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ABSTRACT OF THE DISSERTATION

Vascular Biotransport Considerations in Signaling Cascades
Filing Their Dissertations

by

Prashanthi Vandrangi

Doctor of Philosophy, Graduate Program in Bioengineering
University of California, Riverside, December 2012
Dr. Victor G J Rodgers Chairperson

The vasculature of our body sensitively responds to varied biomolecules. These
biomolecules are critical in triggering downstream protein synthesis, MRNA
transcription, and DNA synthesis, and hence vascular homeostasis. We take these studies
as an opportunity to understand the orchestra of (1) charge properties, (2) mechanical
topography, (3) fluid dynamics, and (4) molecular cues to obtain a systemic and
integrative understanding of the vasculature. In this work, we introduce a novel in-situ
streaming potential device to quantify the electrostatic contribution of morphological
changes in confluent endothelial cells (ECs). We further study the effect of mechanical
topographies of nan-patterned titanium on ECs. Both species mass transfer and
mechanotransduction have been suggested as the underlying mechanisms for activating
ECs. However, in recent years, the dominance of mechanotransduction at the
endothelium has been qualitatively demonstrated through in-vitro experiments attempting
to emulate the vasculature. Thus, it remains plausible that biomolecular mass transfer
may be significant in vascular signaling pathways. This work shows that a more cautious
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analysis that delineates endothelial mechanotransduction from mass transfer remains
warranted. Having said that, we propose a novel, in-vitro experimental methodology
using membrane separations technology. The methodology is flexible and robust, in that
it can be used with mass transfer-limited and reaction-limited processes and can address a
number of controllable scenarios. Finally, we characterize the endothelial behavior in
healthy and diseased ECs by characterizing the sub-endothelium and the underlying
endothelial signaling pathways. The work presented here demonstrates the vast number
of biotransport factors to be captured while studying the fascinating vascular
endothelium. Understanding these mechanistic factors of ECs and the triggered signaling
pathways is crucial to our search for novel therapeutics.

Keywords — vasculature, charge, mechanical, mass transfer, mechanotransduction,
signaling
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CHAPTER 1

INTRODUCTION



The vasculature of our body is fascinatingly sensitive as it continually responds to varied
biomolecules and mitogens. These biomolecules are critical in triggering downstream
protein synthesis, mRNA transcription, and DNA synthesis. Understanding the
mechanistic behavior of these signaling pathways is crucial to our search for new
therapeutic drugs for vascular diseases. We take these studies as an opportunity to
understand the interplay of fluid dynamics, mechanical signals, molecular cues, and
charge properties to obtain a systemic integrative approach to our understanding of
signaling pathways (a) while we characterize charge properties and microvilli growth in
mucosal cells and endothelial cells, (b) in cells seeded on different biomaterials with
nano-structured and micro-structured grooves, (c) to understand their causal underlying
mechanisms in endothelial cells under dynamic flow, and (d) in endothelial cells grown
on extracellular matrix compositions related to atherosclerosis.

Section 1 introduces a novel in-situ streaming potential device to quantify the
electrostatic contribution of morphological changes in cells. Capturing the electrostatic
properties of cells plays an important role in designing novel bio-compatible
pharmaceuticals. Streaming potential, measured as the potential along/across a cellular
monolayer for a given pressure drop, is a commonly utilized method to study ion
conductivity and para-cellular uptake. In this study, we employ a streaming potential
device that measures the electric potential across the apico-basal surfaces of the cellular

monolayer.

In Section 2, we study the effect of nano-scale features on vascular metallic

surfaces which mimic the natural structure of the healthy vessel wall. In this study, we



investigate endothelial cell adhesion, alignment, proliferation, and spreading on surfaces
with rationally designed patterns on Ti surfaces composed of nanometer-wide grooves
compared with both micrometer wide grooves and no grooves at all. The results show

that the nanometer grooves on the Ti surfaces enhance the cell proliferation rate.

Collectively, these results demonstrate the superior performance of nano-
patterned Ti substrates for possible stent deployment. The results also demonstrate the
utilization of Ti substrates in areas that need neo-vascularization. The underlying reason
of the behavior of these cellular systems on the substrates is still largely unknown even
after studying the signaling pathways in these cellular systems. Both species mass
transfer and mechanotransduction have been suggested as the underlying mechanisms for
activating endothelial signaling pathways. However, in recent years, the dominance of
mechanotransduction at the endothelium has been qualitatively demonstrated through in-

vitro experiments attempting to emulate the vasculature.

As evident from our results, shown in Section 3, the use of viscosity variation
relative to shear rate and shear stress are not enough to eliminate mass transfer in
determining the signaling mechanism in endothelium processes. Thus, it remains
plausible that biomolecular mass transfer may be significant in vascular signaling
pathways. This work shows that a more cautious analysis that delineates endothelial
mechanotransduction from mass transfer remains warranted. Here, we propose a novel,
in-vitro experimental methodology using membrane separations technology. The

proposed technique can decouple mechanotransduction effects from mass transfer in



flow-induced studies. The methodology is flexible and robust, in can be used with mass
transfer-limited and reaction-limited processes and can address a number of controllable
scenarios.

In Section 4, we study the biomolecular aspect of a model signaling cascade
during atherosclerosis. Initiation and progression of atherosclerosis is characterized by
varied expression of extracellular proteins and molecules, and altered composition of
extracellular matrix (ECM). Appropriate ECM composition establishes the functioning of
endothelial cells of the vascular intima. Altered ECM is an important biomarker for
determining vessel stiffening in atherosclerosis and also in aging vessels. The resulting
vascular shear stress is conversed by ECM into internal cell signaling pathways. We
determine the effect of altered composition and organization of the extracellular milieu,

as a response to laminar flow patterns on the AMPK-eNQOS signalling cascade.



SECTION 1

CHARACTERIZING CELL-CHARGE

INTERACTIONS



PRELUDE

Optimal intestinal absorption is required for an efficient pharmaceutical administration by
the per-oral route. Several molecular mechanisms are involved in intestinal absorption
and can profoundly influence the extent of uptake including (1) permeation of the mucosa
by passive diffusion, (2) transport across the intestinal wall by carrier mediated processes,
(3) chemical and enzymatic alteration of the molecule in the intestinal lumen and/or in
the enterocyte, and (4) dissolution of the drug and interaction with food ingredients or co-
administered drugs at the suspension and transport level. These cellular efflux
mechanisms typically act simultaneously and depend on the drug molecule and
epithelium related- chemical and biological factors whose effect is not definitely
established. This makes intestinal absorption a rather complex process, which, despite

recent advances, is fundamentally still poorly understood.

Capturing the electrostatic properties cells plays an important role in designing
novel bio-compatible pharmaceuticals. Streaming potential, measured as the potential
along/across a cellular monolayer for a pressure drop, is a commonly utilized method to
study ion conductivity and para-cellular uptake. In this study, we employ a streaming
potential device that measures the electric potential across the apico-basal surfaces of the

cellular monolayer.

The objective of the present work is to design a streaming potential device and
establish a methodology for determining the contribution of cellular features on passive

diffusion, carrier-mediated transport, enzymatic degradation and non-specific



binding/adsorption to drug absorption. The in-situ normal streaming potential device
quantitatively measures the electrostatic and transport properties in confluent and intact
cells. The device will facilitate the simultaneous measurement of the (1) Hydraulic
permeability (Lp); (2) Trans-electrical resistance (TER); and (3) Zeta potential ().

In Chapter 2, the design of this novel device and the successful measurement of
zeta potential was measured across membrane properties (material and pore size) and
electrolyte conductivity (both composition and ionic strength) of the medium flowing

across the membranes.

In Chapter 3, the implementation of this novel device was tested for capturing the
streaming potential of human kidney cells (HEK), Chinese hamster ovary cells (CHO),
colon carcinogenic cells (Caco2), and human endothelial cells (EA926). The zeta
potential was deconolved mathematically to obtain the zeta potential of a confluent cell
layer from a cell seeded - membrane configuration. The results were further validated

using a commercial Zetasizer®.

In Chapter 4, the novel in-situ streaming potential device was employed to
delineate the contribution of morphological processes and tight junctions in the popularly
used in-vitro intestinal model, Caco2 cells. In this particular study, EA926 cells were
used as a control as they exhibit similar tight junction ion-selectivity but lack the
characteristic brush borders, hence speculating the change in zeta potential to be directly

correlated to the microvilli growing on the Caco-2 cell surface.



In conclusion, the designed device and methodology provides a quantitative
insight into the characteristic cellular features that effects the process of drug absorption.
These studies can be used to better understand the widely employed Caco2 model to
study drug permeability studies. The experiments can also potentially be used as a means
to support the prediction of in-vivo absorption based on cell culture data and to elucidate

the effects of the involved mechanisms.



CHAPTER 2

DESIGN OF NOVEL IN-SITU

STREAMING POTENTIAL DEVICE



2.1 ABSTRACT

In this Chapter, we introduce a novel streaming potential measurement device to
characterize the normal electrostatic properties of varied electrolyte and membrane
configurations. The streaming potential device encompasses a 24 mm cell-seeded
Transwell® with two AgCl electrodes on either side of the cell-seeded Transwell®. PBS,
NaCl, or KCI is pressurized transversal to the Transwell® and the resultant pressure
gradient induces a potential difference. cellulosic, collagen coated PTFE, and
polycarbonate membranes of varied pore sizes (0.4 um, 3 um, and 8 um) were used to
study their effects on the measured streaming potentials. The corresponding zeta potential
of the membrane-electrolyte configuration is calculated using the Helmholtz Smochulski
equation. The streaming potential of polycarbonate membranes was -23.41 mV,
cellulosic was -0.67 mV, and collagen coated PTFE was -1.23 mV when soaked in water.
When soaked in DMEM, we observed a decrease in the streaming potential to 0-13.4 mV
and an increase in streaming potential to -2.97 mV for polycarbonate and cellulosic
membranes respectively. Collagen coated PTFE membranes exhibited minimal change
with change in soaking conditions. In summary, polycarbonate membranes with pore size
of 3.0 um have exhibited the most favorable streaming potential variations. This
sensitivity of the membrane with PBS (1.8 mS/cm) makes them the ideal combination for
studying streaming potential while employing our methodology to study cellular systems

and drug permeability.

Keywords — streaming potential, membrane, electrolyte
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2.2 INTRODUCTION

2.2.1 Formation of interfacial double layers
When a charged species is submerged in an aqueous ionic media, an electric double layer
(EDL) is developed around its surface. EDL consists of two layers: the Stern layer and
the diffuse layer. The layer which contains the adsorbed ions is the Stern layer (outer
Helmholtz plane) and it defines the surface charge of the charged species. The second
layer, the diffuse layer consists of ions freely moving in the solution and loosely attached
to the surface of the species through Coulomb’s Law. Despite its small magnitude, the
first layer, the Stern layer can have significant effects on double layer properties [1]. Its
thickness is given by &, where & os in the order of a hydrated ion. The variation of
potential from the stern layer is given by:

v=ye " (1)
where v is the potential, x is the distance away from the membrane and k is the Debye-
Huckel parameter. The Debye length directly characterizes the length of the diffuse layer
and is inversely proportional to the square of the ionic strength of the solution and is
defined as:

2 _ 1000F 2 2 (2)
k RT Z(Cl i )

where F is Faraday’s constant, c; is the concentration of all significant ions in solution

and z; is the charge valence.
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Figure 2.1 EDL formation for a positively charged surface in an electrolyte. The thickness

of the Stern layer is given as 9.
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2.2.2 Helmoltz - Smoluchowski theory

When a tangential shear force is applied along the diffuse layer, at least a part of the
diffuse layer is moved under its influence. The electric potential measured at this plane is
represented as the zeta potential [2]. Hence zeta potential arises from the electrokinetic
interactions between the surface charge and dissolved ions in solution [3].

Further, when pressure is applied along/across the diffuse layer, the streaming
potential that arises is directly related to the corresponding zeta potential by the
Helmholtz — Smoluuchowski equation. In a given colloidal system, for a definite pressure
drop, the zeta potential can be calculated based on the variations of streaming potential

across the charged species using Helmholtz-Smoluchowski equation:

AY _ &6 (3)
AP A,

where AW is the streaming potential (V), AP is the pressure drop (Pa), g is the
permittivity of free space, € is the relative dielectric constant of the solvent, p is the
viscosity of the solution and A is the conductivity of the electrolyte solution [4-5].

In this chapter, we introduce a novel in-situ streaming potential device to measure
the charge properties of a test bed. The test bed implements commercial Transwells® with
membrane configurations. We study the effect of membranes, electrodes, electrolyte
solution, composition, and conductivity on measured streaming potential and calculated
zeta potential.

In the subsequent paragraphs, we account for various device specifications while

designing the streaming potential device. The ultimate purpose of the device is to detect a
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difference in potential between the charged surface and electrolyte solution [6]. In
addition to the experimental artifacts that can be introduced due to the choice of the
electrodes and membranes, the choice of the electrolyte solution highly affects the

accuracy of streaming potential measurements.

2.2.3 Choosing membranes

When employing membranes in streaming potential measurements, care must be taken to
pre-soak membranes so that they are completely and uniformly hydrated. It is important
to note that its molecular weight cutoff (MWCO) does not affect the measurements at
high pressure ranges; also there is a possible overlap of both Stern and diffuse layers
when the pore width is relatively smaller than EDL [7-8]. In this study, we consider the
treatment effects through the evaluation of zeta potential across three types of Transwell®
membranes (collagen coated PTFE, polycarbonate, and cellulosic) for three different pore

sizes (0.4um, 3um and 8um).

2.2.4 Choosing electrodes

Measuring electrodes are the most crucial aspect to be considered while setting up
streaming potential device [9]. The intercept of the linear fit of potential variations with
respect to the measured pressure demonstrates the accuracy of voltage measured between
electrodes. Enumerous studies have been performed by employing many metals such as
platinum, nickle, gold, and silver. In our study, we employ Ag/AgCl electrodes since

AgCl is stable regardless of flow direction and introduces minimal offset in measured
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potential. The Ag electrodes were often recoated when the noise in the measured values
became noticable. The electrodes were recoated by inserting them in solution with

surplus CI" ions (See Appendix). Symetrically aligning the electrodes was also important.

2.2.5 Electrolyte solution and conductivity

The ionic strength of the electrolyte solution and its chemical composition plays a critical
role in the accuracy of the measurements [10-12]. In fact, the valence of ions in
electrolyte highly affects the measurements. An increase in anions valence leads to high
reduction in zeta potential whereas an increase in cation valence leads to an increase in
zeta potential.

While changes in monovalent salts as NaCl, KCI and LiCl do not affect ion
binding interactions, the ionic concentration of the electrolyte solution needs to remain
significantly low. In this study, phosphate buffered saline (PBS) solutions were used as
an electrolyte in order to maintain favorable physiological conditions. Although
streaming potential measurements across the cells were mainly undertaken at low ionic

strength, the effect of different PBS concentrations was also taken into account.
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2.3 METHODS

2.3.1 Membranes

In the test cell, we employed the use of three membrane types (A) collogen-coated PTFE,
(B) polycarbonate, and (C) cellulosic. Collagen-coated PTFE membranes (Corning®
Lot no 3491), polycarbonate membranes (Corning® Lot no 3422), and cellulosic
membranes (Millipore® HAWP03700) having diameters of 24 mm and pore sizes of
0.4 um, 3 pm, and 8 um were implemented. The cellulosic membranes were glued to the

Transwell®s and had an molecular weight cut off (MWCO) of 30 kDa.

2.3.2 Electrolyte

PBS solution is used as an electrolyte in order to maintain favorable physiological
conditions. Since the valence of ions in electrolyte solution and its concentration highly
affects the accuracy of streaming potential measurements, the PBS solution is kept at low
ionic strength in this study to prevent masking of the streaming potential of the cellular
monolayer. The solution was maintained at 7.4 pH. The composition of the PBS was 8 g
of NaCl, 0.2 g of KClI, 1.44 g of Na,HPOQO,, 0.24 g of KH,PO, with a final concentration
of 137 mM NacCl, 10 mM Phosphate, 2.7 mM KCI at a pH of 7.4. The electrolyte solution
of PBS was diluted approximately 10 times to obtain a conductivity of 1.8 mS/cm. In

some cases, 0.15 M NaCl or10 mM KCI were used as electrolytes.
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2.3.3 Soaking conditions
The membranes were either soaked in DI water, DMEM, NaCl, KCI, or 200 g/L BSA and

the effect of varied soaking solutions was studied.

2.3.4 Electrode configuration
Ag/AgCI electrodes (Sigma Aldrich) were utilized for these experiments. With 1.0 mm
diameter and 99.9 % trace metal basis with resistivity of 1.59 uQ-cm 20 °C and density

10.49 g/lcm?®,
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2.4 RESULTS

2.4.1 Design of streaming potential device

We design a streaming potential device that allows the measurement of streaming
potential variations membranes. The device was designed using industrial grade clear
polycarbonate to enable easy monitoring and inspection of void space and air bubbles
allowing for uniform passage of electrolyte solution. The device has a test bed that allows
the usage of standard Transwell® inserts (24 mm diameter).

Flow of the electrolyte solution is restricted by 1 mm diameter porous structure in
proximity of the Transwell surface. Under pressure application, changes in streaming
potential are detected by a voltmeter connected to electrodes inserted in proximity of both
sides of the Transwell’s membrane. Data was collected representing the change of
streaming potential AY in volts with respect to pressure drop AP. After performing a
linear regression on the data points, the slope of the line is determined graphically and
used to compute { using the Helmholtz-Smoluchowski equation.

