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ABSTRACT

INVESTIGATING BLOOD CELL COMMUNICATION WITH NOVEL SAMPLE
HANDLING AND MICROFLUIDIC TECHNOLOGY

By
Kari B. Anderson

Puringergic receptor signaling events in platelets is a major determinant in platelet
function. ADP binding to the P2Y-type receptors on platelet membranes, and the
subsequent pathways evoked from this type of binding, is well-established. However, an
understanding activity of the ATP-sensitive P2X1 platelet receptor is incomplete due to
rapid receptor desensititzation. To circumvent this problem, most studies aimed at
investigating P2X1 platelet activity require that the platelet samples contain apyrase in
order to reduce already-existing levels of ATP. Of course, one drawback to this method
is that the apyrase will also rapidly degrade any added ATP. Here, I describe a methoed

that employs the reported P2X1 inhibitor NF449 to sensitize platelets in the absence of

any added apyrase. Sensitization is verified by spectrofluorimetric determination of Ca ¥

entry into the platelets after stimulation with concentrations of ATP ranging from 67 nM
to 10 uM. Results suggest that sensitization of the P2X1 receptor by NF449 is not
necessarily dependent upon the inhibitor concentration, but rather the ratio of the
inhibitor and exogenously-added ATP concentrations. The sensitization by the NF449

was also found to be highly time-dependent.

A simple and inexpensive approach to fabricate polystyrene devices that is based
upon molding polystyrene (PS) from Petri dishes against PDMS molds was developed.

The ability to incorporate microchannels in polystyrene and integrate the resulting device



with standard laboratory equipment such as an optical plate reader for analyte readout
and pipets for fluid propulsion is described. Integration of the microfluidic device with
these off-chip functions (sample delivery and readout) enables high-throughput screens
and analyses. Furthermore, this polystyrene device was used to monitor two endothelial
cell processes. One experiment involved the fluorescence measurement of nitric oxide
(NO) produced within an endothelial cell line following stimulation with ATP. The
result was a four-fold increase in NO production (as compared to a control), with this
receptor-based mechanism of NO production verifying the maintenance of cell receptors

following immobilization onto the PS substrate. The ability to monitor cellular uptake

. _— 2+ . . .
was also demonstrated by optical determination of Ca~ into endothelial cells following

. . . 2+ . . .
stimulation with the Ca~ ionophore A20317. The result was a significant increase

(42%) in the calcium uptake in the presence of the ionophore, as compared to a control

(17%) (p < 0.05).

The PS device was further integrated with a polyester membrane in order to study
drug transport across the membrane. However, significant absorption of drugs still
occurred so a device made only of PS was fabricated using an epoxy mold and hydraulic
press to embed channels and seal devices. The result was a device with millimeter sized
channels, but the ability to rapidly fabricate these devices was lost. Thus, 3 Dimensional
(3D) printing, commonly used for producing design prototypes in industry to fabricate a
reusable, high throughput, 3D printed fluidic device that enables flow and incorporates a

membrane above a channel in order to study drug transport and affect cells.



Catullus 85:
Odi et amo. Quare id faciam, fortasse requiris?

Nescio, sed fieri sentio et excrucior.
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Figure 1.1: Blood vessel injury. For clarity only RBCs and platelets are pictured. A
typical blood vessel is comprised of an inner layer of endothelial cells with smooth
muscle cells lining the exterior. Upon blood vessel injury, subendothelial collagen is
exposed and platelets that come into contact with the collagen become activated, undergo
a shape change that results in adhesion, and release ATP and ADP into the bloodstream.
As more platelets are recruited to the injury site, aggregation occurs and a plug over the
injury site is formed. NO, a platelet inhibitor, is also released by platelets to inhibit
further platelet recruitment to the injury site. For interpretation of the reference to color in
this and all other figures, the reader is referred to the electronic version of this
AISSBITALION. ...ttt e e e 2

Figure 1.2: P2 receptors on platelet membrane. The platelet membrane has three
purinergic receptors on its membrane surface. The P2X1 is a gated cation channel that is

activated by ATP. Upon ATP binding there is a rapid Ca " influx into the platelet.
P2Y1 and P2Y12 are both G-protein coupled receptors that bind ADP. When ADP binds

P2Y1 it activates PLC, which causes intracellular Ca2+ release and subsequent platelet
activation. When ADP binds P2Y12 it inhibits AC activity, thus, counteracting the
inhibitory effects of PGI2. P2Y 12 also enhances platelet aggregation and both P2Y1 and
P2Y12 are required for full platelet aggregation...................cooiiiiiiiiiiii i, 7

Figure 1.3: Structures of P2X1 agonists. The native structure of ATP is at the top of the
image, whereas the modified structures of o,-me-ATP and B,y-me-ATP are shown at the
bottom of the image. The differences in structure from ATP are highlighted in red on
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Figure 2.1: Structure of NF449. The P2X1 inhibitor, NF449, is pictured with

coordinating sodium ions (Na+), but in solution the polysulphonates are negatively
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Figure 22.2: Schematic representation of experimental setup. Platelets were incubated with
the Ca“ " probe Fluo-4 AM for 30 min, then the excess probe was washed off and the

: _— . 2+ .
platelets incubated with either buffer or NF449. Finally, measurements of Ca " influx
were performed using a spectrofluorometer with a magnet setup so that samples could be

: : . 2+ : :
stirred during measurement. Samples were kept in a Ca  free environment until
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Figure 2.3: (Left) Fluorescence measurements taken over time for platelets in the

presence and absence of NF449. No significant increase in Ca2+ is measured when
CaMTB (trace C) or 2.5 uM ATP (trace B) is added to platelets alone. However, an

increase in Ca2+ was measured when 2.5 uM ATP was added to platelets containing 0.5
UM NF449 (trace A). (Right) The effect of ATP on platelet Ca2+ influx with a constant



concentration of 2.5 uM NF449. As the concentration of ATP was increased from 73 nM
up to 5 uM, the intracellular platelet Ca2+ alsoincreased............cooiiiiiiiiiiii, 40

Figure 2.4: Effect of Ca2+ free buffer on Ca2+ influx in platelet containing 0.5 puM
NF449. (Left) 25 puM ATP was added as an agonist in the presence of Ca2+ as
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represented in trace A. The typical increase in Ca " influx is seen, However, in a Ca ¥
free environment (trace B), the addition of 2.5 uM ATP resulted in no significant

increase in Ca2+. Additionally, in the Ca2+ free environment, ADP is still able to elicit a
2+ . . . .. 2+ .
Ca  increase (trace C). (Right) The summarized data indicates that when Ca~ is not

present, there is no Ca2+ influx due to 2.5 uM ATP in platelets containing 0.5 uM NF449
or platelets alone. However, signal due to ADP stimulation is still present.  Error is
standard error of the mean. N=9 (2.5 uM ATP, platelets), N=7 (2.5 uM ATP, NF449),

N=4 (25 pM ATP, Ca2+ free)), and N=5 (25 pM ADP, Ca2+

Figure 2.5: Effect of a,3-me-ATP on platelet Ca2+ influx. Both A and B traces indicate
the presence of platelets containing 0.5 uM NF449, but the agonist for trace A is 2.5 uM
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ATP and the agonist for trace B is 2.5 uM a,B-me-ATP. Increases in Ca " influx were
measured in the case of both agonists, but the increase due to ATP was larger than the
increase due to o,B-me-ATP. The two controls in this figure, represented as C, are

. . . . . 2
platelets alone that were treated with both agonists, neither showed an increase in Ca ¥

Figure 2.6: Effect of NF449 concentration on platelet Ca2+ influx due to 2.5 uM ATP.
As NF449 concentration is increased from 0 to 0.5 uM, the Ca2+ influx increases, but as

the concentration of NF449 is further increased from 0.5 uM to 40 UM the Ca2+ influx
decreases from the measured maximum. Error is standard error of the mean.............. 45

Figure 2.7: Overcoming NF449 inhibition using 10 uM ATP. As the concentration of

NF449 exceeds 0.5 pM, inhibition of Ca2+ influx occurs when 2.5 uM ATP is added to
20 and 40 pM NF449 platelet samples (traces A). When 10 uM ATP is added, the
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samples, traces B and C, respectively.........ouvuieieieiriiiiiiiie e 47
Figure 2.8: NF449 potency over time with 2.5 uM ATP agonist. Using 62.5 nM NF449,
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P2Y1. However, when NF449 is also added to the samples containing 60 uM MRS, the
Ca2+ signal from ATP and ADP recovered. P2Y1 also has some inhibitory effect on
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with NF449 alone. Error is standard error of the mean. N is 4 or higher for all bars......50

Figure 3.1: Fabrication of polystyrene devices with integrated channels. A silicon master
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Figure 4.3 Intracellular Measurement of Ca ¥ Uptake: These cells were incubated with

5.7 UM Fluo 4AM, an intracellular Ca2+ probe, at 37 °C for 30 min; excess probe was
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final fluorescence measurement was taken using the plate reader and the difference in
fluorescence calculated. This value was normalized to the difference in fluorescence for
a 0 uM ionophore. The average changes in fluorescence for n=3 separate devices is
shown, along with error bars representing the standard error of the mean. The changes
are significant for p<0.05..... ..o i 90
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CHAPTER 1: INTRODUCTION
1.1 The Platelet and the Vascular System

The human body contains between 5-6 L of whole blood, 55% of which is
comprised of plasma (water, glucose, proteins, electrolytes, hormones, clotting factors)
and 45% consisting of red blood cells (RBCs), platelets and leukocytes. The RBC’s
primary role in the bloodstream is oxygen delivery throughout the body, while leukocytes
protect the body from infection. In a blood vessel, RBCs flow in the middle of the vessel,
which forces platelets towards the edge of the vessel wall due to their size. This allows
for platelets to be closer to the site of potential vessel injuries. In general, platelets
circulate in the bloodstream in an inactive state, but upon vessel wall injury, platelets are
activated, initiating the clotting process, and forming a plug at the injury site. Platelets

are discoid in shape, anucleate and are approximately 2-4 pm in size. A healthy

individual will have 150-400 x 109 platelets per mL of whole blood1 with the lifespan of

a platelet being 7-10 days.
1.1.1 Blood Vessel Injury, Platelet Activation and Aggregation

A typical blood vessel contains an inner lining of endothelial cells that serve as a
barrier between the whole blood and the outside tissue. On the outside of the vessel,
smooth muscle cells control the contraction and relaxation of the vessel. As shown in
figure 1.1, when a blood vessel is injured, sub endothelial cell collagen is exposed and

subsequently, platelets adhere to the injury, become activated and undergo a shape
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Figure 1.1: Blood vessel injury. For clarity only RBCs and platelets are pictured. A typical blood vessel is comprised of an inner
layer of endothelial cells with smooth muscle cells lining the exterior. Upon blood vessel injury, subendothelial collagen is exposed
and platelets that come into contact with the collagen become activated, undergo a shape change that results in adhesion, and release
ATP and ADP into the bloodstream. As more platelets are recruited to the injury site, aggregation occurs and a plug over the injury
site is formed. NO, a platelet inhibitor, is also released by platelets to inhibit further platelet recruitment to the injury site. For
interpretation of the reference to color in this and all other figures, the reader is referred to the electronic version of this dissertation



change. Platelets initially bind to the newly exposed collagen (via the aoBq integrin) directly, as
well as von Willebrand factor (VWF, via the GPIb-1X-V receptor), a plasma protein secreted by
endothelial cells that binds collagen.2 Once more platelets are recruited to the injury site; the

platelets undergo a shape change where their normally smooth surface becomes adhesive and
elongated with projections. During this process, activated platelets undergo granular secretion
where additional molecules, released into the bloodstream, promote further aggregation of

activated platelets.

Platelets have three types of granules: alpha, lysosomes and dense. The alpha granules

secrete fibrinogen and vWF.3 The alpha granules also contain many proteins involved in platelet

: . . 4 . . .
adhesion, such as integrins and GPIb-IX-V.  The lysosomes contain enzymes involved in

protein, lipid and carbohydrate breakdown. The contents of the dense granules are pro

aggregatory and include thromboxane A2 (TXAZ2), adenosine diphosphate (ADP), adenosine

triphosphate (ATP), calcium (Ca2+), potassium (K+) and serotonin.5’6 Granular secretion is

. : .2+
caused by an increase in cytosolic Ca™ .

Once secretion occurs and more platelets are recruited to the injury site, the combination

" . : 2+ . . .
of activating molecules, and increases in platelet Ca  results in conformational changes in

. . e - 8 _. . .
integrins on the platelet surface that expose binding sites for fibrinogen.” Fibrinogen is what

allows the platelets to adhere to one another, but fibrin, vVWF, and fibronectin can also promote
platelet aggregation. This is the start of the platelet plug, or clot, that will cover the entire injury

site and prevent further blood loss.



1.2 Platelet Inhibitors

In the vasculature, there are two endothelial cell derived platelet inhibitors, prostacyclin

(PGI2), and nitric oxide (NO), which result in elevated intraplatelet cyclic AMP and cyclic

. : e . 9 .
GMP, respectively, while another inhibitor is CD39, an ectonucleotidase.” Kinases dependent
: L : : : 2
on cAMP and cGMP will affect several platelet signaling mechanisms, including Ca ¥
. .10 2+ . . . . . .
mobilization. Ca  is an important signaling molecule in platelets and is needed for
11 . . I
cytoskeleton rearrangement necessary for shape change,”” integrin activation necessary for

aggregation,12 and for NO production within the platelet.13

1.2.1 Nitric Oxide (NO)

NO is produced when endothelial nitric oxide synthase (eNOS) converts L-arginine to L-
citrulline producing NO as a byproduct. Endothelial derived NO is not only a platelet inhibitor,

but also promotes vasodilation, or widening of the blood vessel, via smooth muscle cell

relaxation.14’15 NO inhibits platelet function by binding to soluble guanylyl cyclase16 resulting
. 17, 18 . . L 9

in elevated levels of cGMP, which activates protein kinase G (PKG).” PKG affects a

: 2+ 2+

mechanism called “store operated Ca  entry” where Ca  enters from the extracellular
medium.19 Elevated cGMP levels inhibit phosphodiesterase Il (PDE Ill) and leads to an
. : . . 20,21 . _— :
increase in cyclic adenosine monophosphate (CAMP) levels causing activation of protein
kinase A (PKA).22 Elevated levels of PKA inhibit protein kinase C (PKC) and phospholipase C

N . 2 e . 2324 L
(PLC) activations and thus, intracellular Ca ¥ mobilization. This inhibition triggers a

4



decrease in cytosolic Ca2+,25 which results in the inhibition of GPIlIb-IIIa’s ability to change

conformations into its active form, which normally would allow for platelet interaction with

oo 26,27 . . 28
fibrinogen. Furthermore, the eNOS pathway for NO synthesis also occurs in platelets.
Platelet derived NO is also released into the bloodstream before platelets are activated29 and
. . 13,28 . . . . .
during aggregation. The platelet derived NO (micromolar) is released during aggregation

. . - ., 13,30
and prevents further platelet aggregation and adhesion to the injury site.

