-controlled stage inserts are the most common tools used during cel-

lular imaging studies. The precision is often 0.1◦C resolution, but at the scale of these
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instruments, temperature changes of several degrees take tens of minutes to several min-

utes to achieve, respectively. The macroscopic methods are also prone to heterogeneous

temperature fields, with temperature gradients of 2◦C - 3◦C arising [102].

In the past, quick temperature changes have been achieved with microperfusion of

different temperature-controlled solutions. However, microperfusion introduces shear

stress to adherent cells. Shear stress has been shown to have biological effects such as al-

terations in cell morphology and gene expression [41–43]. This is a non-negligible conse-

quence of employing perfusion systems, especially to achieve rapid temperature changes

for experimental studies.

1.2.2.1 Microenvironmental Temperature

Rapid diffusive heat and mass transfer at the microscale allows for fast temperature con-

trol. Microscale characteristic times are on the scale of 10−3 s - 1 s as compared to 102 s -

104 s at the macroscale [102]. This fact has been leveraged in a host of microengineered

systems to control temperature.

1.2.3 Engineered Temperature Control Platforms

Some microfluidic tools have integrated temperature control. Several groups have used

laminar flow in a microfluidic channel to generate different temperature conditions. The

laminar flow available at the microscale can be leveraged to create a temperature gradient

because there is only local diffusive heat transfer at the interface of the flow streams. In

the work of Luccheta et al., laminar flow was used to create a temperature step gradient

from 17◦C - 27◦C to which drosophila embryos were exposed [103]. Results showed that a

temperature step between the anterior and posterior halves of the embryo caused devel-

opment at different rates. Pearce et al. cultured neurons in a dual condition temperature

gradient where one microchannel was kept warmer than a second microchannel and the

two streams met at a Y-junction and continued laminar flow downstream. A steep spatial
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gradient generated by laminar flow was demonstrated using temperature measurements

in the channel using an aquarium thermometer and COMSOL simulation [104].

Another method to control temperature has been the creation of bilayer devices in

which the upper layer was used as a temperature control layer through which to flow

temperature-controlled liquid. Such devices have been used to study cytoskeletal dy-

namics [83], activation and deactivation of temperature-sensitive gene products [105],

and growth of bacterial and yeast cultures [106].

The tightest temperature control has involved incorporation of integrated electrode

arrays made from materials that are not optically clear, and are therefore not compatible

with microscopy. Integrated electrode arrays allow changes on the scale of tens of degrees

within seconds, so these arrays have been used in such applications as on-chip PCR [107].

Thin film heaters have also been used in continuous flow PCR microfluidic chips, but the

polyimide material is still not ideal for experimental needs requiring microscopy [108].

Controlled temperature increases are often less challenging than temperature decreases.

To increase temperature, electric resistance or burning of fuel, for example, converts en-

ergy into heat. By the Second Law of Thermodynamics, transfer of heat will always be

from a hotter object to a colder object in an isolated system due to entropy. However,

actively cooling an object requires work to be done in opposition to the tendency toward

disorder. Entropy in the cooled object decreases and the entropy of the environment

around the system increases enough to compensate and then some, so that there is an

overall increase in the entropy of the universe. As an example, there is no active cooling

associated with cooling a standard laboratory hot plate to room temperature. Cooling

usually consists of turning off the heating element and allowing the spontaneous process

of the hot plate decreasing in entropy and the cooler air of the room increasing more in

entropy.
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1.2.3.1 Peltiers

Few methods exist for active cooling. One widely used method for small-scale biological

studies makes use of the thermoelectic effect in which a temperature difference between

two dissimilar conductive or semiconductive materials produces a voltage difference be-

tween the two materials. Conversely, when a voltage is applied to two dissimilar con-

ductive or semiconductive materials, a temperature difference is created. The effect is

also referred to as the Peltier-Seebeck effect, named after two physicists who each inde-

pendently discovered the physical process [109, 110]. Peltier thermoelectric (TE) devices

can actively cool one of their surfaces at the expense of the other side of the device being

warmed. The choice of which TE device to use in an application is made based on its

specifications:

Vmax = max voltage at which the unit will be run (volts, V)

Imax = current drawn at Vmax (amperes, A)

DTmax = difference in temperature between the hot and cold sides when run at Vmax

(degrees, ◦C)

Qmax = heat from the hot side at high load (watts, W)

When the TE device is run at a voltage less than Vmax, called V current draw is

I = Imax ×
V

Vmax

(1.10)

and power draw is

P = I × V (1.11)

the thermoelectric cooler resistance is

R =
Vmax

Imax

(1.12)
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and the Peltier constant, C, is
(Qmax + (Imax)

2 × R
2
)

Imax

(1.13)

The specifications of a commercially available peltier, including how the heat removed,

waste heat, current drawn, and the coefficient of performance depend on input voltage

and the temperature difference between the hot and cold sides are included in the appen-

dices.

Peltiers have been used in several microengineered systems. In-line flow-through

peltiers have been used to quickly change the temperature of a liquid injected into the

temperature control layer of a bilayer microlfuidic device for studying microtubule dy-

namics in fission yeast [83]. In an application unrelated to cellular biology, peltier ele-

ments were integrated at the back of a printed circuit board (PCB) of a microfluidic chip

(Fig. 1.13) for studying the extraction process of polymeric compounds during thermo-

cycling of saltwater samples from the Jade Bay on the North Sea coast of Germany [111].

Pump and withdraw modes on a syringe pump were used to pump a sample into the hot

zone and then back into the cold zone after thermal treatment to complete the desired

amount of thermal cycles. Using the peltier elements, temperature in the chip reached

equilibrium after 5 seconds.

Another approach was the miniaturization of the peltier to create a micro-peltier cooler

encapsulated within a chip. A so-called "peltier junction" was created in which the peltier

was used to pump heat from a chamber and into an adjacent microchannel, resulting

in cooling of the chamber [112]. Depending on the current applied, different final tem-

peratures were reached in the chamber. On average, a temperature decline from room

temperature in the chamber to a specified temperature between 0◦-10◦C took 10 s.

1.2.4 Nonshivering Thermogenesis

Warm-blooded animals (endotherms) try to maintain a homeostatic body temperature

despite fluctuations in ambient temperature. Adipose tissue plays a key function in the
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FIGURE 1.13: Schematic of the microfluidic device with a bidirectional flow
syringe pump and two distinct temperature zones. Adpated from ref. [111].

adaptive mechanism to regulate body temperature. Specialized adipocytes respond to en-

vironmental decline in temperature by generating heat in a process known as nonshiver-

ing thermogenesis [113]. The heat-producing adipocytes that participate in nonshivering

thermogenesis are called brown adipocytes and beige (also known as brite) adipocytes.

1.2.4.1 White, Beige, and Brown Adipocytes

The role of adipocytes is at the intersection of nutrition, energy expenditure, and health.

White adipocytes are the most common type of adipocyte and primarily store energy,

whereas brown and beige adipocytes dissipate energy by burning calories as heat. Brown

adipocytes are named for their red-brownish appearance due to their large amount of

iron-rich mitochondria. While there are designated depots of brown fat in humans, beige

adipocytes are embedded in white fat depots. The other name for beige adipocytes—brite

("brown in white") adipocytes—is derived from that aspect. Brown adipocytes are usu-

ally smaller than white and beige adipocytes. Brown and beige adipocytes also have

multiple lipid droplets while classical white adipocytes have a single, large lipid droplet.
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Other differences include the location of the different kinds of adipocytes in vivo, specific

biomarkers, and vascularization. A table summarizing the main differences among the

three types of adipocytes is included (Table 1.2).

Brown adipocytes are believed to share the same myogenic factor 5 (Myf-5+) precur-

sor cell as skeletal muscle. Beige and white adipocytes have been shown to originate

from both Myf-5- and Myf-5+ precursors [115, 116]. Both brown and beige cells express

uncoupling protein 1 (UCP1) in the mitochondrial inner membrane, and it is UCP1 that

mediates heat generation in nonshivering thermogenesis. UCP1 creates a proton channel

and collapses the proton gradient normally present across the inner mitochondrial mem-

brane, thereby short circuiting ATP synthase [117]. As a result, the proton motive force

is dissipated as heat rather than used to drive the motor on ATP synthase [118, 119] to

generate ATP.

1.2.4.2 Brown Adipose Tissue in Humans

It was known that infants had large interscapular brown adipose tissue (BAT) depots, but

the BAT was thought to not persist into adulthood. The serendipitous discovery of BAT

in human adults reinvigorated research interest in BAT regulation. During functional

imaging using positron emission tomography (PET) of breast cancer patients, highly

metabolic regions not related to any pathology were appearing at the back of the neck

[120]. These regions turned out to be metabolically active brown fat. The increased up-

take of 2-[18F]fluoro-2-deoxyglucose (FDG) is a hallmark of glycolytic tumors which is

leveraged to localize tumors during PET scans. FDG is taken up by the GLUT family of

glucose transporters (GLUT1, GLUT3, and GLUT4) and then phosphorylated by the en-

zyme hexokinase. Once phosphorylated, FDG cannot be further metabolized and thus it

accumulates inside the metabolically active glycolytic cells [121].

At first, the symmetrical neck regions were attributed to false-positives caused by

muscle tension due to anxiety [122]. However, computer tomography (CT) with its higher



Chapter 1. INTRODUCTION AND BACKGROUND 38

TABLE 1.2: Differences among the three types of adipocytes. Adapted from
[114]

Characteristic
property

White Brown Beige

Morphology
(i) Shape Spherical Ellipsoid/ polygo-

nal
Spherical

(ii) Cell size Variable, large
(25–200 µm)

Small (15–60 µm) Variable, smaller
than white

(iii) Lipid
droplet (LD)

Single large LD Multiple small LD Multiple LD with
variable size

(iv) Mitochon-
dria

+ +++ ++ (upon stimula-
tion)

Development From Myf5- or
Myf5+ precursors

From Myf5+ pre-
cursors

From Myf5- or
Myf5+ precursors

Location Subcutaneous and
visceral

Suprarenal, par-
avertebral, supra-
clavicular

Inguinal, neck
(near carotid
sheath and mus-
culus longus colli),
other locations?

Function Energy storage Heat production Adaptive thermo-
genesis

Uncoupling
protein

Nearly unde-
tectable

+++ ++ (upon stimula-
tion)

Adipocyte-
type-specific
markers

PPARγ, PLIN1,
HOXC9, TCF21,
TLE3, C/EBPα,
Rb, Rip140

LHX8, ZIC1, EP-
STI1, PRDM16,
CIDEA, ELOVL3

HOXC8, HOXC9,
CITED1, CD137,
TMEM26, TBX1,
CD40

Vascularization Low High High (upon stimu-
lation)

Impact on obe-
sity

Positive Negative Negative

Correlation
with insulin
resistance

Yes Probably yes Probably yes
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spatial resolution than PET, visualized the CT density of these neck regions and deter-

mined the density to be characteristic of adipose tissue [123, 124]. It has now been es-

tablished that in adults, the largest depots of BAT are localized to supraclavicular and

neck regions. Smaller depots can be found in some people in paravertebral, para-aortic,

pericardial, and perirenal areas [125].

In the process of uncovering BAT by its uptake of FDG in PET scans, it was determined

that a reduction in ambient temperature increased the uptake of FDG in the BAT. The

scanners were kept in rooms with a cold ambient temperature, and cold temperature is a

potent activator of nonshivering thermogenesis.

1.2.4.3 Cold Exposure Induces Thermogenesis

The canonical mechanism behind the adipocyte thermogenic response to cold is activa-

tion of the sympathetic nervous system which senses cold temperature. Released nore-

pinephrine (NE) binds to β-adrenergic receptors and activates adenylyl cyclase. Increased

production of cyclic adenosine monophosphate (cAMP) activates protein kinase A (PKA)

and leads to subsequent activation of lipases to increase hydrolysis of triglycerides. The

released free fatty acids (FFAs) bind UCP1 and activate its proton conductance [126–128].

Additionally, recent work has reported that mitochondrial reactive oxygen species are

needed to sulfenylate a cysteine residue on UCP1 to sensitize the protein to FFAs [129].

Recent studies also show that adipocytes can directly sense cold temperature and respond

by initiating thermogenesis without input from the sympathetic nervous system [130].

The mechanism by which adipocytes directly sense temperature remains unknown.

1.2.4.4 Therapeutic Potential

Manipulating thermogenesis could be an effective strategy to fight obesity. As of 2010,

nearly 69% of adults aged 20 and over are overweight (25<BMI<29.9) or obese (BMI>30).
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Strikingly, about one-third of children and adolescents ages 6-19 years of age are over-

weight or obese. Obesity is associated with such health risks as cardiovascular disease,

type 2 diabetes, high blood pressure, stroke, nonalcoholic fatty liver disease, osteoarthri-

tis, and certain types of cancer, including breast, colon, endometrial, and kidney. White

adipose tissue (WAT) depots store energy in the form of triglycerides. The distribution

of WAT influences the risk of metabolic disease. The accumulation of visceral fat (the

intra-abdominal fat located around organs) is associated with higher health risk than the

accumluation of subcutaneous fat (the fat under the skin) around the thighs and hips. In

contrast, the activation of brown adipose tissue (BAT) promotes energy expenditure. In

humans, BAT has such a large thermogenic capacity that it has been estimated that 50 g

of maximally active BAT could utilize up to 20% of daily energy expenditure [131]. With

such a substantial capacity to expend energy, there has been increased interest in targeting

nonshivering thermogenesis in treating or preventing obesity-associated diseases.

Interest in the therapeutic potential of nonshivering thermogenesis has been split into

two different approaches. The first is to expand the amount or increase the activity of

one’s endogenous thermogenic BAT. Transcriptional regulators, such as PRDM16, are be-

lieved to drive differentiation of precursors toward brown-like adipocytes. In human skin

fibroblasts, PRDM16 has been shown to be sufficient to drive differentiation into cells with

characteristics like those of a brown adipocyte [132]. Pharmacological small molecule in-

tervention has also shown potential. For instance, dinitrophenol (DNP), a nonselective

uncoupler of mitochondrial oxidation, has been shown to successfully increase energy

expenditure, but serious side effects and known fatalities prevent its widespread use.

Some candidate thermogenic compounds have been successful in reported research as

weight loss drugs in humans, including sibutramine [133] and phentermine-topiramate

[134]. The second approach is to transplant functional BAT or progenitors cells. Indeed,

studies have shown that adult BAT transplantation had a beneficial effect on metabolic

abnormalities in high fat diet (HFD)-induced obese, insulin-resistant mice [135, 136] and
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genetically obese leptin-deficient mice [137].

1.2.4.5 Biological Assessment of Thermogenesis

Common methods to assess thermogenesis include in vivo and in vitro techniques. Core

body temperature and respirometry are the most frequently employed in vivo measure-

ments. Among in vitro measurements, cellular oxygen consumption, gene expression, and

intracellular temperature have been used to demonstrate activation of thermogenesis.

In Vivo Respiration and Core Body Temperature Many studies in mice have used a

combination of respirometry and core body temperature measurements to demonstrate

thermogenesis [92, 101, 138]. Respirometry is an indirect calorimetry approach that links

respiratory oxygen and carbon dioxide exchange to metabolic heat production to measure

energy expenditure. Generback et al. used both respirometry and core body temperature

to show mice lacking UCP1 are cold-sensitive but not obese [138]. A study by Zhang et

al. acquired respirometry and core body temperature measurements and demonstrated

that the compound berberine activates thermogenesis in white and brown adipose tis-

sue [139]. Ukropec et al. also used both techniques in demonstrating UCP1-independent

thermogenesis in white adipose tissue of mice [140]. As a final example, Albert et al. used

a combination of core body temperature and maximal respiration to demonstrate adi-

pose tissue-specific inactivation of mTORC2 in mice created a hypothermic phenotype in

which the mice were unable to maintain stable body temperature upon cold exposure [92].

