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Abstract 

 

 

 We have developed an 8-channel passive microfluidic device that is capable of sampling 

both primary islet and adipocytes.  Although there are microdevices already published in the 

literature; they require bulky external equipment and expertise to operate.  In order to simplify 

operation of the device, fluidic resistance of the microchannels was used to control the flow rates 

through the device.  In this way, a vacuum source, tubing, and a vacuum manifold are the only 

external components needed for operation.  We thoroughly characterized the flow rate thorough 

the device by the meniscus tracking method, and determined at the pre-determined flow rate of 

40 µL h
-1

 we would need a vacuum pressure of -7.7 kPa.  The disadvantage to using PDMS as 

the channeled substrate is due to inherent surface characteristics; proteins tend to adsorb to the 

surface.  A method was developed to prevent protein adsorption by treating the chip 1 h before 

islet sampling with imaging media that contained 0.1 % BSA. In order to limit the dead volume 

and prevent gradient formation of stimulants to the islets, a reservoir was designed to include all 

8-channels of the device.  Using different salt concentrations to mimic the glucose concentration 

change we measured the amount of time it took for the solution to reach the islet. With our new 

reservoir a total of 15 ± 2 s is the amount of time the islet will experience the glucose change, 

and since we are measuring the secretion for 1 h this time is negligible.  We then loaded 8 islets 

on the device, and sampled secretions for 1 h, and compared these results to the standard bulk 

method.  The two methods correlated well with each other (3 mM p < 0.8, 11 mM p < 0.65).  

Confocal images of the islets were obtained and volumes calculated.  The volume of the islets 
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was then compared to insulin secretion, and little to no correlation was found.   

 The same 8-channel device was then adapted to sample primary adipocytes.  By changing 

the reservoir design to encompass only a single channel, and including a moat region that sits 

above the entrance of the channel we are able to load and sample primary adipocytes using 

microfluidics.  The adipocytes were stimulated with insulin and niacin, and the secretion of 

adiponectin was significantly higher than the un-treated adipocytes, for both treatments.  To our 

knowledge, this is the first time primary adipocytes have been sampled and adiponectin 

quantified using microfluidics. 

 By using conductivity solutions, a standard voltage meter, and voltage source we can 

directly measure the electrical resistance of a microfluidic channel, and then fluidic resistance 

can be calculated via a modified equation. Our new conductivity-based method was validated 

using 9 different resistors that had fluidic resistances varying between 40 – 600 kPa s mm
-3

.  The 

new conductivity-based method was compared, to the standard meniscus tracking method, and 

the two methods match well with one another.  Also, there seems to be less error associated with 

the conductivity-based method than with the meniscus tracking method. 
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CHAPTER 1 

INTRODUCTION TO MICROFLUIDICS AND ENDOCRINE TISSUE SAMPLING 

1.1 Microfluidics 

Microfluidics is the study of small volumes, ranging from picoliter (pL) – microliter 

(µL), confined in channels that are 10 to 100 micrometers in dimension.  This relatively new 

field has become an attractive platform for the chemical, biological, engineering, and medicinal 

disciplines, because all components of analysis can be integrated onto one device creating a µ-

TAS [1-6]. In fact, this area of study has been the driving force in improvements for point-of-

care diagnostics, drug discovery, and detection of chemical agents.   A search of microfluidic 

publications in the SciFinder search engine rendered over 10 000 results, and an estimated 1000 

patients for microfluidic devices have been filed [1-9]. There are entire peer reviewed journals 

dedicated to the development and advancement of microfluidic technology.  Three such journals, 

Lab on a Chip (RSC), Microfluidics and Nanofluidics (SpringerLink), and Biomicrofluidics 

(AIP) had impact factors of 6.3, 3.4, and 3.4, respectively, in 2011 [10-12].   

Microfluidic devices have been developed for a variety of analysis techniques, such as 

enzyme linked immunosorbent assay (ELISA) [13-14], polymerase chain reaction (PCR) [15-18] 

(which are now commercially available), digital PCR [19-20], and western blotting [21-22].  

Other devices have been developed to study the effects of pharmacological agents on cells [23-

25], study and sample secretions of endocrine tissues [26-40], detect pathogens [41-42], and to 

sort cells [43-45]. Some companies offer microfluidic products for common laboratory analyses.
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  For example, BioRad offers bench top microfluidic instruments.  Their list of products 

includes an electrophoresis instrument for DNA, RNA, and protein quantification, and a digital 

PCR system, which uses the newest technology in droplet microfluidics [46].  

Because of the interest from all disciplines of science, microfluidic applications and 

commercial availability can only increase in the future.  In this chapter, I will outline the history 

of microfluidics and the advances in this area of research.  I will then highlight specific 

microdevices that are relevant to the research presented throughout this dissertation and 

comment on the future of microfluidics.    

 1.1.1 History 

The field of microfluidics branched from four different areas: molecular analysis, 

microelectronics, biodefense, and molecular biology.  Molecular analysis refers to the methods 

used in analytical chemistry to identify the components of a sample [1-8].  High-performance 

liquid chromatography (HPLC), gas chromatography (GC), and capillary electrophoresis (CE) 

bench-top instruments are bulky, consume large amounts of energy, and analysis times are slow 

[1].  The first microfluidic device, published in 1979, was a GC fabricated onto a silicon wafer.  

In this work the sample injection valve, capillary column, and thermal conductivity detector were 

miniaturized, but the microfluidic GC was only able to achieve ~10 s resolution. Due to the poor 

performance and resolution of the microfluidic GC, there were no further reports of microfluidic 

devices until the 1990’s [48-49].  

Manz and colleagues reported the concept of the miniaturized total analysis system in 

1990.  This report laid out the theory of how these miniaturized systems could vastly improve 

separation science [49].  In 1992, this theory was proven when the same group reported the first 

microchip electrophoresis.  Here, the authors took advantage of micromachining techniques to 
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etch channels into silicon and glass.  These materials were chosen because of their ability to 

withstand large voltages, which allows optimal electrophoretic separations without extensive 

heating of the capillary, speeding up analysis.  Using their three-channel device, a short pulse of 

500 V was applied in order to load the sample into the separation channel, and 3000 V was 

applied to separate two fluorescent dyes on the chip.  The authors stated the performance of the 

microfluidic CE was roughly the same as that of a standard bench-top CE, but the advantages of 

the chip are the reduction in cost, sample size, overall instrument size, and speed compared to the 

conventional method [49-51].  

Molecular biological techniques are amendable to microfluidic technology. One example 

comes from the 1990s, when scientists set out to map every gene in the human genome [1,52].  

At that time the most common method for DNA sequencing was the Sanger method, which was 

developed in 1977 by Fredrick Sanger.  In brief, fluorescently labeled precursors are used with 

PCR to replicate DNA strands, and the resulting strands are separated using size-based 

polyacrylamide gel electrophoresis (PAGE).  Using PAGE for separation, sequencing of the 

human genome would have taken roughly 60 years to identify the 3 billion base pairs.  

Furthermore, the Sanger method has a limitation in that it can only sequence short sections of 

DNA (~500-800 bases) [53-54].  The Human Genome Project was a huge motivation to create 

faster technologies to screen and sequence DNA and was a driving force to create microfluidic 

technologies that are capable of sequencing DNA [52]. 

In 1994, Mathies and coworkers published a microfluidic CE device that could perform 

DNA sequencing.  The device consisted of 4 lanes where pre-processed DNA was separated and 

sequenced.  The channels were loaded with polyacrylamide gel using a high pressure source, and 

DNA was loaded electrophoretically onto the device.  The DNA was separated then peaks were 
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detected using confocal microscopy [55].  This device successfully sequenced DNA in 4 

channels and was the benchmark for devices that exist today, which consist of 96 or 384 parallel 

sequencing channels [54-56].  Automated CE sequencers led to the human genome project 

finishing two years earlier than expected, and these high throughput microdevices have pushed 

the technology even further [1, 15-18, 52].   

Advances in microelectronic technology produced the techniques to fabricate 

microfluidic devices and components more readily.  The first devices were fabricated, by etching 

channels onto silicon wafers, but the disadvantages to using this substrate are inflexibility, 

optical opacity, and expense.  Therefore, other substrates such as glass were employed in 

microfluidic fabrication, which led to integration into the first microfluidic devices. [1, 51]  

These devices and many others to come were fabricated with wet-etching techniques, but the use 

of toxic chemicals and substrate rigidity makes glass a less desirable choice.   

A report published in 1998 from the Whitesides group revolutionized microfluidic device 

fabrication.  Here a method was presented, as shown in Figure 1.1, which used standard 

photolithography to create a silicon wafer master with photoresist patterns in positive relief.  The 

master could be used to cast and cure polymers over the design to create the microfluidic 

network.  In this paper, polydimethylsiloxane (PDMS) was cast onto the silicon wafer creating 

the microchannels, and once the PDMS was cured, it was carefully peeled from the master.  Air 

plasma oxidation was used to irreversibly seal the microdevice to a glass substrate in order to 

enclose the channels on all four sides.  The advantages to using PDMS over the other substrates 

are flexibility of creating one silicon master and using it multiple times, optical transparency of 

the devices for microscopy, significant reductions in expense compared to etching channels into 

glass or silicon, and ease of fabrication [57].   
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Figure 1.1 Standard photolithography method used to fabricate a silicon master.  A Si wafer is 
coated with photoresist, exposed to UV light, and developed to create channels in positive relief.  
PDMS is then cast and cured onto the wafer, then removed and bound to a glass substrate. 
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In the early 1990s the Department of Defense, through the Defense Advanced Research 

Projects Agency (DARPA), funneled grant money to researchers to miniaturize systems that 

could detect emissions from biological weapons.  Their main objective was to develop a 

battlefield sensor to detect chemical and biological agents rapidly.  In fact, today DARPA is still 

supporting research in microfluidics.  Recently, the program awarded a multi-million dollar grant 

to the Wyss Institute at Harvard for the development of “organs on a chip” to investigate and 

develop organ mimics outside the body, to be used to treat diseases. [1, 58-59]   

One recent development from the DARPA program, is known as a “spleen-on-a-chip,” 

and was created to target sepsis; since sepsis is a common ailment for soldiers whom are 

wounded on the battlefield.  The proposed treatment is a miniaturized dialysis system, which is 

directly inserted into the body to clear the blood of all infection.  The contaminated blood is 

flowed through the device along with modified magnetic beads.  These beads are coated with 

opsonins, and when contaminated blood is flowed through the device, the pathogens will bind 

the magnetic beads.  The blood passes through a magnetic field and the magnetic beads with 

pathogens bound are separated from the sample.  This device can be modified to separate 

different targets from whole blood.  [58-59]      

1.1.2 Advances in microfluidics 

The advances in microfluidics are generally geared toward the improvement of 

conventional bench-top methods and modifying systems so that they are more point-of-care [1-

9].  Since technology is improving every day, it would be difficult to highlight every advance in 

microfluidic technologies.  For the purposes of this dissertation I will discuss the three advances 

that have the potential to revolutionize clinical diagnosis and microbiology fields.   In this 



7 
 

section, a new microfluidic western blotting method, paper microfluidic devices, and droplet 

microfluidic emulsion PCR will be highlighted [15-22].   

Recently, the technique of microfluidic western blotting was published [21-22].  The 

conventional western blotting technique requires specialized equipment, a large quantity of 

expensive antibodies and reagents, a significant amount of time to perform the assay, and it is not 

a quantitative technique.  The presented microfluidic western blot simply uses a single 

microchannel to perform all steps of the assay.  To perform the µWestern a photo-curable SDS-

PAGE gel is loaded into the channels and exposed to UV light.  The samples are loaded, and a 

voltage is applied to initiate flow through the gel.  Next, in a step which is unique to the 

µWestern, once the SDS-PAGE is complete the chip was exposed to UV in order to fix the 

proteins in the gel.  An unlabeled primary antibody and fluorescently tagged secondary antibody 

was used to detect the protein of interest.  The system was quantitative because of the on-chip 

calibration curve, and detection limits were in the low pM range.  The major advantage to this 

device is the reduction of time of analysis.  Conventional slab western blots take from 6-8 h to 

perform, but the µWestern only requires 1 h for analysis.  Also, the authors state a 1000-fold 

reduction in reagents and antibodies needed to perform the µWestern assay [22].   

The development of paper microfluidic devices has surged lately because of their 

implications for clinical diagnosis in third world countries.  Paper is much cheaper than polymer 

based microfluidics, and ease of disposal makes it an ideal choice for use in clinical settings in 

under-developed countries.  The Whitesides group has developed multi-analyte devices for urine 

analysis in this way.  While original designs fabricated the channels onto the paper using a 

modified photolithographic process, more recent reports used wax to create the channel designs, 

which is significantly cheaper than photoresist.  The device consisted of a single channel for 
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sample loading, which branched into 4 detecting zones.  The authors used common enzymatic 

assays to detect glucose and proteins in urine.  Sample loading was achieved by simply dipping 

the bottom edge of the channel into urine samples, and capillary action moved the solution up the 

channel and into the testing zones.  This device is just one simple example of paper microfluidic 

devices, but one group has developed a 3D paper microfluidic network, which offers the ability 

to integrate different steps of analysis onto a single device.  The major advantages to paper 

devices are the ease of operation, fabrication, analysis, and disposal.  Although the research and 

development of devices in this area are still in the early stages, the methods presented have the 

potential to transform clinical diagnosis in underdeveloped countries [60-61].   

Droplet microfluidics is another advancement in microfluidics and is the driving force 

that is driving the microfluidics as a whole toward commercialization [5-6].  This sub-field takes 

advantage of the water-in-oil interface creating individual droplets that act as separate micro-

environments that are picoliters (pL) or nanoliters (nL) in volume.  The droplets can be 

manipulated to perform many different assays and to interrogate biological systems with high 

throughput.  These devices are used to sample cells with very high temporal resolution [26-30, 

39-40], encapsulate cells to perform specific assays [5-6], and form emulsions to perform digital 

PCR [15-18].  The major advantage to using droplet microfluidics is the ability to perform assays 

in very high throughput [55, 62]. 

Droplet microdevices are different from continuous flow, most notably by the channel 

geometry.  Droplet fluidics relies heavily on the channel geometry for droplet generation, 

whereas continuous flow devices are less sensitive to the geometry.  Usually, droplet fluidics 

employs a T-shaped channel, which introduces the aqueous phase into the oil in a perpendicular 

manner.  This design takes advantage of the shear forces of the oil, so when the aqueous phase is 
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introduced it is thinned and broken to form droplets.  Another configuration is known as flow 

focusing, which is when both the oil and aqueous channels are forced into a continuously 

narrowing channel.  The highest point of shear force, or the narrowest point of the channel, is 

where the aqueous phase breaks into droplets.  Simple additions of channel features downstream 

of the droplet generator can be used to mix the droplet, split droplets into daughters, fuse with 

other populations, and sort droplets [5-6].  

Droplet formation is effected by three factors:  flow rate, fluidic resistance of the 

microchannels, and surface interactions.  Flow rate can be used in a device to control droplet 

volume.  An increasing flow rate in a droplet device will create a larger shear force, and thus 

make smaller volume droplets.  In passive droplet microfluidics, simply changing the fluidic 

resistance of the channels will affect droplet size and formation. Another factor in droplet 

formation is surface interactions of the aqueous phase with the channel walls, since channels are 

on the micrometer scale the surface area to volume ratio is very large.  During fabrication, air 

plasma interacts with the PDMS surface and converts the silane groups to silanol, which renders 

the surface hydrophilic.  In order for droplet formation to occur, the aqueous phase should be 

repelled by the surface, so to counteract this phenomenon microchannels are converted to a 

hydrophobic state.  Aquapel, which is commercially available water repellent used to coat car 

windshields, can be used to modify PDMS microchannels and make the surface hydrophobic, or 

specifically fluorophilic. [5-6, 43, 62].  

Common oils used to separate droplets include inert fluorocarbon oils that vary in 

viscosity.  The choice of oil depends on the applications in which the device is to be applied.  

Typical oils include FC-40, HFE-7500, mineral oil, silicone oil, and other fluorocarbon oils.  To 

offer droplet stability and avoid coalescence, surfactants can be added to the oil.  Surfactants 
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usually have both hydrophobic and hydrophilic properties, which causes the molecules to 

migrate to the droplet surface.  These added surfactants create stable water and oil emulsions, but 

must be inert to not interfere with assays.  Special biocompatible surfactant and oil mixtures are 

used in digital PCR, which will be highlighted later in this chapter [62]. 

  One obstacle in droplet microfluidics is mixing within the droplets.  Because of low 

Reynolds number, laminar flow dominates within a microfluidic channel.  The flow within the 

channel is non-turbulent, and therefore there mixing within the droplets is only by diffusion.  

Even though the volume is much smaller in these droplets, there is still a significant amount of 

time needed for mixing to occur via diffusion, particularly with biological macromolecules [5-6, 

62-63].  To circumvent this, Ismagilov and coworkers created a mixing region on their device.  

His group developed a droplet microfluidic device that uses three different inputs to create a 

droplet with three different reagents.  In their device, a droplet forms and moves downstream to a 

mixing area, where chaotic flow is introduced by adding an area of rapid turns.  In this area, the 

droplet is folded and stretched to mix the reagents in the droplet.  This simple addition allowed 

for many types of assays to be performed in a single droplet [63].  

Emulsion PCR (ePCR) is an application of droplet microfluidics that can amplify and 

quantify DNA [16-18].  Mathies first employed microfluidics for ePCR in 2008, where his group 

successfully amplified a single copy of genetic material using droplet microfluidics.  In order to 

perform emulsion PCR the authors fabricated a device out of glass with a T-shaped design to 

form droplets.  In the aqueous phase, a mixture of PCR reagents, target, and primer attached 

beads was loaded, and when it met the carrier oil in the T-junction, droplets were formed.  These 

droplets contained a single bead, a single DNA target, and PCR reagents.  Droplets were 
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collected off chip, PCR was performed, and flow cytometry was done to determine the 

population of positive beads [18].   

In 2010, the Mathies group published an improved version of their emulsion PCR system 

in which they were able to integrate a 96 channel array for high through-put analysis, digital 

detection, and multiplexing on the beads [17-18].  The channels of this device were bifurcated 

for the aqueous and oil injection, which formed four T-junctions for droplet formation.  This 

basic unit of 4 channels could be scaled up to an 8, 32, or 96 channel array.  The system works 

much like the device published in 2008, where the droplets were formed with a bead, target, and 

PCR reagents on chip.  The droplets were collected and PCR and flow cytometry was conducted 

off chip.  In this work, the authors were able to detect E. coli O157 in a sample mixed with E.coli 

K12 at a relative concentration of 1/105.  The major advantages to this system are the sensitivity, 
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 1.1.3 Future outlook  

 The advantages of any microfluidic device is the overall reduction in sample and device 

size, low energy consumption, reduction in sample preparation, reduction in analysis times, and 

the reduction of cost of analysis.  Microfluidics is an attractive platform for any discipline of 

science because many of the components of analysis can be incorporated to create a µ-TAS.  The 

goal of much of the microfluidic research today is to move from the proof-of-concept devices 

and modify the devices to become commercially available.  If improvements continue to be 

made to these devices, microfluidics could change the clinical, biomedical, and microbiological 

fields by making analyses shorter and more efficient.   

1.2 Diabetes and obesity 



12 
 

Impaired glucose stimulated insulin secretion (GSIS) leads to the disease state of diabetes 

and impaired metabolic syndrome, which there are two types.  Type 1, also known as juvenile 

diabetes, is an auto-immune disease where, the immune system attacks the insulin producing 

cells and over time, causes β-cell death.  Although, currently incurable there have been 

promising therapies to treat the symptoms of the disease [64].  The most promising therapy is 

pancreatic islet transplant, which is where islets are harvested from a donor and transplanted into 

a patient’s liver.  The relatively easy procedure transplants ~10 000 islets through a catheter 

inserted into the portal vein of the liver [65].  The transplanted islets typically resume insulin 

secretion after transplant but full function takes time. There seems to be conflicting data on the 

success of islet transplants.  Most patients can cease insulin injection within 14 days of 

transplant, but long term approximately 10 % of patients were normoglycemic without insulin 

injections.  Another report states the nearly one-third of patients who received donor islets can be 

insulin independent [66].  Where the reports concur is patients who receive transplants seem to 

have better glucose tolerance and reduce amount of hypoglycemic attacks. It is worthy to note 

that larger islets do not survive islet transplant, and therefore studies of single islets are needed to 

understand the reason for islet survival [64-66]. 

Patients, who reject islets after transplant or choose not to have the procedure, must rely 

on insulin injections or an insulin pump to maintain glucose homeostasis. Insulin pumps deliver 

the hormone directly into the body through a port under the skin.  The advantage to the pump 

system is it can be programmed to deliver insulin in different doses based on what type of meal 

the patient consumed or the blood glucose level. Aside from islet transplant the insulin pump is 

the most manageable therapy to treat the symptoms of diabetes [67].   
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Type 2 diabetes is by far the most common type of diabetes and has roots in obesity and 

insulin resistance. Insulin resistance occurs when the action of insulin on its receptor in the 

muscle, liver, and fat becomes less effective.  This leads to an increase in overall blood glucose 

levels, which in turn causes the islets to increase secretion of insulin leading to hyperinsulinema.  

Even with an increase in insulin secretion blood glucose levels continue to rise because of the 

reduction of action on the insulin on its receptor, which allows glucose to stay in the blood 

stream.  Over time the continuous rise in blood glucose levels leads hyperglycemia and type 2 

diabetes [64, 66-69].   

 Usually losing and maintaining a proper weight can reverse insulin resistance and 

patients can be cured of their diabetes, but when losing weight cannot cure diabetes, medications 

can be prescribed to control blood glucose. One medication, brand name Precose, is a 

competitive inhibitor of alpha-glucosidase [67].  The inhibitor prevents the digestion of 

carbohydrates, and therefore lowering blood glucose levels.  Another class of drugs is 

sulfonylureas, which work directly on the β-cells by binding the KATP channels, opening the Ca2+ 

channels, thus causing the release of insulin.   The controversial drug rosiglitazone was used to 

treat type 2 diabetes before being taken off the market by the FDA for adverse side effects.  The 

mode of action of rosiglitazone is to work on the insulin receptors, which causes a reversal of 

insulin resistance to improve glucose uptake by the muscles and adipose tissues [64, 66-67].   

Without intervention, the burden of diabetic patients on both the health care system and 

economy is staggering.  As of 2010, diabetes affects an estimated 25.8 million people, or 8.3 % 

of the population in the United States, and the estimated lifetime health care cost for these 

patients is $174 billion.  A patient can expect to spend ~ $6000 in medical care each year.  In 

fact, 23 % of all health care costs in 2010 were for diabetes related ailments.  From Figure 1.2, 
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which shows the prevalence of diabetes in the United States, it seems the disease is more 

pronounced in the southern states, where some show 30 % of the population have been 

diagnosed with type 2 diabetes [68].   
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Figure 1.2 Map of the United States, showing the percentage of the adult population diagnosed 
with diabetes in 2010.  Reprinted from the Public Health Image Library, courtesy of the Centers 
for Disease Control (CDC), http://www.cdc.gov/diabetes/atlas/obesityrisk/atlas.html.      
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1.3 Pancreas and the Islets of Langerhans 

The pancreas is an elongated organ nestled behind the stomach with the widest part 

running along the duodenum and tapering toward the end.  The pancreas has two functions for 

digestion and glucose homeostasis.  The exocrine cells make up the majority of the organ and 

secrete enzymes that aid in the breakdown of food as it passes through the duodenum.  The 

endocrine cells, or Islets of Langerhans, are scattered over the surface of the pancreas.  These 

micro-organs make up only two percent of the entire pancreas, but they are absolutely necessary 

for glucose homeostasis [69-70].   