1.2.2 Prostacyclin (PGI12)

Prostacyclin binds to platelets via the prostacyclin receptor (IP receptor), which is only

expressed on platelets31 and smooth muscle ceIIs.32 It inhibits platelet activation induced by
ADP, thrombin, collagen and TXAZ2, however, it primarily works through TXA2.33

It has been suggested that P2X1-, a purinergic receptor on the platelet surface, evoked
Ca2+ response may be less sensitive to PGI2 and NO inhibition by endothelial cells after agonist

34 2+ 35 . .
exposure  when compared to the store operated Ca  release. This would explain why

platelets are able to respond immediately to endothelial damage given their close proximity to

endothelial cells and the inhibitors they release.
1.2.3 Ectonucleotidase CD39

The endothelial enzyme CD39 (NTPDase-1) is also able to inhibit platelet function by

converting ATP and ADP to inert AMP36 and eventually, adenosine by CD73.37 CD39 does not



directly interact with the platelet itself, but it does interact with the ADP and ATP that platelets

. 36
release from their granules.

1.3 Purinergic Receptors on the Platelet Surface

Purinergic receptors on the platelet surface regulate activation by ATP or ADP binding.
A simplified version of P2 receptor activation is shown in figure 1.2. Two receptors, P2Y1 and

P2Y12 are G-protein coupled and bind ADP, while the third, P2X1, binds ATP, exclusively.

ADP binds the P2Y1 receptor leading to Gq mediated activation of PLC, which leads to Ca2+
. . . 38,39 .
release intracellular stores, shape change, and reversible aggregation. When ADP binds to
Gj associated P2Y12, it leads to inhibition of adenylyl cyclase (AC) and enhanced aggregation.38
PG> inhibits platelet activation by increasing platelet CAMP levels via AC activation.40 Since

P2Y12 inhibits AC, this is in opposition to the endothelial cell release inhibitor PGI,. Activation

of both P2Y1 and P2Y12 are needed for platelets to exhibit a normal aggregation response.

Inhibition of either receptor is enough to block ADP-induced platelet aggregation.41

The P2X1 receptor, one of seven sub types of P2X receptors42, on the platelet surface is

an ATP-gated cation channel that contains two transmembrane domains linked by a large

43,44 . T "
extracellular loop. The extracellular loop contains the binding site for ATP and competitive

. . i . 45 .
antagonists, while the transmembrane portion of the receptor forms the cation channel. = While

there is not a solved structure for P2X1, X-ray crystallography has been used to determine the

structure of P2X4 in the closed state43 and with bound ATP.46 P2X1 is the only P2X receptor



P2X1 P2Y1 P2Y12

Ca?*

Figure 1.2: P2 receptors on platelet membrane. The platelet membrane has three purinergic
receptors on its membrane surface. The P2X1 is a gated cation channel that is activated by ATP.
Upon ATP binding there is a rapid Ca2+ influx into the platelet. P2Y1 and P2Y12 are both G-
protein coupled receptors that bind ADP. When ADP binds P2Y1 it activates PLC, which causes
intracellular Ca2+ release and subsequent platelet activation. When ADP binds P2Y 12 it inhibits

AC activity, thus, counteracting the inhibitory effects of PGI2. P2Y12 also enhances platelet
aggregation and both P2Y1 and P2Y12 are required for full platelet aggregation.



found in significant quantities on the platelet surface47 and since ATP binding is the only factor

needed for channel opening, P2X1 is also a significant source of rapid Ca2+ influx into the
: ... 48 - 2+ .

platelet following activation. Additionally, the Ca  influx also leads to membrane

depolarization, which is thought to enhance signaling through P2Y1.49 Previously, it was

thought that P2X1 was not needed for proper platelet function,50 although recent reports suggest

L. 51-53
this is not the case.

Studying the P2X1 receptor’s contribution to platelet function is difficult because it undergoes

: . : e . 54
rapid desensitization during purification from whole blood due to spontaneously secreted ATP.

By combating the desensitization of P2X1 with a high dose of apyrase and using a,-methylene-

ATP (0,B-me-ATP) or B,y-methylene ATP (B,y-me-ATP) as the agonist, activation of P2X1 leads
to rapid influx of Ca2+ and transient shape change.54 The structures of ATP, o,3-me-ATP, and

B,y-me-ATP are shown in figure 1.3 where the difference from ATP is the replacement of

oxygen with —CH» so that it cannot be broken down by apyrase. It has also been shown that
ATP can stimulate NO production in the platelet and induce platelet aggregation.51

Additionally, o,B-me-ATP has also been shown to desensitize the P2X1 receptor.55 There is also

literature that suggests a role for P2X1 in early activation of platelets with low concentrations of

52, 53 . . . .
collagen. A number of disease states are associated with hyperactive platelets and

coincidentally, also  have  bioavailability  issues  with regard to  ATP.
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Figure 1.3: Structures of P2X1 agonists. The native structure of ATP is at the top of the image,
whereas the modified structures of a,f-me-ATP and B,y-me-ATP are shown at the bottom of the
image. The differences in structure from ATP are highlighted in red on both structures.



1.4 Diseases with Hyperactive Platelets

It has been shown that platelets exhibit hyperactivity and are prone to excessive
aggregation in certain disease states such as diabetes, pulmonary hypertension, cystic fibrosis
(CF), sickle cell anemia and multiple sclerosis (MS). This hyperactivity can lead to unnecessary
increased thrombus formation and subsequent blocking of blood vessels resulting in potential

heart attack or stroke.
1.4.1 Diabetes

Patients with diabetes have been described as having hyperactive platelets. Diabetes is
characterized by either lack of insulin secretion (type 1 diabetes) or a resistance to insulin (type 2
diabetes). Insulin is produced and stored in beta cells present in the islets of Langerhans region

of the pancreas. In response to such stimuli as elevated glucose levels, exocytosis of insulin

occurs depositing insulin in the bloodstream.56 Patients with diabetes experience complications

associated with blood flow, heart disease and stroke.57 The problems with blood flow may be

associated with hyperactive platelets. It has been shown that diabetic platelet activation is

: . . . 58,5960 . .
enhanced with response to epinephrine, ADP and thrombin. Diabetic platelets have also

been shown to be resistant to inhibition by NO61 and PGI2.62 Patients with diabetes also have

high platelet turnover, which results in more circulating reticulated, or young, platelets. These
. . L. . . 63

reticulated platelets are larger and more reactive to activation stimuli than regular platelets.

Additionally, the reticulated platelets are resistant to the effects of aspirin and clopidogrel, which

. 64,65
are two common antiplatelet drugs.

10



1.4.2 Hypertension

Hypertension, or high blood pressure, is another condition that is characterized by

hyperactive platelets. Platelets from patients with hypertension exhibit increased in vivo

. . . 66 .
aggregation in response to ADP, epinephrine and collagen ~ as well as high intracellular free

Ca2+ o7 and losses in NO bioavailability.67 The susceptibility of platelets in hypertensive

patients to aggregate can lead to increased risk of heart attack, as well as stroke.
1.4.3 Cystic Fibrosis

Cystic fibrosis (CF) is one of the most common hereditary disorders, especially in the

Caucasian population.68 CF is a genetic disorder, which results in dysfunctional cystic fibrosis
transmembrane conductance regulator (CFTR) protein.68 The CFTR protein is identified as a
chloride channel present in the cell membrane.69 Certain mutations of the CFTR protein make it
inactive, which affects its functions, including chloride and ATP conductance.70

RBCs express the CFTR protein while platelets do not and CF platelets have been

. . - . 7172 .. .

described as having increased aggregability ex vivo. Additionally, it has been reported that
platelets from CF patients have increased TXA» release73 and do not respond well to

prostaglandin E1 (PGE), a platelet inhibitor.74 Furthermore, it has been shown that CF plasma

causes activation of CF platelets as well as healthy platelets, though activation of the CF platelets

was higher than that of the normal.71

11



1.4.4 Sickle Cell Anemia

Sickle cell anemia is a blood disorder where RBCs sickle under deoxygenated conditions

. I . 75 .. . :
obstructing capillaries and restricting blood flow. ~ Sickle cell disease has been described as a

76 L .
“hypercoaguable state” = where platelet activation is abnormal. Plasma samples taken from

sickle cell patients during steady state (non-sickled RBCs) and crisis (sickled RBCs) show

increased levels of thrombin and depletion of anticoagulant proteins suggesting that the platelets

.77
are hyperactive.

1.4.5 Multiple Sclerosis

A final disease state where patients exhibit platelet hyperactivity is in multiple sclerosis
(MS). MS is a neurological disease that results in demyelination and scarring of nerves in the

brain and spinal cord, which can lead to loss of nerve function, muscle weakness, and problems

speaking.78 Abnormalities in platelets from patients with MS were first described in 1965 as

increased platelet stickiness.79 It has been studied furthered and has been determined that MS

platelets exhibit increased platelet microparticles (PMP) and P-selectin expression when

compared to healthy controls. Both PMP and P-selectin are recognized indicators of platelet

... 80
activation.

1.4.6 Defects in RBC ATP release

In addition to hyperactive platelets, the diseases mentioned above all have defects in RBC

derived ATP release. RBCs from patients with CF81, diabetes82 and hypertension83 all exhibit

12



decreased ATP release while those RBCs from M884 and sickle cell patients85 have increased

ATP levels in the extracellular space due to RBC release and cell lysis, respectively. Platelets
circulate throughout the body in the presence of RBCs and it has been shown that RBC derived

ATP release does have an effect on platelet adhesion to an adhered endothelium at both low and

high concentrations of ATP.51 Since P2X1 is the only ATP receptor on the platelet, it is possible

that RBC derived ATP may influence platelet activity via P2X1. The Spence group has shown
through platelet aggregation studies on washed platelets and PRP that ATP can induce platelet
aggregation; however, it is difficult to distinguish the effects of ATP from ADP, the immediate
hydrolyzed product of ATP. Ectonucleotidases in the plasma and on the platelet surface convert
ADP to ATP so; isolating the platelet response to ATP, ADP, or both is a challenge. Non
hydrolysable forms of ATP are often used to study the P2X1 receptor’s response, but these forms
of ATP do not interact with the receptor in the same manner as native ATP. Additionally, in
order to prove that hyperactive platelets may be a result of abnormal RBC derived ATP release
affecting the platelet P2X1 receptor it is necessary to consider each component of the vasculature
(RBCs, platelets, endothelial cells) and how each component contributes to platelet activation.
Consequently, it is important to have methods to study platelets in an in vitro setting where each

component of the vasculature can be isolated and probed.
1.5 Measuring Platelet Activity in Vitro
1.5.1 Aggregometry

One of the most common ways to study platelet function is by using light transmission
aggregometry (LTA). In its simplest form, LTA measures changes in optical density of platelet
solutions when exposed to individual agonists. Platelets are usually suspended in plasma, but

13



measurements can also be performed on suspensions of washed platelets. Measurements are

. . . . o~ 86 . .
carried out in a clear cuvette, with stirring at 37 °C.” For setting the lower and upper limits for

LTA using samples in PRP, the 0% and 100% aggregation are calibrated to the PRP and platelet

poor plasma (PPP), respectively. Aggregation is then monitored by changes in light transmission

before and after addition of an agonist.87.

Another form of aggregometry involves whole blood samples where changes in electrical
impedance (Ohms) are measured. In principle, a single layer of platelets attach to the electrodes

prior to aggregation and after an agonist is added, aggregating platelets attach at the electrodes

8, 8

thus causing changes in impedance at the electrode.8 o The inherent advantage to using whole

blood aggregometry is that all blood cells are present during the experiment, which more reflects

an in vivo situation.

For both the whole blood aggregometry and the LTA, dense granule release from
platelets can also be simultaneously monitored, specifically, ATP via a chemiluminescent

reaction with D-luciferin/firefly luciferase. The emitted light can be compared to ATP standards

for quantification purposes.90 This technique is useful because it monitors both the

morphological changes that platelets undergo and granular release, which can further activate

platelets.
1.5.2 Flow Cytometry and Fluorescence

Flow cytometry is a powerful tool for studying platelets as it can measure multiple assays
and various cell types at once. Before analysis by flow cytometry, cells are labeled with the
desired fluorescent tag, which is often conjugated to a cell or protein specific antibody. Then the

14



cells in suspension flow one by one through a laser beam where the fluorophores are excited, and
the emitted light collected. The intensity of the emission is directly proportional to the antigen or

cell type being studied, as well as size and granularity of the cell.

One of the biggest advantages of flow cytometry is that platelets can be analyzed in the

presence of other blood components, such as RBCs and leukocytes, which can affect platelet

.. 9192 . . . . .
activation. Furthermore, there are a number of antibodies available that bind activated
platelets and not resting platelets. A few examples include 26593 (receptor site on bound
o 94 .. . 95 .
fibrinogen), IAC-1" " (collagen binding site exposure), and S12°~ (P-selectin exposure on the
membrane).

Ca +, an important signaling molecule in the platelet, is also studied using flow
. : 2+ .
cytometry and fluorescence techniques. One of the most widely used probes to study Ca s

. . : 2 2+ . .
Fura-2, a ratiometric dye used as an intracellular Ca ¥ probe.96 When Ca”" binds Fura-2, its
absorption shifts to a shorter wavelength, thus, the ratio of unbound to bound Fura-2 can be used
. 2+ 97 2+ .
to calculate the concentration of Ca~ .~ Other commonly used Ca™ probes include Fluo-3
98 99 .
AM™ " and Fluo-4 AM ™ where the AM ester group allows the dye to be loaded into the cell and
subsequently, cleaved by intracellular esterases and the resulting dye is able to bind intracellular

2+
Ca .
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1.5.3 Microfluidic Devices

One of the inherent disadvantages of in vitro assays performed on platelet activity is the
lack of a flow component and presence of other cells common to the vasculature. Through the
use of microfluidic devices it is possible to remedy this disadvantage. Flow perfusion chambers
were the first in vitro flow devices used to study platelets, where, typically, a glass coverslip is

coated with a platelet activator or endothelial cells and thrombus formation at that interface can

: . 100 . : .
be monitored at various shear rates. Simple devices such as this have been used to study
. 101 . . .. 102 .
thrombus formation™ ", as well as integrin activation™  in the platelet. These flow chambers
. . . T ... 103
have some disadvantages, including, lack of standardization in chamber fabrication™ "~ and the

need for large volumes of blood (> 5 mL) to perform multiple assays.104 Microfluidic

technology is one way to overcome these disadvantages.

Typically, microfluidic devices are fabricated using photolithography and soft
lithography with the end device being made of polydimethylsiloxane and having channel
dimensions anywhere from 2-100 um. PDMS is easy to use, inexpensive and biologically
compatible so, it can be used to research thrombus formation. In brief, a master is created by
photolithography, where a polymerizable SU-8 photoresist is spin coated onto a silicon wafer, a
transparent mask with a pattern of channels is placed on the coated wafer, and exposed to UV
light. The SU-8 that is exposed to the light polymerizes and the wafer developed to remove
excess photoresist resulting in a master with positive features. A mixture of PDMS and curing
agent is then poured over the master, allowed to cure, and peeled off resulting in negative

features on the PDMS. These features tend to be the channels and any inlets, access ports, or

16



waste wells are typically punched right into the PDMS. The final PDMS channel layer can be

sealed with glass or a blank layer of PDMS and the end device is able to incorporate flow across

. . 105
a single or multiple channel(s).