Gene Expression. Assessment of thermogenesis has relied heavily on PCR data to

show upregulation of thermogenic genes (e.g. UCP1, PGC1α, Dio2) [141–144]. These

genes have been shown to be vastly upregulated in response to cold and are consid-

ered the canonical cold-induced genes in thermogenic adipocytes [130, 145]. The pro-

tein UCP1 is in the inner mitochondrial membrane and thought to be responsible for
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nonshivering thermogenesis (see section 1.2.4.1). The protein peroxisome proliferator-

activated receptor-gamma coactivator (PGC1α) is a protein that plays a central role in

cellular energy metabolism regulation and mitochondrial biogenesis. Mitochondrial bio-

genesis is important to give thermogenic adipocytes more mitochondrial mass to meet

the demand for increased respiratory activity during thermogenesis. Iodothyronine deio-

dinase 2 (Dio2) is the enzyme that converts thyroid hormone intracellular thyroxine (T4)

into 3,5,3-triiodothyronine (T3) previously found to be essential for adaptive thermoge-

nesis in BAT [146]. Studies in mice often include expression levels of thermogenic genes

in adipose tissue [92, 129, 140]. Studies that do not have an in vivo component, such as

the demonstration of direct sensing of temperature by adipocytes, largely measured the

upregulation of thermogenic genes as the readout for thermogenesis [130, 147, 148].

Oxygen Consumption. Thermogenic capacity of adipocytes is thought to be reflected in

the ability of adipocytes to increase oxyen consumption in response to the addition of the

sympathetic neurotransmitter norepinephrine. The oxygen consumption rate (OCR) is

routinely measured in vitro as an indicator of enhanced thermogenesis. In earlier studies,

in vitro oxygen consumption was measured with Clark-style electrodes [149–152]. In more

recent studies, commercially available extracellular flux analyzer instruments (Agilent

Seahorse XF Analysis) have become the most popular method to measure OCR [148, 153,

154].

Intracellular temperature Despite the fact that thermogenesis at the cellular level is

intracellular heat generation, there is little data on the actual intracellular temperature

changes within adipocytes. Numerous technologies to measure intracellular temperature

have been developed. Methods include the use of quantum dots[137, 155] fluorescent

thermometers[156–160]and contact-based microcantilevers [161] or microthermocouples

[162, 163]. To date, some of these tools have demonstrated cellular thermogenesis or

mitochondrial thermogenesis in a variety of cell types including brown adipocytes [157,
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161, 164], but intracellular temperature measurements in adipocytes have always been

in response to chemical induction of thermogenesis by carbonyl cyanide 3-chlorophenyl-

hydrazone (CCCP), NE, or isoproterenol as opposed to direct cold exposure.
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Portions of this content have previously been published in Rexius-Hall, M. L., Mauleon,

G., Malik, A.B., Rehman, J., and Eddington, D.T. (2014) Microfluidic platform gener-

ates oxygen landscapes for localized hypoxic activation, Lab Chip. 14(24):4688-95 and

Rexius-Hall, M.L., Rehman, J., and Eddington, D.T. (2017) A microfluidic oxygen gra-

dient demonstrates differential activation of the hypoxia-regulated transcription factors

HIF-1α and HIF-2α, Integr. Biol. Advance Article DOI 10.1039/C7IB00099E.

2.1 Large-Area Oxygen Landscape Cell Culture Platform

2.1.1 Open-well Device Design

Building on the methods developed in our laboratory [65, 66, 74], a large-area open-well

device was developed to maintain a stable oxygen gradient and accommodate standard

biochemical assays to permit real-time monitoring of interactions between differentially

oxygenated cells.

2.1.2 Device Fabrication

Designs for large-area binary, square wave, oscillating, and linear gradient oxygen pro-

files for a cell culture platform were developed (2.1). Channel network designs were made

in AutoCAD, and the design elements in black (bottom row) represented the microchan-

nels. The dual condition binary landscape was created using two microfluidic perfusion

networks (500 µm wide and 300 µm deep) separated by a 500 µm wide gap (Fig. 2.1A). A

gas composition of 5% CO2, balanced nitrogen was designed to flow through the left net-

work and 5% CO2, balanced air was designed to through the right network. The square

wave landscape consisted of two separate networks (500 µm wide and 300 µm deep)

with 500 µm spacing between channels (Fig. 2.1B). The outer network was designed to be

supplied with 5% CO2, balanced nitrogen and the central, inner network with 5% CO2,
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FIGURE 2.1: Microfluidic network designs allow for a variety of oxygen land-
scapes. The ideal oxygen profile as a function of position in the x-direction
and the gas network channel design is shown for the (A) binary dual condi-

tion, (B) square wave, (C) oscillating, and (D) linear oxygen landscape.

balanced air. The oxygen profile for an oscillating oxygen landscape was created with a

channel pattern of two interdigitated serpentine networks (Fig. 2.1C) (one to be perfused

with 5% CO2, balanced air and the other with 5% CO2, balanced nitrogen), resulting in

oscillations in the x-direction. Channels were 625 µm wide and 300 µm deep with 625 µm

spacing between channels. A near-linear gradient was designed to use 5 oxygen compo-

sitions as inputs. Five inlet and five outlet ports (3.2 mm diameter) were at the sites of

the five small, white circles (1 mm diameter) for 0%, 5%, 10%, 15%, and 21% O2 intro-

duction into the inlet ports from left to right, respectively (Fig. 2.1D). The design was a

single chamber (200 µm deep) with a series of barrier walls (500 µm wide) spaced 500 µm

apart. The different gas compositions mix and perfuse the spaces separated by the walls

to distribute a relatively linear gradient in the x-direction.

Standard soft lithography techniques were used for microfabrication. To make an SU-

8 master mold, a layer of SU-8 2150 negative photoresist (MicroChem) was spun on a

dehydrated 100 mm diameter silicon wafer (University Wafer) at 2000 rpm for 30 sec-

onds (s) (Fig. 2.2A-B). The wafer was then pre-baked at 65◦C for 5 minutes (min) and
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soft-baked at 95◦C on a hotplate for 120 min. The wafer was then removed from the

hotplate and allowed to cool to room temperature. The microchannel network design file

from AutoCAD was printed as a high-quality photomask (Fineline Imaging). The desired

photomask was placed onto the SU-8 surface of the wafer (Fig. 2.2C) and was exposed to

a UV light source at 100% intensity for a duration defined as

Exposure Time =
Exposure Energy× Surface Area

Lamp Output
(2.1)

where the exposure energy ( mJ
cm2 ) was provided by the SU-8 manufacturer, the surface area

of the 100 mm diameter wafer was 78.54 (cm2), and the lamp output (mJ
s

) was measured

on the UV light source from a radiometer. In practice, the exposure time given by equation

2.1 was then doubled to better cross-link the SU-8. The wafer was then post-exposure pre-

baked at 65◦C for 5 min and post-exposure baked at 95◦C for 30 min. After cooling to room

temperature, the wafer was immersed in SU-8 developer (MicroChem) for 30 min with

gentle agitation on a benchtop shaker to dissolve the SU-8 that was not cross-linked into

the pattern design during UV exposure (2.2D). The end result was rinsed in acetone and

isopropyl alcohol (IPA) and dried under an N2 stream to finalize the SU-8 master mold.

Channel features were replicated in polydimethylsiloxane (PDMS) (Sylgard 184 Sil-

icone Elastomer; Dow Corning Corp., Midland, MI). PDMS was chosen for its well-

characterized oxygen diffusivity, biocompatibility, and optical clarity. PDMS prepolymer

was added with the curing agent at a weight ratio of 10:1 (polymer:curing agent). The

PDMS was mixed and degassed in a planetary centrifugal mixer (Thinky; Laguna Hills,

CA) and cast on a silicon master containing SU-8 (MicroChem) microchannel features.

The PDMS platform (Fig. 2.3) was a multilayer construction. First, a PDMS channel

network layer (cured at 85◦C on a hot plate for 2 h) was punched with inlet/outlet ports

(3.2 mm diameter). Second, the thin, PDMS membrane was made by spinning uncured,

degassed PDMS on a 100 mm diameter silicon wafer (Silicon Sense, Inc., Nashua, NH) at

800 rpm for 30 s using a spin coater (Laurell Technologies Corporation, North Wales, PA).
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FIGURE 2.2: (A) A clean 100 mm diameter silicon wafer was dehydrated on
a 120◦C hotplate for 5 min. (B) A negative photoresist was spin-coated on the
silicon wafer and soft-baked. (C) A photomask with the desired design was
placed on the negative photoresist surface and exposed to UV light. (D) De-
veloper removed all the unexposed regions of the photoresist, leaving behind

the microchannel design.
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FIGURE 2.3: The open-well microfluidic platform generates oxygen land-
scapes across a cell culture. The multi-layered construction consists of a glass
slide, gas network layer with microchannels, 100 µm thick PDMS diffusion

membrane, and open-well spacer layer which forms the media reservoir.

After curing at 60◦C for 50 min, the 100 µm-thick membrane was bonded to the channel

network layer using a 3 min surface treatment from a handheld corona discharge device

(Electro Technic Products, Chicago, IL). The corona discharge device was used in room air

at room temperature at its maximum output power of 30 watts. The bonded membrane

was punched with inlet/outlet ports, and the PDMS construct was then bonded on a

75 mm x 50 mm glass slide (Fisher Scientific). The open-well spacer layer was cut as

a rectangle of PDMS (8 mm thick) with outer dimensions equal to those of the channel

network construct with matching access ports. An inner rectangle of PDMS (offset 9.35

mm from the shorter of the rectangular edges and 11.6 mm from the longer edge) was

removed to create the walls of the open well. The open-well spacer layer was punched

with matching access ports and bonded on top of the PDMS membrane.

2.1.2.1 Dual Condition Device

Utilization of the binary dual condition device was the focus of further details concern-

ing device layout and design (Fig. 2.4). The device dimensions gave an approximately

14 cm2 cell culture area (Fig. 2.4A) which was approximately 1.5 times the area of a well

in a standard 6-well plate. Using the binary dual condition design with hypoxic oxygen

levels flowing through one network and normoxic oxygen levels flowing through the ad-

jacent network, distinct regions of differential oxygenation and a steep gradient in the
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FIGURE 2.4: Device schematic of the open-well microfluidic platform for gen-
erating oxygen landscapes across a cell culture. (A) Dimensions detail the de-
vice layout and provide a large culture area. Adjacent serpentine networks
are separated by a 500 µ diffusion gap designed with edge microfeatures for
easy identification under a microscope. (B) The cross-sectional schematic
demonstrates how the device functions. The choice of inlet gases permits
a dual condition oxygen landscape to be established close to the membrane
with a steady hypoxic region (white), a steady normoxic region (grey), and a

steep gradient in the diffusion gap.

diffusion gap was designed to be imposed on a cell monolayer (Fig. 2.4B). In homoge-

neous hypoxia control devices, 5% CO2, balanced nitrogen flowed through both the left

and right network. Similarly, in homogeneous normoxia control devices, 5% CO2, bal-

anced air flowed through both the left and right network.

2.1.3 Oxygen Modulation Setup

Oxygen modulation was performed by constant perfusion of desired gas compositions

from compressed gas tanks. Plastic connectors (McMaster-Carr) were inserted into the

cored access ports of the device. Tygon tubing with a 1/16 inch inner diameter and 1/8

inch outer diameter (Cole-Parmer, Vernon Hills, IL) interfaced with the device, and a glass

tube rotameter (Omega Engineering, Inc., Stamford, CT) was used to control the gas flow

rate. Gases were flowed at a rate of 30 mL/min through the device.
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2.1.4 Oxygen Sensor Fabrication

The surface oxygen profile was characterized using gas-permeable 100 µm PDMS mem-

brane impregnated with platinum(II) octaethylporphyrinketone (PtOEPK). The fluores-

cence of the PtEOPK fluorophore in the membrane was quenched in the presence of oxy-

gen. First, polystyrene (PS) (pellets 200,000 MW, Sigma-Aldrich) was dissolved in toluene

(35% w/w toluene/PS). The solution was tightly sealed to prevent toluene evaporation

and was placed on a benchtop shaker for 24 hours for complete dissolution. PtOEPK was

added at 0.5 mg/mL of PS/toluene mixture. The mixture was spin-coated on a cured

PDMS membrane at 2000 rpm and left under a fume hood to evaporate the toluene for 24

hours. The PS/toluene-coated wafer was exposed to light during the evaporation process

to reduce the photobleaching observed during experiments. The dried polystyrene was

washed away with isopropanol, leaving behind a PDMS membrane impregnated with

PtOEPK that could easily be cut to convenient sizes for desired sensors.

2.1.5 Oxygen Profile Validation

With the sensor on top of the PDMS membrane, the device was filled with 5 mL of water

prior to beginning gas perfusion. Scanning imaging was used to determine the surface

percent oxygen profile. Scans were taken 1 h after introducing gas flow. Fluorescent

intensity in the images was converted to percent oxygen by solving the Stern–Volmer

equation.
I0
I

= 1 +Ksv[Q] (2.2)

where I0 is the intensity of the sensor in the absence of oxygen, Ksv is the Stern-Volmer

constant, and Q is the oxygen concentration. Ksv can be solved for using two known

calibration points where one calibration point is in the absence of oxygen (0% O2):

Ksv =
I0 − Ic
Ic[Qc]

(2.3)
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Scans of the sensor in 5% CO2, balanced nitrogen and 5% CO2, balanced air were used to

calibrate the sensor measurements.

2.1.6 Dissolved Oxygen Measurements

The dissolved oxygen content was measured using a hand-held optical sensor (Neofox;

Ocean Optics). The tip of the oxygen probe contains a ruthenium compound that is

quenched in the presence of oxygen. Sensor calibration was performed according to the

manufacturer’s instructions. During calibration, first 5% CO2, balanced nitrogen was in-

jected into both microfluidic networks, and then only 5% CO2, balanced air was injected

through the device. An electronic micromanipulator was used to hold the oxygen probe

and adjust the x, y, and z planes with a resolution of 0.1 µm inside the open well. We used

the electronic micromanipulator to precisely adjust the vertical distance of the probe’s tip

from the surface of the PDMS membrane within the well.

2.1.7 Cell Culture

Fabricated devices were autoclaved at 121◦C for 30 min prior to use. Then, 2 mL of 0.1%

gelatin (porcine skin type A; Sigma-Aldrich) in E-pure water (Barnstead Thermolyne,

Dubuque, IA) was added to the open-well reservoir and incubated at 37◦C overnight.

After excess gelatin was aspirated, cells were seeded at 300,000 cells per device in 5 mL

of the associated culture media. HLMVECs (HMVEC-L; Lonza) were cultured in EGM-

2 with supplements (EGM-2 MV with bullet kit; Lonza). Human bone marrow-derived

MSCs (hMSC; Lonza) were cultured in complete culture medium (CCM) with fetal bovine

serum (FBS), which is comprised of Minimum Essential Medium Alpha (αMEM), 20%

FBS, 2 mM L-glutamine, and 100 units/mL penicillin and streptomycin. Devices seeded

with cells were placed in Petri dishes and housed in a standard incubator at 37◦C in 5%

CO2, balanced air. Prior to oxygen modulation studies, media was changed every 24 h

until cells reached >90% confluency.
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2.1.8 In-device Immunofluorescent Staining

Immunofluorescent staining of transcription factor HIF-1α was performed on a conflu-

ent monolayer of HLMVECs after 12 h of dual condition constant perfusion. Cell culture

media was carefully aspirated, and the cells were then washed three times with 4◦C PBS,

fixed with 4% paraformaldehyde for 10 min at room temperature, and washed three addi-

tional times with PBS. Cells were permeabilized in 0.2% Triton X-100 in PBS for 10 min at

room temperature, washed three times with PBS, and blocked in blocking buffer (X0909;

Dako, Carpinteria, CA) for 1 h at room temperature. Cells were subsequently incubated

with anti-HIF-1α antibody (Novus Biologicals, Littleton, CO) with a 1:100 dilution in anti-

body diluent (S3022; Dako) in a humidified chamber overnight at 4◦C. After three washes

with Tris-buffered saline with Tween-20 (TBST; Boston Bioproducts, Boston, MA), cells

were incubated with fluorescent secondary antibody (Alexa Fluor 488; Invitrogen, Carls-

bad, CA) in antibody diluent with a 1:300 dilution for 2 h at room temperature. Cells were

washed three times with TBST and nuclei were stained (Hoechst 33342; Invitrogen) with

a 1:5000 dilution in washing buffer (10 mM Tris HCl, pH 7.4, 100 mM NaCl, and 0.10%

Tween-20 in distilled water) for 20 min at room temperature.

2.1.9 Protein Extractions and Western Blotting

With the injected gases still flowing through the device, the device was placed on ice. Me-

dia was aspirated, and the cells were washed twice with cold phosphate buffered saline

(PBS) containing 10 mM phenylmethylsulfonyl fluoride (PMSF). A volume of 100 µL PBS

was added back to the well and cells were separately scraped from the leftmost third

of the device (a 25.4 mm by 18.4 mm area) and the rightmost third of the device with

a cell scraper. In the dual condition configuration, the leftmost third corresponded to

a region of steady hypoxia and the rightmost third corresponded to a region of steady

normoxia. Cells cultured on the central third of the device’s membrane, containing the

gradient region of the dual condition configuration, were also collected for analysis (data
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not shown). Then, the cells from each of these regions were collected in a separate pipet

tip and transferred to a microcentrifuge tube.

