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ABSTRACT

3D-PRINTED IN VITRO ANALYTICAL DEVICES FOR DIABETES THERAPEUTICS AND
BLOOD BANKING STUDIES

By
Chengpeng Chen

Erythrocytes (ERYs) play an important role in regulating blood flow via a pathway
involving ERY-derived adenosine triphosphate (ATP) and endothelium-derived nitric
oxide (NO). Impaired ATP release from ERYs of diabetic patients is potentially
responsible for diabetic complications, thereby therapies involving stimulation of ERY-
derived ATP release might limit such complications. This work explores 3D-printing to
fabricate a novel microfluidic device to mimic the physiology of ERYs. 3D-printing
enables fabrication of the device following a standard 96-well plate geometry for
efficient and high throughput readout with a plate reader. This 3D-printed rugged
device was reusable after simple rinsing, which enables the detection of a batch of
samples on the same device during a long-term experiment. This 3D-printed fluidic
device facilitated the investigation of the efficacy of C-peptide on stimulating ERY-
derived ATP. Without albumin, C-peptide and Zn?* cannot increase ERY-derived ATP,
suggesting the indispensable role of albumin in the process. The glutamic acid at the
27 position of C-peptide participated in the binding to albumin. Collectively, the
ensemble of albumin, C-peptide, and Zn%* enhances ERY-derived ATP, which may
reduce diabetes complications.To make the results more physiologically conclusive,

an Organs-on-a-Chip platform that combined pancreatic B-cells, ERYs and endothelial



cells as a blood barrier mimic was developed. The secretion profiles of the B-cells on
the device simulate the physiological secreting process well. Subsequent cell-cell
communication investigations showed that B-cell secretions do not affect the
endothelial cells but increase ATP release from ERYs, which in turn, exerts a

downstream effect on endothelial cells by stimulating NO production.

Currently approved hyperglycemic ERY storage solutions impair ATP release from
ERYs. This work continues to investigate the reversibility of ATP release from stored
ERYs and shows that 15 days of storage is a turning point, after which the ATP release
is no longer reversible. This result is consistent with the clinical reports that blood
stored longer than 2 weeks is more likely to result in transfusion complications. The
mechanism by which hyperglycemia impairs ATP release was also explored by
studying ERY deformability using a 3D-printed demand-based cell filter, finding that
hyperglycemia permanently alters the deformability of ERYs after 5 days of storage. A
3D-printed intravenous device was developed to mimic a transfusion process in vitro.
Addition of B-cells on the platform showed that hyperglycemia-stored ERYs failed to

respond to the endocrine cells.

Summarily, 3D-printing yields reusable, robust and reproducible microfluidic
devices, and demand-based devices. The ensemble of albumin, C-peptide and Zn?* can
be a potential therapy for diabetes complications, and the current ERY storage
protocol adversely alter the physiology of stored ERYs. A normoglycemic alternative

may avoid this problem.
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KEY TO ABBREVIATIONS

ATP: Adenosine triphosphate

AS-1: Additive solution 1

AS-1N: Additive solution 1 (normoglycemic)

bPAECs: Bovine pulmonary artery endothelial cells
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Chapter 1 — Introduction

1.1 Erythrocytes Regulated Vasodilation

Erythrocytes (ERYs), also referred to as red blood cells or RBCs, are the most
abundant cells in the blood stream and play an important role in oxygen delivery to
other tissues and cells'. However, in addition to their oxygen delivery, ERYs also help
regulate blood flow by controlling vasodilation via a pathway involving adenosine

triphosphate (ATP) and nitric oxide (NO).

The layer of endothelial cells (called endothelium) lining the inside of a vessel can
synthesize NO through an endothelial nitric oxide synthase (eNOS) pathway. This NO
can diffuse to smooth muscle layers that serve as the main structure of a vessel wall,
resulting in a rise in cyclic guanosine monophosphate (cGMP), which leads to a
decrease in endoplasmatic Ca?* concentration that results in smooth muscle cell

relaxation, and subsequent vasodilation?.

Increased shear stress is a major stimulus for NO release from the endothelium?.
However, Sprague and colleagues found that in isolated perfused rabbit lungs, in the
absence of ERYs, alteration of sheer stress alone did not evoke NO release. They
concluded that in the rabbit pulmonary circulation there must be some interactions
between the ERYs and the endothelium, resulting in NO-mediated vasodilation*. The
authors reported that shear stress induces deformability of ERYs, which increases ATP
release from ERYs through a pathway involving a G protein coupled receptor (GPCR)

and the cystic fibrosis transmembrane conductivity regulator (CFTR)°. They also



proposed that the ATP released from ERYs plays a major role in stimulating NO
production in endothelial cells; numerous studies proved the role of ATP as a stimulus
of NO production®. For example, Bogel and colleagues found that ERY derived ATP can
bind the P,y receptor on endothelial cells resulting in Ca?* influx and the formation of
calmodulin, which activates endothelial nitric oxide synthase (eNOS); the eNOS then
converts arginine to citrulline, with NO as a byproduct’. Figure 1.1 depicts the
interaction between ERYs and endothelial cells in the process of NO production and

release.

Disturbance of this NO induced vasodilation can cause pathophysiological
consequences. People with any form of diabetes will likely experience at least one
chronic complication, such as nerve damage (neuropathy), blindness (retinopathy),
kidney damage (nephropathy), or cardiovascular disease, which may result in endless
pain or mortality®. A common theme in many of these conditions is the dysfunction
that occurs at the interface between the blood stream and peripheral tissues, or the
vessels. For example, Low et al. suggested that poor blood flow results in endoneurial
hypoxia, decreasing nerve signaling and leading to neuropathy®. In the retina of
diabetic patients, restricted vasodilation causes poor oxygen circulation, which
stimulates retinal cells to form new but fragile vessels via a vascular endothelial
growth factor mechanism. The breaking of the new, weak vessels can cloud the
vitreous, and high vessel density may lead to detachment of the retina and eventually
result in blindness® 1, In diabetic nephropathy, the glomerulus undergoes partial

sclerosis or failure to dilate, which causes hyper filtration and protein leakage. Some



other diseases such as hypertension, atherosclerosis, and restenosis also relate to

impaired NO-induced vasodilation?'?,

Interestingly, the release of ATP from ERYs obtained from diabetic patients is
significantly lower than that from healthy controls!® 14, Given the role of ERY-derived
ATP in regulating vasodilation via stimulating endothelium derived NO production,
therapies involving stimulation of ATP release from these cells might ameliorate some
diabetic complications. However, under in vivo conditions, ERYs circulate under
multiple physical (e.g. shear stress)*® and biochemical (e.g. cell-cell interaction)'®
factors. Therefore, a dynamic platform that can mimic the physiological conditions of
ERYs will be needed. Microfluidic technology enables precise control of sample (e.g.
ERYs) and reagent flow and, can recapitulate a vascular microenvironment for in vitro
ERY studies!’. In recent years, many studies used microfluidics for vasculature
investigations, including hemodynamics'® °, ERYs under shear stress?® 21, endothelial

barrier function??, and angiogenesis?3.
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Figure 1.1. The process by which ERYs help regulate blood flow. ERYs-released ATP
binds to the P2y receptor on endothelial cells and evokes NO synthesis and release.
NO diffuses to smooth muscle layers, the main structural component of a vessel wall,

resulting in relaxation of these cells, and subsequent vasodilation.



1.2 Microfluidics

1.2.1 Concept and Development

Microfluidics is the science and technology of miniaturized devices for analysis of
small amounts of liquids in channels with dimensions at micrometer levels.
Microfluidic devices have many benefits in chemical and biological analyses, including
reducing the amount of sample and reagents, decreasing experiment time, and
enabling experiments to occur under dynamic conditions?*. The ultimate goal of
microfluidic technologies is to develop a lab-on-a-chip or total analysis system, where
miniaturized sample pretreatment, separation and detection occur in an integrated

fashion on a single device?®.

In 1979, Terry and colleagues invented the first microfluidic device, a gas
chromatograph fabricated on a silicon wafer for air analysis?®. Ruzicka developed this
concept by creating flow injection analysis systems on plastic milled devices in the
1980’s%” 28, In the 1990’s, when biological and chemical weapons started to become a
major terrorist threat, the US Department of Defense initiated and supported a series
of studies on microfluidic devices for in-field biological and chemical detection, which
greatly facilitated the development of the field of microfluidics?*. During this period,
the use of a polymer, poly(dimethyl siloxane) (PDMS) greatly simplified fabrication of

microfluidic devices 2°.

Although the first generation of microfluidic devices relied on hard substrates

such as silicon wafers and glass, fabrication was costly and time consuming. The use



of soft polymers as device substrates potentially reduces operation time and cost, and
introduces new material characteristics, such as elasticity, transparency and easy
molding to a microfluidic device®C. After its introduction by the Whitesides group at
Harvard University, PDMS became the most common substrate for microfluidic
devices, because of its superior advantages, which include: (i) the simplicity of
introducing micro scale features on PMDS with soft lithography; (ii) a relatively inert
surface; (iii) curing at relatively low temperatures; (iv) transparency, which enables

optical detection; and (v) no toxicity to biological cells3-32.

PDMS based microfluidic devices are commonly fabricated by soft lithography,
enabling rapid prototyping based on replica molding33. Rapid prototyping creates a
master (on a silicon wafer) with a convex feature as a mold for subsequent PDMS
casting. This process starts by drawing desired features using computer aided design
(CAD) software and printing these features on a transparent plastic film, which serves
as a photomask. The photomask is placed on a silicon wafer pre-coated with a
photoresistant polymer. SU-8 is a commonly used photoresist that cures upon
exposure to ultraviolet (UV) light3*. The photomask allows UV light to pass through
the transparent region only, which leads to selective curing of photoresist on the
silicon wafer, thus createing the desired features. The featured master serves as a
mold for PDMS device fabrication. PDMS prepolymer (mixed with curing reagent) is
cast onto the master. After curing, the PDMS replica is peeled from the master, and
creating a negative replica of the master can be fabricated in PDMS3>. The low

instrument requirements for this process make it widely used in many laboratories.



Moreover, it is rapid and low cost, which makes it possible to test or optimize different

device designs in a short time. (Figure 1.2)
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Figure 1.2. A scheme for rapid prototyping and replica molding of microfluidic devices
in PMDS. (A), a photomask with desired transparent features (white parts) is placed
on a photoresist layer coated on a silicon wafer, which is exposed to UV light. (B), after
the photoresist under the transparent feature areas is cured and the rest photoresist
removed (called a master), PDMS prepolymer (the yellow part) is poured onto the
master. After curing, the PDMS layer is peeled off the master, with negative replication

of the features.



1.2.2 On-chip Fluidic Component Integration

A functional microfluidic device must contain not only channels, but also
components such as mixers and valves necessary to assist liquid delivery, facilitate
reaction and enhance experimental efficiency. The following is a brief review of each

of these critical components of a microfluidic system.

Liquid flow in a micro scale channel is usually laminar and without convective
mixing. When two fluids are flowing in a microchannel simultaneously, they flow in
parallel, forming a clear interface between them, without turbulent mixing. The only
mixing that will occur results from diffusion at the interface of the two reagents. The
tendency for a fluid to develop turbulent flow patterns can be characterized by the
Reynolds number (Re), which is proportional to flow speed and channel dimensions

and inversely proportional to liquid viscosity, as shown in Equation 1.136,

Equation 1.1

Where p is the density of the fluid (kg/m?3), v is the mean velocity of the fluid (m/s),
Lis the travelled length of the fluid (m), and p is the viscosity of the fluid (kg/(mes))

Because of the small dimensions of microfluidic channels, the Re for microfluidic
devices is almost always less than 1, which makes it impossible to be turbulent in
character (which requires Re > 4000)3” 38, For applications such as on-chip chemical

reactions or biological studies, laminar flow is often not very useful, and thus on-chip



mixers that can homogenize flows are often required. There have been several on-
chip mixers reported, which predominantly rely on a chaotic advection effect that is
realized by increasing contact area and contact time between flows3? 49, A classical
microfluidic mixer developed by the Whitesides group applies asymmetric
herringbone grooves on the floor of a microchannel. A flow will be stretched in a
groove and then folded to one another, which significantly increases contact area and
time between the flowing species, and thus achieves high mixing efficiency*'. There
are some other on-chip mixer designs such as zigzag channels*? or twisted channels?,
or embedding barriers* in channels, all of which make it possible to increase mixing

on a microfluidic platform.

Valves are important components in any fluidic system to control and regulate
flow patterns, and this is also true for microfluidics**. On-chip pneumatic valves were
invented by Quake’s group from the California Institute of Technology, taking
advantage of the elastic property of PDMS*. The main idea of the valve design is
pressure driven occlusion between stacked channels in two PDMS layers. The top
channel, which is made within a thin (40 um) layer of PDMS, is crossed with a bottom
channel that is in a thicker PDMS layer (4 mm). The liquid flows in the bottom channel,
while the top one will be connected to a pneumatic pressure source. When proper
pneumatic pressure is applied through the top channel, it will be inflated and deflect
down to occlude the bottom channel (Figure 1.3A). An array of such pneumatic valves
was also used to produce peristaltic force across a microfluidic channel to drive flow

on a chip #’. For example, the Landers group used on-chip pneumatic pump arrays to



drive samples through a side channel, directly into an electrophoretic channel for
separation and analysis (Figure 1.3B)*. Martin further optimized this application by
incorporating a reduced-volume pneumatic valve that actuates (on the order of
hundreds of milliseconds) to allow analytes from a continuously flowing sampling

channel to be injected into a separation channel for electrophoresis (Figure 1.3 C)*.
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Figure 1.3. (A), a scheme for an on-chip pneumatic pump. A top channel in a thin PDMS
layer is placed across a bottom channel in another PDMS layer. When proper pressure
is applied in the top channel, it inflates and deflects down to occlude the bottom
channel. (B), in Lander’s device, an array of pneumatic pumps are integrated to create
peristaltic force that drives sample forward into the separation channel. (C), in
Martin’s device, the pneumatic pump enables accurate injection of a sample plug into
the electrophoresis channel from a continuous sample stream. The design of a
pushback channel prevents stagnant samples from entering the channel in the next
injection.

Porous membranes integrated in PDMS microfluidic devices can act as molecule
exchange media and cell culture supports®. By simply placing a piece of organic
membrane between two PDMS slabs, the membrane binds tightly with PDMS by inter

molecular forces, to form a sandwiched microfluidic device®’. Membranes have
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greatly expanded the functions of microfluidic devices in applications such as bio-

sample analysis and on-line sample treatment. >% >3,

The ultimate goal of building “Lab-on-a-Chip” systems requires on-chip detection
methods. Due to the miniaturized features of microfluidic devices, optical and
electrochemical detectors are most common. Optical fibers enable detection based
on absorbance, fluorescence and chemiluminescence®*. Chabinyc developed on-chip
fluorescence detection by embedding an optical fiber in the microfluidic device and
using an offline blue LED and a polymeric light filter for protein detection®. Compared
to optical methods, which requires external components (light source, filters,
photomultiplier tubing) and a dark environment>®. Embedding of electrodes in PDMS
layers during the casting process provides a much simpler detection platform®’.
Biologically relevant analytes such as cocaine>?, antioxidants>®, and neurotransmitters

have been detected on electrochemically-based integrated microfluidic platforms.

1.2.3 Applications of Microfluidics

The development of soft lithography and on-chip integration greatly reduced the
time and cost of fabricating microfluidic devices, and enhanced the function of
microfluidics, making this technology a powerful tool in many research areas. It also
allowed microfluidic devices to be fabricated in any laboratory, as sophisticated
etching and ablation equipment was no longer required. This chapter discusses the

applications of microfluidics in biochemical engineering.
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A complete analytical cycle includes sample pretreatment, separation and
detection, which is usually time consuming and labor intensive. The concept of micro
total analytical systems (UTAS) that integrate the multiple analytical steps on a
miniaturized flow system for faster and automated analysis has gained increasing
interest. Sample separation can be a key part in an analytical cycle, and one of the
earliest examples of UTAS was the integration of electrophoresis on an etched glass
chip invented by Manz and colleagues in 1992, which shows the great potential of

electrophoresis-based separation on a microfluidic device®°.

Electrophoresis is easy to implement in microfluidic technology and thus has
remained the primary separation technique on microfluidic devices. With integrated
electrodes, an electrical field can drive flow electrokinetically, without the assistance
of external bulky pumps, which makes such microfluidic devices a step forward
towards automated analytical systems. With a shorter channel on a microfluidic
device, the electrophoretic separation can be more efficient than traditional capillary
electrophoresis. Ramsey once reported a microfluidic device used for sub-millisecond
electrophoresis, which was ~100 times faster than conventional methods®. Because
a microfluidic channel can be simplified as a thick wall capillary without polyimide
coating, the heat dissipation on a microfluidic device is more efficient that in a capillary.
Microfluidics also enables parallel and high throughput electrophoresis on one device,
making it attractive when proteomics and genomics analyses are needed. For example,
Simpson reported a high throughput genetic analysis on a microfluidic electrophoresis

platform®2.
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Another advantage of on-chip electrophoresis is the short and controllable
sample injection plug. For on-chip sample introduction, electrokinetic injection is the
preferred method, which is achieved by two steps, loading and dispensing® 4. The
basic principle of this technique is to use two crossing channels, one for sample
loading and the other for separation. After a sample is injected in the sample channel,
the sample plug at the crossing zone will be driven through the separation channel by
an applied voltage (Figure 1.4). This sample injection method was first reported by
Manz on his etched glass device®. To increase separation efficiency, Ramsey
minimized the injection plug by narrowing the sample channel size at the crossing on

his device to separate rhodamine B and dichlorofluorescein®.
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Figure 1.4. Electrokinetic injection of a sample on an electrophoresis microfluidic
platform. The sample channel crosses the electrophoresis channels where a potential
will applied across. After the sample channel is filled, the plug at the crossing area will
be driven into the electrophoresis channel when the potential is applied across the

electrophoresis channel.
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However, this injection method possesses limitations. First, sample dispersion
into the electrophoresis channel occurs during sample loading, leading to
uncontrolled plug length. The other problem is continuous sample leakage into the
electrophoresis channel during the separation process, which will result in peak
tailing®. To avoid these problems, Ramsey developed the electric pinched injection
that can inhibit leakage of samples by using the electrical field from the separation
channel to the sample waste channel as a virtual valve®. Furthermore, pneumatic
pumps were applied on electrophoresis devices for more accurate and frequent
sample injections. For example, Mecker reported a coupled on-chip electrophoresis
device that enables online continuous sampling and injection®’. As shown in Figure 1.5,
microdialysed samples were introduced to the sample inlet of the electrophoresis chip.
Two pneumatic valves control the injection of sample into the separation channel. For
example, if valve 2 is open while valve 1 closed, sample is injected. Then both valves
are closed and separation will occur. This work was the first microfluidic system that
coupled microdialysis and continuous injection of samples, electrophoretic separation,

and detection on a single device.

Another important feature of on-chip elelctrophoresis is the detection technique.
Multiple optical detection methods such as laser induced fluorescence (LIF) and UV
absorbance have been developed®® ©°, Because electrode embedding in a microfluidic
device has become a mature technique that can be easily performed in many

laboratories, electrochemical detection (e.g. amperometry) is widely used for on-chip
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electrophoresis detection, without the requirements for bulky optical detectors or

dark environments, which potentially makes it more portable”®

Besides pure engineering and technique development, on-chip elelctrophoresis
has become a practical tool for many applications. It has been applied to the
separation of small molecules such as neurotransmitters’!, amino acids®, phenolic
compounds’?, and flavonoids’3; and macromolecules such as DNA’# 7>, proteins’>, and
glycans’®. Cell and cell content separation by on-chip electrophoresis has also been

reported’” 78,
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Figure 1.5. A microfluidic electrophoresis device that contains valves to manipulate
sample injection. When Valve 1 is closed and Valve 2 open, a sample is injected to the
electrophoresis channel. By applying the two valves, accurate sample introduction can
be achieved.
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Particle separation is an important tool in biological and chemical studies,
including tumor cell screening, cell sorting and tissue engineering. However,
conventional particle separation methods such as centrifugation, chromatography,
and immunoisolation, are time consuming, are not efficient, non-continuous and low
throughput. Microfluidic devices have been developed for particle separation, to
overcome the shortcomings of existing methods. Acoustic wave based separation,
also referred to as acoustophoresis, is a commonly used on-chip particle separation
method. The first microfluidic acoustophoresis device was invented by Kapishnikov
and colleagues to separate blood cells’®. Acoustophoresis applies an axial acoustic
primary radiation force so that larger particles will move closer to the center of the
channels while smaller particles move further from the center, and thus particles of
different sizes can be separated®. Other forces such as gravity®! and inertia®? have

also been reported to apply particle separation on microfluidic devices.

1.2.3.2 Analytical Science

In contrast to lab-scale chemical analyses, microfluidics are miniaturized systems
with continuous but controllable flow and integration capabilities, which have made
it an ideal platform for rapid, high throughput chemical analysis. Immunoassay
techniques have been widely used on microfluidic devices for protein detection®.
Microliter and nanoliter scale channels can serve as an immunoreaction chamber that
can significantly decrease experimental time and the usage of expensive antibodies.

The high surface-to-volume ratio in microchannels, as well as the ease of modifying
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the PDMS surface, makes it feasible to immobilize antibodies on the surface of a
channel. There have been several antibody immobilization methods reported, among
which, Sebra and colleagues made an impressive immobilization by grafting acrylated
antibodies on PDMS in the presence of poly(ethylene glycol)®*. Due to the transparent
characteristic of PDMS, optical detection (fluorescence and absorbance) can be
performed. By conjugating electrochemical sensitive probes on the secondary
antibodies, electrochemical detection with embedded electrodes can also be applied.
Enzyme assays, cell-based assays, DNA detection and amplification have also been

successfully developed on microfluidic devices®.