 1.3.1 Anatomy 

Islets are constructed of 5 different cell types:  α, β, δ, ε, and PP.  Each cell type is 

responsible for the secretion of different hormones. α-cells secrete glucagon and make up about 

15-20 % of the total islet.  Glucagon is a 3.5 kDa protein that is secreted in low blood glucose 

conditions to stimulate gluconeogenesis in the liver.  β-cells secrete insulin, and make up the 

majority of an islet with 50-80 % of the total cell number.  Insulin is a 5.8 kDa protein that plays 

a major role in glucose homeostasis by stimulating muscle and fat to uptake glucose from the 

blood.  Insulin is packaged in secretory vesicles of the β-cells, ready for quick release.  δ-cells 

secrete somatostatin, and these cells make up only 5-10 % of the total islet.  The function of 

somatostatin is an inhibitor of both glucagon and insulin secretion.  The 1.5 kDa hormone exists 

in two active forms, one of 14 amino acids and another of 28 amino acids.  ε-cells secrete ghrelin 

and are the most recently discovered cell type.  ε-cells only make up 1 % of the islet, and ghrelin 

function is still not well understood.  It is thought the 3.4 kDa hormone plays a role in energy 

balance and growth hormone release.  PP-cells secrete pancreatic polypeptide, and the PP-cells 

makeup less than 1 % of the islet, but in some localized regions of the pancreas there are islets 
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that consist of 80 % PP-cells.  The function of pancreatic polypeptide is to increase the glycogen 

levels in the liver in the fasting state.  Figure 1.3 shows an image of a fluorescently immune-

stained islet.  The green cells are β-cells, and the α-cells are stained red.  From this figure, the 

varying number of β and α cell types can be visualized [69-70]. 
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Figure 1.3 Immunohistochemically stained murine islets from the Beta Cell Biology Consortium 
(http://www.betacell.org/), courtesy of Rohit Kulkarni.  From this image the relative number of β-
cells and α-cells and the placement of these cells within the islets can be observed.  We 
acknowledge the use of resources from the Beta Cell Biology Consortium (www.betacell.org), 
funded by NIDDK U01-DK-072473 
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Pancreatic islets vary in cellular architecture, or the type and location of cells that make 

up the islet [71].  Islet architecture also varies between different species.  In rodents, the islets 

located in the ventral pancreas seem to be composed of β and PP-cells, but toward the tail or 

dorsal pancreas islets are clumped together and are rich in α and β cells.  In humans, there seems 

to be no topographical differences between islets, but the cluster of cells are diffused over the 

entire surface of the pancreas [70].  The size and shape of the islets also vary.  The range of size 

of the islets can range from 50 – 250 µm, but the average size is 150 µm.  This average is 

consistent through all the species [69-71].   

Islets have a well-defined vasculature system in order to maintain tight control over blood 

glucose levels.  The islets consume a large amount of oxygen and must respond quickly to any 

changes in glucose concentration in the blood [69-72].  The network of capillaries surrounding 

the islets is 5 times denser than that of the rest of the pancreas.   Recent studies on the 

vasculature of murine islets in vivo found that blood flow is ~ 2 µL h-1 through an islet [72].  

During islet isolation, this complex network of capillaries collapses because of the collagenase 

digestion.  For this reason, when perfusing these islets using microfluidics, a higher flow rate is 

needed to ensure nutrients and stimulants are reaching the middle of the islet [69, 72].   

1.3.2 Role in glucose stimulated insulin secretion 

GSIS occurs through multiple pathways, as shown in Figure 1.4 [69].  First, glucose 

binds the GLUT-2 transporters on the surface of the β-cell. Glucose enters the cell and is fed into 

glycolysis and the citric acid cycle.  The products of the citric acid cycle and glycolysis cause the 

closure of the ATP-sensitive potassium dependent channels, but it opens the voltage dependent 

calcium channels.  The increased and oscillatory concentration of Ca2+ in the β-cells causes 

vesicles containing insulin to move to the surface of the cell.  Once the vesicles reach the 
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surface, insulin exocytosis occurs and the hormone moves out of the β-cell and into the blood 

stream.  Insulin is complexed with zinc into solid crystals under acidic conditions when 

packaged in the vesicles of the β-cells, and these crystals are dissolved into the blood at pH 7.4 

when released [70]. 
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Figure 1.4 When glucose concentrations raise the GLUT-2 transporter moves to the cell 
membrane, allowing glucose to enter the cell.  Glucose is shuttled into cellular metabolism, and 
the products cause the closure of the ATP dependent K+ channels.  This allows the opening of 
the Ca2+ channels, and the increase in [Ca2+] causes insulin exocytosis. 
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1.4 Microfluidic methods to interrogate islets 

 Different groups have developed microfluidic methods to measure islet secretions and 

investigate Ca2+ dynamics.  Robert Kennedy [26-30], David Eddington [31-32, 39], David Piston 

[33], Christopher Easley [33, 35] (my advisor), and Michael Roper [26, 34] have all published 

reports of microfluidic technologies to test islet function.  Some microdevices were developed to 

observe single islet variation, while others measure islets as a group.  Some devices were able to 

visualize insulin dynamics via Ca2+ oscillations, FFA effects on insulin secretion, use droplet 

microfluidics to study insulin secretion with high temporal resolution, and the to study glucose 

waves on insulin secretion.  Outlined below is in detail each group’s approach to study islet 

function and insulin secretion [26-38]. 

 1.4.1 Prior work  

The Kennedy group has pioneered the development of microfluidic technologies to test 

single islets; in fact, the group has published 5 separate reports since 2003 about microfluidic 

islet testing.  The first report was a glass device that can sample single pancreatic islets and 

quantify insulin, using an on-chip competitive assay.  Figure 1.5 shows the microfluidic network 

the authors developed to sample pancreatic islets. Islets were loaded into the islet chamber, 

which had no perfusion associated with it.  In the reservoir, islets were stimulated with high 

levels of glucose, and sampled in 15 s intervals; secretions were then moved downstream and 

mixed with the antibody and fluorescently-labeled insulin (FITC-insulin) in the reaction channel.  

Detection of insulin occurred via an electrophoresis based competitive assay.  FITC-insulin is 

bound to an insulin antibody, and in the presence of native insulin, FITC-insulin will be 

displaced.  The ratio of bound FITC-insulin to free FITC-insulin was used to quantify native 

insulin.  The 4 islets tested resulted in a peak level of insulin of 148 ± 55 nM.  This system was 
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the first of its kind to sample secretions from single pancreatic islets, but with the device only 

one islet could be tested at a time.  The large chamber housing the islet did not allow for high 

temporal resolution because there is no constant perfusion of the islet.  With this device, they 

were able to monitor islet secretion, and quantify insulin upon stimulation with high levels of 

glucose. [26] 
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Figure 1.5 The original design of Robert Kennedy’s pancreatic islet sampling device.  The islet 
was loaded into the reservoir, and sampled using EOF.  Insulin was then quantified using an on-
chip competitive immunoassay.   Reprinted with permission from Roper, M. G., Shackman, J. 
G., Dahlgren, G. M., Kennedy, R. T., Anal. Chem., 2003, 75, 4711-4717. Copyright 2003 
American Chemical Society. 
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In 2005, Kennedy developed a perfusion system with online electrophoresis 

immunoassay to sample and quantify insulin secretion from isolated pancreatic islets.  The 

insulin detection method was the same as in Figure 1.5 [26], but this new device included an islet 

chamber that allowed for perfusion.  Their unique design incorporated a section of channel 

below the main reservoir to allow helium gas pressure driven flow over the islet, and the assay 

section used electroosmotic flow (EOF) to mobilize solution.  The cell chamber in which the islet 

was loaded was open to atmospheric pressure to ensure no large drops in pressure would occur 

around the islet.  To achieve high temporal resolution, the flow rate (1 µL min-1) was set to 

ensure the solution in the islet chamber was replaced quickly.  The islet was stimulated with high 

concentration of glucose with pressure driven flow, and secretions were moved downstream, 

mixed with the FITC-insulin and insulin antibody, and the native insulin secretion was quantified 

with the competitive electrophoretic immunoassay.  With the new design, the authors were able 

to observe the biphasic insulin response to glucose because of the higher temporal resolution and 

achieve better detection limits.  In fact, they were able to improve the frequency in which the 

islets were sampled and therefore achieve 6 s temporal resolution [27].     

            In 2007, Kennedy published an improved device for sampling multiple pancreatic islets.  

Figure 1.6 shows the authors were able to integrate 4 different islet sampling and immunoassay 

channels into one device.  Although the operation of the microchip immunoassay is the same as 

the last two published reports, they used laser induced fluorescence to monitor and quantify 

insulin secretion and scan all the channels of the device.  Unfortunately, the reported LOD for 

the device is different for each channel of the device, which the authors attribute to the scanning 

detector.  This change lead to a sacrifice in temporal resolution because of the larger volumes 

that needed to be used in the assay region, but increased the number of islets that can sampled at 



26 
 

the one time.    The islets were stimulated with high levels of glucose, and insulin release was 

observed along with oscillatory insulin secretion with 20 s temporal resolution.  The authors only 

tested 8 total islets on their device, so the main objective of this work was to improve upon their 

old design.  This device increased throughput, but the authors did see a sacrifice in LOD and 

temporal resolution [28]. 
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Figure 1.6 Device by Kennedy et al. to sample pancreatic islets with higher throughput.  This 
figure shows the microfluidic network that is capable of sampling and quantifying secretions 
from 4 different pancreatic islets at the same time.  This figure is reprinted with permission from 
Dishinger, J. F., Kennedy, R. T., Anal. Chem.  2007, 79, 947-954. Copyright 2007 American 
Chemical Society. 
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In 2009, Kennedy published a device to monitor islet secretions with increased 

throughput.  Figure 1.7 shows the new device that integrates 15 different channels to test 15 

single islets, which is over a three-fold improvement in throughput.  Islets were loaded into the 

chambers and covered with cured plugs of PDMS.  The islets were perfused by hydrodynamic 

flow, with flow splitting of a pressurized reservoir.  This is different from the previous designs in 

which the islet was perfused using helium gas driven flow.  This system was used to provide the 

islet with nutrients and stimulate with a high concentration of glucose.  Islet secretions were 

mixed in the microdevice with the FITC-insulin, insulin antibody, and moved drown stream, by 

EOF, to the assay region.  The assay worked in the same manner as described in previous 

designs, assayed solution flowed to the center of the circular device where fluorescent images 

were obtained, and insulin was quantified.  The authors were able to achieve ~ 10 second 

temporal resolution and found that the assay was stable 120 times before recalibration was 

needed.  With this device, the authors were able to improve their LOD 10 fold to a value of 3.5 

pg min-1 due to the new detection system using a CCD camera instead of the scanning laser.  

With this device the authors investigated insulin secretion upon stimulation with glucose and 

Ca2+ flux after prolonged exposure to free fatty acids (FFA).  Ca2+ oscillations were visualized 

with the device in which the islet was isolated from media and placed directly into a high 

concentration of glucose without an initial starving step.  The authors found that oscillations 

occurred in the majority of the islets tested, and interestingly showed both fast and slow 

oscillations.  It has been shown that prolonged exposure to FFA effects islet function.  When the 

islets were incubated for 48 h the authors observed impaired insulin secretion with the loss in 

Ca2+ oscillations.  This is an efficient system that is capable of both monitoring islet secretion 

and insulin quantification with high temporal, which could be implementing to studying islets 
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before transplant, but the disadvantages are the high voltage systems and expertise needed to 

operate the complex microchip electrophoresis and analysis [29].   
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Figure 1.7 A depiction of the microfluidic network published by Kennedy et al. in 2009, which 
was capable of sampling and quantifying secretions from 15 pancreatic islets at one time. The 
device worked in the same manner as previous devices, but the radial design allowed for more 
channels to be incorporated in a smaller area and improved detection limits.  This figure is 
reprinted with permission from Dishinger, J. F., Reid, K. R., Kennedy, R. T., Anal. Chem. 2009, 
81, 3119-3127. Copyright 2009 American Chemical Society.  
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Also in 2009, the Kennedy group published their latest microfluidic device to sample 

pancreatic islets. This device, as shown in Figure 1.8 was capable of combing sampling secretion 

from islets and the quantification of insulin with a competitive immunoassay for long periods of 

time, in order to continuously monitor islet secretions and study circadian rhythms.  The pervious 

devices could only monitor islets for two hours without degradation of both cells and reagents on 

the chip, but the new device can maintain islet viability and insulin quantitation for 24 h.  The 

advantage using the helium gas perfusion system to flow nutrients over the islet is that it 

stabilizes the bound to free ratio of the immunoassay for 12 h, so after 12 h of continuous 

operation the chip was calibrated using an insulin standard.  To sample islets, the glucose 

concentration was set at stimulatory levels, and the assay was performed.  The timing of the 

response was interesting because most islets showed oscillations from 3-5 min after stimulation 

and over the entire experiment, but one islet did not start oscillations until 1 h.  The authors were 

able to observe oscillating insulin release and continuous insulin release for a 24 h period.  

Although, no biological conclusions were made from this data because only 6 total islets were 

tested on this device [30].   
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Figure 1.8 A device published by Kennedy et al. that is capable of sampling and quantifying 
secretions from islets for a 24 h period.  Part A shows the microfluidic network, B shows the 
bulk reservoir in which the islets are loaded, and C shows the how perfusion to the islet is 
accomplished.  This figure was reprinted with permission from Reid, K. R., Kennedy, R. T., 
Anal. Chem. 2009, 81, 6837-6842. Copyright 2009 American Chemical Society. 

 

 

 

 

 



33 
 

In 2008, David Eddington’s group published a report that laid out the fabrication and 

operation of a microfluidic device that could test multiple islets, in groups, at one time.  The 

microdevice was developed in order to test the viability of isolated donor islets before 

transplantation.  The PDMS/glass device was fabricated with standard soft lithography. The 

device was placed onto a microscope stage to image the fluid and islet dynamics of the device, 

and at the outlet the device was connected to a perfusate collector in order to collect secretions to 

quantify insulin using enzyme-linked immunosorbent assays (ELISA) [31-32].   

Fluorescein was used to determine perfusion rate and temporal resolution, and scans 

showed that at a flow rate of 1 mL min-1 it took 2 min to completely exchange solutions within 

the large center well.  Into the center chamber, mouse islets were loaded, and a syringe pump 

system was used to control perfusion over many islets.  Basal and stimulatory levels of glucose 

were applied to the islets, and the islets showed the typical biphasic release of insulin.  With this 

device, the authors also looked at Ca2+ dynamics upon stimulation with KCl, along with 

secretion of insulin at the same time point.  Not only did the authors look at mouse islets, but 

also successfully tested human islets.  Donated human islets were loaded into the center chamber 

and stimulated with a high concentration of glucose.  Interestingly, when the authors compared 

different sets of human islets there was a large batch-to-batch variation in the amount of insulin 

secreted upon stimulation with glucose.  Although the insulin response to glucose in human islets 

is smaller than mouse islets the authors were still able to observe the difference between basal 

and stimulatory states [31-32].  

The disadvantages to using this device are that it requires syringe pumps to flow solutions 

over the islets, the large chamber does not allow for high temporal resolution, and the random 

placement of the islets within the chamber could mean that some islets do not see solution 
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changes.  Another limitation is the large chamber that holds the islets takes ~2 min to completely 

empty, which means that when changing solutions to the islets there could be a gradient forming 

and thus a delay in islet response [31-32].   

In 2010, the Eddington group published an updated design of their islet sampling device 

in order to overcome some of the issues associated with the 2008 device.  Fabrication details 

included one notable difference.  As shown in Figure 1.9 the channel that fed nutrients to the 

islets and swept away secretions was fabricated with a Y-shape.  The new Y-shaped design 

allowed fluid to flow downward into the chamber, which mixed the solutions more efficiently 

and allowed a more uniform distribution of concentration in the center well.  The goal of the new 

y-shaped design was to create a linear glucose gradient to stimulate the islets using a network of 

syringe pumps.  The advantage to using this device is that it can perform perfusion and 

fluorescence imaging for multiple islets.  The authors tracked insulin secretion, mitochondrial 

potential, and Ca2+ oscillations for all the islets in the chamber.  When the authors applied a 

gradient change in glucose to the islets an increase of both Ca2+ activity and insulin secretion was 

observed along with a decrease in mitochondrial potential which was congruent with previous 

reports.  The authors were able to improve some of the shortcomings in the original design by 

simply changing the shape of the channel leading to the islet chamber.  The disadvantages of the 

device still lie in the lack of temporal resolution, the inability to interrogate single islets, and the 

complicated perfusion system needed to operate the device [31-32].  
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Figure 1.9 David Eddington’s device for sampling multiple islets in a bulk reservoir.  Multiple 
islets were loaded into the round well and perfused with a syringe pump network.  This figure 
highlights the addition of the y-shaped channels at the entrance and the outlet of the device, 
which improved mixing of reagents and nearly eliminated gradient formation when islets were 
stimulated.  This figure is reprinted with permission from Nam, K. H., Yong, W., Harvat, T., 
Adewola, A., Wang, S., Oberholzer, J., Eddington, D. T. Biomed. Microdevices 2010, 12, 865-
874. Copyright 2010 Springer. 
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In 2009, Dr. Easley—while working in the Piston group at Vanderbilt University—

developed a microfluidic device that could sample single pancreatic islets with high temporal 

resolution (~ 1 s).  The device took advantage of water-oil droplets to sample islets’ secretions 

into pL volumes.  In fact, the authors could not only quantify long pulses (~5-10 min) of insulin 

secretion, but also short pulses (~10-30 s).  Since insulin is co-secreted with zinc, the authors 

were able to stain with FluoZin-3 and quantify Zn2+ secretion, which could serve as a surrogate 

for insulin secretion [33].  

The monolithic design, shown in Figure 1.10, was fabricated using standard soft 

lithography into PDMS/glass devices.  The two depth design had two regions: a deeper region 

for islet loading and trapping, and the shallower region to control fluidic resistance and thus flow 

rate.  The channel design was in the classic T-shape in order for the oil and water to interact and 

create uniform droplets.  In fact, when ~ 3000 droplets were measured for volume, they averaged 

470 ± 9 pL each, and the standard deviation around the average suggested highly uniform droplet 

formation.  Silicone oil was used as the carrier oil, and since the viscosity is 20 times that of the 

aqueous solution, the channels were designed accordingly.  The oil was stained with a red 

fluorescent dye to act as a reference for measurement of green fluorescent emission (520 nm) in 

aqueous droplets.  This constant referencing reduced drift, noise, and increased sensitivity.  The 

flow rate and fluidic resistance was fully characterized over all 4 channels of the device.  As 

expected, the outlet had the highest resistance and the deep channel holding the islet had the 

lowest resistance. Temporal resolution of this device was defined by the area of the outlet 

channels, as was the length of the droplets.  Taking into account diffusion, laminar dispersion, 

and the length of the droplets, temporal resolution was calculated to be ~1.1 s, which suggested 

averaging of ~ 4 droplets for each measurement point [33].  
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Figure 1.10 A passively operated microfluidic device that sampled islet secretions into picoliter 
droplets and quantified zinc, which is co-released with insulin.  This figure shows the 
microfluidic network, which used fluidic resistance to control flow rate through the device.  
Confocal imaging was used for imaging.  This figure was reprinted with permission from Easley, 
C. J., Rocheleau, J. V., Head, SW., Piston, D. W. Anal. Chem. 2009, 81, 9086-9095. Copyright 
2009 American Chemical Society. 
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Islets were loaded onto the device, and a vacuum was applied to the outlet.  Upon 

stimulation with a high concentration of glucose, Zn2+ secretion increased, and the Ca2+ within 

the islets was observed and correlated with previous reports.  Also, the authors looked at 

secretion from islets that were not starved before loading onto the device, but equilibrated into a 

high glucose media.  This islet secreted overall more Zn2+ than the starved islets; in fact the 

difference was nearly 8 fold.  The difference between the starved islets and fed islets seemed to 

be the short oscillations were maintained in the starved islets, but long pulses of insulin secretion 

were seen in the unstarved islets [33].   

This system was passively controlled, which promoted ease of use and allowed the 

highest yet achieved temporal resolution of 1.1 s.  These advantages make the device a useful 

tool to implement in a clinical setting because of the ease of use.  The disadvantages to this 

device are that only a single islet can be tested at one time.  Also, the concentration of insulin is 

calculated and not directly measured because of the detection method the authors chose [33]. 

 In 2010 the Roper group published a report that took a different approach to interrogating 

pancreatic islet activity.  Their unique microfluidic device, as shown in Figure 1.11, has the 

ability to create precise waveforms of glucose concentrations to stimulate islets and entrain or 

control Ca2+ oscillations and study their activity.  The authors set out to test their hypothesis on 

multi-islet synchronization through a liver pancreas feedback loop.  They pointed to conflicting 

evidence in the literature on islet entrainability.  Some reports have shown multiple islets have 

insulin oscillations in response to glucose, while others have found no insulin oscillations within 

groups of islets, only longer pulses of secretion [34].  
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Figure 1.11 The Roper group’s device, developed to entrain islets.  By using a series of valves, 
the glucose concentrations to the islet could be tightly controlled.  The top part of the figure 
shows the microfluidic network while part B shows the valve configuration.  This figure was 
reprinted with permission from Zhang, X., Grimley, A., Bertram, R., Roper, M. G. Anal. Chem. 
2010, 82, 6704-6711. Copyright 2010 American Chemical Society. 
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The chip was designed as a low-pass filter where two pumps generated high frequency 

pulses, and thus it could apply low-frequency glucose waveforms to islets.  The device consisted 

of 2 pumps, 6 pneumatic valved regions, a mixing channel, and the islet chamber to deliver 

buffer and glucose to the mixing region.  In order to study islet entrainment, the authors looked 

at Ca2+ oscillations when their device sent a pulse of high glucose concentration to the islet.  By 

applying a pulse of glucose to the islet between the synchronized Ca2+ oscillations, if the islets 

were entrained, the oscillations would shift to the glucose wave frequency and phase.  To further 

characterize their system, the authors initiated a 180 ° phase shift to essentially un-entrain the 

islets mid experiment, and attempted to entrain them once again.  What the authors found was 

that for all five islets tested, the glucose phase shift caused a corresponding phase shift in Ca2+ 

oscillations.  In fact, the phase shift occurred very quickly after the glucose wave was applied 

[34].   

This device is a useful tool to studying Ca2+ oscillations, and allowed the freedom to 

apply different concentrations of glucose at different frequencies.  The advantage to this device 

is the ability to control islet oscillations by simply changing the frequency on the pumping 

system. The device is also theoretically capable of studying single islet biology and dynamics.  

The disadvantage to the device is complicated design and bulky components make to device 

difficult to operate [34]. 

  1.4.2 Our approach  

We set out to create a passive microfluidic device that could allow loading, stimulation, 

and sampling of single pancreatic islets with high-throughput [35].  Herein we show an eight 

channel device that uses fluidic resistance to control flow rate, so that no external electrical 

power suppliers are needed for operation.  The only external parts needed of operation of our 
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device is tubing to collect secretion, a manifold to apply a vacuum over all the channels, and a 

100 mL glass syringe, which acts as a vacuum source.  We modified the reservoir in a step down 

fashion to eliminate the dead volume and ensure the islet will receive the change in glucose 

faster.  With our device, we stimulate and collect islet secretions, and once sampling is complete, 

we image the islets using confocal microscopy to obtain information specific to each islet.  

ELISA was used to quantify insulin secretion from the individual islets, and we then correlated 

the insulin secretion profile with the islets’ corresponding volume measurement.  The advantages 

of this system are it is easy to use, off-the-shelf, high-throughput, and can study individual islets.  

I will discuss this approach in detail in Chapter 2 of this dissertation [35].        

1.5 Adipose tissue, adipocytes, and adiponectin 

 There are different types of adipose tissue:  subcutaneous, visceral, and bone marrow, 

each in different locations.  Subcutaneous fat is located under the skin, visceral fat covers the 

organs of abdominal cavity, and the bone marrow adipose is found in the skeletal system.  The 

tissue is made up mostly of cells known as adipocytes, but also contains macrophages, 

fibroblasts, and endothelial cells [73-75].  The function of the adipose tissue is to store energy 

and to insulate organs; it also plays a role in the immune system and the endocrine system 

because it secretes hormones responsible for glucose metabolism and homeostasis [76].  The 

adipocyte consists of a nucleus, storage area, and cell membrane, and ranges in size from 60 – 

150 µm.  Until recently, it was thought the only function of the adipocyte was to store and 

secrete fatty acids when needed [73-76].   