In order to further eliminate any experimental errors introduced due to flow
directions, pressure application was varied in crescendo and decrescendo phases. Data are
expected to be collected after steady state is reached. All streaming potential

measurements were repeated at least three times for each studied Transwell.
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Figure 2.2| CAD images of the prototype of the streaming potential device: A. Side
View, B. Inner components of the device. All units are in mm.

19



Flow out

Ag/AgCl
electrodes

Figure 2.3| Isotropic view of the prototype of the streaming potential device
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Figure 2.4| Designed streaming potential device: images of the final product
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2.4.2 Normal zeta potential measurements using streaming potential device

Streaming potential experiments are performed using an in-situ streaming potential
device shown in Figure 2.2. The device measures the potential across the cells cultured
on the hosted 24 mm Transwells® (Corning, Corning, NY). Electrolytic solution of
phosphate buffered saline (PBS) (1.87 mS/cm?) flows through the feed side of the device,
normal to the Transwell® (with a known pressure drop), and exits out through the
permeate side of the device. The developed normal streaming potential across the
membrane is measured by the Ag/AgCl electrodes on the feed and permeate sides of the
Transwell®. Zeta potential (() is calculated using the Helmholtz-Smoluchowski

equation [29-30].
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Figure 2.5. Schematic of the normal streaming potential device. Ag/AgCI electrodes are
used to measure the streaming potential with a voltmeter (110 True RMS Multimeter,
Fluke Inc.). PBS (1.87 mS/cm) was used as the electrolyte solution and the pressure at the
inlet was monitored using a pressure gauge. Polycarbonate Transwell® seeded with
confluent EA926 cells or HEK cells or with no cells are hosted in the chamber.

23



120

= P
¥
P
5 | g .
@ 1
= 2 =
s 4
g | 2 4
Ay | % § =
A A
o8 “
-
2 r
L) |
" A
5 & B
#I.ﬁ.
N
S a9 T % =% = o

(Aw) Epua)e] SUIEIINE

Figure 2.6| Streaming potential dependency on the employed electrolyte solution of PBS
with 1.8 mS/cm and polycarbonate membranes of 0.4 um pore size.
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2.4.3 Effect of electrolyte conductivity

Our device was hence further used to evaluate the effect of different PBS conductivity
since PBS was intended to be used as the electrolyte in our streaming potential
measurements. The pore size and membrane type were kept constant and the conductivity

was varied from 1.89 mS/cm to 5.91 mS/cm and 12.2 mS/cm.

The findings further illustrate the effect of electrolyte conductivity and ionic
strength to the overall measured zeta potential. The lower the concentration and the
conductivity of the electrolyte, the more accurate is the zeta potential measurement of the

charged surface.
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Figure 2.7| Variation of zeta potential measurements under different PBS conductivities (1.89

mS/cm, 5.91 mS/cm and 12.2 mS/cm). Throughout the experiments, polycarbonate membranes with
a constant pore size oft 3um were used.
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2.4.4 Effect of soaking conditions

Although PBS will be used in all cell streaming potential measurements, the effect of the
composition of the electrolyte solution was further studied. Streaming potential
measurement of polycarbonate 3um Transwell® were run using KCI (10 mM) and PBS
(1.89 mS/cm). The results as shown in Figure 2.10 below show that for the same
membrane with a characteristic surface charge, the measured zeta potential varies
depending on the composition of the employed electrolyte. The findings further
confirmed that the cell media highly leads to reductions in the magnitude of the zeta
potential of the membrane from -24 mV to -13 mV (constant membrane type and pore

size).

Surface charge reduction was attempted by soaking the membrane in BSA and
further considering the cell media’s effect. Neutralizing the polycarbonate membrane
though fouling with BSA did not screen the effect of the membrane but further increased
the zeta potential. The zeta potential of the polycarbonate membrane was reduced from -
24 mV to -15 mV in presence of BSA and was further reduced to -3 mV when cell media

was added to the system.
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Figure 8| Zeta potential measurements for Transwell® membranes under various
soaking conditions. CC (Colagen Coated membranes), PC (Polycarbonate membrane)
and PS (pore size).
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2.4.5 Effect of membrane composition
While variation of streaming potential measurements were expected for various
membranes, a detailed study was performed to evaluate the zeta potential of
polycarbonate, collagen coated PTFE membranes, and cellulosic membranes. The later
were glued to the Transwell® and had an MWCO of 30K. The conductivity of the
electrolyte solution was set at 1.89 mS/cm. Low conductivity was maintained in order to
accurately assess the zeta potential of the membranes. Measurements were undertaken
under different soaking conditions, including water and advanced DMEM media. The
pore size of the polycarbonate and collagen coated membrane was maintained at 3um.
The results showed significant differences between polycarbonate, collagen
coated and cellulosic membranes with zeta potential ranging from -23.7 £ 0.25 mV
to -0.38 + 0.04 mV for cellulosic when the membranes were soaked in water versus
DMEM media. Owing to a major difference in zeta potential for water soaked versus
DMEM soaked membranes, we conclude that the polycarbonate membranes will capture

differences in the measured streaming potential as low as 0.01 mV.
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Figure 2.9| Variation of zeta potential measurements for three different membranes:
polycarbonate, Collagen-coated and Cellulosic. The left data series represent
measurements under water soaking conditions, whereas the right membranes were
soaked in DMEM. All measurements are in mV.
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2.4.6 Effect of pore size

In addition to considering the effect of membranes on the measured zeta potential,
various pore sizes where considered. The pore sizes where varied from 0.4 um, 3 pm to
8um. In order to eliminate additional variables, the same membrane was used
(polycarbonate). Comparison of zeta potential values was done at fixed conductivity of
5.91 mS/cm in one study and 12.2 mS/cm in the other.

The findings showed no significant differences between all three pore sizes for an
electrolyte conductivity of 5.91 mS/cm. The small range of differences detected for all
the three pore sizes can be attributed to the fact that the pores are in fact large enough to
prevent formation of a double layer overlap (expected in the nanometer scale).
Meanwhile, under a higher conductivity of 12.2 mS/cm, the zeta potential measured

across the 3.0 pm Transwell® varied to a higher extent.
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measurements are in mV.
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Figure 2.11| Zeta potential measurements for Transwell® membranes of different
pore sizes and different electrolyte conductivities.
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2.5 CONCLUSION

Zeta potential is a measured parameter that determines the charge properties of the test
bed. Here, we calculate the zeta potential using the values of measured streaming
potential. A device was designed and an experimental protocol was set for streaming
potential measurements across 24 mm diameter Transwell® inserts. The device was tested
across different membranes types, pore size, conductivity, and soaking conditions.
Hence, the test bed captures the potential of both the membrane and electrolyte
properties. We observed maximum change in streaming potential for polycarbonate
membranes in comparision to collogen-coated PTFE, and cellulosic membranes. We
further observed that membranes with pore size of 3.0 um were more sensitive to
pressure changes and subsequently the calculated streaming potential. In Chapter 3 and
Chapter 4, we employ polycarbonate membranes with 3.0 pm pore size and an electrolyte
solution of -1.89 mS/cm was used to capture the streaming potential of confluent cell

layers seeded on Transwells®.
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CHAPTER 3

NOVEL IN-SITU NORMAL STREAMING

POTENTIAL DEVICE FOR CHARACTERIZING

ELECTROSTATIC PROPERTIES OF

CONFLUENT CELLS
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3.1 ABSTRACT

The characteristics of transport across confluent cell monolayers may often be attributed
to its electrostatic properties. While tangential streaming potential is often used to
quantify these electrostatic properties, this method is not effective for transport normal to
the apical cell surface where the charge properties along the baso-lateral sides may be
important (i.e., confluent cells with leaky tight junctions). In addition, even when cells
have a uniform charge distribution, the shear stress generated by the conventional
tangential flow device may dislodge cells from their confluent state. Here we introduce a
novel streaming potential measurement device to characterize the normal electrostatic
properties of confluent cells. Confluent monolayers of HEK and EA926 cells are used as
examples. The corresponding zeta potential of the cell-membrane configuration is
calculated using the Helmholtz Smochulski equation and the zeta potential of the
confluent cell layer is deconvolved from the overall measurements. For these test models,
the zeta potential is consistent with that determined using a commercial dispersed-cell
device. This novel streaming potential device provides a simple, easy, and cost-effective
methodology to determine the normal zeta potential of confluent cells cultured on
Transwell® systems while keeping the cells intact. Furthermore, its versatility allows

periodic measurements of properties of the same cell culture during transient studies.

Keywords: zeta potential, streaming potential, confluent cells, electrodes
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3.2 INTRODUCTION

Transport across and through cell layers, such as endothelial cells in the vascular system
or M-cells at the mucosal-systemic barrier, are important for overall system homeostasis.
In particular, the transport of nanoparticles for mucosal vaccines has been recently
coupled to the electrostatic properties of the solution [1]. It is speculated that the local
normal electrostatic potential across cellular barriers, such as intranasal M-cells, is a
critical factor for vaccine delivery and cellular regulation in general. Thus, a critical
evaluation of cellular normal electrostatic potential could prove valuable in determining
appropriate mucosal vaccine delivery vehicles and other relevant transport processes.

One common approach for determining cellular electrostatic properties is through
a zeta potential analysis. Bangham et al. (1957) invented the first zeta potential ({)
measuring device [2]. Subsequently, ¢ using laser Doppler spectroscopy, light-
addressable potentiometric sensors, Doppler electrophoretic light scattering techniques,
ion selective field emission transistors, microchip analytical devices, and dynamic light
scattering techniques have been employed [3-10]. A number of devices such as ZetaCad®
and Malvern Zetasizer® have been commercially designed to measure the electrostatic
properties of particulates. The limitations of the current techniques for measuring { are:
somewhat device-dependent values, the size of the cells, the concentration of cell
suspension in surrounding media, the use of tangential flow devices, and the inability to
measure normal ¢ for a confluent layer of cells.

But while the streaming potential is typically used to determine the electrostatic

properties of confluent cell layers, these methods are often measured tangential to the
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cellular surface [11-16]. Haydon (1961) provided an excellent overview of how the
surface charge of living cells can be quantified using ¢ [17]. Enumerous studies
demonstrated that the electrostatic charges of cellular bilipid membrane layers can be
correlated to the absorption and permeability of cations, particles, and preferential
adhesion to bacterium, leukocytes, nanoparticles, etc. [18-28].

Even though the above mentioned studies capture the electrokinetic
characteristics of cellular layer alone, various inter-cellular and sub-cellular layer
electrostatic properties (viz., pore dimensions, leaky junctions, and cellular surface
conductivities) cannot be captured using tangential flow alone as shown in Figure 3.1A.
Hence, to substantially understand the cell layer electokinetic characteristics, employing
normal or permeate flow (streams across the apical-basolatereal side) as shown in
Figure 3.1B is necessary. To summarize, tangential flow streams across the apical side of

the cell and normal flow streams across the apical-basolatereal side.
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While studies in Chapter 2, allowed us to evaluate the device and consider the
effects of different variables in the experimental protocol, evaluation of zeta potential
across cell layers was then performed. Since the presence of proteins in the cell media in
which cells are soaked for different growth periods might foul the surface of the
Transwell® inserts, the effect of the media was taken into account. Measurements of zeta
potential under different soaking conditions were undertaken in order to first take into
account the contribution of cell media to the overall measured zeta potential and second
neutralize the surface charge of the membrane itself; hence eliminating any additional

electrostatic contributions to cells’ measured zeta potential.

In this study, we introduce a novel streaming potential device to capture the
intrinsic properties of living cells by obtaining the normal { of a confluent monolayer of
cells. As shown in Figure 3.2, an electrostatic double layer is formed along a confluent
layer of cells. In our work, cells cultured on commercially available Transwell® inserts,
are subjected to normal flow with varying pressure drop. The resulting membrane
streaming potential is measured and the zeta potential of the cultured cell layer alone is

mathematically determined.
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3.3 METHODS

3.3.1 Cell culture

EA926 cells and HEK cells (obtained from ATCC (Manassas, VA)) were carefully
chosen to represent diverse cell lines. Cells were cultured using Dulbecco’s modified
Eagle’s medium (DMEM, Lonza Inc.) and were supplemented with 10% FBS (Gibco
Inc.) and antibiotics (Primocin, Invivogen Inc.). Freshly passaged cells were grown on
Transwell® filters (24 mm, 3.0 um pore sized polycarbonate Transwell®s, Corning, 3414;
Lot #02011017, Corning, NY) to facilitate their insertion into the in-situ streaming
potential device. The polycarbonate Transwell®s were pre-soaked in DMEM for two
hours before being seeded with cells (with a density of 1 x 10° cells/cm?). The cells were
cultured overnight in triplicates. The polycarbonate Transwell®s pre-soaked in complete
DMEM was used as the control for the experiments. The cell-cultured Transwell® filters
were maintained in humidified 95% air-5% CO, incubator at 37°C. The integrity of the
cellular layer was measured using a transcellular resistance measuring device. Cells were

determined to be confluent if the transcellular resistance was greater than 1 MQ.

3.3.2 Zeta potential measurements using Zetasizer®

The zeta potential of the HEK293 cells and EA926 cells were measured by dynamic light
scattering using Zetasizer® Nano ZS90 (Malvern Instruments, UK). Samples of HEK293
cells and EA926 cells were pelleted down and dispersed in PBS buffer (pH 7.4) with

0.01% of EGTA and placed in a disposable capillary cell (DTS1061, Malvern
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Instruments, UK). ¢ of each sample was measured at 25°C for five times and was reported

as mean =+ standard deviation.

3.3.3 Calculation of normal zeta potential of confluent cells

Teychene et al. (2011) proposed a mathematical equation to decouple the streaming
potential of a chemical particulate cake layer from that of the measured cake-membrane
support potential [31]. We apply a similar approach to decouple the streaming potential

of the confluent cells from the cell-seeded membrane streaming potential.

Streaming potential of confluent cellular layers is considerably influenced by the
number and size of their tight junctions. The proposed mathematical derivation assumes
that the confluent cellular layer has low surface conductivity compared to that of the
media and that the radii of tight junctions of the cellular monolayer are much larger than
the Debye length of the media. This will ensure non-overlapping electrical double layers
and the resulting non-linear potential which would not represent the ¢ of the cell surface
being considered. The proposed method also takes into consideration the deviation in the
isoelectric point of the membrane when a confluent cell layer is cultured on it. The
obtained (" assumes that the flow is laminar within the tight junctions of the confluent cell
layers and the pores of the membrane; that the electric double layer is very thin compared
to the thickness of the pores; and that the junctions and pores are co-axial.

At a given steady state, electric charge flows through the membrane and the
cellular layer seeded on the membrane:

I =lc+ln, ie.,
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=[] oV, -dS, + [[ PV, - dS, ®
S, S
where I and I, denote the cell layer and membrane layer current, respectively. Here also
pi 1s the electric charge density of the cellular layer or the membrane, ds; is the cellular
surface element and membrane surface element; V; is the velocity field of the media
across the cellular layer and the membrane layer [32-34]; where i=c or m with ¢ denotes
the cell layer and m denotes the membrane layer. The resulting streaming potential is
expressed as the ratio of the measured electrical potential and the pressure gradient [33]).

_AY

sp="0
AP

)

where AY is the measured electrical potential (V) and AP is the transmembrane pressure
drop (Pa). The streaming potential is used to calculate ¢ of the cell-seeded membrane
using the Helmoltz—Smoluchowsky equation [29-30]. Thus, for a given pressure drop, ¢
can be determined based on the variations of streaming potential across the charged
membrane layer as:

— ﬁ — 50‘9r§ (3)
AP uA,

SP

where & is the permittivity of free space (8.854 x 10 F/ m), & is the relative dielectric
constant of PBS (approximately that of water, 78.35 at 25 °C), « is the viscosity of PBS

(0.0098 g/cm/s), and Ay is the conductivity of the PBS (1.69 puS/m).
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In the absence of a confluent cell layer and defining Ry, as the hydraulic resistance
(m™) of the virgin membrane and J is the permeate flow (m®m?s?), Darcy’s law
(Equation (2)) is expressed as,

1
Jm:meAP:—AP_ (4)

MR,
The measured electrical potential is directly linked to the { and the hydraulic resistance
(i.e. the permeability) of the membrane. Equation (4) when combined with Equation (3)
the electrical potential measured across the virgin membrane can be written as a function

of the permeate flow (Equation (5)).

&€ R
_Z0%r>5m _ m
Al//_—AP_‘C"O‘E‘ré/m_‘lm. (5)
0 Aq
As cells are cultured on the membrane (c+m), they increase the overall hydraulic
resistance of the cell-seeded membrane. Assuming that there is no significant cell-
membrane interaction, the permeate flux can then be written as,

1
J. =L AP=——— AP
em P u(Rm + Rc) ’ ©)

where Lp is the cell-seeded membrane permeability and R, is the hydraulic resistance

c+m

of the cellular layer. From Equation (5) and Equation (6),

= LofrSem (R 4R )Mo, )

0

Ay
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Note that ¢

..m 1S the zeta potential of the cell-seeded membrane. In addition, if the
cultured layer of cells is considered as a hydraulic resistance with no interaction with the
membrane, (t+m Can be written as a function of the zeta potential of the two layers
(membrane and cultured cell layer). Applying the theoretical streaming potential of a

porous medium composed of two different porous layers proposed by Szymczyk et al.