Since Martinez and colleagues developed several methods to fabricate
microfluidic devices on paper, the concept of paper-based microfluidic diagnostic
tools has become an active research area®. Previous work mainly focused on
integrating assays (mainly colorimetric assays) on paper fabricated devices. Although
glucose and albumin have been successfully detected, which can potentially serve as
a diagnostic tool for diabetes and kidney disease®’, more research regarding assay
development and on-chip detection needs to be performed before paper microfluidics
can realize its ultimate goal of providing an inexpensive diagnosis tool for global health,

especially for resource limited areas®.

Another attractive feature of performing analyses using microfluidic device
technology is its ability in sample preparation and for complex biological sample

analysis. Kim and colleagues have reviewed microfluidic devices for on-chip cell lysis
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and intracellular molecule extraction and purification®. With membrane integrated
sandwich microfluidic devices, some complex samples do not need to be pretreated
prior to detection. Figure 1.6 shows a blood analysis device developed by Halpin®2. The
porous membrane, which only allows molecules such as ATP and nitric oxide (NO) to
diffuse through, rather than blood cells, serves as a natural separation unit so that
molecules of interest can be directly detected in the well above membrane, without

sample separation or pretreatment.
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Figure 1.6. A sandwich PDMS microfluidic device for blood analysis. A), device design.
Porous membrane was placed between two layers of PDMS, the bottom channel layer
of channels and the top layer of wells. B), the schematic side view of a channel. While
RBCs were flowing through the channel, produced molecules such as NO will diffuse
through the membrane and be collected in the above well, where fluorescence

detection can be performed to quantify NO.
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1.2.3 Advantages and Disadvantages of PDMS Based Microfluidics

The development of microfluidics in the past two decades has turned this field
into a very active and dynamic research area, which is reflected by the abundant
publications. A Web of Science search revealed that there are more than 13,000
publications since 2000, with “microfluidic” in the title. However, this large body of
publications has not helped realize the initial goal of building true micro total analysis
systems. Real-world application of the technology in industry is one method to judge
the maturity or true beneficial utility of a technology. In the case of microfluidics, the
amount of practical and applicable devices does not indicate utility. The market for

microfluidics is fairly small, with few simple commercialized devices®.

Although PDMS has many advantages, it also has some inevitable disadvantages®?.
For example, microfluidic devices made from PMDS usually lack of ruggedness,
causing fluid management difficulties due to leaking and/or uneven pressure. PDMS
devices are typically single-use, which reduces the reproducibility of measurements
by introducing inter-device errors. These disadvantages also include lack of fabrication
standardization (e.g. there are no standard production protocols for a specific
microfluidic device; most current devices are highly lab-dependent) and practical
integration, which enlarges the gap between academic research and real-life

applications.

The reproducibility of PDMS microfluidic device fabrication is usually poor

between laboratories. Even researchers within the same laboratory, but with different
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skill proficiency, can sometimes produce different results. The main reasons behind
this is the lack of reusability of PDMS devices and the complicated multiple fabrication
steps, as well as the fluid introduction problems via the soft and weak punched ports®2.
For the former problem, a researcher has to fabricate multiple devices for a single
measurement (a typical calibration and triplicate measurement will use eight devices),
which increases the possibility of introducing error. For the latter problem, even
though a different laboratory can have identical CAD designs of the device, the
multiple fabrication steps can still inevitably introduce errors, which leads to inter-lab
irreproducibility. Though many academic devices have integrated functional parts on
a chip, each of them focused on integrating one part (e.g. either liquid manipulation
or detection). There have been few devices that can integrate several units on one

device to realize a real Lab-on-a-Chip platform.

Summarily, microfluidics has immense potential due to its unique characteristics
of miniaturized reagent/sample usage, flow based measurement and integration.
However, to move out of the academic realm and into applications, novel fabrication
methods need to be developed to overcome the inherent drawbacks of PDMS or other
fabrication methods involving multi-step production. Other polymers such as poly
(methyl methacrylate) (PMMA)®? and polystyrene (PS)®* have been studied to make
microfluidic devices, which showed advantages over PDMS, but did not essentially
solve the problems. 3D-printing, a novel prototyping technology, has emerged as an
alternative to fabricate microfluidic devices, and can potentially solve irreproducibility

and integration issues seen with PDMS, PMMA and PS-based devices.

21



1.3 Three Dimensional (3D)-printing and Microfluidics

1.3.1 3D-printing

3D-printing, which is achieved using an additive process, where successive layers
of materials are laid down to build a three dimensional object, has been recently used
in academic research laboratories®. The idea of 3D-printing was initiated in the early
1980’s, when Hideo Kodama of Nagoya Municipal Industrial Research Institute created
two additive manufacturing methods for 3D plastic model fabrication with photo-
curable plastics®®. Charles Hull further improved this manufacturing process by
inventing the classical 3D-printing method, stereolithography, in which layers were
created by curing photopolymers with ultraviolet (UV) lasers. Another contribution by
Hull to the field of 3D-printing is the invention of the .STL file format that has become
the gold standard for data transfer to 3D-printers®’. A design that is created by
computer aid design (CAD) programs (e.g. AutoCAD, AutoDesk, SolidWorks) can be
exported to .STL format, where the surface of a 3D model will be broken down to
close-packed arrays of triangles, where the coordinates of the vertices can be defined
in a text file, and thus be interpreted by a 3D-printer®®. The resolution can be

controlled by adjusting the numbers of the triangles that compose a surface®.

1.3.2 3D-printing Methods

During the past three decades, several 3D-printing methods have been
commercialized. Stereolithography (SLA), created by Hull, was the first

commercialized 3D-printing method'®. Although there are different apparatus
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designs for SLA from different companies, all of them share the core parts including a
polymer reservoir, curing laser optics, and a support stage (Figure 1.7 A). The stage is
immersed in a polymer reservoir, which is on the top (surface) of the reservoir at the
beginning, and will lower as the printing process continues. A UV light beam traces a
2D cross section on the stage, which will cure a layer of polymer into a specific shape.
The stage then lowers by a predefined distance, and another layer of polymer will be
cured in the same way on top of the previous layer. This process will be repeated, layer

by layer, until the 3D object is finished 0 102,

Inkjet printing is another prototyping method for 3D-printing. The term of “ink”
refers to the material being used to build a 3D object, such as a polymer!®, Figure 1.7B
illustrates the principle of an inkjet 3D-printer that uses a liquid binding material as its
ink. A layer of polymer particles will be distributed evenly from the powder supply
state onto the fabrication stage by a roller, after which, the printing head drops the
liquid binding material at desired areas to solidify it. After the first layer is finished,
the fabrication stage will drop by a predefined distance, and a second layer will be
distributed and selectively solidified by the binding liquid. The steps will be repeated
until the 3D model is generated'%41%, Compared to SLA, this technique has a wider
material choice. For example, in addition to polymers, some inorganic materials, such
as ceramic powders can also be combined with proper binding materials to create a
3D object. However, this powder-based method also possesses some obvious
drawbacks. The introduction of liquid binding materials, which are often biologically

toxic, may disable such 3D-printed devices for biological applications, such as cell

23



culture and tissue engineering. The degree of binding of the particles is also
questionable, which may result in porosity problems and surface roughness!?’. To
overcome these disadvantages, powder-free inkjet printing methods have been
developed®®, For example, Stratasys produces several 3D-printers that can use liquid

photopolymers as the ink, which however, will need UV lights for curing.

There is another powder-based, yet glue free 3D-printing method, known as
selective laser sintering (SLS)!%°. The main setup of this method is similar to that of
inkjet printing, except that a laser system is used to bind the powders through thermal
sintering, instead of injecting liquid glue materials!*°. (Figure1.7C) This method can be
applied with a very wide range of materials, including metals. However, a main
problem is the shrinkage and deformation of printed objects, caused by laser heating

and immediate cooling afterwards?? 12,

The most widely used 3D-Printing method today is a technique called fused
deposition modeling (FDM), which fabricates a 3D model by depositing semi-fused
materials (e.g. thermoplastics) on a stage layer by layer!!3, (Figure 1.7D) The setups of
this method are more simplified than SLA and inkjet printing, which enables the
production of compact, benchtop 3D-printers. Another advantage of this method is it
can be applied to any thermoplastic material, such as glass and certain ceramics.
However, the resolution of objects fabricated with this method is fair, which is mainly

determined by the size of the filaments of feeding materials!4.
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Helysis developed a method of directly stacking sheet materials such as paper,
plastic and metal to create a 3D model, which is called laminated object manufacturing
(LOM)1>, As shown in Figure 1.7E, two rollers keep supplying a sheet material under
a laser optics setup, which can selectively cut an outline on a layer that is stacked on
the previous layer by a subsequent heating/glue treatment. LOM can only be used
with materials that can be processed into sheets. Delamination is also a common

problem with this method!!6 117,

In 2015, DeSimmone reported a modification to 3D-printing that can achieve high
resolution (below 100 um) with shorter fabrication time'8, This method is derived
from SLA (Figure 1.7F). In this technique, an oxygen-permeable window is
incorporated between the polymer reservoir and UV light, to form a continuous liquid
interface, which enables a continuous sequence of UV light to cure the polymer. Some
examples show that hundreds of millimeters can be built within an hour, which

significantly shortens 3D fabrication time.
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1.3.3 3D-printed Microfluidics

As discussed previously, microfluidics are powerful tools for many scientific
applications that can be potentially developed to miniaturized lab-on-a-chip interfaces.
However, certain disadvantages of PDMS and fabrication methods have prohibited
this technique from being practically useful by the end-user. In addition to the poor
ruggedness and mechanical strength of PDMS, most of the devices were prepared
during a multi-step fabrication, which not only increases fabrication time (especially
given the fact that most of the devices are not reusable), but also makes it difficult to
reproduce results between different laboratories. Therefore, some researchers have
advocated to use one-step manufacturing methods, such as 3D-printing, to fabricate
the next generation of microfluidic devices. The first 3D-printed microfluidic device
was created by Cronin in 2012, which is a flow-based micro reactor for the synthesis
of imine. Subsequently, this concept has been further developed by Spence and other
researchers in the past a few years, with the generation of a number of novel

microfluidic devices that demonstrate superior features over PDMS devices.

1.3.3.1 Advantageous Features of 3D-printed Microfluidic Devices

The poor ruggedness of PDMS usually results in uneven pressure distribution and
flow problems (e.g. accumulation of liquid around inlet ports). Even though hard
polymers such as polystyrene have been used to avoid these problems, the fabrication
process is time consuming, and the failure rate during experiments is high. 3D-printing,

however, enables fabrication of a rugged microfluidic device in one step. With proper
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materials, such as acrylates, 3D-printed microfluidic devices can be reusable because
they can be treated with harsh chemicals (e.g. bleach) and cleaning methods (e.g. ultra
sonication), which significantly increases the reliability of results acquired on these

devices!®?,

3D-printed microfluidic devices can also facilitate robust analytical method
development, as evidenced by the device reported by Chen and colleagues!'®. 3D-
printing enabled the authors to shape the fluidic device in the format of a standard
96-well plate, which is amenable to plate readers for high throughput analysis. With
static wells printed on the device, simultaneous calibration can also be acquired on

the same device.

Inter-lab reproducibility can also be enhanced by 3D-printed microfluidic devices.
By sharing the engineering sketches of a design, with detailed data information,
another researcher can easily achieve an identical device. Moreover, as more and
more laboratories are using 3D-printing to fabricate their devices, a library database
that collects all the device designs and parameters can be built, which can potentially

leverage academic sharing, communication and mutual development.

Although integrated components have been realized on PDMS microfluidic
devices, the poor ruggedness of PDMS increases the difficulty, time, and cost to
integrate units on a device. Integrated devices using PDMS also suffer because the

device itself is typically discarded after single use. Because 3D-printing can fabricate
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any feature or shape based on user’s demand, on-chip functional features such as

connectors and mixers can be easily achieved?°,

Microfluidic devices usually need to be connected to external tubing for liquid
transport. A common technique for connecting tubing to a PDMS microfluidic device
include directly inserting tubing into holes punched into PDMS and using adhesive to
seal tubing into PDMS slabs'?¥ 22 Frazier also created a locking mechanism by soft
lithography that can form removable and tight connections, although this method was
not widely implemented, partially because of the complexity of the fabrication
process'?3, However, the lack of reliability and flexibility of these protocols can cause
fatal problems for the devices. For example, inserting tubing directly into punched
holes is susceptible to leakage or even ejection of the tubing. For 3D-printed devices,
these problems and concerns can be removed by designing proper connection
mechanisms. In Chen’s device, the ends of each channel were printed with screw
threads that fit standard finger tight adapters, via which external tubing can be
connected. Hardin and colleagues also performed a thorough study by physical

124 Moreover,

modeling and calculations that proved the reliability of printed threads
with multi-material printing, O rings can also be printed on a microfluidic device for

tight sealing or connection!?.

Lee and colleagues recently reported an integrated 3D-printed microfluidic device
for biomarker detection. This single device contains mixers, reaction chambers,

gradient generators and connectors, which enables sample pretreatment, reaction
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and detection on the same chip, without skilled handling. Though this device was
designed with different modules, 3D-printed alignments and O rings make it easy to
combine, which meets the starting point of the research to develop an end-user

detection device!?°,

With soft lithography, only channels with rectangular cross sections can be
fabricated in PDMS. In the case of on-chip vasculature studies, because leukocytes
preferentially migrate at the corners of a rectangular channel, the behaviors of these
cells on such a device do not represent the in vivo conditions?®. However, 3D-printing

can easily fabricate channels with circular cross sections.

Electrophoresis and on-chip electrochemical detection is widely used as a step
closer to the goal of lab-on-a-chip. Although electrodes have been successfully
incorporated or deposited in PDMS microfluidic devices, the non-reusability of these
devices increases research cost (especially when using expensive metals as electrodes),
but reduces reliability of results due to inter-device error propagation. A 3D-printed
electrochemical device that was developed by the Spence group and the Martin group
avoided these problems by applying a flexible electrode system?’. To be specific,
electrodes were embedded in a hollow plastic screw nut with Nafion, which were then
integrated into a female threaded port in a microfluidic device. After a measurement,
the electrodes and the microfluidic device can be separated by screwing the nut off,

and cleaned for reusing. Krejcova et al. recently also reported a 3D-printed
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microfluidic device that combines electrodes and magnetic beads for the detection of

influenza hemagglutinin?8,

1.3.4 Current Challenges and Future Directions

Although 3D-printed microfluidic devices possess a number of advantages as
discussed above, current 3D-printing technologies are not advanced enough to
fabricate perfect microfluidic devices. The resolution of current 3D-printers is usually
at the level of tens to hundreds of microns, which is not sufficient for certain
applications that require smaller sizes. Another problem resulting from the relatively
poor resolution is surface roughness. Many 3D-printed objects need further polishing
prior to use, which is not a problem for bulk surfaces, but may represent drawbacks
for surfaces of small features and interior structures. The void spaces (channels,
chambers etc.) are usually printed with pre-filling of supporting materials (e.g. wax-
like compounds) that need to be completely removed before using, which is time
consuming and labor intensive. Unfortunately, there isn’t any literature that reports
an easy way to clean the supporting materials. Also, most materials used in current
3D-printers are not elastomers. For certain studies that need to include mechanical
factors, such as stretching, these hard devices will not be the appropriate choices.

There is also a lack of studies evaluating the bio-toxicity of these materials.

The development of novel 3D-printing techniques can naturally solve some of the
problems. However, the philosophy of combining PDMS and 3D-printing can be an

immediate solution to the problems, which combines the strong points of other
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fabrication methods to make up for its own shortcomings. For example, to avoid the
surface roughness problem and the bio-toxicity concern, Gross recently reported a 3D-
printed microfluidic device with a PDMS coated channel for cell culture?®. Wu’s group
recently reported a creative concept, which is to use 3D-printing to fabricate
complicated masters that cannot be easily achieved by soft lithography, to cast PDMS
devices. With this method, they demonstrated several designs that include
complicated 3D channel systems for flow regulating. This innovation enlightens the
applications that have to be achieved on PDMS devices®3°. Also, 3D-printing can be
used to produce rigid connection parts and sample pretreatment units that can be

combined with PDMS devices.

1.4 Dissertation Motivation and Overview

In vivo, ERYs circulate under shear stress, and interact with other cell types.
Therefore, to investigate ERY in a physiologically relevant way, an in vitro vasculature
mimic device that can integrate other cell types and hemodynamics needs to be
developed. Because microfluidic devices allows the samples to flow or even circulate,
and micro-channels can be fabricated with dimensions <10 um, which potentially
replicates the geometry and dimensions of microcirculation, microfluidic devices can
be a powerful tool to study in vivo physiology of ERYs on an in vitro device. PDMS
based microfluidic devices have been widely used to create vasculature models that
can mimic certain physiological factors such as hemodynamics, physiological

relevance, and cell integration. However, due to the inherent drawbacks of PDMS
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devices, such as lack of ruggedness and reproducibility, most of the currently
developed microfluidic vasculature devices only include one physiological factor. Also,
these complicated devices are not reusable, which not only increases fabrication cost

and time, but also reduces reproducibility.

One-step fabrication of microfluidic devices with more rugged materials has thus
been proposed by researchers, and 3D-printing appears to be a promising technique
to fabricate the next generation of microfluidics. Some pioneering research work by
the Spence group and others has proven 3D-printed microfluidic devices can be more
integrated, rugged, reusable, and reproducible than PDMS based devices. More
importantly, features such as threads and connection ports can also be easily achieved
with 3D-printing. The design of a device with CAD software can also be shared

between laboratories for device reproduction.

Therefore, there are two goals for the research work presented in this dissertation.
The first goal is relevant to engineering and attempts to develop a standard in vitro
circulation/vasculature device by 3D-printing, to investigate ERY physiology. This 3D-
printed fluidic device demonstrates some important advantages over its PDMS
counterpart. For example, screw threads are printed at the ends of each channel for
simple, yet tight connection to external tubing. The design of static wells enables
simultaneous on-chip calibration, which promotes experiment efficiency and
increases reliability. Moreover, the dimensions of the device, as well as the locations

of the wells follow a standard 96-well plate geometry so that the whole device can be

33



placed directly in a plate reader for high content readout. The device is rugged and
reusable, which enables the valuation of stored ERY samples on the same device
during an experiment period of six weeks. The device also shows its versatility to be
developed to an Organs-on-a-Chip model for inter-tissue communication studies. By
simply plugging membrane inserts that contain cultured cells into the wells on the
device, different cell types can be combined to investigate cell-cell interactions. In this
study, pancreatic B-cells (INS-1 cell line) that can secret C-peptide, and endothelial
cells that can mimic a blood vessel barrier will be integrated, and be connected by
circulating ERYs. Although PMDS-based Organs-on-a-Chip platforms have been
developed, they were mainly single-cell models, and had to be discarded after single
use. This 3D-printed model demonstrates an innovative way to fabricate more
integrated (e.g. multiple cells), standard (e.g. using membrane inserts to culture cells),
and versatile (e.g. any cell type that can be cultured in membrane inserts can be
integrated and studied) Organs-on-a-Chip platforms. In this research work, 3D-
printing also shows its capability in fabrication of demand-based and customized

analytical devices.

From a physiological perspective, these 3D-printed devices facilitate the
investigation of ERYs, with the ultimate goals of developing a therapy for diabetic
complications, and improving the quality of stored ERYs. By circulating ERYs under
different conditions through different channels on the 3D-printed fluidic device, the
efficacy of C-peptide, Zn?* and albumin in stimulating ATP release from ERYs is

confirmed, which can be potentially developed to a therapy for diabetic complications.
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This single device also enables long-term evaluation of stored ERYs, suggesting that a
normoglycemic storage condition is more beneficial to stored ERYs than currently
approved hyperglycemic solutions. The results acquired from a 3D-printed homemade
cell filtration device proved that hyperglycemia can permanently diminish ERY

deformability.
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Chapter 2 — Study of C-peptide Stimulated ATP Release from Erythrocytes on a 3D-

printed Circulation-mimic Fluidic Device

2.1 Background

2.1.1 Diabetes Complications

Diabetes mellitus is a medical condition that is characterized by uncontrolled and
elevated blood glucose levels. It currently affects more than 20 million people in the
United States, but this number may increase to 48.3 million people by the year 2050°.
Based on different pathologies, there are three main types of diabetes: type 1, type 2
and gestational diabetes. Type 1 diabetes stems from a lack of insulin production due
to destruction of pancreatic B-cells. These patients are dependent on exogenous
insulin therapy and type 1 diabetics make up about 10 % of all reported cases of
diabetes. Type 2 diabetes, or non-insulin dependent diabetes, resulting from a
resistance to insulin. Overall, it accounts for about 85% of all reported cases of
diabetes. The third type of diabetes is gestational diabetes, or pregnancy-induced

diabetes, which accounts for about 5% of diabetes in the United States?*.

Diabetes typically leads to chronic complications, which may result in endless pain
and increased mortality. These complications may include nerve damage
(neuropathy), blindness (retinopathy), kidney damage (nephropathy), or
cardiovascular disease®. Nearly all people with diabetes in the United States suffer
some form of neuropathy®. Some symptoms of the onset of neuropathy include

numbness, loss of dexterity, burning, hypersensitivity and difficulty in rising from a
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seated position’. Diabetic retinopathy (DR) is reported to be the leading cause of new
cases of blindness®, and people with diabetics are about 30 times more likely than a
healthy individual to become blind®. Kidney disease is another severe result of

diabetes, which leads to leakage of protein into urine and eventually kidney failure®.