Single channel microfluidic devices have been used to study collagen induced-thrombus

formation under flow conditions, 06 anti-platelet drugs and shear gradients with a stenosis

107,108

- . 109 .. - . :
mimic, and measurement of platelet size. Microfluidics can also be used in a high

throughput manner where multiple channels are used to monitor platelet activity. Devices with

. . . 110,51
multiple channels have been used to study platelet adhesion to an endothelium, platelet

P Lo 111 . . 112
adhesion/signaling under flow conditions, ™ collagen induced thrombus formation,” " and the

effect of anti-platelet drugs during flow.113 These microfluidic devices are designed to study

various aspects of thrombus formation on an in vitro platform.
1.5.4 Apyrase and a,p-me-ATP in Platelet Preparation and Analysis

As mentioned previously, the platelet P2X1 receptor is prone to rapid desensitization in

. 4 .
vitro due to spontaneously secreted ATP.5 In order to reduce the effect of desensitization,

researchers generally employ apyrase, which is derived from potato and acts as an ADPase and

ATPase. In order for apyrase to protect the P2X1 receptor from desensitization, concentrations

of 0.3-1 U/ml are used during sample preparation.53 A higher concentrations of apyrase, 5

. . . 114
U/mL, was used in order to study platelet shape change with a,f-me-ATP as the agonist.

Since apyrase is most often used when studying the P2X1 receptor, agonists that are resistant to

17



hydrolysis must be employed to probe receptor function. Typically, a,f-me-ATP and B,y

methylene ATP (B,y-me-ATP) are used as P2X1 agonists, however, neither a,f-me-ATP or B,y-

. . 115,11
me-ATP are as potent as native ATP when it comes to P2X1 response. o:116

One of the inherent disadvantages in using apyrase in platelet solutions is that it breaks
down ATP/ADP, which is what forces researchers to use o,3-me-ATP or B,y-me-ATP as these
analogues cannot be broken down by apyrase. However, these molecules do not represent the
true in vivo activation of the P2X1 receptor. It is possible that the contribution of the P2X1

receptor to platelet activation and aggregation has previously been underestimated.

In order to study the P2X1 receptor a method that uses native ATP, without the presence
of added apyrase is necessary. Furthermore, the role of RBC derived ATP (a significant source
of ATP in the bloodstream) has not been fully investigated as a platelet regulator via the P2X1
receptor. Thus, a novel way to investigate P2X1 will be investigated, as well as novel
microfluidic technology capable of probing these cellular responses and further analyzing the

role of RBC derived ATP release in platelet activation.
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CHAPTER 2: PLATELET P2X1 RECEPTOR FUNCTION IN THE ABSENCE OF
EXOGENOUS APYRASE
2.1 Platelet P2X1 receptor

Purinergic receptors on the surface of the platelet are important in mediating the

clotting process that occurs after vascular injury, most notably the ADP-sensitive

receptors, P2Y1/P2Y12, and the ATP-sensitive, P2X1 receptor.l_4 Though the roles for

P2Y-type receptors in platelet activation and thrombus formation are well established, the

role of the P2X1 receptor in platelet function is less clear. For example, P2X1 activation

. . 5 . . :
has been shown to induce transient platelet shape change, and is also involved with
: : 6-9 .
collagen-induced aggregation events.” ~ It has also been shown that ATP acting through

. L _— 1
the P2X1 receptor is important as a secondary platelet agonist in the activation process. 0
. - : 11
Conversely, other studies report a minimal role for P2X1 in platelet activation.
I : . 2 .
Activation of the P2X1 receptor by ATP is responsible for extracellular Ca ¥ entry into
. 2+ .
the platelet. Not only is Ca~ important for P2X1 response, but also ADP dependent
2 : :
P2Y response where extracellular Ca ¥ dependent ectonucleotidases affect ADP induced

.12
platelet aggregation.

A review on the P2X1 receptor stresses its importance in thrombotic events and

i . 13 - .
the need to study the receptor as a potential therapeutic target.” More specifically, an in

vitro study performed on platelets from P2X1 receptor-deficient mice showed that

collagen-induced platelet aggregation and adhesion to a collagen coated surface were
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reduced. The collagen coated surface was mimicking a vascular injury and thrombus

growth on that coated region was also reduced in the P2X1 deficient platelets.7

Additionally, in an in vivo study on these P2X1 deficient mice, bleeding times were

normal, but there was reduced thrombus formation following laser induced vascular

injury and reduced mortality in models of thromboembolism.7 With the information

garnered from both in vitro and in vivo studies on platelet P2X1 receptor activity, it is

possible that P2X1 is a potential therapeutic target for anti-thrombotic drugs.

2.1.1 Difficulties in measuring P2X1 receptor activity
The P2X1 receptor is difficult to study because it is rapidly desensitized during in

vitro experimentation, especially when the platelets have been separated from plasma and

14-15 . , ... 16-18
washed. In order to overcome this rapid receptor desensitization, apyrase,

which catalyzes the dephosphorylation of adenine nucleotides, is commonly used during
platelet purification from whole blood to reduce the number of phosphate-containing
nucleotides already present in the bulk solution. Unfortunately, the addition of apyrase to
the bulk solution results in the breakdown of exogenously added ATP to ADP, which is
unable to activate the P2X1 receptor.

Another factor contributing to the complexity of platelet P2X1 activation is
distinguishing effects due to ATP from those arising from ADP, especially after

dephosphorylation from ATP to ADP. For example, when P2X1 is stimulated with ATP,

2+ . .
Ca  enters the platelet from the sample matrix and can be measured with a fluorescent
. . 2+
probe such as Fura-2 or Fluo-4 AM. However, ADP can also contribute to this Ca
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signal, as ADP binding to the P2Y1 receptor results in the release of Ca2+ from granules

contained within the platelet.lg'21 Therefore, the degradation of ATP to ADP, or ADP

contamination in the ATP agonist, leads to inconclusive results regarding the source of

. 2+ . .. .

the increased platelet Ca™ . However, there are techniques that can be used to distinguish
. . 2 .

the two receptors. For example, in the case of measuring Ca +, one can simply perform
.. 2+ 2+ .

the studies ina Ca~ -free buffer. Such a system would prevent Ca~ entering the platelet

L L . 2+

due to P2X1 activation by ATP, but not P2Y activation, since the Ca~ release would be

. 2+ . . . . 2+

intracellular. In other words, any measured Ca~ signal during experiments witha Ca ™ -

. 2 . .
free buffer would likely be due to release of Ca ¥ from intracellular stores. This release

is indicative of ADP binding to the platelet.

In addition to using Ca ¥ _free buffers to differentiate receptor activity, many

investigators employ the use of o,f-methylene-ATP (o,p-me-ATP), a stable ATP

analogue that cannot be enzymatically dephosphorylated to ADP. The use of such a

2 . .

stable ATP analogue ensures that any measured Ca ¥ flux into the platelet is due to
. 5

P2X1. However, a,p-me-ATP leads only to transient platelet shape change™ and low

levels of aggregation22 and could potentially be under representing P2X1 activity that

would be measured with authentic ATP as discussed in Chapter 1.

2.1.2 NF449 as a P2X1 receptor inhibitor
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To facilitate the understanding of receptor action and response, inhibitors of the

platelet purinergic receptors can be employed. Suramin was one of the first P2X

. .23 L .
antagonists described and subsequent derivatives of suramin have also been

synthesized.24'27 One of those derivatives, 4,4’,4’’,4°’-(carbonyl(imino-5,1,3-
benzenetriyl-bis(carbonylimino)))tetrakis-benzene-1,3-disulphonic  acid or  more
commonly, NF449, has been shown to be a potent and specific antagonist of P2X1.27
The structure of NF449 is shown in figure 2.1. Previously, the structure of the P2X4

receptor from zebrafish had been solved in the absence of bound ATP28, but more

recently, the structure of P2X4 with bound ATP has been solvedzg, giving more

information about the ATP binding pocket on P2X type receptors. The mechanism of
activation involves ATP binding in the extracellular loop, which induces conformational

changes that prompts flexing of the transmembrane domains and allowing for “lateral

. . 29 . . -
fenestration” of cations. It is proposed that NFF49 binds at or near the ATP binding
site on P2X receptorsgo, and due to steric hindrance, prevents the channel pore form

opening.29 However, structural studies involving P2X-bound NF449 have yet to be

performed.

NF449 is one of the most widely used platelet P2X1 inhibitors and it has been

shown to reduce Ca2+ influx and reduce activation of the receptor by both ATP and a.,f3-

me-ATP,”> 352

Interestingly, in contrast to its inhibitory actions on the P2X1 receptor,
NF449 has been reported to enhance P2X1 sensitization in frog oocytes.25 A detailed
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Figure 2.1: Structure of NF449. The P2X1 inhibitor, NF449, is pictured with

coordinating sodium ions (Na+), but in solution the polysulphonates are negatively
charged.
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examination of these reports involving NF449 inhibition and sensitization reveals that the
conditions (concentrations of NF449, number of cells used in the studies and incubation
time of the NF449 with the cells prior to measurement) differed greatly. These reports
led me to the hypothesis that NF449 may exhibit sensitizing and inhibitory actions on the
platelet P2X1 receptor that are dependent upon the ratio of agonist and inhibitor
employed during platelet preparation. This is important because if NF449 can be used to
sensitize platelets, instead of apyrase, there would not be a need to use a non-
hydrolysable form of ATP during experiments, enabling the effects of ATP versus ADP
to be distinguished with regard to platelet activity. This is significant, as discussed in
Chapter 1; because certain diseases (cystic fibrosis, diabetes, hypertension, sickle cell
anemia) have defects in RBC derived ATP release, as well as increased platelet activity.
The correlation between these two cell types would be the ATP activation of P2X1
receptor on the platelets so, a method to study platelet response to ATP that does not

involve apyrase or a,3-me-ATP would be extremely useful.

2.2 Methods
2.2.1 Isolation of platelets from human whole blood

Whole blood was obtained via venipuncture under consent from donors and collected
into heparinized tubes. In general, 10 tubes of whole blood were collected from each
donor (~30 mL). After the whole blood was centrifuged at 500 g for 10 min at room
temperature, the platelet-rich plasma (PRP) was decanted for subsequent platelet

purification.
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Platelets were isolated from the PRP by adding 1 mL of acid citrate dextrose (ACD;
in mM, 41.6 citric acid anhydrous, 76.7 monosodium citric acid anhydrous, 122.1
dextrose) to every 9 mL of PRP and centrifuging at 1500 g for 10 min at room

temperature. The harvested platelets were then washed twice with 10% ACD calcium

free Modified Tyrodes Buffer (MTB; in mM, 12 NaHCO3, 0.32 NaH2POy4, 10 HEPES,

137 NacCl, 2.7 KClI, 0.5 MgCl», and 5.5 dextrose, Sigma-Aldrich, St. Louis, MO) solution

with centrifugation in between each wash. The washed platelets were then re-suspended
in 10% ACD calcium free MTB. No apyrase was used in this purification. The washed

platelets were counted using a hemacytometer and adjusted to a concentration of 2.0 x

109 platelets mL'1 in 1 mL 10% ACD calcium free MTB. Platelet samples were

prepared and investigated the same day as isolation.

2.2.2 Fluo-4 AM probe and NF449 platelet sample preparation

A 23 mM stock of the Ca2+ specific probe Fluo-4 AM (Molecular

Probes/Invitrogen Eugene, OR) was prepared by dissolving 50 ug of the probe in 20 uL
of anhydrous DMSO. A 5 uL aliquot of the stock was mixed with 5 uL of a 200 mg/mL
pluronic F-127 surfactant (Molecular Probes/Invitrogen Eugene, OR) solution to enhance
the probe’s penetration capacity. Finally, this probe solution was diluted to 1 mL in 10%
ACD calcium free MTB to create an 11.4 uM working solution. This 1 mL solution of
the fluorescent probe was then added to the 1 mL platelet solution for a final
concentration of 5.7 uM Fluo 4 AM and incubated on ice for 30 min. The platelet

solution containing the probe was then centrifuged at 1500 g for 5 min at room
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temperature and washed twice with 10% ACD calcium free MTB to remove any excess

probe. Finally, the platelets were resuspended in 2 mL of 10% ACD calcium free MTB.

Aliquots of the Fluo-4 AM loaded platelet solution (1.0 x 109 platelets mL_l)

were incubated for 30 min on ice with NF449 (Tocris Bioscience, Ellisville, MO) at final
concentrations ranging from 0-40 uM, or MRS 2179 (Tocris Bioscience) at final

concentrations ranging from 0-60 uM.

L . 2+
2.2.3 Fluorescence determination of intracellular platelet Ca

Calcium measurements were performed with a spectrofluorometer (HORIBA
Jobin Yvon, Edison, NJ) having 2 nm slit widths using excitation at 496 nm and emission

at 516 nm. The sample was contained in a 4 mL 21N-Q-10 far UV quartz cuvette. A 40
pL aliquot of platelet sample was added to 1940 pL of MTB with calcium (2 mM Ca2+)
at 37 °C and a fluorescence baseline was collected for 15 s prior to the addition of 20 uL

of agonist prepared in Ca2+ free MTB. Agonists included ATP, ADP and o,3-methylene
ATP (Sigma-Aldrich, St. Louis, MO) at stock concentrations ranging from 0-1000 uM
resulting in final concentrations of 0-10 UM in the cuvette. Fluorescence measurements
were collected for an additional 90 s; samples were stirred throughout the measurement.

A schematic of sample preparation and subsequent fluorescence measurement is shown

in figure 2.2.

2.2.4 Data analysis
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Figure 2.2: Schematic representation of experimental setup. Platelets were incubated with
the Ca2+ probe Fluo-4 AM for 30 min, then the excess probe was washed off and the
platelets incubated with either buffer or NF449. Finally, measurements of Ca2+ influx
were performed using a spectrofluorometer with a magnet setup so that samples could be

. . . 2+ . .
stirred during measurement. Samples were kept in a Ca  free environment until
measurement.
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Included in the results and discussions section are spectra that represent raw fluorescence
data collected over time, whereas the summarized data are represented as a percent
change in fluorescence. This percent change was calculated by subtracting the quotient
of the average baseline fluorescence intensity and average peak fluorescence intensity

from 1 and multiplying by 100 to obtain a percent. N = human blood draws.