The cells were centrifuged at 1400 rpm for 5 min at a temperature of 4◦C. The remain-

ing PBS was aspirated from the cell pellet, and the pellet was resuspended in 50 µL of

RIPA buffer (10 mM Tris [pH 8.0], 140 mM NaCl, 1% Triton X-100, 1% sodium deoxy-

cholate, and 0.1% sodium dodecyl sulfate [SDS]) for total cell lysis. Lysates were incu-

bated on ice for 15 min with intermittent vortexing. Protein concentration of each lysate

was determined by the BCA assay (Pierce BCA Protein Assay Kit; Thermo Scientific) us-

ing bovine serum albumin as the protein concentration standard. Equivalent amounts

of protein (30 µg) were separated by SDS-PAGE and then transferred to nitrocellulose

membranes using standard procedures. The membrane was blocked with 3% bovine

serum albumin (BSA) in Tris-buffered saline (TBS) for 1 h. After blocking, membranes

were incubated at 4◦C overnight with 3% BSA in TBS, containing anti-LDHA (Santa Cruz

Biotechnology, Dallas, TX). After 3 washes in TBS with 0.05% Tween (TBST), membranes

were incubated with corresponding horseradish peroxidase-conjugated secondary anti-

bodies in 5% milk in TBST (1:5000) for 1 h. A final series of three washes (10 min each) in

TBST were performed before developing the blots according to kit directions (SuperSignal

West Pico Chemiluminescent Substrate; Thermo Scientific).

2.1.10 Quantitative Real-time PCR

After 24 h of dual condition constant perfusion, relative gene expression of Glut1, PDK

isozymes, and LDHA in human MSCs was determined using quantitative real-time PCR.

First, media was aspirated and cells were washed three times with room temperature

PBS. The device was cut in equal thirds (a left, middle, and right section) to ensure sep-

aration of the cells subjected to distinct oxygen levels. The cells were then scraped off

each section with a cell scraper and lysed in 300 µL of lysis buffer. Lysis buffer con-

sisted of 10 µL of β-mercaptoethanol (Sigma Aldrich) per 1 mL of lysis buffer (PureLink
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RNA Mini Kit; Invitrogen). The lysates were collected in a pipet tip and transferred to an

RNAse/DNAse-free microcentrifuge tube and placed in −80◦C for storage prior to RNA

isolation. RNA was extracted with a PureLink RNA Mini Kit (Invitrogen) according to the

manufacturer’s instructions. Synthesis of cDNA from total RNA was performed using a

High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA),

and RT-PCR was carried out on Applied Biosystems ABI PRISM 7000 detection system

in 25 µL reactions containing 12.5 µL of TaqMan Gene Expression Master Mix. Relative

gene expression of target gene mRNA was performed using TaqMan Gene Expression

Assays (Applied Biosystems) and was calculated using beta-2-microglobulin (B2M) as

the endogenous control.

2.1.11 Statistical Analysis

All human cell culture experiments were repeated at least three independent times, and

data are expressed as the mean± SEM. Significance was determined from one-way ANOVA

with Tukey’s multiple comparison post-test. Analyses were performed with Prism 5 by

Graphpad.

2.2 Linear Oxygen Gradient Device

2.2.1 Device Fabrication

The microchannel layer was fabricated using standard soft lithography techniques. Briefly,

polydimethylsiloxane (PDMS) (Sylgard 184 Silicone Elastomer, Dow Corning) base was

added to the curing agent at a weight ratio of 10:1. The mixture was mixed and de-

gassed in a planetary centrifugal mixer (Thinky; Laguna Hills, CA) and cast on a silicon

master containing SU-8 (MicroChem) microchannel features. The microchannel dimen-

sions were 500 µm (width) x 20 mm (length) x 100 µm (height). The PDMS channel layer

was cured at 85◦C on a hot plate for 2 h and inlet/outlet ports were punched with a 15

gage (1.37 mm ID, 1.83 mm OD) blunt needle. The PDMS membrane was fabricated by
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FIGURE 2.5: Constant perfusion of the compressed gases oxygen and nitro-
gen into microchannels separated by a diffusion gap exposes cells to a spatial
linear oxygen gradient. A schematic cross-sectional view of the microchannel
device demonstrates diffusion from an oxygen channel and a nitrogen chan-
nel across a thin PDMS membrane establishes an oxygen gradient to which

cells cultured on the membrane are exposed.

spinning uncured, degassed PDMS (10:1 weight ratio of base to curing agent) on a 100

mm diameter silicon wafer (University Wafer, Boston, MA) at 1000 rpm for 30 s using

a spin coater (Laurell Technologies Corporation, North Wales, PA). After curing at 60◦C

for 40 min, the membrane was bonded to the microchannel layer using surface treatment

from a handheld corona discharge device (Electro Technic Products, Chicago, IL). The

bonded membrane was punched with inlet/outlet ports, and the PDMS construct was

then bonded on a 75 mm x 50 mm glass slide (Fisher Scientific).

Two microfluidic perfusion channels were separated by varying widths of a diffusion

gap (Fig. 2.5). One channel was continuously perfused with 5% CO2, balanced air and the

second channel was continuously perfused with 5% CO2, balanced nitrogen. Diffusion of

the gases across the 100 µm membrane and into the bulk created a linear gradient surface

oxygen profile to which the cells cultured on the membrane were exposed.
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2.2.2 Oxygen Modulation Setup

Improving upon the experimental setup of Section 2.1.3, the linear oxygen gradient device

incorporated mini gas regulators and manometers to stabilize and monitor the pressure in

the microchannels, respectively. Oxygen conditions were modulated by introducing de-

sired gas compositions from compressed gas tanks. Plastic connectors (McMaster-Carr)

interfaced between the access ports of the device and the tubing (Tygon 1.59 mm (1/16

inch) ID and 3.18 mm (1/8 inch) OD; Cole-Parmer) supplying the compressed gas. The

gas pressure was stabilized by running polyurethane tubing (6.35 mm (1/4 inch) OD,

McMaster-Carr) from the gas regulator on the compressed gas tank to a glass tube ro-

tameter (Omega Engineering, Inc., Stamford, CT) and then to a mini gas regulator (Marsh

Bellofram, Newell, WV) and into a microchannel of the device (Fig. 2.6). The connection

of a manometer (Dwyer Instruments, Michigan City, IN) by a three-way valve allowed

for real-time monitoring of the pressure within the microchannel. The pressure in the

two microchannels was kept equal at 5 psi (34.5 kPa) to establish a stable oxygen gradient

and minimize variation within and between experiments.

2.2.3 Oxygen Sensor Fabrication

The same methods used to fabricate sensors for the large-area oxygen landscape cell cul-

ture platforms was employed. See Section 2.1.4 for details.

2.2.4 Oxygen Profile Validation

Prior to beginning perfusion of compressed gas, the PDMS oxygen sensor was placed

on top of the device’s PDMS membrane and the open well was filled with 5 mL of PBS.

Scans across the sensor were used to determine the surface percent oxygen profile. Scans

were taken over a 4 h period after introducing gas flow. Percent oxygen was plotted from

the fluorescent intensity by solving the Stern–Volmer equation. The hypoxic channel was

perfused with 5% CO2, balanced nitrogen, and the normoxic channel was perfused with
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FIGURE 2.6: The experimental setup schematic for gas perfusion shows flow
from a compressed gas tank to a glass tube rotometer and then through a
mini gas regulator and into a microchannel of the device. The connection of
a manometer by a three-way valve is used to monitor equal pressure within

each microchannel.
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5% CO2, balanced air. The fluorescent intensity of the sensor at 4 h within the region di-

rectly above the hypoxic channel when perfused with 5% CO2, balanced nitrogen while

nitrogen gas was injected in the environment surrounding the device was used as the 0%

O2 calibration. The fluorescent intensity of the sensor directly above the normoxic chan-

nel under ambient conditions prior to gas perfusion was used as the 21% O2 calibration.

The fabrication and oxygen validation of the homogeneous control devices is reported in

Section 2.1.2.

2.2.5 Cell Culture

Fabricated devices were autoclaved and then filled with 2 mL of 0.1% gelatin (porcine skin

type A; Sigma-Aldrich) in water. Gelatin was incubated at 37◦C overnight on the PDMS

membrane. Gelatin was then aspirated, and endothelial cells were seeded at 250,000 cells

per device. The human cerebral microvessel endothelial cell line hCMEC/D3 was cul-

tured in EGM-2 MV (Lonza). Devices with cells were placed in Petri dishes and kept in a

standard incubator at 37◦C in 5% CO2, balanced air. Media was changed every 24 h until

cells reached >80% confluency.

2.2.6 In-device Immunofluorescent Staining

Cell culture media was aspirated, and the cells were washed twice with PBS, fixed with

4% paraformaldehyde for 10 min at room temperature, and washed two additional times

with PBS. Cells were permeabilized in 0.2% Triton X-100 in PBS for 10 min at room tem-

perature, washed three times with PBS, and blocked in 3% bovine serum albumin (BSA)

in phosphate-buffered saline with Tween 20 (PBST) for 1 h at room temperature. Cells

were subsequently incubated with anti-HIF-1α antibody or anti-HIF2α antibody (Novus

Biologicals, Littleton, CO) with a 1:200 dilution in 3% BSA in PBST overnight at 4◦C. Af-

ter three washes with PBST, cells were incubated with fluorescent secondary antibody

(Alexa Fluor 633; Invitrogen, Carlsbad, CA) in 3% BSA in PBST with a 1:300 dilution
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for 2 h at room temperature. Cells were washed three times with PBST and nuclei were

stained (Hoechst 33342; Invitrogen) with a 1:5000 dilution in PBST for 10 min at room

temperature. Then a drop of antifade mounting solution (ProLong Gold AntifadeMoun-

tant; Thermofisher) was added directly to the immunostained cells on the membrane, a

glass coverslip was placed on top, and left to cure in the dark for 24 h before imaging.

2.2.7 Microscopy and Image Analysis

Images were acquired using a confocal laser scanning microscope (Zeiss LSM 710). De-

vices were placed upside down in the slide-holding stage insert to be imaged on the in-

verted confocal microscope. The entire gradient was imaged using the tiling function in

the Zen imaging software. A63X Plan-Apochromat (1.46NA) objective was used during

acquisition. Images were processed using FIJI open-source software. Nuclear/cytosolic

ratios were determined as follows: a nuclear mask was made from the Hoechst staining

channel. Images acquired of the HIF staining channel were background subtracted and

filtered (median). The nuclear mask was applied to quantify the mean pixel value of the

12-bit image (intensity min, max: 0, 4095) within the nuclear regions of the HIF staining

channel per field of view frame. The mask was also used to subtract the area of the nu-

clei, leaving behind the cytosolic staining. The cytoplasmic signal was determined as the

mean pixel value of the area in a field-of-view frame thresholded above a set background

value (100 was used for HIF-1α and 200 was used for HIF-2α). The nuclear/cytoplasmic

ratio was measured by dividing the mean nuclear value by the mean cytoplasmic value.

2.2.8 Statistical Analysis

Cell culture experiments were repeated three independent times. During each indepen-

dent experiment, three scans of the cells across the gradient were acquired. The data are

expressed as the mean ± SEM. Significance was determined from a two-way ANOVA
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with Bonferroni’s multiple comparison post hoc test. Analyses were performed using

Prism 5 by Graphpad.

2.3 Temperature Control of the Adipocyte Microenvironment

2.3.1 Preadipocyte and Adipocyte Cell Culture

Human subcutaneous preadipocytes (SP-F-1, Zenbio) were cultured in preadipocyte medi-

um (PM-1, Zenbio). Prior to differentiation, preadipocytes were plated according to the

manufacturer’s instructions. Briefly, preadipocytes were seeded at a density of 40,625

cells/cm2. Twenty-four hours after plating, adipocyte differentiation was induced by

aspirating preadipocyte medium from confluent preadipocytes and adding adipogenic

differentiation medium (3% fetal bovine serum (FBS), 0.25 mM isobutylmethylxanthine

(IBMX), 66 µM d-biotin, 34 µM d-pantothenate, 5 µM rosiglitazone, 1 µM dexamethasone,

and 200 nM human insulin in DMEM/Ham’s F-12). After 7 days of induction, cells were

then maintained in adipocyte nutrition medium (prepared identically to adipogenic dif-

ferentiation medium except it does not contain IBMX and the rosiglitazone concentration

is reduced to 1 µM). Unless otherwise indicated, cells used in thermogenic studies were

differentiated 11-14 days (7 days in adipogenic differentiation medium and 4-7 days in

adipocyte nutrition medium).

2.3.2 Introduction of the Fluorescent Thermoprobe into Cells

Cell culture medium was aspirated, the cells were washed with a solution of 5% glucose

in biological-grade water. Cells were then treated with a 5% glucose solution containing

0.05% w/v of the thermoprobe. After incubation at 4◦C for 10 min, the cells were washed

once with PBS and replaced with phenol red-free DMEM supplemented with 3% FBS for

live-cell imaging.
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2.3.3 Confocal Microscopy and Image Analysis

Human subcutaneous preadipocyte and adipocyte cells treated with intracellular ther-

mometer were observed using a confocal microscope (LSM 710, Zeiss) with a 63x Plan-

Apochromat (1.46NA. Zeiss) objective. The adherent cells were directly imaged in glass-

bottom dishes (MatTek, Ashland, MA). Laser excitation of the temperature-sensitive chan-

nel was 458 nm, and the signal was collected from 559-621 nm. The reference (temperature-

insensitive) channel was excited at 488 nm, and the signal was collected from 492-526

nm. The environmental temperature was controlled with a microscope cage incubation

chamber (Heating Unit XL S, Zeiss). The media temperature was monitored using a dual

automatic temperature controller (TC-344B; Warner Instruments) and an attached bead

thermistor cable (TA-29; Warner Instruments). The ratiometric images were created and

analyzed in FIJI open-source software.

2.3.4 Lattice Light Sheet Microscopy and Image Analysis

Images were collected on a custom lattice light sheet instrument. Imaging was conducted

at room temperature (21◦C) in phenol red-free DMEM supplemented with 3% FBS. Each

sample was cultured on a 5 mm coverslip and mounted in a custom sample holder. Im-

ages were acquired using a Nikon CFI Apo LWD 25x water-dipping, 63x magnification,

1.1 NA, 3 mm working distance objective. The lattice light sheet instrument was equipped

with 2 Hamamatsu Orca Flash 4.0 sCMOS cameras to capture the ratiometric probe emis-

sions without temporal delay. The thermoprobe was excited at 488 nm and collected by

the two cameras for ratiometric image analysis. Mitochondria were excited at 642 nm and

captured sequentially after the thermoprobe per slice. Images were acquired every 5 min

with a 3D stack of 256 slices for at least 24 time points. Lattice light sheet microscopy has

been previously published [165–167]. Briefly, the instrument created a parallel array of

regularly-spaced, coherently-interfering Bessel beams. The sample was moved through

the lattice pattern, resulting in deskewed raw data. Deskewing and deconvolution were
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performed using a custom Matlab-based GUI, and movies were made using the Imaris

software (Bitplane).

2.3.5 Quantitative Real-time PCR

Total RNA was extracted with TRIzol (Invitrogen, Carlsbad, CA) according to the man-

ufacturer’s instructions. The relative expression of each gene was determined with real-

time PCR. Briefly, cDNA was synthesized from total RNA using the High-Capacity cDNA

Reverse Transcription Kit (Applied Biosystems, Carlsbad, CA). Real-time quantitative

PCR was carried out on an Applied Biosystems ViiA7 instrument in 10 µl reactions con-

taining 6.25 µl of FastStart Universal SYBR Green master mix. Relative gene expression of

target gene mRNA was calculated using TATA-box binding protein (TBP) as the endoge-

nous control.