The direct cause of most diabetic complications lies in the dysfunction of the
interface between the blood stream and peripheral tissues, or blood vessel barriers!?,
Low and colleagues suggested that neuropathy results from poor blood flow that lead
to endoneurial hypoxia, which decreases nerve signaling'?. Retinopathy stems from
diminished blood flow that causes poor oxygen supply, which triggers retinal cells to
form new but fragile vessels via a vascular endothelial growth factor mechanism. The
new fragile vessels can cloud a patient’s vision by leaking blood into the vitreous, and
will eventually detach the retina and cause blindness'® 14, Nephropathy occurs when
the glomerulus undergoes partial sclerosis or failure to dilate, resulting in hyper
filtration and resulting protein leakage®. All of these studies indicate that restoration

of vasodilation and/or blood flow can be a potential therapy for diabetic complications.

2.1.2 C-peptide and Vasodilation

C-peptide and insulin are produced simultaneously from proinsulin in pancreatic
B-cells!®. As shown in Figure 2.1, in a proinsulin molecule, the insulin chains A and B
are linked by a connecting segment, which will subsequently form C-peptide. Two
endopeptidases are involved in cleaving the proinsulin molecule to produce insulin,

one cleaving exclusively on the C-terminal side of Arg 31/Arg 32 (B-chain/C-peptide
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junction), the other on the C-terminal side of Lys 64/Arg 65 of proinsulin (C-peptide/A-
chain junction)’. Therefore, the 31 amino acid peptide (C-peptide) is produced and
secreted in equimolar amounts with insulin. Since this process was discovered in
19678, C-peptide had long been regarded as a by-product of insulin production, with
no physiological relevance. Due to the longer half-life of C-peptide (30min) compared
with insulin (3min), the main application of C-peptide is its use in monitoring the

function of B-cells of diabetic patients®.

In the past two decades, studies have shown that C-peptide can reduce diabetic
complications. The Diabetes Control and Complications Trial Research Group reported
that treatment of hyperglycemia decreases diabetic complications, but it is not
sufficient to fully reverse diabetes, suggesting that there is a missing therapy for

diabetic complications?°.

Sjoberg and colleagues found that some type 1 diabetic patients who maintained
some degree of B-cell activity after the onset of the disease experienced less severe
complications than those whose B-cells were completely destroyed?!. The evidence
suggested that other molecule(s) secreted from B-cells are important for control of
diabetic complications, and thus C-peptide attracted the attention of a few pioneer
researchers. In a recent study, diabetic patients who retained detectable amounts of
C-peptide after the onset of the disease exhibited lower levels of complications such

as retinopathy, microalbuminuria, and neuropathy?2.
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Johansson performed multiple studies evaluating the effects of the short-term
replacement of C-peptide on renal function in type 1 diabetic patients, finding that C-
peptide infusion significantly decreased glomerular hyperfiltration. They also
observed 40% and 55% decreases in albuminuria (urine protein leakage) at 2 and 4
weeks, respectively, indicating that C-peptide potentially ameliorated diabetic
nephropathy?>2°, Also, Forst reported that diabetes-induced cardiovascular
complications, such as decreased blood flow in the extremities, were ameliorated by
C-peptide therapy?®. Furthermore, C-peptide prevents diabetic neuropathy via

improving endoneural blood flow and preventing axonal swelling?’.

Evidence indicates that C-peptide increases blood flow and decrease diabetic
complications. However, the mechanism of how C-peptide enhances blood flow
remains unknown. Previous studies from the Spence group reported that C-peptide
may regulate blood flow via stimulating ATP release from ERYs. However, the first
attempts to correlate C-peptide with increased ATP release were not reproducible. It
was later discovered that only when C-peptide was administered with a metal ion,
such as Fe?* and Cr3*, which are common impurities in commercial C-peptide, could
an increase of ATP release from ERYs be observed?. Subsequent experiments with
HPLC-purified C-peptide further confirmed this discovery?®. Considering the
physiological process by which C-peptide is produced and secreted, another metal ion,
Zn?*, gained interest because of its high abundance3® (at mM level) in pancreatic B-cell
granules. Our group initially hypothesized that upon secretion from B-cells, C-peptide

and Zn?* were somehow bound and it was this ensemble of C-peptide and Zn?* that
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increases ERY derived ATP. While our group was able to confirm that C-peptide and
Zn%* were indeed required for biological activity on ERYs, we were never able to

confirm that the two species bind to each other.

Figure 2.1. Proinsulin. Each sphere represent an amino acid. The labeled amino acids
represent C-peptide. Upon cleavage, the two chains connected with disulfide bond
forms insulin, while the connecting segment forms C-peptide.
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2.1.3 Chapter Motivation and Overview

Previous studies about C-peptide’s effect on ERYs were based on static
experiments, in which, ERYs were incubated in a static buffer under different
conditions (e.g. with/without C-peptide). However, under in vivo conditions, ERYs are
circulating under shear stress, which is an important physical factor that affects ATP
release from these cells®!. Therefore, a fluidic device that enables long-term (e.g.
hours) in vitro ERY circulation is needed to mimic in vivo conditions. As discussed in
the first chapter, given the drawbacks of PDMS-based microfluidic devices, 3D-printing

will be explored to fabricate such a device.

Although previous research showed the indispensable role of Zn?* in this process,
numerous binding studies of C-peptide and Zn?* were unsuccessful, which indicates
that there is not direct binding between the two species. However, under in vivo
conditions, albumin is a common carrier protein, which can transport numerous
molecules to cells32. Therefore, the hypothesis that albumin carries C-peptide and Zn?*

to ERYs will also be examined.
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2.2 Methods

2.2.1 The Design and Fabrication of the Fluidic Device

The device was printed on an Objet Connex 350 printer (Stratasys Ltd, Eden Prairie,
MN) in the department of Electrical and Computer Engineering at Michigan State
University. The 3-D design (Figure 2.2) was created using the CAD based engineering
software package AutoDesk Inventor Professional (Autodesk, Inc., San Francisco, CA).
The device was printed using Objet VeroClear material (Stratasys Ltd, Eden Prairie, MN)
whose exact composition is proprietary, but approximately contains isobornyl acrylate
(15-30%), acrylic monomer (15-30%), urethane acrylate (10-30%), acrylic monomer (5-
10; 10-15%), epoxy acrylate (5-10; 10-15%), acrylate oligomer (5-10; 10-15%), and a
photoinitiator (0.1-1;1-2%). Once printed, the device is translucent and rigid, but
becomes optically transparent and ready to use after a simple polish and cleaning with
sand paper and water. Commercially available membrane inserts (6.5 mm diameter;
Corning, Inc., Horseheads, NY) with polyester membranes (0.4 um pore diameter; 10
um membrane thickness; 108 pores/cm? ) were inserted into the dynamic wells above
the channels. The inserts function as a semi-permeable barrier between flowing
cells or reagents in the channel and reagents that are loaded in the insert (on the
opposite side of the membrane). This configuration enables molecular transport
through the pores by diffusion. The side of each membrane insert was wrapped by a
layer of PTFE seal tape (PL Sourcing, Inc., Newport News, VA) to enhance the seal

between the inserts and the wells.
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Figure 2.2. The engineering sketch of the fluidic device with detailed dimensions
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A section of grafted tubing was prepared by connecting two, 20 cm pieces of 1/8”
Tygon tubing (Saint-Gobain PPL Corp, Jackson, Ml) to the ends of a piece of 15 cm
Ismatec tubing (Cole-Parmer Instrument Company, Vernou Hills, IL). The two ends of
the tubing were connected to male finger tight adapters (IDEX Health & Science LLC,
Oak Harbor, WA), which can be integrated with the two threaded ends of a channel in
the printed device, thus forming a loop. The threads were printed directly from the
device design (as opposed to being tapped post-printing) as 10-32 type threads, thus
enabling the use of the aforementioned male finger tight adaptors. Fluids or
samples were driven through the loop by a 12-roller peristaltic pump (IDEX Health &

Science LLC, Oak Harbor, WA).

To confirm the absence of bulk fluid movement through the membrane pores into
a channel, a 50 L aliquot of DDW was added to dynamic inserts in wells B1, E1 and
G1, while DDW was delivered through the closed loop system at a flow rate of 50
uL/min for 2 hours. The amount of water in each insert after pumping was determined
by mass measurement. As a control group, the same amount of DDW was loaded into
each insert in static wells A2, D2 and F2 (no channels beneath and thus no possible
water delivery) for 2 hours. There is no channel underneath the static inserts, thus
representing a control group used to account for any change in volumes in the inserts
due to evaporation. All other channels were examined in the same way, using static

inserts in the next right column as a control set.
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To investigate the extent of any leakage of fluids from a channel to the area above
membrane inserts, a 30 uM fluorescein solution in DDW was circulated at a rate of 50
uL/min in the loop for 2 hours. The device was then detached from the pumping
system and placed under the objective lens of a fluorescence microscope (Olympus,
Japan). Leakage was investigated for all six channels on the device; any detectable
qguantity of fluorescein on the outside of the trans-well inserts was considered to be

indicative of leaking.

2.2.2 ATP Measurement Optimization

The well-established luciferin/luciferase chemiluminescence assay was used for
ATP assays33. Reagents were prepared by dissolving 2.0 mg of D-luciferin (Sigma
Aldrich, St. Louis, MO) in 5 mL of DDW, and adding the resultant solution into a single
100 mg vial of firefly extract (Sigma Aldrich, St. Louis, MO). Five ATP (Sigma Aldrich, St.
Louis, MO) standards ranging in concentration from 0 nM to 800 nM were prepared
by dissolved in DDW and diluting in a physiological salt solution (PSS, containing 4.7
mM KCI, 2.0 mM CaCl, 1.2 mM MgS04, 140.5 mM NacCl, 21.0 mM tris-hydroxymethyl
aminomethane, 5.5 mM glucose, and 5% bovine serum albumin at pH = 7.4; all
reagents were from Sigma Aldrich). A 50 uL aliquot of PSS was loaded in the insert
located in well B. The PSS served as a solution to collect ATP diffusing from the channel
through the membrane of the insert. After 10 min, 20 min or 30 min of pumping the
various ATP standards, the device was detached and placed in the sample holder of

the plate reader (Molecular Devices LLC, Sunnyvale, CA). A 50 uL aliquot of 20 nM ATP
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standard solution was pipetted into insert in static well 2A as a calibrator, thereby
minimizing possible indeterminate error. A 10 uL of luciferin/luciferase was then
added into inserts in wells 2A and 1B, simultaneously. After 15 s, the
chemiluminescence intensity from both inserts was detected simultaneously,
followed by the evaluation of the detection background, detection limit, sensitivity

and linearity for the different pumping times under investigation.

To determine the optimal volume of luciferin/luciferase mixture for each assay,
ATP standards were prepared and circulated in a channel, as described above, with 50
pL of PSS loaded in the insert in well 1B. ATP standards circulated for 20 min at a rate
50 puL/min. Next, 10 pL to 30 uL aliquots of the luciferin/luciferase mixture were added
to the membrane inserts in dynamic well 1B, as well as static well 2A (containing 50
uL of 20 nM ATP standard as a calibrator) simultaneously. The device was detached
and placed in the plate reader sample holder and the optimal assay amount was

determined by an evaluation of detection limit, linearity and sensitivity.

2.2.3 Evaluation of Analytical Features of the Device

ATP solutions of 0, 0.2, 0.3, 0.4, 0.5, 0.8 uM were prepared in PSS and circulated
randomly through 6 channels, simultaneously, at a rate of 50 uL/min for 20 min after
50 pL of PSS were loaded in the membrane inserts in wells B above each channel. The
device was then detached from the tubing and placed in the plate reader for
chemiluminescence detection with the optimal ATP quantitation parameters

determined above, on all wells in the row labeled as “B” (Figure 2.4). A curve of
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chemiluminescence intensity versus ATP concentration was obtained, and the
resulting regression statistics (slope, y-intercept, and coefficient of determination)

were calculated.

ATP standards of 150 nM and 250 nM were prepared and circulated in channel 1
at a rate of 50 pL/min for 20 min, with 50 uL of PSS buffer loaded in the membrane
insert in well B (dynamic wells) above the channel to collect ATP by diffusion. A 50 pL
aliquot of 20 nM ATP was then added into the membrane insert in wells found in row
labeled as “A” (static wells). The device was then detached from tubing and placed in
the sample holder of the plate reader. Chemiluminescence was detected 15 s after
adding 10 plL of the luciferin/luciferase assay into dynamic and static wells to quantify
the ATP, using calibration curves prepared in advance in a similar manner as described

above. Two more identical measurements were performed on channel 3 and channel

ATP standards having concentrations ranging from 0 to 800 nM were prepared
and simultaneously circulated through channels 1, 3 and 5 at a rate 50 pL /min for 20
min, while 50 pL of PSS buffer were loaded in the membrane inserts in wells B above
each channel. After adding 50 uL of 20 nM ATP to wells 2A, 4A and 6A (as static
calibrators for measurements on channels 1, 3, and 5, respectively), the device was
detached and placed in the sample holder of the plate reader. An aliquot of 10 uL of
the luciferin/luciferase mixture was simultaneously added into inserts above the

dynamic and static wells, and chemiluminescence was detected by the plate reader
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after 15 s. A comparison of sensitivity, detection limit and linearity of results from the
3 channels was performed to determine if the device channels and inserts are
statistically equivalent. Precision was also investigated by performing identical
measurements as those described above while changing well inserts in between

studies.

2.2.4 ERY Sample Preparation

Whole blood was obtained from healthy human donors by venipuncture and
collected into heparinized tubes. Blood was then centrifuged at 500 g for 10 min and
the plasma and buffy coat were removed by aspiration. ERYs were washed 3 times in
PSS34, For all albumin free experiments, ERYs were washed in albumin-free PSS. The
hematocrit was determined using a hematocrit measurement device (CritSpin, Iris

Sample Processing, Westwood, MA).

Four samples were prepared containing ERYs at a 7% hematocrit in different
conditions: buffer only, buffer with C-peptide, buffer with both C-peptide and Zn?*
(ZnClL), and buffer with Zn?*. Buffer choices included PSS and albumin-free PSS in order
to study the effect of albumin on C-peptide and Zn?* delivery to the ERYs, as well as
subsequent ATP release from the ERYs. Human C-peptide and Zn?* stock solutions (800
nM for both) were prepared in doubly deionized water (DDW, 18.2 MQ). The working
samples (10 nM) were then pumped to fill four randomly chosen channels on the
device, after which each channel and corresponding tubing were closed to form a loop.

The samples with different C-peptide treatments were then introduced into the device
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to form four circulating loops. The whole setup was then placed in a 37 °C incubator
for 2 hours, during which, C-peptide/Zn?*/albumin that were mixed in circulating ERY
samples would exert their effect on the cells. The entire setup of pump, device, and
closed loops with circulating samples were placed in an incubator at 37 °C. The
samples were allowed to circulate through the system for 1.5 h, after which, aliquots
of 50 puL of PSS were loaded in the inserts in row E to collect ATP from samples via
diffusion through the pores in the insert membrane. ERY-derived ATP was determined
in the same manner as the ATP standards, other than the fact that a stream of ERYs

was delivered through the channels as opposed to ATP standards. (Figure 2.3)

60



C-peptide - + - +
Zn” - -t 4
Erythrocyte
in PSS

:C\W"’"P“}

Figure 2.3. ERY sample preparation and measurement. A), four ERY samples were
prepared with different treatments: without C-peptide or Zn?*; only with C-peptide;
only with Zn?*; and with both C-peptide and Zn?*, the concentrations of C-peptide and
Zn%* were both 10 nM. B), the four samples were introduced into four channels of the
fluidic device. After the samples circulated for 1.5 hours in the fluidic device that was
placed in a 37 °C incubator, aliquots of 50 uL of PSS were loaded in the wells in row E
to collect ATP from the flowing via diffusion, which was then quantified with the

luciferin/luciferase assay by a plate reader.
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2.2.5 ERY Derived ATP Determination

ATP was quantified by the luciferase/luciferin chemiluminescence assay on the 3-
D printed fluidic device. The device design was modeled as a 96-well plate for
subsequent measurement on a standard plate reader. Six channels were fabricated in
the device, with wells above these channels that align with the internal robotics of the
plate reader for measurement convenience. A 6.5 mm diameter transwell insert
whose bottom is porous polyester (0.4 micron) is placed in each of the wells. During
use, ERY samples flow through the channels and released ATP is able to diffuse
through the membrane pores into buffer that was pre-loaded in the insert above the
membrane. Aliquots (10 pL) of the luciferin/luciferase mixture were then injected into
each well, and the entire device was placed in the plate reader for chemiluminescence

measurement.

Before measuring ERY samples, a calibration curve was obtained by circulating
four ATP standards prepared in PSS (concentrations of 0, 100, 200 and 400 nM) in four
randomly chosen channels at a flow rate of 50 uL/min using a peristaltic pump (IDEX
Health & Science LLC, Oak Harbor, WA) as part of the pumping mechanism. To
facilitate ATP diffusion through the membrane pores and into the well insert, 50 uL of
PSS was loaded in the membrane inserts on row E above each channel. After flowing
for 20 minutes, the 3D-printed device was detached from the peristaltic pump tubing
and was placed on the holder of a plate reader (Molecular Devices LLC, Sunnyvale, CA),
followed by the simultaneous addition of 10 pL of L/L assay mixture into each insert

to measure chemiluminescence intensity values resulting from the reaction of the L/L
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mixture with ATP. A standard curve was generated by plotting the chemiluminescence

intensity values against the known concentrations of ATP.

2.3 Results

2.3.1 Device Design and Fabrication

As shown in Figure 2.4A, the device is modeled after the dimensions of a standard
96-well plate, making it suitable for direct analysis on a plate reader and use with
automated fluidic handling systems. The printed column (1 to 12) and row (A to H)
markers make it easy to identify and label wells. This particular device enables parallel
analyses as it consists of six channels, each with 3 wells. Membrane inserts, which are
removable trans-well inserts often used in cell culture applications, were plugged into
the wells (Figure 2.4B). 3D-printed threads were designed for both ends of each
channel to allow for an amenable connection to external tubing via male finger tight
adapters (Figure 2.4C). The static wells between channels enable simultaneous
calibration and/or internal standards when necessary. In this current application, all 3
wells above each channel were used for dynamic determination of ATP release from
ERYs flowing through the channel, while the 4 wells not over a channel were used for
calibration by performing static measurements of ATP standards. In this construct,
guantitative determinations of ATP could be performed, facilitated by a generated
working curve on a single device. Figure 2.4D displays the cross section of a single
channel, enabling a view of each membrane insert after placement into the device. An

evaluation of Figure 2.4D also shows how diffusion of the analytes could occur, moving
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from the channel, across the membrane, and to the area above the insert for eventual

measurement.

e
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3-D printed
device

Plate reader

Figure 2.4. (A): The 3D-printed fluidic device (bottom) used in this study is modeled
after the dimensions of a 96-well plate (top). Column and row markers make it
convenient to localize wells. Six channels were printed on the odd number columns,
with three wells corresponding to each channel. Static wells, printed on the even
number columns allow for internal standards or calibration. (B): Membrane inserts
(top), which have a semi-permeable polyester membrane, are inserted into wells
(bottom) of the 3-D printed device. (C): Threads, printed at both ends of the channel,
connect external tubing through a finger tight adaptor. (D): A schematic cross section
of a channel and the membrane inserts. (E): The device locks into the sample holder
of the commercial plate reader.
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In this study, ATP diffuses from channels to wells across the porous membrane,
where it is collected into buffer already loaded into the well insert prior to
commencement of pumping. Based on diffusion, the amount of ATP accumulated in
the well (at some fixed pumping time) is proportional to the concentration in the
channel, thereby enabling ATP that is in the channel to be quantitatively determined.
After flow of samples in the channels, the device was detached from tubing and

directly placed into the plate reader for measurements (Figure 2.4E).

Since this device was designed amenable to a plate reader for convenient and
high content readouts, the alignment of the device and the wells with the plate reader
was characterized and validated prior to studies involving ATP measurements. Six
fluorescein standard solutions with concentrations ranging from 0 to 20 uM were
loaded in the six wells in rows B, E and G, respectively, followed by fluorescence
detection over the wells by the plate reader (ex. 494 nm; em. 521 nm). Figure 2.5
shows the fluorescence intensity over the wells in row B, as a function of fluorescein
concentration. The fluorescence intensity is linearly proportional to the concentration
of fluorescein loaded in the wells, which indicates correct alignments of the wells with

the optical detectors in the plate reader.
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Figure 2.5. Validation of the alignment of the device and printed wells in the plate
reader. Six fluorescein solutions (concentrations ranging from 0 to 20 uM) were
prepared and were loaded into the six inserts in wells B above each channel,
respectively. Fluorescence intensity above these inserts was detected by plate reader
and was plotted versus fluorescein concentration. The good linearity (r? = 0.99) shows
that the device and wells are aligned well with the plate reader. n = 3, Error = stdev.
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The trans-well inserts are not fixed into place by any type of glue or epoxy
adhesives that lead to permanent combination. There is, however, a wrap of PTFE tape
around the side of inserts to help them seal onto the bulk device tightly, yet remain
removable if needed. However, to confirm that bulk fluid movement is not occurring
from the channel to the area above the membrane insert, or vice-versa, 50 uL of
doubly deionized water (DDW) were added into membrane inserts in wells B1, E1 and
G1 above channel 1. After circulating DDW through the channel for 2 hours at a rate
of 50 pL/min, the remaining volumes of water in the inserts were measured. A control
set was performed by adding 50 pL of DDW in inserts placed in static wells A2, D2 and
F2, and then measuring the remaining volumes after two hours of loading. As shown
in Table 2.1, though a minimal loss of liquid volume in the dynamic inserts (B1, E1 and
G1, with flowing underneath) was observed, the lost volume was not likely due to
liquid transfer into the channel for a minimal liquid loss was also shown in static inserts
(A2, D2 and F2), beneath which, there is no channel. There is no significant difference
in remaining volumes between dynamic and static inserts. The results suggest that
loaded liquid can be firmly held in dynamic inserts without being drawn into the
underlying flow channel for the time duration investigated. The other five channels

were examined in the same way, and no bulk liquid transfer was observed.