Adiponectin is a 30 kDa hormone secreted by the adipocyte, which exists in 3 higher 

order complexes:  high molecular weight (HMW), low molecular weight (LMW), and trimeric 

form.  Figure 1.12 shows a depiction of the macromolecular structure of the hormone, which 
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consists of an N-terminal collagen like tail (shown in red) and a C-terminal globular head (shown 

in blue) [77].  
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Figure 1.12 Depiction of different complexes of adiponectin, which in the bloodstream exists as 
trimers (top), hexamers (middle), and higher molecular weight complexes (HMW; bottom).  
Adiponectin consist of a globular C-terminal head (shown in blue), and a collagen like N-
terminal tail (shown in red).  The higher order complexes are linked by disulfide bridges. 
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The higher order adiponectin complexes are linked together by disulfide bonds.  The 

HMW multimers are considered the most biologically relevant because the adiponectin receptors 

are most sensitive to these [73-80].  Females have higher levels of circulating adiponectin than 

males; in fact, normal blood levels in women are 13.5 ± 7.9 µg mL-1 and in men are 7.2 ± 4.6 µg 

mL-1.  Adiponectin levels can range from 0.55 – 30 µg mL-1 [80].  Recently, it has been found 

that levels of circulating adiponectin are reduced in obese patients, which has been linked to 

insulin resistance and hyperlipidemia [73, 78, 80].  There are two different adiponectin receptors, 

one expressed in the liver and skeletal muscle, while the other receptor is expressed mainly in β-

cells of pancreatic islets.  Adiponectin action is to increase insulin sensitivity by the activation of 

AMP kinase, which directly enhances glucose uptake in muscle.  It also increases fatty acid 

oxidation both in muscle and liver and activates the transduction of the signaling cascade of 

insulin in both tissues.  Adiponectin secretion occurs upon stimulation with insulin and niacin, 

among other stimulants [73-81].      

 Niacin (nicotinic acid or vitamin B3) is a commonly used pharmacological agent to 

counteract dyslipidemia and treat cardiovascular disease (CVD) [81].  In fact, a study on the 

effects of niacin stimulation on adiponectin secretion found that in vivo secretion increases 10 

minutes after stimulation and reaches its maximum level after an hour.  Even 24 hours after 

niacin dosing, the levels of circulating adiponectin were higher than the controls.  In vitro data 

has shown that the levels of adiponectin secreted are dose dependent with the amount of niacin, 

with the highest concentration of adiponectin resulting from the highest level of niacin 

stimulation.  The in vitro data did not quantify adiponectin because analysis was done with 

western blotting.  This data suggest there may be a reserve pool of adiponectin that is packaged 

in the Golgi and then moved to the ER for storage in order to respond quickly to stimuli.   
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Conventional methods of using plates to culture immortal or primary adipocytes are not sensitive 

enough to quantify the amount of adiponectin secreted.  Microfluidics is an attractive alternative 

because it uses small sample volumes, can mimic the constant flow of the in vivo system, and 

higher temporal resolution can be achieved [81].  

1.6 Microfluidic methods for adipocyte sampling 

 1.6.1 Prior work 

 The Kennedy group was the first to report microfluidic sampling of adipocytes. In 2009, 

the group published a report of a microfluidic device that can culture and perfuse adipocytes in 

order to sample glycerol.  The authors also developed a fluorescence detection method to 

quantify glycerol secretion.  Figure 1.13 shows the device that is comprised of two layers of 

glass, one large moat region for the culture and perfusion the other layer for the detection of 

glycerol.  The moat region was below the channel that introduces the nutrients to limit the shear 

stress on the adipocytes. 50 000 3T3-L1 adipocytes (immortalized lines) were cultured onto glass 

cover slips, and loaded into the moat region of the device, and the two layers were reversibly 

sealed together using vacuum grease.  Pressure driven flow was initialized using a He 

pressurized reservoir, and a steady flow rate of 80 µL min-1 was achieved.  The adipocytes were 

stimulated with isoproternol, which is a β-adrenergic agonist that stimulates lipolysis.  The 

commercially available glycerol assay was modified to a fluorescence version to ensure the 

sensitivity to quantify secretions.  The perfusate was moved to the assay region where it was 

mixed with the reagents.  The solution flowed down a mixing channel, and laser induced 

fluorescence was used to detect the amount of glycerol secreted.  The assay was calibrated with 

glycerol standards flowed through the device, and the LOD was determined to be 4 µM. The 

authors tracked glycerol secretion for two hours, and the stimulant was added at the six minute 
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mark. When the adipocytes were stimulated with isoproteronol the authors observed a 3 fold 

increase in glycerol secretion compared to basal conditions [39].         
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 Figure 1.13 Device developed by Kennedy et al. to sample and quantifies secretions from 3T3-
L1 adipocytes.  This multi-layer device incorporated a well region to load in the adipocytes and 
an assay region where a modified version of a commercially available glycerol assay quantified 
glycerol.  This figure was reprinted with permission from Clark, A. M., Sousa, K. M., Jennings, 
C., MacDougald, O. A., Kennedy, R. T. Anal. Chem. 2009, 81, 2350-2356. Copyright 2009 
American Chemical Society. 
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In 2010, the Kennedy group published an updated version of their adipocyte sampling 

device.  The same multi-layered device published in 2009 was operated in the same manner, but 

instead the authors investigated non-esterified fatty acid secretions (NEFA) from 3T3-L1 

adipocytes.  This new system has the ability to sample adipocytes with on-line quantification in 

almost real-time.  Although the disadvantages lie in the large cell stimulation chamber that does 

not allow for high temporal resolution and the adipocytes cannot be cultured directly onto the 

device.  Another disadvantage to the study is that 3T3-L1 adipocytes were used, which take a 

significant amount of time to grow and care, whereas, no primary cells were isolated directly 

from the animal.  Although many studies have been done using the 3T3-L1 adipocytes; primary 

cells can mimic in vivo conditions [39-40]. 

1.6.2 Our approach 

 We set out to develop a microfluidic system that could culture and sample adipocytes in a 

single device.  In order to achieve this goal we modified our device used for pancreatic islet 

sampling by using only 1 of the 8 available channels.  We then modified our reservoir design by 

scaling down the size from 11-mm to 4-mm to sit over a single channel, and added a 1.5-mm 

raised region that sits directly over the entrance to prevent any collagen adipocyte mixture from 

entering the channels.  Access to the channel was accomplished with a punched hole through the 

raised region.  In this way the collagen and primary adipocyte mixture could be loaded into the 

reservoir, and then the cells could be sampled on the same device.  As discussed in more detail in 

Chapter 3 of this dissertation, our device is the first example of a microfluidic system capable of 

sampling and quantitation of hormone secretion from primary adipocytes. 

1.7 Concluding remarks 
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 Microfluidics is a relatively new technology with exciting applications that could 

potentially replace conventional methods for biological sampling.  With the rise in obesity and 

diabetes, studies are needed to understand the direct mechanisms that are involved in the 

development and long term effects of the disease.  We are developing new technologies that can 

sample and analyze secretions from endocrine tissue, applying our methods to two different cell 

types for sampling and hormone quantitation.  Microfluidics has high potential in endocrine 

tissue analyses, requiring smaller volumes of tissue and allowing studies on the dynamics of 

secretion with high temporal resolution.  With current methods, such studies are very difficult or 

impossible to perform.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 



50 
 

 1.8 References 

1. Whitesides, G. M., Nature 2006, 442, 368-373. 
2. Weibel, D. B., Whitesides, G. M., Chem. Biol. 2006, 10, 584-591. 
3. Mark, D., Haeberl, S., Roth, G., von Stetten, F., Zengerle, R., Chem. Soc. Rev. 2010, 39, 

1153-1182. 
4. Arora, A., Simone, G., Salieb-Beugelaar, G. B., Kim, J. T., Manz, A., Anal. Chem. 2010, 

82, 4830-4847. 
5. Teh, S-Y, Lin, R., Hung, L-H, Lee, A. P., Lab Chip 2008, 8, 198-220. 
6. Guo, M. T., Rotem, A., Heyman, J. A., Weitz, D. A., Lab Chip 2012, 12, 2146-2155. 
7. Chin, C. D., Linder, V., Sia, S. K., Lab Chip 2007, 7, 41-57. 
8. Chin, C. D., Linder, V., Sia, S. K., Lab Chip 2012, 12, 2118-2134. 
9. SciFinder Scholar Copyright 2013 American Chemical Society. 

https://www.cas.org/products/scifinder.   
10. Lab on a Chip Minaturaisation for chemistry, physics, biology, materials science, and 

bioengineering (RSC). http://pubs.rsc.org/en/journals/journalissues/lc (accessed on Feb. 
14, 2013). 

11. Microfluidics and Nanofluidics (SpringerLink). 
http://www.springer.com/materials/mechanics/journal/10404 (accessd on Feb. 14, 2013). 

12. Biomicrofluidics Fundamentals, Perspectives and Applications (AIP).  http://bmf.aip.org/ 
(accessed on Feb. 14, 2013). 

13. Kai, J., Puntambekar A., Santiago, N., Lee S. H., Sehy, D. W., Moore, V., Han, J., Ahn, 
C. H., Lab Chip 2012, 12, 4257-4262. 

14. Rasooly, A., Bruck, H. A., Kostov, Y., Methods Mol. Biol. 2013, 949, 451-471. 
15. Kan, C-W, Fredlake, C. P., Doherty, E. A. S., Barron, A. E., Electrophoresis 2004, 25, 

3564-3588. 
16. Paegel, B. M., Emrich, C. A., Wedemayer, G. J., Scherer, J. R., Mathies, R. A.,  Proc. 

Natl. Acad. Sci. USA 2002, 99, 574-579. 
17. Zeng, Y., Novak, R., Shuga, J., Smith, M. T., Mathies, R. A., Anal. Chem. 2010, 82, 

3183-3190. 
18.  Kumaresan, P., Yang, C. J., Cronier, S. A., Blazej, R. G., Mathies, R. A., Anal. Chem. 

2008, 80, 3522-3529. 
19. Easley, C. J., Karlinsey, J. M., Bienvenue, J. M., Legendre, L. A., Roper, M. G., 

Feldman, S. H., Hughes, M. A., Hewlett, E. L., Merkel, T. J., Ferrance, J. P., Landers, J. 
P., Proc. Natl. Acad. Sci. USA 2006, 103, 19272-19277. 

20. Zhang, C., Xu, J., Ma, W.  Zheng, W., Biotechnology Advances 2006, 24, 243-284. 
21. Tia, S. Q., Kim, D., Herr, A. E., Anal. Chem. 2011, 83, 3581-3588. 
22. Hughes, A. J., Herr, A. E., Proc. Natl. Acad. Sci. USA 2012, 109, 21450-21455. 
23. Kim, J., Taylor, D., Agrawal, N., Wang, H., Kim, H., Han, A., Rege, K., Jayaraman. A., 

Lab Chip 2012, 12, 1813-1822. 
24. Wlodkowic, D., Darzynkiewicz, Z., World J. Clin. Oncol. 2010, 1, 18-23. 
25. Su, X., Young, E. W., Underkofler, H. A., Kamp, T. J., January, C. T., Beebe, D. J., J. 

Biomol. Screen. 2011, 16, 101-111. 
26. Roper, M. G., Shackman, J. G., Dahlgren, G. M., Kennedy, R. T., Anal. Chem. 2003, 75, 

4711-4717. 



51 
 

27. Shackman, J. G., Dahlgren, G. M., Peters, J. L., Kennedy, R. T., Lab Chip 2005, 5, 56-
63. 

28. Dishinger, J. F., Kennedy, R.T., Anal. Chem. 2007, 79, 947-954. 
29. Dishinger, J. F., Reid, K. R., Kennedy, R. T., Anal. Chem. 2009, 81, 3119-3127. 
30. Reid, K. R., Kennedy, R. T., Anal Chem. 2009, 81, 6837-6842. 
31. Mohammed, J. S., Wang, Y., Harvat, T. A.,  Oberholzer, J., Eddington, D. T., Lab Chip 

2009, 9, 97-106. 
32. Adewola, A. F., Lee, D., Harvat, T., Mohammed, J., Eddington, D. T., Oberholzer, J., 

Wang, Y., Biomed. Microdevices 2010, 3, 409-417. 
33. Easley, C. J., Rocheleau, J. V., Head, W. S., Piston, D. W., Anal. Chem. 2009, 81 9086–

9095. 
34. Zhang, X., Grimley, A., Bertram, R., Roper, M. G., Anal. Chem. 2010, 82, 6704-6711. 
35. Godwin, L. A., Pilkerton, M. E., Deal, K. S., Wanders, D., Judd, R. L., Easley, C. J., 

Anal. Chem. 2011, 83, 7166-7172. 
36. Rocheleau, J.V., Walker, G. M., Head, W. S., McGuinness, O. P.,  Piston, D. W., Proc. 

Nat. Assoc. Sci. USA 2004, 101, 12899-12903. 
37. Dhumpa, R., Roper, M. G., Anal. Chim. Acta. 2010, 743, 9-18. 
38. Wang, Y., Lo, J. F., Mendoza-Elias, J. E., Adewola, A. F., Harvat, T. A., Kinzer, K. P., 

Lee, D., Qi, M., Eddington, D. T., Oberholzer, J., Bioanalysis 2010, 2, 1729-1744. 
39. Clark, A. M., Sousa, K. M., Chisolm, C. N., MacDougald, O. A., Kennedy, R. T., Anal. 

Bioanal. Chem.  2010, 397, 2939-2947. 
40. Clark, A. M., Sousa, K. M., Jennings, C., MacDougald, O. A., Kennedy, R. T., Anal. 

Chem. 2009, 81, 2350-2356. 
41. Zaytseva, N. V., Goral, V. N., Montagna, R.A., Baeumner, A. J., Lab Chip 2005, 5, 805-

811. 
42. Mairhofer, J., Roppert, K., Ertl, P., Sensors 2009, 9, 4804-4823. 
43. Quake, S. R., Scherer, A., Science 2000, 24, 1536-1540. 
44. Wang, M. M., Tu, E., Raymond, D. E., Yang, J. M., Zhang, H., Hagen, N., Dees, B., 

Mercer, E. M., Forster, A. H., Kariv, I., Marchand, P. J., Butler, W. F., Nat. Biotech. 
2005, 23, 83-87. 

45. Krüger, J., Singh, K., O’Neil, A., Jackson, C., Morrison, A., O’Brien, P., J. Micromech. 
Microeng. 2002, 12, 486. 

46. Bio-Rad Company. http://www.bio-rad.com/ (accessed on Feb. 2, 2013). 
47. Robotti, K. M., Yin, H., Brennen, R., Trojer, L., Kileen, K., J. Sep. Sci. 2009, 32, 3379-

3387. 
48. Terry, S. C., Herman, J. H., Angell, J. B., IEEE Trans. Electron Dev. 1979, 26, 1880-

1886. 
49. Manz, A., Grader, N., Widmer, H. M., Sensors and Actuators 1990, B1, 244-248. 
50. Manz, A., Harrison, D. J., Verpoorte, E. J., Fettinger, J. C., Paulus, A., Lüdi, H., Widmer, 

H. M.,  J. Chromatog. 1992, 593, 253-258. 
51. Harrison, D. J.  Fluri, K., Seiler, K., Fan, Z., Effenhauser, C. S., Manz, A., Science 1993, 

261, 895-897. 
52. Dovichi, N. J., Zhang, J., Angew. Chem. Int. Ed. 2009, 39, 4463-4468. 
53. Sanger F., Coulson A. R.,  J. Mol. Biol. 94, 3, 441–448. 
54. Sanger F., Nicklen S., Coulson A. R.,  Proc. Natl. Acad. Sci. USA  1977, 74, 12 5463–

5467. 



52 
 

55. Woolley, A. T., Mathies, R. A., Proc. Natl. Acad. Sci. USA 1994, 91, 11348-11352. 
56. Moreno, L. I., McCord, B., Separation of DNA for forensic applications using capillary 

electrophoresis. In Capillary and Microchip Electrophoresis and Associated 
Microtechniques; 3rd ed. CRC Press Taylor and Francis Group:  Boca Raton, FL, 2008; 
pp 761-784. 

57. Duffy, D. C., McDonald, J. C., Schueller, O. J. A., Whitesides, G. M., Anal. Chem. 1998, 
70, 4974-4984. 

58. Harvard Gazette. Wyss Institute project targets sepsis. http://news.harvard.edu 
/gazette/story/2011/10/wyss-institute-project-targets-sepsis/ (accessed Jan. 2, 2013). 

59. Spleen-on-a-chip a sepsis therapeutic device.  http://teaming.sysplan.com/BAA-12-
36/slides/1115_Wyss.pdf (accessed Feb. 2, 2013). 

60. Martinez, A. W., Phillips, S. T., Carrilho, E., Thomas, S.W., III, Sindi, H., Whitesides, G. 
M., Anal. Chem. 2008, 80, 3699-3707. 

61. Martinez, A. W., Phillips, S. T., Whitesides, G. M., Anal. Chem. 2010, 82, 3-10. 
62. Baret, J-C, Lab Chip. 2012, 12, 422-433. 
63. Bringer, M. R., Gerdts, C. J., Song, H., Tice, J. D.,  Ismagilov, R. F., Phil. Trans. R. Soc. 

Lond. A. 2004, 362, 1087-1104. 
64. National Library of Medicine. Diabetes. 
      http://www.ncbi.nlm.nih.gov/pubmedhealth/PMH0002194/ (accessed Dec. 10, 2012). 
65. Kuehn, B. M., J. Amer. Med. Assoc. 2009, 301, 1521-1525. 
66. National Diabetes Information Clearinghouse (NDIC). U.S. Department of Health and 

Human Services. http://diabetes.niddk.nih.gov/dm/pubs/pancreaticislet/ (accessed Feb 14, 
2013). 

67. Living with Diabetes. American Diabetes Association. http://www.diabetes.org/living-
with-diabetes/treatment-and-care/medication/insulin/insulin-pumps.html (accessed Feb. 
8, 2013). 

68. Diabetes Public Health Resource.  Centers for Disease Control and Prevention.  
http://www.cdc.gov/diabetes/consumer/research.htm (accessed Feb 1, 2013). 

69. Heller, S. R. In The Islets of Langerhans:  Advances in Experimental Medicine and 
Biology, Islam, S., Ed.; Springer, New York, 2010; pp 21-37. 

70. Newsholme, P.; Gaudel, C.; McClenaghan, N. H. In The Islets of Langerhans:  Advances 
in Experimental Medicine and Biology, Islam, S., Ed.; Springer, New York, 2010; pp 91-
113. 

71. Cabrera, O., Berman, D. M., Kenyon, N. S., Ricordi, C. Berggren, P-O, Caicedo, A., 
Proc. Natl. Acad. Sci. USA 2006, 103, 2334-2339. 

72. Nyman, L. R.; Wells, K. S.; Head, W. S., McCaughey, M.; Ford, E.; Brissova, M.; Piston, 
D. W.; Powers, A. C., J. Clin. Invest. 2008, 118, 3790-3797. 

73. Ahima, R. S., Obesity 2006, 14, 242S-249S. 
74. National Library of Medicine Obesity http://www.ncbi.nlm.nih.gov/pubmedhealth 

/PMH0004552/ (accessed Dec. 10, 2012). 
75. Oh, D. K., Ciaraldi, T., Henry, R. R., Diabetes Obes. and Metab. 2007, 9, 282-289. 
76. Desruisseaux, M. S., Nagajyothi, Trujillo, M. E., Tanowitz, H. B., Scherer, P. E., 

Infection and Immunity 2007, 75, 1066-1078. 
77. Schraw, T., Wang, Z. V., Halberg, N., Hawkings, M., Scherer, P. E., Endocrinol. 2008, 

149, 2270-2282. 
78. Davis, K. E.  Scherer, P. E., Biochem. J. 2008, 416, e7-e9. 



53 
 

79. Xie, L., O’Reilly, C. P., Chapes, S. K., Mora, S., Biochimica et Biophysica Acta 2008, 
1782, 99-108. 

80. Shetty, S., Kusminski, C. M., Scherer, P. E., Trends in Pharmacological Sciences 2009, 
30, 234-239. 

81. Plaisance, E. P., Lukasova, M., Offermans, S., Zhang, Y., Cao, G., Judd, R. L., Am. J. 
Physiol. Endocrinol. Metab. 2009, 296, E549-E558. 

 

 

 

 

 

 

 



54 
 

CHAPTER 2 

PASSIVELY OPERATED MICROFLUIDIC DEVICE FOR THE STIMULATION AND 

SAMPLING OF SINGLE PANCREATIC ISLETS  

2.1 Introductory remarks 

 With the rise in obesity and diabetes there is a need for new technologies that can 

investigate endocrine dynamics.  Microfluidics seems to be an ideal field to accomplish this feat 

due to the small size, sample volume needed, and the temporal resolution that can be achieved.  

As thoroughly explained in Chapter 1 there are microfluidic technologies that exist to interrogate 

pancreatic islet dynamics [1-9].  Most of these devices are complicated to operate or need highly 

specialized and expensive equipment in order to initiate and maintain flow [1-8].  

 We set out to develop a microdevice that could stimulate and sample single pancreatic 

islets with high throughput.  The device was fully characterized for flow rate, stimulation timing, 

and protein adsorption.  The main focus of this work was to develop a device that is easy to use 

off-the-shelf and can sample single islet secretions.  In order to achieve this goal we developed a 

microfluidic network that uses fluidic resistance to control flow rates through the device.  In this 

way, no external voltage suppliers or syringe pumps are needed to initiate flow.  Another 

advantage to this system is that even after sampling is completed, staining and confocal imaging 

of the islet can still be done.  After islets were stimulated with high concentrations of glucose and 

secretions were collected for 1 hour, the islets were kept on the microdevice.  Insulin secretion 

was quantified using ELISA, and confocal images of the islets could be carried out to obtain 

volume measurements and correlate them with hormone levels.  Another advantage to our design
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 is its flexibility.  With our device, we were also able to study the effects on FFA on Ca2+ 

oscillations within the islet [10-14].  Another application we are starting to investigate is how our 

perfusion system effects the expression of a glucose responsive gene in the islet, and how these 

gene expression levels compare to that of islets in conventional tube-based assays.  

2.2 Experimental 

 2.2.1 Reagents and materials 

 Polydimethylsiloxane (PDMS) precursors, Sylgard® 184 elastomer base and curing agent, 

were obtained from Dow Corning.  NaCl, KCl, CaCl2, MgCl2, HEPES, bovine serum albumin 

(BSA), RPMI medium, phosphate buffered saline (PBS), fetal bovine serum, NaOH, and Hank’s 

buffer were purchased from VWR.  D-glucose, fatty acid free-BSA, oleic acid, and human 

insulin were purchased from Sigma Aldrich.  Fluo-4 acetoxymethyl (AM) ester, and mono-

labeled FITC-insulin were obtained from Invitrogen.  Unless otherwise noted, “imaging 

medium” consisted of 125 mM NaCl, 5.7 mM KCl, 2.5 mM CaCl2, 1.2 mM MgCl2, 10 mM 

HEPES, 3  mM glucose, and 0.1% BSA at a pH of 7.4.   

 2.2.2 Microchannel design and fabrication 

 The microfluidic channel layout, Figure 2.1, was designed in Adobe Illustrator software 

and sent to Fineline Imaging (Colorado Springs, CO) for photomask printing at 65,024 DPI 

resolution (negative image).  The SU-8/silicon master was fabricated using standard 

photolithography with two different thicknesses of photoresist (Microchem), as previously 

described for islet trapping [8]  Deeper islet-loading channels were 156 µm deep, 600 µm wide, 

and 1.5 mm in length [12].  Shallow sampling channels were 14.8 µm deep, 60 µm wide, and 

10.8 mm long.  Using standard soft lithography, PDMS precursors were mixed thoroughly in a 

10:1 ratio of elastomer:curing agent [15], poured over the master and additional plastic, degassed 



56 
 

in a vacuum chamber, then cured overnight at 70 °C.  Cured PDMS was peeled from the master, 

and access holes were punched.  Prior to use, the channeled PDMS surface and a glass cover slip 

were treated with an air plasma (Harrick Plasma; Ithaca, NY) for 50 s, then permanently bonded 

[15].    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



57 
 

 

Figure 2.1 Microfluidic design for sampling 8 pancreatic islets in parallel.  The device is 
passively controlled by using fluidic resistance to control the flow rate.  The two layer device 
uses a deep region for islet loading and trapping (see insert), and a shallow region to control the 
flow rate.  Scale bar 100 µm. 
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 2.2.3 Flow rate determination 

              2.2.3.1 Mencius tracking with vacuum pump 

 A vacuum pump was interfaced to the microfluidic device using a pipette tip, as shown in 

Figure 2.2.  The tygon tubing was secured into pipette tip with a small amount of epoxy.  The 

vacuum pump was dialed down to the desired level, and 50 µL was loaded into the chip 

reservoir.  The tygon tubing was marked at 0 and a 20 cm points, and the vacuum pump was 

started to initiate flow.  The amount of time it took the 50 µL to flow past the 20 cm mark was 

recorded.  Vacuum levels between 10 – 25 kPa were measured using this method.  This linear 

velocity was used to calculate volumetric flow rate by including the cross-sectional area of the 

tygon tubing.  The fluidic resistance can also be calculated by the equation P=QR, where P = 

pressure, Q = volumetric flow rate, and R = resistance [16-17]. 
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Figure 2.2 Vacuum pump apparatus for testing the flow rate of our microfluidic device.  A 
pipette tip was used as an interface between the vacuum pump and tygon tubing.  The vacuum 
was dialed to the proper level, and turned on to initiate flow through the device.  A time point 
was taken when a solution passed the 0 cm (as indicated by A) and 20 cm (as indicated by B) 
mark.              
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      2.2.3.2 Mencius tracking with hand-held syringe 

 A meniscus tracking method was used to measure the linear velocity of fluid in outlet 

tubes of microdevices from which volumetric flow rate and fluidic resistance could be calculated 

[16-17].  Water or imaging buffer was placed into the large inlet reservoir of the device, and a 

vacuum was applied at the outlet.  Tracking the meniscus in the outlet tubing by eye, a distance 

measurement was made every 1 min for 15 min.  For each measurement, linear velocity, 

volumetric flow rate, and fluidic resistance were calculated.  