2.3.6 Immunoblot Analysis

Cultures were washed twice with cold phosphate-buffered saline (PBS) and lysed in RIPA

buffer (10 mM Tris [pH 8.0], 140 mM NaCl, 1% Triton X-100, 1% sodium deoxycholate,

and 0.1% sodium dodecyl sulfate [SDS]) containing a protease inhibitor cocktail (cOm-

plete Mini EDTA-free, Roche, Indianapolis, IN) for total cell lysis. Collected lysates were

incubated on ice for 15 min with intermittent vortexing. Protein concentration of each

lysate was determined using the Bio-Rad Protein Assay (Bio-Rad Hercules, California) us-

ing bovine serum albumin as the protein concentration standard. For immunoblot analy-

sis, 20 µg whole-cell extracts from undifferentiated subcutaneous preadipocytes or 14-day

differentiated adipocytes were separated by SDS-PAGE and then transferred to nitrocel-

lulose membranes. The membrane was blocked with 3% bovine serum albumin (BSA)

in Tris-buffered TBS with 0.05% Tween (TBST) for 1 hr. After blocking, membranes were

incubated at 4◦C overnight with anti-PFKFB3 antibody (ab96699, Abcam, Cambridge,
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MA) in 3% BSA in TBST. After 3 washes in TBST (10 min each), membranes were incu-

bated with horseradish peroxidase-conjugated secondary antibodies in 5% milk in TBST

(1:5000) for 1 hr. The loading control was anti-β-actin conjugated to HRP (sc-47778 HRP,

Santa Cruz Biotechnology, Dallas, Texas). Before developing the blots, membranes were

washed three times in TBST for 10 min each. Blots were then developed according to kit

directions (SuperSignal West Pico Chemiluminescent Substrate, ThermoFisher Scientific,

Waltham, MA). Antibody binding was visualized with an ImageQuant LAS 4000 (GE

Healthcare Life Sciences, Pittsburgh, PA).

2.3.7 Extracellular Flux Analysis

Extracellular acidification rate (ECAR) and oxygen consumption rate (OCR) were mea-

sured at 37◦C using adherent cells in a microplate-based extracellular flux analyzer (XF24,

Seahorse Bioscience). Forty-five minutes before the measurement, cells were washed with

unbuffered seahorse medium and placed in a 37◦C incubator without CO2. The XF24

instrument measured oxygen consumption and extracellular acidification (ECAR) rates.

The mixing, waiting, and measurement times used were 3, 2, and 3 min, respectively.

Measurements were normalized to the amount of protein per well.

2.3.8 Metabolomics

[13C6]D-glucose was obtained from Cambridge Isotope Laboratories (Tewksbury, MA)

and dissolved in glucose-free Dulbecco’s Modified Eagle Medium (DMEM) (11966-025,

ThermoFisher Scientific, Waltham, MA). The final concentration was 25 mM [13C6]D-

glucose. Medium on 14-day differentiated adipocytes was changed to fresh, unlabeled

25 mM glucose, 3% FBS DMEM 3 hours prior to starting the experiment, after which

the medium was removed and cells were washed 2 times with 3 mL of warm PBS. Af-

ter thorough aspiration, 25 mM [13C6]D-glucose, 3% dialysed FBS DMEM was added.
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Cells exposed to cold were incubated at room temperature in a 5% CO2, balanced air in-

cubator. Control warm cells were incubated at 37◦C in a 5% CO2, balanced air incubator.

At designated time points, cells were washed in cold 0.85% saline and metabolites were

collected with a three-phase methanol–water–chloroform extraction using water spiked

with norvaline as an internal standard.

2.3.9 Statistical Analysis

Cell culture experiments were repeated three independent times, with the exception of

lattice light sheet microscopy (n=2). The intracellular temperature data are expressed as

the mean ± SEM. Significance was determined from a two-way ANOVA with Bonfer-

roni’s multiple comparison post hoc test. PCR and Western blotting data are expressed as

the mean± SEM, and significance was determined from the two groups by the two-tailed

Student’s t-test. Analyses were performed using Prism 5 by Graphpad.

2.4 Temperature Gradient Co-culture Platform

A temperature control co-culture system with a gradient was developed to expose a

monolayer of adipocytes to 30◦C and an opposing monolayer of adipocytes to 37◦C. The

gradient profile allowed the cold-induced thermogenic fat and physiologically warm fat

to be in the same media. The shared culture media enabled real-time paracrine interac-

tions between the cold-induced adipocytes and warm adipocytes to determine whether

co-culture modulated thermogenic signaling.

2.4.1 Platform Design

The platform was designed as an engineered system of two peltier thermoelectric devices

(TE Technology, Traverse City, MI) integrated into a cell co-culture layout. Two distinct

monolayers of cells were cultured on separate 25 mm diameter round glass coverslips.

Peltier elements maintained the surface of each coverslip at a different temperature. One
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FIGURE 2.7: The co-culture platform exposes a cell monolayer to 30◦C and
an opposing monolayer to 37◦C in shared culture media to allow paracrine

interactions.

sample was exposed to 30◦C while the other was exposed to 37◦C (Fig. 2.7). PDMS gas-

kets separated the cells on the coverslips and created a shared media reservoir to allow

for paracrine interactions between the cell monolayers. The thickness of the gaskets de-

termined the distance between the 30◦C and 37◦C monolayers, which could be tuned to

desired gap widths. A PDMS gasket was bonded to each glass coverslip using plasma

surface treatment for 1 min from a handheld corona discharge device (Electro Technic

Products, Chicago, IL).

The cells cultured on the coverslips were then exposed to desired temperature condi-

tions by tightly controlling the surface temperature of each peltier with its own thermo-

electric temperature controller (TC-720; TE Technology). A thermistor on the temperature-

controlled side of the peltier provided feedback to the thermoelectric temperature con-

troller to maintain the input target temperature. Two DC power supplies were used to

power the system; one supply powered the temperature controllers (13.7 V) and one pow-

ered the peltier thermoelectric devices (6.7 V).
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2.4.2 COMSOL Temperature Simulation

The heat transfer in the co-culture assembly between two peltiers was simulated using

COMSOL. The model used 37.5◦C and 29.5◦C as the setpoints for the peltier surfaces in

the warm and cold conditions, respectively. The distance between the glass coverslips, as

determined by the thickness of the PDMS gaskets, was modeled as 1 mm. The material

properties used in the heat transfer simulation are in Appendix .

2.4.3 Cell Culture

The glass coverslips with the PDMS gaskets bonded to the surface were autoclaved prior

to cell culture. Then, 500 µl of 0.1% gelatin (porcine skin type A; Sigma-Aldrich) in E-

pure water (Barnstead Thermolyne, Dubuque, IA) was added to the glass coverslip and

incubated at 37◦C overnight. After excess gelatin was aspirated, human subcutaneous

preadipocytes (SP-F-1, Zenbio) were seeded at a density of 200,000 cells per coverslip in

500 µl of preadipocyte growth medium (PM-1, Zenbio). Twenty-four hours after plating,

the samples intended for differentiation into adipocytes were aspirated of preadipocyte

and adipogenic differentiation medium (3% fetal bovine serum (FBS), 0.25 mM isobutyl-

methylxanthine (IBMX), 66 µM d-biotin, 34 µM d-pantothenate, 5 µM rosiglitazone, 1

µM dexamethasone, and 200 nM human insulin in DMEM/Ham’s F-12) was added. Af-

ter 3 days of induction, cells were then maintained in adipocyte nutrition medium (pre-

pared identically to adipogenic differentiation medium except it did not contain IBMX

and the rosiglitazone concentration was reduced to 1 µM). Cells used in thermogenic

studies were differentiated 5 days (3 days in adipogenic differentiation medium and 2

days in adipocyte nutrition medium).

2.4.4 Temperature-controlled Co-culture

For co-culture studies, two different coverslip samples were placed on top of each other

with the PDMS gaskets in contact. The placement was performed while the samples were
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completely immersed under DMEM supplemented with 3% FBS to prevent trapping air

bubbles in the shared medium of the cell samples. The outside of the joined coverslip

co-culture construct was wiped dry and placed on the surface of a peltier housed in a in a

cell culture incubator specifically maintained at room temperature with standard 5% CO2,

balanced air. A second peltier was carefully placed on top of the co-culture construct to

avoid shifting the PDMS-PDMS contact of the samples. The hot side of each peltier was

in contact with a brass disk cooled with an ice pack to act as a heat sink for the hot sides of

the powered peltiers. The temperature controllers allowed the surface of each peltier to

reach its target temperature within 15 seconds. The temperature gradient was maintained

for the duration of the 4 h co-culture studies.

2.4.5 Quantitative Real-time PCR

After the desired amount of temperature-controlled co-culture, the two coverslips were

separated and washed twice with PBS. Total RNA was extracted with TRIzol (Invitrogen,

Carlsbad, CA) according to the manufacturer’s instructions. The relative expression of

each gene was determined with real-time PCR. Briefly, cDNA was synthesized from to-

tal RNA using the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems,

Carlsbad, CA). Real-time quantitative PCR was carried out on an Applied Biosystems

ViiA7 instrument in 10 µl reactions containing 6.25 µl of FastStart Universal SYBR Green

master mix. Relative gene expression of target gene mRNA was calculated using beta-2-

microglobulin (B2M) as the endogenous control.
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Portions of this content have previously been published in Rexius-Hall, M. L., Mauleon,

G., Malik, A.B., Rehman, J., and Eddington, D.T. (2014) Microfluidic platform gener-

ates oxygen landscapes for localized hypoxic activation, Lab Chip. 14(24):4688-95 and

Rexius-Hall, M.L., Rehman, J., and Eddington, D.T. (2017) A microfluidic oxygen gra-

dient demonstrates differential activation of the hypoxia-regulated transcription factors

HIF-1α and HIF-2α, Integr. Biol. Advance Article DOI 10.1039/C7IB00099E.

3.1 Large-area Oxygen Landscapes

Prototypes of large-area oxygen landscape designs (see Fig. 2.1) were fabricated to char-

acterize the surface oxygen profiles. The measured surface percent oxygen was plotted

as a function of position (Fig. 3.1), and results closely approximated the idealized profiles

for square wave, oscillating, and linear oxygen landscapes. The binary dual condition

prototype also demonstrated a profile close to the idealized profile (shown in Fig. 2.1A).

The oxygen validation plot and expanded function of the dual condition landscape device

is the focus of Section 3.1.1.

3.1.1 Dual Condition Oxygen Landscape

The device was used in three configurations: (1) hypoxia (both channel networks 95%

N2/5% CO2), (2) normoxia (both channel networks air/5% CO2), or (3) dual condition

(one network 95% N2/5% CO2, one network air/5% CO2). A fluorescent PtOEPK thin

film sensor placed on top of the PDMS membrane characterized the oxygen profiles (Fig.

3.2A). The surface percent oxygen was calculated from fluorescent intensities by solving

the Stern-Volmer equation (see Section 2.1.5). Results were plotted as a function of po-

sition in the x-direction (Fig. 3.2B). The slope of the oxygen gradient between the two

adjacent microfluidic networks was 11.4%/mm, which equates to a 1% change in oxygen

tension every 87.7 µm. We measured the dynamics of inducing hypoxic conditions in the
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FIGURE 3.1: The microfluidic network design can generate a variety of oxygen land-
scapes. The surface oxygen profile as a function of the position is shown for the square

wave (top), oscillating (middle), and linear (bottom) oxygen landscape.
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device and plotted the percent oxygen at the surface of the membrane as a function of

time (Fig. 3.2C). Our experimental data demonstrated that the time required to achieve

steady-state diffusion of oxygen across a 100 µm PDMS membrane was approximately 20

seconds.

Constant perfusion of 95%N2/5%CO2 in the underlying microfluidic channels main-

tains severe hypoxic conditions for cells in the hypoxic region of the device when operated

in the dual condition configuration and severe hypoxic conditions for the entire mono-

layer of cells when operated in the homogenous hypoxia configuration. The dual condi-

tion configuration maintained inlet gas oxygen levels within 100 µm of the membrane,

making it ideally suited for studying cells or thin tissue slices (Fig. 3.2D). In hypoxia,

we show that the dissolved oxygen increases rapidly as the distance from the membrane

increases. This is caused by the gas exchange that occurs with the surrounding controlled

gas conditions in the incubator (5% CO2, balanced air at 37◦C). While our oxygen mea-

surements do not give us the resolution to precisely determine the hypoxic conditions

experienced by the cells on the membrane, we estimate that they are ≤ 0.5% oxygen. The

device was used to investigate a binary profile from 0% to 21% oxygen, but any binary

condition could be studied by injecting different gases into the networks.

3.1.2 Hypoxic Response of Human Microvascular Endothelial Cells

We first tested the biological responsiveness of human cells in the platform. Hypoxia-

induced alterations in gene expression rely on the transcriptional activity of the HIF fam-

ily of transcriptional factors. Following low oxygen levels, HIF α-subunits (HIF-1α, HIF-

2α, and HIF-3α) undergo nuclear translocation, heterodimerization with the β-subunit,

and DNA binding to initiate transcription of target genes. Human lung microvascular

endothelial cells (HLMVECs) cultured in the platform confirmed nuclear translocation

of HIF-1α in the hypoxic region (Fig. 3.3A) as compared to the normoxic region (Fig.

3.3B). HLMVECs fixed in the device and stained for HIF-1α after 12 h of hypoxic oxygen
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FIGURE 3.2: Sensor measurements characterized the dual condition oxygen profile. (A)
Two dyes (blue and yellow) injected into the adjacent serpentine microchannel networks
clearly delineate the boundaries. Scale bar: 4 mm. Fluorescent image scans were per-
formed across the width of the culture space in three configurations: normoxia, hypoxia,
and dual condition. (B) The surface percent oxygen is shown as a function of position
with plots of normoxia (yellow), hypoxia (blue), and the dual condition (red) configura-
tion (mean ± SEM, n=3). (C) The surface oxygen percent as a function of time demon-
strates the rapid equilibrium of hypoxic induction in the device (mean ± SD, n=3). (D)
In the open-well format, the concentration of dissolved oxygen equilibrates as the dis-
tance from the PDMS membrane increases due to exchange with the controlled 5% CO2,

balanced air and 37◦C conditions inside the cell culture incubator (mean ± SD, n=3).
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FIGURE 3.3: Cells respond to oxygen modulation in the platform. (A–B) In-
device immunofluorescent staining shows HLMVECs after 12 h of oxygen
modulation. HLMVECs were stained for HIF-1α (green), and nuclei (blue)
were counterstained with Hoechst. Punctuated green nuclear staining (in-
dicated by white arrows) shows translocation of HIF-1α to the nucleus in
hypoxia (A) as compared to normoxia (B). Scale bar: 1 µm. (C) A representa-
tive Western blot demonstrates LDHA protein level in HLMVECS increased
after 24 hr of hypoxia in the device compared to the normoxic control device.
DMOG, a PHD inhibitor, served as a positive control. Beta-actin is shown as

the loading control.

modulation had punctuated green fluorescent staining in the nuclei. As expected, HIF-1α

activation in the device increased protein expression of a downstream target gene, lactate

dehydrogenase A (LDHA), after 24 h of oxygen modulation (Fig. 3.3C). Dimethyloxalyl-

glycine (DMOG) was used as a positive control for HIF activation because it is a prolyl

hydroxylase domain (PHD) enzyme inhibitor. Hydroxylation of HIF-1α by a PHD will

target the subunit for proteasomal degradation. Therefore, inhibition of PHDs stabilized

HIF-1α protein (see Section 1.1.2). The protein β-actin served as the loading control.

3.1.3 Metabolic Specificity of Bone Marrow-derived Mesenchymal Stem Cells

After verifying HIF-1α induction in mature endothelial cells, we studied stem cell func-

tion in the oxygen landscape. Human mesenchymal stem cells (MSCs) in vivo are located
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in the heterogeneous oxygen microenvironment of the bone marrow (BM) to support

hematopoietic stem cells (HSCs) by secreting factors for their maintenance [168]. How-

ever, it is not understood if an oxygen landscape confers metabolic specificity underlying

the dynamic interplay between MSCs and HSCs in the heterogeneous BM microenvi-

ronment. The glucose transporter Glut1, LDHA, and four known isozymes of pyruvate

dehydrogenase kinase (PDK1, PDK2, PDK3, and PDK4) are genes downstream of HIF-1α

that convert metabolic processes from oxidative phosphorylation to glycolysis under hy-

poxic conditions. Quantitative PCR in MSCs was used to investigate metabolic programs

regulated by the oxygen landscape. Homogeneous hypoxia and dual condition hypoxia

corresponded with upregulation of the relative gene expression of LDHA (Fig. 3.4A), in-

dicating an enhanced glycolytic metabolic state during hypoxia compared to normoxia

(Fig. 3.4B). Relative expression of Glut1, PDK1, and PDK3 were also upregulated in ho-

mogeneous hypoxia and dual condition hypoxia (Fig. 3.4C). PDK3 expression was more

sensitive to the landscape than PDK1, and relative expression of PDK4 was too low for

analysis (data not shown). The relative gene expression of PDK2 was insensitive to oxy-

gen tension. Increased gene expression in hypoxia has been reported for PDK4 but not

for PDK2 in long-term HSCs (LT-HSCs) [169]. Our results indicate not only differential

regulation of PDKs dependent on oxygen tension in MSCs but also regulation of regional

metabolic profiles in cells by the oxygen landscape itself.