The leakage of fluids from the flowing channel across the membrane and into any
pre-loaded reagents on the other side of the membrane has the potential to be
detrimental to the quality of analysis using this fluidic device. For example, the device

detects ATP that has diffused from the channel to the inserts, any direct leakage of
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fluids across the membrane will cause false signals and thus make the detected results
unreliable. Also, dilution effect caused by leakage can potentially hinder detection
limits of ATP. To determine if flowing fluids leak across membrane (as opposed to
movement of an analyte by diffusion alone), a 20 uM fluorescein solution was
circulated through channel 1, with nothing loaded in the membrane inserts above the
channel. After 2 hours of pumping this solution, fluorescence images above the
channel were obtained. Figure 2.6 was integrated by images observed on separate
parts of the channel because of the limited camera view. As shown, there is some
fluorescein at the bottom of each well shaped in rectangular. This fluorescence was
on the apical side of the membrane (the bottom side, touching the channel), on the
channel area, resulting from remaining fluorescein in the channel. If there is any liquid
leakage across the membrane, a “circle” of fluorescence emission in the well would
be expected. Due to the lack of fluorescein entering the well, it was concluded that
leakage of fluids was not occurring. The other five channels were verified with the
same method and none showed any leakage of liquid across membrane. This is
important because it will help ensure that only molecules can diffuse or move through

the membrane to the other side of inserts.
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Table 2.1. Remaining Volumes of Water in Inserts

Remaining volume after 2 hour Remaining volume after 2 hour

Well pumping/uL® Well pumping// plL®
B1 49.5 £ 4.5 A2 48.7+3.8
E1 48.6 +3.5 D2 49.4+1.3
G1 46.8 £6.2 F2 47.6+2.5

a: n=10, error=stdev; b: n=5, error=stdev

Figure 2.6. A fluorescence image of a channel after flowing fluorescein. The dotted

circles indicate the well areas. The image implies that leakage of liquid from channel
across the membranes did not occur. Due to the limited scope view, images on
separate parts of the channel were obtained and integrated into a single image.
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2.3.2 ATP Measurement Optimization

Multiple factors can affect the overall quantitative determination of ATP release
from the stored ERYs flowing through the device channels. One of the first factors we
investigated was the amount of time the ERYs flowed through the device channel prior
to determination of ATP. As the ERYs pass through the channel, they release ATP that
diffuses through the porous membrane on the bottom of the trans-well insert. Thus,
an increase in the amount of time the ERYs pass through the device channels would
increase the collection time and amount of ATP in the well above the channel. To
determine the optimal ATP collection time, ATP standards (0 to 800 nM) were
circulated for 10 min, 20 min or 30 min through a device channel having a well insert
that was loaded with 50 pL of PSS. This circulation time enabled ATP from the ERYs to
diffuse through the membrane pores. After the various circulation times of the ERYs
(or the collection time of ERY-derived ATP), an aliquot of a luciferin/luciferase mixture
was added to the well insert and the resultant chemiluminescence was recorded using
the multi-well plate reader. Calibration curves were prepared to investigate such
figures of merit as analytical sensitivity and limits of detection for each collection time.
The resultant data, which are summarized in Table 2.2, show that lower limits of
detection and higher sensitivity can be achieved as the collection time increased.
Although quantifiable results were obtained even after 10 minutes of pumping, the 20
minute collection period was utilized for subsequent studies because of its precision

and significant reduction in the limit of detection in comparison to the 10 minute
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pumping period and its suitability for measurements of ERY-derived ATP, which is

typically in a range of 90 to 400 nM, depending on the health status of the donor.

Table 2.2. Optimization of ATP Collection Time

Collection ) Detection
. . Y intercept Slope r2 o
time/min limit/nM
10 20955 517.5+33.6 0.98 + 0.00s 136.6+£24.0
20 15.8+1.8 565.4 £ 38.6 0.99 + 0.00, 524+7.3
30 19.8+1.0 883.8+£69.9 0.99 £ 0.007 33.3+6.8

(n =3; all errors represent standard deviations)

A mixture consisting of luciferin/luciferase is required in the chemiluminescent
determination of ATP. However, this mixture also contributes to high background
luminescence during the measurement portion of the analysis. Thus, a study was
performed to determine the volume of luciferin/luciferase mixture added during the
assay that provided the best analytical features (detection limit, sensitivity, etc.). To
perform this study, ATP standards of identical concentration were circulated in a
channel for 20 min and ATP was allowed to diffuse through the membranes of the
trans-well inserts that had already been filled with 50 pL of buffer, after which, the
device was detached and placed on the sample holder of the plate reader. Aliquots of

10, 20 or 30 pL of the luciferin/luciferase mixture were added to the wells and the
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chemiluminescence from each trial was acquired. The data from these studies, shown
in Table 2.3, suggest that 10 uL of the luciferin/luciferase mixture yielded the lowest
background (y-intercept), and the best linearity, as measured by the coefficient of
determination, r2. In fact, larger volumes of the luciferin/luciferase mixture added to
the wells lowered analysis quality, likely due to higher background emission.
Additionally, when adding the 20 or 30 pL volumes of the luciferin/luciferase mixture,
the signals from 100 nM or 200 nM ATP standards were not statistically different and

exhibited reduced linearity and higher detection limits.

Table 2.3. Optimization of Luciferin/luciferase Assay Volume

Assay

volume/uL Y intercept Slope R2 Detection limit/nM
10 158+1.8 565.4 + 38.6 0.99 + 0.001 524+7.3
20 36.8+3.7 5159+ 21.0 0.97 £0.0; 120.1+£13.6
30 43.8+1.9 549.0 £ 32.0 0.97 +£0.01 167.7£39.4

(Each assay volume was performed on 5 ATP standards; the resultant calibration curves
were evaluated for y-intercept, slope, and linearity which, in turn, were used to determine

the detection limit. n =3; all errors represent standard deviations)
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2.3.3 Evaluation of Analytical Features of the Device

With six channels integrated into the 3-D printed device, all of which were
amenable to a commercial plate reader, high-throughput applications were explored.
Six ATP standards (0 to 0.8 uM) were circulated in the six channels, but in a random
order. The membrane inserts in wells B on each channel were loaded with 50 uL of
PSS to collect ATP by diffusion. The chemiluminescence intensity detected from each
insert was plotted as a function of the concentration of ATP flowing in the channels.
The linearity (r?=0.99) and precision of measurement demonstrated the device can

perform 6 quantitative analyses, simultaneously.

Under optimal conditions, ATP standards of known concentrations (150 nM and
250 nM) were evaluated with the device. These two concentrations were determined
because a 7% solution of ERYs release ~200 nM ATP. Such measurements were
performed on channels 1, 3 and 5. Data shown in Table 2.4 indicate that the levels of
ATP can be detected quantitatively, and the detection results from the three channels
did not show any statistically significant difference, which further suggests that
guantitation on different channels will yield statistically similar results. Such results
are expected due to all channels being printed on the same printer using the same
prototype dimensions. To confirm precision between channels, ATP standards were
circulated in three channels and resultant calibration curves were compared. As
shown in Table 2.4, these channels were statistically equal in terms of background,
sensitivity, linearity, detection limit and accuracy. This intra-channel reproducibility is

another outstanding advantage of the 3-D printed device, as it helps reduce variability
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of devices from different manufactures and fabrication protocols. Another key
advantage is the reusability of the 3-D printed device; the same device was used for
all reported experiments and was cleaned with a simple rinse with DDW. Data in Figure
2.5, Table 2.2 and Table 2.3 were obtained using the same channel on the same device.
The error bars, which represent standard deviation, support the reusability of the
device, which not only reduces use of materials, but also enables repeated

measurements of the same sample on the same device in a reproducible manner.

Table 2.4. Observed quantitative detection of 150 nM and 250 nM ATP from
channel 1, channel 3 and channel 5

Known
. 150 250
concentration/nM
Ch1i Ch3 Ch5 Ch1i Ch3 Ch5
Observed
5.8 7.2 8.6 15.6 18.7 14.0

ATP standards of known concentrations were introduced to channels 1, 3, and 5 (Ch1,
Ch3, and Ch5) in the fluidic device, and were subsequently quantified with the
luciferin/luciferase assay by a plate reader. The observed concentrations are the
average * stdev of 5 experiments. Calibration curve was made each time for

gquantitation purpose.
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2.3.4 Investigation of ERY Derived ATP Release stimulated by C-peptide

As shown by the black bars in Figure 2.7 ERYs incubated with C-peptide and Zn?*
in PSS stimulated the highest ATP release (319.8 £ 15.2 nM), which was significantly
higher than the ERYs in the absence of C-peptide/Zn?* in PSS as a control group (194.9
+19.7 nM, p < 0.005). ERYs incubated with C-peptide or Zn?* alone, however, did not
show significant ATP release increase. These results further confirmed that, under
hemodynamic conditions, C-peptide can increase ATP release from ERYs, only with the
presence of Zn?*.

However, binding studies using isothermal titration calorimetry (ITC) did not
reveal any binding between C-peptide and Zn?*, it was then proposed that albumin,
which is a common transporter for molecules in a blood stream, delivers C-peptide
and Zn?* to ERYs. Subsequent ITC experiments proved the binding between albumin
and C-peptide and Zn?*. However, the effect of C-peptide and Zn?* on ERY derived ATP
release, in the absence of albumin, remained unknown. Thus, the same sample as
aforementioned were prepared, but in albumin-free PSS. The ATP measurements from
these samples are summarized in Figure 2.7(grey bars). The data suggest that without

albumin, C-peptide and Zn?* failed to increase ATP release from ERYs.
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Figure 2.7. ATP release from circulating ERYs with different treatments. The data
summarized in black bars were collected from ERYs flowing in PSS, which suggest that
C-peptide and Zn?* together significantly increased ATP release, while C-peptide or
Zn?* alone did not show this effect. Without albumin in the ERY streams, however, C-
peptide and Zn?* fail to stimulate ATP release (grey bars), which confirmed the role of
albumin in the ATP stimulation process. In this experiment, 10 nM C-peptide and Zn?*
were used to treat ERY samples. (N=5, error=S.E.M)

It has been reported that the amino acid at position 27 in C-peptide, glutamic
acid, plays a crucial role in its physiological efficacy. Therefore, the mutant E27A
(replaced glutamic acid with alanine) was applied to observe if it can increase ATP
release from ERYs. Figure 2.8 shows with or without albumin, E27A failed to enhance

ERY-released ATP.
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Figure 2.8. ATP release from ERYs treated with C-peptide/Zn?* and E27A/Zn?*. Unlike
C-peptide/Zn?*, E27A/Zn?* cannot stimulate ATP release from ERYs.

2.4 Discussion

A 3D-printed fluidic device was designed and implemented for in vitro studies of
ATP release from circulating ERYs. Compared to conventional PDMS-based fluidic
devices, the 3D-printed device is more rugged and robust, and is capable of multiple
uses over a month-long study, which enhances reproducibility of experimental results.
To be specific, the leakage examination showed that there was no leakage or bulk
liquid transfer occurred across porous membranes on the device, which in contrast, is
a common problem/concern for PDMS based devices. Also, the six channels on the

device and its reusability significantly enhance throughput and experiment efficiency.
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With 3D-printing, the device was easily modeled after a 96-well plate, which is
amenable to a commercial plate reader for efficient and high throughput analysis.
Moreover, the design of static wells on the device enables simultaneous on-chip
calibration, which not only simplifies experimental procedures, but also guarantees
result reliability. The device also possesses some other features that cannot be easily
achieved in PDMS. For example, threads were directly printed at the ends of each
channel, allowing it to be connected to external tubing by standard finger tight

adapters.

This 3D-printed device facilitates the progress of developing C-peptide to be a
potential therapy for type 1 diabetic (T1D) complications. In the past few decades,
numerous animal tests and small scale clinical surveys have proven C-peptide is
effective to alleviate T1D complications. However, the underlying mechanism
remained unknown, which has hindered subsequent research and clinical studies for
the development of C-peptide therapy. The Spence group has found that C-peptide
can increase ATP release from ERYs, with the presence of Zn?*, which can then
enhance vasodilation by stimulating NO production from endothelial cells. However,
previous experiments were performed by mixing ERYs with C-peptide/Zn?* in a test
tube, followed by incubation at 37 °C. In other words, ERYs in these experiments were
in a static condition, which cannot represent the actual physiological condition of ERYs,
which are circulating under shear stress. With the 3D-printed fluidic device, however,
an in vitro ERY circulation mimic can be easily achieved. The results shown in Figure

2.7 confirmed previous observations that C-peptide and Zn?* are able to stimulate ATP
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release from ERYs, while C-peptide or Zn?* alone does not show the effect. It was then
anticipated that there must be a binding between C-peptide and Zn?*. Unfortunately,
numerous attempts to demonstrate C-peptide binding to Zn** were unsuccessful,
therefore suggesting that another component in the system may be participating in

the delivery of C-peptide and Zn?* to ERYs.

Because of its well-known capability of carrying proteins, drugs and other
molecules to cells, albumin was hypothesized to be the missing carrier of C-peptide
and Zn?*. As discovered by Liu and colleagues, ITC experiments confirmed that albumin
can bind C-peptide and Zn?* in a two-phase manner. It was also discovered that
without albumin in the system, C-peptide and Zn?* cannot be delivered to ERYs. All
the evidence indicates that albumin is indispensable for C-peptide and Zn?* to play the
role of increasing ERY-released ATP, which can be confirmed by the data in Figure 2.7
that C-peptide and Zn?* failed to stimulate ERY released ATP if albumin is absent in the
system. There were also numerous reports showing that the 27 position amino acid
of C-peptide, glutamic acid, is required for C-peptide to affect cells3®3’. Therefore, an
E27 mutant to alanine (E27A) was prepared and ITC experiments suggested this
mutant cannot bind albumin. Efficacy studies indicated that this mutant cannot
stimulate ATP release from ERYs, even if both Zn?* and albumin were present.
Collectively, it is the ensemble of albumin, C-peptide, and Zn?* that enhances ATP
release from ERYs. Although the binding structure is not completely understood yet,

the 27 position glutamic acid has proven to be involved.
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2.5 Conclusion

Microfluidics has become a powerful tool in the field of bioanalytical chemistry.
However, traditional microfluidic devices fabricated in PDMS possess some
disadvantages, such as lack of ruggedness and reusability, making it almost impossible
to move microfluidics out of the academic realm and into real life applications. In this
work, however, 3D-printing has been explored to fabricate a novel and functional
microfluidic device. This device possesses numerous advantages over PDMS devices.
It is rugged, reusable, high throughput and amenable to a plate reader, which
significantly enhances the quality of data acquired on the device. Moreover, unlike
PDMS microfluidics, device examination experiments showed that no leakage or liquid
bulk transfer occurred on the 3D-printed device. The printed threads that fit
commercial finger tight adapters also prevent the problems of dead volumes and

leakage at connection ports.

The device was then applied to realize an in vitro circulation to study the effect of
C-peptide and Zn?* on circulating hemodynamic ERYs. The results suggest that the
three-molecule ensemble that contains C-peptide, Zn?*, and albumin can increase ATP
release from ERYs, which can then stimulate vasodilation via stimulating NO
production from the endothelium. Though the binding structure of the ensemble is
not fully understood, the 27 position glutamic acid of C-peptide has proven to be
involved in the process. These results reveal a potential therapy for diabetic

complications.
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Chapter 3 — An Organs-on-a-Chip platform to Study the Interactions between

Pancreatic B-cells and Blood Vessels

3.1 Background

The results in chapter 2 show that the ensemble of albumin, C-peptide and Zn?*
elicits biological activity, increasing ERY-released ATP. However, in these experiments,
though ERYs were subject to flow, the C-peptide and Zn** were added exogenously,
which may not represent the physiological process by which C-peptide/Zn?* interacts

with ERYs.

Under in vivo conditions, C-peptide and Zn?* are secreted from pancreatic B-cells
continuously into the blood stream?. It is difficult to control the amount of
exogenously added C-peptide and Zn?* to mimic the gradually secreted amount in vivo.
Furthermore, the structure of C-peptide and Zn?* upon secretion cannot be
represented well in static experiments. These shortcomings led us to an in vitro
platform that combines C-peptide secreting cells and a flowing stream of blood cells.

The recent concept of Organs-on-a-Chip facilitates the development of such a device.

3.1.1 Organs-on-a-Chip

The development of microfluidic technology has made it possible to integrate and
culture cells on microfluidic devices, with manageable liquid or gas flow; these
advances gradually developed into a new research field, Organs-on-a-Chip?. The

concept of Organs-on-a-chip represents a class of micro devices for in vitro tissue
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culture that can mimic key structures and functions of in vivo tissues and organs® 4.
This concept can be further developed to Human-on-a-Chip, which combines different
in vitro organ models on one device through a circulation mimic, for pharmacology

and fundamental physiology studies>® (Figure 3.1).

Pathogenesis Toxicity Study

o
O
9 Organogenesis Drug Screening
'S =
%) Hypothesis [ Personalized
> Validation Therapy
o
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Figure 3.1. The concept of Human-on-a-Chip and its potential applications in

fundamental physiological studies and in pharmaceutical research.
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3.1.2 Cell Selection for Organs-on-a-Chip

To construct an on-chip organ that is functional and representative of in vivo
conditions, the first technical issue that needs to be addressed is the selection of
cell/tissue type to build the organ of interest®. There are three types of cells/tissues
that are widely used. Each of them has its own advantages and disadvantages, and the

most appropriate selection will be based on the specific goals of a study.

Because cell-cell communication, and cell-extracellular matrix (ECM) interaction
play an important role in cell physiology, a fresh biopsy, which preserves the original
tissue architecture, is the most reliable in vitro organ mimics. Ex vivo pancreatic islets
have been successfully adapted to Organs-on-a-Chip devices by different researchers.
For example, Roper monitored hormone secretion from islets on microfluidic chips,
with simultaneous on-chip detection®. Mohammed reported an islet-on-chip device to
characterize islets before transplantation’®. Some other biopsies such as brain slice

and heart tissue have also been successfully integrated onto microfluidic devices*!4,

Though biopsies are more representative of in vivo environments, they only
remain viable for a short time (a few hours) after being extracted'™ 6, Therefore,
Organ-on-Chip integrated with ex vivo tissues are limited to assays that do not require
much time. Also, the availability of human ex vivo tissues is limited, which restricts its

application in human-oriented physiological and pharmaceutical studies.
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Primary cells are directly isolated from animals, making them a good mimic of in
vivo conditions. Therefore, primary cells have become the most common cell source
for Organ-on-a-Chip platforms. Using proper protocols that have been developed,
primary cells can remain viable and functional for weeks after isolation, which enables
long term physiological observation and studies!’”” ¥, However, primary cells also
possess noticeable disadvantages. Although a single primary cell can represent its in
vivo counterpart, the lack of cell-cell, and cell-ECM interactions, and three dimensional
(3D) architectures can compromise the relevance of the results from corresponding

studies.

Several advances in the field of cell biology, such as 3D cell culture and cell co-
culture assays help overcome some of the drawbacks. 3D cell culture models apply
porous ECM gels as scaffolds for living cell cultures, to mimic tissue- and organ-specific
micro architectures® *°. Goral and colleagues have successfully cultured hepatocytes
in a 3D manner and integrated them onto a microfluidic platform?°. An in vivo
tissue/organ is comprised of different types of cells, the interaction between which
usually plays an important role in maintaining normal functionality and activity?*. Cell
co-culture assays enable interactive culture of primary cells that can be applied to
microfluidic platforms, as shown by the recapitulation of an on-chip blood vessel. A
blood vessel consists of two layers, the endothelial cells (EC) that form a continuous
lining for blood flow, and the smooth muscle cell (SMC) layer?2. The interaction

between EC and SMC regulates vessel dilation and thus is associated with

89



complications of several diseases including hypertension and diabetes. Wallace and

colleagues have developed different co-culture assays for EC and SMC?%.

Though primary cells can mimic in vivo conditions, there are still limitations. The
process to isolate primary cells can be labor intensive, time consuming and costly.
Moreover, the availability of primary cells is also limited, which is especially true in the
case of human studies. Therefore, cell lines, which are less representative than
primary cells, but are suitable for large volume pre-tests in a short time period, can be

also used for Organs-on-a-Chip fabrication.

Both tissue biopsy and primary cells have the problem of limited availability. With
the development of stem cell technology, especially human induced pluripotent stem
cells (hiPSCs), it is possible to imagine collecting a body cell from a human and inducing
it to hiPSCs, which then differentiate to different tissue/organ models on specific 3D
culture scaffolds?4. The Organ-on-a-Chip studies starting from stem cells are still in
their infancy, yet appear to be very promising?>2’. The pioneering work in this field

started from on-chip stem cell culture and differentiation?®.

It is not easy to culture and differentiate stem cells because many factors such as
media flow rate, chemical environments (e.g., gradient of growth factor), and
mechanical factors are hard to regulate in conventional cell culture setups?.
Microfluidics, however, have shown success in stem cell culture by controlling media

flow and manipulating the chemical environment well. Recently, Wan and colleagues
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obtained functional cardiomyocyte tissue derived from embryonic stem cells on a

microfluidic device3°.

3.1.3 Reconstruction of in vivo Microenvironments

Mechanical factors, such as shear stress, have long been recognized as a key
determinant of tissue/organ function by regulating cell morphological polarization,
molecule transportation and pathway activation3' 32, Therefore, mechanical factors

should be taken into full consideration when establishing an Organ-on-a-Chip system.