(2001)*®, the streaming potential of a confluent layer of cells on the membrane is:

L, L
Winie =V 1-—— |+ Y
L

m

m+cC

L
Pn /. @)

Finally, the streaming potential of the confluent cell layer is given as:

L

Ve "V —rme
_ LPm
l//c - 1 I‘Pm+c ' (9)
I‘Pm
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3.4 RESULTS AND DISCUSSION

3.4.1 Measuring streaming potential across confluent cell layers

From Equation (2), the streaming potential was determined using the slope of the
streaming potential-pressure curves using least squares linear regression (SigmaPlot®,
San Jose, CA). The measured streaming potentials across three membrane cases: the
DMEM soaked virgin membranes, HEK confluent cell seeded membranes, and EA926
confluent cell seeded membranes were determined to be -40.5 mV, -51.4 mV,
and -52.1 mV, respectively. All the graphs obtained through our streaming potential
device as shown in Figure 3.3 provided linear relationships with R? values between 0.986
and 0.9972. The change in the slope (A¥Y/AP) captures the change in voltage measured
across the membrane-cell configuration for different pressures. The voltage differences

capture the variations in cellular characteristics.

3.4.2 Calculating normal zeta potential across confluent cell layers

The zeta potential for three membrane cases: (1) virgin membrane, (2) EA926 cells
seeded membrane, and (3) HEK cells seeded membrane were determined using the
corresponding streaming potentials calculated using Helmoltz—Smoluchowsky equation
(Equation (3)). Table 3.1 summarizes the results of this work for the three membrane
cases. The hydraulic permeability (Lp) for each case was calculated by measuring the flux

flowing across the membrane cases for the pressure drop. Zeta potential was first
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measured for membranes soaked in water, and was compared to that of membranes

soaked in DMEM.

3.4.3 Variations of zeta potential across cells seeded on membranes

In order to initiate our investigation of significant electrostatic signature carried by cells,
we tested zeta potential across four different cell lines: CHO, Caco2-BBE, HEK, and
EA926 cells and considered the variation of the zeta potential. All measurements were
performed for same membrane type and pore size (polycarbonate 3um). The findings
showed significant differences in zeta potential measurements across Caco2-BBE and
CHO cells. The zeta potential of the Transwell® was reduced from -24 mV to -19 mV in
presence of CHO cells and — 8 mV in presence of Caco2-BBE cells for polycarbonate
membranes. The detected zeta potential for Caco2-BBE cultured on collagen coated

membranes was, however, reduced — 1 mV.

3.4.4 Deconvolving zeta potential of cells from composite zeta potential of cell
cultured membrane

The wvalues for the =zeta potential were deeconvolved to be -7.8£1.04 mV
and -7.4+£3.2 mV for the EA926 and the HEK confluent cells, respectively. Figure 3.5
compares the  of the virgin membrane, the composite membranes (EA926 confluent cell
seeded membrane or HEK confluent cell seeded membrane) and, the C of the EA926 cells
and HEK cells alone deconvolved from the composite { of cell-cultured membranes using

Equation (9).
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Figure 3.3| Zeta representative graphs comparing the measured zeta potential ({) for
three membrane cases: DMEM soaked polycarbonate and collagen-coated PTFE
membranes, HEK confluent cell seeded membranes and EA926 confluent cell seeded
membranes. The electrolyte used was PBS (1.68 mS/cm).

51



Blank

EA926

HEK

Cell seeded surfaces

Caco2-BBE

CHO

oD
caNTRvReIITeR

Figure 3.4| Measured and calculated Zeta potential for Cho cells, Caco2-BBE cells, HEK
cells, and EA926 cells using normal in-situ streaming potential device. n=10.
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Table 3.1. Results from normal in-situ streaming potential device. The Table shows the
streaming potential, zeta potential, and hydraulic permeability for EA926 cells and HEK

cells.
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Figure 3.5| Representative graphs comparing the measured zeta potential ({) for three
membrane cases: virgin polycarbonate membranes, HEK confluent cell seeded membrane
and EA926 confluent cell seeded membrane and the deconvolved confluent cells. Using
Equation (9), the the zeta potential ({) of the HEK cells and EA926 cells were
deconvolved from the cell-membrane configurations.
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3.4.5 Sensitivity of the calculated zeta potential of cells

The sensitity of determining the zeta potential of the cells directly corresponds to the
sensitivity of the corresponding streaming potential measurements. Using Equation (9),
the sensitivity of the overall streaming potential to changes in the streaming potential of

the confluent cells only is approximated

8lﬂl’r‘HC _ 1 LPrn+c
. |t | (10)
al//c I-Pm
The equation clearly shows that the potential in capturing zeta potential of confluent cells
from the proposed device is dependent on significant reductions in hydraulic permeability
of the confluent cell seeded membrane from the virgin membrane. As the Lp of confluent

cell seeded membrane increases for the same membrane, the error propagated through the

system, decreases.

3.4.6 Zeta potential measurements using Zetasizer®

Although the normal zeta potential for the confluent cells does not have to correspond to
the zeta potential of single cells, their comparison is instructive. Figure 3.6 compares the
zeta potential measured using a Zetasizer® (for fluid dispersed cells) to that of the normal
zeta potential of the corresponding confluent cell layer. The measured zeta potential for

both HEK and EA926 cells, in this study, are not statistically different.
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Figure 3.6] Comparing the zeta potential of EA926 and HEK cells deduced from the
streaming potential measured using our streaming potential device and that measured
using commercially available Malvern Zetasizer®.
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3.5 CONCLUSION

Here we develop a simple and novel device to determine the normal { of confluent cells
that are cultured on membranes. The device has the potential to be used to study cell
surface interactions to identify and monitor the dynamic responses of the cells in
response to administration of chemical or biological stimuli. Current { devices employ
methodologies incorporating electrokinetic, sesimokinetic, or electroosmotic concepts,
however, they are limited by the inability to measure normal zeta potential of cells and

cellular monolayers.

In summary, we investigated the  of two different cellular (HEK cell line and
EA926 cell line) monolayers on polycarbonate membranes. Using Helmholtz
Smochuslky's equation and Darcy's law, we developed a methodology to deduce the zeta
potential of confluent cellular layers that is derived from the work of Teychene et al.
(2011)%. The proposed method assumes minimum conductivity inside the tight junctions
and uses the conductivity of the bulk media flowing perpendicular to the confluent cell
layer. The method is applicable when the mean size of the tight junctions is not much
smaller than the Debye length of the confluent cellular layer. The results are sensitive to
the ratio of the hydraulic permeability of the virgin membrane and that of the confluent
cell-seeded membrane. Moreover, for isotropically charged cells that may be susceptible
to removal by shear using a tangential flow device, the proposed normal flow device
offers an ideal alternative that will maintain cell adherence to the membrane. We

demonstrate that this ¢ measurement device is a convenient laboratory approach and
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show that this method can be used to quickly calculate electrostatic properties of

confluent cellular surfaces.

The device provides a quick and reliable measurement for the intrinsic properties
of cells in native cultures; to study the cellular interaction with drugs and cellular
behavior in the presence of antigens (microbes, bacteria); and to detect abnormal cell
behavior. The device can also be used as a fast and accurate first-step measurement to
design drug therapy with minimal side effects. We have developed a laboratory device to
directly measure streaming potential of confluent cells for measuring cellular electrostatic
properties and capturing streaming potential can be attributed to cellular characteristics.

Cells can be utilized for further studies after measuring streaming potential.
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CHAPTER 4

ELECTROSTATIC PROPERTIES OF

CONFLUENT MUCOSAL CELLS CORRELATES

TO THEIR MICROVILLI GROWTH AND

DETERMINES UNDERLYING

TRANSCELLULAR FLOW
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4.1 ABSTRACT

A promising therapeutic mucosal vaccine strategy would be to recognize the features of
the mucosal barrier and manipulate its’ pharmaceutical nanoparticles to enhance its
beneficial components. Recently, Rajapaksha et al. (2010) showed that the rate of
uptake of potential vaccine delivery nanoparticles in the mucosal layer is a function of
the electrostatic properties of the corresponding solvent. It is speculated that the
electrostatic properties of mucosal cells are related to their development of brush border.
Here we correlate development of brush border on a variant of human epithelial
colorectal cells (Caco-2) cultured in DMEM on 3.0 wm pore sized polycarbonate
membranes to their corresponding electrostatic properties characterized through
measurements of zeta potential. Properties of normal streaming potential, hydraulic
permeability, and brush border development (as determined by size and number) were
monitored for 2, 6, and 16 days (after cells were confluent). Human endothelial cells
(EA926), which lack brush border, were used as a control. Our results demonstrate that
zeta potential of the Caco-2 cells significantly changed from -5.7+0.11 mV
to -3.4 £ 0.11 mV for a time period between 2 and 16 days, respectively. Microvilli size
and number increased for 0.1 £ 0.02 um to 0.8 £ 0.02 pm and 1.6 + 0.2 microvilli/um to
7.6 = 0.3 microvilli/um, respectively for the same time period. The zeta potential of the
control cell line, EA926 cells, stayed constant (statistically not different,p > 0.05) for the
duration of the experiments. The zeta potential of the cell-free polycarbonate membrane

was determined to be -7.93 £ 0.04 mV. These results imply that microvilli may alter the
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electrostatic local environment around mucosal cells, thus, enhancing electrostatic

selective transport of solute across the mucosal barrier.

Keywords: streaming potential, vaccination, drug delivery, cellular processes
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4.2 INTRODUCTION

One of the largest interfaces to the microbacterial environment in most mammalian
bodies is the mucosa. The mucosa is adapted to mutual endosymbiosis by mucosa-
microflora and docks varied bacteria [1-3]. The mucosa-microflora mutualism occurs
primarily along the mucosal surface and encompasses a single layer of epithelial cells as
their barrier - the M-cells. They accurately gauge the surrounding microenvironment to
identify pathogenic bacteria intruding commensal bacteria and further regulates the
subsequent downstream processes by deploying immunosensory cells to the underlying
lymphoid tissue [4-5]. In doing so, the M-cells are endorsed as the first-order epithelial

defence machinery in the mucosal lining.

The microflora significantly affects the normal morphology and functionality of
the mucosal immune system. It follows that favorably controlling the flora and
effectively administering pharmabiotics and mucosal drug vaccines enhance the
mucosal environment. These characteristics of the underlying microflora that positively
condition mucosal homeostasis, immune responses, and uptake pharmabiotic/vaccine

uptake have to be further investigated [6].

It is interesting to note that M-cells also form the rate-limiting barrier to the
absorption of dissolved drugs [7]. Transport across the mucosal-systemic barrier is
important to maintain overall mucosal homeostasis. In particular, the transport of
nanoparticle-based drugs has been recently coupled to the electrostatic properties of

their colloidal solution [8]. The authors speculate that the local electrostatic potential
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across intranasal M-cells is a critical factor for drug delivery. Thus, an evaluation of
cellular electrostatic potential could prove valuable in determining appropriate
pharmaceutical delivery vehicles, interaction of microflora, and other relevant transport
processes [9-11]. The following properties of the cells will be introduced in this study:
(1) passive transcellular permeation, (2) understanding the charge of the cell membrane,
(3) capturing the charge of the epithelial membrane, and (4) the overall streaming

potential of the mucosal cells.

4.2.1 Paracellular transport

Transport across epithelial cells can occur through paracellular pathways or transcellular
pathways. Paracellular transport is the transport of compounds across cellular
monolayers via water filled pores between the cells. However, paracellular transport
across epithelial cell layers is very unlikely as the dimensions of these paracellular
spaces are in the range of A°[12]. For larger and more hydrophilic compounds (charged
molecules and peptides) transcellular diffusion is often restricted or depending on the
pKa of the molecules absent at physiological pH values and their molecular size. Hence,
paracellular transport most likely might not contribute as much to the overall transport
of most drugs in vivo, with the exception of small molecules (with MWCO = 200 Da)

[13-14].
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4.2.2 Effect of tight junction

Further, adjacent epithelial cells are separated by each other by the tight junctions. Tight
junctions, as implied by the name, establish a tight closure between neighboring cells
restricting solute transport through them [15]. The calculated human pore sizes for
jejunum, ileum, and colon are also in the range of A and that of colon is especially less,
smaller than 2.3 A [16]. More specifically, the effective pore radium of Caco-2 cell
monolayers grown on the Transwell® system was calculated to be 12.0 + 1.9A [17].
Furthermore the fraction of area contributed by the junctions of the cell monolayer to
the total cell surface is less than 10 [18-19]. Hence, it is not possible for large

molecules to penetrate through the tight junctions.

4.2.3 Passive transcellular transport

The apical surface of the epithelial cells faces the intestinal lumen and the baso-lateral
surface faces the underlying tissues, polarizing the epithelial cell layers. Both the apical
and the baso-lateral surfaces have different protein and lipid compositions and hence
different permeability properties [20]. Smaller molecules can more readily diffuse
through the apical surface when compared to the larger biomolecules (MWCO>200 Da).
The transport of a larger hydrophilic species across the epithelial layer is restricted by
the hydrophobic lipid bilayer of the cell membrane. Larger hydrophilic species can be
transported into the apical membrane from the lumen and further diffused across the
cytoplasm, whereas, the transport of hydrophobic species involves lateral diffusion

through the bi-lipid mosaic cell membrane layer. In both cases, the solutes exit through
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the baso-lateral membrane to the sub-epithelial layers. Hence, the rate of passive
transcellular permeability is mainly determined by the rate of transport across the cell

membrane.

3.2.4 Active transcellular transport

The active transcellular route utilizes cellular ATP to drive CI'/Na*/K*/Ca?* pumps and
hence species transport against an electrochemical potential. These ionic pumps in turn
set up chemical gradients that can be used by other membrane transporters to dictate the
movement of molecules in certain directions. In addition to this active transport of
substances across the epithelial cells, transcellular transport generates the environment
that favors the direct diffusion of other active biomolecules along the paracellular

pathway [21].

4.2.5 Streaming potential

A driving force across a cell layer can be applied to measure the flux through both the
transcellular and paracellular pathways, even though, our initial analysis of the transport
mechanisms hints to the importance of transcellular transport (both active and passive) in
the mucosal cellular systems. When a voltage drop is applied across the cellular surfaces,
it results in an ionic flux inducing an ionic current across the system (Figure 4.1B). A
pressure applied across the cells generates hydraulic flux across the cellular system, and
defines the underlying cellular streaming potential (Figure 4.1C). The streaming

potential is a cellular measurement of the overall resulting ionic contribution across cell
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layers. We will be measuring the in-situ streaming potential of the overall cellular layers

to study the effect of cellular features such as microvilli on the overall electrochemical

gradient induced by the transcellular potential.

Apical side
| - .
A + ki
\ 4 —— \\_
.++‘I"— L \\“
-— / . /’\. = \
-~ & = 2( ) ‘"IN
- ;E B 3N sl
:' | ;':: = n:’. _: _ Driving
={ £ 1: Z Cell o) Forca finput)
n R = 3 -
- g g
i 2 W™ 5 -
w B o =y
_" ‘. +\ “._ o =y / /
Y. \\_-i =
Basolateral side i3
|
Flux
{output)
Aplcal slde
C + *
3t
—
-
— ]
- »
- £ E
- s I
- 5 )
- -\
- + ! A
Basolateral side:

3 o .i'.
ok
z o
v had |
3 -t
% e
Scell =i
I -
g

2

’E

Aplcal side

B

=+

Basalateral side

Hydraulfc Flux {J}

foutput)

+
+ o+ 4
’:+ .‘/‘ R
[3 / [ -
i
g ™ =
El- 3
Pl- 3
i1 2 £ Cell
: W=
R =
\ "». - - -
+ [7 ==
+ ==
Lo =
lonie Flux (1)
[outpus)
b— Pressuro
{tnput)

\\4

— \foltage
{Input)

Figure 4.1] The figure shows the apical-basolateral measurements of a confluent
monolayer of cells when subjected to transversal flow. (A) General schematic shows a
driving force as the input and flux as the output, (B) A schematic of the electrostatic
contribution shows a resultant ionic flux, | for voltage as the input, and (C) a schematic of
the hydraulic contribution depicts a hydraulic flux, J for pressure as the input parameter.
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Abundant studies describe the transmural transport of solutes and their
accumulation in the epithelium by measuring the electrostatic properties of various cells
[22-27]. Subsequently, electrical potential across the macroscopic mucosal tissue and the
corresponding streaming potential were measured [28-31]. Studies were also performed
to measure the permeability of the mucosa [32-33]. These studies incorporate isolated
strips of the intestine or the gut tissue necessitating a clearer insight into the mechanisms
of the mucosal barrier alone. Hubatsch et al. (2007) demonstrated successful
measurement of drug permeability through cultured M-cells [34]. Subsequently,
Vandrangi et al. (2012) introduced a novel in-situ measuring device to characterize the

normal streaming potential and hydraulic conductivity of confluent cell monolayers [35].

Cell culture techniques predominantly employing the Caco-2 cell line have been
established in the last decade as a screening and study tool of intestinal absorption. In
this study, we correlate the electrostatic contribution of brush border developed on
mucosal cells. The confluent monolayer of Caco-2 cells (a highly-accepted functional
and morphological model of the intestinal mucosa) are grown on permeable supports to
capture the effect of microvilli by measuring their zeta potential [36]. The permeable
supports are subjected to normal flow with varying pressure drop to capture the cellular
apical to basal features of the trans-mural barrier. The results demonstrate that microvilli
might be an important morphological feature of the mucosal cells might contribute to

their electrostatic properties.
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4.3 METHODS

4.3.1 Cell culture

Caco-2 (ATCC) human colon carcinoma cells and EA926 (ATCC) immortalized
human endothelial cells were carefully chosen to represent widely accepted mucosal
cells and endothelial cells. Endothelial cells were chosen as they were expected to not
have any microvilli. Cells were cultured using advanced Dulbecco’s modified Eagle’s
medium (Gibco) and Dulbecco’s modified Eagle’s medium (DMEM, Lonza Inc.)
respectively and were supplemented with 10% FBS (Gibco Inc.) and antibiotics
(Primocin, Invivogen Inc.) and 15 mmol/L HEPES buffer. Freshly passaged cells were
grown on Transwell® filters (24 mm, 3.0 um pore sized polycarbonate Transwell®s,
Corning, 3414; Lot #02011017, Corning, NY) to facilitate their insertion into the in-situ

streaming potential device.