3.1.4 Differential Expression of Genes in the Oxygen Landscape

The oxygen landscape was demonstrated to differentially regulate gene expression as

compared to homogeneous controls in a human lung microvascular endothelial cells

(HLMVECs).

6-Phosphofructo-2-Kinase/Fructose-2,6-Biphosphatase 3 (PFKFB3) is a glycolytic ac-

tivator; PFKFB3 converts fructose-6-phosphate to fructose-2,6-bisP (F2,6BP), and F2,6BP

is an allosteric activator of 6-phosphofructokinase-1 (PFK-1), stimulating a rate-limiting
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FIGURE 3.4: The oxygen landscape regulates regional metabolic profiles in bone
marrow-derived human mesenchymal stem cells. (A) Quantitative PCR indicates LDHA
gene expression is upregulated in the hypoxic region of the oxygen landscape (black,
left) as compared to the normoxic region (black, right) and retains the metabolic charac-
ter of homogeneous hypoxic controls (white). (B) The schematic represents the effect of
hypoxia on energy metabolism in a cell. (C) Gene expression of Glut1 and the PDK
isozymes in homogeneous control devices are compared to the dual condition land-
scape with the hypoxic region (black, left) and normoxic region (black, right). Statistical
comparisons were performed with ANOVA and Tukey’s multiple comparison post-test

(mean ± SEM, n=4, * p < 0.05, ** p < 0.01, and *** p < 0.001).
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FIGURE 3.5: Dual condition hypoxia enhances PFKFB3 compared to homo-
geneous hypoxia. (A) PFKFB3 mRNA and (B) PFKFB3 protein expression
is upregulated in hypoxic cells with nearby normoxic cells in the dual con-
dition oxygen landscape after 24 h. Statistical comparisons were performed
with ANOVA and Bonferroni’s multiple comparison post-test (mean ± SEM,

n=3, * p < 0.05, and ** p < 0.01).

enzyme in glycolysis. PFKFB3 has previously been shown to play a critical role in en-

dothelial cells by regulating vascular sprouting, migration of endothelial tip cells, prolif-

eration of stalk cells, lamellipodia formation, cell motility, and migration velocity [170]. In

the dual condition oxygen landscape platform, the dual condition hypoxia cells had the

highest mRNA level of PFKFB3 as compared to dual condition normoxia or either of the

homogeneous controls after 4 hr (Fig. 3.5A). After 24 h of oxygen modulation, the dual

condition hypoxia cells were also found to have the highest amount of PFKFB3 protein

(Fig. 3.5B).

3.2 Stable Linear Oxygen Gradients

The large-area, linear profile required the inputs of 5 different compressed gas tanks due

to its size (as discussed in Section 2.1.2). By downsizing the device and simplifying the

design to two gas supply channels separated by a desired width, stable linear oxygen

gradients were developed.
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3.2.1 Linear Gradient Profile

Our microengineered device to generate a stable, linear oxygen gradient was used to

study HIF activation in a monolayer of human endothelial cells exposed to a range of

oxygenation from ambient 21% to 0% (see Fig. 2.5), thus better mimicking the physio-

logic oxygen microenvironment in vivo where gradients of oxygen exist in tissues and

within the vasculature. The linear gradient allowed us to precisely assign a known level

of oxygenation to which cells are exposed with a specific position. The linear gradient

also allowed equal contribution of all the oxygen levels within the range of established

oxygenation for the spatial profile. We first determined the oxygen gradient in the device

as a function of the position along the x-axis (Fig. 3.6A-D). Devices with a diffusion gap

of 3 mm (Fig. 3.6A), 5 mm (Fig. 3.6C), and 7 mm (Fig. 3.6B) were fully characterized

with gradients from 21% to 0% O2 over a 4-hour duration of oxygen modulation. The 5

mm diffusion gap device was further characterized in the range from 7.5% to 0% O2 by

substituting a 5% CO2, 7.5% O2, and balanced nitrogen tank for perfusion into the first

microchannel (Fig. 3.6D) to demonstrate the usage of the device in a narrower range of

oxygenation. The linear gradient developed over time, and by 2 hours of oxygen modu-

lation, the established gradients were near equilibrium for all tested diffusion gaps. The

slope of the gradient could be tuned by altering the width of the diffusion gap (Fig. 3.6E).

The slope did not vary linearly with the diffusion gap width (Fig. 3.6F). However, a re-

duction in the diffusion gap resulted in a steepening of the oxygen gradient. The slopes

characterized from the 21% to 0% range of the 3 mm, 5 mm, and 7 mm gaps were -5.5%

± 0.3%, -3.4% ± 0.1%, and -2.7% ± 0.1% O2/mm, respectively.

3.2.2 Linear Gradient in the Presence of Cells

To determine whether the oxygen gradient was affected by cells cultured on the mem-

brane, oxygen levels were determined in the presence of the cell monolayer to assess
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FIGURE 3.6: Sensor measurements characterized the oxygen gradient. (A-C) The surface
percent oxygen over a 4 h duration is shown as a function of position with microchannel
inputs of 21% O2 and 0% O2 for a 3 mm, 7 mm, and 5 mm diffusion gap, respectively.
(D) Microchannel inputs of 7.5% O2 and 0% O2 for a 5 mm diffusion gap demonstrates
that choice of inputs determines the range of the linear gradient. (E) The 21%-0% range
for 3 mm, 5 mm, and 7 mm diffusion gaps are compared, demonstrating that the slope
is tunable by altering the diffusion gap parameter. The middle of each diffusion gap is
centered at the 0 mm position. (F) The slope is plotted as a function of the size of the

diffusion gap.
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FIGURE 3.7: Cells cultured on the membrane do not affect the oxygen gradient to which
the cells are exposed. Tiled scans of brightfield images of the membrane (top) and flu-
orescent images of the PtEOPK signal (bottom) demonstrate the presence of the oxygen
gradient (A) with cells and (B) without cells. Scale bar: 100 µm. (C) The surface per-
cent oxygen level as a function of position does not vary between the cell-occupied and

cell-vacant condition.

whether the linear gradient was preserved. Cells were cultured directly on a PDMS mem-

brane impregnated with PtOEPK. Tiled scans of the PtOEPK signal on the membrane

were acquired after 4 h of oxygen modulation with cells (Fig. 3.7A) and without cells

(Fig. 3.7B) on the membrane of the device. The post-Stern–Volmer analysis demonstrated

that the spatial gradient was not affected by the presence of cells (Fig. 3.7C). As expected

for such a device with constant perfusion of gas at constant, high pressure (5 psi) through

the microfluidic channels, the cells do not consume oxygen at a rate fast enough to signif-

icantly alter the surface oxygen profile to which the cells were exposed. The slope of the

gradient with cells and without cells was equal (-3.8 ± 0.2% O2/mm).

3.2.3 HIF-1α Activation

We next evaluated the activation of HIF-1α and HIF-2α in human endothelial cells within

the oxygen gradient. The 5 mm gap device was used for all subsequent cell studies. D3

endothelial cells were cultured in the device until approximately 80% confluency. The
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cells were then subjected to 8 h of a linear oxygen gradient. Immunofluorescence imag-

ing of HIF-1α in the spatial gradient clearly showed nuclear translocation of HIF-1α in the

cells cultured directly above the device’s hypoxic channel (Fig. 3.8D) and homogeneous

hypoxic control devices (Fig. 3.8B) as compared to cells cultured above the normoxic

channel (Fig. 3.8C) and homogeneous normoxic control devices (Fig. 3.8A). A tiled image

scan of the entire gradient allowed us to determine the nuclear to cytosolic ratio for each

field of view and these were plotted as the x-coordinate of the position at the center of the

field of view. The nuclear to cytosolic ratios of cells within the oxygen gradient provided

a measure of HIF-1α activation because active HIFs are translocated to the nucleus and

were compared to the ratios found in cells exposed to homogeneous oxygen levels. The

nuclear to cytosolic ratio of a homogeneous normoxic control device was normalized to

1. Nuclear to cytosolic ratio quantification of HIF-1α showed that the two closest fields

of view to the hypoxic channel were statistically significantly different from the homo-

geneous normoxic control (Fig. 3.8E). Oxygen levels in the linear gradient below 2.5%

resulted in statistically higher HIF activation. Importantly, all the positions with O2 lev-

els higher than 2.5% (x-axis coordinate lower than 4.8 mm) did not show any significant

HIF-1α activation. Importantly, the degree of HIF-1α activation at the 0-1% level approx-

imated that of cells placed in homogeneous hypoxia (blue range, Fig 3.8E).

3.2.4 HIF-2α Activation

In contrast to the narrowly confined range of HIF-1α activation at the extremely low O2

levels (0-2.5%), HIF-2α activation was seen throughout the entire spatial gradient. Even

cells exposed to normoxia (by diffusion of 5% CO2, balanced air and cultured directly

above the normoxic supply channel in the gradient device) had observable HIF-2α acti-

vation (Fig. 3.9C) when compared to cells cultured in homogeneous normoxic conditions

(Fig. 3.9A). This suggests that normoxia within an oxygen gradient elicits HIF-2α acti-

vation whereas homogeneous normoxia does not. Quantification of images from a tiled
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FIGURE 3.8: HIF-1α activation in endothelial cells occurs at low oxygen levels within
a linear oxygen gradient. (A-B) Panels of HIF-1α immunofluorescent staining for nor-
moxic and hypoxic homogeneous control devices. (C-D) HIF-1α immunofluorescent
staining in the oxygen gradient device of cells directly above the normoxic gas supply
microchannel and hypoxic gas supply microchannel, respectively. Scale bar: 20 µm. (E)
Quantification of the nuclear to cytosolic ratio as a function of the position in the oxygen

gradient. * p < 0.05 as compared to homogeneous normoxia.
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scan of the gradient demonstrated widespread HIF-2α activation throughout the gradient

when compared to cells exposed to homogeneous normoxia (Figure 3.9E).

3.3 Adipocyte Cold Exposure

3.4 Characterization of Adipogenic Differentiation

After 14 days of differentiation, adipocytes showed robust accumulation of lipid droplets

as indicated by Oil Red O staining (Fig. 3.10A). The increased mRNA expression levels

of the adipocyte-specific protein hormone adiponectin (AdipoQ) and fatty acid binding

protein 4 (FABP4, also known as aP2) further confirmed the adipogenic differentiation

(Fig. 3.10B). The adipogenic differentiation was also shown to induce the expression of

the key thermogenic gene UCP1 (Fig. 3.10C).

3.4.1 Intracellular Temperature Increases in Adipocytes Exposed to Cold

A cell-permeable fluorescent polymer for ratiometric sensing of intracellular tempera-

ture was synthesized as previously described [160], and the polymer (indicated as ther-

mometer 3 by Uchiyama et al.) was introduced into preadipocytes and differentiated

adipocytes. To demonstrate cold-induced thermogenesis in adipocytes, the relationship

between the environmental temperature and intracellular temperature was assessed in

cells containing the thermoprobe under different temperature conditions (Fig. 3.11A-C).

The media temperature was monitored throughout the course of the imaging during an

environmental temperature decrease condition (blue) and steady, physiologic tempera-

ture control condition (red) (Fig. 3.11D). The physiologic temperature control condition

was maintained at a constant 32.5◦C while the temperature decline condition decreased

from 33.3◦C to 24.7◦C over the duration of the study. Adipocytes exposed to the en-

vironmental temperature decline demonstrated increased intracellular temperature (Fig.

3.11A) while preadipocytes observed in the same decline in environmental temperature
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FIGURE 3.9: HIF-2α is activated throughout the entire linear gradient. (A-B) Panels
of HIF-2α immunofluorescent staining for normoxic and hypoxic homogeneous control
devices. (C-D) HIF-2α immunofluorescent staining in the oxygen gradient device of
cells directly above the normoxic gas supply microchannel and hypoxic gas supply mi-
crochannel, respectively. Scale bar: 20 µm. (E) Quantification of the nuclear to cytosolic
ratio as a function of the position in the oxygen gradient. * p < 0.05 as compared to

homogeneous normoxia.
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FIGURE 3.10: Subcutaneous preadipocytes underwent adipogenic differentiation. Oil
Red O staining confirms accumulation of lipid droplets in (B) 14-day differentiated
adipocytes compared to (A) undifferentiated preadipocytes. (C) Differentiation mark-
ers adiponectin and FABP4 were highly induced after 14 days. (D) RT-PCR data showed
increased expression of UCP1 following adipogenic differentiation (n=3 for each group).

* p < 0.05, ** p < 0.01, and *** p < 0.001.
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showed a decrease in intracellular temperature (Fig. 3.11C). A change in the intracellu-

lar temperature was not observed in adipocytes in the physiologic temperature control

condition (Fig. 3.11B). Normalized quantification of the thermoprobe ratio over time in

cold-exposed adipocytes, cold-exposed preadipocytes, and physiologic temperature con-

trol adipocytes demonstrated significant intracellular temperature increase in the cold-

exposed adipocyte condition 50 min after initiating the environmental temperature de-

cline (Fig. 3.11E).

Lattice light sheet microscopy (LLSM) of the thermoprobe-containing adipocytes trans-

fected with a mitochondrial HaloTag (Mito-HaloTag) and labeled with a fluorescent dye

(Janelia Fluor 646) gave high-resolution mitochondrial mapping (Fig. 3.12A) and intra-

cellular temperature mapping (Fig. 3.12B). Results showed the hottest regions during

cold exposure correlated well with the location of the mitochondria. Therefore, local tem-

perature near the mitochondria is higher than the temperature of the rest of the space

in the cytosol, demonstrating heat-generating mitochondrial uncoupling in thermogenic

adipocytes. Sectional views of the 3D imaging indicated that intracellular temperature

varied with local position (Fig. 3.12C).

3.4.2 Adipogenic Differentiation Enhances Glycolysis

To determine alterations in glycolysis after adipogenic differentiation, the relative expres-

sion of glycolytic genes was determined. The genes in the glycolytic panel increased

after 14 days with the exception of Glut1 and PDK3 (Fig. 3.13A). The role of the genes,

including enzymes at glycolytic steps in metabolism, are summarized in the schematic

(Fig. 3.13B). The expression of the allosteric activator of glycolysis PFKFB3 was induced

≈5- fold during differentiation (Fig. 3.13C), while the mRNA levels of the isozymes PFKFB1,

PFKFB2, and PFKFB4 did not increase (n=3).

Extracellular acidification rate (ECAR), a surrogate measure of glycolytic activity, in-

creased after 14 days of differentiation as compared to undifferentiated preadipocytes
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FIGURE 3.11: A fluorescent thermoprobe demonstrates adipocyte thermogenesis during
environmental temperature decline. Representative images of the ratiometric fluores-
cent intracellular temperature probe are shown over time for (A) an adipocyte exposed
to cold, (B) a control adipocyte maintained at constant physiologic temperature, and (C)
preadipocytes exposed to environmental temperature decline. Scale bar: 20 µm. (D) The
cell culture media temperature was recorded in the cold exposure condition (blue) and
physiologic temperature control condition (red). (E) Ratiometric fluorescent intracellu-
lar temperature probe measurements were normalized in adipocytes exposed to cold
(green), control adipocytes maintained at constant physiologic temperature (orange),
and preadipocytes exposed to cold (purple) (n=3). * p < 0.05, ‡ p < 0.01, and *** p <

0.001.
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FIGURE 3.12: (A) Lattice light sheet microscopy (LLSM) shows a thermoprobe-
containing adipocyte (blue) and the mitochondria (white). Scale bar: 20 µm. (B) LLSM
imaging demonstrates the highest intracellular temperature regions during cold expo-
sure map to the location of the mitochondria. Scale bar: 20 µm. (C) Sectional views of the
three different planes for 3D-viewing map the thermoprobe measurements as a function

of the position within the cell interior.