The elasticity property of PDMS enables the integration of mechanical effects on
a microfluidic chip, a well-known example of which is the lung-on-chip model
developed by Ingber33. Gas exchange in the lungs occurs at the interface of alveoli and
surrounding capillaries. The alveoli are lined with epithelial cells, while the capillaries
are lined with endothelial cells. During a respiratory process, with the expansion and
contraction of an alveolus, both epithelial cells and endothelial cells experience cyclic
stretching, while the endothelial cells are also under forward shear stress caused by
blood flow3*. By applying multiple layers of PDMS and vacuum chambers, Ingber’s
model mimicked all these mechanical factors. This device mainly consisted of a center
channel and two side chambers. The centered channel was used to mimic the alveoli-
capillary interface, with a piece of elastic membrane between the upper and lower
halves of the channel. Epithelial and endothelial cells were cultured on the top and
bottom sides of the membrane, which was pre-coated with fibronectin and collagen.

Liquid was pumped through the lower half of the channel, in contact with the
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endothelial cells, to represent blood flow, while the upper half was filled with air in
order to mimic the alveoli-capillary interface. A respiratory process was achieved by
stretching the cell loaded membrane, using vacuum through the side chambers. With
this device, the effect of mechanical shear stress on nanoparticle translocation was
investigated. Another example is an on-chip blood vessel model reported by Zheng

that can apply both forward shear stress and cyclic shear stress on endothelial cells®2.

Because of the difference between in vitro experimental conditions and in vivo
physiological conditions, Organs-on-a-Chip models need to provide appropriate
chemical microenvironments for the tissues to perform normally, which is especially
true for ex vivo biopsy and primary cell culture. These chemical microenvironments

mainly include cell nutrient supply, growth factor manipulation and chemotaxis.

The viability of extracted biopsies is usually short (within hours), which makes it
difficult to perform long term or time-consuming studies. Microfluidic perfusion can
be used to simulate hemodynamics in a tissue biopsy and thus reduce the risk of
necrosis in a short time. For example, Sankar and colleagues reported a microfluidic
perfusion culture system for isolated mouse pancreatic islet studies that used
hydrodynamic traps to maintain the morphology and functions of the tissue3>.
Additionally, oxygen levels are a crucial determinant of the physiology of many cell
types. An on-chip oxygen control device has been reported by Goral and colleagues
where they applied an oxygen controlling unit in the microfluidic device for human

hepatocyte culture3®.

92



Most on-chip stem cell studies are still focused on the early stage of characterizing
chemical conditions that preserve self-renewal and differentiation, for which on-chip
chemical gradient manipulation can be a powerful tool. Chung and colleagues
developed a microfluidic device with a concentration gradient control mechanism, to
study the effect of growth factor concentrations on neuronal-stem cell behavior; using
this system, they discovered a correlation between growth factor concentration and
differentiation rates. In some research cases, such as cancer studies, chemotaxis
needs to be evaluated®’. Torisawa reported a double layer PDMS microfluidic device
that applied chemical gradients along the channel to study immigration of cancer

cells.38

As mentioned previously, cell-cell and cell-ECM interaction in the correct micro
architecture determines the degree of resemblance of in vitro models to in vivo
conditions. Many 3D cell culture protocols and cell co-culture assays have been

invented that have advanced the development of Organs-on-a-Chip models.

3.1.4 Current development of Organs-on-a-Chip

Combining the advances in microfluidics and tissue engineering, different Organs-
on-a-Chip models have been developed for pharmaceutical and fundamental science

studies, as summarized in Table 3.1.
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Table 3.1. Summary of currently developed Organs-on-a-Chip models

System Organ model Study Emphasis

Heart Build contractible cardiomyocytes®®
stem cells to cardiomyocytes*

Recapitulation of artery structure*

Cardiovascular Angiogenesis*?

Blood vessel Nanoparticle translocation®®
EC and SMC co-culture?
Cell interaction and on-chip analysis*
Brain Electrophysiology; neural circuits
Nerve Axon-glia interaction®

Tumor angiogenesis*®

Nervous Neuromuscular 47
. . Neuromuscular contact
junction
Blood-Brain
. The barrier function and drug passage®®
Barrier
Bone Lacuna-canalicular network*
Skeletal and ) - - 50
Recapitulation of contractible muscle
Muscular Muscle . .
Exercise inducible muscle response®
Recapitulation of intestine tissue>?
Gastro- Drug toxicity>?
intestine Substance intestinal absorption®
Recapitulation of intestinal villi>
L Recapitulation of sinusoid®®
Digestive . . 57
Serum protein synthesis®” 8
. Bile canaliculi®® ®
Liver . N
Assessment of metabolites and toxicity
Liver intestinal interactions®
Long term repeat dose experiment®?
. Pancreatic Islet characterization before transplantation®
Endocrine . N TS
islet Monitoring of secretion
Respiratory Lung Mechanophysiological factors3
. Spleen Recapitulation of spleen tissue®
Lymphatic - - - —
drainage Lymphatic drainage system on chip
Malignant tumor invasion®®
Breast . 38 67
Cancer metastasis®®
Disease Blood supply in tumor®®
Models 3D cultured Drug assessment®
tumor cells Drug dosing”®

Photodynamic therapy’?
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3.1.5 Challenges and Future Directions

Previously developed microfluidic Organs-on-a-Chip models have proven capable
of simulating parts of human physiology, which can potentially facilitate fundamental
studies such as physiology, pathogenesis and organogenesis, as well as

pharmaceutical studies such as drug screening, assessment, and toxicity tests.

Although some organ-organ interaction proof-of-concept models have been
developed, most of the reported Organ-on-a-Chip systems are single organ/tissue
models®>. To enhance the applicability of such devices, multiple organs that are
physiologically relevant need to be integrated to realize the Human-on-a-Chip
concept’?. Paradoxically, almost all Organs-on-a-Chip devices are currently fabricated
in PDMS (some are in other soft materials such as hydrogels), which limits the
integration capacity of multiple organs on a device because of the poor rigidness of
the material. Other disadvantages of PDMS microfluidic devices, such as poor
reproducibility and single use, make it nearly impossible to develop a standard and
universal method to fabricate Organs-on-a-Chip devices, leading to inter-lab
irreproducibility and prevention of such devices from being used for practical and
industrial applications?. Therefore, new techniques that can fabricate more rugged
and standard microfluidic devices, such as 3D-printing, need to be explored to make

Organs-on-a-Chip models.

Organs-on-a-Chip is an exciting research area that is highly interdisciplinary

between biology, chemistry and engineering. Thus, advances in these fields need to
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be effectively leveraged to build novel Organs-on-a-Chip systems. The integration of
stem cells on microfluidic devices is a good example, with the potential to produce
physiologically representative tissues/organs on a chip. The development of hiPSCs
makes it possible to establish patient-specific Human-on-a-Chip systems, for more
accurate and personalized drug assessment and dosing determination. Also, to
achieve the full potential of Organs-on-a-Chip devices, bioanalytical sensors such as
optical sensors, electrodes and label free indicators need to be incorporated, all

controlled by the appropriate software.

Summarily, Organs-on-a-Chip can be a revolutionary technique in the fields of
physiology and human healthcare because of its potential applications in fundamental
biological research and pharmaceutical sciences. The development of Organs-on-a-
Chip in the past decade has progressed based on different proof-of-concept organ
models. However, it is time to advance this technique from cutting-edge regeared

towards real applications.

3.1.6 Chapter Overview

As discussed above, the platform that will be used to study the interactions
between endogenous C-peptide and flowing blood will contain C-peptide secreting
cells, blood cells (ERYs) and endothelial cells as a blood barrier mimic. Currently
developed Organs-on-a-Chip models, based on PDMS microfluidic devices, are mainly
single organ models that cannot achieve the desirable features of the multiple organ

platform. Also, the lack of ruggedness and robustness of PDMS will significantly hinder
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the establishment of such a platform. Therefore, the development of a novel Multi-

Organs-on-a-Chip model based on 3D-printed fluidic devices will be investigated.

Human ERYs will be used as part of the blood flow mimic, and commonly used
bovine pulmonary artery endothelial cells (bPAECs) will be used to mimic the
endothelium”3. Rat insulinoma cells (INS-1 cells) will be used for the C-peptide

secreting cells.

Although great efforts have been exerted into isolating a pancreatic B-cell line
that can respond to glucose normally, a normal B-cell line of human origin has not yet
been established. The most widely used B-cell lines, including RIN (rat insulinoma cell
line), HIT (hamster pancreatic beta cells), MIN (transgenic C57BL/6 insulinoma cell
line), INS-1, and BTC (beta tumor cells) originated from mammals such as hamsters
and rats’*>. Among these cell lines, the INS-1 represents many important
characteristics of the pancreatic B-cells, including high insulin content and
responsiveness to glucose at physiological range’>. This cell line was isolated from rat
insulinoma induced by X-ray irradiation by Asfari and colleagues in 199276, Rat B-cells,
however, contain two types of proinsulins, which will subsequently produce two C-
peptides (the 8 position amino acid is either proline or alanine) in equimolar
amounts’. Though these C-peptides are different than human C-peptide, the acidic
amino acids with carboxyl groups, which have proven to be vital for C-peptide’s

biological effects?, are at the same position in both forms of the secreted peptide.
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A multi-Organs-on-a-Chip model, based on a 3D-printed fluidic device is reported.
Specifically, INS-1 cells will be integrated as a mimic of endocrine B-cells that will
secrete molecules such as C-peptide and Zn?* into an ERY circulation where cell-cell
interactions will be explored. An endothelium mimic will also be included to study
endothelial cell-derived molecules that may be determinants of blood flow and vessel

dilation in vivo.

3.2 Methods

3.2.1 Culture of INS-1 Cells in Membrane Inserts

Trans-well membrane inserts (Corning Inc., Horseheads, NY) were prepared for
cell culture by coating the membrane with 30 uL of a fibronectin solution (50 pg/mL),
and subsequent drying in a cell hood and sterilization by exposure to UV light. Rat INS-
1 cells were cultured in RPMI-1640 medium (Life Technologies, Carlsbad, CA)
supplemented with 1 mM sodium pyruvate, 100 U/mL penicillin, 100 pg/mL
streptomycin, 55 pM mercaptoethanol, 10% fetal bovine serum, 2 mM L-glutamine
and 10 mM HEPES. When the cells were confluent, as verified by optical microscopy,
they were detached from the flask with trypsin/EDTA and centrifuged at 1000 g for 4
min. The pellet was resuspended in 400 pL of the RPMI-1640 medium. Cell density was
measured by a hemacytometer (Reichert, Buffalo, NY) and further diluted to a cell
density of 10°/uL. An aliquot of 200 L of the cell suspension was added into a coated
membrane insert (6.5 mm diameter; 0.4 um pore size) that was placed in an incubator

with 5% CO; at 37 °C. After two hours, the medium in the inserts was removed and
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200 pL of fresh medium were added. The cells were allowed to grow to confluence

before use on the 3D-printed fluidic device, which takes about 24 hours.

3.2.2 Culture of Endothelial Cells in Membrane Inserts

Endothelial cell culture was accomplished using bovine pulmonary arterial
endothelial cells (bPAECs) that were cultured in T-75 flasks with DMEM media
containing 5.5 mM glucose, 10% (v/v) fetal bovine serum, and
penicillin/streptomyocin. When the cells were confluent, as verified with optical
microscopy, they were detached from the flask with trypsin/EDTA and centrifuged at
1500 g for 5 min. The pellet was then resuspended in 400 uL of the DMEM media. Cell
density was determined by a hemacytometer, and the cell suspension was then
diluted to a density of 0.05 million/uL. An aliquot of 200 pL of the cell suspension was
added into a coated membrane insert and placed in an incubator with 5% CO; at 37 °C.
After two hours, the medium in the inserts was removed and 200 pL of fresh medium
were added. The cells were grown to confluence before use on the 3D-printed fluidic

device.

3.2.3 Integration of Cells onto the Fluidic Device

Prior to use, the medium for INS-1 cells was removed and 200 uL Krebs buffer
containing 12 mM glucose and 0.1 % albumin were added to stimulate secretion of

these cells for 1 hour.
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Before integrating endothelial cell inserts into the fluidic device, the cell culture
media was removed. Then after rinsing the cells three times with Hank’s Buffered Salt
Solution (HBSS, Sigma), 200 pL of HBSS were added into each endothelial cell insert.
PPADS (pyridoxalphosphate-6-azophenyl-2’, 4’-disulfonic acid) was used for the
experiments involving inhibition of P2y receptors on endothelial cells. A PPADS
working solution was prepared by diluting 50 puL of 100 mM PPADS stock solution (in
DMSO) with 450 pL of HBSS to create a final concentration of 10 mM. Next, 50 uL of
the PPADS working solution was added to the insert. After a 30 min incubation at 37 °C,
the cells were then rinsed with HBSS to remove extra PPADS solution, after which, 200

pL of HBSS were added into the inserts.

Membrane inserts with INS-1 cells and bPAECs were then placed in the first and
third wells above a channel, respectively. A clean insert with no cells was plugged in
the middle well for ATP collection via diffusion. ERY samples circulated through the
channels at a flow rate of 200 puL/min (Figure 3.2). ATP and NO standards were added
to the static wells in columns 8 and 10, for on-chip calibration. The entire setup was
then placed in a 37 °C incubator with the inserts covered by moist napkins to prevent
evaporation of the solutions inside. An experiment time of 2 hours was employed to

observe the physiological interactions between the cells.
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Figure 3.2. The setup of the Organs-on-a-Chip device. This study used four channels,
above which, inserts cultured with INS-1 cells (B-cells) and bPAECs (endothelial cells)
were integrated. The static wells in columns 8 and 10 contained ATP and NO standards

for on-chip simultaneous calibration.
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3.2.4 INS-1 Cell Secretion Profile Measurement

The secretion profiles of INS-1 cells were measured by an ELISA kit for rat C-
peptides (Mercodia, Uppsala, Sweden). Kreb’s buffer containing 12 mM glucose and
0.1% albumin was used to stimulate the INS-1 cells. Because albumin-free buffer will
be used in one experimental trial, albumin-free stimulating solutions (Kreb’s buffer

with 12 mM glucose only) were also prepared.

After adding 200 pL of stimulating solution into each INS-1 cell cultured insert, an
aliquot of 5 pL of the solution was sampled at 0, 10, 30, 60, 90, 120, and 180 min,
which was subsequently diluted to 50 uL with DI water. Following the instructions of
the ELISA kit, the concentration of C-peptide in the samples at different times were

quantified.

INS-1 cell inserts were integrated onto the device, followed by the circulation of
PSS through the channels to measure the amount of C-peptide that diffused into the
ERY circulation. At 0, 10, 30, 60, 90, 120, and 180 min, the tubing was opened and 5
uL of the flowing solution were collected, diluted in DI water (to 50 pL) and quantified
by the ELISA kit. For the cells that were stimulated by albumin-free solution, albumin-

free PSS was used to measure diffused C-peptides.

3.2.5 ATP Quantification

For ATP measurements, 50 pL of PSS were loaded in the middle inserts above each
channel, 20 min prior to measurement to collect ATP. Next, 10 pupL of

luciferase/luciferin assay mixture were added into the ATP collection inserts
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simultaneously by a multi-channel pipet, followed by chemiluminescence detection in
a plate reader. A calibration curve was obtained before integrating the cells on the
device, by circulating ATP standards of 0, 100, 200, 300, and 400 nM in five channels,

and taking the measurements the same way as described above.

3.2.6 NO Quantification

NO was determined by using the fluorescent probe DAF-FM (4-Amino-5-
methylamino-2',7'-difluorofluorescein), which shows enhanced fluorescence after
reacting with NO, with an excitation wavelength of 485 nm and emission wavelength
of 515 nm. In this study, 1 mg of DAF-FM was dissolved in DMSO to make a 5 mM
solution, which was diluted to 25 uM in HBSS immediately before use. Once the
Organs-on-a-Chip setup was placed in the 37 °C incubator, 50 uL of DAF-FM were
added into each endothelial cell insert, to react with released NO for the whole
experiment period. A black box was applied to cover the device, to prevent

photobleaching of the fluorescent probe.

The NO donor Spermine NONOate (Cayman Chemicals, Ann Arbor, Ml) has a half-
life of 37 min at 37 °C and was used to prepare NO standard solutions. Spermine
NONOate was dissolved in 0.01 M NaOH as a 1 mM stock solution, which can be stored
at -20 °C for months. This stock solution was diluted in HBSS to four standard solutions
of 0,0.5, 1, and 2 uM, followed by the immediate addition of 25 uM DAF solution (100
uL of DAF solution into 400 pL of Spermine NONOQate solution). The mixed solutions

were then kept in the dark and placed in a 37 °C incubator for 37 min.
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After the 37 min incubation, 250 uL of the prepared NONOate (with DAF-FM)
were added into four static wells in column 10 of the fluidic device, which was then
placed in a plate reader. Fluorescence intensity (ex. 485, em. 515) above the
endothelial cell inserts and the four static inserts were detected simultaneously. A
calibration curve was obtained by plotting the fluorescence intensity of the four static
wells versus the concentration of NO standards, by which, the amount of NO released

from endothelial cells was quantitatively determined .

3.3 Results

3.3.1 Cell culture in Membrane Inserts

The INS-1 cells and endothelial cells cultured in membrane inserts were examined
under a microscope. Both cells can grow to a high degree of confluence on the
membrane inserts. Figure 3.3 shows that the morphology of the INS-1 cells (A) and

bPAECs (B) are normal in the membrane inserts.

To count the number of cells that were cultured in membrane inserts, the medium
was removed and 200 pl of 0.25% trypsin were added into an insert. After 5 min, the
cell suspension (in trypsin) was removed and cell numbers were determined by
hemacytometer. In a membrane insert used in this study (6.5 mm diameter, polyester
memebrane, 0.4 um pore size), 0.17+0.0079 million INS-1 cells and 0.036+0.0011
million bPAECs can be cultured (results represent average of 5 measurements +

S.E.M.). The reason that there are more that INS-1 cells than bPAECs on the same area
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in the membrane insert is INS-1 cells can form pseudo islets, or multi-layer aggregates

(Figure 3.3A) while bPAECs can only grow along the surface.

Figure 3.3. (A), microscope images cells cultured in a membrane insert. (A) INS-1 cells;
(B) bPAECs.
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3.3.2 INS-1 cell Secretion Profile

Figure 3.4A (with albumin in the stimulating solution) and Figure 3.4B (without
albumin in the stimulating solution) show the secretion pattern of C-peptide after INS-
1 cells were stimulated. The results suggest that albumin does not affect the
stimulation of C-peptide secretion from INS-1 cells. After 60 min of stimulation, the
amount of C-peptide measured reached a maximum at 26.04+1.93 nM (n=4 inserts,
error=S.E.M.). After these INS-1 cells were stimulated for 60 min, the inserts were then
plugged into the fluidic device, above different channels. For the inserts that had
albumin containing stimulation solution, albumin containing PSS was circulated
underneath. For INS-1 cells stimulated with albumin free solution, albumin free PSS
was pumped through the corresponding channels. C-peptide in channels at different
time points was quantified by the ELISA kit. Figure 3.4(C, D) show the diffusion profiles
of C-peptide from stimulated INS-1 cells to the flowing stream under the membrane.
The diffusion profiles did not show a significant difference between albumin
containing (C) and albumin free (D) trials. The concentration range of C-peptide in the
flow was at sub- to single digit nanomolar levels, which is consistent with reported

physiological concentration range.
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Figure 3.4. (A), INS-1 cell secretion profile in albumin-containing stimulation buffer.
(B), INS-1 cell secretion profile in albumin-free stimulation solution. (C), the amount
of C-peptide diffused to the following solution underneath flowing on the device, with
albumin presented in the system. (D), without albumin in the system, the amount of
C-peptide diffused to flowing.
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3.3.3 Cell-cell Interaction Studies

After the establishment of the multi-Organs-on-a-Chip model, the interactions
between INS-1 cells, ERYs, and endothelial cells was studied. Shown in Figure 3.5(A) is
the top-down view of the strategy employed to study the interaction between the
three cell types, while Figure 3.5 (B) is a side-view of the system, showing ERYs
circulating underneath the various inserts. Once a 7% solution of ERYs was circulating
through the system, C-peptide and Zn?* secreted from the INS-1 cells (located in the
top insert, represented by the blue ovals) diffuse through the membrane and into the
channel. ERYs were pumped through the channels in albumin-containing PSS, except
for channel 2, which was albumin-free. After 2 hours of circulating the ERYs through
the system, measurements of ATP in the middle inserts (orange circles) and NO in the
bottom inserts (green circles) were performed by placing the fluidic device in a plate
reader. The data in Figure 3.6 clearly show ATP levels are only increased when
stimulated INS-1 cells are present in the ERYs flowing that contains albumin (channel
1). We presume that this increase in ATP release from the ERYs is due to the INS-1
secretion of C-peptide and Zn?*, which are subsequently carried to the ERYs by
albumin. Note in Figure 3.6 that the absence of albumin in the stream of ERYs (channel
2) results in no significant increase in ATP release. There is also no increase in ATP
release in the absence of INS-1 cells in the first well (clear oval in channel 3). In channel
4, the system contained INS-1 cells and albumin while the third well containing
endothelial cells that were incubated with PPADs, a P2y purinergic receptor inhibitor.

This antagonist was added to block ATP binding to the endothelial cells for inhibition
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of NO production; therefore, it has no effect on ATP release. Figure 3.7 shows similar
trends for measurement of ERY-derived ATP, although these measurements represent
the amount of ATP determined in the channels underlying the membrane-based

inserts.