4.3.2 Experimental trials

The polycarbonate Transwell®s were pre-soaked in DMEM for two hours before being
seeded with cells (with a density of 2 x 10* cells/well). The cells were cultured for two
days, six days, and 16 days in triplicates. The polycarbonate Transwell®s pre-soaked in
complete DMEM was used as the blank and the EA926-cultured polycarbonate
Transwell®s were used as the control for the experiments. The cell-cultured Transwell®
filters were maintained in humidified 95% air-5% CO, incubator at 37°C. The integrity

of the cellular layer was measured using a transcellular resistance measuring device.
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Cells were determined to be confluent if the transcellular resistance was greater than
10 Q for the cell cultured Transwell® (compared to almost negligible resistance for

Transwell® pre-soaked with DMEM).

4.3.3 Normal zeta potential measurements

Streaming potential experiments are performed using a novel in-situ streaming potential
device [25]. The device measures the potential across the cells cultured on the hosted 24
mm Transwells® (Corning, Corning, NY). Electrolytic solution of phosphate buffered
saline (PBS) (7.4 pH, 1.5 M, and 1.87 mS/cm?) flows through the feed side of the
device, normal to the Transwell® (with a known pressure drop), and exits out through

the permeate side of the device[35].

4.3.4 Calculation of normal zeta potential of confluent cells

We further employed a mathematical development that used Helmholtz-
Smoluchowski’s equation and Darcy’s law to extract the charge contribution of a
confluent cellular layer from a cell-membrane configuration.[35] The streaming
potential (SP) is used to calculate { of the cell-seeded membranes using the Helmoltz—
Smoluchowsky equation [37-38].

sp = £ofre. (1)
IZAVI
where AY is the measured electrical potential (V), AP is the transmembrane pressure

drop (Pa)., & is the permittivity of free space (8.854 x 10™2 F/ m), & is the relative
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dielectric constant of PBS (approximately that of water, 78.35 at 25 °C), u is the
viscosity of PBS (0.0098 g/cm/s), and Ag is the conductivity of the PBS (1.69 pS/m).

Finally, the streaming potential of the confluent cell layer is given as:

LP
SP...—SP, —™¢
Lo,
SP, = 3 , 2)

P
1— —Pmic

L

Pm

where L, is the hydraulic conductivity (cm?-s/g), m represents the membrane filter insert

and m+c represents the cells-membrane filter configuration.

4.3.5 Transmission electron microscopy

Cultures of Caco-2 cells and EA926 cells from passages were preserved for
transmission electron microscopy examinations on days 2, 6 and 16. Cell cultures on
membranes were rinsed three times with PBS and fixed with 2% glutaraldehyde-PBS
(0.1 M sodium phosphate, pH 7.2—7.4) for one hour. The cells were again washed for at
least three times with PBS and the monolayers were treated with 1% osmium tetroxide
(0Os0,) in the same buffer for at least two hours to ensure good contrast. The cells were
dehydrated with ethanol and embedded in an EPON-18 substitute. The embedded
cultures were examined with compound microscope and ultra-thin sections of cell-
covered filters were mounted for sectioning the apical-basal plane. Gold thin sections of

the embedded cells were mounted on bare grids (mesh 200), stained with uranyl acetate
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and lead citrate. Observations were made using a Phillips Tecnai 12 microscope at

30 kV.

3.3.6 Immunocytochemistry

Samples of Caco2 cells and EA926 cells were washed with PBS three times for five
minutes each. Cell samples were fixed and permeabilized with ice cold methanol
in -20 °C for 20 minutes. Samples were again washed in PBS (1X) and incubated with
blocking buffer (4 g BSA +80 mL PBS + 150 pL Triton X 100) for 1 hour followed by
incubation with 5 pg/ml of anti--claudin primary antibody (AbCAM) in antibody
dilution buffer (4 g BSA + 40 mL PBS + 120 pL Triton X 100) for 90 minutes in room
temperature. Cells were rinsed 3 times with 10 minutes PBT and incubated with 5 g/ml
Alexa Fluor® 488 goat anti-rabbit secondary in antibody dilution buffer for another 60

minutes. Cells were washed three times with PBT for 5 minutes each.

4.3.7 Confocal Microscopy

Claudin 4 expressed in the cell samples were examined for all the indicated times and
imaged using Leica SP2 Confocal microscope (Buffalo Grove, IL). Leica SP2 LAS
software was used for image acquisition and images were processed using (ImageJ®

1.46, NIH) [39].
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4.4 RESULTS AND DISCUSSION

4.4.1 Measuring hydraulic conductivity for EA926 cells and Caco-2 cells

The hydraulic conductivity defines the conductance or the permeability of the surface
being studied. In cellular systems, the parameter demonstrates how confluent the cell
monolayer is. The measured hydraulic permeability is an order of magnitude smaller for
the cell-seeded membrane when compared to the membrane alone as shown in
Figure 4.2. The hydraulic conductivity of the filters substantially decreased with a
confluent layer of cells growing on the membrane filters. The formation of tight-
junctions and desmosomes as the mucosal cells mature might also influence the
variation measured by the hydraulic conductivity [40]. However, for the endothelial

cells, the presence of leaky junctions increases their hydraulic conductivity [41].
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Figure 4.2| The Figure compares the hydraulic conductivity (Lp) for DMEM pre-soaked
membrane, EA926 cells, and Caco-2 cells cultured membranes for 2 days, 6 days and 16
days.
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4.4.2 Streaming potential measurements using streaming potential device

The polycarbonate membranes utilized in these experiments are highly charged surfaces
with a { of -7.91 mV. We observe an increase in { for the Caco-2 cells cultured
membranes and relatively no change in  for the EA926 cells cultured membranes and
DMEM pre-soaked membrane. Each sample set has been statistically checked for
significance. The observed change in streaming potential, as exhibited in Figure 4.3,
actually captures a change in passive flux of molecules/ions in the solution, implying a
selective uptake of ions. Similarly, a constant measured zeta potential demonstrates an
increase in passive flux of molecules/ions in the solution corresponding to the pressure
being applied. This implies a non-selective uptake of ions and charged species, implying
enhanced facilitation. The phenomenon is evident in endothelial cells forming blood
vessels such as capillaries and hence facilitating easy diffusion across their membranes.
Furthermore, the glycocalyx of the M-cells is much thinner when compared to the
glycocalyx of other cellular membranes, providing another rationale for the decrease in

the measured zeta potential [40].

The developed layer of microvilli, shown in Figure 4.4, is the characteristic of
mucosal cells during the differentiated state. Microvilli act as effective diffusion barriers
and increase the residence time of administered pharmaceuticals. Actin based
cytoskeleton of microvilli contribute to the negative decrease in streaming potential by
increasing the cation concentration boundary layer at the apical surface of mucosal cells.

This ability implies the importance of microvilli in intracellular signaling. Further, the
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microvilli tips host functionally important integral proteins, hence guarding the influx of

metabolic substrates and ions. Microvilli hence form membrane-limited systems.

4.4.3 Analyzing surface morphology

Transmission electron micrographs (TEMs) demonstrate change in the height and number
of the microvilli for 2 days, 6 days and 16 days, correlating with the  results (shown in
Figure 4.4). The density of the brush borders on the Caco-2 cells increased by 40% in the
16 days culture in comparison to the 6 days cultured cells. As shown in Figure 4.4 and
Figure 4.5, the endothelial cells which do not manifest brush borders, almost have a
constant zeta potential [41]. However, the absence of brush border on EA926 cells

(shown in Figure 4.5) demonstrates that the brush border is a defining factor of .

As depicted in Figure 4.6, change in the measured zeta potential of the brush
borders with increase in length can be explained by correlating it to the difference in the
surface area. The zeta potential of the EA926 cells was not statistically different for the

2 days versus 16 days with p-value > 0.05.

Furthermore, notice the development of tight junctions as cells mature (shown
with arrows). Both Figure 4.4 and Figure 4.5 demonstrate the presence of leaky junctions
(in 2 day cultures) and the further formation of tight junctions (starting around 6 day
cultures). However, streaming potential results show a decrease in zeta potential for
Caco-2 cells and not EA926 cells, hence ruling out the impact of tight junctions on the

measured streaming potential across the apico-basal surface.
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Figure 4.3| The Figure compares the zeta potential ({) for DMEM pre-soaked membrane
and Caco-2 cells cultured membranes for 2 days, 6 days, and 16 days The p values are
mentioned below the graphs. * shows that the p-value < 0.05. Hence, the measured zeta
potential is significantly different.
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} 2 Days

Figure 4.4| Transmission electron micrographs illustrating the cell morphology of
Caco-2 cells for 2 days, 6 days and 16 days cultures. The arrows point to the leaky
junctions (for 2 days) and the tight junctions (for 6 days).
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Figure 4.5| Transmission electron micrographs illustrating the cell morphology of EA926
cells for 2 days, 6 days and 16 days cultures. The presence of leaky junctions (in 2 days)
and the formation of tight junctions (starting from 6 days) are shown in the figure.
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4.4.4 Quantifying claudin expression for Caco2 cells

To further test the presence of tight junctions, we studied the expression of claudin 4 in
Caco-2 cell cultures. claudins are the most abundant junctional proteins connecting and
sealing contact sites in between epithelial and endothelial cells. They are capable of
forming a tightened paracellular cleft and ion pores. Furthermore, the extracellular loops
of claudins function as ion selective regions. Studying the expression of claudin 4 (the
highly expressed epithelial trans-junctional protein) determined the tight junctions
formed as epithelial cells matured. Studies have been shown the temporal expressions of
claudin 5 as endothelial cells mature [42]. Since the expression of claudin 4 increases
with time; we attribute the change in zeta potential to the microvilli growing on the

Caco? cell surface.
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Figure 4.6| The Figures show the (A) size of microvilli and (B) number of microvilli for 2
day cultures, 6 day cultures, and 16 day cultures. n=3.
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6 Days

2 Days

Figure 4.7| Confocal images illustrating the tight junction formation of Caco-2 cells for 2
days, 6 days and 16 days cultures. The expression for claudin 4 (the dominant tight
junction protein in Caco?2 cells) is shown by the Texas Red (594 nm) stain and the cell
cytoplasm is stained with Hoechst 33342 (380 nm).
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Table 1 summarizes the electrostatic and transport characteristics for Caco-2
Cells and the EA926 Cells measured during the time course of these studies. The trans-
electrical resistance (TER) demonstrates a constant increase with cell maturity. The
TER of Caco2 cells was increased substantially when compared to that of EA926 cells.
{ and TER values were almost constant for all the EA926 cell cultures. The TER of the
Caco?2 cell monolayers increased substantially as the cells matured.

Both the increase in { and the substantial increase in TER corroborate with
previous studies have been shown that depict microvilli (developing on the Caco?2 cell
cultures) as cation exchangers [43]. They transmit electrical signals through actin
filament bundles (represented by polyelectrolytes). Microvilli, physiologically arrange for
restricting Ca®* influx, the most versatile divalent cation that governs intercellular
processes and provides moderate resistance to monovalent cations. High density of fixed
cations imparts considerable resistance to ionic transduction. Hence, mucosal cells having

microvilli exhibit reduced membrane potentials and higher resistance.
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Table 4.1 Summary of the streaming potential, zeta potential, and hydraulic conductivity
to for the DMEM soaked polycarbonate membranes, EA926 cells, and Caco?2 cells
seeded polycarbonate membranes with pore size of 3.0 um.

Sl‘l'enm'!ng Zeta Potential H}'{ll'nu]‘if: Tmus‘ IE]ectric
Potential . Permeability Resistance
SP (mV/kPa) L @mV) Lp (10 x cm?-s-g1) TER (£2-cm?)
Dav2
EA926 -32.67x1.46 -7.11+0.35 2.06+0.03 17.70+1.19
Cacol -26.89+£2.74 -5.66+0.11 3.02+0.14 28.14+1.34
Dav 6
EA926 -32.54£3.71 -7.03£0.10 3.47£0.53 24.16£4.99
Cacol -20.78£5.37 -4.38+0.14 1.47£0.13 153.47+£3.24
Day 16
EA926 -30£1.20 -6.37+0.52 4.05%0.61 27.08£3.97
Caco2 -21.34+326 -3.49+0.11 6.36+0.23 282.35+10.15
DMEM -36.13+£2 -7.93+0.04 28 87+3.72 6.78+0.04
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To further attribute for any correlation of claudin family expression with the
measured streaming potential and TER values, we revisit their expression. We observed
an increase in claudin expression in both mucosal cells (shown in Figure 4.7) and
endothelial cells [42]. Hence, we analysed the charge properties of both claudin 4
(expressed in mucosal cells) and claudin 5 (expressed in endothelial cells) in their
extracellular domains. Both claudin 4 and claudin 5 have 51 residues in one of their
extracellular domains, out of which 11 are different from each other. A cumulative
summation of the charged residues was calculated to be +4 for claudin 4 and -1 for

claudin 5, providing a net charge difference of 5.

Claudin 4 MWRVTAFIGSNIVTSQTIWEGLWMNCVVQSTGOMQCKVYDSLLALPQDLQAAR 53

Claudin 5 MWQVTAFLDHNIVTAQTTWKGLWMSCVVQSTGHMQCKVYDSVLALSTEVQAAR 53
This initial analysis demonstrates the possible impact of both claudin 4 and claudin 5 in

the measured streaming potential measurements and the transelectric resistance.

Our group has recently shown that the ionic strength of the buffer solution in
which nanoparticles are dispersed, affects in-vivo uptake by the mucosal cells; suggesting
that uptake might be based on electrostatic interactions [8]. In this study, we further
investigated the processes underlying the interactions between the surface of mucosal

cells and the invading pathogens.

We established an experimental protocol for characterization of electrostatic
properties of cell layers using streaming potential methods. Zeta potential was measured

across epithelial cells as well as endothelial cells. Measurements were taken for 2 days,
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6 days, and 16 day cultures. 6 days and 16 days Caco?2 cultures reflected developed brush
border across epithelial cells. The results allowed the establishments of correlations

between zeta potential measurements and the maturation state of Caco2 and EA926 cells.
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4.5 CONCLUSION

The solution to many immunological and pathological conditions might be found at the
port of entry or the exposed endo-symbiotic barrier. Mucosal cells transport many
macromolecules and microbial organisms from the apical lumen to the underlying basal
lymphoid tissue. Hence, manipulating the mucosal cells of the gut will prove to be a
therapeutic and cautionary strategy for many infectious, inflammatory, and even
metastatic diseases within the gut. This paper addresses the electrical properties of
mucosal cells using Caco-2 as a model. We study the streaming potential resulting from
concentration gradients across the mucosal cells for constant pH, salt concentration,
osmolarity, and temperature. The results demonstrate that the cell membrane (composed
of organic acids with a low pKa) of both epithelial and endothelial cells has a negative
fixed charged. The zeta potential of the Caco?2 cells decreased in their value as the cells
matured and developed microvilli whereas the zeta potential of endothelial cells
remained rather constant and closer to the zeta potential of the support membrane.
Analyzing the TEMs and the claudin 4 expression for mucosal cells, we attribute the
change in the measured zeta potential to the observed microvilli developed on the apical
surface of the mucosal cells. These studies will be instrumental to develop methods to
control the entry of antigens by hindering toxic foreign bodies and to facilitate the entry
or uptake of oral-intranasal vaccines. It will also be possible to devise therapeutic
strategies to modulate or prevent diseases that result from antigens or microorganisms

invading the mucosal barrier.
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SECTION 2

CHARACTERIZING CELL-BIOMATERIAL

INTERACTIONS
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PRELUDE

A material is identified as a ‘biomaterial” when its microenvironment triggers favorable
cellular responses. Materials that are not biocompatible can induce many complications
including cytotoxic chemical build-up, chronic inflammation, trauma, and eventually
scaring. Such biodegradation can be unevenly distributed in-vivo producing unwanted
physiological trauma.

In this Section, we study the biocompatibility of titanium (Ti) substrates that have
micro-patterns and nano-patterns. In Chapter 5, we investigate endothelial cell adhesion,
alignment, proliferation, and spreading with rationally designed patterns on Ti surfaces
composed of nano-scale grooves compared with both micro-scale grooves and no
grooves at all. The results show that the nanometer grooves on the Ti surfaces
demonstrate enhanced cell proliferation rate. We compare the corresponding endothelial
cell response on Ti substrates and silicon (Si) substrates.

In Chapter 6, we further map the cell distribution, cell growth, migration, and
underlying synthesized extracellular matrix on Ti surfaces for 2 days, 5 days, 9 days, and
12 days. We observe enhanced endothelial cell migration and extracellular matrix
generation on the Ti substrates with nano-scale grooves. In Chapter 7, we study the
endothelial signaling activation on endothelial nitric oxide synthase (eNOS), von
Willbrand factor (vVWF), vascular endothelial selectin (VE Selectin), and vascular cell
adhesion molecule (VCAML1). The competitiveness of endothelial alignment with flow
versus mechanical patterns is quantified and showed for the first time. We observe a

higher endothelial function on the Ti substrates with nano-scale grooves.
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Collectively, this suggests that nano-patterning biomaterials would be good for
enhancing neovascularization and endothelialization. More specifically, Ti nano-patterns
would be a preferred substrate. As demonstrated in our results, enhanced native
morphology, functionality, extra cellular matrix synthesis on Ti substrates suggests the
potential for long-term biocompatibility. The results also demonstrate the utilization of Ti

substrates in areas that need neovascularization or angiogenesis.