              2.2.3.3 Vacuum manifold fabrication 

 To apply a vacuum on all 8 channels of the microdevice, a manifold (Figure 2.3) was 

fabricated.  A 1-cm thick piece of PDMS was cut in a rectangle 2.5 cm wide and 7.5 cm long to 

match the size of a standard microscope slide.  A rectangular section in the middle was at 4 cm 

long and 0.9 cm wide.  Eight 1-mm holes were punched through the side of the PDMS into the 

open area, and on the opposite side, one 1-cm hole was punched.  PEEK tubing (0.25 mm I.D.) 

was interfaced into all the punched areas.  To seal the manifold, microscope slides were plasma 

oxidized to both sides of the PDMS.  The peek tubing was interfaced with tygon tubing (I.D. 1 

mm), which then could accommodate the tygon tubing used for the microfluidic device. 
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Figure 2.3 The vacuum manifold is used to apply a vacuum on all 8 channels at once.  It was 
fabricated using a slab of cured piece of PDMS.  The center was cut out, and 8 access ports were 
punched to allow interfacing with peek tubing.  The manifold was sealed by plasma oxidation to 
two glass slides on the top and bottom.  The peek tubing was then interfaced with the tygon 
tubing attached to the chip. 
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 2.2.4 Insulin adsorption 

 Two sets of mono-labeled fluorescent insulin standards (“FITC-Ins”; Invitrogen) were 

diluted into imaging medium at 100 nM, one into BSA-free imaging medium and the other into 

standard imaging medium (with 0.1% BSA).  Following plasma bonding of devices, a pre-

treatment solution of either BSA-free imaging medium or standard imaging medium (0.1% BSA) 

was added directly to the central input reservoir, ensuring that each channel was filled.  After this 

1-hour pre-treatment, each device was thoroughly washed with the respective medium for 10 min 

[16-20].  The device was placed into a microscope stage-top humidified incubator (Tokai Hit) 

held at 37 ºC to mimic experimental conditions.  FITC-Ins standards were passed through each 

device at 0.011 mm3 s-1 (~40 µL h-1) for 30 min, and eluted samples were collected.  

Fluorescence was measured using a NanoDrop 3300 spectrofluorometer (Thermo Scientific), 

with LED excitation at 490 nm and emission measurement at 520 nm.  To determine the percent 

recovery of insulin, measured FITC-Ins concentrations were quantified using one of two linear 

calibration curves for the BSA-free medium (R2 = 0.998) or the standard imaging medium (R2 = 

0.999).  This insulin adsorption study was carried out on 2 batches (separate PDMS mixing and 

curing), 2 chips per batch, and 3 channels per chip to ensure a representative sampling [16-20, 

21-22]. 

 2.2.5 Stimulation timing 

          2.2.5.1 Reservoir design 

 An 11-mm diameter plastic insert was fabricated using a two-part epoxy resin (Smooth-

Cast 310; Smooth-On plastics) [23].  To create support pegs on the insert, a 1 mm thick PDMS 

slab (thin PDMS mold), with three holes punched in a triangular pattern, was first plasma 

oxidized onto a glass coverslip.  Using a cork borer, an 11-mm hole was created in a separate 
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PDMS slab that was ~2 cm thick (thick PDMS mold).  Silicone oil was used as a pretreatment 

for the thin PDMS mold to ensure the cured smooth-cast would remove easily.  The two-part 

Smooth-cast precursors were mixed per the manufacturer’s instructions, pipetted into the three 

small holes, and the excess was removed.  A blunt tip needle was used to ensure all air bubbles 

had been removed.  After 5 min, the thick PDMS mold was bonded reversibly to the thin PDMS 

mold to form the completed mold.  This mold was filled with newly mixed Smooth-Cast, which 

was allowed to cure overnight.  The resulting plastic insert was used to define the modified 

reservoirs during standard soft lithography, as shown in Figure 2.4. 
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Figure 2.4 Specialized microfluidic reservoir fabrication for sampling pancreatic islets.  Smooth-
On polymer was cured into a mold, and the resulting plastic insert was placed directly onto the 
silicon master.  PDMS was cured around the insert, which was removed after curing. 
 
 



65 
 

   2.2.5.2 Current monitoring 

 Stimulation timing was characterized using a step change in solution conductivity, a 

method modified from previous reports [19-22].  The voltage drop across a 20 MΩ resistor 

placed in series with the microfluidic channel was measured during introduction of the step 

change in conductivity within the channel.  This step change was defined by switching from 

standard imaging medium (0.125 M NaCl, etc.) to imaging medium with 1.0 M NaCl, or vice 

versa.  A 9-V battery served as the source, and a single-channel analog input of the voltage drop 

across the 20 MΩ resistor was acquired (NI-USB 6008 interface to desktop; National 

Instruments).  An in-house written LabVIEW application acquired data at 10 Hz over time [19-

22]. 

 2.2.6 Islet extraction, loading, stimulation, and sampling 

Islets were isolated as described previously [24-25] from live C57BL/6 mice (male) and 

maintained in RPMI medium containing 10 % fetal bovine serum and 11 mM glucose at 37 °C 

under humidified 5% CO2 for 24 h before imaging.  For standard bulk secretion assays, 10 islets 

with a wide distribution of diameters were loaded into 0.5 mL tubes that contained 200 μL 

imaging medium with basal glucose (3 mM) and maintained at 37 °C for 20 min.  Glucose was 

increased to 11 mM, and tubes were incubated at 37 °C for 1 h.  180 μL aliquots of media were 

removed from each tube and stored at -20 ºC for subsequent ELISA measurements.  Control 

groups of 10 islets were held in imaging medium containing basal glucose (3 mM) over the 

entire study.  Secretions were sampled from 40 islets per mouse, with 20 islets each at basal and 

stimulatory glucose.  5 male C57BL/6 mice contributed islets to this study, totaling 200 islets. 

 For microfluidic perfusion and secretion sampling, 8 single isolated islets with a wide 

distribution of diameters were first transferred from the RPMI culture medium into imaging 
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medium (at 37 °C) with gentle rocking. After pre-treatment for 1 h at basal glucose (3 mM), all 8 

islets were loaded onto the microchip on the stage-top incubator (37 °C).  A constant vacuum 

was applied using an air-filled 100-mL syringe, with initial and final volumes defined by spacers 

(Figure 2.5).  Once the islets were loaded onto the microdevice, they were imaged with an 

inverted fluorescence microscope (Nikon Ti-E) in DIC mode to confirm successful loading.  

After 10 minutes at basal glucose, the central reservoir was emptied, and imaging medium 

containing stimulatory glucose levels (11 mM) was added (3 mM for controls).  Secretions were 

sampled for an additional 50 minutes.  Vacuum was then released, outlet tubes were removed, 

and islet perfusates were collected into microcentrifuge tubes and stored at -20 ºC for subsequent 

ELISA measurements.  Islets were left on the chip, and confocal images were acquired for 

volume measurements [7-9]. 
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Figure 2.5 A measure of the variability in the vacuum applied (by hand) using our 100 mL glass 
syringe with spacers made of wooden sticks.  Using a pressure sensor we found only ~2 % 
variability in the vacuum applied using the 100 mL glass syringe.       
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 2.2.7 Islet staining and imaging 

 For calcium imaging, isolated islets were stained with 4 μM Fluo-4 AM in imaging 

medium at room temperature for 1 h.  Islets were loaded onto the microchip in the stage-top 

incubator (37 °C) and perfused with imaging medium at ~0.011 μL min-1 (~40 µL h-1).  Fluo-4 

emission (525 ± 25 nm) was recorded at 1.0 Hz using an inverted fluorescence microscope 

(Nikon Ti-E) during excitation at 470 ± 20 nm.  Photobleaching was limited using a software-

controlled shutter.  

 2.2.8 Islet volume measurements 

 All confocal images of single islets were obtained post-sampling using an A1si laser 

scanning confocal microscope (Nikon) with 488-nm laser excitation, using a Plan Fluor 20× 

objective (0.75 NA).  Z-scans were captured by delineating the top and bottom of the islet, then 

slicing at 2 µm increments, collecting reflectance (485 nm bandpass) and transmitted light 

images of each slice.  Reflectance images were reconstructed in Nis Elements (Nikon) for 3-D 

renderings of each islet, and the volume of each islet was determined.  Images collected from 

confocal reflectance Z-scans were reconstructed in Nis Elements (Nikon) to generate 3-D 

renderings of each islet.  3D renderings and two individual images representing cross-sections of 

islets are shown in Figure 2.20 of the main text (reflectance intensity represented in blue).  Each 

image was converted to a binary image using an automated thresholding function, and these 

binary images (red in Figure 2.20) were used to reconstruct a volume rendering of each islet.  

The volume of each islet was then determined using an automated volume measurement tool in 

Nis Elements, which functions by integrating the total interpolated volume and correcting for 

dimensions.  Final volumes of each islet are represented in nanoliters.  By manual comparison of 

the reflectance and binary images, it was observed that the most significant error in this method 
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occurred near the solution-glass or solution-PDMS interfaces, a result of stray reflections at these 

interfaces.  These errors are estimated to be less than 5% of the total volume.  

 2.2.9 FFA solution and Ca2+ oscillations 

FFA solution was made as previously described [26].  A stock solution was prepared in 

0.1 M NaOH by heating at 70° C.  0.028 g of oleic acid (OA) was weighed and diluted into 1 mL 

of 0.1 NaOH.  This solution was shaken for 10 min in a hot water bath set to 70° C. 100 µL of 

our FA stock was added drop wise into 900 µL of imaging buffer containing 3 mM glucose and 

0.1% BSA, with the solution heated to 55° C.  The solution was vortexed to mix, and shaken 

every 10 min at 55° C.  Islets were stained and imaged for Ca2+ (explained in section 2.2.7) and 

loaded onto the device.  Islets were imaged at 1 Hz for 3 min after loading onto the microdevice 

at 3 mM glucose.  Islets were then stimulated with 10 mM oleic acid and 3 mM glucose in 

imaging buffer.  Fluorescence intensity was measured at 1 Hz for 25 min after stimulation.   

2.3 Results and discussion 

 2.3.1 Eight-channel microfluidic sampling device 

 Here, we present a passively operated microfluidic device to sample secretions from eight 

different pancreatic islets in parallel.  The two-depth PDMS microdevice contained a deep region 

(156 µm) and shallow region (14.8 µm).  Deep channels were designed for islet loading and 

trapping, and shallow channels were used to passively control the flow rate of nutrients over the 

islets, and to sweep hormone secretions away from trapped islets.  Ease of operation is a key 

advantage of the system, since flow rates controlled passively by fluidic resistors; secretion 

sampling was accomplished using only a hand-held syringe and 8-tube manifold.  In this way, 

there is no use for electrical components or syringe pumps and makes the devices disposable 

after a single use.  Islets were trapped at the junction between deep and shallow channels.  Eight 



70 
 

sampling channels directed flow outward in a symmetric pattern from a central reservoir into 

plastic tubing for collection of secretions.  Outlets of these 8 tubes were connected to a manifold, 

fabricated in house, which reduced to a single tube and connected to a 100 mL syringe.  The 

syringe was used to apply and maintain a vacuum to all eight channels over the 1 h sampling 

experiments.  It was confirmed that manual application of pressure using this hand-held syringe 

could accomplished with ~2 % relative standard deviation.   

 2.3.2 Determination of flow rate 

 Three factors were taken into account when determining the optimal flow rate through 

the microfluidic device:  islet survival, limit dilution of secretions, and time resolution.  A key 

aspect to these experiments is cell viability on the device during our 1-hour samplings.  To 

ensure islet survival, there needs to be a constant flow of nutrients and to the center of the islet.  

Nyman et al found that blood flow in vivo through an islet is 2 µL h-1 [27].  We chose to flow at 

a rate that is at least 10 times higher, since during islet isolation there is a collapse of internal 

vasculature.  Consequently, a minimum flow rate of ~20 µL h-1 was estimated for islet survival, 

consistent with previous reports [3-4].  A flow rate of ~40 µL h-1 was chosen for our experiments 

and determined to be adequate for islet survival.  Another important factor in considering the 

flow rate is to minimize dilution of secreted hormones.  Normal insulin secretion from a single 

islet is between 10 -100 pg min-1, which at 40 µL h-1 would result in 2.5 – 25 nM insulin.  The 

insulin ELISA assay has a dynamic range of 0.2 – 17 nM and requires 10 µL samples, so our 

flow rate ensured that insulin could be quantified and that there would be enough sample volume 

(40 µL) to quantify secretions.  Higher flow rates would dilute hormones to undetectable levels 

and increase shear stress on cells.  Time resolution is another factor to consider when finding the 
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optimal flow rate, but our initial goal was to measure 1-hour secretion samples into 40 µL, thus 

at this stage high temporal resolution was not a priority.     

          2.3.2.1 Fluidic resistance 

 A main advantage of our approach is ease of use.  Manipulation of fluidic resistance 

allowed for passive operation of our device, and therefore no heavy or bulky equipment was 

needed to control flow rate.  Our two depth design used a shallow region that controlled flow rate 

passively through the device.  Fluidic resistance is dependent upon the viscosity of the solution, 

the length and cross-sectional area of the channel, and a form factor, which is based on the shape 

and aspect ratio of the channel [28-32].  When designing the device, we used the equation for 

fluidic resistance outlined by Harrison and colleagues [30].  We determined that to maintain a 

flow rate of 40 µL h-1, the shallow channel would need a fluidic resistance of 680 kPa s mm-3, 

and this fluidic resistance equated to a ~15 µm deep channel.  During the photolithographic 

process, the channels were fabricated at a depth of 14.8 µm.  We measured fluidic resistance for 

these experiments by first measuring flow rate using the meniscus tracking approach.  In Chapter 

4 of this dissertation, I will present a method to more easily measure fluidic resistance directly by 

using solution conductivity.   

          2.3.2.2 Method development 

We measured linear velocity through a microfluidic device in order to calculate 

volumetric flow rate and fluidic resistance of the channels.  The first experiments performed 

used a vacuum pump with tunable pressures.  The vacuum pump was interfaced with a pipet tip, 

and solution was placed into the center well of the chip.  The vacuum pump was started and 

solution allowed to flow.  A time measurement was made when the solution reached the 20 cm 
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mark, and linear velocity was calculated using the distance the solution moved by the time [16-

17].   

The pump could not reach vacuum levels below 10 kPa, so the levels tested were between 

10 – 30 kPa.  From the linear velocity, volumetric flow rate (Q) was be calculated using the 

equation Q=πr2v.  Here, v is the linear velocity measured, and πr2 is the cross-sectional area of 

the tubing.  The flow rates were much too high ranging from ~2 – 14 mm3 s-1.  These values of 

flow rate were more than two orders of magnitude higher than the 40 µL h-1 (0.011 mm3 s-1) 

target.  Using these flow rates would require a large amount of collection tubing, increase the 

sheer stress on the islets, and prevent insulin quantitation.  Nonetheless, as expected, as the 

vacuum level increased, the flow rate also increased in a linear fashion (R2=0.998), as shown in 

Figure 2.6.  Using the slope from this plot, the value of resistance was calculated to be 2.0 kPa s 

mm-3 by simply taking the reciprocal of the slope.  This value correlated well with average 

resistance of 3.0 ± 0.90 kPa s mm-3 calculated by P=QR for each flow rate measurement.  This 

resistance was ~300 fold from the estimated 680 kPa s mm-3 value we needed to maintain an 

adequate flow rate through the device.  At this point, we chose to switch to a new method to 

measure flow rate, since the vacuum pump lacked the precision to reach very low flow rates 

required for our device.  Therefore, we switched to an optical method to measure linear velocity. 
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Figure 2.6 Flow rate measurements using the vacuum pump as the pressure source.  As 
expected, with increasing vacuum pressure, flow rate also increased in a linear fashion. With this 
system we measured a resistance of 2 kPa s mm-3, which is much too low for islet sampling.   
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A new silicon master was fabricated using photolithography, and the linear velocity was 

extensively measured for each of the now more shallow channels of the new devices.  Using a 

100 mL glass syringe as a vacuum source, linear velocity was measured for at least six different 

vacuum pressures and at least three times for each vacuum pressure.  We calculated the vacuum 

level using the ideal gas law.  For these measurements, we switched back to the meniscus 

tracking approach using distilled water.  Linear velocity was measured with one of two methods.  

In one approach, a distance measurement was taken every minute for 15 min.  With the second 

approach the time at which the solution passed a given distance was recorded.  Figure 2.7 shows 

data for one channel in which the flow rate is plotted versus the vacuum pressure.  As expected, 

increased applied vacuum caused increased flow rate, in a linear fashion (R2=0.999).   From the 

reciprocal of the slope, the resistance was calculated to be 320 kPa mm-3 s, which is only 2 fold 

lower than our targeted value.  Figure 2.8 shows a bar graph of the average resistance for all six 

of the eight channels of the device.  Two channels were removed due a systematic measurement 

bias due to clogs in the channels.  Due to the simplicity and consistent results, the meniscus 

tracking method was considered our best option at this time for measuring fluidic resistance.  
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Figure 2.7 Volumetric flow rate as a function of vacuum pressure applied using a hand-held 
syringe.  With this system, flow rates at much lower vacuum levels can be measured than with 
the vacuum pump.  As expected, flow rate was linearly proportional to applied pressure, and the 
fluidic resistances on these new devices were close to the targeted value.   
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Figure 2.8 The resistance for 6 of the 8 channels of our microfluidic device.  Two channels were 
removed due to a systematic bias (clogs).  This graph shows the relatively small variability 
between channel resistances on the 8-channel microdevice. 
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Finally, the resistance of the channels using islet imaging media as the solution was 

higher than with water, at a value of 700 kPa s mm-3, which was essentially equal to our desired 

resistance (Figure 2.9).  We attribute the increase in resistance to the change in viscosity of the 

imaging media, which contains 0.1 % BSA.  For our target flow rate of 40 µL h-1, it was 

determined that a vacuum pressure of 7.1 kPa would give the desired sample rate to ensure islet 

survival and limit the dilution of secretions.  
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Figure 2.9 Flow rate versus pressure using imaging media, which contains a 0.1 % concentration 
of BSA.  Again, as vacuum increased flow rate also increased in a linear fashion.  The larger 
resistance is due to both the more shallow channels and using imaging media instead of DI 
water.   
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 2.3.3 Control of stimulation timing 

 To sample pancreatic islets, it is important to determine the timing for newly introduced 

stimulants to reach the islet tissue, such as an increase in glucose concentration [19-20].  Rapid 

increase in glucose at the islet is necessary following a change of perfusate in the reservoir to 

ensure proper activity of the islet tissue.  A rapid change in stimulant concentration is desired to 

avoid any gradients that might occur.   We define stimulation timing (tstim) as the difference 

between the time of solution replacement in the large reservoir (t=0) and the time at which the 

new solution reaches the islet trapping region.  The first design of the central reservoir of the 

device used eight individually punched reservoirs at the entrance to each channel (0.8-1.0 cm 

depths).  The 6.3 µL dead volume required ~10 min upon a change in perfusate at 40 µL h-1 to 

reach the islet tissue, which is much too long for the 1 h measurements (~17 % of total time), and 

gradient formation and tstim were unpredictable.  To reduce tstim and reduce the likelihood of 

gradient formation, the interface to the channels was redesigned to limit dead volume.   As 

shown by Figure 2.10, the device cross-section, the final interface design included a large 

reservoir positioned above the channels, with 1 mm thick PDMS layer defining access to the 

channels.  To fabricate the large reservoir, PDMS was cast onto the silicon/photoresist master, 

and the custom-made 11 mm diameter insert (see Figure 2.4 for fabrication) was placed onto 

predetermined areas over the channels.  The PDMS was allowed to cure, and the insert was 

removed.  Individual access reservoirs to each of the 8 channels were punched 1 mm in diameter 

and 1 mm in depth (small reservoirs in Figure 2.10).  These smaller ports allowed for ease of 

loading the islets into their channels, faster delivery of solution changes to the islet, elimination 

of cross-talk between islets, and minimal dead volume within the large channel [19-22].   
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Figure 2.10. Microscope images of a cross-section of the microfluidic reservoir.  Here the large 
reservoir, and small reservoirs, and channels can be visualized.  This unique design can limit the 
dead volume between the microchannel and large reservoir, and therefore, limit the time it takes 
for solution changes to reach the islet.   
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 With these design modifications incorporated, any change in solution conditions, such as 

an increase in glucose concentration, was accomplished by simply removing the solution from 

the large reservoir and adding the new solution rapidly.  To sample variability in solution 

replacement and reservoir punching, tstim was characterized with multiple PDMS chips and 

multiple channels.  A simple voltage divider, as shown in Figure 2.11, was employed during 

solution conductivity changes, a method modified from previous reports [19-22].  With 

microfluidic channels dominating both the fluidic and electrical resistances of the system, the 

voltage drop across a 20 MΩ resistor in series with a channel was used to determine tstim.  

Representative voltage traces after increased or decreased conductivity are shown in Figure 2.15.  

Based on the channel dimensions, we calculated the total microchannel volume for a single 

channel (deep and shallow) to be 0.36 µL.  The volume of the channel leading up to the islet 

trapping region was 0.14 µL, which is a fraction of the total channel volume, f=0.39.  tstim was 

determined by the analysis of the time traces shown in Figure 2.12. We developed the equation 

below to calculate tstim 

tstim = (tend – tstart) • f + tstart 

 

and a LabView program was used to generate the derivative graphs of the traces after solutions 

were changed.  In the time-derivative traces of the raw data, tstart and tend were defined as the 

starting and ending times of the peak in the derivative using chromatographic peak analysis 

software (Cutter 7).  The average tstim was determined to be 15 ± 2 s.  Batch to batch variation 

was sampled in these tests, where three separately fabricated batches, four different chips per 

batch, and two channels per chip were tested at least in triplicate.  This approach takes into 

account any variability in insert fabrication as well.  Since secretion sampling experiments were 



82 
 

performed over periods of 1 h, this value of tstim (15 s) could be approximated as instantaneous 

(0.4 % of total time). 
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Figure 2.11 Experimental apparatus used to measured the amount of time it takes for a solution 
to reach islet trapping regions.  A simple current monitoring circuit with a resistor in series was 
interfaced to a LabView program.   
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Figure 2.12 A time trace as solutions are changed in our microfluidic reservoir.  The apparatus 
shown in Figure 2.11 and LabView was used to monitor the voltage change, and took the 
derivative plot (inset).  From these traces we determined tend, tstart, and tstim. 
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 2.3.4 Prevention of insulin adsorption 

 One of the disadvantages to using PDMS as the channeled substrate is that it has been 

shown to adsorb proteins onto the surface.  Given the high surface area to volume ratio in the 

microchannels, adsorption is even more likely to occur.  PDMS surface characteristics can be 

changed by treating the surface with plasma cleaners, covalent or non-covalent coatings, or 

surfactants.  Also, air plasma treatment is the method we use to irreversibly bond our chips to a 

glass substrate.  The air plasma creates hydrophilic silanol groups on the surface of the PDMS, 

but since the PDMS is a polymer, uncured hydrophobic monomers can migrate to the surface 

after a short amount of time and regenerate the original hydrophobicity of the surface.  The 

Henry group developed a method of using various solvents to extract these monomers from the 

bulk of the PDMS [29].  The extraction process uses solvents that vary in polarity—namely 

triethylamine, ethyl acetate and acetone—to extract the monomers from the bulk PDMS.  They 

found that when plasma oxidized, extracted PDMS was hydrophilic significantly longer (> 1 

week) than without extraction (~30 min).  We initially used their method of extraction and 

coating in an attempt to prevent non-specific adsorption to the surface of PDMS.  We tested 

pluronic F-127 [16-17, 22] and BSA [33] as possible candidates.  We purchased commercially 

available fluorescently labeled insulin and diluted to the concentration ranges expected for single 

islet secretion experiments.  In preliminary experiments, we used these different agents to coat 

the device along with different insulin concentrations and also studied the effect of the extracting 

monomers from the bulk PDMS [20].   