2.4 Results

2.4.1. NF449 sensitizes ATP-induced Ca2+ Influx

ATP was added as an agonist to platelets, in the presence and absence of NF449, to

evaluate its effect on P2X1 mediated Ca2+ influx. Shown in figure 2.3 (left), adding

CaMTB to platelets alone has no effect on the fluorescence signal. Furthermore, the

addition of ATP to the platelet sample resulted in no significant increase in fluorescence

: . 2 :
signal (compared to baseline) due to Ca ¥ entry into the platelets. However, there was a
significant increase in Ca ¥ entry when ATP was added to platelets containing 0.5 uM

NF449. Furthermore, as shown in figure 2.3 (right), Ca2+ entry into the platelets

containing 2.5 UM NF449 increased as the concentration of ATP was increased from 67
nM to 5 uM, although the first significant change in signal (in comparison to baseline)

did not occur until the ATP concentration reached 310 nM. Thus, activation of the P2X1

receptor and subsequent Ca2+ influx is ATP concentration dependent under NF449

sensitizing conditions.
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Figure 2.3: (Left) Fluorescence measurements taken over time for platelets in the presence and absence of NF449. No significant
increase in Ca2+ is measured when CaMTB (trace C) or 2.5 uM ATP (trace B) is added to platelets alone. However, an increase in

Ca2+ was measured when 2.5 uM ATP was added to platelets containing 0.5 uM NF449 (trace A). (Right) The effect of ATP on
platelet Ca2+ influx with a constant concentration of 2.5 uM NF449. As the concentration of ATP was increased from 73 nM up to 5

. 2+ :
MM, the intracellular platelet Ca~ also increased.
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2.4.2 Effect of Ca2+ free buffer on Ca2+ entry into the platelet via ATP and ADP

agonists
A possible explanation for the increase in fluorescence emission shown in figure

2.3 is that the ATP contained ADP impurities that were stimulating P2Y -type receptors,

resulting in the release of Ca2+ stores in the platelet granules. Therefore, studies were
also performed in a Ca2+-free buffer. In this construct, activation of the P2X1 receptor
with ATP should not result in an increase of fluorescence emission due to Ca2+ entry into
the platelet because there is no Ca2+ in the buffer to cross the platelet membrane. The

data in figure 2.4 (left) show that ATP additions to platelets containing NF449 in a Ca2+

free environment result in no increase in fluorescence signal. The top trace in figure 2.4

(left) is another aliquot of platelets from the same sample. However, this trace was

. : 2 - 2 .
obtained using a Ca +-contalnlng buffer and, as shown, Ca ¥ entry into the platelet was

detected. Finally, when ADP was added to NF449-containing platelets, there was an

. : . : 2+ . 2+
increase in fluorescence signal even in the absence of Ca™ , which is due to Ca™  release

from granular stores in the platelets. The summarized data in figure 2.4 (right) suggests

that the ATP induced Ca2+ entry into NF449-containing platelets is through P2X1

activation and not solely a result of an ADP impurity contained in the ATP agonist.
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environment (trace B), the addition of 2.5 pM ATP resulted in no significant increase in Ca2+. Additionally, in the Ca2+ free
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present, there is no Ca2+ influx due to 2.5 UM ATP in platelets containing 0.5 UM NF449 or platelets alone. However, signal due to
ADP stimulation is still present. Error is standard error of the mean. N=9 (2.5 uM ATP, platelets), N=7 (2.5 uM ATP, NF449), N=4
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2.4.3 Effect of a,-me-ATP concentrations on Ca2+ entry into the platelet

The P2X1 receptor is most commonly studied using a form of ATP that is stable,
such as a,B-me-ATP. This form of ATP ensures that breakdown to ADP does not occur,
thus minimizing effects from P2Y-type events. Figure 2.5 shows a Ca2+ influx due to
the addition of a,3-me-ATP to NF449 containing platelets (18.7 + 0.9%), a significantly

weaker signal (P < 0.001) in comparison to authentic ATP stimulation (39.3 £ 0.8%). No

calcium influx was seen when ATP or o,B-me-ATP were added to platelets alone.
Unlike ATP, higher concentrations of o,3-me-ATP did not elicit Ca2+ influx (data not

shown), suggesting the potential for a,3-me-ATP to desensitize the P2X1 receptor more

readily than ATP itself.

2.4.4 Effect of NF449 concentrations on Ca2+ entry into the platelet

NF449 is generally regarded as a competitive inhibitor of the P2X1 receptor and at
concentrations greater than 1 UM has been shown to have non-specific inhibitory effects
on P2Y receptors. However, data in figures 2.2-2.4 suggest receptor sensitization at a
concentration of 0.5 and 2.5 uM NF449. Therefore, it was anticipated that concentrations
of NF449 less than 1 uM would also have the same sensitizing effects. Figure 2.6

summarizes the effect of varying NF449 concentrations from 62.5 nM up to 40 uM in the

presence of 2.5 uM ATP as the agonist for P2X1 stimulation and subsequent Ca2+ entry

into the platelet. As shown, the signal resulting from the fluorescence emission due to

2 : : . o
ca”’ entry into the platelet begins to increase with increments of NF449. However, as
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Figure 2.5: Effect of a,$-me-ATP on platelet Ca2+ influx. Both A and B traces indicate
the presence of platelets containing 0.5 uM NF449, but the agonist for trace A is 2.5 uM
ATP and the agonist for trace B is 2.5 uM o,-me-ATP. Increases in Ca2+ influx were

measured in the case of both agonists, but the increase due to ATP was larger than the
increase due to o,B-me-ATP. The two controls in this figure, represented as C, are

. . . . . 2+
platelets alone that were treated with both agonists, neither showed an increase in Ca
influx.
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Figure 2.6: Effect of NF449 concentration on platelet Ca2+ influx due to 2.5 uM ATP.
As NF449 concentration is increased from 0 to 0.5 uM, the Ca2+ influx increases, but as

the concentration of NF449 is further increased from 0.5 uM to 40 uM the Ca2+ influx
decreases from the measured maximum. Error is standard error of the mean.
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the concentration of NF449 continues to increase, an inhibitory effect emerges (for an

. L 2+ .
ATP concentration of 2.5 uM), resulting in reduced Ca~ entry into the platelet.

Importantly, when the NF449 concentrations reached inhibitory levels (of the 2.5 uM

ATP), the addition of higher concentrations of ATP were able to restore the Ca2+ entry

into the platelets. For example, at an NF449 concentration of 0.5 uM, the percent change
in fluorescence emission upon the addition of 2.5 uM ATP was 39.3 £ 2.4%. This value
dropped to 13.1 * 2.2% when the NF449 concentration was increased to 20 pM.
However, when the ATP concentration was raised to 10 uM, the percent change in
fluorescence emission recovered to a value of 34.1 + 2.8%. Sample spectra are shown in

figure 2.7. These results suggest that the ratio between ATP and NF449 is key in

stimulating or inhibiting Ca2+ increase through the P2X1 receptor. Therefore, if the ATP

concentration in a particular study is 2.5 uM, the optimum sensitizing concentration of
NF449 is ~ 0.5 puM, while inhibitory concentrations of NF449 would be obtained at
concentrations > 10 uM. Of course, these values of NF449 would change if the ATP

concentrations were changed.

2.4.5 Time Dependence of NF449 Sensitization of P2X1

Previously, NF449 has been shown to sensitize P2X1, although the effect was
measured at picomolar concentrations on single oocytes and only lasted for a few
seconds. In studies reported here, nanomolar to low micromolar concentrations exhibited

this same sensitization feature even though the NF449 was allowed to incubate with the
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Figure 2.7: Overcoming NF449 inhibition using 10 uM ATP. As the concentration of

NF449 exceeds 0.5 uM, inhibition of Ca2+ influx occurs when 2.5 UM ATP is added to
20 and 40 pM NF449 platelet samples (traces A). When 10 uM ATP is added, the

NF449 inhibition is overcome and Ca2+ influx occurs in 20 and 40 uM NF449 platelet
samples, traces B and C, respectively.
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platelets for 30 minutes prior to the addition of agonist. Therefore, a study was
performed to determine if the ability of NF449 to sensitize the platelet P2X1 receptor was
time dependent. The time study was executed using platelets incubated with 62.5 nM

NF449 followed by the addition of 2.5 uM ATP as the agonist. The results of this study,

shown in figure 2.8, indicate that the fluorescence signal from Ca ¥ entry due to addition

of the ATP agonist decreased with time. The increase at 1 min is thought to be less than
that of the 5 min signal due to NF449 not having enough time to diffuse to the platelet

surface. The subsequent decrease in signal suggests that the sensitizing effect of NF449

. : . . . 27 :
is indeed time dependent, consistent with the previous report. - However, it appears that

increasing the NF449 concentration prolongs its sensitization abilities.

2.4.6 P2Y1 inhibition with MRS and the effect on Ca2+ influx

In order to investigate the P2Y1 receptor action in the presence of ADP and ATP,

MRS2179 was employed. MRS2179 is a competitive antagonist of P2Y1, and is more

selective towards P2Y1 than P2X1.33_34 As shown in figure 2.9, with increasing

concentration of MRS2179, the intracellular Ca2+ signal decreases in response to ADP.

However, when NF449 is also added to the highest concentration of MRS2179, some of

the ADP signal is recovered as well as Ca2+ influx due to ATP. Though, the Ca2+ signal

from ATP is not as high as for samples that were only sensitized with NF449. This could

suggest a relationship between the sensitization of P2X1 and the ability of P2Y1 to
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Figure 2.8: NF449 potency over time with 2.5 pM ATP agonist. Using 62.5 nM NF449,
platelet Ca2+ influx was measured over the course of 6 hours with the data being
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decreased steadily over time. Error is standard error of the mean.
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Figure 2.9: The effect of P2Y1 inhibition on platelet Ca2+. As increasing concentrations

of MRS are added to the platelet solution it inhibits the Ca2+ release due to ADP binding
P2Y1. However, when NF449 is also added to the samples containing 60 UM MRS, the

Ca2+ signal from ATP and ADP recovered. P2Y1 also has some inhibitory effect on

P2X1 so; the Ca2+ signal from ATP is lower compared to the sample that was sensitized
with NF449 alone. Error is standard error of the mean. N is 4 or higher for all bars.
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mobilize Ca2+ in response to ADP. It should be noted that ATP could not evoke Ca2+

influx without the presence of NF449 to sensitize the platelets prior to study.
2.5 Conclusions

Collectively, the data in figures 2.5 and 2.7 suggest something more profound
about the effect of NF449 on P2X1 and the receptor itself. Specifically, the data in
figures 2.5 and 2.8 demonstrate that the effect of NF449 on P2X1 is both concentration-
and time-dependent, respectively. Moreover, both of these effects can be immediately
overcome by high concentrations of ATP. In addition, the data in figure 2.6 show that
the overall signal from the addition of ATP is higher when both P2X1 and P2Y1 are

open. This suggests that the addition of ATP to the platelet sample results in an increase

in P2Y1 activity. It is possible that once ATP is bound to P2X1 and Ca2+ enters, the

ATP is hydrolyzed to ADP, which can subsequently activate P2Y1 or P2Y12. The fate
of ATP after it is bound to P2X1 is not known. If such a relationship exists, it gives more
weight to the effect of ATP on platelet activity since initially ATP would bind P2X1, but
then its degradation product could go on to activate the P2Y receptors, which are also
involved in platelet activation.

The P2X1 receptor activity can explain why disease states with altered RBC ATP
release also have hyperactive platelets. Resting platelets are constantly coming into
contact with RBCs in the vasculature so, it follows that ATP released from these RBCs
would be binding P2X1 and causing low levels of activation without the presence of an
injured endothelium. The Spence group showed that ATP affected platelets adhering to

an uninjured endothelium and that RBCs incubated with an ATP release inhibitor

.35 . - o -
affected platelet adhesion. " It is a possibility that in vivo when an injury occurs, platelets
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are activated from exposed collagen and granular release from the platelets, but also the
ATP released from RBCs. The ability to study the platelet without apyrase or the stable
o,B-me-ATP allows for the effects of native ATP on the platelet to be studied without the
risk of apyrase affecting the amount of available ATP or o,f-me-ATP derived
desensitization. These sample handling tools can be used in conjunction with studies on

washed platelets or platelets in the presence of RBC’s in order to study P2X1 activity.
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CHAPTER 3: INTEGRATION OF MULTIPLE COMPONENTS IN
POLYSTYRENE-BASED MICROFLUIDIC DEVICES

3.1 Introduction to Microfluidic Device Fabrication

As discussed in Chapter 1, soft lithography is a fast and easy method for rapid

. . - . 1-2 . - .
fabrication of microfluidic devices. Furthermore, microfluidic devices are popular for

use in studying biological systems due to their ability to perform fast/high-throughput

.34 5 .
analysis, utilize small sample volumes,” and integrate such processes. The

incorporation of cells onto microfluidic devices has become popular because dimensions

mimicking in vivo environments can be fabricated and that both adherent and non-

. : . 10-13
adherent cells can be investigated separately or simultaneously.

3.1.1 PDMS Microfluidic Devices
One of the most commonly used elastomeric polymers, polydimethyl siloxane
(PDMS), is optically transparent, gas permeable, pliable and has been useful for various

cell based applications. PDMS based microfluidic devices have been used to study

. . . 14-16 . .

interactions between multiple vascular cell types, interactions between cells and
. . .17 .. 18 19

underlying adhesion proteins,” cell migration,” automated cell culture,”” cell

... 20 : : . 21 : :
permeability, — transendothelial electrical resistance, = and electrochemical detection of

6, 22
analytes released by cells.

While PDMS has been a successful material for creating cell based experiments and

platforms, it has some disadvantages. PDMS, a crosslinked polymer composed of
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hydrophobic dimethyl-siloxane oligomers, has been shown to absorb small hydrophobic

23 . . . .24 .
molecules , leach un-crosslinked oligomers into solution,” and allow evaporation

through bulk material.25 Furthermore, efforts have been made to make microfluidic

devices amenable for use with standard lab equipment and easier to use in general. This

. : ) . . . o 26-27
includes integration with passive pumping and automated liquid handlers, and the

- . - . 2
ability to make microfluidic arrays capable of plate reader detectlon,3’ 8 but these

devices are still academic prototypes and they do not fit with all standard lab equipment.
Though this is a good start to making microfluidic devices integrated with standard

equipment more work in this area is needed.

3.1.2 Polystyrene Microfluidic Devices
Devices made from materials more established for cell culture, such as polystyrene

(PS), have the potential to be more compatible for cell culture on microfluidic devices

than PDMS.11 Multiple groups have focused on the fabrication of polystyrene devices

: 29-34
for microarrays or cell-based assays. Takayama et al. tested several “hard top, soft

bottom” microfluidic devices using a combination of the following rigid and elastomeric
polymers: PS, glycol-modified polyethylene terephthalate (PETG), or cyclic olefin
copolymer (COC) and polyurethane (PU) or PDMS coated with parylene C. To fabricate

the rigid layer of the devices, a PDMS master mold was made using conventional soft

lithography techniques1 and high temperature epoxy was poured onto the mold and

allowed to cure. The result is an epoxy mold with positive features. Then, via hot
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embossing, the epoxy mold was pressed into PS, PETG or COC. Finally, the soft bottom
of the device was bonded to the rigid plastic via plasma bonding. These devices had

lower evaporation and lower oxygen permeability when compared to devices made solely

out of PDMS. >

Beebe et al. took this approach one step further and fabricated a device whose top and
bottom are made out of polystyrene. Using a similar technique based on soft lithography
to make epoxy molds and hot embossing to create channel structures on PS, arrayed
devices were fabricated. Though a device made completely of PS was fabricated, a

limitation of the method still exists. This limitation includes the potential for channels to

collapse during the thermal bonding of PS to PS when aspect ratios are too high.30 A

feature common to both of these previous methods is the use of a heated hydraulic press
and multiple molding steps.

Allbritton et al. developed a method that only involves the production of a PDMS
mold via soft lithography, without the need for a heated press to produce channel
structure, as gamma-butyrolactone (GBL) was utilized to dissolve PS onto the mold.
Importantly, GBL dissolved PS without swelling the PDMS mold. Using this dissolving
process, devices with microwell and micropost arrays were fabricated and used to study
adherent and non-adherent cells. However, to seal the devices, a blank PS sheet was

made (using the same GBL process) and then sealed to the other PS piece via hot plate

. 36
heating and manual pressure.