Further in-vivo experiments are necessary to study the bio-response of the
nanopatterned biomaterial prosthetic devices in animal models. The underlying
mechanism of the observed improved endothelial cell response to these nano-featured
patterns has yet to be explored. We can dictate the design of biomimicking prosthetics

using the local distribution of favorable topographical cues.
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CHAPTER 5
COMPARATIVE ENDOTHELIAL CELL ADHESION,
PROLIFERATION, AND ALIGNMENT ON MICRO-
PATTERNED AND NANO-PATTERNED

TITANIUM AND SILICON
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ABSTRACT

In this work, we evaluate the response of human endothelial cells (EA926) in vitro to
variation in substrate materials and variation in precisely defined micro-scale and nano-
scale surface topography. Specifically, we compare EA926 cell responses on two
different substrate materials, titanium (Ti) and silicon (Si), both of which possess
identically patterned surfaces. These surfaces are composed of substrates with no patterns
and with patterns with groove sizes ranging from 0.50 to 50 um. In our studies, we
observe only minor variation in EA926 cell adhesion with substrate material and pattern
feature size. However, we observe considerable enhancement of proliferation on Ti
relative to Si, as well as with decreasing feature size on both substrates. Moreover, we
observe that EA926 cells on sub-micrometer scale patterned surfaces of both materials
remain in their exponential growth phase over the entire 5 day study period. In
comparison, EA926 cells on smooth, unpatterned surfaces of both materials did not
proliferate as much. Finally, significant elongation and alignment are observed on the
sub-micrometer scale patterned surfaces from 1 day onwards. Collectively, these
observations suggest that nano-patterned, Ti-based implantable micro-devices would be
preferred in applications where rapid neovascularization and/or reestablishment of the

endothelium are paramount.

Keywords: endothelial cells, titanium, silicon, nano-pattern, micro-pattern
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5.2 INTRODUCTION

A material is identified as a ‘biomaterial’ when its in-vivo microenvironment triggers
favorable cellular responses. Materials that are not biocompatible can induce many
complications including cytotoxicity, chronic inflammation, trauma, and eventually
scaring [1-6]. Bio-incompatibility can also be unevenly distributed in-vivo producing
unwanted physiological trauma [7-14].

Many potential biomaterials have been studied to understand their working in the
body at sites of injury, stent therapy, prosthetics, and neovascularization [15-17]. In the
present market, stainless steel, gold, cobalt-chromium alloys, titanium, tantalum, silicone,
polymer-based polyethylene/polyurethane and ninitol have been employed for stent
applications [18-21]. These materials are agonists of immuno-response and understanding
their responses to cellular environments can facilitate their modulations to obtain the

desired host response.

One such biomaterial - Ti - has been studied rigorously as an attempt to be
employed for novel biomedical applications [22-24]. When implanted, tissue repair
around the Ti substrate critically depends on the inflammatory and osseous response
triggered in that area [25-28]. Another biomaterial - Si - has also been employed as
wafers in varied biomedical applications including implantable microdevices, drug
delivery, ocular implants, neural electrodes, sensors, and renal deplacement devices [29-
34]. However the interaction of endothelial cells (ECs) with Ti and Si is not completely

understood [35-41].
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Present nano-fabrication and micro-fabrication techniques can allow the
development of nanostructured devices and substrates at a very precise and controllable
manner [42-44]. Previous studies have shown the effect of employing micro-patterned
biomaterials in-vitro [45-50]. Grating-based surface patterns potentially induce elongated
cellular morphologies reminiscent of the native endothelium. Islands of extracellular
matrix coated surfaces have been employed to obtain endothelial cells with specific

features [51-52].

In this study, we chose Ti and Si due to their relevance for implantable
microdevice application as mentioned above. We study the EC interaction to the micro-
scale and nano-scale patterns on Ti and Si. Patterns composed of 0.5 um — 50 pm were
carefully and uniformly micro-fabricated and nano-fabricated on the Ti and Si substrates.
We demonstrate that ECs adhere to Ti and Si in vitro, however endothelial cells on Ti
substrates proliferate at a higher rate. Further, a confluent EC layer was quickly obtained
on the nanoscale patterned Ti substrates without any coating or surface treatment. The

results also show that ECs align in the direction of nano-scaled patterns on Ti substrates.
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5.3 MATERIALS AND METHODS

5.3.1 Fabrication of patterned titanium and silicon substrates

Figure 5.1 schematically illustrates the layouts of the patterned Ti and Si substrates used
in this study. Figure 5.1 schematically illustrates the layouts of the patterned Ti and Si
substrates used in this study. The substrates share identical dimensions and patterning;
however, the Ti substrate is a mirror image of the Si substrate, due to the use of the latter
in the fabrication of the former, as will be discussed later. In each substrate, there are nine
distinct 5 x 5 mm? sub-patterns. One of the sub-patterns is left unpatterned as a control
(i.e. blank), while the remainder are composed of groove-based gratings with groove
widths ranging from 0.5 to 50 um and pitch twice the groove width. Each grating sub-
pattern is orthogonally-oriented with respect to its neighbors, and is surrounded by a 100
um wide unpatterned border. This substrate layout was chosen to provide opportunity for
simultaneous evaluation of a broad parameter space within the same sample, and
therefore, within the same cell culture conditions. However, in the current work, attention
was focused solely on the 0.5 pum, 0.75 pm, 50 um, and unpatterned sub-patterns, since
our earlier studies focused on endothelial cell response to similar substrates with 0.75 pm
and larger features [47]. It is important to note, however, that only patterned Ti substrates
were considered in our earlier studies, and rat aortic endothelial cells (RAECSs) were used

rather than the human endothelial cells (HECs) used herein.
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Figure 5.1| Schematic of patterned Ti (left) and Si (right) substrates used in this

study.
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Figure 5.2 outlines the fabrication processes for the patterned Ti and Si substrates.
In both cases polished substrates were first cleaned by a standard solvent cleaning
procedure consisting of sequential sonication in acetone and isopropanol, followed by
rinsing in deionized (DI) water, and drying with N, gas. For the patterned Si substrate
fabrication, single crystal Si wafers were used (100 mm diameter, P/B, <1-0-0>,
5254+25um thickness, Silicon Quest International, Ra ~ 0.5 nm). Following cleaning, the
wafers were dipped in buffered hydrofluoric acid (BHF), rinsed with DI, dried with N,
and dehydration baked. Hexamethyldisilazane (HMDS) was applied as an adhesion
promoter, followed by spin-coating of photoresist (PR) (AZ nLOF 5510, Clariant). After
lithographic patterning using projection lithography (GCA Autostep 200 i-line Wafer
Stepper, 3C Technical), the substrates were subjected to descuming by O, plasma (PE-
[1A, Technics). The PR patterns were then transferred into the underlying Si substrate
using fluorine—based dry etching (Plasmatherm SLR 770, Unaxis). Using this process,
patterned Si substrates were produced for two purposes: 1) Substrates with grating depths
of 1.3 um were used for the cell studies; and 2) Substrates with grating depths of ~ 0.3
pm served as imprint masters in the fabrication of the patterned Ti substrates. For the
latter, a coating of perflourodecyltricholorsilane (FDTS) was applied using molecular
vapor deposition (MVD 100E, Applied Microstructures Inc.) to minimize resist adhesion

during imprinting.
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Figure 5.2| Fabrication processes for the patterned Si (left) and Ti (right)
substrates. Patterned Si substrate fabrication: 1) PR application; 2) Lithographic
patterning via projection lithography; 3) PR development and O, plasma descum;
and 4) F-based dry etching and PR removal. Patterned Ti substrate fabrication: 1)
SiO, deposition by PECVD, followed by PR application; 2) Lithographic
patterning via thermal NIL with patterned Si imprint master; 3) Pattern transfer to
SiO, by F-based dry etching; 4) PR removal and Ti DRIE etch; and 5) Final SiO,
removal by F-based dry etching.
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For the patterned Ti substrate fabrication, polycrystalline Grade 1 Ti wafers were
used (99.6% Ti, Tokyo Stainless Grinding Co., Ra ~ 5 nm). Following cleaning, an etch
mask of 200 nm SiO, was deposited using plasma enhanced chemical vapor deposition
(PECVD) (VLR, Unaxis). The wafers were then spin-coated with PR (mr-1 7020, Micro
Resist Technology). Afterwards, the PR was patterned using the Si imprint masters and
thermal nanoimprint lithography (NIL) (NX2000, Nanonex Inc.). Oxygen-based dry
etching was used to remove the residual layer at the base of the features after imprinting
(E620-R&D, Panasonic Factory Solutions). This was followed by transfer of the PR
patterns into the underlying SiO, etch mask by fluorine-based dry etching (E620-R&D).
The etch mask patterns were then transferred into the underlying substrate using a
modified version of the Ti DRIE process optimized for nanoscale features. Finally,

fluorine-based dry etching was used to remove the remaining etch mask [44].

5.3.2 Patterned substrate characterization

The fidelity and uniformity of the surface patterning was characterized using scanning
electron microscopy (SEM) (SUPRA 55, Leo). Imaging was performed at 5 kV
accelerating voltage without need for application of conductive coatings on either
substrate. The surface roughness of the patterned substrates was characterized using
atomic force microscopy (AFM; DimensionTM 3100, Nanoscopellla, Vecco Meterology
Group). Commercially-available, silicon-nitride tips were used (tip radius of curvature <

10 nm, tip height = 14 - 16 pum, and cantilever spring constant = 1.2 - 6.4 N-m™; Bruker
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AFM Probes). Imaging was performed in tapping mode with 1 Hz scan rate. The depth of
the gratings on the patterned Ti substrates was characterized using focused ion beam
milling (CrossBeam XB1540, Carl Zeiss Microscopy), since the intrinsic toughness of
these substrates precluded cross sectioning by cleaving. This was not necessary for the
patterned Si substrates, since their intrinsic brittleness allowed cross sectioning by
cleaving. Finally, the depths in the larger gratings of both substrates were also measured

using a surface profilometer with 12 pum tip diameter stylus (Dektak 8, Veeco).

5.3.3 Endothelial cell culture

EA926, a variant of human endothelial cells were obtained from ATCC (Manassas, VA).
Cells were cultured using Dulbecco’s modified Eagle’s medium (DMEM, Lonza Inc.)
and were supplemented with 10% FBS (Gibco Inc.) and antibiotics (Primocin, Invivogen
Inc.). Freshly passaged cells were maintained in humidified 95% air-5% CO; incubator at

37°C.

5.3.4 Endothelial cell adhesion and proliferation assays

Prior to all assays, the patterned substrates were subject to standard solvent cleaning,
followed by sterilization by autoclaving at 121 °C for 15 minutes and cooled at 110 °C
for 20 minutes and UV light exposure overnight. To study EA926 cell adhesion, cells

were seeded at a density of 1050 cells/cm?® on the patterned substrates. The cells were
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cultured for 4 h, after which non-adherent cells were removed by rinsing twice in
phosphate buffered solution (PBS), while cells that remained on the surface were
visualized by staining (Rhodamine 123, Life Technologies). To study proliferation of
endothelial cells, cells were seeded at a density of 1050 cells/cm? on the patterned
substrates. The cells were cultured for 4 h, 1 d, 3 d, and 5 d, after which non-adherent
cells were removed by rinsing in PBS, while cells that remained on the surface were

again visualized by Rhodamine 123 staining.

5.3.5 Endothelial cell imaging

Optical and fluorescent imaging of EA926 cells on the patterned substrates was
performed using a fully apochromatic corrected stereomicroscope with 12.5:1 zoom
(M125, Leica). Images were acquired with a 10X objective lens, binning of 4 x 4, gain of
8.0, and brightness of 1.2. Commonly-available software was used for image acquisition
(Spot Imaging Software®, Spot Imaging Solutions) and processing (ImageJ® 1.46,
NIH)™3. SEM imaging of ECs on the patterned substrates was also performed. Prior to
imaging, cells were fixed with 4% glutaraldehyde and postfixed with 0.5% OsO, for 1 h
each, dehydrated through a graded series of alcohol, and dried in a critical point dryer
(Balzer CPD 030, Liechtenstein). Imaging was performed at 5 kV accelerating voltage

without need for application of conductive coatings on either cell seeded substrate.
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5.3.6 Statistical analyses

All experiments were conducted for four to five times and repeated at three different
times. Experimental data were analysed statistically using ANOVA (with single factor)
and commercially-available statistical packages (Excel®, Microsoft; and SigmaPlot® 5.0,

Systat Software Inc.).
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5.4 RESULTS AND DISCUSSION

5.4.1 Patterned substrate characterization

Figure 5.3 shows SEM micrographs of the patterned Ti and Si substrates. Precisely
defined and highly uniform patterning is observed on both substrates across the entire
feature size range. Moreover, the unpatterned control surfaces are observed to be
featureless, thus demonstrating that there is no significant roughnening produced by the
fabrication process. It is important to note that the 0.5 um gratings on the Ti substrates

represent the smallest features produced by the Ti DRIE process to date.

Figure 5.4 shows cross section SEM micrographs of the 0.5 um gratings on the Ti and
Si substrates. As can be seen, nearly identical grating patterns have been produced in both
substrates. Moreover, groove cross section profiles are observed to be nearly rectangular.
Finally, grating depths are observed to be 1.3 um for both substrates. Results from
surface profilometry measuresments of wider grooves elsewhere on the patterned
substrates returned similar depths (data not shown), thus indicating that grating depth is

uniform across all patterns on the substrates.
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Figure 5.3| Scanning electron microscope (SEM) micrographs of patterned Ti substrates
with 0.5 pum, 0.75 pm, and 50 um gratings, as well as unpatterned control surfaces (i.e.
blank).
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Figure 5.4| Scanning electron microscope (SEM) micrographs of patterned Si substrates
with 0.5 pm, 0.75 um, and 50 um gratings, as well as unpatterned control surfaces (i.e.
blank).
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Ti

Figure 5.5| Scanning electron microscope (SEM) micrographs of 0.5 um grating cross
sections from patterned Ti (left) and Si (right) substrates. Notes: The bright layer
covering the Ti grating is a Pt film deposited prior to focused ion beam (FIB) milling to
protect the underlying structures from sputtering-induced faceting. The vertically-
oriented contrast variations observed beneath the grating in the patterned Ti substrate are
“curtain effect” artifacts produced by differential sputtering during milling [48].

116



Table 5.1 shows AFM-based surface roughness measurements from various sub-
patterns on the patterned Ti and Si substrates. Measurements were taken on the ridge-tops
of the grating sub-patterns, and the reported values are averages of measurements made at
five different regions (center, and four corners) on each sub-pattern. Measurements were
made over 200 x 200 nm? areas within the middle of the ridge-tops for the 0.5 and 0.75
um gratings (0.04 pm? measurement area). For the 50 um gratings and upatterned sub-
patterns, measurements were made over 530 x 530 nm? areas (0.28 pm? measurement
area). Average roughness, R, represents the average height of the roughness
irregularities, while root mean squared roughness , Ry, is more sensitive to low and high
points, and maximum roughness, Rnax, reports the highest abberations. In most cases,
surface roughness is observed to be greater on Ti than Si. However, in all cases,
roughness is less than 15 nm, and far less than the smallest pattern size — 0.5 um. This
suggests that the surface roughness has negligible influence on cellular responses.

Surprisingly, the unpatterned surface of Ti was smoother than the Si.
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Table 5.1. Atomic force microscope (AFM) surface roughness measurements of specific

sub-patterns on the patterned Ti and Si substrates. Reported values are averages of 4

measurements taken at various locations within each sub-pattern.
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5.4.2 Endothelial cell adhesion

Figure 5.6 shows EC densities after 4 h on patterned Ti and Si substrates, as characterized
by fluorescence imaging. Although variations in adhesion with feature size and substrate
material are observed, most are relatively minor. The ECs on Ti substrates showed
greater adhesion with the nano-scale patterns. These results corroborate with our earlier
studies, which showed 2 — 3 fold higher RAEC adhesion on 0.75 um Ti gratings
compared to 50 um Ti gratings and unpatterned Ti control surfaces [47]. However, on the
Si substrates, endothelial cells adhered to a similar extent on patterned as well as non-

patterned surfaces.

5.4.3 Endothelial cell proliferation

Our results show greater proliferation with decreased feature sizes. We observe the
previously seen trend for Ti [47] and observe a similar trend on Si, albeit at lower cell
densities. It is also interesting to note that ECs on sub-micron patterns are in a continued
growth phase, while ECs on unpatterned surfaces move on to the subsequent phases in
the growth cycle. ECs on sub-micron patterns adhered to the surface, spread and

proliferated and within 1 d forming a sub-confluent monolayer.

More specifically, Figure 5.7 — Figure 5.9 show EC densities after time points ranging
from 4 h to 5 d on the patterned Ti and Si substrates. At comparable time points and
feature sizes, greater proliferation is typically observed on Ti compared to Si, e.g. cell

densities on the 0.5 um Ti patterns are nearly 40% greater at 5 d than those on
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comparable Si gratings. Moreover, at most time points, greater proliferation is observed
with decreasing feature sizes for both materials, e.g. cell densities on the 0.5 pm Ti
patterns are nearly 5 times greater than unpatterned Ti at 5 d, and nearly 3 times greater
for 0.5 um Si gratings compared to unpatterned Si. In summary, after 1 day, we observed

increased cell density and after 5 days we observed a confluent and dense cell monolayer.

ECs on sub-micrometer scale gratings in both Ti/Si are observed to remain in
their exponential growth phase over the entire 5 d study period. EC confluence occurred
most quickly on the Ti/Si surfaces with groove sizes in the nano-scale range (0.5 um and
0.75 pum). Cell layer is said to be confluent when approximately 90% of its surface is
covered with cells. The endothelial cells reach confluence on 0.5 pm as quickly as within
2 days whereas in 50 um Ti substrates and unpatterned Ti substrates, the endothelial cells

do not grow to confluence.
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Figure.5. 6. Human endothelial cells (EA926) densities on patterned Ti and Si substrates
after 4 hour culture. n=5. No statistical difference is seen at p<0.5.