 After PDMS was cast and cured for two hours, two batches went through the extraction 

process and two batches were unprocessed (native PDMS).   Immediately after plasma oxidation, 

to a glass substrate, the devices were coated with Pluronic F-127 or BSA the controls in each 
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group were left untreated.  The composition of insulin standard solutions was also varied to 

either contain BSA or without BSA in the buffer.  The FITC-insulin standards were flowed 

through the device at 25°C, and samples were collected at the outlet.  Fluorescence 

measurements were made with a Nanodrop fluorometer, and concentrations of insulin were 

calculated using a standard curve.  The percent recovery was calculated based on the starting 

concentration of the insulin standard.  For these studies, 100 nM insulin was used to interrogate 

adsorption to the surface of the device.  As shown in Figure 2.13, the percent recovery for the 

different treatments varied.  The extracted batches showed the highest percent recovery overall, 

and all the different treatments showed better than 90 % recovery.  As expected, without BSA in 

the pretreatment or insulin standard solution, there was adsorption of insulin to the surface of the 

channel as indicated by less than 100 % recovery.  The surprising result was that pluronic F-127 

pretreatment with BSA in the insulin standard for the native PDMS batch showed the poorest 

results with 60 % insulin recovery.  As shown in Figure 2.13, multiple experiments gave more 

than 100 % recovery, which likely stems from evaporation of the standard as it was sitting in the 

large reservoir of the device.  
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Figure 2.13 To prevent insulin adsorption to the surface of PDMS a pretreatment is required.  
Native PDMS and extracted PDMS was tested to see if the process aides in preventing insulin 
adsorption.  Pluronic F-127 and BSA were chosen as pretreatments for the chip and the FITC-
insulin solution contain either BSA or no BSA.  The recoveries over 100 % are attributed to 
evaporation of the solution.  The results show that most of the treatments prevent insulin 
adsorption, but in order to maintain a simple procedure we chose native PDMS with BSA. 
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 Although preliminary, these studies had important implications in moving forward.  The 

most desirable coating procedure would be simple to perform without taking a significant 

amount of time.  The extraction process took at least 24 hours total, so avoiding this process 

would not only save time but also the amount of reagents needed.  As shown in Figure 2.13, we 

found that as long as the device is pretreated with BSA, insulin should not adsorb to the surface, 

even when the uncured PDMS monomers were not extracted.  The next step was to more 

thoroughly confirm these results at 37 °C, so we retested two more batches of native chips that 

were pretreated with BSA, or left untreated, and tested the insulin adsorption.   

  The chips were plasma oxidized and bonded to a glass substrate, and immediately 

afterwards, buffer containing either 0.1% BSA or no BSA was pipetted into the large reservoir.  

The chips were allowed to incubate in buffer for one hour at room temperature then emptied of 

all buffer before testing.  The chips were placed in a microscope stage-top incubator at 37 °C and 

allowed to sit for 15 min before adding the FITC-insulin.  The FITC-insulin was added to the 

device, the chip was interfaced to the pressure manifold, and a vacuum was applied.  The 

solution was allowed to flow through the device for 30 min, outlet samples were collected, and 

the fluorescence of the remaining insulin standard was measured.  Two different batches of chips 

were tested, with two chips per batch and 3 channels per chip.   

 For the fluorescence measurements, each sample readout was bracketed with a high and 

low standard readout to minimize signal drifts.  We also collected the reserve solution from the 

large input reservoir and measured these as well.  As shown in Figure 2.14, pre-treating the 

devices for 1 h with imaging buffer containing BSA allowed for 100 % recovery of insulin. 

Conversely, when the device was left untreated, the % recovery fell to around 60 %.  We also 

compared the adsorption to the input reservoir treated with and without BSA.  With the Student’s 
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t-test, we found that the % recoveries of insulin in the channel treated with BSA and the 

untreated channel were significantly different from each other (p<0.001).  Also, the percent 

recovery of insulin between the untreated reservoir and the one pre-treated with BSA was 

statistically different from each other (p>0.05). These results showed that adsorption to the BSA-

treated channel and reservoir was not significantly different (p>0.5), and the adsorption to non-

treated reservoir and channel was not significantly different (p>0.4).  From these studies, we 

modified our standard protocol.  Immediately after plasma oxidation and bonding, devices are 

treated for 1 hour with imaging buffer containing 0.1 % BSA, prior to secretion sampling 

experiments. 
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Figure 2.14 Insulin recovery from native PDMS pretreated with either BSA or buffer only at 37 
°C.  Samples were collected from the channel and bulk reservoir to compare the recoveries of 
fluorescently labeled insulin.  No statistical difference between the adsorption to the reservoir 
and channel was found, but there was a significant difference between adsorption to the BSA 
pretreated chips and those not treated with BSA.  From this data, it was concluded that 
pretreating native PDMS with 0.1 % BSA prevents insulin adsorption.   
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 2.3.5 Microfluidic methods for islet secretion sampling 

          2.3.5.1 Imaging islet Ca2+ oscillations 

 With passive flow control and stimulation timing optimized, we used fluorescence 

microscopy to confirm that trapped islets were functioning correctly within our microfluidic 

device, and that our collagenase digestion/islet isolation procedure was not interrupting the gaps 

junctions within the islet.  It is well documented that upon increase in glucose concentration, 

calcium influx into β-cells of the islet begins to oscillate [2-3, 8, 34-41].  

  As explained thoroughly in chapter 1, glucose transport into the β-cell and products of 

cellular metabolism result in an excess of ATP, which causes the closure of the ATP-dependent 

K+ channels.  This effect stimulates oscillatory calcium influx, which in turn stimulates insulin 

secretion.  Intercellular communication can be observed in healthy islets by measuring the 

changing calcium levels, since these levels in essentially all of the β-cells will oscillate in 

synchrony [6,8-9, 32-38].  Using the calcium binding dye Fluo-4, relative calcium levels in 

stained islets were imaged by excitation at 470 ± 20 nm and emission measurement at 525 ± 25 

nm using fluorescence microscopy.  As shown in Figure 2.15, we observed the typical biphasic 

response of the islet to a high concentration of glucose while trapped in our passively operated 

microfluidic device.  At ~5 min, the first phase of insulin secretion occurs, which is indicated by 

the broad peak in fluorescence. After prolonged exposure to a high concentration of glucose 

(~12.5 min), we observed intra-islet synchronization of β-cell calcium oscillations.  The trace in 

Figure 2.18 represents the integrated intensity of Fluo-4 emission from the entire islet (ImageJ 

processing) over a period of 30 min.  The spikes in fluorescence intensity indicate oscillations in 

Ca2+ concentration.  These results suggest that our surgical extraction, isolation, and microfluidic 

trapping processes do not alter this important intercellular communication within the islet.  From 
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these data and results to follow, we concluded that this microfluidic environment did not 

significantly alter islet health. 
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Figure 2.15 A trace of the Ca2+ oscillations within an islet over time.  Islets were stained with a 
Ca2+ binding dye (Fluo-4), and fluorescence was tracked after the islets were stimulated with 
glucose.  As expected, the typical biphasic insulin response to glucose was observed by the 
initial large fluorescence followed by subsequent oscillations.              
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  2.3.5.2 One-hour islet secretions 

The passively-operated device shown in Figure 2.1 was validated for single islet secretion 

sampling by comparison to the conventional, tube-based method.  In standard bulk secretion 

sampling, groups of islets were placed into a centrifuge tube and exposed to high glucose for ~1 

h.  The supernatant was removed from the tube and stored at -20 ºC for ELISA measurements.  

For this study, 10 islets with a wide distribution of diameters were loaded into each 0.5-mL tube 

with 200 µL imaging medium.  After treatment, at 11 mM glucose, for 1 h, 180-μL aliquots of 

media were removed from each tube and stored at -20 ºC for subsequent ELISA measurements.  

In total, 40 islets (4 tubes) per mouse were sampled from 5 different wild-type C57BL/6J mice.  

20 islets (2 tubes) from each mouse were held at basal (3 mM) glucose while 20 were stimulated 

(11 mM).  A total of 200 islets were sampled in the conventional manner (“Bulk”).  As shown in 

Figure 2.16, the white bars represent the bulk method; where insulin secretion at basal glucose (3 

mM) was found to be 1.01 ± 0.224 pg islet-1 min-1 (100 islets, 5 mice), and secretion at 

stimulatory glucose (11 mM) was found to be 6.04 ± 1.53 pg islet-1 min-1 (100 islets, 5 mice).  

When the means were statistically compared using a 2-tailed student’s T-test, a p<0.002 was 

obtained.  Thus, we can say with 99.8% confidence that the secretion level between the low and 

high glucose is statistically different.  The error bars represent standard errors of the means for 

duplicate ELISA measurements conducted on the samples collected from each tube.  These 

results followed the expected increase in insulin secretion at higher glucose concentrations. 
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Figure 2.16 Validation of our microchip method versus a standard tube (bulk) method.  No 
significant difference was found between the bulk and microchip method, but as expected, 
between unstimulated (3 mM) and stimulated islets (11 mM) there was a significant difference in 
both methods.     
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For microfluidic sampling experiments, flow was first initiated with a 100 mL glass 

syringe, and single isolated islets with a distribution of sizes were individually loaded into the 

channels of the microfluidic device, which took an estimated ~30 s.  Therefore, to load all eight 

channels took approximately 4 min.  After the 1-h sampling period, the hand-held syringe was 

disconnected, and the samples in the tygon tubing were eluted into microcentrifuge tubes and 

stored at -20 ºC for insulin ELISA measurements.  From 5 different wild-type C57BL/6J mice, 

27 individual islets were sampled with basal (3 mM) glucose, and 35 islets were sampled with 

stimulatory (11 mM) glucose; a total of 62 individual islets were used for this study, which is a 

significantly larger population that has been achieved in other published single-islet 

measurements that were outlined in Chapter 1 [1-4, 7-9]. 

As shown in Figure 2.16, the gray bars represent microfluidic secretion sampling, and the 

mean value of the single-islet insulin secretion at basal glucose (3 mM) was found to be 1.26 ± 

0.26 pg islet-1 min-1 (27 islets, 5 mice).  When compared statistically, the microfluidic method to 

sample islets at basal levels was equal to the basal treatment using conventional methods 

(p>0.65).  Single-islet insulin secretion at stimulatory glucose (11 mM) was found to be 6.55 ± 

1.00 pg islet-1 min-1 (35 islets, 5 mice), which like basal secretion is statistically equal to the 

stimulatory treatment using conventional methods (p>0.80).  Since the means of single-islet 

insulin secretions were statistically equal to those obtained with the bulk method, the 

microfluidic secretion sampling approach was considered to be validated for use in insulin 

secretion sampling of single islets.  This validation experiment—which was not conducted in 

previous reports of islet secretion sampling [1-6]—was possible due to the ease-of-use and 

higher throughput capabilities of our passively-operated, multichannel microfluidic device. 
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Because of the limited dynamic range of the insulin ELISA assay, some islets secreted 

insulin at levels above and below the assay detection range.  Islets secreting a concentration of 

insulin above the assay detection range were simply diluted and re-measured.  However, samples 

from 11 islets did not show an insulin signal during the ELISA measurements, suggesting these 

islets either secreted insulin levels lower than the dynamic range of the assay or they did not 

secrete any insulin.  Since 9 of the 11 islets with undetectable levels of secretions fell in the basal 

glucose (3 mM) group, it is likely that they were simply secreting insulin at levels too low to 

detect with standard ELISA. There are other “ultra-sensitive” ELISA kits available, but based on 

the volume of islet secretions from the microfluidic device these kits would not suffice, since 

they require a large volume of 25 µL or more per well.  Nonetheless, since 33 % of basal treated, 

and 6 % of the stimulatory islets secreted insulin at undetectable levels (or possibly did not 

secrete) highlights the importance of our single-islet measurements in understanding islets as 

individuals.  If these islets are left out of the analysis, the mean values increase slightly (Figure 

2.16, black bars), although this data is less representative of the population.  More importantly, 

with the ease of use of this passive microfluidic sampling device, it was possible to make 

observations that could not be made by conventional methods on groups of islets.   

 2.3.6 Insulin secretion versus islet volume  

Another advantage to using our microfluidic system is the ability to not only sample 

secretions from single islets, but also to image each islet using microscopy.  A variety of 

measurements can be made and correlated with hormone secretion levels.  In this work, we chose 

to measure islet volume, post secretion experiments, since the dependence of insulin secretion on 

islet volume is unknown.  Confocal reflectance microscopy was used to image islets in 

successive Z-slices in order to assemble three-dimensional representations of the islet-occupied 
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volume.  As shown in Figure 2.17, confocal reflectance (blue) highlights inner and outer 

membranes of the individual cells within the islet.  Without immunohistochemical staining, this 

method of imaging cannot distinguish the cell types within the islet.  The Z-scans were converted 

into binary images using automated thresholding with the NIS Elements (Nikon) image analysis 

program (red images in Figure 2.17).  Three-dimensional representations (leftmost images in 

Figure 2.17) of the islets were assembled after collecting Z-slices of 2-µm thickness in 

reflectance mode (blue), converting to binary mode (red), then interpolating and reconstructing 

the islet volume using NIS Elements.  The two images on the far right of both the reflectance and 

three-dimensional images are individual Z-scans and their corresponding binary image. We 

report the islet volume in nanoliters (nL). 
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Figure 2.17 Confocal reflectance imaging of pancreatic islets.  The top panel (blue) shows a 
whole islet, while the bottom panel shows a binary image of the islet, which was used to measure 
volume.  
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 We then compared the volume for each islet with insulin secretion to determine if any 

correlation exists between the two.  Figure 2.18 shows the dependence of insulin secretion on 

islet volume for islets treated with 3 mM glucose (3 mM G; black circles) and 11 mM glucose 

(11 mM G; gray triangles).  Islets secreting insulin below the detection range of ELISA were 

included, in the plot, as zero insulin secretion.  These data points are represented by empty black 

circles (3 mM G) or empty gray triangles (11 mM G).  Islets in basal glucose (3 mM G) showed 

little correlation (R2 = 0.0906, Pearson coefficient = 0.301) with islet volume, as expected.  

Interestingly, at stimulatory levels of glucose (11 mM G) there was also little correlation of 

insulin secretion to islet volume (R2 = 0.0678, Pearson coefficient = 0.260).  When we removed 

the points that we defined as having zero insulin secretion (empty data points) the correlations 

actually decreased.  The original hypothesis was that larger islets will contain more β-cells, and 

therefore secrete more insulin in the presence of high glucose.  However, as shown in Figure 

2.18, several of the largest levels of insulin secretion (10 to 25 pg islet-1 min-1) were sampled 

from islets of approximately 1 nL volume, with some of these smaller islets secreting at least 

double the levels of insulin of islets 5- and 10-fold larger in volume.  This finding could be 

important in fundamental islet studies, where often the larger islets are preferentially selected for 

analysis.  The results could have even more impact in islet preparation for transplantation.  One 

possibility is that large islets quickly lose viability more readily than their smaller counterparts, 

with cells in the center of the islet receiving insufficient nutrient levels and waste removal.   

 Another explanation is that islet architecture plays a larger role in the level of secreted 

insulin through paracrine signaling.  Based on data from Figure 2.18, and on recent reports 

highlighting intercellular communication in islets, we hypothesize that the level of secreted 

insulin is more strongly influenced by the percentage of different cells types (i.e. architecture) 
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than the total number of β-cells.  Our device, coupled with immunostaining or gene expression 

analysis, provides a platform to test this hypothesis.  There are currently mouse models that 

express EGFP in the β-cells of the islet.  By using our device to sample secretions then imaging 

the islets with confocal microscopy, we were able to begin a study on the dependence on the β-

cell ratio within the islet and its effects on insulin secretion [6-7, 42].   
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Figure 2.18 A comparison of the insulin secretion and the measured volume of the 
corresponding islet. There seems to be no correlation between the islet volume and islet 
secretion, suggesting that islet architecture could play a bigger role in the amount of insulin the 
islet secretes.    
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 2.3.7 EGFP β-cell ratio on islet secretion 

To study the effects of β-cell to non-β cell ratio within the islets we used a mouse model 

that expresses enhanced green fluorescent protein (EGFP) in their β-cells.  C57BL/6J mice were 

transfected with a mouse insulin I gene promoter (Mip)-GFP-transgenic construct.  The resulting 

product of transfection is the generation of a mouse model that expresses EGFP within the β-

cells.  The advantage to this mouse model is the ability to fluorescently image the native β-cells 

without any staining or immunohistochemistry.  Therefore, imaging can be done on live cells, 

whereas staining and immunohistochemistry require cell fixation and expensive reagents.  These 

EGFP-islets have been thoroughly studied, and have been shown to behave in a similar way to 

the wild type C57BL/6J islets [42]. 

 We sampled secretions from these islets using our microchip method in the same manner 

as our wild-type (WT) C57BL/6J islets.  Islets were starved in 3 mM glucose imaging buffer for 

1 hour before loading onto the microdevice.  The islets were stimulated with glucose, and 

secretions were collected for 1 hour.  ELISA was used to quantify insulin secretion from the 

EGFP-islets.  All confocal images of single islets were obtained post-sampling using an A1si 

laser scanning confocal microscope (Nikon) with 488-nm laser excitation, using a Plan Fluor 20× 

objective (0.75 NA).  Z-scans were captured by delineating the top and bottom of the islet, then 

slicing at 2 µm increments, collecting reflectance (485 nm bandpass) and transmitted light 

images of each slice. As shown in Figure 2.19, the reflectance of all cells are visible in red (left 

panel), and the fluorescence channel shows the β-cells in green (middle panel), with the 

composite image   showing overlap (β-cells) as yellow.  Interestingly, as shown in Figure 2.20, 

we found that islets with large ratios of non-β cells to β-cells showed larger secretion of insulin 

over the 1-hour time period.  Also, there seem to be some correlation between the concentration 
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of insulin secreted and the fraction of non-β-cells (R2 = 0.557).  These data suggest that 

paracrine signaling could play a major role in the amount of insulin secreted from the β-cells of 

the islets.  However, no strict conclusions can be drawn from this preliminary data due to the 

small number of islets sampled (n=6) and the use of only one mouse (n=1).          
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Figure 2.19 Confocal z-scans of EGFP-islets.  The left panel shows the reflectance channel, 
which highlights all cells in the islet.  EGFP-labeled β-cells were visualized with green 
fluorescence (middle panel).  The overlaid images are shown to the right, where overlap is 
shown as yellow. 
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Figure 2.20 Correlation of insulin secretion to the fraction of non-β-cells.  Interestingly, as the 
fraction of non-β-cells increase, insulin secretion also increases  
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 A caveat to these studies is that the EGFP mouse model does not express EGFP in all of 

the β-cells within the islets, but only a fraction.  If the fraction is consistent between mice, our 

prior observations could have importance.  However, for this reason, it was determined that 

immunohistochemistry should be a more reliable method to further investigate the effects of islet 

architecture on insulin secretion [42]. 

 2.3.8 Effect of free fatty acid on Ca2+ oscillations 

Fatty acids are long chain hydrocarbons with a terminal carboxylic acid.  They can exist 

in two forms:  saturated with no double bonds, and unsaturated with at least one double bond.  

The body requires fatty acids for the function of the immune system, blood pressure regulation, 

and for the generation of ATP [10-12].  An excess of fatty acids can lead to storage in the body, 

which in turn can lead to obesity, diabetes, and metabolic syndrome [10-14].  

In recent studies, it has been shown that FFA can stimulate insulin secretion through the 

GPR40 receptor.  G-coupled receptors are a family of membrane proteins that are activated by 

endogenous ligands.  GPR40 is highly expressed in the β-cells of pancreatic islets, and it is 

hypothesized that 50 % of insulin release is from intracellular metabolism and the other half is 

from GPR40 signaling.  FFA binds to the GPR40 receptor and induces a signaling cascade that 

increases the concentration of intercellular Ca2+ levels, and therefore stimulates insulin 

exocytosis.  Prolonged FFA exposure to the β-cell can hinder the function due to lipidtoxicity, 

and will impair insulin secretion.  We set out to study the calcium dynamics within the islets by 

stimulating the islets with oleic acid, which is a monounsaturated fatty acid found commonly in 

foods. 

 Islets were stained with the calcium binding dye Fluo-4AM and loaded onto our devices.  

The islets were imaged for Ca2+ as described in section 2.2.7, and the added stimulatory agent 
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was a 10 mM solution of oleic acid in our 3 mM glucose imaging buffer.  Ca2+ imaging was 

performed for a total of 15 min.  Figure 2.21 shows a time trace of the fluorescent intensity of the 

islet over the length of the experiment.  Here the islets were held at basal rate for 150 s, and the 

solution in the large reservoir was changed to the 10 mM oleic acid in 3 mM glucose-containing 

imaging buffer.  Fluorescence intensity was measured for a further 12 min.  Controls were held 

at 3 mM glucose imaging buffer over the entire study.    
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Figure 2.21 Fluorescence trace of Ca2+ activity within the islet after stimulation with 10 mM 
oleic acid.  After stimulation there is an increase in Ca2+ activity directly after the addition of the 
OA, along with long term increase in overall the time the islet was observed.  
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Image analysis was done with ImageJ software (NIH), and the fluorescent intensity was 

measured over the entire experiment.  In Figure 2.21, it can clearly be seen there is an increase in 

fluorescent intensity directly after stimulation with 10 mM oleic acid (~150 s), and also an 

increase in fluorescence over the entire experiment.  As expected, insulin secretion occurs 

directly after stimulation with FA, but not to the magnitude of that of the response to glucose.  

The magnitude of the fluorescence was taken after stimulation for all of the islets and the average 

change is represented in Figure 2.22.  The fold change of the stimulated islets was calculated by 

normalizing the fluorescence.  The level of fluorescence was measured before stimulation, and 

the peak of highest fluorescence was measured after stimulation.  The two were normalized by 

multiplying both values by the exposure time of the CCD camera.  The fold change was found by 

dividing the normalized peak height by the initial.  Nine islets were tested and Ca2+ activity 

increased 1.7 ± 0.20 fold over the control islets.  The student’s t-test showed 95 % confidence 

(p<0.05) that the values for the stimulated islets is statistically different from the controls.    
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Figure 2.22 A comparison of the control islets and those treated with OA.  With 9 islets tested 
there is a significant difference between the untreated islets and those treated with OA.  These 
data confirm that OA can stimulate calcium influx and likely lead to insulin secretion. 
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 2.3.9 Gene expression analysis: microfluidic vs. bulk environment 

 To further ensure our microfluidic system is not inducing any changes in the islet that can 

hinder function, we have recently begun studies on gene expression from islets.  These studies 

could also help test our hypothesis that a perfusion system is more like the in vivo system than 

the static plate- or tube-based methods.  The bulk method involves placing 10 islets in a tube, 

stimulating with a high concentration of glucose, and collecting samples after 1 h.  The islets are 

sitting in a stagnant solution of their secretions and waste for the entire experiment, whereas in a 

perfusion experiment, the secretions and waste products are being constantly swept away, more 

like blood flow in vivo.  One way to test the differences is through acute gene expression of the 

glucose responsive gene INS1 [43], which codes for insulin synthesis.  Most gene expression 

studies have only looked at long term INS1 expression after 24 h of glucose stimulation on β-cell 

lines.  To our knowledge, this is the first study of acute gene expression study of primary islet 

tissue, and comparing a perfusion system to a conventional method. 

 Islets were assayed using our microfluidic chip method; 9 islets were loaded onto the 

device, stimulated with glucose, and samples were collected for 1 h.  After sampling, the islets 

were collected off the microdevice, and RNA extraction was performed.  The amount of INS1 

and actin gene expression was quantified using RT-qPCR.  Relative insulin secretion was 

measured using our pFRET fluorescence-based insulin assay.  Actin is a “housekeeping” gene 

(control gene) that we can use to normalize our INS1 expression.  Controls were continuously 

perfused with 3 mM imaging buffer for 1 h.  The bulk (or static) sampling method was 

performed with 9 islets in two separate tubes.  One tube was used as the control, which was in 3 

mM imaging buffer, and the other was stimulated with 11 mM glucose.  Samples were collected 
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after 1 h for insulin quantification.  The islets were collected and RNA extraction was performed 

and the INS1 and actin gene expression were quantified using RT-qPCR.     