Figure 3.8 contains results from measurements of NO from the bottom wells on
each channel. These wells contained endothelial cells which, upon stimulation with
ATP, will produce NO. As expected, based on data in Figure 3.6, the most NO
production is measured when glucose is used to stimulate INS-1 cells in the presence
of an albumin-containing buffered stream of ERYs (channel 1). In the absence of
albumin (channel 2), there is reduced ATP release that results in decreased amounts
of NO produced. Reduced levels of NO were also measured when there were no INS-
1 cells in the first well (channel 3); again, reduced ATP in channel 3 (both insert and
channel) suggests that reduced levels of NO would be measured in this channel, and
this is confirmed in Figure 3.8. Finally, the last bar in Figure 3.8 shows that the addition
of the ATP receptor blocker, PPADS, blocks ATP released by the ERY from binding to

the endothelial cells, thus inhibiting NO production.

To exclude the possibility that INS-1 cells, rather than ERYs, can release large
amounts of ATP diffusing to the ERY streams, after INS-1 inserts were integrated, PSS
without ERYs was flowed in the channels, and ATP was measured as described above.
It was found that the ATP amount from INS-1 cells was below the detection limit of

the device, which is negligible compared to the ATP amount measured in Figure 3.7.
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The possibility that INS-1 cells may directly stimulate endothelial cell derived NO

production was also excluded.
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Figure 3.5. (A), the top view of the four channels with different treatments. Channel 1
contains INS-1 cells, bPAECs cultured in the membrane inserts, and ERYs flowing in
PSS; channel 2 contains all three cells, but all buffers are albumin-free; channel 3 does
not contain INS-1 cells, with the rest identical as channel 1; channel 4 is almost
identical to channel 1, except the endothelial cells were pretreated with PPADS, a P2y

receptor inhibitor. B), a side schematic view of channel 1.
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Figure 3.6. The amount of ATP collected in the insert above each channel, which is
proportional to the ATP amount in corresponding flowing. Comparing channels 1 and
3, INS-1 cell stimulated ATP release from ERYs, as is shown by increased ATP amount
in the collecting well. Without albumin (channel 2), however, INS-1 cells failed to
stimulate ATP release from ERYs, which proved the indispensable role of albumin in
this process. Channel 4 is identical to channel 1, except the endothelial cells were
inhibited, which did not affect the ATP released.
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Figure 3.7. The amount of ATP in ERYs streams in the four channels, showing the same
trend as in Figure 3.6.
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Figure 3.8. The released NO from endothelial cells culture in the last insert above each
channel. The data from channels 1 to 3 are consistent with the ATP observation, which
is with more ATP released, more NO will be produced in endothelial cells. In channel
4, however, though there was a higher ATP release from ERYs, the endothelial cells
were pretreated with PPADs, a P2y receptor (ATP receptor in endothelial cells)

inhibitor, and thus NO was not increased.
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3.4 Discussion

Organs-on-a-Chip has become a promising tool for in vitro physiological and
pharmaceutical studies, as a powerful alternative to existing 2D and 3D cell culture
models?. Although many Organs-on-a-Chip platforms have been developed by
researchers, these models are mainly single organ models that cannot meet the
requirements of research that needs to systematically study the interactions between
different tissues/cells®. Also, most of the currently developed models are not easy to
use (with complicated fabrication processes), not reproducible (because the
microfluidic devices are basically single use), and lab-dependent (with poor inter-lab
reproducibility). One important reason for this impasse lies in the fabrication of
microfluidic devices, which serve as the basis for an Organs-on-a-Chip model. As
discussed in chapter 1, despite the desirable properties of PDMS, the most common
material in microfluidic systems, PDMS has poor mechanical properties and the soft
lithography process cannot integrate complicated features in a PDMS device. In this
work, however, a 3D-printed fluidic device was applied to build an Organs-on-a-Chip
model, which showed great integration and robustness. This model contains three
types of cells—INS-1 cells, ERYs, and endothelial cells, as a mimic of on-chip endocrine
tissue, blood flow, and blood vessel barrier, respectively. When an ERY stream flows
through the endocrine mimic, the secreted molecules enter the blood stream mimic,

where downstream physiological responses will be elicited and observed.

From an engineering perspective, this 3D-printed multi-Organs-on-a-Chip model

avoids several problems that can occur when using PDMS based platforms. First of all,
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the INS-1 cells and endothelial cells were cultured on commercial membrane inserts
that can be integrated on the fluidic device, instead of being cultured directly on the
device. This process allows for cell culture examination and optimization before taking
a measurement. For example, if the morphology of cells in an insert tends to be
abnormal, the insert can be discarded and a new one will be examined and
implemented. If the cells are cultured directly on the device, it will be hard to examine
the cells if the device has complicated features. Even though the cells can be examined,
once a researcher finds abnormality of the cells, the whole device will likely have to
be discarded. Also, this philosophy of cell culture and integration can be easily
adopted for investigating other cells. Any cell that can be cultured in a membrane

insert can be integrated on the fluidic device for cell-cell interaction studies.

Another important feature of the Organs-on-a-Chip platform is the realization of
simultaneous on-chip detection. As discussed in chapter 2, the fluidic device was
modeled following the dimensions of a standard 96-well plate, with all the wells
aligned with the detectors in a plate reader. After running an experiment, the whole
device can be directly placed in a plate reader to detect the optical signals above
multiple wells almost simultaneously. More importantly, static wells (without a
channel beneath) were also included in the device, for on-chip calibration purpose. In
this study, ATP and NO standards were added in two columns of static wells to
calibrate the amount of ATP and NO in dynamic wells (Figure 3.2, column 8 and 10 ),
which not only made the measurements more efficient, but also enhanced the

reliability of the results. Some other advantageous features of 3D-printed fluidic
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devices, such as reusability and ruggedness also facilitate the buildup of the Organs-

on-a-Chip platform.

From a biological perspective, this Organs-on-a-Chip platform mimics the
physiological process of B-cell secretion entering a blood stream. Data in Figure 3.4
shows that during the experimental period (2 hours), single digit nanomolar C-peptide
was secreted into the blood stream mimic, which represents the physiological
concentration in a blood stream. Moreover, the secretion from B-cells significantly
increases ATP release from ERYs, which is consistent with the discovery in chapter 2
that C-peptide/Zn?* can stimulate ERYs to release ATP. Though the B-cells also secrete
other molecules such as insulin, it can still be initially concluded it is the C-peptide and
Zn?* that increase ATP release from ERYs, because a previous study reported that
insulin does not stimulate ATP release from ERYs’’. However, to consolidate this
theory, more research regarding on-chip separation needs to be conducted, as will be

discussed in Chapter 5.

The role of albumin was also examined on the Organs-on-a-Chip platform. As
shown in Figure 3.6 and 3.7, without albumin in the system, the B-cells failed to
stimulate ATP release from ERYs, which confirmed the discovery in a more
physiologically relevant way, that albumin delivers C-peptide and Zn?* to ERYs, thus
playing a role in ATP release. To verify that the increased ATP was from ERYs, instead

of from the INS-1 cells (which may contain ATP in cytoplasm), PSS without ERYs was
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flowing under INS-1 cell inserts and the ATP amount in the flowing was quantified. The

amount of ATP released under such conditions is not detectable.

Endothelial cells were integrated on the platform to mimic a blood vessel barrier.
The endothelial production of NO, which is a well-recognized vessel dilator, was
measured and evaluated. The interactions between B-cells and endothelial cells was
first investigated. It was found that without ERYs flowing, the B-cells cannot stimulate
NO production from the endothelial cells, which indicated there is not a direct
interaction between the molecules secreted fromB-cells and endothelial cells, in terms
of NO production. However, with ERYs in the flowing channels, a higher ATP release
can always elicit a higher NO production. As a control, different concentrations of ATP
standards were circulated under endothelial cell inserts, showing that higher ATP
levels in the flow lead to more NO production from endothelial cells. These results
reveal that secreted molecules from the integrated B-cells can increase ATP release
form ERYs, which in turn, exerts a downstream effect on endothelial cells. To prove
that NO production occurs after ATP binding to endothelial cells, PPADS, an inhibitor
of P2y receptor on endothelial cells was used to treat endothelial cells on channel 4
(Figure 3.5 A). Even though the ATP level in this channel is high (statistically the same
as channel 1), NO production did not increase (Figure 3.8). This further proves that
ATP binds onto endothelial cells via the P2y receptors, which then elicits NO synthesis

in the cells.
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The interaction between ERYs and endothelial cells also enlightens some
possibilities for drug discovery and development. For example, for drug development
to enhance endothelial cell NO production, ERYs can serve as an alternative target to
endothelial cells. By increasing ERY-released ATP with a certain drug, endothelium

derived NO can also be indirectly enhanced.

Keenan has reported that diabetic patients who still retain detectable C-peptide
in their blood stream exhibited a lower level of diabetic complications’®. The results
presented in this chapter can potentially explain this clinical observation in a scenario
that C-peptide secreted from pancreatic B-cells enters the blood stream and interacts
with ERYs in the presence of albumin and Zn?*, subsequently increasing ERY-derived
ATP that in turn, exerts a downstream effect on endothelial cells by increasing
endothelium-derived NO, which promotes vasodilation and thus ameliorates diabetic
complications resulting from restricted blood flow. This conclusion can also be
supported by the observations of Wahren, Sjoberg, Johansson and other researchers
that C-peptide reduces diabetes complications. All the evidence indicates that C-
peptide can potentially be a missing link in diabetes treatment’®-4, The results from
Chapter 2 and this chapter proved the indispensable role of albumin and Zn?* in the
process that C-peptide affects ERYs, which represents a step forward of the
development of C-peptide therapy, but also evokes further questions including the
binding structure of the three molecules, the binding site of C-peptide on ERYs, and
the pathway by which ATP release is stimulated. Such basic research work needs to be

performed before turning C-peptide into a therapeutics for diabetes.
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3.5 Conclusion

In this chapter, a multi-Organs-on-a-Chip model was established on a 3D-printed
fluidic device, to study claimed interactions between endocrine B-cells, ERYs, and
endothelial cells, in a physiological manner. This is the first Organs-on-a-Chip model
that contains three interactive cell types. The philosophy of culturing cells in
membrane inserts that will be plugged in the 3D-printed fluidic device guarantees the
quality (morphology, confluence etc.) of the cells to be studied. It also provides a
universal way to study other cells/tissue as long as the cells can be cultured in an insert.
The 3D-printed fluidic device is amenable to a plate reader for simultaneous and
efficient optical measurements. Also the static wells on the device enable
simultaneous on-chip calibration for ATP and NO, which can enhance the reliability of
detected results. The secretion profiles of the B-cells mimic the physiological secretion
process well. It was found that the secretions from B-cells do not affect the endothelial
cells, but increase ATP release from ERYs, which in turn, plays a downstream role on
endothelial cells, stimulating NO production. Also, albumin is indispensable in these
processes, without which, none of the above response could be observed. Although
more on-chip separation work needs to be performed to eventually conclude which
molecule(s) from the B-cell secretion exert the observed effects, it can be initially
concluded that C-peptide and Zn?* are required. These results further confirmed the
efficacy of C-peptide/Zn?* on vessel dilation, and the indispensable role of albumin, in

a more physiologically relevant way. The philosophy applied in establishing the multi-
phy gically y p phy app g
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Organs-on-a-Chip platform can also be used for other studies involving cell

interactions and drug discovery.
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Chapter 4 - Evaluating Stored Erythrocytes Used in Transfusion Medicine using 3D-

Printed Analytical Devices

4.1 Background

4.1.1 Blood Banking

Blood component transfusion has become a critical part of modern healthcare. In
2011, approximately 15.7 million units of whole blood were collected and 87% of them
were transfused in the United States alone’ 2. The history of blood banking dates back
to 1915, when Rous and Turner invented a mixed solution containing citrate and
glucose for blood storage®. This idea was further developed by Robertson who applied
citrate as an anticoagulant and, using glucose as an erythrocyte (ERY) preservative,

subsequently became the basis for modern blood banking protocols®.

Currently, the FDA approved blood banking protocol consists of two steps:
collection of blood in a solutions known as CPD (Citrate-Phosphate-Dextrose), and
storage in a preservative “additive solution” (AS)>”’. As shown in Table 4.1, there are
two types of CPD and three variants of AS solutions that are widely used for ERY
storage’1°, CPD is usually used with AS-1, while CP2D, which contains double the

amount of dextrose (glucose) as CPD is mainly combined with AS-3 or AS-5.

A typical ERY collection procedure involves 450 mL of whole blood drawn into a
primary bag made of polyvinyl chloride (PVC) that contains 63 mL of the anticoagulant
solution, CPD. After centrifugation, ERYs (~ 220 mL, containing ~ 40 mL of CPD/plasma)

are sedimented and separated from the buffy coat (which contains platelets and
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leukocytes) and plasma. With a semiautomated extractor, plasma is then exported out
of the top port, and the ERYs are exported out of the bottom port into a satellite bag
containing 100 mL of AS-1. This procedure results in a final, stored ERY solution at a
55% - 60% hematocrit'™ 12, Based on the ingredient information from Table 4.1, the
final concentration of dextrose (glucose) in a storage bag will be ~ 40 mM, which is

much higher than the physiological level of 5.5 mM?*3,

4.1.2 Transfusion Related Complications

Although blood transfusion has proven successful in the care of critically ill
patients to replace lost hemoglobin and maintain normal oxygen delivery, transfusion
related complications still exist!4. Survival of patients should be the first priority in all
medical treatments. Unfortunately, studies have also demonstrated that ERY
transfusion is associated with increased mortality, in comparison to those patients
who did not receive a transfusion'>!®, An increased risk of complications such as
pneumonial® 29, infections?!, and multi-organ failure!® 22 (e.g., renal failure) has also
been reported. Interestingly, some of these reports have indicated that the aging of
stored ERYs may be significantly associated with the clinical consequences. For
example, Koch reported that patients who received ERYs stored more than two weeks
had higher rates of in-hospital mortality, complications, and even a higher mortality
rate one year after a transfusion?3. Zallen and colleagues found that blood units stored

longer than 14 days increased the risk of multiple organ failure and serious infections?2.

The adverse clinical consequences that occur after a transfusion potentially result

from physiological alterations of ERYs, known as storage lesions, during storage in an
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environment that is dramatically different from in vivo conditions?* 2>. The hallmark
feature of storage conditions is hyperglycemia, which may adversely affect the
physiology of stored ERYs, especially when considering the fact that in diabetic
patients, 7-9 mM blood glucose already results in noticeable ERY lesions, including
impaired ATP release?®. The extremely high glucose level in ERY storage solutions may

be a key factor related to the ERY storage lesions.

Table 4.1. Constituents of CPD and AS Used for Blood Banking

Constituents

(mM) CPD AS-1 CP2D AS-3 AS-5
Sodium 101.9 ; 101.9 23 ;
citrate
Monobasic -
sodium 16.1 - 16.1 23
phosphate
Citric acid 15.6 - 15.6 2 -
Dextrose 129 111 258 55 45
Sodium
chloride ] 154 ] 70 150
Adenine - 2 - 2 2.2
Mannitol - 41 - 455 -

In addition to oxygen delivery, ERYs also participate in regulating blood flow by
releasing ATP into the blood stream. ATP binds to endothelial cells on the inner side

of vessel walls, leading to endothelium NO synthesis. As discussed previously, NO
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participates in the relaxation of smooth muscle cells surrounding vessel walls,
enabling vessel dilation and increased blood flow?’. Interestingly, some reports show
that people who received a transfusion suffer from insufficient nitric oxide
bioavailability (INOBA)?® 2°. In relation to decreased NO availability, Tsai and
colleagues reported a 63% decrease in microvascular flow after transfusion with

stored ERYs3°.

Inspired by these results, the Spence group has studied the effects of
hyperglycemia on stored ERYs, discovering that high glucose level leads to diminished
ERY release of ATP, and thus decreases downstream endothelium derived NO.
Furthermore, an alternative storage solution AS-1N (normoglycemic version of AS-1)
was proposed to be beneficial to maintain a relatively normal ATP level from stored

ERYs31.

4.1.3 Chapter Motivation and Overview

Previous research has shown that hyperglycemic storage conditions can diminish
ATP release from stored ERYs3!, which may lead to insufficient NO bioavailability after
a transfusion, and eventually cause severe complications. However, the performance
of stored ERYs and their overall condition after being transfused into the
normoglycemic blood stream of a patient remained unknown. For example, can the
hyperglycemia stored ERYs reverse their function of releasing normal amount of ATP?
Therefore, the reversibility of ATP release from stored ERYs will be first studied in this
chapter. Also, the mechanism by which hyperglycemia decreases ATP release will be

explored in this work.
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As discussed in chapter 3, healthy ERYs respond to pancreatic B-cells by releasing
ATP that can stimulate NO production from endothelial cells. The results from Chapter
3 provided motivation to examine the responsiveness of stored ERYs to B-cell
secretion, especially C-peptide. Here, a 3D-printed intravenous (i.v.) injection device
will be described that mimics an in vitro transfusion process, with B-cells integrated to

examine how stored ERYs respond to a mimic of normal endocrine function.

4.2 Methods

4.2.1 ERY Collection and Storage

The collection process consists of preparing 6 non-siliconized and untreated (i.e.,
no heparin or other anticoagulant) 10 mL glass Vacutainer tubes (BD, Franklin Lakes
NJ); 1 mL of CPD was injected into 3 of the tubes using a syringe, while the other 3
contained 1 mL of CPD-N. Next, approximately 7 mL of whole blood were collected
into each tube, resulting in a total volume of 8 mL. The blood remained in the
collection solutions for at least 30 minutes, but not more than 2 hours at room
temperature (~ 20°C) prior to processing. Tubes were centrifuged at 2000 g for 10
minutes followed by aspiration of the plasma and buffy coat layers. Importantly, an
additional 2-mm layer off the top of the packed ERYs was also removed to minimize
leukocyte presence during subsequent storage in the AS-1 or AS-1N solutions. The
purified ERYs from the 3 tubes containing CPD were then combined into a single 15
mL tube, followed by the addition of AS-1 such that the ratio of packed ERYs to AS-1
was 2:1. The same protocol was followed for ERYs collected in CPD-N and stored in

AS-1N. Finally, 2 mL of the ERYs (stored in the AS-1 or AS-1N) were added to PVC bags
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and stored at 4°C. Prior to use, the PVC bags were sterilized under UV light overnight.
The PVC bags were prepared in-house using rolled PVC (ULINE, Pleasant Prairie WI)
and a heat sealer. All blood collection and storage processes were performed under
sterile conditions. All blood collection procedures from informed and consented
donors were approved by the Biomedical and Health Institutional Review Board at
Michigan State University. The ingredients of CPD, AS-1 are listed in Table 4.1. The
glucose concentration is 5.5 mM in CPD-N and AS-1N, with other constituents identical

to CPD and AS-1.

The ERYs stored in the normoglycemic AS-1N solution required periodic glucose
feeding to provide enough nutrients for extended storage. These cells were “fed”
every week by opening the PVC storage bag and adding 20 uL of 400 mM glucose in
saline to the ERYs, and then re-sealing the bag in a sterile environment. The glucose
saline was prepared by dissolving 0.72 g of dextrose in 10 mL of saline (a solution of
0.90% (weight/volume) of sodium chloride (NaCl)), in order to prevent cell lysis. This
helped to maintain the glucose concentrations in the stored cells at around 5 mM,

while maintaining a constant volume into which the cells were stored.

4.2.2 Sample Preparation

The hematocrit of stored ERYs was first determined for quantitative re-suspension
by collecting ERYs in a microcapillary tube, spinning in a microhematocrit centrifuge
(CritSpin M960-22, Statspin, Westwood, MA ) and visually quantifying the percentage

of packed cells using a microcapillary reader (Statspin, Westwood, MA). The glucose
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levels in corresponding storage solutions were also monitored by a portable Accu-
Chek Aviva glucose meter (Indianapolis, IN). Buffered physiological salt solution (PSS,
contains 4.7 mM KCI, 2.0 mM CaCl,, 1.2 mM MgSQg4, 140.5 mM NacCl, 21.0 mM tris-
hydroxymethyl aminomethane, 5.5 mM glucose, and 5% bovine serum albumin at pH
=7.4) was prepared to re-suspend the ERYs. A high glucose version of PSS (referred to
as PSSH) was also prepared as a control, whose glucose concentration equals the

extracellular glucose level of ERYs to be suspended.

Three samples were prepared for a single experiment. AS-1N-PSSN cells refer to
those stored in normoglycemic AS-1N and transfused into normoglycemic PSS; AS-1-
PSSH refers to cells stored in hyperglycemic AS-1 and transfused to hyperglycemic PSS;
and the AS-1-PSSN cells were those stored in hyperglycemic AS-1 but transfused to
normoglycemic PSS. The final hematocrit of ERYs in all three samples was 5 % in

corresponding PSS, which was preheated to 37 °C before mixing with ERYs.

4.2.3 Determination of ATP Release Reversibility

The 3D-printed fluidic device that mimics the in vitro circulation, as described in
the previous chapter, was applied to measure ATP release from stored ERYs after
resuspension in PSS. Briefly, the device consists of two parts, channels that allow
samples to flow through, and wells above the channels where membrane inserts can
be plugged in to form a membrane barrier between the flow and the well. The three
ERY samples were pumped to fill all six channels on the device in duplicate, after which

each channel and corresponding tubing were closed to form a loop of 450 uL. The
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circulation in the loops was driven by a peristaltic pump (IDEX Health & Science LLC,
Oak Harbor, WA) at a flow rate of 200 pL/min. An aliquot of 50 pL PSS was then loaded
in wells in Row E above each channel to collect ATP from the flowing ERY samples via
diffusion. The entire setup of the pump, the device and closed loops with circulating
samples was then placed in an incubator at 37 °C for 20 min to better mimic circulation
conditions, after which, the bulk device was detached from tubing and placed in the
sample holder of a plate reader (SpectraMax 4, Molecular Devices, Sunnyvale, CA).
The well-established luciferase/luciferin chemiluminescence assay was used to detect
ATP in the wells. Specifically, 10uL of L/L assay (dissolving 2.0 mg of D-luciferin in 5 mL
of DDW, and adding 100 mg of firefly extract) were added into the wells
simultaneously by a multichannel pipet. After 15 s, the chemiluminescence intensity
above all six wells was detected by the plate reader, simultaneously. To confirm that
the increase of released ATP was not due to cell lysis, an absorbance measurement
was performed to evaluate if free hemoglobin was detected in the supernatant after
flow was concluded. If hemoglobin was detected, that particular sample would be
discarded due to indication of lysis. In the studies reported here, there were no

samples discarded due to lysis.