121



Cells over the unpatterned surface maintained their morphological patterns
without any significant volume variation. Finally, as shown in Figure 5.9, ECs on sub-
micrometer scale gratings in both Ti/Si are observed to remain in their exponential
growth phase over the entire 5 d study period. In summary, cell confluence occurred most
quickly on the Ti/Si surfaces with groove sizes in the nano-scale range (0.5 um and 0.75
pm). To remind ourselves, a cell layer is confluent when approximately 90% of its
surface is covered with cells. The endothelial cells reach confluence on 0.5 pm as quickly
as within 2 days whereas in 50 um Ti substrates and unpatterned Ti substrates, the
endothelial cells do not grow to confluence. Figure 5.9 shows the number of cells

attached to Ti/Si and unpatterned surfaces after the different growing periods.
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Figure 5.7| Human endothelial cells (EA926) on patterned Ti substrates for 0.5 um,
0.75 um, 50 pm, and unpatterned substrates at varying time points ranging from 4 hours
to 5 days. Cell densities for (A) 4 hours, (B) 1 day, (C) 3 days, and (D) 5 days have been
quantified.

123



Figure 5.8| Human endothelial cells (EA926) on patterned Si substrates for 0.5 um, 0.75
um, 50 um, and unpatterned substrates at varying time points ranging from 4 hours to 5
days. Cell densities for (A) 4 hours, (B) 1 day, (C) 3 days, and (D) 5 days have been
quantified.
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Figure 5.9] Human endothelial cell (EA926) densities on patterned Ti and Si substrates at
varying time points ranging from 4 hours to 5 days. Data = mean £ SEM (*p=0.001,;
unpaired samples T-test, n = 5).

125



5.4.4 Endothelial cell alignment and morphology

The morphological observations indicated that ECs seeded on Ti were flat, elongated and
oriented along the direction of the Ti grooves. These cells adhered on the surfaces with
maximum cytoskeletal focal points. Figure 5.10 shows SEM micrographs of ECs on 0.5
pMm grating sub-patterns on both Ti and Si substrates after 1 d. Strong alignment and
elongation is observed on both materials, as is the presence of cellular extensions of
filopodia and lamellipodia, which demonstrate an intrinsic tendancy of paracellular
signaling. The signaling can be attributed directly to the tensegrity of the cell structure
[45]. However, more favorable cellular morphology is observed on the Ti gratings, as
evidenced by greater flattening and spreading and hence greater focal point adhesion. On
the unpatterned surfaces, ECs do not morph to their normal cell shapes. Instead, we

observe that the ECs were more spherical.

Figure 5.11 shows optical micrographs of ECs on 0.5 um Ti gratings and
commercially available polystyrene cell culture dishes after 5 d. The salient feature that
can be observed on the 0.5 um Ti grating is the elongated cellular morphology within the
nearly confluent monolayer, which is reminiscent of the native endothelium. Cells on
unpatterned Ti surfaces and polystyrene culture dish did not reached confluence and are
observed to proliferate in a largely random manner. These results demonstrate that sub-
micro gratings elicit faster confluence than unpatterned, and Ti specifically elicits more

favorable morphology (as evidenced by flattening & spreading) than Si.
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Figure 5.10| Scanning electron microscope (SEM) micrographs of human endothelial
cells (EA926s) after 1 day culture on 0.5 um grating sub-patterns of Ti (left) and Si
(right) substrates. Double arrow in Ti image indicates grating direction, while single
arrows in both images indicate filopodia and lamellipodia.
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Figure 5.11| Optical microscope micrographs of human endothelial cells (HECs) after 5
day culture on: 0.5 um grating sub-pattern of (A) Ti substrate and (B) Si substrate;
unpatterned (C) Ti substrate and (D) Si substrate; and (E) Commercially-available
polystyrene cell culture dish. Note: Double arrows indicate grating direction.
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Figure 5.12 shows a SEM micrograph of ECs on a patterned Ti and Si substrates after
5d. The images are taken at the boundary of 0.5 um and 50 um sub-patterns, which are
orthogonally oriented with respect to one another, and are separated by a 100 pm wide
unpatterned border. As in Figure 5.8, a confluent monolayer of elongated and aligned
cells is observed on the 0.5 um grating Ti sub-pattern substrate. However, cell density
and alignment are observed to decrease in the neighbouring unpatterned border and 50
pm grating sub-pattern substrate. Similar trends were observed for ECs on the patterned

Si substrates at comparable locations.
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Figure 5.12| Scanning electron microscope (SEM) micrograph of human endothelial
cells (EA926s) after 5 day culture on patterned Ti substrate. Imaged region is at boundary
between 0.5 pum (left) and 50 um (right) grating sub-patterns, which are orthogonally
oriented and separated by 100 pm unpatterned border (middle). Note: Dotted lines
indicate boundaries of the sub-patterns and double arrows indicate grating direction.
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The results demonstrate the importance of controlled nano-scale gratings, which
may mimic the physical topography of the subendothelium, and hence successfully
maintain the underlying environment for ECs. These in-vitro studies explore EC adhesion
and proliferation on rationally designed patterned Ti and Si surfaces including, and for
the first time, a groove size as small as 0.5 pm. The salient feature of these studies is the
utilization of a novel technique that meticulously produces nanometer to micrometer-
scale surface features on biomaterials. Moreover, the data demonstrates superior EC
adhesion, alignment, and proliferation on patterned Ti and Si surfaces with nano-sized
grooves compared to unpatterned Ti and Si panels, micropatterned Ti and Si, and

commercially available cell culture substrates.

These in-vitro studies explore endothelial cell adhesion and proliferation on
rationally designed patterned Si and Ti surfaces including, and for the first time, a groove
size as small as 0.5 um. The salient feature of these studies is the utilization of a novel
technique that meticulously produces nanometer to micrometer-scale surface features on
biomaterials. Moreover, the data demonstrate superior endothelial cell adhesion,
alignment, and proliferation on patterned Ti and Si surfaces with nano-sized grooves
compared to blank Ti and Si panels, micropatterned Ti and Si, and commercially

available cell culture substrates.

Controlled nano-patterns on Ti and Si surfaces are favorable to endothelial cell
growth. The data also demonstrates a direct correlation of neo-vascular benefits with

decreasing pattern feature sizes, thus suggesting that even greater promise may lie in
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further feature size reduction. An added advantage of using the proposed nanopatterned
stent model is the non-intervention of any pharmaceutical drugs they might lead to less
complications or side-effects than the currently employed pharamaceutical modified

biomimetic surfaces in the market.

Further in-vivo experiments are necessary to be performed to study the bio-response
of the nanopatterned biomaterial prosthetic devices in animal models. The rationale of the
observed improved endothelial cell response to these nano-featured patterns has yet to be
explored. Additionally, the local distribution of physical and chemical cues within the

substrate dictates the design of biomimicking prosthetics.
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5.5 CONCLUSIONS

Precise nano-patterned features were fabricated on Ti and Si substrates using novel
plasma etching techniques - NIL and TIDE. In this work, we show that Ti and Si
substrates with nano-patterns promote the formation of an endothelial monolayer. We
observed a non-preferential EC adhesion on Ti and Si substrates for 4 hours, however,
over longer time periods. ECs readily proliferate on Ti substrates compared to Si
substrates. The results further propose that contact-guided neovascularization can be
enhanced on substrates with nano-grooves. More studies are necessary to corroborate the
benefits of nanopatterned Ti/Si for prosthetic applications. The data also demonstrates a
direct correlation of endothelial proliferation rate with decreasing pattern feature sizes,
thus suggesting that even greater promise may lie in further feature size reduction. An
added advantage of using the proposed nanopatterned stent material is the non-
intervention of any pharmaceuticals that might lead to less complications or side-effects
than the commercially available biomimetic devices. It will be interesting to observe the

endothelial behavior on nanopatterned substrates of smaller dimensions.
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CHAPTER 6
COMPARITIVE ENDOTHELIAL CELL GROWTH,
MIGRATION, AND EXTRACELLULAR MATRIX
SYNTHESIS ON MICRO-PATTERNED

AND NANO-PATTERNED TITANIUM
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ABSTRACT

In this work, we patterned titanium (Ti) surfaces with periodic arrays of grooves and
spacings ranging from 50 um to 500 nm. We explore the effect of nano-patterned Ti on
the yield of endothelial cells in an effort to restore vascular endothelium. Our results
demonstrate the superior response of endothelial cells cultured on nanopatterned Ti with
smaller groove sizes. More specifically, we compare the growth, migration, and
extracellular matrix sunthesis, and growth arrest of endothelial cells seeded on 500 nm,
0.75 um, 50 um Ti surface patterns, and unpatterned Ti. We observe that the cells
intuitively migrate from substrates with the smallest nanopatterned groves (500 nm).
Considering the enhanced endothelial extracellular matrix synthesis and migration,
composed of elongated vascular endothelial cells aligned with the direction of blood
flow, it has been speculated that rationally designed, nanopatterned Ti surface features
could further enhance endothelial cell functions by promoting a more native cellular

morphology.

Keywords: stents; endothelium; titanium
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6.2 INTRODUCTION

Neovascularization defined as the formation of nascent blood vessels plays a critical role
in tissue growth and homeostasis, as well as in the pathogenesis of many diseases such as
cancer, diabetic retinopathy, and rheumatoid arthritis [1]. Inhibition and liberation of
neovascularization can be utilized to either prevent the growth of tumors in pathological
conditions or accelerate the formation of tissue in wound healing respectively [2-3]. The
goal of using biomaterials is to obtain the desired neovascularization with minimal or no
side effects.

While neovascularization is the development of novice circulation as a response
to multiple biomolecules, the endothelial cell responses to these factors that dictate the
cell state (growth-differentiation-death-senescence). The cell cycle control, an important
extension of the routine proliferation, is crucial for studying developmental and tumor

biology [4-6].The mechanism by which ECM exerts this control remains controversial.

6.2.1 Cell cycle control

Cell-cycle control is intimately associated with differentiated cell function and many
current biocompatibility tests for biomaterials involve some kind of determination of cell
numbers [19-21]. Cell numbers themselves result from the balance between cell
proliferation and cell death; i.e., they are dependent on cell cycle control. The study of
cell-cycle control is an important extension of routine proliferation assays and has
extensive roots in developmental and tumor biology. Control of the cell cycle involves

decision making about the fate of damaged cells. An increasing number of tumor-

143



suppressor genes and oncogenes have been identified, the expression of which is
somehow directly or indirectly associated with cell-cycle control [22-23]. One prominent
example of a directly involved gene product is p53 [24-25]. Overexpression as well as
mutations in this gene is associated with a substantial fraction of a large number of

human cancers, indicating its crucial role in physiological control mechanisms [26-28].

6.2.2 Extracellular matrix

Previous in vitro studies have established that varying the density of ECM molecules
such as fibronectin immobilized on dishes can switch endothelial cells between growth
and differentiation in the presence of soluble plasma biomolecules. This switch appears
to be regulated through the changes in cell spreading that directly result from varying the
density of immobilized ECM molecules [8-9]. Changes in ECM density also influence
the efficiency of binding and activation of cell surface integrin receptors which can
trigger intracellular signaling pathways [10-13] and alter gene expression [9] required for
growth. Thus, it is unclear whether the switch between cellular programs is caused by the
change in cell geometry or a change in ECM-integrin receptor binding,

Even though ECM is known to play a key role in angiogenesis regulation, the
underlying mechanism by which ECM exerts this effect remains unclear. Integrin
receptor binding has been shown to stimulate chemical signaling events involved in this
process [14-16]. Other studies have suggested that mechanical determinants, such as
cytoskeletal tension-dependent changes in cell shape, also play a role in dictating

between growth and differentiation during angiogenesis [13,15-16].

144



The cell integrates information from both the extracellular matrix and growth
factor receptors to regulate cell migration through signaling intermediates [21]. The size
of cellular extensions determines the number of adhesions between the cell and ECM
molecules, thereby increasing the degree of signaling initiated by the ECM to the cell.
Additionally, protrusive forces mediate migration by propelling a cell forward, are
regulated depending on the degree of cell extension or retraction in the local

microenvironment.

6.2.3 Cell-substrate contact points

The initial contact between a cell and the ECM is mediated by the adhesion of the cell to
the extracellular matrix via integrin receptors present on the cell surface [30]. Integrin
ligand binding is followed by the extension of pseudopodia from the cell body. As the
cell begins to flatten against the substrate, it forms additional bonds with the ECM,
rearranging its cytoskeleton to form actin bundles and focal adhesions [31]. To spread, a
cell must exert force against its membrane and its substrate to allow for pseudopodial
extension and the stabilization of nascent contacts. The resultant net force is a balance
between the extensional and contractile forces exerted by the cytoskeletal machinery

[29]. This balance of forces and the resultant degree of spreading, in part, controls cell

physiology.
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6.2.4 Micropatterned surfaces
Recent work with micropatterned surfaces demonstrated that cell shape--the degree to
which an endothelial cell extends and flattens--is a key determinant of whether a cell

enters the growth cycle or undergoes apoptosis [(2,12].

In the present study, we engineered nano-scale and micro-scale titanium
substrates composed of different pattern sized islands. We are interested in seeing if the
high density of grooves promotes optimal iutegrin clustering. We observed that the size
and shape of the grooves controlled the degree to which the cells spread. We also
demonstrate that the endothelial cells can be switched between growth, differentiation,
and final apoptosis. Our results demonstrate that the mechanical interactions between

endothelial cells and extracellular matrices govern the formation of neovascularization.
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6.3 MATERIALS AND METHODS

6.3.1 Endothelial cell culture

EA926 cells are obtained from ATCC (Manassas, VA). Cells are cultured using
Dulbecco’s modified Eagle’s medium (DMEM, Lonza Inc.) and are supplemented with
10% FBS (Gibco Inc.) and antibiotics (Primocin, Invivogen Inc.). Freshly passaged cells
are grown on Ti coupons. The cell-cultured nano-grooved Ti substrates will be

maintained in humidified 95% air-5% CO, incubator at 37°C.

6.3.2 Immunostaining

Ti samples seeded with EA926 cells will be washed with PBS three times for five
minutes each. The Vybrant Apoptosis Assay Kit #4 detects apoptosis on the basis of
changes that occur in the permeability of cell membranes. This kit contains ready-to-use
solutions of both YO-PRO-1 and propidium iodide nucleic acid stains. YO-PRO-1 stain
selectively passes through the plasma membranes of apoptotic cells and labels them with
moderate green fluorescence. Necrotic cells are stained red-fluorescent with propidium

iodide.

6.3.3 Confocal imaging
EA926 cells seeded on the Ti surfaces were examined for all the indicated times and
imaged using Leica M125 (Buffalo Groove, IL, USA) fully apochromatic corrected

stereomicroscope with 12.5:1 zoom. Fluorescent images and transmitted images with
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10X objective lens, binning of 4 x 4, gain of 8.0, and brightness of 1.2 were acquired.
The seeded endothelial cells on the Ti surfaces are examined for all the indicated times
and imaged using Leica SP2 (Buffalo Groove, IL, USA) Confocal microscope is used to
image the cells for the Adhesion experiments. Spot Imaging Software® (Sterling
Heights, MI, USA) and ImageJ® 1.46 (NIH, Bethesda, USA) is used to acquire and

process the images.

6.3.4 Scanning electron microscope

SEM imaging of EA926 cells on the patterned substrates was performed. Prior to
imaging, cells were fixed with 4% glutaraldehyde and post fixed with 0.5% OsQO, for 1 h
each, dehydrated through a graded series of alcohol, and dried in a critical point dryer

(Balzer CPD 030, Liechtenstein).
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6.4 RESULTS AND DISCUSSION

6.4.1 Extracellular matrix synthesis

After 1 day culture of endothelial cells on titanium (see Figure 6.1 and Figure 6.2), a
strong synthesis of extracellular matrix was observed by endothelial cells on 0.5 um Ti
substrates. Conversely, on unpatterned, 50 um, and 0.75 um grooved substrates, the
development of extracellular matrices was not observed to that extent. Cells seeded on
0.75 um grooves formed cell-cell contacts but remained flattened on the culture substrate
and did not readily differentiate. Even though the micropatterned surfaces described here
have identical chemistry and the cells were cultured in the same serum (growth factors)
containing medium; the variation of the cellular behavior can be solely attributed to the
mechanical structural aspects of different nano-scale and micro-scale grooves.

In Chapter 5, we observed that the cells proliferated and aligned to a better extent
on the 0.5 um patterned Ti surfaces. In this Chapter, we observe that the cells on 0.5 um
Ti surfaces synthesize a denser extracellular matrix. The ECM produced and released by
the endothelial cells can be directly correlated to the observed behavior of the endothelial
cells on Ti surfaces with 0.5 um groove sizes. Simultaneously, linear ECM tendrils
accumulated underneath and between the cells; this decreased the area of cell substrate

adhesion and promoted formation of continuous monolayer.
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Figure 6.1| Scanning electron micrographs of Ti grooves showing a minimal synthesis of
extracellular matrices for (A) unpatterned Ti material and (B) 50 um Ti material for two
days.
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Figure 6.2| Scanning electron micrographs of Ti grooves showing a minimal synthesis of
extracellular matrices on (A) 0.75um grooved and (B) 0.5 um grooved Ti material for
two days.
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6.4.2 Quantifying cell growth

Apoptosis is a carefully regulated process of cell death that occurs as a normal part of
development. Inappropriately regulated apoptosis is implicated in disease states, such as
Alzheimer’s disease and cancer. Apoptosis is distinguished from necrosis, or accidental
cell death, by characteristic morphological and biochemical changes, including
compaction and fragmentation of the nuclear chromatin, shrinkage of the cytoplasm and

loss of membrane asymmetry.