Another study investigated the biocompatibility of cells on different substrates, where

) )
a hot embosser was used to create a chamber that cells were cultured in and studied. 9
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While these previous fabrication strategies were useful in demonstrating the advantages
of using polystyrene as a biocompatible microfluidic device material, there has been a
lack of integration with standard lab equipment such as pipets or instrumentation. This
chapter will focus on a method to fabricate a polystyrene microfluidic device that is easy,

capable of cell culture and integration with standard lab equipment.

3.2 Methods
3.2.1 Fabrication of a polystyrene device with integrated channels
The general strategy for fabricating polystyrene devices with integrated channels

is shown in figure 3.1. A PDMS mold with raised features was fabricated based on

previously established soft lithography techniques,37_38 except a positive mask was used

to produce recessed features in the master. Masters were fabricated on clean silicon
wafers with SU-8 50 photoresist (Microchem Corporation, Newton, MA, USA) spun at
500 rpm for 15 s and then 1000 rpm for 30 s, eventually leading to features that were 100
pm tall. The coated wafer was then exposed to ultraviolet light through a transparency
positive mask containing 250 pm wide channels in a serpentine pattern.  After
development, this resulted in a master with recessed features. A 10:1 ratio of
elastomer:curing agent (Sylgard 184, Ellsworth Adhesives, Germantown, W1, USA) was
then poured over the completed master, cured at 75 °C, and subsequently removed from
the master and sealed to a glass slide using a thin layer of uncured PDMS. A retaining
ring, made from PDMS, was then sealed to the mold to eventually hold melted PS. A
surface modification on the PDMS was then performed by preparing a 0.1 M solution of

(3-mercaptopropyl)-trimethylsiloxane  (Sigma-Aldrich, St. Louis, MO, USA) in

61



SU-8
Negative
Photoresist \

Positive Mask UV Light PDMS Slab

Exposure

Si Wafer

Postbake
Develop Fabricated Polystyrene Device

Cured
SU-8
V4 —p

Si Wafer

Add and Cure Add PDMS
PDMS Retaining Ring

Top View Side View Air plasma seal

Modify Surface

~ PDMS slab

Melt Polystyrene % \\

Top View Side View \\\\
e
e
\
Polystyrene

Figure 3.1: Fabrication of polystyrene devices with integrated channels. A silicon master
is coated with SU-8 50 photoresist, and exposed to UV light through a positive
photomask containing the serpentine features. The master is then developed and a PDMS
replicate of the master is made. This PDMS mold is then sealed to a piece of glass, and a
retaining ring of PDMS sealed along the outside. The PDMS is modified with 0.1 M (3-
mercaptopropyl)-trimethylsiloxane, and polystyrene melted into the mold at 185 °C for 9

hours. The completed device is then removed and a PDMS cover slab with punched
access holes is sealed to the polystyrene device through exposure to air plasma.

Pipet tip block
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The acetonitrile was allowed to evaporate, and then approximately 5 g of polystyrene
from Petri dishes were melted in the PDMS mold via contact heating for 9 hours on a
hotplate set to 185 °C. The hotplate was then turned off and the PS device cooled to room
temperature before it was removed from the mold. Once the PS device was removed
from the mold, the channels were air plasma sealed to a 10:1 PDMS layer with an inlet
(1/8 in) at each channel. This PDMS layer was made by pouring the elastomer and curing
agent mixture onto a blank silicon wafer and after curing, inlets were punched. In order
to achieve air plasma sealing, the PDMS and PS layers were cleaned with isopropyl

alcohol and doubly deionized water before being dried under vacuum for 5 min and then

. .37 . :
exposed to air plasma for 1 min.” Immediately following exposure to plasma, the two

layers were aligned by hand and sealed. To ensure permanent sealing, the device was
placed in a 75 °C oven for 30 min.

A PDMS injection block was also fabricated for sample delivery. Pipet tips were
suspended in a 10:1 ratio of elastomer:curing agent and cured for 30 min at 75 °C. The
pipet tips were then removed and inlets were punched with a 20 gauge luer stub adapter.
The PDMS injection block was then cut to the size of the polystyrene chip and air plasma

sealed to the device in the same manner as described above.

3.2.2 Integration of the Polystyrene Device with a Plate Reader

In order to make the device amenable for measurement in a plate reader (Spectramax
M4, Molecular Devices, Sunnyvale, CA, USA) a conventional, black, 96-well plate
(Greiner Bio-One, Monroe, NC, USA) was modified by removing the bottom of wells

with a rotary tool. This plate was then aligned over the serpentine channels in the
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fabricated polystyrene microfluidic device, and the assembly was inserted into the plate

reader for analysis.3 Fluorescein standards were then pipeted into the device using the

pipet interface block described in the methods section above. Fluorescence measurements
were obtained using an excitation wavelength of 494 nm and an emission wavelength of
521 nm. Fluorescein standards were prepared in phosphate buffered saline at
concentrations of 0, 18, 37, 75, and 150 uM. Standards were pumped through individual

channels on the polystyrene device using a 100 pL pipet set to 40 uL.

3.3 Results

Although PDMS has been widely used as a substrate material for microfluidic

devices, limitations of its use for biological assays include poor cell adhesion, absorption

. I : 11
of hydrophobic molecules, and swelling in organic solvents.”™ There have been several

reports of fabricating polystyrene-based microfluidic devices with hot embossing

29-30, 34

methods. However, many groups that routinely fabricate microfluidic devices do

not necessarily have access to all the tools needed for hot embossing so, being able to
utilize the common soft lithography equipment already in place would be beneficial.
Additionally, hot embossing techniques do not allow for any integration of analytical
tools during the fabrication process, such as electrodes or pumping mechanisms. In the
approach described by Allbritton’s group, where GBL was used to dissolve PS and then

poured onto a PDM mold, resulted in devices that are thin (0.3 mm) and requires full

evaporation of the solvent used to dissolve the PS.36 Thicker PS layers are needed (3
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mm) to allow for integrated channels as well as be a robust foundation for integrating the
PDMS injection block.

This led to the development of a different strategy based upon melting of polystyrene
from Petri dishes on a conventional hotplate against a PDMS mold. The goal of this
method is to produce thicker, robust devices that can be fabricated in a day with no
special equipment, bubble formation or solvent evaporation. Furthermore, these devices
were further integrated with pipets for pumping and plate reader detection schemes.

Additionally, the Martin group has shown that these devices can be similarly fabricated

. ) . . 39
with electrodes and suitable for electrochemical detection schemes.

3.3.1 Fabrication of Polystyrene-based Devices

Figure 3.1 outlines the process by which PDMS molds were created for subsequent
channel formation in polystyrene devices. The process of fabricating a master, where a
lithographically-derived master with recessed features was used to create the PDMS mold
with raised features. A retaining wall fabricated from PDMS was then sealed to this
mold. It was determined that the mold and retaining ring should be of the same material
to ensure equal thermal expansion. Thus, when pieces of a polystyrene-based Petri dish
were melted onto the PDMS with retaining walls, serpentine channels were formed in the
polystyrene. While upper and lower channel width limits were not determined here, in
this study we routinely utilized channel widths ranging from 200 to 300 um. In order to
seal the channels on the polystyrene device, a 10:1 PDMS layer with an inlet and waste
well for each serpentine channel was subjected to air plasma and irreversibly sealed to the

PS.
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Images of the master, PDMS mold and corresponding PS device were taken using
scanning electron microscopy (SEM). The PDMS mold and PS device were sputter
coated with gold prior to imaging. The master contains recessed channels, which
correspond to raised channels on the PDMS mold. The PS device, which is made from
the PDMS mold, also has recessed channels. As shown in figure 3.2, the SEM images
illustrate the successful transfer of features from the PDMS mold to the PS device as the

feature on the mold is replicated onto the PS.

The last step in device construction involved the creation of an injection block
that was molded out of PDMS using suspended pipet tips. The PDMS block was cut to
size and aligned over the inlets that were punched in the PDMS layer sealed to the
polystyrene. The block was then air plasma sealed in a similar manner to the PDMS
layer and the final device is shown in figure 3.3. A unique feature of the injection block
is that it is molded to support the use of pipets, thus enabling a standard micropipet or
fluidic injection system to serve as the device pump. Pipet tips, suitable for a 100 or 200
ML pipet, were used to create the mold and thus, deliver solutions to the serpentine
channels and out the waste well (figure 3.3). This allows for the use of pipets to induce
flow rather than syringe-based pumps that involve multiple syringes and intensive rinsing
procedures. A multi-channel pipet can be used to pump solution through 8 channels
simultaneously and as shown in a side view of a device (figure 3.3), each pipet tip

directly introduces fluid to the channel. It has also been shown that this device is capable

of enabling blood flow,39 which is a complex biological fluid often studied in clinical

laboratories. The ability to propel small volumes of biological samples through a
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Figure 3.2: SEM Images of master, PDMS mold and PS device. Top left: image of
sample master with recessed channels. Top right: image of PDMS mold with raised
channels. Bottom: image of corresponding PS device made from PDMS mold. PS device
has recessed channels.
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Figure 3.3: High-throughput micropipet pumping in polystyrene based microfluidic
device. Top-view of the device, where an 8-channel pipet can individually and
simultaneously address each channel. A pipet block is molded from immobilized 200 pL
pipet tips in PDMS. This is sealed to the cover slab of PDMS over an access hole. The
polystyrene device containing the serpentine channels is then sealed to the PDMS
components. The side view of the device shows how the pipet tips address each
serpentine channel.
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microfluidic device in a high throughput manner could be useful in laboratories where

such fluids are investigated on a routine basis.

3.3.2 Alignment in Plate Reader

An optical plate reader is standard equipment in most high throughput screening
laboratories. The serpentine channels on the polystyrene device were fabricated to have
the same width and distance apart as wells on a standard 96-well plate so that they could
be analyzed on a standard plate reader. Fluorescein standards were prepared in phosphate
buffered saline at concentrations of 0, 18, 37, 75, and 150 uM and then used to optimize
alignment of the polystyrene device in the plate reader. Standards were pumped through
individual channels on the polystyrene device using a 100 uL pipet set to 40 uL (figure
3.4A). In order to make the device amenable for measurement in the plate reader, a 96-
well plate was aligned on top of the device so that drilled-out wells corresponded to each
channel’s serpentine (figure 3.4B). Fluorescence measurements were then taken using an
excitation wavelength of 494 nm and an emission wavelength of 521 nm. It was
important to determine whether or not the device was aligned properly in the plate reader

by testing the linearity of the fluorescein standard curve. The alignment in the plate

. . . 2 :
reader proved successful as fluorescence intensity was linear (R =0.99) with

concentration (figure 3.4C). To ensure that the top PDMS layer had sufficiently sealed to
the channel containing PS layer, fluorescence microscopy was used to show that the
channels were not leaking. As shown in figure 3.5, when fluorescein is pumped through
the device using a pipet and imaged using a fluorescein isothiocyanate (FITC) filter on a
fluorescence microscope, the edges of the channel are clearly visible, indicating the
channel is sealed.
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Figure 3.4: Pumping, alignment and fluorescence analysis from a polystyrene device. A)
Fluorescein standards are pumped with a pipet into the device. B) The device is then
placed in a plate reader and fitted with a microplate as a guide. Fluorescence analysis is
performed with ex. 494 nm and em. 521 nm.
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Figure 3.5: Image of fluorescein in serpentine channels. After fluorescein (ex. 494 nm,
em. 521 nm) was pumped through the serpentine channel, fluorescence microscopy was
used take an image of the channel. The “bright” portion is the fluorescein in the channel,
whereas the “dark” portion is the space between bends in the serpentine, thus, the channel
was successfully sealed and is not leaking.
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One of the other concerns about these devices was the potential for analyte absorption
into the material. Absorption was investigated in PDMS and native polystyrene devices
using the anti-platelet drug, clopidogrel. It was found that clopidogrel absorbs
significantly in a PDMS device after 30 minutes, when compared to standards. However,

for the PS device, clopidogrel was recovered at statistically equivalent concentrations to

. . .39
the standards. These studies were performed using mass spectrometry for analysis.

3.4 Conclusions

Microfluidic devices can be fabricated from polystyrene using standard soft-
lithographic procedures and equipment without the need for embossing procedures or
solvent evaporation wait time. This new fabrication strategy allows for any lab already
set up to do standard lithography to create a polystyrene device. In addition, the rigidity
of polystyrene makes it more amenable to integration with equipment associated with
high- throughput screening, such as plate readers and pipets for fluid delivery.

The ultimate goal for these microfluidic devices would be to incorporate multiple
cells types on one device and integrate multiple detection schemes. In the Spence group,
this would involve integrating more blood components, such as red blood cells, platelets
and endothelial cells, to study these cells together as a system, rather than individually, in
order to better imitate the in vivo environment. Furthermore, when multiple cell types are

used there is often the desire to measure multiple analytes related to the cell system being

studied. In the example of blood components, such analytes as ATP, NO, Ca2+ would be

relevant to study, but would employ detections techniques of chemiluminescence,

electrochemistry, and fluorescence. However, the ability to integrate multiple detection
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schemes is often limited by the reliability of the microfluidic device being used. When
multiple cell types, detection schemes, and pumping mechanism are used on one device
the need for exact timing and proper function is important. If one detection scheme
should fail, or one cell type fails to culture, then a whole experiment may be deemed a
failure. Thus, reliability of the devices being used has to be examined.

PDMS is a suitable material for device prototyping, but its flexibility does not make it
suitable for robust device designs. PS has a low glass transition temperature, which
allows it to be molded at lower temperatures and it is the material commonly used for cell
culture. PS is also a rigid material, which lends itself to integration with pumping
mechanism and detection schemes as PS can be molded into a 96-well plate format
suitable for plate reader detection. For these reasons, the PS device describe herein has
the potential to be used to study biological process occurring in cells as polystyrene is a
common material used in cell culture and can be integrated with pumping mechanism and
detection schemes. Chapter 4 will investigate the use of these devices in studying cellular

behavior.
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CHAPTER 4: ANALYSIS OF ENDOTHELIAL CELLS USING A
POLYSTYRENE BASED MICROFLUIDIC DEVICE AND 96 WELL PLATE
READER DETECTION

4.1 Introduction

As discussed in Chapter 3, microfluidic devices have become popular for studying

cells due to their ability to mimic in vivo dimensions (e.g. blood vessels, which can be

anywhere from 10 um to 25 mm in diameter) and integrate various detection schemes.
Polydimethylsiloxane (PDMS) is one of the most widely-used materials in microfluidic
device fabrication because it is easy to work with, inexpensive, transparent and gas

permeable.s'6 Although PDMS devices have been successfully used in numerous cell

applications, o there are limitations with this material, including: poor cell adhesion

for some cell lines, partitioning of hydrophobic molecules in the PDMS, and leaching of

un-crosslinked monomers from the bulk PDMS.10 Thus, making microfluidic devices

out of more biocompatible substrates, such as polystyrene (PS), has been the focus of

several studies.ll'15 Chapter 3 explained how these PS devices were fabricated, while

Chapter 4 will focus on how these devices can be utilized for studying a cell based

system.