 Figure 2.23 is a plot of the insulin secretion from both the tube and microchip assays as 

measured by pFRET.  Proximity FRET assay is much like PLA, but instead of using RT-qPCR 

to quantify the analyte, pFRET uses direct fluorescence quenching of the probes [44].  As 

expected the secretion samples from 3 mM glucose stimulation from both the tube and microchip 

showed the highest fluorescence (lowest secreted insulin levels).  The 11 mM glucose 

stimulation resulted in higher insulin secretion as evidenced by the decrease in fluorescence.  

Interestingly, the overall insulin level was greater in the microchip than in the bulk method.  This 

could be evidence of negative feedback from the insulin as it is continuously builds up in the 

tube, which actually signals the islet to secrete less insulin.  We also looked at gene expression 

from the bulk and microchip assays.  Figure 2.24A is a plot of the fold change of INS1 between 

the bulk and chip method.  Here the gene expression is significantly higher in the bulk assay 

compared to that in the chip.  Figure 2.24B shows the gene expression for KCNJ, which is a 

glucose non-responsive gene.  Here the results show that there is no change in KCNJ gene 

expression when stimulated with glucose, which was expected.  These preliminary results further 

prove that there are significant differences in islet environment between the bulk and 

microfluidic sampling approaches.   
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Figure 2.23 pFRET estimation of insulin sampled from islets.  Because of a fundamental 
limitation of the assay, absolute insulin concentrations could not be determined.  However, 
relative levels could be deduced here, and we found the overall level of secreted insulin is 
increased in the microchip. 
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Figure 2.24A Gene expression of INS1 (a glucose responsive gene) between the microchip and 
tube assays.  Although the data is preliminary, there seems to be a decreased INS1 gene 
expression in the flowing microchip environment versus the tube sampling method.  Figure 
2.24B Gene expression of KCNJ (a glucose non-responsive gene), which shows there is no 
difference between the two sampling methods, as expected.   
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 We took this a step further to see how insulin in the imaging buffer would affect the gene 

expression levels and insulin secretion.  In the body after a meal, the concentration of insulin 

increases along with the concentration of glucose.  Levels of insulin in the blood range from 50 – 

300 pM depending on the fasting or feeding state.  To help our perfusion system more closely 

mimic physiological conditions, and since the blood insulin levels vary during the day, we chose 

to clamp the level of insulin at either 150 pM or 300 pM and assay the gene expression.  Control 

islets were stimulated with no insulin in the imaging buffer.  Preliminary results, shown in Figure 

2.25A, show that when islets are stimulated with both 300 pM insulin and 11 mM glucose, INS1 

gene expression levels are decreased compared to the control.  As expected, the gene expression 

for KCNJ remained unchanged, as shown in Figure 2.25B.  These preliminary results show an 

interesting trend of the differences between our perfusion system compared to stagnant sampling 

methods.  The results also highlight a benefit of a perfusion system, in that insulin levels 

experienced by islets can be controlled continuously.  The Easley lab is planning to investigate 

further into these issues in the future.         
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Figure 2.25A INS1 gene expression after continuous perfusion with insulin in our microfluidic 
system.  Preliminary results show no difference between 0 and 150 pM, but at 300 pM insulin, 
INS1 gene expression decreases.  Figure 2.25B shows that, as expected, the level of KCNJ did 
not change between the different insulin treatments. 
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2.3.10 Measuring insulin secretion with electrochemistry 

 Other members of the Easley lab, in collaboration with the Shannon group, have 

developed an electrochemical detection method that is capable of measuring very low 

concentrations of proteins, termed the electrochemical proximity assay (ECPA) [45].  More 

recently, our laboratory has developed a reusable ECPA method that is amenable to continuous 

insulin quantitation from sampled secretions (Hu et al., publication in preparation).  In this 

dissertation, I will not discuss details of ECPA other than to discuss my contribution to the 

secretion sampling and quantitation performed for reusable ECPA validation. 

 The first attempt at reusable ECPA for insulin secretion quantitation was carried out on 5 

islets.  These measurements were successful, but the overall signal level was low and the 

temporal resolution was ~15 min between measurements.  In order to increase the insulin 

concentration, we increased the islet number to 15.  We were able to measure insulin secretion 

from these 15 islets with ~5 min temporal resolution, as shown in Figure 2.26.  After duplicate 

experiments, the level of secretion for the two sets of islets (30 total) were well correlated.  

Interestingly, between the first run (5 islets) and second run (15 islets) the signal level was ~2.5 

fold higher with the greater number of islets, which was near the expected 3-fold increase based 

on cell number.  We have thus proven that reusable ECPA can successfully measure insulin 

secretion with minute-scale temporal resolution from biological systems.  With further 

optimization, reusable ECPA may also be integrated onto a microfluidic device, creating a µ-

TAS for the sampling and quantification of islet secretions [45]. 
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Figure 2.26 Reusable ECPA assay was used to quantify insulin secretion from pancreatic islets.  
The top panel shows data from 5 islets, while the bottom two panels are from 15 islets.   
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 2.4 Concluding Remarks 

 We have developed a passively operated microfluidic device that is capable of sampling 

single pancreatic islets in high-throughput.  We thoroughly characterized the device for optimal 

flow rate, ensured no insulin adsorption, and created a new reservoir design to enhance 

stimulation timing.  We validated our microfluidic method using the conventional bulk assay, 

and found no statistical difference between the secretion of insulin in the bulk method or 

microchip method.  The level of secretion matched that of previously reported microfluidic islet 

measurements.  When the measured islet volume was compared to insulin secretion it was 

concluded there was little correlation.  In fact, some of the smallest islets secreted the largest 

concentrations of insulin.  This data suggest that the islet architecture and paracrine signaling are 

possible factors contributing to insulin secretion.  

 These results help to validate the microfluidic platform, particularly when designed for 

passive operation.  This type of single-use device with simplified operation could be valuable to 

non-experts who are interested in making single islet hormone secretion measurements and/or 

interfacing with various methods in microscopy.  Another advantage is that our microfluidic 

design is very flexible.  We were able to use this device to study islet secretion, perform islet 

volume measurements (microscopy), and investigate gene expression.  As I will discuss in the 

next chapter, adiponectin secretion from adipocytes was also performed on a similar device 

design.  In general, we have developed an analytical tool and we can now use to ask fundamental 

biological questions that were not previously open for testing because of the limitations 

associated with conventional methods.      
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CHAPTER 3  

A MICROFLUIDIC INTERFACE DESIGN FOR THE CULTURE AND SAMPLING OF 

ISOLATED PRIMARY ADIPOCYTES 

3.1 Introductory Remarks 

Until recently adipose tissue was only considered a fat storage system, but studies have 

found the adipose plays a role in the endocrine system to maintain glucose homeostasis.   The 

main cell of the adipose tissue, the adipocyte, responds to extracellular stimuli and secretes 

hormones that play a role in glucose metabolism, hunger, and the immune system.  As explained 

in Chapter 1 (section 1.3.4.5), adiponectin is hormone secreted from the adipocyte that has been 

shown to effect insulin sensitivity [1-8].  The conventional methods for sampling primary 

adipocytes involve culturing the cells in a collagen matrix in a large volume well plate.  

Although this method has been proven to useful in sampling adipocytes for prolonged periods of 

time, it is difficult to study secretion dynamics with this approach.  Also, because of the volume 

of adipocytes needed to fill the wells, multiple mice or rats must be used.  Microfluidics offers an 

alternative to sampling adipocytes.  The small volume of both cells and reagents needed can 

significantly reduce costs of studying the adipocytes.  Microfluidics also opens the door for 

studying secretion dynamics because of the high temporal resolution that can be achieved [9-10].  

In fact, as described thoroughly in Chapter 1, the Kennedy group has already developed a 

microfluidic device capable of both sampling and quantifying secretions from 3T3-L1 adipocytes 

[11-12].
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A challenge to microfluidic adipocyte sampling is the buoyancy of the cells, causing them to 

float in aqueous media.  Another important issue is to make sure that enough cells are cultured 

onto the device, to allow secretion samples to fall within the dynamic range of the assays used 

for quantification.  We set out to design an interface that would allow primary adipocytes to be 

cultured and sampled on the same microfluidic device.  A report from the Voldman group used 

small Smooth-cast plastic inserts to create reservoirs during the soft lithography process [13].  In 

this report the authors were able to create PDMS molds, and then cast smooth-on plastic to create 

inverse molds of channels in the micrometer size as well as bulk reservoirs that interfaced to the 

microchannels.  Building on this report and modifying our device described in chapter 2, we 

designed an interface with a raised “island” surrounded by a cell “moat” region directly above 

the entrance to the microchannel, with access to the channel punched through the raised island 

[13-14].   This design allowed for the culture of adipocytes directly into the moat on the device 

without clogging the microchannel.  In this chapter, we present this microfluidic interface design 

and show that it allows culture and sampling of hormone secretion from primary adipocytes [13-

14]. 

3.2 Experimental 

 3.2.1 Reagents and materials 

 Polydimethylsiloxane (PDMS) precursors, Sylgard® 184 elastomer base and curing agent, 

were obtained from Dow Corning (Midland, Maryland, USA).  Silicon wafers were obtained 

from Silicon Inc. (Boise, ID, USA), SU-8 photoresist and developer were purchased from 

Microchem (Newton, Massachusetts, USA). Tubing for interfacing syringes and devices was 

obtained from Small Parts (TGY-020-5C; 0.02 in. ID, 0.06 in. OD, 0.02 in. wall), as were blunt 

ended needles (NE-223PL-C 22G). 
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 NaCl, CaCl2•2H2O, bovine serum albumin (BSA), NaOH, and fetal bovine serum (FBS) 

were purchased from VWR (West Chester, Pennsylvania, USA).  KH2PO4, NaH2PO4, HEPES, 

Nystatin, insulin, nicotinic acid (niacin), penicillin/streptomycin, Brefeldin A (BFA), and D-

glucose were obtained from Sigma-Aldrich (St. Louis, Missouri, USA). MgSO4•7H2O was 

purchased from Fischer Scientific (Waltham, MA, USA). LipidTOX™, DAPI, Dulbecco’s 

Modified Eagle Medium (DMEM), Minimum Essential Media (MEM), and MEM non-essential 

amino acids were obtained from Gibco (Grand Island, NY, USA). PureCol collagen was 

purchased from Advanced Biomatrix (San Diego, CA, USA). 

 3.2.2 Microfluidic interface design and fabrication 

The 1-cm diameter plastic insert was fabricated using a two-part epoxy resin (Smooth-

Cast 310; Smooth-On plastics) [13-14].  As shown in Figure 3.1, the support pegs were created 

by a 1-mm thick PDMS slab (thin PDMS mold), in which three holes were punched in a 

triangular pattern.  The PDMS slab was then plasma oxidized onto a glass coverslip. To create 

the moat region, a 2-mm tall by 1 mm wide cured piece of PDMS was then reversibly bound in 

the center of the triangle pattern.  Using a cork borer, a 1-cm hole was created in a separate 

PDMS slab that was ~2 cm thick (thick PDMS mold).  Silicone oil was used as a pretreatment 

for the thin PDMS mold to ensure the cured smooth-cast would remove easily.  Smooth-On was 

degassed for 10 min, mixed per manufacturer’s instructions, pipetted into the three small holes, 

and the excess was removed with a razor.  A blunt tip needle was used to ensure all air bubbles 

had been removed.  After 5 min, the thick PDMS mold was bonded reversibly to the thin PDMS 

form the completed mold.  The top portion of the mold was filled with Smooth-On, and it was 

allowed to cure overnight.  The resulting plastic insert was used to define the modified reservoirs 

during standard soft lithography, as shown in Figure 3.2. 
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Figure 3.1 Fabrication of the PDMS mold in which Smooth-On in cured.  The adipocyte 
reservoir fabrication is much like that of the islet reservoir, but with one notable difference in the 
addition of the moat region. The moat region is fabricated using a PDMS plug reversibly sealed 
to the bottom part of the mold, which created a raised “island” that prevents clogging of channels 
by adipocytes. 
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Figure 3.2 The fabricated Smooth-on mold is placed on the silicon wafer, so that PDMS can be 
cast and cured around it.  We ensured that the moat region would sit directly above the channel 
entrance.  The raised island area allows for adipocytes and collagen to be placed onto the device 
without blocking the channel. 
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3.2.3 Microfluidic channel design and fabrication 

All devices were fabricated using PDMS as the channeled substrate and No. 1 glass 

coverslips as the floor substrate [15].  In brief, PDMS was mixed in a 10:1 elastomer to curing 

agent ratio, poured over the silicon master, and allowed to cure overnight at 60 ºC. The 

microfluidic channel layout (Figure 3.3) was designed in Adobe Illustrator software and sent to 

Fineline Imaging (Colorado Springs, CO) for photomask printing at 65 024 DPI resolution 

(negative image).  The SU-8/silicon master was fabricated using standard photolithography with 

channels with a deeper channel of 156 µm deep, 600 µm wide, and 1.5 mm in length.  Shallow 

sampling channels were 14.8 µm deep, 60 µm wide and 10.8 mm long. 
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Figure 3.3 Microfluidic channel design used to sample adipocytes.  The same channel design 
that was used to sample islets was applied to adipocytes, but instead of using all 8 channels, the 
moat region was fabricated above only a single channel’s inlet. 
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3.2.4 Primary adipocyte isolation and culture  

 Epididymal fat pads were obtained from 18-20 week old male C57BL/6J mice (Jackson 

Laboratories, Bar Harbor, Maine).  The adipose tissue was placed in a 60 mm plate, and the wet 

weight of the tissue was obtained.  Epididymal fats pads were minced and digested with type I 

collagenase at 37 °C with shaking for 30 min [16-18].  After washing and filtering steps, the 

adipocytes were suspended in a supplemented DMEM containing 1.2 % of Nystatin, 

penicillin/streptomycin, fetal bovine serum, and MEM nonessential amino acids for 30 min 

referred to as “serum media”.  For the microfluidic systems, 10 µL of cells were then culture in a 

30 µL collagen matrix containing Pure-Col collagen tablets and 1 % MEM into PCR tubes.  The 

cell/collagen mixture was gently pipetted up and down to mix, and then loaded onto the 

microfluidic devices.  After a 50 min incubation at 37 °C, cells were placed in serum media, was 

added and the cells were allowed to sit overnight (37 °C 5 % CO2).    

To culture the cells onto a 6-well plate, 450 µL of collagen and 90 µL of cells was 

pipetted directly into the center of the well.  The plate was shaken to mix and distribute the 

collagen cell mixture throughout the well [16-18].  After a 50-min incubation for the collagen to 

set, the cells were placed in 2 mL of serum media, and allowed to sit overnight at 37 °C.  To 

culture cells in a 96-well plate, the same procedure was followed as for the standard 6-well plate, 

but the volume of cells and collagen was scaled by 10.  Thus, 45 µL of collagen and 10 µL of 

cells were pipetted into the wells, and treated as described above.   

 3.2.5 Microfluidic culture and sampling of primary adipocytes 

 After an overnight incubation in serum media, adipocytes on the microdevices were 

washed with serum media and allowed to incubate for 1 h at 37 °C in 5 % CO2.  After 

incubation, the media was again replaced with a serum free media (DMEM as described above 
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but FBS is replaced with 0.2 % BSA) and allowed to incubate for 3 h at 37 °C in 5 % CO2.  After 

3 h, the serum free media was replaced with 200 µL of fresh serum free media, and tubing was 

interfaced to a manifold and vacuum source.  A vacuum was applied with a 100-mL glass 

syringe to draw solution through the channels and into the tubing.  The vacuum was released and 

the cells were allowed to incubate for 10 min at 37 °C before sampling.  Next, the cells were 

stimulated with either 10 µM niacin or 100 nM insulin, a vacuum was applied to the 

microdevice, and a flow rate of 40 µL h-1 was established [14].  Control cells were left untreated.  

Adipocytes were perfused for 1 h, the vacuum was released, and samples were collected into 

PCR tubes and stored at -20 °C until adiponectin was quantified with ELISA measurements. 

3.2.6 Microplate sampling methods 

  After an overnight incubation in 2 mL of serum-containing media, cells were washed 

with 1 mL of fresh serum media and allowed to incubate for 1 hour at 37 ° C.  Next, the 1 mL of 

serum media was replaced with 1 mL of serum free media, and cells were incubated for 3 hours.  

The serum free media was replaced after 3 h with fresh serum free media, and cells were treated 

with 100 nM insulin; untreated cells were considered the controls.  After 1 h incubation at 37 °C, 

samples were taken and stored at -20° C until ELISA measurements.   

For the samples collected from the 96-well plate, adipocytes were treated in the same 

manner as before, but the volume of media was cut to 200 µL, and samples from the adipocytes 

were taken every 10 min for 1 h. 

3.2.7 Primary adipocyte imaging 

Cells were fixed in a 3.7 % solution of formaldehyde for 30 min at 25° C and then 

incubated with LipidTOX™ (diluted per manufacturer’s instructions) for 30 min at 25° C with 

gentle rocking.  LipidTOX™ was removed, and the cells were washed with PBS buffer.  A 300 
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nM solution of DAPI was added to the cells and allowed to incubate for 5 min at 25° C with 

gentle rocking.  Cells were washed 3 times with PBS buffer, and cells were imaged using an 

inverted Nikon Ti-E wide field fluorescence microscope.  LipidTOX™ emission was imaged at 

525 ± 25 nm after excitation at 470 ± 20 nm, and DAPI emission was imaged at 460 ± 25 nm 

after excitation at 350 ± 25 nm.  Collected images were overlaid using ImageJ (NIH) software 

and false coloring (green for LipidTOX, blue for DAPI) was applied [19]. 

3.2.8 Treatments with Brefeldin A 

Adipocytes were treated with Brefeldin A (BFA) and sampled in a time dependent 

manner.  After an overnight incubation in 2 mL of serum media, cells were washed with 1 mL of 

serum media at least 3 times and allowed to incubate for 1 hour at 37 ° C.  Next, the 1 mL of 

serum media was replaced with 1 mL of serum free media, and cells were incubated for 2.5 

hours.  The serum free media was replaced, and stimulants of 5 µg mL-1 BFA, 10 µM niacin, or 

BFA and niacin in 350 µL of serum free media were added to the cells; untreated cells were 

considered the controls.  The cells were allowed to incubate for 30 min, and 300 µL was 

collected from the well and the same volume was pipette back.  This is considered the zero time 

point.  Samples were collected in the same manner every 30 min for a total of 90 min.  Samples 

were placed at -20° C until ELISA quantification. 

3.3 Results and discussion 

 3.3.1 Microfluidic interface design 

 Adipocyte related research brings forth a unique set of challenges.  The adipocytes 

themselves are less dense than water and will float in aqueous media.  To circumvent this 

problem, primary adipocytes are cultured in a matrix of collagen to anchor the cells, such that 

they will not float.  In order to sample adipocyte secretions using microfluidics, the device must 



133 
 

be able to not only sample the cells, but culture them as well.  Another challenge to adipocyte 

research is the ability to culture the cells on the device without disturbing or blocking the flow 

through the microchannel.  We set out to design a microfluidic interface that could accomplish 

both the goals of culturing and sampling primary adipocytes.  To achieve this goal, we adapted 

our 8-channel device used to sample islets and modified the reservoir.  

 The Smooth-On plastic inserts were fabricated as shown in Figure 3.1.  A 1mm thick 

PDMS slab was fabricated, and a paper printout of the channel layout was used to determine the 

position of the peg feet.  In order for the pegs not to interfere with the channel and for the insert 

to have the best stability, we used a triangular layout.  We designed the insert with two feet 

bracketing the channel, and one foot out into the reservoir, as shown in Figure 3.1 and 3.2.  A 

1.25 mm punch was used to create the pegged feet at the predetermined positions, in the 

triangular pattern.  The thin PDMS slab with punched pegged feet was cleaned and plasma 

oxidized onto a glass microscope slide, and the pegged feet were treated with silicone oil to 

ensure the smooth-on insert would release once cured.  To create the moat portion of the insert, a 

cured piece PDMS was punched and carefully placed in the center of the triangle.  In this way, 

when the Smooth-On is poured into the mold it will cure around the PDMS, and once the PDMS 

is removed, we would have an open area on the bottom of the insert.  A small amount of 

Smooth-On was pipetted into three pegged feet regions, and a blunt needle was tapped in and out 

of the region to remove any trapped air.  The top region consisted of a 2-cm tall piece of cured 

PDMS which was punched with an 8-mm cork bore.  This bulk piece of PDMS was aligned over 

the pegged feet and reversibly bound to the thin slab of PDMS.  Smooth-On was then poured 

into the large reservoir and allowed to cure overnight.  After Smooth-On had cured, the bulk 

piece of PDMS was carefully peeled from the thin piece of PDMS.  An X-Acto knife was also 
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used to remove the small pieces of PDMS from the bottom of the smooth-on insert and any 

debris.   

 The inserts were placed onto the silicon wafer before PDMS was cured.  A small amount 

of uncured PDMS is poured onto the silicon wafer that has been patterned with channel designs 

in photoresist in positive relief.  The insert was flipped over, and a blunt needle was used to place 

a small amount of PDMS into the hole of the insert, then air bubbles were removed.  The insert 

was then carefully aligned around the channel and set directly onto the wafer.  The rest of the 

uncured PDMS was slowly poured onto the silicon wafer to ensure the inserts are not disturbed, 

and then placed into the oven to cure overnight at 60 °C.  Once placed in the oven, the inserts 

were checked for alignment before PDMS was fully cured.  When the inserts were placed down 

onto the silicon wafer, the excess PDMS underneath was displaced, and the feet of the insert set 

the height at which the PDMS would cure over the channel.  The result is a platform to cure the 

adipocyte and collagen mixture with a raised island creating a moat region directly over the 

channel entrance.  Access to the microchannel was punched through the raised island region, as 

shown in Figure 3.4.  The raised region will prevent any collagen cell mixture from entering and 

blocking the microchannel.  Due to the small channel depth, if any collagen enters into the 

microchannel it will render the device unusable.  