(Fig. 3.14A). Figure 3.14B shows ECAR levels during the glycolysis stress test. The addi-

tion of glucose supplied the substrate for glycolysis, and the difference in the ECAR before

and after glucose is a measure of the glycolytic rate. The addition of oligomycin inhibited

ATP synthase and was used to indicate the glycolytic reserve capacity of the cells. Ther-

mogenic adipocytes are expected to have uncoupled mitochondria that already short-

circuit ATP synthase, so it would be expected that oligomycin would not have an effect

on ECAR. However, undifferentiated preadipocytes and early-differentiating adipocytes

also do not respond to oligomycin, demonstrating that preadipocytes and differentiat-

ing adipocytes do not have a glycolytic reserve. As expected, 2-DG treatment drastically

decreased ECAR as it inhibited further glycolysis. After differentiation, adipocytes ex-

hibited higher oxygen consumption (Fig. 3.14C), suggesting that differentiation increased

not only glycolysis but also oxidative phosphorylation.
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FIGURE 3.13: Adipogenic differentiation upregulates glycolytic genes. (A) Glycolytic
genes were significantly induced after 14 days of differentiation (n=3). (B) Schematic
representation shows the genes involved at different metabolic steps in gylcolysis. (C)
The expression of the allosteric activator of glycolysis PFKFB3 is induced during differ-
entiation as compared to the isoenzymes PFKFB1, PFKFB2, and PFKFB4 (n=3). * p <

0.05, ** p < 0.01, and *** p < 0.001.



Chapter 3. RESULTS 88

FIGURE 3.14: Adipogenic differentiation enhances glycolysis. (A) ECAR was measured
during adipogenic differentiation (n=3). (B) A trace of the average ECAR levels during
the glycolysis stress test is shown for different days during differentiation. (C) OCR
levels were measured during adipogenic differentiation (n=3). * p < 0.05 and *** p <

0.001.

3.4.3 Cold Exposure Increases Glucose Uptake and Metabolic Flux

Upon cold exposure, glucose uptake was significantly enhanced (Fig. 3.15) as reported

by others [92, 171, 172]. UCP1-dependent thermogenesis necessitates compensation for

the loss of ATP production via ATP synthase due to the collapse of the proton gradient,

and the cytosolic ATP production needed for compensation requires glucose. In addi-

tion to cytosolic ATP production, the anaplerotic reactions for fatty acid oxidation and

lipid synthesis also require glucose. An increase in glycolysis may explain the increase

in the ATP:ADP ratio over time during cold exposure (Fig. 3.16). Measurements from a

ratiometric, fluorescent ATP/ADP biosensor were acquired for a basal warm period fol-

lowed by an environmental temperature decline in adipocytes. The ATP:ADP ratio was

shown to increase following the environmental temperature decline but not during the

initial basal warm period. Ratiometric changes observed with high glucose (100 mM), to

increase ATP synthesis, followed by 2-DG (100 mM), to prevent further glycolysis and

decrease ATP, validated the responsiveness of the biosensor.



Chapter 3. RESULTS 89

FIGURE 3.15: Cold exposure increases glucose uptake. The uptake of 2-NBDG was as-
sessed by imaging thermogenic adipocytes after 2 h of (A) physiologic temperature and
(B) cold exposure. Scale bar: 20 µm. (C) 2-NBDG uptake was quantified in physiologic

and cold exposure conditions (n=3). * p < 0.05.

The cold condition also demonstrated increased metabolic flux as determined from

metabolomic analysis. The ratio of M2 glutamate to M3 pyruvate was used as an indicator

of overall metabolic flux (Fig. 3.17). After 10 min, the cold and warm metabolic flux were

equal. The metabolic flux in the cold condition was consistently higher than the warm

condition at the later 30, 90, and 120 min time points. The increased glucose uptake

and cellular energy status, as determined from the ATP:ADP ratio, may account for the

increased metabolic flux upon cold exposure.

3.4.4 Glycolysis is Required for Rapid Cold-induced Thermogenesis

To understand the effect that impaired glucose metabolism has on rapid cold-induced

thermogenesis in adipocytes, different interventions on the glycolytic pathway were tested

(Fig. 3.18). A ten-fold reduction in the amount of glucose in the imaging medium (25 mM

reduced to 2.5 mM) prevented the intracellular temperature increase during environmen-

tal temperature decline. Prevention of glucose uptake with 2-DG was also tested. Treat-

ment of the cells with 100 mM 2-DG similarly prevented the intracellular temperature
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FIGURE 3.16: Cold exposure increases the ATP:ADP ratio. (A) The ratio of ATP to
ADP was monitored by imaging thermogenic adipocytes after viral transduction of a
fluorescent ATP/ADP biosensor during an environmental temperature decline. (B) The
measured ATP:ADP ratio was normalized and both high glucose and subsequent 2-DG

treatment confirmed the biosensor response.
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FIGURE 3.17: Cold exposure increases metabolic flux. The ratio of M2 glutamate to M3
pyruvate indicates metabolic flux. Metabolomic analysis was performed by Dr. Ben

Olenchock.

increase. Finally, treatment with 10 µM of the specific PFKFB3 inhibitor 3PO had the

same effect as the low glucose and 2-DG treatment. Overall, these results demonstrated

glycolysis is required for rapid adipocyte thermogenesis in response to cold exposure.

3.5 Adipocyte Co-culture Platform

The adipocyte co-culture platform was developed to control a temperature gradient and

monitor co-culture interactions and temperature regulation-associated cell responses in

the microenvironment. Our temperature control system offered a landscape for biological

analysis of close-proximity interactions between warm- and cold-exposed cells.

3.5.1 Temperature Gradient Simulation

A COMSOL simulation of the heat transfer from the controlled surface of the peltier ther-

moelectric devices and through the glass coverslips demonstrated a temperature gradient

in the cell culture media between the cell monolayers (Fig. 3.19A). The peltier surface for
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FIGURE 3.18: Impaired glucose metabolism prevents rapid, cold-induced thermogene-
sis in adipocytes. Low glucose, 2-DG, and PFKFB3 inhibitor 3PO prevent the intracellu-

lar temperature increase with environmental temperature decline.

the warm condition was modeled for a 37.5◦C setpoint while the cold condition was mod-

eled for a 29.5◦C degree setpoint to offset heat loss through the glass coverslip. A plot of

the temperature as a function of the position along the z-axis showed the gradient in the

media was linear (Fig. 3.19B).

3.5.2 PGC1α mRNA Upregulation in Adipocytes Exposed to Cold

PGC1α is one of the canonical cold-induced genes in thermogenic adipocytes (see Section

1.2.4.5). Cells on glass coverslips exposed to 30◦C had significant upregulation of PGC1α

mRNA levels after 4 h (Fig. 3.20). An initial pulse of 30◦C for 15 min or 1 h at the be-

ginning of a 4 h experiment could not initiate events leading to inevitable cold-induced

upregulation. Sustained cold-exposure was the only tested condition resulting in an in-

crease in PGC1α mRNA compared to the 37◦C control.

Real-time upregulation of PGC1α was assessed using SmartFlare technology. The
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FIGURE 3.19: A linear temperature gradient develops in the media between the co-
culture samples. (A) A COMSOL heat transfer simulation demonstrates the temperature
gradient between two glass coverslips, on which cell monolayers are cultured, separated
by a 1 mm distance as determined by the thickness of the PDMS gaskets. (B) The gradi-

ent is plotted as a function of the vertical distance in the co-culture assembly.
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FIGURE 3.20: Sustained cold exposure in adipocytes is necessary for PGC1α mRNA
levels to increase. (A) Relative gene expression demonstrates that 4 h of continuous
30◦C exposure increases PGC1α mRNA as compared to 15 min or 1 h pulses of 30◦C. (B)

A graphical representation of the duration of 37◦C and 30◦C conditions. * p < 0.05.
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FIGURE 3.21: SmartFlare technology demonstrates real-time PGC1α mRNA upregula-
tion in cold. Real-time imaging of the PGC1α SmartFlare was acquired over 6 h in 5-day
differentiated adipocytes (A) maintained at 37◦C and (B) exposed at 30◦C. (C) Inten-
sity of the SmartFlare was normalized in 37◦C and 30◦C adipocytes and monitored over

time. * p < 0.05.

SmartFlare is a method of live-cell RNA detection which utilizes gold nanoparticles with

conjugated oligonucleotide capture sequences for a target mRNA. Reporter flare strands

with complementary sequences to the capture strands are initially bound to the capture

strands. The reporter strands carry a fluorophore, but the fluorophore is quenched by

the gold nanoparticle. Target mRNA replaces the reporter strand and then the reporter

strand is released. The fluorophore is no longer quenched and fluorescence emission is

detected. Cells that had endocytosed the SmartFlare were imaged at 37◦C or 30◦C for 6

h (Fig. 3.21A-B). Quantification of the fluorescent intensity demonstrated a significant

increase in PGC1α mRNA in the cells maintained at 30◦C after 135 min (Fig. 3.21C).

3.5.3 Modulation of Thermogenic Signaling in a Temperature Gradient

Real-time paracrine crosstalk between warm and cold adipocytes altered the expression

of thermogenic genes. PGC1α is one of the canonical cold-induced genes in thermogenic
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adipocytes (see Section 1.2.4.5). The upregulation of PGC1α mRNA seen in homoge-

neous, cold-exposed adipocyte culture was suppressed when cold-exposed adipocytes

were co-cultured with nearby warm adipocytes (Fig. 3.22A) as determined by real-time

quantitative PCR. A co-culture of warm adipocytes and warm preadipocytes suppressed

PGC1α expression in the adipocytes compared to the homogeneous, warm culture of

adipocytes alone. The expression could be increased back to the basal level (the level in

the adipocytes cultured alone at 37◦C) if the adipocytes were exposed to 30◦C with warm

preadipocytes as the co-culture partner.

Sarco/endoplasmic reticulum Ca2+-ATPase 2 (SERCA2a) is a protein that hydrolyses

ATP to transport calcium from the cytosol to the lumen of the endoplasmic reticulum. In

adipocytes, SERCA2a has been indicated in a thermogenic mechanism involving intracel-

lular heat generation via futile cycling of calcium in adipocytes [140, 173]. In co-culture

combinations, the relative gene expression of SERCA2a in adipocytes was the highest

when the adipocytes were exposed to cold and their co-culture partner was warm preadi-

pocytes (Fig. 3.22B). Cold-exposed adipocytes co-cultured with warm adipocytes did not

induce gene expression compared to warm co-culture with either preadipocytes or other

adipocytes.
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FIGURE 3.22: All data represent relative gene expression in adipocytes. The tempera-
ture of the adipocytes and their co-culture partner are indicated below the data point.
(A) PGC1α mRNA is suppressed in warm adipocytes co-cultured with warm preadi-
pocytes, and upregulation of PGC1α is blunted in cold-exposed adipocytes co-cultured
with warm adipocytes for 4 h. (B) Relative gene expression of SERCA2a increases in

cold-exposed adipocytes co-cultured with warm preadipocytes.
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CHAPTER 4. DISCUSSION

Portions of this content have previously been published in Rexius-Hall, M. L., Mauleon,

G., Malik, A.B., Rehman, J., and Eddington, D.T. (2014) Microfluidic platform gener-

ates oxygen landscapes for localized hypoxic activation, Lab Chip. 14(24):4688-95 and

Rexius-Hall, M.L., Rehman, J., and Eddington, D.T. (2017) A microfluidic oxygen gra-

dient demonstrates differential activation of the hypoxia-regulated transcription factors

HIF-1α and HIF-2α, Integr. Biol. Advance Article DOI 10.1039/C7IB00099E.

4.1 Large-area Oxygen Landscapes

By changing the channel geometries of the underlying microfluidic network layer, we

achieved binary dual condition, square wave, oscillating, and linear spatial profiles. Of

the different landscapes designs, only the linear gradient required more than two different

inlet gas compositions. A steady, linear gradient across the entire device with only two

gas compositions was not able to be achieved due to the scale of the device (see Fig. 2.4 for

dimensions). The conventional source and sink methods for creating a linear gradient do

not work at the scale of the device (centimeters as opposed to millimeters or micrometers),

because although there is constant perfusion of different oxygen compositions across the

PDMS membrane, there is also exchange with the environment above the media in the

open-well format (Fig. 3.2D), creating another source and sink at this large scale. For

this reason, equilibration of gas contents in the microfluidic network with those of the

surrounding, ambient environment cannot be opposed in a device with this large of an

area without providing multiple inlet gas compositions to mix spatially in the device.

The large scale of the overall device was designed to accommodate enough cellular

material for standard biological techniques, especially western blotting where tens of µg

of protein are needed per lane when running a gel. Although single-cell western blot

technology has been developed [174], the method which requires a large, pooled quantity
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of protein from a population of lysed cells remains the standard. One of the objectives of

our overall design was the compatibility of our device with such standard techniques.

4.2 Dual Condition Oxygen Landscape Device

The immunofluorescent imaging, western blotting, and quantitative PCR results demon-

strate analysis of cell responses in the dual condition oxygen landscape. The advantage

of having cells with different states of HIF activation in the same open well is that it al-

lows assessment of how the cells interact across an oxygen gradient. This tool presents an

opportunity to fundamentally advance hypoxia research because current homogeneous

oxygen systems do not allow crosstalk between cells exposed to different oxygen levels.

The design lends itself to future study of the crosstalk interactions of differentially oxy-

genated cells with respect to cell-cell contact (because there is a single confluent mono-

layer of cells) and secreted factors (because there is a single, shared reservoir of culture

medium).

Real-time PCR results of the relative gene expression of LDHA, Glut1, PDK1, and

PDK3 demonstrated that the spatial layout of the oxygen landscape can be resolved in

the expression of genes that are under the transcriptional activity of HIF-1α. By exam-

ining metabolic genes in MSCs, it was showed for the first time the metabolic profile of

hypoxic cells in an oxygen landscape with normoxic neighbors is similar to that of cells

in homogeneous hypoxia. The results from Fig. 3.4 show that that relative gene expres-

sion of metabolic genes was not altered in the dual condition platform as compared to the

homogeneous controls. However, in addition to regulating MSC metabolism, hypoxia

is a central regulator of paracrine signals involved in stem cell maintenance and cancer

progression [175, 176]. The hypoxia-induced secretion of molecules and microvesicles is

believed to be the primary source of effects reported in hypoxia-conditioned media ex-

periments.
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The biological significance of this device is that it allows for the study of additional

signaling pathways and growth factors that may be differentially regulated in cells be-

ing co-cultured while exposed in real-time to two distinct oxygen levels. For example,

hypoxic tumor cells may release paracrine factors that activate angiogenesis in normoxic

endothelial cells. Prior to this device, such interactions could not be studied in real-time

and had to rely on conditioned media experiments.

Traditional hypoxia-conditioned medium experiments have the disadvantage of hav-

ing culture media transferred to other cells at a single, selected time point. Using the

dual condition oxygen landscape device, normoxic cells can be exposed to factors from

hypoxia-conditioned medium in a real-time and continuous fashion, thereby overcoming

the rapid degradation and short half-lives of the secreted molecules present in traditional

conditioned medium experiments. Therefore, our new platform is ideal for investigations

of real-time, hypoxia-induced effects of the MSC secretome on a differentially oxygenated

co-culture and lays the framework to address important developmental, regenerative,

and pathophysiological responses to oxygen landscapes.

The finding in HLMVECs that PFKFB3 is enhanced in dual condition hypoxia is likely

an example of a crosstalk interaction between normoxic and hypoxic cells unveiled by

the platform. The promoter sequence of PFKFB3 has multiple HREs for the binding of

HIF transcription factors [177] so upregulation in hypoxia is expected. However, there

was no significant upregulation of PFKFB3 in the homogeneous hypoxia condition at the

4 h time point. Interestingly, 4 h was enough time to observe significant upregulation in

the dual condition hypoxia cells but not homogeneous hypoxia. At 24 h, there was an

increase in PFKFB3 at the protein level in both homogeneous hypoxia and dual condition

hypoxia. This confirms that there was an expected upregulation effect in the homoge-

neous hypoxia device. The upregulation of protein in the dual condition hypoxia cells

was more pronounced than the homogeneous hypoxia. It may be possible that the dual

condition device is effecting the dynamics and extent of PFKFB3 upregulation, and that
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paracrine crosstalk between normoxic and hypoxic cells leads to earlier transcription and

more robust increase of PFKFB3.