4.1.1 Cell Analysis on Polystyrene Microfluidic Devices

Takayama et al. used a device that had a PS top with channels embedded, and
sealed the device with a polyurethane (PU) soft bottom. Human dermal microvascular
cells (HDMECs) were cultured on the device and oxygen tension measurements were
performed via the use of an oxygen sensitive fluorescent dye. The results showed lower
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evaporation and lower oxygen permeability compared to a device made completely from

1 N
PDMS. ° However, in this construct, the only cellular work that occurred was successful

cell culture on the device, as no other cellular analyses were performed.

Beebe et al. fabricated arrayed polystyrene devices via a simple hot embossing
method that involves PDMS and epoxy molds. Using these arrayed devices, human
umbilical vein endothelial cells (HUVECs) were cultured in the device and after
activation by interleukin 1f, the upregulation of E-selectin was monitored via

fluorescence imaging. Additionally, chemotaxis of neutrophils was monitored across the

. 12
length of the channel in the presence of a chemoattractant via imaging.”  This is a good

example of how microscopy can be employed to study cell upregulation and migration on
a polystyrene device.

Another example of a PS device used to study cell behavior is from Allbritton et
al. where PS was molded into arrays of either microwells or microposts for segregation
and tracking of non-adherent and adherent cells. The microwells were used to capture

nonadherent cells and the adherent cells would attach to the microposts and proliferate.
. . . .17 .
Scanning electron microscopy (SEM) was used to track this cell activity.” Allbritton et
al. also created PS coated micropallets for improving cell adhesion and proliferation of
. 13
primary muscle cells.

Lastly, Midwoud et al. recently compared the use of different thermoplastics,
including polystyrene, for the adherence of human hepatoma cells in a patterned

structure, with the substrates being characterized in terms of surface treatment, adsorption

of hydrophobic compounds, and biocompatibility.11
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All of the previously mentioned studies demonstrated that polystyrene is a
suitable substrate for cell studies performed on microfluidic devices. However, there
have not been any examples of using these devices to monitor intra- or extra-cellular
function by integrating the devices with current laboratory equipment. The device
presented in Chapter 3 has the ability to use a pipet as a pumping mechanism as well as a
96 well plate reader for detection of cellular events. Furthermore, cell culture is
successful on the device and in this construct, cell uptake, production and release can be
monitored for several analytes.

4.2 Methods
4.2.1 Endothelial Cell Culture in Polystyrene-based Microchannels

In order to facilitate cell adhesion in the channels of the polystyrene device, a 100
pug/mL solution of bovine plasma fibronectin (Invitrogen, Carlsbad, CA, USA) cell

adhesion protein was introduced to the channels via the injection block (described in

Chapter 3) and allowed to adsorb for 1 hr in a 37 °C and 5% CO» incubator. The

channels were then dried and exposed to UV light for 15 minutes. Bovine pulmonary
artery endothelial cells (bPAECs) were purchased in frozen cryovials (Lonza,
Walkersville, MD, USA). The vials were thawed to room temperature and added to a T-
75 tissue culture flask containing 9 mL of endothelial growth media (EGM) that had been
equilibrated to 37 °C. The EGM consists of a low glucose (5.5 mM) Dulbecco’s
Modified Eagles Medium (DMEM, MIDSCI, St. Louis, MO, USA) supplemented with
2.5% v/v adult bovine serum (Sigma-Aldrich, St. Louis, MO, USA), 7.5% fetal bovine

serum (Lonza), penicillin, streptomycin, and amphotericin B (MIDSCI, St. Louis, MO
USA). bPAECs were allowed to grow in a humidified incubator at 37 °C and 5% CO»
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until they were determined as confluent by optical microscopy. Media was changed the
day after plating and then every 2 days thereafter. The bPAECs were subcultured when
the cells reached >80% confluence as visualized by optical microscopy.

In order to seed bPAECs into the channels of the microfluidic device, bPPAECs were
washed with 10 mL of HEPES and then treated with 5 mL of 0.25% trypsin/EDTA. This
solution was then removed and the cells suspended in 10 mL of EGM. The cell
suspension was removed from the flask and centrifuged at 1500 g for 5 min. The
supernatant was removed and the pellet was resuspended in 450 pL of equilibrated

media. This concentrated cell solution was introduced to the channels in the same

manner as the fibronectin and incubated for 1 hr at 37 °C and 5% CO,. After an hour of

growth, the ECs were re-seeded in the channel and media was subsequently changed
every 2 hrs. The ECs were allowed to grow to confluence overnight and used the day
after seeding.

To verify cell confluence in the channels, 1 uM 5-chloromethylfluorescein diacetate
(CMFDA) cell tracker (Molecular Probes, Carlsbad, CA, USA) was pumped through the
channels to fluorescently label the bPAECs for monitoring with an optical microscope
(Olympus 1X71 Microscope, Olympus America, Melville, NY, USA) fitted with a FITC
filter cube (Chroma Technology Corp, Bellows Falls, VT, USA) containing the excitation

(460-500 nm) and emission (505-560 nm) filters.

4.2.2 Fluorescence Detection of Intracellular Endothelial Nitric Oxide
A 5 mM stock solution of the intracellular nitric oxide (NO) probe DAF-FM-DA (4-

amino-5-methylamino-2’,7’-difluorofluorescein diacetate, Molecular Probes) was made
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by dissolving 50 pg in 20 uL anhydrous dimethyl sulfoxide (DMSO). A 10 uM solution
of DAF-FM-DA was prepared by diluting 2 pL of stock to 1 mL with physiological salt

solution (PSS). The concentrations of salts (in mM) in the PSS were as follows: 4.7 KCl,

2.0 CaCly, 1.2 MgSQy, 140.5 NaCl, 21.0 Tris, and 5.5 glucose (pH 7.4). The 10 uM

DAF-FM-DA solution was then pumped (via the PDMS injection block) over the

bPAECSs using a 100 uL pipet set to 40 uL, and then repeated to ensure adequate cell
exposure to probe. The device was then incubated for 1 hr at 37 °C and 5% CO». After

incubation, the channels were rinsed twice with PSS to remove excess probe, followed by

a waiting period of 10 min at 37 °C and 5% CO» to allow for probe de-esterification by

intracellular mechanisms.

Initial fluorescence measurements of the bPAECs were taken by aligning a 96 well
plate, with drilled out wells corresponding to each channel’s serpentine, on top of the PS
device. Fluorescence measurements were performed using a plate reader (Spectramax
M4, Molecular Devices, Sunnyvale, CA, USA) set to an excitation wavelength of 495 nm
and an emission wavelength of 521 nm. These measurements served to represent the
baseline levels of NO in the cells. After measurement, adenosine triphosphate (ATP,
Sigma-Aldrich) was pumped over the bPAECs in the same manner as the probe. ATP
standards were prepared by dissolving ATP in 25 mL PSS to make a 1 mM stock
solution. Next, a 100 uM solution was prepared by diluting 100 uL of the ATP stock
solution to 1 mL; this 100 uM solution was then diluted further to prepare a 0.5 uM ATP

solution that was subsequently pumped over the bPAECs in the device. Following a 30

minute incubation period at 37 °C and 5% CO,, the final fluorescence measurements
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were taken on the plate reader in the same manner as before. The differences in
fluorescence were obtained and normalized to the channels that had been addressed with

0 uM ATP (PSS alone).

4.2.2 Fluorescence Detection of Endothelial Calcium Uptake

A 2.3 mM stock solution of the intracellular calcium (Ca2+) specific fluorescence
probe Fluo-4 AM (Invitrogen, Grand Island, NY, USA) was made by dissolving a 50 ug
vial in 20 uL of anhydrous DMSO. Next, a 5 pL aliquot of the stock solution, along with

5 pL of 200 mg/mL pluronic F-127 surfactant (Invitrogen, Grand Island, NY, USA),

were combined in order to enhance the probe’s penetration capacity. Finally, the probe

solution was diluted to 2 mL in Ca2+ free PSS to create a 5.7 uM solution. The 5.7 uM

Fluo-4 AM was then pumped over the bPAECs using a 100 uL pipet set to 40 uL (via the

PDMS injection block), then repeated to ensure adequate cell exposure to probe. The

device was then incubated for 30 min at 37 °C and 5% CO». After incubation, the
channels were rinsed twice with Ca2+ free PSS to remove excess probe and incubated for

an additional 10 min at 37 °C and 5% CO; to allow for probe de-esterification by

intracellular mechanisms. Initial fluorescence measurements of the bPAECs were
obtained using the plate reader as described above for the NO, although the excitation

and emission wavelength settings were modified to 496 nm and 516 nm, respectively.

. 2+ .
These measurements served to represent the baseline levels of Ca~ in the cells.
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After measurement, PSS (with Ca2+) or 10 uM Ca2+ ionophore A23187 (Sigma-

Aldrich, St. Louis, MO USA) in PSS were pumped over the bPAECs in the same manner
as the probe. The Ca2+ ionophore was prepared by dissolving 5 mg in 1.9 mL of

anhydrous DMSO to create a 5 mM stock solution. Next, a 100 uM working solution was

prepared by diluting 20 pL of stock to 1 mL in PSS and finally, a 1:10 dilution in PSS

was performed, resulting in a final concentration of 10 uM Ca2+ ionophore. Once PSS or

ionophore was flowed over the bPAECs, the device was allowed to incubate for 10 min at

37 °C and 5% CO». Final fluorescence measurements were taken on the plate reader as

described above.

4.2.3 Cell Viability Study

Saponin (Sigma Aldrich, St. Louis, MO, USA) was used to permeabilize bPAEC
membranes in order to induce cell death. A 0.25% solution of Saponin was made by
dissolving 13.2 mg into 5.28 mL of water. A 1 mL aliquot of the 0.25% solution was
then diluted to 10 mL with PSS resulting in a 0.025% solution. This solution, or PSS,
was then flowed over bPAECSs cultured in the polystyrene device.

The nucleic acid stain, Sytox Green (Invitrogen), which only labels cell with
compromised membranes, was used to determine whether or not saponin had killed the
immobilized bPAECs. Its excitation and emission maxima are 504 and 523 nm,
respectively when bound to DNA. After Saponin or PSS was flowed over the cells, 1 uM

Sytox Green was flowed over the bPAECs. The probe was allowed to incubate at 37 °C
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for 15 min. and then imaged using fluorescence microscopy and fluorescence intensity

recorded using a plate reader.

4.3 Results

A limitation of PDMS devices is poor cell adhesion of some cell lines for example,
PC 12 cells. Adherent proteins, such as collagen, or fibronectin, are commonly used to
facilitate cell adherence can be coated onto PDMS surfaces. However, despite the use of
adhesion proteins, cells are still not as adherent on PDMS as they are in conventional cell
culture substrates such as polystyrene.  Previous studies have investigated the

biocompatibility of cells on various thermoplastics including polystyrene, with the

: - 11,17
surfaces being rendered hydrophilic by means of UV-o0zone or plasma treatment.” ™ = In

the case of PC 12 cells, it was found that they were more adherent on a polystyrene

surface than a PDMS device with 8% and 75% of the cells lost after rinsing,

. 18
respectively.

4.3.1 Monitoring Nitric Oxide Production, Calcium Uptake and Viability in
Endothelial Cells

The pumping mechanism using the PDMS injection block to interface with a pipet (as
described in Chapter 3) was used to introduce bPAECs into to the polystyrene-based
microchannels. A side view of one channel is shown in Figure 4.1, where a layer of
fibronectin (cell adhesion protein) was first introduced to the channel (via the injection

block). After allowing the fibronectin to absorb for 1 hr, a concentrated solution of
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Figure 4.1: Endothelial cell culture on a polystyrene device. To culture endothelial cells, the device was first coated with fibronectin.

Next, a suspension of endothelial cells was pumped into the device. The device was then incubated at 37 °C, 5% CO» for 2 hours.
Media was changed every two hours until cell confluence was observed. A bright field image is shown on the top right, while the
image on the bottom right was obtained by incubating the cells with CellTracker CMFDA fluorescenct probe.
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bPAECs was introduced into the device and allowed to adhere and grow in the
microchannel (in an incubator), with frequent media changes (every 2 hrs). The bPAECs
on the polystyrene grew to confluence overnight and were visualized by optical
microscopy as shown in the bright field image in Figure 4.1. To further ensure that the
cells in the serpentine channels were confluent, they were also labeled with the cell
tracker CMFDA and visualized under the FITC filter of the microscope (as pictured in
the fluorescent image, Figure 4.1). Before any biological studies were performed on the
bPAECs cultured in the polystyrene device, they were first visualized with optical
microscopy to confirm the presence of healthy, confluent cells.

The in-channel cultured bPAECs were incubated with the intracellular NO probe

DAF-FM DA and then exposed to ATP, a known stimulus of NO production in

. 7, 19 . - I
endothelial cells; therefore, it was anticipated that ATP would result in increased

intracellular bPAEC NO production. Upon application of 0.5 uM ATP to the cells in the
serpentine channel, a significant increase in NO production was observed when compared
to applying PSS alone (Figure 4.2). This increase was measured by aligning the device in
the plate reader and performing top-read fluorescence measurements in a high-throughput

manner. The device was also utilized to measure cellular uptake by monitoring

Ca2+ influx into the bPAECs after stimulation by a Ca2+ ionophore. Cells in the device

: 2+ . - : :
treated with Ca~ ionophore exhibited a 42 + 13% increase in fluorescence compared to

cells treated with PSS alone, which only exhibited a 17 £ 2% increase in fluorescence
(N=3, error: SEM, p-value < 0.05) as shown in Figure 4.3. These studies suggest that the

polystyrene devices with imprinted channels can be integrated with existing infrastructure
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Figure 4.2: Intracellular measurement of NO. These cells were incubated with 10 pM
DAF-FM-DA, an intracellular NO probe, at 37 °C for 30 min; excess probe was rinsed
off the cells by pumping buffer without probe through the channels. After the incubation
period, a basal fluorescence measurement was taken using a standard plate reader. Next,
0.5 uM ATP was pumped over the cells and allowed to incubate for an additional 30 min
in order to stimulate NO production in the endothelial cells. A final fluorescence
measurement was taken using the plate reader and the difference in fluorescence
calculated. This value was normalized to the difference in fluorescence for a 0 uM ATP
standard. The average changes in fluorescence for n=3 separate devices is shown in,
along with error bars representing the standard error of the mean. The changes are
significant for p<0.001.
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Figure 4.3 Intracellular Measurement of Ca ¥ Uptake: These cells were incubated with

5.7 UM Fluo 4AM, an intracellular Ca2+ probe, at 37 °C for 30 min; excess probe was
rinsed off the cells by pumping buffer without probe through the channels. After the
incubation period, a basal fluorescence measurement was taken using a standard plate

reader. Next, 10 uM Ca2+ ionophore was pumped over the cells and allowed to incubate

for an additional 10 min in order to stimulate Ca2+ uptake in the endothelial cells. A
final fluorescence measurement was taken using the plate reader and the difference in
fluorescence calculated. This value was normalized to the difference in fluorescence for
a 0 uM ionophore. The average changes in fluorescence for n=3 separate devices is
shown, along with error bars representing the standard error of the mean. The changes
are significant for p<0.05.
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(pipets for pumping and plate readers for detection) and can be utilized to study both an

intracellular process (NO production) and cellular uptake (Ca2+ influx).