  Figure 3.4 shows a cross-sectional, stitched microscope image of the reservoir region of 

the microfluidic device.  As stated above, the reservoir sits over the entrance of a single 

microfluidic channel.  As vacuum was applied at the outlet, solution flowed over the cells, 

through the moat region, and into the channel.  This platform allowed for the collagen and 

adipocytes to be cultured, and the moat region ensured the microchannel is not blocked by the 

collagen/adipocyte mixture. 
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Figure 3.4 Cross-section of reservoir used to sample secretions from primary adipocytes.  The 
adipocytes are pipetted into the moat region, while the raised island houses the entrance to the 
microchannel. 
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3.3.2 Loading collagen and adipocytes onto microdevice 

We modified our previously-developed protocol for collagen-based cell culture in order 

to load the cells onto the microdevices as shown in Figure 3.5.  In the standard plate method, 450 

µL of collagen is added to the middle of each well of the 6-well plate, and then 90 µL of cells is 

added to the collagen.  The plate is then shaken vigorously to mix the collagen and cells in the 

well.  While this method is useful with multi-well plates, it would not suffice forthe microfluidic 

reservoir due to the moat region and the risk of obstructing the flow path through the device.  For 

the microfluidic culture system, we reduced the total volume, changed the ratio of cells to 

collagen, and modified the collagen cell loading procedure.  Instead of 90 µL of cells and 450 µL 

of collagen, we used 10 µL of cells and 30 µL of collagen to load onto the devices.  First, the 

collagen was mixed, and 30 µL was pipetted into a PCR tube.  10 µL of the adipocytes was 

added to the collagen in the PCR tube, and pipetted gently up and down to mix.  The 

cell/collagen mixture was pipetted around the moat region of the reservoir and allowed to set. 
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Figure 3.5 Procedure for preparing the adipocyte and collagen matrix, then subsequent loading 
into the reservoir of the microdevice. 
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3.3.3 Primary adipocyte imaging 

 We used a commercially available LipidTOX stain that has a natural affinity for neutral 

lipids in order to stain the large lipid depots within the cells.  Because LipidTOX is a neutral 

lipid stain it will also stain any lipid droplets due to lysed adipocytes.  Therefore if the cells are 

only stained with LipidTOX, there would be no visual difference between lipid droplets and 

adipocytes.  We used DAPI as a co-stain because of the binding affinity to DNA, which will 

stain the nucleus of intact adipocytes.  We first imaged the cells using the DAPI channel to find 

the nuclei, then switched channels to FITC to image the green fluorescent lipids.  An example 

composite image is shown in Figure 3.6.  These images confirmed that our collagenase digestion 

was gentle enough not to interfere with the delicate cell membranes.  We found that the size of 

the cells varied, but some larger cells ranged between 100-200 µm in size.  In fact, some cells 

were in the same size range as pancreatic islets.  In a way, this is a disadvantage, because with 

islets there are a few thousand cells per single islet volume, whereas a single adipocyte can be 

the same size.  For this reason, a much larger volume of adipocytes needed to be loaded onto the 

device.  Unlike islets, secretion of adiponectin from a single adipocyte would be below the limit 

of detection for the ELISA assays.  To our knowledge, there is not an assay that currently exists 

that is sensitive enough to quantify secretion of adiponectin from a single adipocyte.   
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Figure 3.6 Image of adipocytes stained with LipidTOX (green) and DAPI (blue).  LipidTOX is a 
lipid binding dye, while DAPI stains the DNA.  With these two stains, the fat can be visualized 
in the cells along with the nuclei.    
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3.3.4 Primary adipocyte microplate sampling 

Standard in vitro plate samplings were done on primary cells to further confirm that our 

methods for isolating and stimulating cells was not altering the activity of the adipocytes.  As 

stated above, after the isolation process, 450 µL of collagen and 90 µL of cells were loaded into 

a large 6-well plate, and the plate was shaken to mix the cells and collagen together.  After an 

overnight incubation, we stimulated adipocytes with 100 nM insulin for 1 hour, and controls 

were left untreated.  Results are shown in Figure 3.7.  We were able to observe a significant 

difference between the non-treated cells and insulin treated cells, but with two mice C57BL/6J, 

we were only able to fill one 6-well plate [16-18]. 
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Figure 3.7 Adiponectin secretion from adipocytes sampled from microplates.  When adipocytes 
are stimulated with insulin, there was a significant increase in adiponectin secretion compared to 
the control. 
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The plate method of sampling adipocytes is a useful tool, but the large well format does 

not allow for high temporal resolution.  Also, the method is static, with no flow of solution over 

the adipocytes.  As with insulin, there could be some negative feedback of adiponectin secretion 

as the cells are sitting in their secretions and waste over the entire timeframe of the study.  As an 

alternative, microfluidics offers a flowing system that is continuously replacing the media that is 

around the cells and washing away any waste products that could affect secretion of hormones.  

Also, microfluidics can be amendable to high temporal resolution studies by using droplet 

fluidics to sample adipocytes with and study secretion dynamics, which to our knowledge has yet 

to be accomplished. 

In a 96-well plate, a time course experiment was attempted with 10 min temporal 

resolution over one hour.  We reduced the volume of both collagen and adipocytes by 10 to 

accommodate the smaller wells of the plate.  The adipocytes were stimulated with niacin and a 

sample was taken every 10 min for 1 h.  The results are shown in Figure 3.8.  Here we see the 

time course of secretion of adiponectin, which is presented secretion as % control to account for 

any difference in secretion between the wells.  Figure 3.8 shows that early time points of 10 – 20 

min did not show any significant difference between the control and the stimulate adipocytes.  

The error bars represent the standard error of the means where n=2 for the controls and n=3 for 

the stimulated cells.  Not until the 30 min time did we observe secretion of adiponectin that was 

significantly above the control, and these levels were maintained until the end of the experiment.  

These results highlight the need for a better method for sampling adipocytes.     
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Figure 3.8 10 min temporal resolution of adiponectin secretion after stimulation with niacin.  
Only after 30 min was the secretion of adiponectin was significantly higher than the control.   
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 3.3.5 Primary adipocyte microfluidic sampling   

 Modifying our previous design, we used a single channel on our 8-channel device as 

shown in Figure 3.1.  As described in Chapter 2, the device is passively operated, so the flow rate 

is controlled by the fluidic resistance.  Also, by simply designing a new bulk reservoir, we were 

able to tailor the same microdevice for two different applications.  The adipocytes were 

incubated with serum free media, which acts as both starving conditions and ensures no 

interference from the FBS, for 3 hours.  Before sampling, the media was changed to remove any 

secreted adiponectin or waste products.  The tubing was interfaced to the device, a vacuum was 

applied at the outlet, and serum free media was drawn into the channels. The serum free media 

contains a 0.2 % BSA concentration, which we have shown can prevent non-specific adsorption 

of proteins to PDMS.  We incubated for 10 min in a 37 °C environment before stimulants were 

added [14].  Adipocytes were treated with either insulin or niacin, and a vacuum was applied and 

samples were collected for 1 hour.  

 Three different treatments were used to test the secretion of our cultured primary 

adipocytes on the microfluidic device:  niacin, insulin, and controls (not treated).  Niacin is a 

common drug used to treat dyslipidemia and has been found to increase high density lipid 

cholesterol.  We chose niacin because studies from our collaborator (Dr. Judd) have shown that 

in vivo and in cell lines, niacin stimulates rapid adiponectin secretion.  In fact, at the 10 min time 

point in whole animals, adiponectin secretion is significantly greater than the control, with the 

maximum level of secretion being reached in 1 h [16-18].  Unfortunately, technologies do not 

exist, in vitro, to study these early secretion dynamics.  This is where microfluidics can offer a 

new approach to study adipocyte secretions.  Insulin has been shown to decrease lipolysis and 
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stimulate the uptake of FA.  We used insulin to stimulate adiponectin secretion, which served as 

our positive control in these experiments, as shown in Figure 3.9.   

 

 

 

 

 

 

 

 

 

 

 



146 
 

 

Figure 3.9 Adiponectin secretion from adipocytes that we cultured on our microfluidic device.  
Adipocytes were stimulated with insulin (positive control) and niacin.  The control was untreated 
adipocytes.  The results show a statistical difference between the control and insulin and control 
and niacin treatments.   
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 Adiponectin secretion is plotted in pg min-1 µL-1.  From the ELISA results, we calculated 

the amount of picograms secreted over a 60 min time period per µL of cell volume loaded onto 

our devices.  The results match well with previous reports, where niacin showed the highest 

secretion of adiponectin (0.13 ± 0.025 pg min-1 µL-1), while the control showed less adiponectin 

(0.034 ± 0.0049 pg min-1 µL-1) secreted over an hour.  In fact, the control treatment results were 

significantly lower than both the niacin (p<0.002, n=13) and insulin (p<0.05, n=15) treatment 

results.  Secretion data is from 5 different C57BL/6J mice.  6 different sets of adipocytes were 

tested for the controls, and 13 and 15 different sets of cells were tested for the insulin and niacin 

treatment, respectively.  

 With these results, we found that not only were the primary cells alive during our study, 

but they were secreting hormones in the manner we expected.  These cells were isolated, 

cultured overnight, and tested for 6 hours total.  To our knowledge, this is the first report of 

microfluidic sampling of primary adipocytes. 

 3.3.6 Microfluidic advantages 

The major advantage to using microfluidics is the overall reduction in all materials 

needed for sampling [9-10].  We used the standard 6-well plate method to stimulate primary 

adipocytes, and we had to use two different C57BL/6J mice to fill the plate and 100 µL of cell 

volume to load one well.  With microfluidics, we were able to use 5 different mice (10 µL of cell 

volume for each study) for 34 different microfluidic samplings.  By using microfluidics, we can 

reduce the amount of cells needed ~9 fold, and we can also increase the number of treatments per 

mouse to produce statistically relevant results.  This provides a significant advantage, opening 

the door for other studies to be done on the less expensive murine models instead of having to 
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use more expensive, larger animal models.  Microfluidics can also help reduce the overall 

number of animals that are sacrificed.   

3.3.7 Effects of the protein transport inhibitor, Brefeldin A 

BFA has been shown by others to inhibit hormone secretion, including adiponectin, by 

blocking the ER to Golgi protein trafficking [25-27].  Based on the acute effects seen by our 

collaborators in vivo, we hypothesized that adiponectin is packed and stored into a reserved pool 

of vesicles at the cell membranes, ready to be released upon stimulation.  In order to study these 

effects, we planned to treat the cells with an agent that will stimulate rapid adiponectin secretion, 

but also with BFA in order to shut off long term secretion.  We began with a time course study at 

30 min resolution  We began by treating primary murine adipocytes for 30 min with niacin, 

which has been shown to stimulate adiponectin secretion through the GP109A receptor.  It was 

expected that the BFA would inhibit long-term secretion significantly, while the niacin would 

increase acute adiponectin secretion.  The cells were treated with the different reagents and 

controls, and samples were taken every 30 min.  The volume used to stimulate the cells was 

reduced to 350 µL to ensure the secretion from the adipocytes would be within the dynamic 

range of the ELISA assay.  When sampling, we removed 300 µL from the well and added the 

same volume back to the well.   

The preliminary results are shown in Figure 3.10, in a time trace of secretion of 

adiponectin up through 120 min.  From this data, we observed that adiponectin secretion during 

niacin stimulation was increased over time, as expected.  In general, the BFA treatments also 

showed decreased prolonged hormone secretion, as expected.  However, these preliminary 

results were inconsistent and need to be explored further.  One option is to further optimize the 

timing of pre-treatment for the BFA and niacin before secretion experiments.  Reports have 
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shown that a 4 h pre-treatment with BFA is needed to inhibit adiponectin secretion in order to 

give the drug enough time to diffuse into the collagen and into the cells.  Our studies were 

carried out with short term pre-treatment, which may explain the unexpectedly high adiponectin 

secretion during BFA treatments.  Therefore, these experiments must be repeated with longer 

BFA pre-treatments, and consistent results must be observed before translate the methodology to 

the microfluidic platform.   
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Figure 3.10 Adionectin secretion from primary murine adipocytes treated with either BFA, 
Niacin, or BFA and Niacin.  The top panel represents one set of treatments and the second panel 
is another set of experiments (four different mice).  The third panel represents the combined data.  
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3.4 Concluding Remarks 

 We have developed a microfluidic interface that can culture and sample primary 

adipocytes on a microfluidic device. We designed the interface to include a raised island region 

surrounded by a moat region so that adipocytes can be cultured in collagen on the device without 

blocking the microchannels.  When stimulated with insulin and niacin, we were able to quantify 

adiponectin secretion over an hour, representing the first example of primary adipocyte secretion 

sampling using microfluidics.  An advantage of using the microfluidic platform is that we should 

be able to more closely mimic in vivo conditions, since the flowing system is more similar to the 

blood flow experienced by tissues compared to static plate-based systems.  Microfluidic 

technology can reduce the total number of cells needed per study and allow for more treatments 

per animal than with standard plate-based methods. 

 To test our hypotheses on acute secretion of adiponectin, we studied adiponectin 

secretion in a plate-based format using a reagent known as BFA, which disrupts ER to Golgi 

protein trafficking.  Unfortunately, experiments were inconclusive, and we determined that the 

pre-treatment with BFA was likely too short.  The next step in future studies will be to pre-treat 

the cells longer with BFA to further test our hypothesis.         
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CHAPTER 4 

MEASUREMENTS OF MICROCHANNEL FLUIDIC RESISTANCE USING A 

STANDARD VOLTAGE METER 

4.1 Introductory Remarks 

Microfluidic technology provides an attractive platform for a variety of purposes, with 

devices that can be tailored for many chemical and biological applications.  One unique 

capability is to integrate processing and analysis functionalities onto the same chip, creating 

micro-total analysis systems (µTAS) [1-6]. A key aspect to any microfluidic system is proper 

flow control.  Most systems use high-voltage electrical power supplies or syringe pumps to 

control flow through microdevices.  Analytically, these systems are capable of high performance 

assays, biological sample preparation, and electrophoretic separations, among other applications; 

although, the disadvantages to these systems are the highly specialized equipment and expertise 

needed to operate [3-6].  

One way to make these systems more amenable to point-of-care analysis is by 

implementing passive flow control to simplify operation, where little to no external power 

sources are needed to operate devices [3-11]. Passive flow control employs everyday forces such 

as gravity, suction, and capillary action to manipulate fluids in microdevices [12].  For example, 

microfluidic channel resistance can be exploited to tune fluidic flow rates passively, so that no 

external syringe pumps or power supplies are needed in the operation of these devices [4, 5, 9, 

11, 13]. Fluidic resistances of microchannels can be designed to automatically modulate flow 

rates through individual parts of the device, analogous to the design of differential
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 impedances in electrical circuits.  Relatively simple fluid dynamics equations have been used 

successfully to predict fluidic resistances of microfluidic channels [5,7]. Yet, as is the case in the 

electrical counterpart, errors introduced during fabrication can significantly deviate resistance 

values from the ideal.  During photolithography, slight imperfections such as errors in the depth 

of spin-coated layers of photoresist can cause changes in channel depths, and thus significant 

changes in channel resistances.  As such, there is a clear need for methodology to directly 

measure fluidic resistances of microfluidic channels.  Such methods have been presented, 

including measurement of the pressure drop across a series fluidic circuit [7].  However, this 

approach requires precisely controlled pressurized reservoirs, solenoids, and series fluidic 

circuits with rigid components that possess significant dead volume.  Another approach is to 

directly measure the fluidic flow rate through microfluidic circuits while controlling the applied 

pressure.  One of the most facile methods, meniscus tracking through outlet tubing, requires only 

water, a pressure source, and a timer [4,14], yet this approach requires ~15 minutes for each 

measurement and is highly sensitive to user error.  Another method is to quantify flux of colored 

solutions through devices [15], but this approach requires syringe pumps and UV spectroscopy to 

accomplish.  These examples highlight the need to further simplify the measurement of fluidic 

resistance, ideally reducing the measurement system to the analogous electrical voltage meter. 

 In this work, we provide a fast and convenient method to measure fluidic resistance 

directly using solution conductivity.  By using commercially available conductivity standards, an 

electrical resistor, and a standard voltage meter, we measure the electrical resistance of a 

microfluidic channel.  We then provide a simple equation that can be used to calculate the fluidic 

resistance from this electrical resistance measurement.  We show that the equation holds true for 

9 different fluidic resistance values tested on over 30 microfluidic devices and that the method 



155 
 

can be used to measure dynamic changes in electrical resistance in real time.  The simplicity of 

this approach permits the use of a standard voltage meter to directly measure fluidic resistance.  

Although a slight correction factor for fluidic resistance can be applied in our system, relatively 

accurate results can even be obtained without requiring calibration or correction factors, 

providing users with the option to further simplify the measurements. 

4.2 Experimental 

 4.2.1. Reagents and materials  

 Polydimethylsiloxane (PDMS) precursors, Sylgard® 184 elastomer base and curing agent, 

were obtained from Dow Corning (Midland, Maryland, USA). NIST traceable conductivity 

standards of 200 000, 150 000, and 100 000 µS cm-1 were purchased from VWR (West Chester, 

Pennsylvania, USA).  Silicon wafers were obtained from (Boise, ID, USA), SU-8 photoresist and 

developer were purchased from Microchem (Newton, Massachusetts, USA), and 

trichloromethysilane was purchased from Sigma-Aldrich .  HFE-7500 perfluorocarbon oil was 

obtained from 3M, and Krytox 157-FSH carboxylated perfluorocarbon surfactant was purchased 

from DuPont.  The ammonium salt of the Krytox surfactant was made as described previously 

[11]. Aquapel for channel coating was purchased from Pittsburgh Glass Works.  Tubing for 

interfacing syringes and devices was obtained from Small Parts (TGY-020-5C; 0.02 in. ID, 0.06 

in. OD, 0.02 in. wall), as were blunt ended needles (NE-223PL-C 22G). 

 4.2.2. Microfluidic device fabrication.   

 All devices were fabricated using PDMS as the channeled substrate and No. 1 glass 

coverslips as the floor substrate.  In brief, PDMS was mixed in a 10:1 elastomer to curing agent 

ratio, poured over the silicon master, and allowed to cure overnight at 60 ºC [16].    The 

microfluidic channel layout (Figure 4.1) was designed in Adobe Illustrator software and sent to 
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Fineline Imaging (Colorado Springs, CO) for photomask printing at 65 024 DPI resolution 

(negative image).  The SU-8/silicon master was fabricated using standard photolithography with 

channels that varied in length (17 , 35, and 71 mm) and depth (33, 52, and 78 µm). 
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Figure 4.1 Design of the fluidic channels, or fluidic resistors, used to make the conductivity 
measurements.  Channel lengths of 17, 35, and 71 mm were fabricated with channel depths of 
33, 52, and 78 µm, resulting in nine different values of fluidic resistance for this study.  Fluidic 
reservoirs (gray) were interfaced to channels using monolithic debris filters, which had 
negligible effect on fluidic resistance values. 
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 4.2.3. Fluidic flow rate measurements  

 A meniscus tracking method was used to measure the linear velocity of fluid in outlet 

tubes of microdevices from which volumetric flow rate and fluidic resistance could be calculated 

[4,14].  Water was placed into the large inlet reservoir of the device, and a vacuum was applied 

at the outlet.  Tracking the meniscus in the outlet tubing, a distance measurement was made 

every 1 min for 15 min.  For each measurement, linear velocity, volumetric flow rate, and fluidic 

resistance were calculated. 

 4.2.4 Electrical resistance measurements   

 Electrical resistances of the microfluidic channels were measured using the circuit shown 

in Figure 4.2.  The voltage drop was measured across an electrical resistor in series with the 

microfluidic channel (fluidic resistor).  

 

 

 

 



159 
 

 

Figure 4.2 System used for conductivity measurements.  Electrical resistors of 1, 10, or 20 MΩ, 
in series with the microchannel, were interchanged based on the length and depth of the 
microchannel. 
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This voltage was then used to calculate the electrical resistance of the microchannel through the 

relationship below.   

  𝑅𝑒𝑙𝑒𝑐 = 𝑅𝑑𝑖𝑣 𝑉𝑏𝑎𝑡
𝑉𝑚𝑒𝑎𝑠

− 𝑅𝑑𝑖𝑣 − 𝑅𝑠𝑦𝑠   (1) 

In Eq. 1, Relec is the electrical resistance of the microchannel, Vbat is the voltage of the battery 

powering the circuit, Vmeas is the measured voltage across the series resistor, and Rsys is the 

relatively small system resistance introduced by interfacing to the microdevice.  Rdiv, the total 

resistance of the voltage divider, also incorporated the resistance of the voltage measurement 

system, such that in Eq. 1, 𝑅𝑑𝑖𝑣 =  1 (1 𝑅𝑟𝑒𝑠𝑖𝑠𝑡𝑜𝑟⁄ + 1 𝑅𝑣𝑜𝑙𝑡𝑚𝑒𝑡𝑒𝑟⁄ )⁄ .  Rresistor was either 20, 10, 

or 1 MΩ, and Rvoltmeter was measured to be 9.86 ± 0.01 × 105 Ω for the standard voltage meter 

and 2.95 ± 0.03 × 105 Ω for the USB-DAQ interface to LabVIEW.  Rsys was measured at the 

beginning of each set of measurements on a new device by removing the microdevice from the 

circuit, and the value was consistently 4.6 × 104 Ω.  To allow application of vacuum during 

conductivity measurements, an electrode/outlet tube hybrid was made in house using a blunt 

needle (Small Parts) with a piece of copper wire soldered to one end, and the needle was 

interfaced with the outlet tubing.  Using the supplier provided correction factors, conductivity 

values of the NIST standards were adjusted based on the average temperature of the 

measurements (21.6 ± 0.6 °C); standards labeled 200 000, 150 000, and 100 000 µS cm-1 were 

temperature corrected to 188 480, 142 080, and 93 390 µS cm-1 (or 0.018848, 0.014208, and 

0.009339 S mm-1).  These standard solutions were added to the large inlet reservoir, and a 

vacuum was applied at the outlet tubing using a handheld syringe.  Vmeas was allowed to 

equilibrate, and a reading was taken every 1 min for 5 min for each conductivity standard in each 

fluidic resistor.  Care was taken to ensure no air bubbles were blocking channels during the 
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experiment, and there was no evidence of significant electroosmotic flow or electrolysis in this 

configuration. 

 4.2.5 Microfluidic valve fabrication and droplet formation 

 A push-down version of the variable fluidic resistor—made for droplet microfluidics—

was fabricated using partial curing and bonding of PDMS, without plasma oxidation.  Briefly, 

PDMS was mixed in a 7:1 ratio and placed in a vacuum chamber to remove any trapped air 

bubbles.  It was then poured over a blank silicon wafer and cured for ~45 min in an oven at 60 

°C, or just until it was rigid enough to handle.  Another batch of PDMS was mixed at a 15:1 ratio 

and placed in a vacuum chamber.  This batch was poured over a silicon master with 39 µm deep 

channel patterns, spin coated to a height of 60 µm, then allowed to cure in an oven at 60 °C for 

15 min.  The blank PDMS portion was then taken from the oven and removed from the wafer, 

and the valve input was punched.  The blank portion was then aligned with the spin coated 

portion to ensure that the valve input was in the correct position over the oil inlet channel.  The 

two portions were then placed back in the oven and allowed to cure overnight at 60 °C.  Devices 

were then removed from the oven, and a scalpel was used to score around each chip to cut the 

membrane to the size of the chip.  Devices were then carefully peeled from the silicon wafer to 

prevent tearing of the thin membrane portion.  Reservoirs for oil and aqueous phases and a 

fluidic outlet were then punched.  Some devices were then exposed to an air plasma (Harrick 

Plasma, Ithaca, New York, USA) for 45 s and bonded to a glass slide for stability.  Channels 

were coated with Aquapel (Pittsburgh Glass Works) to induce hydrophobicity.  After rinsing the 

chip with methanol, drying with air, and placing in the oven at 60 °C for 10-15 min to remove 

any remaining solvent, the chip was filled with carrier oil and was ready for aqueous-in-oil 

droplet formation.   
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4.2.6 Image Analysis 

  Data analysis for droplet fluidics was performed on video images of the droplets 

downstream of the droplet generator, with or without valve actuation.  Video was collected at 40 

fps using a Nikon Ti-E inverted fluorescence microscope in DIC mode.  To measure droplet and 

flow properties, a region of interest (ROI) was selected in the Nikon Elements software to 

monitor the intensity of transmitted light in a small area as droplets passed by.  A time trace of 

transmitted light intensity was generated for each experiment, and this trace was fed into an in-

house written LabView application for frequency analysis.  ImageJ [17], a freeware image 

analysis program, was also used to analyze the raw video images to determine droplet volumes, 

spacing, and oil volumes. 

4.3 Results and Discussion 

 4.3.1. Fluidic resistance measurements   

 As shown by the fluidic channel schematics in Figure 4.1, devices were designed to 

encompass a range of fluidic resistances.  Three different lengths (17 , 35, and 71 mm) and 

depths (33, 52, and 78 µm) were fabricated from an inverted version of these mask designs, 

resulting in 9 different values of fluidic resistance ranging from ~40 to ~600 kPa s mm-3.  First, 

we confirmed the fluidic resistances using the simple but tedious meniscus tracking method 

[4,14]. From the linear velocity of the meniscus in the tubing connecting the syringe to the 

device, the volumetric flow rate was calculated using the cross-sectional area of the tubing.  The 

vacuum pressure applied by the 100-mL glass syringe was determined using the ideal gas law, as 

previously described and validated with ~2% error [4,15].  From the volumetric flow rate (Q) 

and pressure (ΔP) measurements, the fluidic resistance (Rfluidic) was determined with the equation  

𝑅𝑓𝑙𝑢𝑖𝑑𝑖𝑐 = 𝛥𝑃
𝑄

.  These measured Rfluidic values are shown in Figure 4.3 as a function of channel 



163 
 

length.  As expected, Rfluidic increased linearly with channel length as depth was held constant, 

and Rfluidic decreased with increasing depth.  The meniscus linear velocity was measured over a 

range of vacuum pressures from 4 - 10 kPa, and the velocity varied linearly over this entire 

range, suggesting that there was no increase in resistance caused by channel wall distortion from 

the modest vacuum applied.  The measurements were done at least 3 times at each pressure to 

determine the error.  As expected, the shallowest channel showed the highest slope versus 

channel length, and as the channel depth increased, the slope decreased (Figure 4.3). 
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Figure 4.3 These measured Rfluidic values as a function of channel length.  As expected, Rfluidic 
increased linearly with channel length as depth was held constant, the trend passed through the 
origin, and Rfluidic values decreased with increasing depth.  Also as expected, the shallowest 
channel showed the highest slope versus channel length, and as the channel depth increased, the 
slope decreased. 
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 The theoretical fluidic resistance can also be calculated, as shown previously by other 

researchers using microfluidics [5,7,8,13]. For a rectangular channel, Rfluidic can be determined 

using geometric parameters and the solution viscosity, as in Eq. 2 below. 