A calibration curve was obtained for quantification purpose by circulating five ATP
standards prepared in PSS (concentrations of 0, 100, 200, 300 and 400 nM) in five
randomly chosen channels with identical subsequent detection processes as

described above.

136



4.2.4 Study of Reversibility of ERY Deformability by a 3D-printed Cell Filter

Deformability of stored ERYs was detected by forcing the cells through a piece of
porous membrane in a filter. The number of cells that passed through the filter,
relative to the number that were pumped to the filter, were counted on a

hemacytometer (Reichert, Buffalo, NY), as a measurement of deformability.

The filter was fabricated by 3D-printing on the Objet Connex 350 printer (Stratasys
Ltd, Eden Prairie, MN) with XY resolution of 100 um and Z of 16 um, housed in the
Engineering Department of Michigan State University. As shown in Figure 4.1, the
main parts of the filter are two flange-shaped slabs that were printed by VeroClear
material (Stratasys Ltd, Eden Prairie, MN) whose exact composition is proprietary, but
approximately contains isobornyl acrylate (15-30%), acrylic monomer (15-30%),
urethane acrylate (10-30%), acrylic monomer (5-10; 10-15%), epoxy acrylate (5-10; 10-
15%), acrylate oligomer (5-10; 10-15%), and a photoinitiator (0.1-1;1-2%). A sample
inlet was fabricated on the top slab, which was a female fitting with printed screw
threads on the inside. The two slabs can be clamped together with a piece of
semipermeable membrane in between to construct the filter, and the simultaneously
printed O rings by rubber-like TangoBlack material (Stratasys Ltd, Eden Prairie, MN,
approximately contains 30-60% urethane acrylate oligomer, 1-20% exo-1,7,7-
trimethylbicyclo[2.2.1]hept-2-yl acrylate, 1-20% methacrylate oligomer, 1-20% resin,
polyurethane, and 0.1-1% photoinitiator) on the binding sides of both slabs ensured
tight holding of the membrane without liquid leaking. Figure 4.2 shows the

engineering sketch of the filtration device, with detailed dimensions.
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A piece of polycarbonate membrane with a pore size of 5 um, which is smaller
than the mean diameter (6-8 um) of ERYs, was used in the filter. After the slab-
membrane-slab device was constructed by binding the two slabs with binder clips, a
section of tubing for sample introduction was connected to the top slab by screwing
the male finger tight adapter at the end of the tubing into the female inlet. The tubing
was forced by a peristaltic pump (IDEX Health & Science LLC, Oak Harbor, WA) to drive
samples into the filter, with a driving pressure of 12 cm H,0 column (0.17 psi). All three
samples of AS-1N-PSSN, AS-1-PSSH and AS-1-PSSN were measured through the device
in a random order. The effluent was collected for 10 min, after which, the number of
cells in the effluent was counted on the hemacytometer. Cell lysis in the effluent was

also checked and in the studies reported here, no filtration induced lysis was observed.
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Figure 4.1. The 3D-printed cell filter for ERY deformability measurements. (A): the two
slabs with O rings on the binding sides. A piece of semipermeable membrane is the
key part of the filter device, which was 5 um pore size polycarbonate membrane. (B):
A view of the assembled device, with the membrane between the slabs. The
assembling was achieved by simply binding the two slabs on the four wings with
binder clips. (C): The view of a real filtration experiment. A sample was introduced by
a pump into the top slab, which would be forced to go through the membrane and
was then collected for subsequent cell counting. (D): The schematic cross view of a
filtration process. A pressure was applied to push cells to deform to pass through the
membrane between the O rings. However, only cells with sufficient deformability can
go through, otherwise they will be blocked by the membrane.
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Figure 4.2. The technical drawings of the top slab, bottom slab and O rings of the
filtration device, achieved by the autodesk inventor software. Before sending the
files into the printer, the O rings were assembled to both slabs in the software so

that they can be printed simultaneously. The unit for all the dimensions is mm.
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4.2.5 Design and Fabrication of an i.v. Injection Device

A Y shaped adapter was designed and 3D-printed by the same printer as
mentioned above, to mimic an in vitro i.v. injection process. As shown in Figure 4.3A,
this adapter consists of three parts: a flow splitter, a controller and a stopcock. Screw
threads were printed on the parts for easy connection. Just prior to use, the three
parts were assembled and then the Y shaped flow splitter was connected to a channel
on the fluidic device. The low branch of the flow splitter is connected with the other
end of the channel by soft tubing, which goes around the rollers of a peristaltic pump
to drive the flow. The top branch and the flow controller were connected to a syringe
via a male finger tight adapter. Figure 4.3B displays the injection of fluorescein by the
syringe into a water circulation. Upon injection, the stopcock is adjusted to make the
hole (through the stopcock) align with the channel so that liquid can be injected
through. When an injection was finished, the stopcock was rotated 90° to stop further
injection. Teflon tape may be needed for better sealing between the stopcock and the
controller in some cases. The top branch and the controller need to be prefilled with
the liquid to be injected at the beginning of an experiment. Otherwise, some trapped
air in this part will be injected into the circulation and thus the injection amount

cannot be easily quantified.
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Figure 4.3. The 3D-printed i.v. injection device. (A): the device comprises three parts:
a flow splitter, a flow controller, and a stop cock. Screw threads were printed on each
part for easy but tight connection. When the hole that goes through the stopcock was
adjusted along the channel in the flow controller, liquid can be injected through.
Otherwise, the flow will be stopped. (B): Injection of fluorescein into a water
circulation. Water was circulating in the loop that connects the low branch of the

splitter and the other end of a channel, while fluorescein was injected in by a syringe

pump.
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4.2.6 Characterization of the i.v. Injection Device

This device will be eventually used to study i.v. injection (transfusion) of stored
ERYs, and quantitative injection will be required to acquire reliable experimental
results. Therefore, the injection accuracy was first characterized. Fluorescein injection
was conducted to investigate the injection accuracy of small molecules, and for ease
of detection. An aliquot of 50 uL of fluorescein (300 uM) was injected to a loop of
water with a volume of 450 uL. The injection was performed at 100 puL/min for 30 s by
a syringe pump. The liquid was allowed to circulate for another 2 min after the
injection, after which, the liquid in the loop (tubing and channel) was collected and
the fluorescein concentration was quantified on a plate reader (ex. 494 nm; em. 521
nm). Based on the injection ratio (1 to 9), the concentration of fluorescein in a loop
was expected to be 30 uM. The detected fluorescein concentration was compared
with this calculated number, the difference between which, can indicate injection
accuracy. The possibility that the the fluidic device material may absorb fluorescein
molecules was examined by detecting the loss of fluorescence signal intensity of a

fluorescein solution after being circulated in a channel for hours.

The injection accuracy of ERYs was also measured. A 5% ERY sample suspended
in PSS was circulating in a loop, while 50 pL of 50 % ERYs were injected at 100 pL/min
for 30 s. The calculated hematocrit of ERYs in the loop after an injection was expected
to be 10%. By comparing the detected hematocrit and the calculated value of 10%,
injection accuracy of ERYs can be determined. In these experiments, counting of ERYs

on a hemacytomer was performed for accurate hematocrit measurements.
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The distribution of injected fluorescein molecules and ERYs in the circulating loops
was also characterized. After fluorescein was injected, 2 min of circulation were
allowed, after which, the liquid in the loop was divided into three random sections
that were collected in three vials, respectively. If the fluorescein molecules distribute
evenly in the loop after an injection, the concentrations in the three parts were
expected to be the same. The distribution of ERYs after an injection was characterized
with the same method, except 5 min of circulating time were applied before

measuring the hematocrit in the three sections of tubing.

4.2.6 Study of Responsiveness of Stored ERYs to Pancreatic B-cells

INS-1 cells were integrated on the fluidic device, with 5 % fresh ERYs circulating in
the channels. As shown in Figure 4.4, INS-1 cells cultured in membrane inserts were
integrated on the left three channels of the fluidic device, while the other three did
not contain the endocrine-like cells (empty ovals). Fresh, AS-1 and AS-1N stored ERYs
(hematocrit 50 %) from the same donor were injected via the i.v. injection device into
the fresh ERY streams. After the ERYs were injected by the procedures discussed
previously, the entire setup was placed in a 37 °C incubator for 2 hours, with moisture
napkins covering the wells to minimize evaporation of buffers, after which, the ATP
amount in each channel was quantified on a plate reader, with the method introduced

in Chapter 2.
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Figure 4.4. The strategy to study the responsiveness of stored ERYs to B-cells. Fresh
ERYs with a hematocrit of 5% were circulating in the six channels of the fluidic device,
while fresh, AS-1N stored, and AS-1 stored ERYs were injected into the circulations via
the i.v. injection device. INS-1 cells were included on the left three channels (green
ovals). A 2-hour incubation at 37 °C was applied after the injection, after which, ATP
amount in each channel was quantified by the luciferase/luciferin assay in the blue

ovals.
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4.3 Results

4.3.1 ERY Collection and Storage, Sample Preparation

Two blood storage solutions, one hyperglycemic (AS-1, currently FDA approved)
and one normoglycemic (AS-1N, Spence modified), were used to study the effect of
glucose on stored ERYs. Although the normoglycemic storage solution AS-1IN was
reported beneficial to stored ERYs, it is not conducive for a storage period over 1 week
due to the exhaustion of glucose by cell metabolism. Therefore, the ERYs stored in AS-
1IN were fed with a 20 pL of 200 mM glucose saline solution every week to maintain
the glucose level at around 5.5 mM. Before ATP and deformability of the ERY samples
were characterized, glucose levels in corresponding storage solutions were first
monitored. Figure 4.5 shows that the glucose level in AS-1 stays at an extremely high
level around 40 mM for the whole storage period of 36 days, while in AS-1N, the
glucose concentration maintains at around 5 mM with periodic feeding of glucose,

which falls into the healthy physiological range.
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Figure 4.5. Extracellular glucose levels in AS-1 and AS-1IN storage solutions.
Throughout the whole 36-day storage, glucose in AS-1 solutions (open circles) stayed
at an extremely high level around 40 mM, while AS-1N solutions (filled circles) showed

physiological glucose levels around 5 mM. Data present the mean of 7 trials £ S. E. M.
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4.3.2 Study of Reversibility of ATP Release on the 3D-Printed Fluidic Device

ATP is an important molecule in the blood stream because of its participation in
regulating blood flow. It was previously reported that ERYs stored in hyperglycemic
AS-1 solution released significantly less ATP than those stored in AS-1N3l. However,
the performance of hyperglycemia stored ERYs transfused into a normoglycemic
environment, remains unknown. Therefore, three experimental trials were designed
and conducted to determine if the ATP release capability of hyperglycemia stored
ERYs is reversible. A physiological salt solution (PSS) was used as the transfusion media,
into which the stored ERYs would be transfused. The AS-1N-PSSN trial was to transfuse
AS-1N stored ERYs to normoglycemic PSS (glucose 5.5 mM), the AS-1-PSSH was to
transfuse AS-1 stored ERYs to hyperglycemic PSS (glucose concentration was equal to
that in AS-1) and the AS-1-PSSN trial was to transfuse AS-1 stored ERYs to
normoglycemic PSS to investigate the reversibility of ATP release. To better mimic a
real transfusion process, the stored ERYs were transfused into corresponding PSS by a
1:10 v/v ratio (with a final hematocrit of 5%), and the blood samples were then
introduced into the six channels, in duplicate, on the 3D-printed fluidic device that
allows the blood samples to circulate for 20 min at 37 °C. ATP in each flowing stream
was collected from loaded buffer in wells E above the channels for subsequent

guantification on a plate reader.

As shown in Figure 4.6, ATP release from AS-1N-PSSN cells maintains constant at
around 200 nM for the whole storage period, while AS-1-PSSH released ATP stays at a

much lower level and the AS-1-PSSN released ATP keeps decreasing with time.
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Comparably speaking, on Day 1, or after several hours of storage, ATP released from
the AS-1-PSSH cells is already 40% less than AS-1N-PSSN cells, while the AS-1-PSSN
cells release even a little more ATP than AS-1N-PSSN, though the difference between
the latter two strategies is not significant. However, on Day 5, AS-1-PSSN released ATP
begins to decrease and on Day 8, it is significantly lower than AS-1N-PSSN, yet still
higher than AS-1-PSSH. The same trend is observed until Day 15, when the ATP release
from AS-1-PSSN have decreased to an extent that is not significantly different from
AS-1-PSSH. After Day 15, ATP release from both AS-1-PSSH and AS-1-PSSN are
statistically the same (p>0.5), but are dramatically lower than AS-1N-PSSN. These
results confirmed our previous results that the high glucose levels in the storage
solutions impair ATP release from ERYs. Furthermore, Figure 4.6 clearly indicates that
ATP release from hyperglycemia stored ERYs is conditionally reversible after ERYs are
transfused back to a normoglycemic environment. After 8 days of storage, the ATP
release reversibility is partially impaired and after Day 15, the reversibility is no longer
observed, suggesting permanent adverse alteration has occurred on these cells after

15 days of storage in hyperglycemic environments.
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referred to ERYs stored in AS-1N (normoglycemic) transfused into normoglycemic
PSS; AS-1-PSSH trial represented ERYs stored in AS-1 (hyperglycemic) transfused into
hyperglycemic PSS; AS-1-PSSN trial was ERYs stored in AS-1 but transfused into
normoglycemic PSS. During the 36 storage days, AS-1N-PSSN ERYs released higher
ATP at a constant level, while AS-1-PSSH ERYs released less ATP. The AS-1-PSSN ERYs,
however, could reverse the ATP release before 15 days (complete reverse before
Day 5 and partial reverse on Day 8 and 12). Seven biological replica were analyzed
and the data represent mean + S.E.M.
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4.3.3 Study of Reversibility of ERY Deformability

The reversibility of stored ERY deformability was also studied due to the causal
relationship between deformability and ATP release3?. A deformability investigation
was completed by a filtration test that has been widely used to study ERY
deformability due to its low instrument requirements and high reproducibility3® 34,
Because commercial devices were not found proper for this application, 3D-printing,
which can model objects with high resolution based on the users’ own demands, was
used to fabricate a filtration device that minimizes dead volumes, saves the usage of
filtering membranes and simplifies experimental operation. As shown in Panel A in
Figure 4.1, the device is comprised of two slabs, with simultaneously 3D-printed O
rings to seal a piece of semipermeable membrane in between for cell filtration. Due
to the small sizes of the O rings, the dead volume of the filter is minimized to about
55 pL. Panel B shows the device assembly, which was constructed by clamping the
slabs with four binder clips on the wings. Panel C demonstrates a real ERY filtration
experiment on the device. ERY samples were pumped into the inlet on the top slab,
and were forced to go through the membrane into the cone shaped chamber in the
bottom slab, and were collected for cell counting. Cells that had sufficient
deformability would deform to pass through the filter, whose pore size (5 um) was

smaller than the cell’s diameter (6-8 um), while less deformable cells would not be

able to go through (Panel D).

Resuspended 5% AS-1N-PSSN, AS-1-PSSH and AS-1-PSSN cells were evaluated

with this method. For a clearer data presentation, the cell number in the filter effluent
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of AS-1N-PSSN trial on Day 1 was set to 100%, and all other collected data were
normalized to this 100% value. As shown in Figure 4.7, the deformability of AS-1N-
PSSN ERYs maintains constant at around 100% during the whole 36 days storage, while
AS-1-PSSN trial keeps decreasing from 100% on Day 1 to 60% on Day 36. The
deformability of AS-1-PSSH ERYs also maintains constant, but at a significantly lower
level than AS-1N-PSSN. Comparably speaking, on Day 1, AS-1-PSSH cells lose much
deformability (about 25%) compared with AS-1N-PSSN, while AS-1-PSSN cells
completely reverse their deformability after being transfused to the normoglycemic
PSS. The trend continues until Day 8, when deformability of AS-1-PSSN trial drops to
AS-1-PSSH level. After Day 8, however, the deformability of AS-1-PSSN cells keeps

decreasing, though at a slow rate, without any observed reversibility.
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Figure 4.7. Deformability reversibility data at different storage days. Black bars were
constant around 100% during 36 days storage, which indicate normoglycemia stored
ERYs did not lose deformability after being transfused to normoglycemic PSS. The AS-
1-PSSH cells, however, lost their deformability even on the first storage day. The
hyperglycemia stored ERYs could reverse their deformability after being transfused
into normoglycemic PSS for the first five days of storage. From Day8, these cells also
lost the ability to reverse their deformability. Data represent mean values of 4

biological replica £ S.E.M.
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4.3.4 Characterization of the i.v. Injection Device

After 50 pL of 300 uM fluorescein were injected into a water circulation of 450 pL,
the expected concentration of fluorescein in the loop is 30 uM. As shown in Table 4.2,
the measured fluorescein concentrations in the six loops of the fluidic device after an
injection were around 30 uM, suggesting the injection of small molecules such as
fluorescein via the 3D-printed i.v. injection device can be very accurate. On the other
hand, the detected fluorescein concentrations do no show significant difference
between loops, which indicates the reproducibility between different injection
devices is high. Although an extra fluorescein aliquot (50 pL) was injected into a loop,
due to the elasticity of the tubing, no leakage or burst was observed due to the

additional fluorescein added.

To examine if the injected fluorescein molecules mixed well in a flowing stream,
the liquid in a loop was divided into three parts randomly, and each of them was
collected in a separate vial. The concentrations of fluorescein in the three parts were
then quantified by a plate reader. If the molecules distribute evenly in a loop after
injection, the concentrations of fluorescein in the three parts are expected to be the
same. The data summarized in Table 4.3 clearly show that the concentration of
fluorescein in each part of a loop is around 30 uM, which indicates that the injected
fluorescein molecules are able to distribute evenly along a whole loop after 2 min

mixing after the injection.
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Table 4.2. The concentration of fluorescein in each loop after an injection

loop 1 loop 2 loop 3 loop 4 loop 5 loop 6

Fluorescein
30.312.4 29.311.1 30.7£0.9 29.240.8 30.5%#1.2 30.0£1.0

(uM)

N=5; error=stdev

Table 4.3. The concentrations of fluorescein in each part of a loop

loop 1 loop 2 loop 3
Fluorescein
P1 P2 P3 P1 P2 P3 P1 P2 P3
(uM)
30.6+ | 30.5+ | 30.6% | 29.5+ | 29.6+ | 30.1+ | 29.8+ | 30.5+ | 29.8+
1.2 0.1 1.1 1.7 1.7 1.2 0.9 1.3 1.1
loop 4 loop 5 loop 6
Fluorescein
P1 P2 P3 P1 P2 P3 P1 P2 P3
(nM)
29.5+ | 29.5+ | 29.9+ | 29.8+ | 28.7+ | 28.3+ | 30.4+ | 30.4+ | 31.0¢
1.4 1.7 1.5 0.3 0.5 0.1 0.6 0.7 1.3

N=5; error=stdev
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The injection accuracy of ERYs and the distribution of injected ERYs were also
characterized using a similar method as fluorescein. ERYs with a hematocrit of 50 %
were injected into 5 % ERY streams, with an expected final hematocrit of 10 % in the
loops. Data in Table 4.4 and Table 4.5 prove that ERYs can be injected accurately and

can distribute evenly along a loop after being injected.