The mechanism by which enhanced induction of PFKFB3 occurs in the dual condition

landscape has not yet been elucidated. It has previously been shown that VEGF increases

the expression level of the glycolytic activator PFKFB3 [170, 178]. It would be interesting

to determine if there is any change in VEGF expression in HLMVECs cultured in the dual

condition landscape. Endothelial cells are not typically a VEGF-expressing cell type; they

robustly express VEGF receptors and respond to VEGF stimulation. Research suggests

endothelial cells are capable of expressing autocrine VEGF [179–181]. If the dual condition

landscape were to induce VEGF expression in endothelial cells more than homogeneous

hypoxia, it could support the observed enhancement of PFKFB3. There is also evidence

that lactate, a secreted metabolite, affects PFKFB3 signaling [182]. It may be possible

that the metabolites available in the shared media reservoir of the dual condition device

vary substantially compared to metabolites in homogeneous controls. Taken together,

the idea of a growth factor or metabolite being responsible for differential expression,

particularly of PFKFB3, between homogeneous hypoxia and dual condition hypoxia is a

realistic possibility.

4.2.1 Limitations and Future Directions

The current open-well design has some limitations. For instance, resolving the behavior

of the subpopulation of cells within the gradient region of the dual condition device has

not yet been achieved. While this may be possible using a combination of microscopy and

assessments of cellular behavior via fluorescent reporters at known positions, we mainly

focused on bulk cell population analysis techniques such as PCR and western blotting

as readouts. In the experiments, the cells on the devices were collected in equal thirds

after an experiment: a left (hypoxic), middle (gradient-containing), and right (normoxic)

section. Analysis was only performed on the left and right sections. At this time, the
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average response of the gradient section is not of interest. By analyzing only the far-left

and far-right sections, there was confidence reporting a known, homogeneous oxygen

tension associated with the site from which the cells were harvested.

The open-well format is also inherently exposed to convective transport processes akin

to those that cells experience in Petri dishes and well plates. The platform is dominated by

convective processes over diffusive processes. The device lends itself to study paracrine

activity because there is a single, shared reservoir of culture medium. During experi-

ments, there is an absence of flow in the open-well platform, but the convective trans-

port would rapidly mix secreted molecules throughout the entire volume of cell culture

media. This device is not designed to track the cell source of released paracrine factors

because convection will lead to an intermingling of the released factors. However, the

open-well nature of the device does allow a researcher to test whether the proximity of

cells exposed to distinct oxygen levels results in a different cellular phenotype than if they

were exposed to a single oxygen level. While it is not possible, for example, to maintain

a gradient of hypoxia-secreted factors that diffuse and affect the neighboring normoxic

cells while being received as a concentration gradient, we can offer a system that allows

real-time, continuous conditioned medium experiments.

Many enclosed microfluidic channel systems can avoid the convective transport issue,

but as the open-well design exists currently, the large-area platform cannot. Future work

could include design modifications to transition the existing platform into an enclosed

microfluidic system. However, eliminating the open-well format complicates cell har-

vesting and media replacement which will likely require a syringe pump. Inevitably, this

change also introduces a new host of issues, including recurring air bubbles and shear

stress. Furthermore, the advantage of the user-friendly, open-well tool is its accessibil-

ity to laboratories not necessarily specializing in microfludics. Eliminating the open-well

format would remove that advantage, but may be worth the trade-off to probe specific

biological questions.
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Both the sensitivity and the lower limit of measurable oxygen levels that can be main-

tained at the cell culture surface matter for biological studies. For cancer studies in

the platform, levels of 1-2% O2 are considered moderate hypoxia that begins to activate

mTOR pathways, while 0.1% represents severe hypoxia that is experienced in the core of

solid tumors. The described open-well platform is sensitive to the distance away from the

membrane (3.2D). It is, therefore, important to know what levels of oxygen can actually

be maintained steadily and consistently at the surface for hypoxia study applications.

During oxygen modulation, there was constant perfusion of the hypoxic network with

0% oxygen (5% CO2, balanced nitrogen. The oxygen measurements using both PtOEPK

sensors and an optical probe sensor indicated that extremely hypoxic conditions were

maintained near the surface of the membrane on which the cells were cultured. Oxygen-

scavenging chemicals, such as pyrogallol and sodium sulfite, have been compared to 0%

O2 in microfluidic devices using gas perfusion through channels and diffusion across

PDMS membranes to determine the intensity of PtOEPK sensors in the absence of oxy-

gen. We have demonstrated that values obtained from oxygen scavengers and anoxic per-

fusion closely match [183]. While our oxygen measurements do not have the resolution

to precisely determine the hypoxic conditions experienced by the cells on the membrane,

the best estimate is that the level directly across the membrane directly above a buried

channel perfused with 0% O2 is ≤ 0.5% oxygen.

The constant perfusion of buried microchannels leads to evaporation in the open-well

reservoir. For this reason, the current design is suitable for studies up to approximately

24 h. However, we recognize that certain studies require days or weeks of oxygen mod-

ulation. For long-term cell culture studies, it may be necessary to replace media in the

reservoir with a syringe pump or circulate media with a peristaltic pump. In these long-

term cases, it may also be beneficial to add an additional hydration layer to perfuse with

PBS to prevent evaporation in the media reservoir.
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4.3 Stable Linear Oxygen Gradient Device

The downsized, simplified device allowed for the study of cells exposed to a stable lin-

ear oxygen gradient, but it limited the kinds of analyses that were able to be performed

with the device. The gradients generated on the scale of millimeters limited analyses to

imaging techniques due to the small population of cells.

In our linear gradient platform, we showed that the spatial gradient develops over

time, becoming completely developed after several hours due to the bulk PDMS in the

diffusion gap on the scale of several millimeters. Although this time to equilibrate may

be seen as a limitation of the device, cells could easily be exposed specifically to the fully

developed spatial gradient if, for example, the cells were cultured on a gas-permeable

PDMS membrane that was placed on top of the base PDMS membrane after several hours

of oxygen modulation. Oxygen diffuses across an additional 100 µm PDMS membrane

on the scale of tens of seconds [1, 74].

Although our primary focus was demonstrating a linear spatial gradient, we acknowl-

edge that certain oxygen control applications may also call for control of a temporal gradi-

ent. Computer-controlled microdispensing nozzles have been successfully used to deliver

intermittent hypoxia to a PDMS-based gas perfusion device [184] and could be applied to

our platform to temporally control the oxygen levels in the device or change the direction

of the gradient. Furthermore, not all physiological gradients are necessarily linear, but for

the purpose of defining clear activation thresholds, linear gradients are more suitable.

The differences between the oxygen-dependent stabilities of HIF-1α and HIF-2α are

well-documented. HIF-2α has a different sub-nuclear distribution than HIF-1α, lending

to its increased stability and slower mobility as compared to HIF-1α [185]. Higher levels

of oxygen have been shown to inhibit HIF-2α degradation and allow for rapid accumula-

tion in human endothelial cells as compared to oxygen levels required to inhibit HIF-1α

degradation (3.5% O2 vs. 1.0% O2, respectively) [27]. The vast majority of studies which
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have established oxygen level thresholds have been performed in cells exposed to a sin-

gle, homogeneous oxygen environment (e.g. one cell culture plate is exposed to 3% while

a separate plate is exposed to 1%). Using microfluidic devices, we studied whether the

threshold of activation differs if cells are cultured in an open-well gradient which allows

for biological interactions between cells that are exposed to varying oxygen levels. Here,

we show in endothelial cells exposed to an oxygen gradient from 0% to 21% that HIF-2α

is activated throughout the entire gradient when compared to cells exposed to homoge-

neous normoxia, suggesting a “contagion” of HIF-2α activation. Even cells within the

spatial gradient that are exposed to continuous normoxia exhibit significant accumula-

tion and nuclear translocation of the HIF-2α transcription factor, likely due to the close

proximity of cells exposed to hypoxia within the same gradient.

The activation of HIF-2α demonstrates hyproxya (hypoxia by proxy), which describes

the activation of hypoxic signaling in normoxic cells by hypoxic neighbors which may

constitute an adaptive signal within a tissue in which localized hypoxia can elicit a broader

systemic response. It is noteworthy that this was only true for HIF-2α activation but not

for HIF-1α activation, suggesting that HIF-1α is only activated in hypoxic cells and not

when neighboring cells experience hypoxia.

The mechanism by which hyproxya of HIF-2α activation occurs is not yet known. It

likely involves a multitude of potential signals by which hypoxic cells can act as sentinels

for normoxic neighbors and could include paracrine signals such as the secretion of ex-

osomes, metabolites, or growth factors. It has been previously reported that exosomal

miRNAs may activate HIF independent of hypoxia [8, 186]. Therefore, one can envision

a scenario in which the exosomes from the hypoxia-exposed cells contain miRNAs that

activate HIF in the nearby normoxia-exposed cells. Additionally, hypoxia alters cellular

metabolism, increasing a cell’s dependence on glycolysis over oxidative phosphorylation

to produce ATP. As a result, metabolites such as lactate, succinate, and fumarate have
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been shown to accumulate intracellularly [187, 188]. These metabolites may then be se-

creted into the extracellular space and affect surrounding cells. A specific cell surface

receptor for lactate and succinate has been identified [189–191].

The source of the reported biological effects in hypoxia-conditioned media experi-

ments is thought to be the secreted molecules or microvesicles. The disadvantage of tra-

ditional conditioned media experiments is that there exists a single, isolated time point

when cell culture media is harvested and transferred to other cells. Oxygen gradient de-

vices in which differentially-oxygenated cells share media allow for continuous exposure

of normoxic cells to the hypoxia-induced secretome. Interestingly, HIF-2α transactivation

is reported as being sensitive to the composition of cell culture media. HIF-2α specifically

acts as a response factor to glucose concentration in media [192, 193]. Media supple-

mented with acetate, which can be released by tumors, results in acetylation of HIF-2α

and nuclear localization of an acetate-dependent acetyl CoA synthetase ACSS2 required

for induction [182]. Hypoxia-conditioned media from cells secreting acetate can induce

this HIF-2α acetylation [193].

Understanding how HIF-1α and HIF-2α are differentially regulated in oxygen gradi-

ents is critical because HIF-1α and HIF-2α can have opposing roles based on their down-

stream targets [194–199]. Our findings demonstrate a novel aspect of differential HIF-1α

and HIF-2α activation: their upstream activation by low oxygen. HIF-2α activation does

not require hypoxia in all cells but can be activated when only selective cells are exposed

to low oxygen levels. These results highlight the importance of understanding the effect

of cell-cell interactions in an oxygen gradient environment. Further mechanistic studies

using the microfluidic device we engineered could allow for the isolation of the inter-

cellular signals which mediate HIF-2α hyproxya —hypoxia by proxy— and allow for

therapeutic modulation of HIF-2α levels even in the absence of direct hypoxia.
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4.4 Cold-induced Adipocyte Thermogenesis

Our thermogenesis measurements of cells containing a cell-permeable themroprobe have

all been ratiometric measurements normalized to baseline. Assigning absolute temper-

ature with intracellular thermoprobes has been an ongoing debate and hotly contested

issue in the field [200–203]. Baffou et al. have questioned whether single-cell thermogen-

esis could ever be demonstrated by arguing that dimensional analysis of a standard heat

diffusion equation shows a single cell is capable of a temperature increase on the order of

10−5 K, and body temperature in organisms increasing by several Kelvin is the result of

the collective effect of 1013-1014 cells.

On the other hand, numerous probes have reported intracellular temperature differ-

ences on the scale of several Kelvins. Kiyonaka et al. point out that the conclusions of

Baffou et al. come from a macroscopic heat diffusion equation applied to the parameters

of a single, microscopic cell. Furthermore, Baffou et al. used a conductivity value assum-

ing the cell interior is a water-like environment as opposed to a heterogeneous interior

of proteins, lipids, and water all possessing different conductivity values. Furthermore,

Kiyonaka et al. posit that the heat source isn’t on the scale of the cell as a whole but on

the scale of the mitochondria (10 µm vs. < 100 nm, respectively). The changes in con-

ductivity and the dimension of the heat source alone reduces the heat needed to increase

the temperature 1 K in 1 s 100-fold. Additionally, Baffou et al. used an equation that

assumed uniformity of heat diffusion in a cell, but numerous publications using intra-

cellular thermosensors have shown heterogeneous subcellular temperature distributions

[156, 157, 160].

Importantly, Suzuki et al. notes that the detection of a 1 K temperature increase would

only necessitate a sustained temperature increase in the same volume of water as the ther-

mosensor occupies. This is important considering most thermoprobes used in intracellu-

lar thermometry are several orders of magnitude smaller than the 1 µm3 mitochondrian
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volume or diffraction-limited volume of the microscope used by Baffou et al. in their cal-

culation.

Different groups have determined the heat power delivered by brown adipocytes us-

ing various calorimetric and noncalorimetric techniques. The results have been 1.6 [204],

≈ 5 [205], 2.3 [206], 1 [207], 0.5 [164], and 0.82 nW/cell [150]. The majority of these re-

ported values are an order of magnitude higher than the 100 pW value used by Baffou et

al. to determine that the expected temperature change is 10−5 K in a cell. With so many

papers using chemically different thermosensors and yet reporting localized intracellular

temperature increases in a variety of cell types of at least 1 K [156, 160, 208], it is hard to

dismiss the findings.

The thermoprobe we used in the adipocyte and preadipocytes has been previously

reported by Uchiyama et al. to demonstrate a 1 K temperature difference between the

nuclei and cytosol in HEK293T cells using confocal microscopy [160]. However, the tem-

perature resolution was only (0.29–1.0◦C). This resolution was much lower than when the

thermoprobe was measured using a spectrofluorometer (0.01–0.25◦C). All our measure-

ments were done using microscopy, so with low temperature resolution, we do not claim

to be able to assign an absolute temperature to our ratiometric thermoprobe measure-

ments. Based on the normalized measurements compared across different experimental

conditions (physiologic temperature vs. environmental temperature decline and preadi-

pocyte vs. adipocyte), we are confident the thermoprobe is sensitive to intracellular tem-

perature changes and can be used to demonstrate thermogenesis in response to different

treatments. The thermoprobe is, therefore, a useful tool to demonstrate intracellular heat

generation even without assigning absolute temperature values.

Brief cooling was needed to introduce the cell-permeable thermoprobe into adipocytes

and preadipocytes. There was concern that cooling as part of the protocol to introduce

the thermoprobe would initiate thermogenesis in the differentiated adipocytes, but 37◦C

incubation for at least 15 minutes after thermoprobe introduction and before imaging
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experiments began was performed. The result that no intracellular temperature increase

was seen in the warm control adipocytes (even though they required brief cooling during

introduction of the thermoprobe) demonstrates that the requirements of the protocol do

not preclude the use of the thermoprobe in adipocyte thermogenesis applications.

The mechanism for direct cold sensing by adipocytes has not been identified. We

can conclude that there exists a sympathetic nervous system-independent mechanism

sufficient to increase glucose uptake, metabolic flux, and intracellular temperature during

cold exposure.

The discovery of brown adipose tissue in adults ushered in an era of revitalized inter-

est in brown adipose tissue and nonshivering thermogenesis research. The serendipitous

way brown fat was discovered in adults involved glucose uptake (see Section 1.2.4.2).

There is some controversy whether thermogenesis requires glucose or if thermogenesis is

a prerequisite for the enhanced glucose uptake. Nedergaard et al. argues the later [125],

citing that norepinephrine has no ability to increase glucose uptake in mice without UCP1

[209]. Albert et al. report the former, demonstrating that mice with impaired activation

of glucose metabolism (adipose tissue-specific inactivation of mTORC2) were hypother-

mic and unable to maintain a stable body temperature during cold exposure compared to

control mice [92].

Our work supports the conclusions of Albert et al. While glucose uptake may require

fatty acid metabolism and mitochondrial respiration may enhance glucose transport[210],

we have demonstrated that a demonstrable intracellular temperature increase will not

proceed when glucose metabolism is impaired.

The mechanism by which glucose controls thermogenesis is not yet known. Others

have reported that enhanced glucose uptake is a consequence of the loss of mitochon-

drial ATP production due to UCP1-dependent uncoupling; glucose uptake and glycoly-

sis are increased to compensate for the lack of mitochondrial ATP production with more
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cytosolic ATP production. The glucose may be used to synthesize new triglyceride de-

pots. The glucose may be needed to make pyruvate to then form oxaloacetate from the

pyruvate to increase the capacity of the citric acid cycle. Indeed, it has been observed that

the activity of pyruvate carboxylase, the enzyme that converts pyruvate into oxaloacetate,

is significant in brown fat [211]. Furthermore, pyruvate carboxylation requires ATP, the

production of which relies heavily on glycolysis and cytosolic ATP production due to the

loss of mitochondrial ATP production. Here, we report impaired activation of glucose

metabolism prevents thermogenesis. It follows that future studies to enhance glucose

uptake or glycolysis in adipocytes may boost cold-induced thermogenesis.