   𝑅𝑓𝑙𝑢𝑖𝑑𝑖𝑐|𝑐𝑎𝑙𝑐 =  12 𝜂 𝐿
𝑤 ℎ3 𝐹

     (2) 

In this equation, η represents the solution viscosity, L the channel length, w the channel width, h 

the channel height, and F represents a geometric form factor related to the rectangular shape, as 

shown below.   

𝐹 = �1 − ℎ
𝑤 
�192
π5
∑ 1

𝑛5
∞
𝑛=1,3,5 tanh �𝑛π 𝑤

2ℎ
���                             (3) 

Calculation of F requires only h and w, and this calculation is described by Eq. 3.  As shown in 

Figure 4.4, measured Rfluidic values correlated well with calculated Rfluidic|calc values, showing a 

slope of 1.12 ± 0.02 and an R2 of 0.998.  Interestingly, Rfluidic values were progressively higher 

than Rfluidic|calc values, as indicated by the slope of 1.12 ± 0.02 in Figure 4.4; this observed 

discrepancy is likely due to the assumption of a perfectly rectangular channel cross-section for 

Eq. 2, while the photolithographic process often resulted in slightly distorted rectangular cross-

sections, as shown in Figure 4.5, which would result in higher measured resistance.  It should be 

noted that although we corrected the measurements to include the resistance of the measurement 

system, i.e. the fluidic resistance of the tubing and needle interfacing with the glass syringe, this 

resistance was found to be a negligible 0.6 kPa s mm-3.  These results (Figure 4.3-4.5) indicate 

that a more accurate equation to calculate fluidic resistance for our system would incorporate the 

distorted rectangular cross-section, which would pose a significant mathematical challenge.  

Alternatively, it sufficed to apply a correction factor, k, to Eq. 2, as shown in Eq. 4 below.  
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 𝑅𝑓𝑙𝑢𝑖𝑑𝑖𝑐|𝑐𝑎𝑙𝑐 =  𝑘 12 𝜂 𝐿
𝑤 ℎ3 𝐹

     (4) 

In our system, k = 1.12 was obtained from the slope of the best-fit line in Figure 4.4.  This slight 

(12%) deviation from Eq. 2 suggests that fairly accurate results can even be obtained without 

applying a correction factor. 
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Figure 4.4 Rfluidic (measured) was shown to be well-correlated with Rfluidic|calc for all of the nine 
tested fluidic resistors.    
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Figure 4.5 Cross-sections of PDMS channels were sliced with a razor and imaged, revealing the 
slightly distorted rectangular cross-section, particularly in the deeper channels.   
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 4.3.2 Electrical resistance measurements. 

 To check whether standard electrical resistance calculations would be suitable for our 

system, first it was necessary to ensure that the measured electrical resistance, Relec, correlated 

with the expected electrical resistance given by the simple relationship, 𝑅𝑒𝑙𝑒𝑐|𝑐𝑎𝑙𝑐 =  𝐿
𝜎 𝐴

, where σ 

is the solution conductivity and A the cross-sectional area of the channel.  The widths, w, and 

heights, h, of each channel were measured by using a razor blade to slice a cross-section of a 

representative PDMS device, then imaging that cross-section using a Nikon Ti-E inverted 

microscope with Nikon Elements software.  These cross-sections are shown in Figure 4.5.  

Channel heights were determined to be 33, 52, and 78 µm.  Particularly for the 52 and 78 µm 

depths, the channels were not perfectly rectangular, but slightly trapezoidal.  This distortion is 

attributed to an artifact of the photolithographic process, likely due to non-uniformity in cross-

linking the photoresist with the masked UV beam; and, as discussed above, the distortion is the 

most reasonable explanation for the slight discrepancy observed between Rfluidic and Rfluidic|calc in 

Figure 4.4.  The assigned widths, w, for each channel were determined by the widths at half-

height (w1/2).  Values of w were found to be 65, 69, and 62 µm for channels with h = 33, 52, and 

78 µm, respectively.  These values of h and w were used to calculate Relec|calc for all nine fluidic 

resistors, and they were also used in the above calculations of Rfluidic|calc. 

 Next, Relec values were measured for each fluidic resistor (i.e. microchannel).  To do so, 

the measurement system shown in Figure 4.2 was used, as described in the Experimental section.  

The internal resistance of the voltage meter was first determined to be 9.86 ± 0.01 × 105 Ω, by 

referencing it to a series of resistors in the kΩ to MΩ range.  The voltage meter was treated as a 

resistor in parallel to the circuit voltage divider.  For each measurement, the voltage meter was 

used to determine the voltage of the battery (Vbat) and the electrical resistance of the system 
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(Rsys), and the temperature was recorded.  Measurements showed a consistent internal electrical 

resistance of the system, Rsys = 4.6 × 104 Ω, which was significant enough to include into Eq. 1.  

To measure Relec of each fluidic resistor, an appropriate resistor was chosen for the voltage 

divider.  Guided by the predicted Relec|calc for each channel, a divider resistor was chosen to 

optimize measurement sensitivity.  20 MΩ, 10 MΩ, and 1 MΩ resistors were used in the voltage 

dividers for the 33, 52, and 78 µm deep channels, respectively.  Approximately 9 V was applied 

across the microchannel and voltage divider, while the voltage meter was set to measure the 

voltage drop across the divider resistor, as shown in Figure 4.2.  Thus, when a high conductivity 

solution was placed into the device, the electrical resistance of the channel was relatively low, 

and the divider resistance dominated the circuit to give a high voltage reading.  When a low 

conductivity solution was placed into the device, the channel’s electrical resistance was high, and 

most of the voltage was dropped across it to give a low voltage reading.  In this way, Relec was 

determined in triplicate for each of the nine different device geometries.  Figure 4.6 shows that 

these values correlated very well with the calculated electrical resistances, Relec|calc; the 

correlation coefficient of Relec versus Relec|calc was R2 = 0.997, and the slope was 0.986 ± 0.01.  

These data were recorded in triplicate with 3 different NIST conductivity standards (200 000, 

150 000, and 100 000 µS cm-1) for each of the 9 channel geometries, giving 27 average values of 

Relec (n = 81), as shown in Figure 4.6.  The resultant high correlation validated the use of the 

basic equation, 𝑅𝑒𝑙𝑒𝑐|𝑐𝑎𝑙𝑐 =  𝐿
𝜎 𝐴

, for our microfluidic channels. 
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Figure 4.6 Measured Relec was well-correlated with Relec|calc for all nine fluidic resistors and with 
three different conductivity standards (27 values of Relec).  
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 4.3.3 Relating fluidic resistance and electrical resistance in microfluidic channels    

 Using Eq. 2 in concert with the definition of the electrical resistance of a tube of solution 

( 𝑅𝑒𝑙𝑒𝑐 =  𝐿
𝜎 𝐴

 ), a substitution gives the following relationship, 

    𝑅𝑓𝑙𝑢𝑖𝑑𝑖𝑐 =  12 𝜂 𝜎
ℎ2 𝐹

 𝑅𝑒𝑙𝑒𝑐    (5) 

where Relec is the measured electrical resistance, η is the viscosity of the solution, and σ is the 

conductivity of the solution.  As before, this equation can be slightly modified by including the 

correction factor of k = 1.12 for our system. 

    𝑅𝑓𝑙𝑢𝑖𝑑𝑖𝑐 = 𝑘 12 𝜂 𝜎
ℎ2 𝐹

 𝑅𝑒𝑙𝑒𝑐    (6) 

Eq.s 4 and 5 imply that a simple measurement of electrical resistance could be made to 

determine the fluidic resistance.  The conversion would simply require the value of Relec to be 

multiplied by a set of constants related to the properties of the solution (η, σ) and the geometric 

parameters of the microchannel (h, w), with the optional correction factor, k, to adjust for any 

observed discrepancies in the fluidic resistance calculation from Eq. 2.  This is an elegant 

approach that can greatly simplify the measurement of fluidic resistance in microfluidic devices. 

 To validate the use of Eq. 5 or Eq. 6, a rearrangement was applied to Eq. 6, and all 

measurements of Rfluidic and Relec were compiled into one plot, shown in Figure 4.7.  By plotting 

h2 F Rfluidic versus k σ Relec, the slope of the best-fit line was expected to be proportional to the 

solution viscosity, η.  Specifically, since the solution viscosity at the average measurement 

temperature (21.6 ± 0.6 °C) should be η = 1.01 × 10-6 kPa s, the slope was expected to equal 12 η 

= 1.21 × 10-5 kPa s.  Indeed, a regression line of the compiled data in Figure 4.7 gave a slope of 

1.25 × 10-5 ± 0.02 kPa s, essentially equal to the expected value (~3% error).  Since this result 

was obtained using multiple replicates of 9 different device geometries (more than 30 separately 
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fabricated microdevices tested), and these were tested with three different NIST conductivity 

standards, the accuracy of Eqs. 5 and 6 were considered to be validated. 
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Figure 4.7 A plot of h2 F Rfluidic versus k σ Relec gave a slope of 1.25 × 10-5 ± 0.02 kPa s, 
essentially equal to 12 η = 1.21 × 10-5 kPa s, as expected from Eq. 5.  This result was obtained 
after triplicate measurements on 27 different microdevices. 
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 As a final validation, the correlation between fluidic resistances measured by our 

proposed method (Eq. 5 or 6) and those measured by the meniscus tracking method was 

determined (Figure 4.8).  Our method was labeled as “Rfluidic conductivity,” while the standard 

meniscus tracking approach was labeled “Rfluidic flow.”  The methods showed excellent 

correlation, with R2 = 0.999 and a slope of 0.987 ± 0.011.  Thus, Figure 4.8 proves directly that a 

microchannel’s electrical resistance can be measured, and then plugged into Eq. 5 or 6 to 

determine the fluidic resistance.  The only requirement for a user is to ensure that their 

microchannels’ fluidic resistances can be accurately described by Eq. 2, which has worked well 

in other studies [5,7,8]. If so, Eq. 5 can be used directly to determine Rfluidic.  If there is a 

discrepancy between Rfluidic and Rfluidic|calc from Eq. 2, as in our case, a correction factor can be 

applied, and Eq. 6 can be used.  Even when our data was used without the correction factor (Eq. 

4), the methods were still very well correlated at R2 = 0.999 with a slope of 0.881 ± 0.012, 

meaning that without any type of calibration, Eq. 5 could be used to give accurate values of 

Rfluidic to < 12 % error. 
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Figure 4.8 A comparison between the meniscus tracking method (Rfluidic flow) and the new 
conductivity-based method (Rfluidic conductivity) showed excellent correlation, with lower error 
rates associated with the more straightforward conductivity-based method.   
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 This conductivity-based method for measuring Rfluidic provides significant advantages 

over the flow-based, meniscus-tracking method.  First, the measurement can be made with a 

standard voltage meter and conductivity standards, thus the system is extremely simple-to-use 

and inexpensive.  In fact, the measurement system shown in Figure 4.2 is more complex than is 

necessary; the blunt needle interface was put in place only to simplify switching of conductivity 

standards over the many measurements made to validate the technique.  In a minimized 

embodiment, standard voltage meter leads can be inserted into microfluidic reservoirs, with or 

without a parallel resistor, and the voltage measurement can be made directly without requiring 

flowing solution.  Secondly, each measurement requires only a few seconds, akin to a voltage 

measurement in an electrical circuit.  By comparison, meniscus-tracking requires ~15 min for 

each measurement to ensure precision of the measurement of distance traveled by the solution’s 

meniscus.  Third, our conductivity-based approach showed greater than three-fold improvement 

in measurement precision compared to the flow-based method.  As evident from the error bars in 

Figure 4.8, the average percent relative standard deviation (%RSD) for our system was 4.6 % (y-

error bars), while the meniscus-tracking approach showed an average of 15 % error (x-error 

bars).  Finally, this method of Rfluidic measurement with direct voltage readout affords 

connectivity to computerized systems for dynamic measurement or control systems, as 

elaborated on below.  Consequently, at this stage it can be concluded that the conductivity-based 

approach presented here is a faster, simpler, more flexible, and more precise approach for 

determining Rfluidic of microfluidic channels. 

 4.3.4. Dynamic Fluidic Resistance Measurements 

 One of the noted advantages of the conductivity-based approach is that it gives direct 

voltage readout.  In this way, the system shown in Figure 4.2 can be interfaced with a digital data 
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acquisition (DAQ, National Instruments, Austin, Texas, USA) system to allow dynamic 

measurements of fluidic resistance.  This could be particularly useful for characterization or real-

time monitoring of systems with deformable channel walls, such as valved microfluidic systems 

which can be described as digital fluidic circuits [14,18,20]. In particular, dynamic fluidic 

resistance measurement would be ideal to monitor microfluidic variable resistors or analog 

fluidic circuits [9,10,19,21-23].  Recent work has described the use of conductivity of ionic 

liquids for a similar purpose, although in that work the measured channels were aligned parallel 

to the primary channels to serve as pressure sensors [23]; in fact, this work further highlights the 

usefulness of our approach.  Here, we have shown the proof-of-concept of making dynamic 

fluidic resistance measurements using the system in Figure 4.2 to continuously monitor Rfluidic of 

microfluidic variable resistors. 

 The upper portion of Figure 4.9 shows the microchannel design for a previously-

developed microfluidic droplet generator [11].  This design was modified by inclusion of a 

variable fluidic resistor, i.e. a rectangular microchannel with a deformable PDMS membrane as 

the channel ceiling.  As shown in Figure 4.9, the PDMS membrane did not serve as a digital 

valve, since by design it only partially blocked flow through the fluidic channel of rectangular 

cross-section.  Rather, the membrane served to increase the fluidic resistance of the flow channel 

as pressure was applied from above, creating a variable microfluidic resistor.  The variable 

resistor was included on the oil input channel to allow dynamic control of droplet formation.  As 

shown in Figure 4.10, dynamic increases in pressure resulted in increases in electrical resistance, 

Relec, of the microfluidic channel.  Pressure (blue traces) was measured with pressure sensors 

(Honeywell 26PCCFB6G, Allied Electronics), while Relec (red traces) was dynamically 

measured—as discussed previously—by monitoring the voltage drop across a series resistor with 
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the system from Figure 4.2 and with conductivity standards filling the device.  Voltages were 

measured between the reservoirs labeled with 1 and 2 in Figure 4.9.  The traces in Figure 4.10 

show clearly that the measured Relec waveforms (red traces) closely mimicked the input 

membrane pressure waveforms (blue traces), with an approximate sawtooth waveform shown in 

the upper plot and square waves of varying intensity in the lower plot.  These data highlight 

some of the major advantages of the presented conductivity-based method, specifically that 

fluidic resistance can be dynamically monitored, and that this can be achieved in more complex 

microfluidic devices. 
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Figure 4.9 Channel layout of droplet generating microfluidic device.  The inset images show the 
variable resistor region at low Rfluidic (upper image) and high Rfluidic (lower image) after pressure 
is applied.  
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Figure 4.10 Different pressure waveforms (blue traces) were applied to the variable resistor, and 
Relec of the channel (red traces) varied similarly, as expected. 
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 It was clear that Rfluidic increased with Relec in an essentially equal pattern.  However, in 

the case of the variable fluidic resistor, prior assumptions about rectangular cross-section no 

longer held true; thus, Eq. 5 (or 6) was not valid for translating from Relec to Rfluidic.  Accurate 

determination of Rfluidic from these dynamic data would likely require measurement of the cross-

section of the variable resistor region during operation followed by numerical predictions.  

Nonetheless, Relec varied linearly with pressure (Figure 4.11), suggesting that Rfluidic was varying 

in a predictable manner.  This assumption was confirmed by operation of the droplet generator 

with added control using the variable fluidic resistor.  It was possible to dynamically vary the oil 

segment volume by more than 6-fold from 6.61 to 1.07 nL, while the aqueous segment volume 

was also varied by approximately 2.5-fold from 0.71 to 1.75 nL (Figure 4.12).  Thus, the 

aqueous-to-oil segment volume ratio was varied over sixteen-fold from 0.10 to 1.64 using the 

variable fluidic resistor, as further highlighted by the inset images in Figure 4.12.  The dye-filled 

aqueous droplet segments could be significantly increased in size by applying pressure to the 

membrane, thereby increasing Rfluidic of the oil input channel.  Since flow through the device was 

accomplished using vacuum at a single outlet reservoir, the pressure distribution was varying 

dynamically, allowing larger aqueous flow rates to accompany the smaller oil flow rates.  This 

type of dynamic control using a single pressure input is novel in itself and could have 

implications on future droplet generating microfluidic systems due to its simplicity of operation 

and accessibility to a wide range of segment volumes. 
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Figure 4.11 A linear relationship was observed between the pressures applied to the variable 
resistor and the oil channel’s Relec value.   
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Figure 4.12 Plot of segment volume of the oil and aqueous phases over a range of pressures 
applied to the variable resistor.  Increasing pressure (i.e. increasing Rfluidic of the oil channel) 
resulted in increased aqueous droplet volume and decreased oil segment volume between 
droplets, providing dynamic control of droplet size and spacing.  Inset images show examples of 
droplet sizes and spacing.  Microchannels in all inset images (parts A and D) are 100 µm wide. 
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4.4 Concluding Remarks 

 We have developed a new, simpler method for measuring microchannel fluidic 

resistances using the electrical conductivity of solutions in the channels.  Existing methods for 

measuring fluidic resistance can require bulk equipment, such as syringe pumps and high voltage 

suppliers, as well as significant time and effort.  Our approach can be accomplished with a 

standard voltage meter, and calibration can be omitted with minimal loss of accuracy.  Major 

advantages shown by our approach are simplicity, speed, flexibility, and precision.  In particular, 

the flexibility of the method was highlighted by dynamically monitoring the resistance of a 

variable fluidic resistor, which was then used to provide dynamic control over a droplet-

generating microfluidic system.  As future microfluidic devices move toward easier-to-operate 

interfacing through passive flow control [4-11], this conductivity-based method for fluidic 

resistance measurement should provide users with a useful tool for static or real-time 

characterization of the their microfluidic systems. 
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CHAPTER 5 

CONCLUSIONS AND OUTLOOK FOR THE FUTURE 

5.1 Conclusions 

 5.1.1 Microfluidic islet sampling 

 We developed an 8-channel, passively operated microfluidic device that is capable of 

trapping, stimulating, and collecting secretions from single pancreatic islets.  The device was 

fully optimized for flow rate, insulin adsorption to the PDMS channels, and stimulation timing of 

nutrients to the islets.  With this device we were able to collect 1-h secretion samples and 

quantify insulin using ELISA.  Our studies relating islet volume to insulin secretion may have 

implications in the islet transplant realm, since the largest islets are typically used for 

transplantation into patients, while our results show that islet size has little effect on insulin 

secretion.  A major advantage gained with our device is the ease of operation.  By employing 

passive flow control we abolish the need for external high voltage suppliers or syringe pumps 

and ease the burden on the experimenter.   

 We also began studying the effects of our perfusion system on gene expression by the 

islets.  By sampling these islets with our microchip method as well as the static conventional 

method, we compared the gene expression of the glucose responsive gene INS1.  We found that 

gene expression of INS1 was significantly decreased in the flowing environment compared to the 

static environment, while insulin secretion showed the opposite trend.  These intriguing 

preliminary results suggest that feedback of various secreted factors on the islets could be very
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 important in understanding islet function, placing the conventional models of secretion sampling 

under question.  More studies are needed in this area to make definitive conclusions.  

 5.1.2 Microfluidic adipocyte sampling 

 The microfluidic network we developed and characterized for islet studies was applied to 

sampling primary adipocytes.  Sampling adipocytes presented a unique set of challenges, since 

the cells tend to float in aqueous media and must be anchored in a collagen matrix.  Therefore, 

any microfluidic device developed to sample adipocytes must be able to both culture and sample 

the cells.  We modified a reservoir to accommodate both the cells and collagen.  We stepped 

down the 8-channel device to only a single channel, and then developed a reservoir that had a 

raised region over the entrance of the channel.  This way, when the adipocytes and collagen are 

loaded onto the chip, they will not interfere with or block the microchannel flow.  With this 

system, we then stimulated the adipocytes with both insulin and niacin, and we were able to see a 

significant increase in adiponectin secretion for both treatments compared to the controls 

(untreated).  This is the first time, to our knowledge, of primary adipocytes being sampled on a 

microfluidic device, and hormone secretion being quantified.  Future studies should be focused 

on microfluidic systems with higher temporal resolution to begin testing our hypotheses related 

to acute adiponectin secretion. 

 5.1.3 Dynamic resistance measurements 

 We developed a new method to directly and dynamically measure fluidic resistance in 

microchannels.  Using solutions with standardized conductivity, we were able to show that the 

electrical resistance of the filled microchannels can be used to directly calculate the fluidic 

resistance of the channels.  We validated our method with a simple meniscus tracking approach 

to determine fluidic resistance, and we observed an approximate 12 % error.  We attribute this 
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discrepancy to the change in resistor shape as the channel depth increased.  To obtain more 

accurate results, the equation could be modified to include a correction factor, which would 

require calibration for different channel designs.  Nonetheless, with this correction factor 

applied, the error rate was ~3%.  Thus, we showed that electrical resistance of microchannels can 

be reliably used to directly calculate fluidic resistance, giving reasonably accurate results even 

without calibration. 

5.2 Future experiments 

 5.2.1 Microfluidic islet sampling 

Now that we have developed a new, easy-to-implement analytical tool for sampling 

pancreatic islets, we can use this device in many different experiments.  In our lab, we have 

recently switched from measuring islet secretions at low temporal resolution to a high resolution 

droplet microfluidic method.  This droplet generator is capable of not only sampling islet 

secretion, but also quantifying insulin using a direct fluorescence assay developed by others in 

the Easley group.  The chip takes advantage of microfluidic lock-in-detection with droplets to 

give better sensitivity to our assay.  Preliminary results suggest we can in fact sample insulin 

secretion from islets into picoliter volume droplets and measure insulin secretion directly at high 

temporal resolution.  However, further optimization is needed to ensure the highest analytical 

performance, and this work is ongoing in the Easley laboratory.          

 5.2.2 Microfluidic adipocyte sampling 

 A method is still needed for sampling adipocytes with high temporal resolution.  

Unfortunately, the reservoir design described in Chapter 3 may not allow for high temporal 

resolution, since a much larger volume of cells sits at the bottom of the reservoir such that the 

stimulant solution may not surround the collagen.  One possibility is to encapsulate adipocytes in 
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collagen “beads” and pack them into the reservoir, such that stimulant solutions could reach all 

of the cells in parallel.  After estimating the cell density of the cell capsules, they could simply be 

loaded onto the device and stimulants could be flowed in and around them easily.  We had begun 

a study on adipocyte encapsulation into collagen beads and pellets, but these preliminary results 

were inconclusive and are not reported in this dissertation.  Yet another challenge for this project 

is creating assays that are sensitive enough to detect very low concentrations of adiponectin 

secreted by a low number of adipocytes.  Meeting all of these challenges will permit the first 

study of acute secretion dynamics from adipocytes, which could help answer many fundamental 

questions about how adiponectin is secreted from these cells.       

 5.2.3 Dynamic resistance measurements 

 Using the microfluidic variable resistor concept, we have begun work to develop an islet 

sampling method that can sample islet secretions with moderate temporal resolution (sub-minute 

scale).  By placing a variable resistor on both the oil channel and aqueous input of a droplet 

generator chip and controlling the actuation pressure with solenoid valves, we were able to form 

plugs of aqueous and oil.  With further development, islets could be loaded onto the chip into a 

reservoir and secretions could be sampled into nanoliter-scale aqueous plugs.  These segments 

could then be eluted into a 96-well plate for quantification of insulin using ELISA or proximity 

ligation assays (PLA).  This device would provide an intermediate step towards the general goal 

of the Easley laboratory in achieving single-second temporal resolution in sampling hormone 

secretions from endocrine tissue.
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6. Figure 1.5 was reprinted with permission from Copyright Clearance Center and Roper, 
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2009, 81, 2350-2356. Copyright © 2009 American Chemical Society. 
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