Furthermore, during apoptosis the cytoplasmic membrane becomes slightly
permeant. Certain dyes, such as the green fluorescent YO-PRO®-1 dye can enter
apoptotic cells, whereas other dyes, such as the red fluorescent dye, Propidium iodide
(PI), cannot. Thus, use of YO-PRO®-1 dye and PI together provide a sensitive indicator

for apoptosis.

As shown in Figures 6.3- 6.6, endothelial cells proliferate (higher extent on 0.5
um substrates) on all the grooved substrates. We observe apoptosis to a higher extent on

the substrates with no grooves and 0.75 pm grooved Ti substrates.
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Figure 6.3| Endothelial cells are stained with YoPro-1 and Propidium lodide and the cell
seeded Ti substrate was imaged for unpatterned substrate.
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Figure 6.4] Endothelial cells are stained with YoPro-1 and Propidium lodide and the cell
seeded Ti substrate was imaged for 50 pum grooved surface.
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Figure 6.5 Endothelial cells are stained with YoPro-1 and Propidium lodide and the cell
seeded Ti substrate was imaged for 0.75 um grooved surface.
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Figure 6.6] Endothelial cells are stained with YoPro

seeded Ti substrate was imaged for 0.75 um grooved surface.
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6.4.3 Detecting migration of cells

As shown in Figure 6.7, we observe a high density of endothelial cells at the 0.5 um
groove Ti substrates compared to the 50 um grooved substrates. When we looked closer,
we observed that a protrusion (identified as pseudopodia) is made at the leading edge. At
the trailing edge of the cells, we observe reminiscent of the developed pseudopodia
(shown in Figure 6.8). These events are the initial events of the migratory cycle. To
migrate, cells must establish dynamic and highly regulated adhesive interactions with the
extracellular matrix. Similar endothelial cell behavior can be observed in unpatterned
structures (Figure 6.9). In Figure 6.8, we observe a greater extent of migration of the
endothelial cells in 0.75 um grooved size substrates. The summary of the above events is
shown in Figure 6.10 where we observe cells migrating towards the 50 pum substrates and
unpatterned substrates from 0.5 um grooved substrates.

The concentration of the extracellular matrix molecule on the substrate and the
concentration of the growth factor in solution regulate the migratory responses of
endothelial cells. Cells coordinate the formation of lamellipodia at the leading edge and
retraction at the trailing edge to move forward. Lack of rear release decreases cell
migration. The balance of extensional and contractile forces that mediate processes such
as cell migration and ECM remodeling are thought to also control the dynamic changes in
cell spreading that occur when an initially spherical cell flattens against a surface; thus,
an examination of cell spreading should inform us about the basic mechanisms of cell-

substrate interactions.
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Figure 6.7| Scanning electron micrographs of a 50 um Ti grooves depicting the migration
of endothelial cells towards 0.5 um grooves.
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Figure 6.8| Scanning electron micrographs of a 50 um Ti grooves depicting the migration
of endothelial cells towards 0.5 um grooves.
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Figure 6.9] Scanning electron micrographs of unpatterned Ti material depicting the
migration of endothelial cells towards 0.5 um grooves.
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Figure 6.10| Scanning electron micrographs of unpatterned Ti material depicting the
migration of endothelial cells towards 0.5 um grooves.

161



migration from
0.5 pm Ti grooves

ot
ol
ot
[
=
P
[
=]
]
=
=]
=

Figure 6.11] Scanning electron micrographs of Ti grooves depicting the migration of
endothelial cells towards 0.5 um grooves.
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6.4.4 Capturing cells in growth arrest

The culture of endothelial cells differed only in a single parameter: the geometric
difference in the width of the grooves. However, growth and apoptosis in cells cultured
on these substrates revealed that endothelial differentiation occurs at a moderate degree
of cell spreading that neither supports DNA synthesis nor apoptosis as shown in
Figure 6.11 (A-B) and Figure 6.12(A-B) — and hence, entering a subsequent growth

arrest. The endothelial cells were cultured for a period of 12 days.

This observation suggests that a common pathway may exist that regulates these
major gene cascades, rather than a model in which each program is independently
regulated. Such a mechanism would ensure concomitant switching between different cell

fates while preventing mitosis or apoptosis from being initiated simultaneously.

Patterns composed of 50 um grooves moderately restricted the extent of cell
spreading such that neither growth nor apoptosis was induced. At the same time, the
0.5um and 0.75 pum grooves promoted mutti-cellular interactions enabling cell-cell

signaling and linear junctional seals along the formed monolayer.
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Figure 6.12| Scanning electron micrographs of Ti grooves showing a minimal synthesis
of extracellular matrices on 0.75um grooved Ti material for 12 days.
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Figure 6.13| Scanning electron micrographs of Ti grooves showing a minimal synthesis
of extracellular matrices on 0.75um grooved Ti material for 12 days.
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6.5 CONCLUSION

Biomaterials promoting neovascularization play an important role in the delivery of cells
to the sites of trauma, wound healing, and inflammation. In these areas, chemotaxis, cell
adhesion, and extravasation play key roles, involving different cell types with a plethora
of released chemical mediators. In this chapter, we took into account other regulatory
parameters — extracellular matrix synthesis, cell growth, and cell sensesence to evaluate
the interaction of endothelial cells on the Ti substrates. In summary, our results
demonstrate that the endothelial extracellular matrix synthesis promotes the triggering of
the cells between growth, differentiation, and apoptosis. These extracellular matrices
synthesized by the cells are in turn governed by the presence of geometric topographies
eliciting different signaling cascades and downstream gene transcription, even in the
presence of the same set of chemical signals (e.g., growth factors, integrin binding). Our
results demonstrate that this central mechanism of cellular control is regulated by changes
in the subendothelial microenvironment. The mechanism by which cell shape regulates
these genetic programs has yet to be elucidated. The integrity of the cytoskeleton and its
ability to generate tension against the resisting Ti substrate through integrin-ECM
interaction has to be further studied. It will also be interesting to capture the signaling
specific to these cell fates (namely, growth: vascular endothelial growth factor; apoptosis:

p53; and cell cycling: CDK-cyclin).

166



6.6 REFERENCES

1. Folkman J (1971) Tumor angiogenesis: therapeutic implications. N. Engl. J. Med.
285:1182.

2. O'Reilly MS, Holmgren L, Shing Y, Chen C, Rosenthal RA, Moses M, Lane WS, Cao
Y, Sage EH, Folkman J (1994) Angiostatin: a novel angiogenesis inhibitor that mediates
the suppression of metastasis by a Lewis lung carcinoma. Cell 79:315-328; 1994.

3. O'Reilly MS, Holmgren L, Chen C, Folkman J (1996) Angiostatin induces and
sustains dormancy of human primary tumors in mice. Nat. Med. 2:689-692.

4. Folkman J, Klagsburn M (1987) Angiogenic factors. Science. (Wash DC) 235:442-
447, 1987.

5. Ingber DE, Dike LE, Hansen L, Karp, S., et al. (1994) Cellular tensegrity: exploring
how mechanical changes in the cytoskeleton regulate cell growth, migration, and tissue
pattern during morphogenesis. Int. Rev. Cytol. 150:173-220.

6. Ingber DE and Folkman J (1989) How does extraeellular matrix control capillary
morphogenesis? Cell 58:803-805.

7. Ingber DE (1990) Fibronectin controls capillary endothelial cell growth by modulating
cell shape. Proc. Natl. Acad. Sci. USA 87:3579-3583.

8. Ingber DE, Dike LE, Hansen L, Karp S., et al. (1994) Cellular tensegrity: exploring
how mechanical changes in the cytoskeleton regulate cell growth, migration, and tissue
pattern during morphogenesis. Int. Rev. Cytol. 150:173-220.

9. Ingber DE and Folkman J (1989) How does extraeellular matrix control capillary

morphogenesis? Cell 58:803-805.

167



10. Ingber DE and Folkman J (1989) Meehanoehemical switching between growth and
differentiation during fibroblast growth factor-stimulated angiogenesis in vitro: role of
extraeellular matrix. J. Cell Biol. 109:317- 330.

11. McNamee HP, Ingber DE, Schwartz MA (1993) Adhesion to fibronectin stimulates
inositol lipid synthesis and enhances PDGF-induced inositol lipid breakdown. J. Cell
Biol. 121:673-678.

12. Ploppel GE, McNamee HP, Dike LE, Bojanowski C et al. (1995) Convergence of
integrin and growth factor receptor signaling pathways within the focal adhesion
complex. Mol. Biol. Cell 6:1349-1365.

13. Schwartz MA, Ingber DE, Lawrence M, Springer, TA., et al. (1991) Multiple
integrins share the ability to induce elevation of intracellular pH. Exp. Cell Res. 195:533-
535.

14. Schwartz MA, Lechene C, Ingber DE (1991) Insoluble fibronectin activates the
Na/H antiporter by clustering and immobilizing integrinalpha 5 beta 1, independent of
cell shape. Proc. Natl. Acad. Sci. USA. 88:7849-7853.

15. Schwartz MA, Schaller MD, Ginsberg MH (1995) Integrins: emerging paradigms of
signal transduction. Annu. Rev. Cell Dev. Biol. 1t:549-599.

16. Sheibani N, Newman PJ, Frazier WA (1997) Thrombospondin-1, a natural inhibitor
of angiogenesis, regulates platelebendothelial cell adhesion molecule-1 expression and
endothelial cell morphogenesis. Mul. Biol. Cell 8:1329-1341; 1997.

17. Singhvi R, Kumar A, Lopez GP, Stephanopoulos GN., et al. (1994) Engineering cell

shape and function. Science (Wash DC) 264:696-698.

168



18. Chen CS, Mrksich M, Huang S,Whitesides GM et al. (1997) Geometric control of
cell life and death. Science (Wash DC) 276:1425-1428.

19. Chen CS, Mrksich M, Huang S.; Whitesides, G. M., et al. (1998) Micropatterned
surfaces for control of cell shape, position and function. Biotechnol. Prog. 14:356-363.
20. Ciapetti G, Stea S, Cenni E, Sudanese A, Marraro D, Toni A, Pizzoferrato A (1994)
Cytotoxicity testing of cyanoacrylates using direct contact assay on cell cultures.
Biomaterials. 15:63-67.

21. Storck J, Ab Del RH, Zimmermann ER (1996) Effect of polyvinyl chloride plastic on
the growth and physiology of human umbilical vein endothelial cells. Biomaterials
17:1791-1794.

22. Wilke A, Orth J, Lomb M, Fuhrmann R, Kienapfel H, Griss P, and Franke RP (1998)
Biocompatibility analysis of different biomaterials in human bone marrow cell cultures. J
Biomed Mater Res. 40:301-306.

23. Schafer KA (1998) The cell cycle: A review. Vet Pathol. 35:461-478.

24. Smith KJ, Barrett TL, Smith WF, and Skelton HM (1998) A review of tumor
suppressor genes in cutaneous neoplasms with emphasis on cell cycle regulators. Am J
Dermatopathol. 20:302-313.

25. Wynford-Thomas D (1997) Proliferative lifespan checkpoints: Cell type specificity
and influence on tumour biology. Eur J Cancer 1997;33:716-726.

26. Prives C and Hall PA (1999) The p53 pathway. J Pathol.187:112-126.

169



27. Sauter ER, Cleveland D, Trock B, Ridge JA, and Klein-Szanto AJ (1994) p53 is
overexpressed in fifty percent of pre-invasive lesions of head and neck epithelium.
Carcinogenesis.15:2269-2274.

28. Brennan JA, Boyle JO, Koch WM, Goodman SN, Hruban RH, Eby YJ, Couch MJ,
Forastiere AA, and Sidransky D (1995) Association between cigarette smoking and
mutation of the p53 gene in squamous-cell carcinoma of the head and neck. N Engl J
Med. 332:712-717.

29. Lauffenburger DA and Horwitz AF (1996) Cell migration: a physically integrated
molecular process. Cell. 84:359-369.

30. Hynes RO (1987) Integrins: a family of cell surface receptors. Cell. 48:549-554.

31. Burridge K, Fath K, Kelly T, Nuckolls G, and Turner C (1988) Focal adhesions:
transmembrane junctions between the extracellular matrix and the cytoskeleton. Annu.

Rev. Cell Biol. 4:487-525.

170



CHAPTER 7

TRIGGERED SMART ENDOTHELIAL

SIGNALING PATHWAYS IN RESPONSE TO

NANOFABRICATED TITANIUM SUBSTRATES
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ABSTRACT

One of the major problems of in-vivo metallic implants remains to be related to
restenosis. Titanium (Ti) is a favorable biomaterial that can be used for neo-
vascularization by as yet unknown mechanisms. This work aims to characterize the Ti
substrates by studying their antithrombotic yet vasodilatory properties. In this work, we
attempt to identify the activation of key biomolecules in the endothelial cells. We
investigate eNOS, AMPK, VCAM-1, Von Willebrand factor, and KLF2 activation as a
systemic response to varied nano-patterns on titanium in static conditions. We further
study the competitiveness of endothelial cell alignment when cells are parallel and
perpendicular to the direction of blood flow. These results demonstrated the growth of a
healthy endothelial cell layer on Ti substrates with nano-patterns. When patterns were
oriented in the parallel direction of flow, we observed favorable adhesion of cells and
when patterns were oriented perpendicular to flow, we observed that cells unadhered
from the surface and were washed away into the media. Calculating the critical shear
force that causes the dislodging of cells from the substrate is an important factor to be
considered when the substrates are deployed in-vivo. In conclusion, these benifical effects
of using nano-patterned Ti substrates demonstrate their efficacy in sites of neo-

vascularization.

Keywords — titanium, signaling, endothelium
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7.2 INTRODUCTION

Often transplantable biomedical devices are placed in the vascular system which consists
of endothelial and smooth muscle cells. It is well known that the subsequent cell
signaling is intimately coupled to the presence of these devices. Signaling proteins such
as eNOS, AMPK, VCAM-1, VE-Cadherin, von Willebrand factor, and KLF2 have been
shown to be key players in maintaining vascular homeostasis [1-5]. Further, disease states
are biomarked by varied expression of extracellular proteins. In addition, the altered
composition of extracellular matrix (ECM) can lead to a dysfunctional endothelium [6-7].

Thus, prosthetic device features such as material composition or structure will
significantly impact vascular cell signaling. Alterations in signaling will dramatically
dictate the homeostasis of the local cellular environment which could adversely lead to
severe device limitations such as restenosis. Conversely, understanding the signalling
processes of cells in contact with engineered materials can be utilized to enhance system
performance.

Titanium (Ti) has been used for many in-vivo transplantable applications,
including but not limited to, vascular grafts, heart valves, hip and knee prostheses,
percutaneous devices, stents, contact lenses, dental implants, chest walls, and catheters
[8-13]. Recently micro-scale and nano-scale surface topography on titanium has been
shown to exert profound influence on cell-substrate interaction [14]. Moreover, the
monolithic nature of surface patterning may provide greater reliability than coatings-
based approaches. Many studies have shown that precisely-defined, periodic surface

topographies (i.e. nanopatterned surfaces) can exert stronger influence than randomly
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structured surfaces with similar morphological length scales [15-17]. In addition,
nanopatterned gratings can elicit desirable cellular responses (e.g. elongation and
alignment), that are not possible with other periodic structures (e.g. arrays of pits or
posts) [18-19]. It is conceivable that the mechanical properties and surface topography of
these biomaterials play a key role for biocompatibility.

We demonstrate for the first time nanopatterning-enhanced endothelialization in
materials of immediate relevance to prostheses. Our studies establish enhanced
competitive endothelial proliferation over vascular smooth muscle cells on nanopatterned
surfaces[20]. Further, we have shown that p-eNQOS, a critical protein for vasodilatation,
was significantly enhanced when cells, under physiological flow conditions, were seeded
on 500 nm nanopattern grooved titanium. The endothelium is the inner most layer of the
blood vessels [21].

It is a flat monolayer of cells that communicates with the dynamic mechanical
stimuli such as shear stress and hydrostatic pressure, and chemical stimuli such as
vasoactive factors in the blood [22-28]. In response to these stimuli, the endothelial cells
trigger various gene responses via biochemical molecules that regulate vascular functions
and hence modulate vascular homeostasis [29-31]. Vascular homeostasis is a synergistic
effect that is defined by the orchestra of anti-thrombotic, anti-proliferative, anti-
constrictive, and anti-adhesive signals. Table 1 summarizes some important vascular
biomolecules and their role in endothelial functioning. Decreased NO production,
increased oxidative stress and suppressed production of the hyperpolarizing factors could

account for the decreased vasodilatory response in endothelial dysfunction [32-36].
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Table 1: Table summarizing the vascular roles and affiliated biomolecules.

Vascular roles Biomolecules References
Anti-thrombotic VWF, thrombomodulin, KLF2, [37-48]
AMPK
Anti-adhesive VCAML1, ICAM1 [49-51]
Anti-inflammatory E-selectin, VCAM1, MCP1, [52-56]
PAI1

Anti-proliferative eNOS, prostacyclin [57-62]
Para cellular VE cadherin, claudin [63-65]
communication

Vaso-dilatory eNOS, KLF2, prostacyclin [66-67]
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Our previous work demonstrates enhanced adhesion, proliferation, migration, and
extracellular matrix synthesis on nano-patterned Ti when compared to endothelial cells
on materials such as silicon (Si). Our goal is to understand the biomolecular
mechanism(s) by which vascular blood flow elicits nano-patterned Ti substrates that alter
the activation of signaling pathways and define the integrity and functionality of
endothelial cells. Here we investigate activation of eNOS, VCAM-1, VE-Cadherin, and
VVon Willebrand factor as a systemic response to varied nano-patterns.