4.5 Temperature-Controlled Adipocyte Co-culture Platform

Some of the most significant molecular findings in the field of obesity research during the

past decade have been the discovery of brown adipose tissue in human adults as well as

paracrine interactions with the potential to convert nonthermogenic fat into thermogenic

brown fat. A potent stimulus to induce a phenotypic browning of fat is the exposure to

cold temperature. Our engineered system which generates a temperature gradient allows

us to study paracrine interactions between warm and cold fat cells. Understanding this

interaction is fundamentally important because in vivo subcutaneous fat tissue closer to

the surface of the skin experiences a lower temperature during cold exposure than the

deeper fat tissue which is closer to the body’s core. By regulating temperature gradients,

we study the effect of paracrine factors released by cold-exposed thermogenic cells on

nearby cells that are not being directly exposed to cold.

The finding that paracrine interactions between warm and cold adipocytes or preadi-

pocytes modulate gene expression has not previously been shown. Others have reported

secreted factors leading to "browning" of adipocytes (as determined from induction of a

program of thermogenic genes). Irisin, the most wellknown of these secreted factors, is
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not secreted by adipocytes or preadipocytes but by muscle cells [212]. Other secreted fac-

tors that have been indicated in promoting browning of adipocytes include cardiac natri-

uretic peptide (ANP114), bone morphogenetic protein 7 (BMP7), fibroblast growth factor

21 (FGF21), adenosine, and several microRNAs (e.g. miR133a, miR196a, miR193b-365)

[213]. If cold-induced adipocytes can secrete a factors or factors to promote browning,

the cold-exposed adipocyte coverslip sample has the potential to effect the warm cov-

erslip sample sharing the same media. Presently, we measure relative gene expression

based on genes of interest or genes we hypothesize to be subject to differential temper-

ature regulation. Future work could include a transcriptomic screen to identify genes

differentially expressed in the temperature gradient co-culture as compared to homoge-

neous warm co-culture.

The two monolayers cultured on the coverslip samples were maintained≈1 mm away

from each other using PDMS gaskets that were irreversibly bonded to the glass cover-

slips. Two PDMS gaskets formed a seal for the co-culture assembly by reversible PDMS-

PDMS contact. The stacking of the peltier and the heat sink on the top coverslip did not

cause media to leak out of the co-culture assembly because the PDMS elastomer deformed

enough under the pressure to accommodate the volume of media between the coverslips.

We have not investigated whether the added pressure has an effect on the biological cell

responses. In the future, we could easily demonstrate for genes of interest (e.g. PGC1α

or SERCA2a) whether the pressure effect is negligible by comparing relative gene expres-

sion of homogeneous warm co-culture assemblies with and without the added pressure

of the temperature regulation peltier system.

Once current was running through the peltier, a temperature differential was created

between each side. The temperature control and active cooling of one side of the peltier

was at the expense of warming the opposite side. The peltiers will work as long as heat

is removed from the hot side. Currently, the hot sides of the peltiers are each cooled by a

heat sink constructed from a brass disk covered with an ice pack to pull heat from the hot
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sides. This setup is able to keep the peltier power output under 100% during the duration

of the 4 h experiment. However, for studies requiring longer time points, a better heat

sink, such as a computer CPU heat sink, should be integrated into the system.

4.6 Conclusion

The microengineered systems presented here exemplify how control of the microenvi-

ronment can help uncover novel biological phenomena. We have called upon engineer-

ing methods to probe important questions in cellular biology: Are there paracrine inter-

actions between differentially oxygenated cells? What is the threshold of activation of

HIF-1α and HIF-2α in a spatial oxygen gradient? Do cold adipocytes modulate gene ex-

pression in warm neighbors? The answers have biological significance and are of great

value to biomedical researchers but they also highlight the value of microengineered sys-

tems for signaling research.
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CHAPTER A. Protein Lysis Protocol

Protein Lysis

Cells in a culture dish

1. Place cells on ice. (Make sure centrifuge is cold.)

2. Aspirate off media then wash cells in cold PBS (+PMSF). Add some PBS back to the

well (10 cm dish –> 200 µl).

3. Scrape the cells off the dish using a cell scraper, then pipet up the cells and PBS into

an eppendorf.

4. Spin down the cells (1400 rpm for 5 min), then aspirate off the PBS.

5. Resuspend pellet in lysis buffer (about 2-3X the size of the pellet), and let incubate

on ice for 15 min. Vortex intermittently.

6. Store in the −80◦C until use.

7. After thawing on ice, spin on high speed for 15 min, then use for protein concentra-

tion quantification.

BCA Assay (Lowry) - Biorad reagents

1. Pipet 5 µl of standard (between 2.5 and 0 µg/µl) and sample. Note: Westerns -

protein samples in duplicate, Seahorse - protein in singles (2.5, 2.0, 1.5, 1.0, 0.75, 0.5, 0

µg/µl for standard curve.)

(Western samples dilute 1:5 (1 in 5 total)) (Seahorse sample use at full concentration.)

2. Add 20 µl of Reagent S to each ml of Reagent A, then add 25 µl to each well.

3. Add 200 µl of Reagent B to each well.

4. Let sit for 5-10 min then set up the plate reader. Read absorbance at 750 nm (but 595

nm is ok too as long as the curve is linear).

Bradford Assay - Biorad reagents

1. Pipet 10 µl of standard (between 1 and 0 µg/µl) and sample. (1, 0.5, 0.25, 0.125,

0.0625, 0 µg/µl for standard curve.)
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(Western samples dilute (5 in 10 total), or (2 in 10 total) depending on how concen-

trated the samples are.

2. Mix Biorad protein assay dye reagent concentrate 1:4 in water.

3. Add 200 µl of the dye and water mixture to each well.

4. Let sit for 5-10 min then set up the plate reader. Read absorbance at 595 nm.



116

CHAPTER B. Western Blot Protocol

Western Protocol

Day 1

1. Make cell lysates (see protein lysis protocol). When removing from the -80◦C, let

thaw on ice. Excess heat will increase protein degradation.

Keep protein lysates on ice. Remove lysis buffer with inhibitors to thaw on ice as well.

This is used to equilibrate volumes between samples.

2. Measure protein concentration using BCA or Bradford kit. Run samples and stan-

dards in duplicate or triplicate. Protein samples are diluted to fit within the curve. If

sample is predicted to have high concentration, dilute your sample 1:5. (Confluent 10 cm

with 100 µl lysis –> try 1:4 dilution, tissue samples try 1:10 - will need to determine each

independently to figure out the best for each cell type.)

3. Calculate amount of protein necessary for western, then normalize the volume by

adding lysis buffer. Each antibody needs to be tested for the amount of protein necessary

for desired level of signal. Pipet amount into eppendorf, lysis then protein (all on ice).

4. Set up 2X loading buffer by adding DTT (1:5, 50 ul DTT per 200 ul 2X LB). Add

loading buffer at a 1:1 ratio to each protein sample. Vortex to mix, then boil for 5 minutes

to denature the protein. Pulse the sample in the centrifuge to get all the sample into the

bottom of the tube, then vortex to mix.

5. Set up acrylamide gel - percent is determined by the size of the protein of interest.

Larger proteins want a lower percentage gel. If pouring a gel, the polymerization process

takes about 60-90 minutes, so pour the resolving gel when removing lysates from the

−80◦C. Gels can be poured the day before, just keep at 4 degrees with running buffer to

keep from drying out (I use 20 ml, with a paper towel wrapped around in a ziplock bag

or plastic wrap).

8% - anything larger than 120 kDa

10% - 70-120 kDa
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13% - 30-80 kDa

15% - smaller than 40 kDa

6. Put gels into the gel box setup (tall plate on the outside, comb on the inside). Align

notches to reduce buffer from leaking out of the center between the gels. Add running

buffer (1 Liter) to the center of the gels, then remove comb. Clean out each well using

a syringe prior to adding sample. If leakage occurs buffer will need to be added to the

center to maintain voltage through the gel, disruption will impede gel separation and

cause proteins to diffuse in the gel.

7. Load samples into the gel with a protein ladder (10 µl is plenty, do not boil), then

start running the current at 100 V until the dye front has entered into the resolving gel.

After 30 minutes increase the voltage to 150 V until the desired separation has occurred.

Align current such that red goes to red and black to black.

8. Once gel is running, set up the Transfer buffer, mix and store at 4◦C to cool and

degas (I place in the cold room). One + hour is sufficient.

9. To set up transfer (wet) place sponges, Whatman paper, membrane, cassette in

transfer buffer. Remove gel from between the plates and place in transfer buffer to dilute

out the SDS.

10. Arrange the cassette (black part) in transfer buffer (covered), then add 1 sponge, 1

whatman paper, the gel, membrane, 1 whatman, 1 sponge. In between each layer roll out

bubbles that could interfere with the transfer. Close the cassette and slide lever to lock.

(Looking down from the top after assembly) Clear cassette side Sponge Whatman

Paper Membrane Gel Whatman paper Sponge Black cassette edge

11. Once assembled, place cassettes in the transfer box (red/black holder) black facing

black. Put cold pack in the box and add all the buffer (minus the amount used to wash

the gels). Take the box to the cold room and plug in to the power supply.

12. Transfer for 75 minutes at 100 V. (For large proteins use overnight transfer set up

at 30 V.) Set up blocking buffer (3% BSA in TBS - 1 gm in 30 ml). It is important to transfer



Appendix B. Western Blot Protocol 118

in the cold to prevent the buffer from getting too hot and reducing the efficiency of the

transfer.

13. Retrieve gel box from the cold room, open cassette and take out membrane. Place

membrane in blocking buffer (3% BSA in TBS (can use 10x PBS instead of TBS)). Block

membrane for 1 hour. Membranes should show the marker as a marker for a positive

transfer. 8% gels rarely show the marker, so to check the efficiency of the transfer the blot

can be stained with ponceau. Wash with TBS (no tween) to remove the stain.

14. Make up antibody dilutions in blocking buffer, just enough to cover the blot and

keep it from drying out (3-5 ml depending on the size of the box). Add antibody to blots

and rotate in cold room overnight.

Day 2

1. Take blots out of cold room and drain off antibody into the sink. Then add fresh

TBST (I start with 0.05% tween in my TBS), drain off and then add more TBST and let

rotate. Washes should be about 10 minutes each.

2. Repeat washes 2 more times (total of 3 washes). During the second wash make up

5% milk in TBST, vortex, and let rotate with the blots until milk is in solution.

3. Add secondary antibody to 5% milk at 1:5000. Drain off TBST and add secondary.

Let rotate for 1 hour to 90 minutes.

4. Repeat washes with TBST (3X), with 10 minute washes.

5. Develop blots according to kit directions.

In general lay saran wrap flat on bench. Add solution 1 and 2 to edge of saran wrap

(1 blot - 500 ul of each, amount dependent on size and number of blots) in separate piles

(use separate tips to avoid contaminating and spoiling solutions). Take blots out of the

tray, drain excess buffer on a kimwipe and place on saran wrap, marker side up. Mix

solutions, then cover the blot. Wait 5 minutes. Drain off excess liquid using a kimwipe

and place into a sleeve within the cassette. Take cassette, film, and a timer to the dark
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room and expose blots to film. I start with a 15 second exposure, then a 2 minute. I adjust

the exposure time after the film comes out of the developer.

Western Solutions

10x TBS (1 L)

80 gm NaCl (1.37 M)

2 gm KCl (27 mM)

30 gm Trizma Base (250 mM)

pH to 7.4 with HCl

10X Tris Glycine (1L)

30.3 gm Trizma Base

144.2 gm glycine

2X Loading Buffer (48 ml)

12 ml 0.5 M Tris pH 6.8 (100 mM)

24 ml 10% SDS (4

12 ml 100% Glycerol (20

Bromophenol Blue

Mix. Can stay at RT. Prior to use add DTT.

200 µl 100 mM DTT per 800 µl LB

Running Buffer

1X Tris-Glycine

10 ml 10% SDS
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Water to 1L

Transfer Buffer

1X Tris-Glycine

200 ml Methanol

Water to 1L
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CHAPTER C. PCR Protocol

TABLE C.1: cDNA Synthesis Reagent Volumes

High-Capacity cDNA Reverse Transcription Kits
1 Reaction

10x RT Buffer 2
25x dNTP Mix (100mM) 0.8
10x RT Random Primers 2
MultiScribe Reverse Transcriptase 1
Nuclease-free H2O 4.2

RNA sample 10

Total per reaction 20

TABLE C.2: cDNA Synthesis Thermocycle

Step Temperature (◦C) Time
1 25 10 min
2 37 120 min
3 85 5 min
4 4 ∞

TABLE C.3: PCR Reaction Reagent Volumes

SYBR Green template
1x (96well) 1x (384well)

Master mixture (Roche 04913850001) 12.5 6.25
Forward primer (10 uM) 0.75 0.375
Reverse pirmer (10 uM) 0.75 0.375
cDNA template (per well) 2 2
dH2O 9 1

Total 25 10
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CHAPTER D. Stern-Volmer Code

r= size(INT, 1)

for i= 1:size(INT,1)

I1= ; <– (add in calibration intensity at 21%)

X1 = 21;

I2= ; <– (add in calibration intensity at 0%)

X2=0;

kt(i,1)= (I2-I1)/((X1*I1)-(X2*I2));

I0(i,1)= (1+kt(i,1)*X1)*I1;

x1 = 0:1:22;

y1(i,:)= I0(i,1)./(1+kt(i,1)*x1);

oxygenpercent(i,:) = ((I0(i,1)./INT(i,1))-1)/kt(i,1)

hold on

end
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CHAPTER E. COMSOL Material Properties in the Heat Transfer Simulation

FIGURE E.1: The material properties of the glass coverslips in the heat transfer simula-
tion.

FIGURE E.2: The material properties of the PDMS gaskets in the heat transfer simulation.

FIGURE E.3: The material properties of the cell culture media in the heat transfer simu-
lation as modeled by water.
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CHAPTER F. Peltier Thermoelectric Device Specifications

FIGURE F.1: The specifications of the peltier thermoelectric device, including the de-
pendence of the heat removed, waste heat, current drawn, and the coefficient of perfor-
mance on input voltage and the temperature difference between the hot and cold sides.

Reproduced from the manufacturer, TE Technology, Inc.
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CHAPTER G. Copyright Permissions Statement

Author reusing their own work published by the Royal Society of Chemistry

You do not need to request permission to reuse your own figures, diagrams, etc, that

were originally published in a Royal Society of Chemistry publication. However, permis-

sion should be requested for use of the whole article or chapter except if reusing it in a thesis.

If you are including an article or book chapter published by us in your thesis please en-

sure that your co-authors are aware of this.

Reuse of material that was published originally by the Royal Society of Chemistry

must be accompanied by the appropriate acknowledgement of the publication. The form

of the acknowledgement is dependent on the journal in which it was published originally,

as detailed in ’Acknowledgements’.

The Royal Society of Chemistry publishes some journals in partnership with, or on

behalf of, other organisations; these journals require a specific wording of the acknowl-

edgement when work is reproduced from them. The text for the acknowledgement for

these journals, and the standard wording to be used by all other journals are given below.

Standard acknowledgement

Reproduced from Ref. XX with permission from the Royal Society of Chemistry.

Non-standard acknowledgements

Reproduction of material from NJC (New Journal of Chemistry) Reproduced from Ref.

XX with permission from the Centre National de la Recherche Scientifique (CNRS) and

the Royal Society of Chemistry.

Reproduction of material from Photochemical Photobiological Sciences (PPS) Repro-

duced from Ref. XX with permission from the European Society for Photobiology, the

European Photochemistry Association, and the Royal Society of Chemistry.

Reproduction of material from PCCP (Physical Chemistry Chemical Physics) Repro-

duced from Ref. XX with permission from the PCCP Owner Societies.
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Reproduction of material from Inorganic Chemistry Frontiers Reproduced from Ref.

XX with permission from the Chinese Chemical Society (CCS), Peking University (PKU),

and the Royal Society of Chemistry.

Reproduction of material from Organic Chemistry Frontiers Reproduced from Ref. XX

with permission from the Chinese Chemical Society (CCS), Shanghai Institute of Organic

Chemistry (SIOC), and the Royal Society of Chemistry.

Reproduction of material from articles in the Journal Archive from Geochemical Trans-

actions Reproduced from Ref. XX with permission from the American Chemical Society,

Division of Geochemistry and the Royal Society of Chemistry.
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