Another study was performed to see if this device could be used to monitor cell
viability. Saponin was flowed over cells cultured in the PS device in order to induce cell
death. The bPAECs were then incubated with Sytox Green, which is a fluorescent
nucleic acid stain that does not cross the membrane of live cells. The increase in
fluorescence for cells treated with saponin, versus the control treated with PSS, is shown

in Figure 4.4 and is statistically different (p<0.001).

4.4 Conclusions

The polystyrene device whose fabrication was described in Chapter 3 was used to
study endothelial cells. Endothelial cells, those that comprise the inner wall of blood
vessels, were immobilized into a polystyrene device. These cells were stimulated to

produce nitric oxide, which was determined intracellularly with a fluorescence probe.
2 : . .

Furthermore, these cells’ uptake of Ca ¥ was also determined with an intracellular

fluorescence probe. In a separate set of experiments done by the Martin group, though

using a similar polystyrene device integrated with electrodes the stimulated (K ) release

. . - 18
of catecholamines from a layer of immobilized PC 12 cells was also measured.

Finally, the ability to induce and study cell death was also accomplished through the use
of this device. These results demonstrate that devices fabricated in polystyrene are
capable of being used in many of the same types of assays as those devices made from

other materials, such as PDMS. The use of polystyrene is advantageous in fabrication
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Figure 4.4: Cell Viability. Saponin, a detergent that permeabilizes cell membranes, was used to induce endothelial cell death as
visualized by the nucleic acid stain Sytox Green. Sytox Green does not label live cells thus, the image on the right indicates the
presence of dead cells after saponin administration. The bar graph shows an increase in fluorescence, indicative of cell death, for cells
treated with saponin as compared to cells treated with PSS. The average changes in fluorescence for n=5 separate devices is shown,
along with error bars representing the standard error of the mean. The changes are significant for p<0.001.
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strategies that seek to employ integration with electrodes, injection blocks for pipet

pumping, and plate reader detection schemes. This allows for endothelial cell behaviour

(NO production, Ca2+ uptake, viability) to be studied in a high throughput manner.

Furthermore, the rigidity of polystyrene and its ability to be integrated with a 96 well
reader show promise in its ability to be further utilized with established, automated lab
equipment.

Though in this construct the PS device was only used to study endothelial cell
behaviour, it has the potential to be a powerful tool used to study multiple cell types. In
Chapter 2, | discussed an aspect of platelet biology that could play a larger role in the
vasculature. The Spence group hypothesizes that the ATP activated P2X1 receptor on the
platelet surface is influenced by RBC and endothelial cell behaviour, specifically by their
release of ATP, NO, and other platelet inhibitors or activators. The PS device can be
used to study interaction between these three cell types. Whole blood, or RBCs
combined with platelets, could be flowed over a layer of immobilized endothelial cells
and multiple detection schemes can be incorporated in the device. The 96 well plate
format would lend itself to fluorescence measurements or chemiluminescence,
furthermore, cells can be collected at the end of the channel for off chip analysis such as
flow cytometry for platelet activation. In this manner, P2X1 receptor function would be
probed at the RBC and endothelial cell level.

As discussed previously, RBCs release ATP and these levels of ATP may
influence platelet activation. To investigate this relationship, studies previously done in

the Spence lab where platelets incubated with RBCs and various ATP release

. o . - .20
activators/inhibitors adhering to an uninjured endothelium " can be repeated on the PS
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platform. In this manner, it would be possible to measure ATP release from RBCs,
endothelial cell NO production and platelet activation. To measure ATP release a
membrane could be incorporated into the device so that ATP released from RBCs or
platelets could diffuse above the membrane to be measured via the luciferin/luciferase
chemiluminescence reaction, these analytical wells would be fabricated in a 96-well
format. The endothelial cell NO (platelet inhibitor) could be measured as discussed in
this chapter, but the RBCs, due to their red color, would have to be washed out of the
channel before a fluorescence measurement was taken. Finally, samples can be collected
for off chip analysis via flow cytometry to investigate the levels of platelet activation.
Flow cytometry would separate the different cell types and allow for the detection of
fluorescently labelled antibodies indicative of platelet activation. The integration
possibilities for this PS device would be useful for studying the interactions between

different cell types though more work still needs to be done on integrating detection

schemes for analytes besides NO or Ca2+.
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CHAPTER 5: CONCLUSIONS AND FUTURE DIRECTIONS
5.1 Platelet P2X1 Receptor Function

Circulating platelets are in an inactive state, but upon blood vessel injury, platelets
become activated and aggregate at the injury site forming a plug, or clot, that prevents
further blood loss. Purinergic receptors on the platelet surface play a role in this clotting
process and include the adenosine diphosphate (ADP) activated P2Y1 and P2Y12, and

the adenosine triphosphate (ATP) activated receptor P2X1. The P2X1 receptor is an

ATP-gated calcium (Ca2+) channel. The platelet P2X1 receptor’s role in platelet

activation and aggregation is not well understood, but there is evidence in the literature

: : .13 . .
that it contributes to platelet activation. The Spence group believes that RBC-derived
ATP release has an effect on platelet activation via this P2X1 receptor. Disease states

I : .45 . 6-7 e . 8-
with increased (multiple sclerosis  ~, sickle cell anemia™ ") or decreased (cystic fibrosis

: 10-11 . 12-1 -

9, diabetes 0 , pulmonary hypertension 3) RBC ATP release all exhibit platelet
hyperactivity.
NF449, commonly used as a P2X1 inhibitor, was found to be a platelet sensitizer

that can be used to study platelet Ca2+ influx induced by ATP or ADP without the

14 . .
presence of added apyrase.”  This allows for a new way of studying ATP’s effect on the

platelet without the use of apyrase (which breaks down ATP) or a non-metabolizable
form of ATP. By using NF449 in this manner, the effect of native ATP on the P2X1

receptor can be investigated. Additionally, the effects of ATP can be distinguished from
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. 2 .
those of ADP, with regard to platelet Ca * Experiments on washed platelets are useful

for isolating the platelet’s response to agonists, while the platelet’s interaction with other
cell types in the vasculature (RBCs, endothelial cells) is more relevant to in vivo

conditions.

In Chapter 1, various microfluidic devices used to study platelet activation were
described. The microfluidic platelet adhesion device developed by the Spence group has
an advantage over many other devices as it incorporates 3 blood cell types (RBCs,
platelets, and endothelial cells) to study platelet activity, whereas other systems only
employ collagen and platelets. However, the adhesion device still has some drawbacks.
For example, in order to observe platelet adhesion, a low flow rate (0.2 uL/min) was used
during experiments and, after the samples were pumped, the device was further incubated
before rinsing and detecting platelets sticking to the endothelium. This does not represent
well in vivo conditions as blood is not continuously flowing throughout the experiment.
Furthermore, while this may indicate a baseline of platelet activation, there is no injury to
the endothelial cells so, it does not truly represent the formation of a thrombus. Lastly,
platelets adhering were counted individually, which is a time consuming process. |

propose an in vitro microfluidic platform for studying thrombus formation by controlled
cell lysis. Endothelial cells can be cultured in the device as described previously,3 but

with collagen as the adhesion protein to better represent the environment in vivo. An

. - . . 15 .16 . .17
endothelial cell injury can be induced via laser” , chemical™ ", or applied potential ™ thus,

exposing collagen. Next, either whole blood or platelets alone or some combination of

RBCs and platelets could be flowed over the injury and thrombus formation monitored.
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Ideally, the platelets would be tagged with a fluorescent probe and visualized using
microscopy and the fluorescence intensity of the thrombus monitored rather than

individual platelets adhering to an undisturbed endothelium.

This device would have an advantage over current in vitro microfluidic models as
it would not only incorporate cells of the vasculature, but also a vascular injury. This
would be a useful tool in probing P2X1 function in thrombus formation as each
component of the blood could be manipulated, for example, RBCs separated from
platelets could be treated with an ATP release inhibitor, then recombined with platelets
and the effects of this inhibition observed. Additionally, whole blood samples from
healthy controls versus disease states with altered ATP release/platelet activity could also

be flowed and studied in this controlled environment.
5.2 Polystyrene Microfluidic Devices

The polystyrene (PS) device from chapters 3 and 4 was successfully integrated

with standard lab equipment (pipet and 96 well plate reader) and used to study

. . : 18-1 : . . -
endothelial cells cultured in the serpentine channels. 819 PS is a desirable microfluidic

device material because it is commonly used for cell culture and the rigidity allows for
easier integration as compared to the flexible polydimethylsiloxane (PDMS) polymer.
Furthermore, one of the drawbacks of PDMS devices is absorption of compounds into the
PDMS. This was demonstrated in a static system where the drug, clopidogrel, absorbed

significantly into PDMS, but not PS, when compared to standards made up in

. . 19
polyethyelene microcentrifuge tubes.
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The study of drug transport across a membrane is useful in creating in vitro
pharmacokinetic profiles for new drug candidates. This is commonly performed using a
hollow fiber bioreactor cartridge employing cell culture. These cartridges contain fibers
that retain bacteria or cells, but allow drugs and nutrients to flow freely. Media propelled

. . . 20-22
through the cartridge provides oxygen and nutrients for the cells. 0 However, the

cartridges use large volumes of media ~ 20 mL, are low throughput, and do not allow for
any post analysis of cells. Our group has developed a PDMS based microfluidic device
with a polycarbonate membrane capable of performing these measurements (unpublished
data), however, as previously mentioned, PDMS may not be the best material as certain
drugs may absorb into the device material. Thus, using the PS technology developed
herein, a membrane was incorporated during fabrication in order to study drug transport

across the membrane.

A device made of PS and PDMS that incorporated a polyester membrane and
fittings to integrate pumps was developed and an image of the device is shown in figure
5.1. This device was made in a similar manner to the devices in chapter 3, but before the
top PDMS layer was plasma sealed to the PS, a polyester membrane dipped in 25%
toluene 75% methanol was laid across the channel and immediately dried. Though drug
transport was able to be measured using this device, no improvements in drug absorption
were observed when compared to a PDMS device (results not shown) even though 3

sides of the channel were made of PS and one side PDMS.

The ultimate goal would be to create a device that is made solely from

polystyrene, but still incorporate a membrane. A PDMS negative mold of channels was
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Figure 5.1: Membrane based polystyrene device. The bottom layer of this device is PS
containing embedded channels, while the top layer is a PDMS slab containing wells for
sample introduction (adapters), sampling (above membrane) and waste. Between these
two layers is a polyester membrane that allows for diffusion from the channel to above
the well. The luer adapters are attached to the device with a quick dry epoxy and this
allows for syringes to be used for sample pumping.
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fabricated, whereby pouring and curing epoxy over this PDMS mold, an epoxy mold with
positive features was made. In brief, a 10:1 ratio EC 415 epoxy to curing agent (Adtech
Plastic Systems) was poured over the PDMS mold with negative features and allowed to
spread over the features. Manual spreading should be avoided as it adds bubbles to the
epoxy. To reduce bubble formation the PDMS mold can be desiccated prior to pouring
the epoxy or the mold with the epoxy can be put under vacuum for a very short time, the
epoxy will expand rapidly under vacuum. The epoxy mold was then cured for 24 hrs on a
40 °C hot plate and any bubbles that surface are manually popped with a Pasteur pipet.
After 24 hrs, the epoxy was carefully demolded from the PDMS mold and the following
post cure was carried out on a hot plate: 93 °C for 2 hrs, 121 °C for 2 hrs, 149 °C for 2
hrs, 177 °C for 2 hrs. The result was a solid gray positive-relief epoxy mold that

replicates the original SU-8 master.

This epoxy can withstand higher temperatures and pressures therefore, it can be
used in a heated hydraulic press to transfer channels to sheets of polystyrene. Finally, the
polystyrene embedded channels can be sealed to another sheet of polystyrene with wells
to address sample and waste. The initial prototypes contained channels that were
approximately 200 um wide, although these channels would become deformed or
completely blocked when sealed to a PS sheet. Thus, the channels were scaled up to 1.5
mm wide in order to optimize the sealing procedure. The final hydraulic press schedule

used to embed channels in the PS is described below

The press was set to 115 °C (~ 120 °C) and allowed to equilibrate at that
temperature for 20 min. Then the following layers were inserted into the press in order

from bottom to top: mirror finished stainless steel plate, featureless PDMS, PS blank

103



sheet, epoxy mold, rubber sheet, Teflon sheet, mirror finished stainless steel plate. The
press was closed with 2000 Ibs of pressure and after 7 min. the temperature was turned
down, the water turned on, and the press allowed to cool to 65 °C before removing the
sample. The PS was carefully demolded from the epoxy with the PS now containing
embedded channels. Any thicker edges were removed before moving on to the next

step.

In order to seal the PS sheet with channels to a blank PS sheet with wells, the
hydraulic press was set to 75 °C (~ 80 °C) and allowed to equilibrate for 10 min. The
following layers were then inserted into the press in order from bottom to top: mirror
finished stainless steel plate, featureless PDMS, PS blank with wells for inlets and
outlets, PS with channels, featureless PDMS, rubber sheet, Teflon sheet, mirror finished
stainless steel plate. The press was closed with 3000 Ibs of pressure and after 10 min. the
temperature was turned down, the water turned on, and the press was allowed to cool to
65 °C before removing the sample. The final product is a microfluidic device made
completely out of PS with channels and inlets and outlets. These channels were
successfully sealed with no blockages as shown in figure 5.2 where fluorescein was
flowed and visualized using fluorescence microscopy and no leaking occurred. Further
development is still needed on sealing a membrane between the two PS slabs. One of the
downsides to these lithographically based fabrication strategies is the time it takes to go
from device idea to functional prototype. There are multiple intermediate steps before
the device is finished and this is one reason why 3 dimensional (3D) printing was

investigated as a new method for creating these devices.
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Figure 5.2: Polystyrene sealed to polystyrene device. The image on the left shows a two
layer device where the bottom layer has channels embedded in PS and the top blank layer
containing wells, also PS. These to pieces of PS was thermally sealed together using a
heated hydraulic press. To ensure that no channels were obstructed, fluorescein was
flowed though the channels, and the representative fluorescent image on the right shoes
that the channel is sealed, not leaking.
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5.3 Introduction to 3 Dimensional Printing

In this dissertation, PDMS and polystyrene have been discussed as materials for
microfluidic devices and the processes by which those devices are photolithography and
soft lithography. One of the downsides of conventional photolithography, soft
lithography, and hot embossing is the time it takes to go from device design to a final
usable device. Additionally, any modifications to the device have to be made at the
master level, thereby starting the whole process anew. This, in particular, is a drawback
when developing novel devices, where multiple prototypes may be necessary before a
final design is decided upon. 3D printing technologies allow for fast device production,
and also for designs to be modified and optimized quickly based on the ongoing data

collection in the lab.