Table 4.4. The hematocrit of ERYs in each loop after an injection

loop 1 loop 2 loop 3 loop 4 loop 5 loop 6

Hct, % 10.3+0.6 9.7+0.5 10.1+1.0 10.7+1.3 10.7+0.8 10.4+0.5

N=5; error=stdev

Table 4.5. The hematocrit of ERYs in each part of a loop

loop 1 loop 2 loop 3

Hct, % P1 P2 P3 P1 P2 P3 P1 P2 P3

9.940. | 10.2+ | 10.7+ | 10.4+ | 10.4+ | 10.2+ | 10.3+ | 10.4+ | 10.4+

4 0.5 0.2 0.3 0.3 0.3 0.1 0.7 0.5
loop 4 loop 5 loop 6
Hct, % P1 P2 P3 P1 P2 P3 P1 P2 P3

9.940. | 10.0+ | 10.3+ | 10.3+ | 10.4+ | 10.3+ | 9.740. | 10.1+ | 10.3%
1 0.3 0.3 0.3 0.1 0.5 5 0.5 0.3

N=5; error=stdev
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4.3.5 Study of Responsiveness of Stored ERYs to Pancreatic B-cells

The results in Tables 4.4 and 4.5 show that ERYs can be transfused quantitatively
via the i.v. injection device, and the injected ERYs can mix evenly in a circulation
stream. In this part, the response of the injected ERYs to pancreatic B-cells was
evaluated. INS-1 cells were cultured in membrane inserts and integrated on the fluidic
device. Next, a 5% hematocrit of fresh ERYs were delivered through the six channels,
while three types of ERYs were injected into the circulation: fresh, AS-1 stored, and
AS-1N stored ERYs. After incubation at 37 °C for 2 hours, the ATP in each channel was
quantitatively determined by a plate reader measurement of luciferase/luciferin assay.
In Figure 4.8, f-f refers to fresh ERYs transfused to a fresh ERY stream; AS-1N-f refers
to AS-1N stored ERYs transfused to fresh ERYs; and AS-1-f refers to AS-1 stored ERYs
transfused to fresh ERY streams. The f-f trial is to transfuse fresh ERYs to fresh ERYs in
circulation, AS-1N-f is to transfuse AS-1N stored ERYs to fresh ERYs in circulation, and
AS-1-f trial is to transfuse AS-1 stored ERYs to fresh ERY in circulation. By comparing
Figure 4.8A and Figure 4.8B, it can first be concluded that with INS-1 cells, the ATP
release in the trials of f-f and AS-1N-f is significantly higher (A) than those without the
endocrine cells (B), suggesting that after being transfused, like fresh ERYs, AS-1N
stored ERYs can respond to B-cells by releasing ATP. The AS-1 stored ERYs, however,
failed to respond to the endocrine cells. Interestingly, though a loop after an injection
consists of 5 % fresh ERYs and the same amount of AS-1 stored ERYs, the fresh cells
did not respond to B-cells either. Though more evidence will be needed, it appears

that the transfusion of AS-1 stored ERYs had an adverse effect on fresh ERYs.
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Considering the reported clinical observation that patients who received transfused
blood are prone to suffer from insufficient NO bioavailability, which may be a
determinant in post transfusion complications, these results indicate that ERYs stored
in a normoglycemic condition (AS-1N) retained their ability to respond to B-cells,
which can potentially prevent the problems of insufficient NO bioavailability and

related complications.
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Figure 4.8. ATP release from ERYs after being transfused via the 3D-printed i.v.
injection device. (A): with INS-1 cells on the channels; (B): without INS-1 cells on the
channels. f-f: fresh ERYs transfused to fresh ERYs; AS-1N-f: AS-1IN stored ERYs
transfused to fresh ERYs; AS-1-f: AS-1 stored ERYs transfused to fresh ERYs. In these
experiments, 50 pL of f/AS-1N/AS-1 ERYs were transfused to a circulation of 450 pL.
N=4, error=S.E.M.
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4.4 Discussion

The Spence group has reported that the currently approved hyperglycemic ERY
storage solutions impair ATP release from the cells and proposed an alternative
storage solution (AS-1N) with a physiological glucose level, in which the ERYs have
proven to release significantly more ATP. This study continues to investigate the
adverse effects of hyperglycemia on stored ERYs by 3D-printed devices, with an
emphasis on biochemical reversibility of the ERYs and the response of stored ERYs to

endocrine B-cells.

The reversibility of ATP release from stored ERYs was studied by applying the 3D-
printed fluidic device as discussed in Chapter 2. This device can better mimic the real
conditions of ERYs by circulating samples at 37°C. Furthermore, it allows for
simultaneous measurements of all three samples under a plate reader in a high
throughput fashion. All these features make it an ideal platform for flow induced ATP
measurements from stored ERYs. Data shown in Figure 4.6 reaffirmed our previous
findings that high glucose in storage solutions reduced ERY ATP release, and extended
that observation to demonstrate how reversible these ERYs are, in terms of ATP
release, during the storage period. Day 15 was observed as a turning point, before
which, the hyperglycemia stored ERYs are able to reverse (completely or at least

partially) the ATP release ability, but after which the reversibility cannot be observed.

ERYs participate in regulating blood flow through releasing ATP that has proven

to be able to stimulate endothelium-derived NO production, a well-established vessel
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dilator. Numerous studies and surveys have demonstrated the existence of adverse
complications after transfusion and the 15 storage day as a turning point of the quality
of stored ERYs. It is not to be assumed that the failed ATP release reversibility after 15
days storage in hyperglycemia is the root cause of the clinical consequences. However,
the ATP reversibility trend against storage time was consistent with the clinical
observations, both showed an adverse alteration after two weeks. And given the
important role of ERY released ATP in a blood stream, though more direct evidence
will be required, it is rational to hypothesize a link between irreversible ATP release
and the post transfusion health problems in such a scenario that insufficient ATP
release from long-term stored (e.g. two weeks or longer) ERYs causes insufficient NO
bioavailability, which restricts blood transportation to tissues and thus adversely

affects the patient’s health.

However, the mechanism that describes how hyperglycemia leads to failed
reversibility of ATP release still remains unknown. The mechanism would lie in one of
the two possible scenarios: hyperglycemia induces less intracellular ATP production or
affects the ATP release process. Wang reported that intracellular ATP in
hyperglycemia stored ERYs was higher than those stored in normoglycemic solutions,
and it did not significantly decrease throughout 36 days storage3!, which inferred
hyperglycemia may adversely alter the ATP release process, rather than reducing

intracellular ATP production.

161



Sprague reported that sheer stress induced deformability of ERYs leads to ATP
release through a CFTR involved mechanism, suggesting that ATP release is related to
cell deformability32. These findings provided a clue to potentially explain the failed ATP

reversibility by studying the deformability of stored ERYs.

A user-friendly 3D-printed cell filter with a small dead volume was fabricated and
applied to study the deformability of stored ERYs. Since the filter membrane pore size
is smaller than human ERY mean diameter, only cells with sufficient deformability can
go through. Therefore, the number of cells in the filter effluent can be used as a
measurement of deformability. As shown in Figure 4.7, compared with the AS-1N-
PSSN cells, the AS-1-PSSN cells’ deformability was not able to reverse after Day 8, and

continued to decrease beyond that time point.

By combining the ATP and deformability data (Figure 4.6 and Figure 4.7), a
correlation between deformability and ATP release can be preliminarily revealed.
During the first five days of storage in AS-1, ERY deformability could completely
reverse after being transfused into a normoglycemic condition, as did the ATP release.
On Day 8 and 12, however, the deformability of ERYs could not reverse, and the ATP
release could only partially reverse, which was significantly lower than AS-1N-PSSN
cells. After 15 Days storage, a permanent alteration of cell deformability had occurred,
as did the ATP release. This correlation suggests that hyperglycemia may permanently
and adversely alter the deformability of ERYs via a certain mechanism, which

eventually leads to decreased ATP release.
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Although the results discussed above suggest ERYs stored in hyperglycemic
conditions can reverse their deformability and ATP release in the first a few days of
storage, ERYs stored in normoglycemic condition never lost their deformability or ATP
release during the whole 36-day storage, which reinforced our hypothesis that an
alternative normoglycemic solution should be considered for ERY storage used in

transfusion medicine.

To better study a transfusion process in vitro, a 3D-printed i.v. injection device
was invented, which consists of a flow splitter, a controller and a stopcock. 3D-printing
enables the fabrication of threads on the device and precisely controlled dimensions,
which contribute to the high inter-device reproducibility. The characterization
experiments of the device showed that it enables quantitative injection of solutions
and ERY suspensions without leakage, and the injected parts can be mixed evenly in a
circulation in a short time after an injection. Pancreatic B-cells (INS-1 cells) were
integrated on the platform for investigation of the responsiveness of stored ERYs to
these endocrine cells. It was found that AS-1N stored ERYs respond as fresh ERYs to
the B-cells by releasing significantly more ATP than those without the B-cells. However,
after the AS-1 stored ERYs were transfused to a stream of fresh ERYs, no response to
the B-cells was observed. It appears that even the preexisting fresh ERYs in the flowing
stream did not respond to the endocrine cells, which indicated that transfusion of
hyperglycemia (AS-1) stored ERYs may adversely affect the original fresh ERYs in a

patient. More evidence will be needed to confirm this hypothesis, which will be
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discussed in Chapter 5. All these results suggest that AS-1N stored ERYs can potentially

be healthier than those stored in currently approved AS-1.

4.5 Conclusion

In this study, the reversibility of ATP release and deformability of hyperglycemia
stored ERYs was studied with 3D-printed devices. Measurements on a 3D-printed
circulation mimic device showed that hyperglycemia-stored ERYs cannot reverse or
restore ATP release to normal levels after 15 days of storage, while normoglycemia-
stored ERYs are robust to release ATP throughout the whole storage period.
Deformability reversibility of stored ERYs was also examined by a 3D-printed cell filter,
which indicated hyperglycemia induces a permanent deformability alteration on
stored ERYs after 1 to 2 weeks storage, which may explain the failure of ATP release
reversibility. An i.v. injection device was designed and 3D-printed to investigate the
responsiveness of stored ERYs to pancreatic B-cells, in a more clinically relevant
manner. The results suggest that AS-1N stored ERYs can respond to B-cells like fresh
ERYs, by releasing increased ATP. The AS-1 stored ERYs, however, failed to respond to
the B-cells even after only 1 day storage, indicating some lesions has occurred on the
stored cells by hyperglycemia. More importantly, after being mixed with AS-1 stored
ERYs, original fresh ERYs cannot respond to the B-cells either, which initially suggests
that AS-1 stored ERYs may adversely affect the original ERYs of a patient by a certain
mechanism. All these results, combined with the previous reports involving ERY

storage and post transfusion complications, strongly suggest that normoglycemic
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storage conditions for ERYs may help maintain normal properties of the cells and

potentially reduce the risk of post-transfusion complications.
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Chapter 5 — Conclusions and Future Directions

5.1 Conclusions

5.1.1. C-peptide Stimulated ATP Release from Erythrocytes on a 3D-printed

Circulation-mimic Fluidic Device

Microfluidics technologies have become a powerful tool in the field of
bioanalytical chemistry because of their ability to control flow and reduce the
consumption of reagents and samples'. Most microfluidic devices are fabricated in
PDMS, a nontoxic and transparent elastomer? 3. However, despite the advantages of
this polymer, it possesses some drawbacks that prevent microfluidics from becoming
a common tool in the laboratory. For example, PDMS devices are not rigid, which may
cause flow problems such as leakage and uneven pressure distribution®. These devices
are single use, which not only increases research cost (time and money), but also
compromises the reproducibility of results. Although previous research has
successfully integrated multiple functional units, such as on-chip mixers and detectors
on PDMS microfluidic devices, the fabrication is lab-dependent, with poor inter-lab
reproducibility>. Finally, although there has been a large number of publications
involving microfluidic development since the 1990’s, these studies did not elicit many
commercialized products® 7. The lack of standardization and ruggedness of PMDS-

based devices are probably partially responsible for this impasse®.

In this work, 3D-printing was employed to fabricate a more standard and rugged

microfluidic device. 3D-printing is a novel rapid prototyping technique using an
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additive process to build a 3D object®. Instead of the multiple soft lithography steps
and binding multiple layers of PDMS slabs, 3D-printing can fabricate a microfluidic
device in one step, with precisely controlled shapes, features and dimensions'%12, The
device developed in this study is based on the dimensions of a standard 96-well plate,
thereby enabling convenient and high content readout by a plate reader. Moreover,
the ruggedness of the device allows for long term experiments (e.g., >2 hours
circulation of ERYs), which cannot be easily achieved on soft PDMS devices. The
reusability of the device also enhances the precision of the results. Some unique
features are also implemented on the device. For example, threads are printed on the
ends of each channel to connect a tubing via standard male finger tight adapters. The
design of static wells enables on-chip simultaneous calibration. All these results
suggest that with 3D-printing, a microfluidic device can be fabricated in a more

standard and simple way, with integration of complicated features.

This 3D-printed device facilitates the study of the effect of C-peptide on
circulating ERYs. First of all, our previous conclusion that C-peptide and Zn?* can
stimulate ATP release from ERYs was confirmed on the device. More importantly, this
result has further advanced by discovering the indispensable role of albumin in this
process. Without albumin, C-peptide and Zn?* cannot exert their effect on ERYs,
suggesting that albumin may be the molecule that delivers C-peptide and Zn?* to the
ERY. Without albumin in the solutions, C-peptide cannot be delivered onto ERYs?'3,
These results support our previous theory involving C-peptide and Zn?* and provide

further evidence that this effect requires an ensemble of albumin, C-peptide, and Zn?*.
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5.1.2 An Organs-on-a-Chip platform to Study the Interactions between Pancreatic B-

cells and Blood Components

The 3D-printed fluidic device described in this dissertation also shows its
versatility in an Organs-on-a-Chip platform. To study the effect of endogenous C-
peptide on ERYs in a more physiologically relevant manner, this platform contains a 8-
cell line, INS-1 cells, to secret C-peptide gradually into an ERY circulation. The B-cells
and endothelial cells were successfully integrated on the device by using membrane
inserts. The application of membrane inserts presents a novel philosophy of Organs-
on-a-Chip construction. Any cells that can be cultured in a membrane insert can be
directly plugged into a fluidic device, before which the cell properties can be
thoroughly examined. The secretion profiles of the B-cells on the platform resemble a
real C-peptide secretion process, by producing C-peptide at the same levels as those
believed to occur in vivo. Interactions between the B-cells, ERYs, and endothelial cells
were studied. It was found that the B-cells do not have any effect on the endothelial
cells, in terms of NO production. However, ERYs are affected by the endocrine cell
secretion, the result of which is an increase of ERY-derived ATP. The ERY released ATP
will then exert a downstream effect on the endothelial cells by stimulating NO
production and release. By using PPADS, a P2y receptor on endothelial cells that ATP
binds, it is confirmed that ATP acts as an indirect vasodilator by stimulating
endothelium-derived NO, which is consistent with Sprague’s theory that ERYs need to

be present for shear stress to enhance NO production from endothelial cells'4.
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5.1.3 Evaluating Stored Erythrocytes used in Transfusion Medicine by 3D-Printed

Analytical Devices

Stored ERYs suffer from adverse physiological alterations, or storage lesions that
can lead to serious complications for transfusion patients, including increased
morbidity®>-Y’. Previous studies show that the hyperglycemia (40 mM) in a storage bag
can diminish ERYs released ATP, which is an important molecule in regulating blood
flow. However, in a common transfusion process, about 1/10 ERYs of the whole
volume of blood (400 mL v.s. 5 L) are transfused to a normoglycemic circulation. The
performance of the stored ERYs after being transfused back to a normoglycemic
environment remains unknown. Therefore, a primary focus of this work is to
determine if hyperglycemia-stored ERYs can restore or reverse their capability to
release ATP after suspension in a normoglycemic environment. PSS was used as the
transfusion media, into which stored ERYs were transfused at a 1:10 ratio. After this
in vitro transfusion, the samples were allowed to circulate in the 3D-printed fluidic
device followed by on-chip ATP determination. The results show that after about 5
days storage in hyperglycemic AS-1, the ability of the ERYs to release ATP can recover
back to normal levels. However, after about 1 week, the ATP release can only partially
reverse, and after about 2 weeks, the reversibility cannot be observed anymore,
suggesting a permanent adverse alteration has occurred on the ERYs after 2 weeks of

storage.

Patients who receive stored ERYs older than two weeks are more likely to suffer

the complications'® 19, which is consistent with our observation that the
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hyperglycemic solutions impair the ATP release of ERYs after 15 days storage. A
reduction in ATP release correlates with impaired vessel dilation and restricted blood
flow?°. Though more direct evidence will be needed, given the important role of ATP
in the blood stream, and the 15 day clinical observations, it is rational to hypothesize
a correlation between impaired ATP release reversibility and post-transfusion

complications.

To better mimic a real transfusion process in vitro, an i.v. injection device was
developed and fabricated using 3D-printing. Initial characterization shows that this
device enables quantitative injection of solutions and ERY suspensions. The injected
parts can distribute evenly along a loop in a short time after an injection. The INS-cells
were integrated on the i.v. injection platform to study the response of stored ERYs to
the endocrine cells. AS-1N stored ERYs can respond to the B-cells by releasing ATP, as
fresh ERYs do. AS-1-stored ERYs, however, cannot respond to the B-cell secretions as
wells as ERYs in normoglycemic environments. Moreover, after the AS-1-stored ERYs
were transfused to preexisting fresh ERYs, the original ERYs cannot respond to the
endocrine cells either, indicating that the transfused ERYs may affect those fresh ERYs

in an unknown mechanism. More evidence will be needed to confirm this.

A possible mechanism by which hyperglycemia impairs ATP release from ERYs was
also investigated. It has been shown that there exists a causal relationship between
ERY deformability and ATP release?l. Therefore the effect of hyperglycemia on ERY

deformability was investigated using an in-house prepared 3D-printed cell filter.
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Because 3D-printing enables the fabrication of desired features for a user, this 3D-
printed cell filter has a minimized dead volume of 55 pL. Moreover, this device does
not require complicated instruments and its use is very straightforward. The
deformability data show that hyperglycemia can permanently stiffen stored ERYs after
5 days of storage, which is consistent with the ATP reversibility observation. Based on
these results, it can be initially concluded that hyperglycemia impairs ERY

deformability, which leads to a diminished ATP release.

5.1.4 Summarized Conclusion

In this dissertation, several 3D-printed devices were invented to study the role of
ERYs in a variety of biological fields. From an engineering perspective, 3D-printing can
fabricate functional, reusable, and reproducible microfluidic devices used for
bioanalysis, and provides superior advantages over PDMS-based microfluidics. Also,
with 3D-printing, analytical devices can be invented and fabricated based on the users’
specific demands. From a physiological perspective, the results acquired on these 3D-
printed device revealed new information towards our ultimate goal of developing an
additional replacement therapy for people with type 1 diabetes. The adverse effects

of currently approved ERY storage solutions on ERYs were also evaluated and verified.

5.2 Future Directions

5.2.1 C-peptide-Stimulated ATP Release from Erythrocytes on a 3D-printed

Circulation-mimic Fluidic Device
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The main problem of the 3D-printed fluidic device is the dimensions (mm) of the
channels. It appears to be a common problem that the resolution of current 3D-
printers needs to be improved. Taking the Connex 350 that was used in this study for
example, the best resolution on the XY plane is 100 um. The relatively poor (compared
with soft lithography) resolution can also cause high surface roughness that will lead
to resistive flow and cell adhesion. The further development of 3D-printing technology
can naturally solve these problems in the future. However, for now, other strategies
may be used to avoid these problems. For example: PDMS coating on 3D-printed
fluidic devices can effectively reduce the dimensions of channels and smooth the
surfaces?2. The shape of channels on the device can also be optimized to better mimic
blood circulation. For example, bifurcations can be applied to study the physiology of
ERYs under different flow conditions (bifurcated smaller channels will increase shear

stress for ERYs).

The results shown in this work reveal the important role of albumin in delivering
C-peptide and Zn?* to ERYs. However, the binding structure of the three molecule
ensemble remains unknown. Crystallography combined with X-ray diffraction, or NMR
spectroscopy can be applied to further study the binding structure. Also, the ERY

receptors for C-peptide and Zn?* are not understood.
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5.2.2 An Organs-on-a-Chip platform to Study the Interactions between Pancreatic B-

cells and Blood Components

This Organs-on-a-Chip platform that integrates pancreatic B-cells, ERYs, and

endothelial cells enables studies of interactions between cell types. However, future

research may make it a better physiological mimic. First, the culture of the INS-1 cells

can be improved. These cells were cultured in a planar way along the membrane in

this study. Though the INS-1 cells are prone to aggregate to form pseudo islets, this

culture cannot completely mimic in vivo B-cells, which are aggregated in an islet. The

technique of 3D cell culture can be applied to culture a spheroid of the B-cells, which

can then be placed in a membrane insert on the fluidic device. The tumor cell property

of the INS-1 cells increases the feasibility of culturing an islet in vitro. In such a manner,

the secretion profiles of the cells need to be re-measured because the interactions

between the INS-cells in a spheroid may change the secretion patterns.

Another study that needs to be conducted is on-chip separation. The results

presented in this work can only directly prove that the secretions of INS-1 cells

stimulate ATP release from ERYs. However, in addition to C-peptide, these endocrine

cells also secrete other molecules, such as insulin and amylin. Though previous results

in our group show that insulin does not stimulate ERY-derived ATP, our results will be

more conclusive if a separation process can be applied before the secretions entering

an ERY circulation.

177



Chelates and affinity reagents immobilized on a piece of porous membrane have
become a commonly used technique for membrane based separations?3. Here, results
will be improved if on the membrane where INS-1 cells are cultured, an anti-C-peptide
antibody can be immobilized to prevent the secreted C-peptide from entering ERY
streams. If no increased ATP release is observed after this, it can be concluded that it
is C-peptide that plays the important role (as opposed to, say, insulin). In a similar way,
the role of Zn?*, which is also secreted from the B-cells, insulin and amylin can be

examined.

5.2.3 Evaluating Stored Erythrocytes used in Transfusion Medicine by 3D-Printed

Analytical Devices

The results in this work proved the irreversibility of hyperglycemia stored ERYs
after 15 days of storage, which is potentially caused by the alteration of cell
deformability during storage. However, the mechanism by which hyperglycemia
impairs ERY deformability remains unknown. ERY deformability is mainly regulated by
structural proteins such as actin and spectrin on the inside of the cell membrane?.
We suspect that hyperglycemic storage changed the configuration of the binding
pattern between the proteins. A characterization method that can detect these

proteins needs to be developed to study how hyperglycemia affects these structures.

It is also possible that the hyperglycemia causes glycation of certain proteins in
ERYs. There are reports showing that the oxygen delivery of stored ERYs is

compromised during storage?> 26, which indicates that the hemoglobin may have been
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affected by the high glucose levels. Some research focusing on this part can help to
understand the lesions of stored ERYs from a broader perspective. The response of
stored ERYs to B-cells needs to be further explored too, especially the effect of
transfused ERYs on original ERYs. Results have shown that hyperglycemia stored ERYs
may foul preexisting fresh ERYs. If this is true, the mechanism behind it should be
elucidated, which can potentially change the game rules of the field of blood banking

in a profound way.

Thei.v. injection device was used to inject stored ERYs into fresh ERYs in this study.
However, this device can also be used for other applications such as drug
administration and drug dosing. For example, diabetic ERYs, which release less ATP
than ERYs from healthy people?’, can be circulating in the fluidic device, while a drug
candidate, such as the ensemble of albumin, C-peptide, and Zn?* can be injected via

the side branch, to study the effect of the drug candidate.
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