3D printing has commonly been used in manufacturing industries to produce

design prototypes, but recently it has been utilized in the areas of scaffolds for tissue

23-2 . 272 .29 . .. 30-31 .32
growth, 320 prototyping, 8 electronics 9, mlcroflmdlcs30 3 , and pneumatlcs.3 3D

printers build a device layer by layer based on “sliced” 3D models that are drawn using a

computer program, such as Computer Aided design (CAD).33'34 In work here, the Objet

Connex 350 is used to create all 3D printed devices. The Objet 3D printer constructs the
device layer by layer by inkjet deposition of photopolymerizable materials that are
hardened by subsequent UV irradiation. The Objet Connex 350 is able to print polymer

droplets that are 42 pum in diameter, which allows for features ranging in size from 100 —

1000 pum. Though fluidic devices that allow for mixing30 and chambers for organic

.31 . . 25
reactions ~ have been fabricated as well as scaffolds allowing for cell growth , to date,
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no device has been directly printed that incorporates flow, drug transport and cell based
techniques together on one 3D printed device. Here we fabricate a 3D printed milli-
fluidic device that directly integrates with syringe pumps, allows for drug transport across
a membrane, and can be used to study cell viability using commercially available cell
inserts. These studies were executed with the help of my fellow graduate student, Sarah

Lockwood, who performed all the mass spectrometry studies.

5.3.1 3D Printed Device Fabrication

All 3D printed devices were printed on an Objet Connex 350 printer housed in
Department of Electrical and Computer Engineering at Michigan State University. All
devices were printed using Objet Vero White Plus material whose composition is
proprietary, but contains: isobornyl acrylate (15-30%), acrylic monomer (15-30%),
urethane acrylate (15-50%), epoxy acrylate (5-10; 10-15%), acrylic monomer (5-10; 10-
15%), acrylic oligomer (5-10; 10-15%) and photoinitiator (0.1-1; 1-2%). Once printed,
the devices are opaque, white and rigid. Initial prototypes contained only one channel,
but as many as 8 channels on one device have been printed. Using commercially
available cell culture inserts (0.4 um pore diameter, Corning Incorporated, Corning, NY,
USA), polycarbonate membranes were clicked into place above the channel. The
channels are 3.0 mm wide and 1.5 mm deep under the membrane. To integrate the
devices with syringes for pumping, the inlet was printed so that a female luer adapter (P-
629, IDEX Health and Science, Oak Harbor, WA, USA) could be clicked into place and
sealed with quick drying epoxy. In this manner, syringes were hooked up to the device

via this adapter and a dual syringe pump was used to flow sample through the channels.

107



5.3.2 Sample Preparation for Drug Transport

To study drug transport in the 3D printed device, three established drugs,
clopidogrel, levofloxacin (Sigma Aldrich, St. Louis, MO, USA)and linezolid (TOCRIS
Bioscience, Bristol, United Kingdom), were prepared in standard solutions ranging from
100 to 2000 nM. Clopidogrel was solubilized in 0.1 M HCI, and linezolid and

levofloxacin were dissolved in water to prepare 1 mg/mL stock solutions. Using a

physiological salt solution (PSS) comprised of 2.0 mM CaCly, 4.7 mM KCI, 11.1 mM

dextrose, 12 mM MgSQy, 21.0 mM tris(hydroxymethyl)aminomethane, and 140.5 mM

NaCl (final pH 7.4)(Sigma Aldrich) as a buffer, the stock solutions were diluted to the
desired standard concentrations. Standards were then pumped at 1 pL/min through the
channels of the 3D device for one hour. In this case, the cell culture inserts that were
clicked in above the channel contained 150 puL of PSS and from that aliquots of sample
(25 pL) were taken after an hour of pumping. The 25 pL samples were added to 96 pL
of cold acetonitrile (Mallinckrodt Chemicals, Phillipsburg, NJ, USA) containing the
internal standard, 750 nM ciprofloxacin (Sigma Aldrich). To remove any precipitate,
samples were centrifuged (500 g for 10 min) and the supernatant removed. After
centrifugation, the samples were added to a polycarbonate PCR plate (Denville,

Metuchen, NJ, USA) and sealed using a RapidEPS seal (Bio Chromato, Fujisawa, Japan)

5.3.3 Mass Spectrometric Analysis of Drug Transport

Detection of the drugs was achieved by using a Shimadzu high performance
liquid chromatograph  (HPLC) coupled with multiple reaction monitoring mass
spectrometry (MRM-MS/MS) with electrospray ionization (ESI) using a Waters Quattro
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Micro triple quadrupole mass spectrometer. The reverse phase HPLC separation was
performed through the use of a Supelco Ascentis precolumn, followed by a packed
Supelco Ascentis Express C18 column (length: 3 cm, ID: 2.1 mm, particles: 2.7
pum)(Supelco, Bellefonte, PA, USA). A 10 uL sample from the PCR plate was injected
onto the column where it underwent separation at 0.45 mL/min with the corresponding
gradient, 95% A, 0% B for 0.25 min; 2% A, 0% B at 1.00 min; 2% A, 0% B at 1.25 min;
30% A, 15% B at 1.75 min; 30% A, 15% B at 1.90 min; 95% A, 0% B at 2.00 min.
Solvent A is methanol, solvent B is acetonitrile and solvent C is 1% formic acid in water.
Retention times of ciprofloxacin, clopidogrel, levofloxacin and linezolid are 1.51, 2.08,
1.48, and 1.71 minutes, respectively. Upon introduction into the Quattro Micro mass
spectrometer, analytes were ionized by ESI and further analyzed using the MRM-
MS/MS. The method for detection of ciprofloxacin, clopidogrel, levofloxacin and
linezolid involved a cone voltage of 25 V for the internal standard and 30 V for the
remaining drugs. Collisional energies for ciprofloxacin, clopidogrel, levofloxacin, and
linezolid were 40, 35, 30, and 35 eV, respectively. The MRM transitions monitored were

m/z 332.11>231.06 (ciprofloxacin), 322.08>155.03 (clopidogrel), 362.11>234.05

(levofloxacin), and 338.13>296.1 (linezolid). The collision gas, argon, was 1.96 x 10'3

Torr. Quantitative data processing was obtained through Waters MassLynx software
(Milford, MA, USA). Calibration curves were generated by taking the ratio of sample

peak area to the internal standard peak area.

5.3.4 Endothelial Cell Culture onto Inserts
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Bovine pulmonary artery endothelial cells (ECs) were used in all cell studies. The
vials were thawed to room temperature and added to a T-75 tissue culture flask
containing 9 mL of endothelial growth media (EGM) that had been equilibrated to 37 °C.
The EGM consists of a low glucose (5.5 mM) Dulbecco’s Modified Eagles Medium
(DMEM, MIDSCI, St. Louis, MO, USA) supplemented with 2.5% v/v adult bovine
serum (Sigma-Aldrich, St. Louis, MO, USA), 7.5% fetal bovine serum (Lonza,
Walkersville, MD, USA), penicillin, streptomycin, and amphotericin B (MIDSCI, St.

Louis, MO USA). bPAECs were allowed to grow in a humidified incubator at 37 °C and
5% CO» until they were determined as confluent by optical microscopy. Media was

changed the day after plating and then every 2 days thereafter. The ECs were subcultured
when the cells reached >80% confluence as visualized by optical microscopy. ECs were
then seeded onto 6.5 mm cell inserts that contain a permeable polycarbonate membrane
(0.4 um pore diameter, Corning Incorporated, Corning, NY, USA). In short, T-75 flasks
of ECs were washed with 10 mL of HEPES and then treated with 5 mL of 0.25%
trypsin/EDTA, which was then removed and the cells suspended in 10 mL of media. The
cell suspension was removed from the flask and centrifuged at 1500 g for 5 min. The
supernatant was removed and the pellet was resuspended in approximately 2 mL of
equilibrated media. Then 100 pL of concentrated cell solution was pipette onto the
inserts with 600 puL of media in the lower chamber. The cells were allowed to grow to
confluence for 24 hours as visualized by optical microscopy. Cell inserts were then
clicked into place above the channels on the 3D printed device and 100 puL of HBSS was

pipetted onto the insert.
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5.3.5 Sample Preparation and Experimental Procedure for Cell Viability Study

Saponin (Sigma Aldrich) was used to permeabilize EC membranes in order to
induce death. A 0.25% solution of saponin was made by dissolving 13.2 mg into 5.28
mL of water. A portion of the 0.25% solution was then diluted to 0.025% in Hank’s
balanced salt solution (HBSS, Sigma Aldrich). This solution, or HBSS, was then loaded
into syringes and flowed through the 3D printed device underneath the cell insert
containing cultured ECs, for 30 min. at 1 pl/min using a dual syringe pump. The inserts
were then removed from the device and placed into a 24 well plate containing 600 pL

HBSS in the lower chamber.

The nucleic acid stain Sytox Green (Invitrogen, Grand Island, NY, USA), which
only labels cell with compromised membranes, was used to determine whether or not
saponin had killed ECs. Its excitation excitation and emission maxima are 504 and 523
nm, respectively when bound to DNA. After saponin or HBSS was flowed under the
cells, 4 uL of 1 uM Sytox Green was added to the cell insert, resulting in a concentration
of 40 nM above the cells. The probe was allowed to incubate at 37 °C for 30 min. and
then imaged using fluorescence microscopy. An Olympus MVX10 macroscope
(Olympus America, Melville, NY, USA) was used to collect fluorescence images for
each insert and using the MicroSuite Biological Suite software (Olympus America)
average pixel intensities of the fluorescence image were obtained. The data from
corresponding to the saponin treated cell insert was normalized to the data from the

control cell insert with HBSS flowing through the channel.

5.4 Preliminary Results with 3D Printed Device
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The device design used in these studies consisted of 8 channels with inlets
allowing for sample introduction/syringe pump integration, analytical wells for
membrane containing cell culture inserts and outlets for waste as shown in figure 5.3.
The side profile of one channel (figure 5.4) shows how each channel will address the
membrane allowing for diffusion of analytes from the channel, through the membrane, to
the area above the insert. Once printed, the device was used to study drug transport

across the membrane.

5.4.1 Drug Transport across a Membrane

Standard samples containing linezolid and levofloxacin were prepared in PSS no
BSA buffer. Concentrations of 1.1 and 2 uM standard solutions were introduced to the
3D device through syringes and soft Teflon tubing. The 3D device included a 3 mm
channel which lay directly under an open well that was fitted to the cell insert. Upon
insertion of the cell insert, buffer was added to the insert and the standard solutions were
flowed through the channels for an hour at 1 pL/min. After an hour, liquid was sampled
from the insert and added to a vial containing a solution of acetonitrile and the internal
standard, ciprofloxacin. The samples were then analyzed using LC/MS/MS to monitor
the diffusion of linezolid and levofloxacin from the channel, across the porous membrane

into the cell insert. After an hour of flow, the 1.1 uM and 2 uM samples had between
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Figure 5.3: 3D printed device. The final 3D printed device contains adapters for syringe
based pumps, channels, membrane insertion port and outlets. The top image shows a side
view of the device where sample is pumped though the channel via tubing where it flows
under the membrane where molecules can diffuse. The bottom image shows the device
from the angle of sample entry where all 8 channels of the device can be used
simultaneously to address 8 membranes.

113



Inlet Membrane Insert Qutlet

o T e -

Figure 5.4: 3D printed device side view. The side view of the device shows how the inlet addresses the channel and allows fluid to
flow under the membrane. The membrane is part of a commercially available cell insert that is manually inserted into the port on top
of the device. Finally, there is an outlet to allow fluid to leave the device.
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18.4 % and 20.5% drug transport across the polycarbonate membrane (figure 5.5).
Moreover, results yielded reproducible drug transport concentrations between runs

furthering the reusability of the device.

In other polymer based devices reusability is not an option due to issues with
maintaining seals or the need for resealing devices thought the experiment.
Contamination is also a concern due to challenges cleaning devices or absorption of
materials into the polymer base. The use of a new device for each experiment can lead to
high variability between runs. Also the incorporation of a membrane into the polymer
based device, typically reversibly sealed between two pieces, can be easily compromised
due to the flexibility of the support material. Cleaning and extended use can also weaken
the fragile membrane.  The aforementioned strains on conventional fluidic membranes
lend virtue to the cell culture insert, which can easily be replaced for additional runs on
the same device. The cell insert has a rugged base which supports the membrane and can
be easily discarded after use. The rigidity of the 3D device when used simultaneously

with the disposable cell insert offers a supportive platform for a reusable fluidic device.

5.4.2 Cell Viability Assessment

Commercially available cell culture inserts were used to integrate the 3D printed
device with cultured cells. In this design, the insert clicks into place above the channel
and the membrane would contain a layer of cultured cells as visualized in figure 5.6.
Furthermore, the ECs were stained with Hoechst dye (ex. 350 nm, em. 460 nm), a simple

nucleic acid stain to confirm the presence of a confluent layer of cells on top of the
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Figure 5.5: Drug transport across a membrane. Standards of the drugs linezolid (N = 4)
and levofloxacin (N = 5) were flowed through the channels of the device; samples were
collected above the membrane and analyzed via MS. As concentration of the drug
increased so, did transport across the membrane with each concentration being
statistically different from the previous. (p value <0.001).
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membrane. The image in figure 5.6 was taken from a fluorescence microscope with a

DAPI filter and the stained cells are visualized on top of the membrane.

In order to determine whether or not this 3D printed device could be used to study
cell activity, a simple viability study was performed. Either HBSS or saponin (kills cells
by forming a complex with cholesterol and forming pores in the membrane) was
delivered through the channel under the membrane that contained cultured ECs. It was
expected that saponin would diffuse through the polycarbonate membrane and come into
contact with the ECs. As shown in figure 5.7 A, the ECs that were treated with saponin
had almost 5 times more fluorescence than the cells treated with HBSS. The Sytox Green
does not stain live cells so; the increased fluorescence indicates a higher population of
dead cells. The images from the fluorescence microscope (figure 5.7 B) confirm this
fact, as the image of the saponin treated ECs show more fluorescence than the image of

ECs treated with HBSS alone.

5.5 Conclusions on 3D Printing

The 3D printed device was capable of studying drug transport and cell viability in
a high throughput manner. Furthermore, the device was rugged and reusable, which
gives it an advantage over devices made out of soft polymers. Additionally, the ability to
rapidly modify and print prototypes is advantageous when optimizing a device design.
Experiments on these 3D printed devices are ongoing in the Spence lab with the latest
prototype being in 24-well format with threads directly printed on the device in order to

integrate pumping mechanisms as shown in figure 5.8.
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Figure 5.6: Incorporation of endothelial cells on 3D printed device. Endothelial cells were
incorporated onto the 3D printed device by culturing them onto the membrane insert. These are
commercially available cell inserts well suited for cell culture. Cells were cultured on the inserts

and stored in an incubator (37 °C, 5% COy) until experiments were performed. Cells were
labeled with Hoechst dye, a nucleic acid stain, to confirm their presence on the membrane as
evidenced in the fluorescent image. Cell inserts were then clicked into place on the device and
samples flowed through the channel under the membrane containing cells.
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Figure 5.7: Cell viability experiment. Saponin, a known cell detergent, was flowed under
endothelial cells to induce cell death. Sytox Green, which does not label live cells, was used in
order to determine the extent of cell death. The bar graph in part A shows an increase in Sytox
Green fluorescence when cells were treated with saponin compared to buffer alone. The
fluorescence images in part B represent cells treated with HBSS (left) and cells treated with
saponin (right) with the Sytox Green label.
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Figure 5.8: Single channel 3D printed device prototype. The prototype shown in the top image
has the port situated in “24-well plate” format to enable future handling by automated systems.
Additionally, the bottom image shows the ability to print threads directly into the device so
adapters can be screwed in without the need of an additional adapter or to seal with epoxy.
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