As shown in Figure 7.1, we propose to explore not only the macroscopic cell fate
processes (differentiation, migration, apoptosis) on different nano-featured Ti substrate,
but also, the molecular dynamics that define the function of the endothelial cells to
maintain vascular homeostasis. The molecules that we will be studying are eNOS,
AMPK, VCAM-1, claudin 5, vVWF, and KLF2. In the process, we will also study the
competitive nature of the endothelial cells versus smooth muscle cells and probe for the
five above-mentioned biomolecules to capture a more realistic behavior of endothelial

cells in-vivo.
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Figure 7.1| Interaction of the endothelial cells and extracellular matrix with the
Ti substrate. The anti-proliferative, anti-thrombotic, vaso-dilating, athero-
protective, and para-cellular signaling molecules will be probed.
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7.3 MATERIALS AND METHODS

7.3.1 Endothelial cell culture

EA926 cells are obtained from ATCC (Manassas, VA). Cells are cultured using
Dulbecco’s modified Eagle’s medium (DMEM, Lonza Inc.) and are supplemented with
10% FBS (Gibco Inc.) and antibiotics (Primocin, Invivogen Inc.). Freshly passaged cells
are grown on Ti coupons. The cell-cultured nano-grooved Ti substrates will be

maintained in humidified 95% air-5% CO?2 incubator at 37°C.

7.3.2 Flow circuit

For each experiment, the flow circuit will be sterilized in an autoclave and assembled in
a laminar flow hood. As shown in Figure 7.11, a stage will be machined into the chamber
to accommodate the nanofabricated Ti stent coupon. The flow system will be maintained
at 37 °C, ventilated with 95% humidified air - 5% CO,. The flow channel will be used to
impose laminar flow with shear stress of 12 dynes/cm? on confluent monolayer of
endothelial cells cultured on the coupon. Care will be taken to avoid entrapment of air

bubbles in the flow channel.

7.3.3 Immunocytochemistry
Ti Samples seeded with EA926 cells will be washed with PBS three times for five
minutes each. Cell samples will be fixed and permeabilized with ice cold methanol in -20

°C for 20 minutes. Samples will be again washed in PBS (1X) and incubated with
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blocking buffer (4 g BSA +80 mL PBS + 150 pL Triton X 100) for 1 hour followed by
incubation with 5 pg/ml of rabbit polyclonal anti-peNOS (Ser1177), rabbit polyclonal
anti-VCAML, rabbit monoclonal p-AMPK, rabbit monoclonal anti-VWF, monoclonal
VE Cadherin, and KLF2 primary antibodies (AbCAM, Cambridge, MA) in antibody
dilution buffer (4 g BSA + 40 mL PBS + 120 pL Triton X 100) for 90 minutes in room
temperature. Cells will be rinsed 3 times with 10 minutes PBT and incubated with
5 pg/ml Alexa Fluor® 488 goat anti-rabbit secondary antibody or Texas Red 598® donkey
anti-rabbit secondary antibody in antibody dilution buffer for another 60 minutes. Cells

will be washed three times with PBT for 5 minutes each.

7.3.4 Confocal imaging

EA926 cells seeded on the Ti surfaces were examined for all the indicated times and
imaged using Leica M125 (Buffalo Groove, IL, USA) fully apochromatic corrected
stereomicroscope with 12.5:1 zoom. Fluorescent images and transmitted images with
10X objective lens, binning of 4 x 4, gain of 8.0, and brightness of 1.2 were acquired.
The seeded endothelial cells on the Ti surfaces are examined for all the indicated times
and imaged using Leica SP2 (Buffalo Groove, IL, USA) Confocal microscope is used to
image the cells for the Adhesion experiments. Spot Imaging Software® (Sterling
Heights, MI, USA) and ImageJ® 1.46 (NIH, Bethesda, USA) is used to acquire and

process the images [73].

179



7.4 RESULTS AND DISCUSSION

7.4.1 Expression of signaling molecules

Endothelial nitric oxide (NO) is an endothelial-derived relaxing factor (EDRF) and is a
crucial messenger molecule responsible for multiple physiological and pathological
processes in the mammalian body [68-69]. NO is generated by the action of nitric oxide
synthase (eNOS) on L-arginine amino-acid. Once produced from the endothelium, NO
diffuses to the smooth muscle layer of the vessel wall which consequently leads to

smooth muscle relaxation and therefore vasodilatation [70-72].

VVon Willebrand factor (VWF) maintains homeostasis through binding to FVIII, to platelet
surface glycoproteins, and to constituents of connective tissue. VWF initiates platelet
aggregation via binding to exposed structures of injured vessel walls at physiological
high arterial shear rates [44-48]. Furthermore, VWEF is thought to assist during platelet
aggregation by bridging adjacent platelets at high shear rates. The function of VWF is
strongly shear rate dependent, whereas fluid dynamic conditions as well as mechanical
forces are crucial for the conformational transition of VWF to develop its interaction with

endothelial matrix proteins as well as platelets in case of vessel injury.
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Figure 7.2| Confocal imaging of activation on von-Willbrand Factor on unpatterned, 50
um, and 0.5 um Ti substrates. The permeabilized cell nuclei is stained with Pl and the

VWE is imaged using FITCI secondary antibody.
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Figure 7.3| Confocal imaging of activation on p-eNOS on unpatterned, 50 um, and 0.5
um Ti substrates. The permeabilized cell nuclei is stained with Pl and the p-eNOS is
imaged using FITCI secondary antibody.
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7.4.2 Competitiveness of flow versus pattern orientation

In this work, we exposed endothelized nano-patterned Ti substrates of 0.5 pm to 12
dynes/cm? (within the physiological range of shear stress) for a period of ten hours.
Endothelized nano-patterened Ti substrates were aligned parallel and perpendicular to the
direction of flow. We observed that an increased intracellular tensile stress occurred on
endothelized substrates perpendicular to the flow direction. However, when cells were
aligned parallel to the direction of flow, the cells overcame the applied shear stress. These
results demonstrate that endothelial cells on nano-patterned surfaces are guided by the
orientation of the patterns. The findings demonstrate that the observed increase in
intracellular tension in the former case (patterns perpendicular to flow) is a result of a
complex interaction of mechani-chemical cues as they respond to flow and pattern

orientation.
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Figure 7.4| Optical micrographs demonstrating the importance of orientation of TI
patterns to determine the direction of flow. In case 1, 0.5 um patterns are parallel to the
orientation of flow. In case 2, 0.5 um patterns are perpendicular to the orientation of flow.
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7.5 CONCLUSION

The results of these in-vitro studies indicate that TIDE generated Ti nano-patterns
efficiently interacts with endothelial cells for achieving rapid endothelization without
altering their native functionality. The activation of eNOS and VWF on these structures
demonstrates the anti-proliferative and anti-coagulant properties of the endothelial cells
and hence the vascular system. Further, nanostructured Ti surfaces seeded with
endothelial cells indicated the maintenance of antithrombogenic phenotype of the cells.
When exposed to vascular laminar flow of 12 dynes/cm? we observed that endothelized
nano-patterned Ti in the parallel direction of flow is favorable compared to when it is in
the perpendicular direction. In the future, it will be interesting to study the
subendothelium and identify the integrin pairs that communicate these paracellular and
extracellular signals to the endothelized nano-patterns. In conclusion, we demonstrate
that the nano-patterned Ti substrates are cytofriendly and improve cellular functions.
Hence, these substrates could serve as a suitable alternative to limit problems such as

restenosis and thrombosis associated with current stenting.
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DELINEATING MASS TRANSFER FROM

MECHNOTRANSDUCTION AT THE VASCULAR
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PRELUDE

In the debate over whether mechanotransduction or mass transfer is most dominant in
providing the fundamental mechanism for hemodynamic force modulated endothelial
signaling pathways and their downstream gene products, mechanotransduction has been
declared the clear winner. But this conclusion may be premature. In our work, we
computationally simulate in-vitro experiments of parallel flow chambers using laws of
multi-physics. Here we show that the underpinning criteria used previously to determine
whether mechanotransduction is more significant than mass transfer is, in fact, also
observed in models using a basic mass transfer mechanism. Our results imply that the
role of mechanical transduction in endothelial signaling may be overstated and mass
transfer considerations should be carefully examined when studying triggering methods
in signaling cascades.

Chapter 8 describes the qualitatively deduced their conclusions by looking at
viscosity dependency. They demonstrated that a modification of viscosity clarified the
mechanism behind the triggering of endothelial signaling pathways. The significance of
mass transport was exhibited by shear rate dependency, whereas a mechanotransduction
mechanism was observed by shear stress dependency. They concluded that since shear
stress illustrated viscosity-independency, the signaling mechanism was coupled to
mechanotransduction.

In Chapter 9, we model vascular atheroma in diseases such as atherosclerosis, we
simulate the in-vitro experiments using vertical step-flow channel by Chiu et al. (1998)

and the step-flow simulations by Choi et al. (2007). The authors correlate the increase in
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DNA (deoxyribonucleic acid) replication in the disturbed flow region, and a sudden spike

of ATP generation distal to the step to mechanotransduction respectively.

As evident from our results, the use of viscosity variation relative to shear rate and
shear stress are not enough to eliminate mass transfer in determining the signaling
mechanism in endothelium processes. Thus, it remains plausible that biomolecular mass
transfer may be significant in vascular signaling pathways. This work shows that a more
cautious analysis that delineates endothelial mechanotransduction from mass transfer
remains warranted. Carefully examining the effect of mass transfer will prove to play a
quintessential role in elucidating endothelial flow-dependent signaling.

We propose a novel in-vitro experimental methodology using membrane
separations technology in Chapter 10. The proposed technique can decouple
mechanotransduction effects from mass transfer in flow-induced studies. The
methodology takes advantage of modest alterations of the transmembrane pressure
normal to cells seeded on membranes that can make tremendous variations in
concentration gradients at the membrane surface (and thus mass transfer) but offers
virtually little change in the associated fluid shear stress experienced by the cells. The
methodology is flexible and robust, in can be used with mass transfer-limited and

reaction-limited processes and can address a number of controllable scenarios.
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CHAPTER 8

REVISITING THE CRITERIA FOR ASSUMING

MECHANOTRANSDUCTION AS THE PRIMARY

MECHANISM IN TRIGGERING ENDOTHELIAL

FLOW-DEPENDENT SIGNALING CASCADES
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ABSTRACT

It is well known that fluid mechanical forces directly impact endothelial signaling
pathways. But while this general observation is clear, less apparent are the underlying
mechanisms that initiate these critical signaling processes. This is because fluid
mechanical forces can offer a direct mechanical input to possible mechanotransducers as
well as alter critical mass transport characteristics (i.e. concentration gradients) of a host
of chemical stimuli, present in the blood stream. However, it has recently been accepted
that mechanotransduction (direct mechanical force input), and not mass transfer, is the
fundamental mechanism for many hemodynamic force-modulated endothelial signaling
pathways and their downstream gene products. This conclusion has been largely based,
indirectly, on accepted criteria that correlate signaling behavior and shear rate and shear
stress, relative to changes in viscosity. However, in this work, we investigate the negative
control for these criteria. Here we computationally and experimentally subject mass
transfer-limited systems, independent of mechanotransduction, to the purported criteria.
The results showed that the negative control (mass transfer-limited system) produced the
same trends that have been used to identify mechanotransduction-dominant systems.
Thus, the widely used viscosity-related shear stress and shear rate criteria are insufficient
in determining mechanotransduction-dominant systems. Thus, research should continue

to consider the importance of mass transfer in triggering signaling cascades.

Keywords

mechanotransductionl hemodynamic forces | mass transferl signaling cascades
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8.2 INTRODUCTION

Understanding the mechanistic behavior of endothelial signaling pathways is crucial to
the search for therapeutic drug delivery targeting vascular diseases. Endothelial signaling
pathways continuously respond to varying blood flow parameters and govern
downstream DNA synthesis, mRNA transcription, and protein translation. Often
generally called, mechanotransduction, these fluid mechanical forces trigger cytoskeletal
focal adhesions and subsequent signaling molecules such as Shc-Grb-SOS-Rho-RAS
[1-3].

However, fluid mechanical forces actually offer two significantly different, but
coupled, mechanisms that may impact signaling. These include mechanotransduction and
mass transfer. In this more formal description, mechanotransduction consists of the direct
interaction of mechanical forces on cellular transducers. Mass transfer, on the other hand,
is the result of fluid mechanical forces modifying concentration gradients of signaling
chemicals that also impact the subsequent signaling cascade. Both mechanotransduction
and mass transfer are significant throughout cellular systems [4-7]. However, the
underlying factors that stimulate changes in endothelial signaling processes due to fluid
mechanical forces remain unclear and have been debated for nearly half-a-century.
Schwartz et al. (1995-2011) demonstrated that shear stress is a determinant of endothelial
signaling (activated by triggering of focal adhesions), but while assuming that the
mechanisms of mechanotransduction is significant, they concede that identifying the

mechanism for this process remains unresolved [8-10]. Thus a fundamental interest in the
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mechanism of signaling processes in the endothelium due to fluid mechanics, whether
mechanotransduction, mass transfer or both remains an important topic of interest [1-10].

In order to develop an inferential method for determining the importance of
mechanotransduction and mass transfer in endothelial signaling processes, Ando et al.
(1988) used viscosity-related tangential flow studies to evaluate signaling results as
compared to fluid shear rate and shear stress. The authors used these results to establish
criteria for discerning whether mechanotransduction or mass-transfer was dominant in
endothelial signaling processes [11]. Their criteria was, if the signaling process was
viscosity-dependent when plotted against shear rate, but was viscosity-independent when
plotted against shear stress, then the process was mechanotransduction. While the authors
performed both mathematical order-of-magnitude analysis and experiments to arrive at
this conclusion, they did not discuss negative controls (i.e., the possibility of not having
mechanotransducers or mass transfer). These criteria have been used to conclude the
mechanism of fluid mechanical forces on a number of signaling processes [11-21].

In this paper, we evaluate a negative control for the above criteria (a system
without mechanotransduction) through both computational modeling and in-vitro
experiments and evaluated these results to the purported criteria above. We revisit the
experiments previously performed by Ando et al. (1988-2009) that have provided the
criteria that separate the significance of mechanical transducers and mass transfer on
signaling at the endothelium [11-21]. We use a negative control where the system is mass
transfer-limited and is independent of any possible mechanotransducers. We assume that

chemical signaling may be proportional to mass transfer of the triggered species, and we
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directly consider the viscosity dependency for the mass transfer-limited systems with
respect to shear rate and shear stress in both experimental and computational conditions.
To define a negative control consisting of no mechanotransduction, we
mathematically simulate a parallel flow chamber experiment to study the mass transfer of
triggered species for varying flow parameters. We additionally perform experiments in a
non-cellular environment. This eliminates any possible role of biomolecular complexes
that could be identified as mechanotransducers. We compare the experimental and
simulated mass transfer-limited results relative to viscosity dependence with previously
published results by Ando et al. (1988-2009) that were used to establish
mechanotransduction dependency for endothelial flow-dependent signaling based on the

viscosity-dependence criteria [11-21].

8.2.1 Initial consideration of mass transfer and mechanotransduction in endothelial
signaling

Fry et al. (1968) showed the effect of velocity gradients on the morphology of endothelial
cells by demonstrating the enhanced uptake of Evans blue dye as a result of elevated wall
shear rate [22]. Their findings supported the advanced theories that account for shear
rate-dependent mass transport by Caro et al. [23-24]. Caro and Nerem attempted to
quantify the transport of C-4-cholestrol between blood serum and arterial wall in the
perfused canine carotid artery [25]. Their results suggested that mass flux might be a
possible means of transport of biomolecules between the blood fluid phase and the

arterial walls. The authors recommended the necessity for better experimental techniques
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to ascertain the role of wall shear rate as a plausible mechanism to explain endothelial
functions.

In the following years, studies on the endothelial cell function and morphology
were performed by a number of researchers [26-53]. These authors independently
demonstrated that shear stress and blood flow parameters were coupled to the endothelial
signaling process.

In 1995, Davies wrote an extensive review where he discussed the
mechanotransduction mechanisms that might lead to biochemical, biophysical, and gene
regulatory effects of endothelial cells as a direct response to shear stress [54]. The review
also suggested the necessity in solving the confounding, yet difficult, problem of

decoupling endothelial chemical mass transport from mechanotransduction.

8.2.2 Establishment of viscosity-dependent criteria for mechanotransduction
processes

At about the same time, Ando et al. (1988) designed experimental work to differentiate

the effects of wall shear stress (z) from shear rate ({() by exploiting their relationship:
7= uy [11]. The authors proposed that by altering the viscosity, they could separate the
mechanisms of mass transfer and mechanotransduction by investigating the signaling
dependency on y and z, respectively. Endothelial cells were perfused with growth media
having high and low viscosities. Ultimately, they established criteria that the significance

of mass transport would be exhibited by shear rate viscosity-independency, whereas

mechanotransduction would be observed by shear stress viscosity-independency. The
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authors observed that the increase in intracellular Ca®* was viscosity dependent with
varying shear rates and viscosity independent with varying shear stresses. Hence, they
concluded that mass transfer of molecules (previously postulated by Fry et al. and Caro et
al. [22-23]) might not be dominant at the endothelium. Interpreting their results, they
concluded that mechanotransduction was the most significant mode of endothelial

signaling.

2.3 Consequence of the viscosity-dependent criteria
The work of Ando et al. (1988-2009) led to the search of mechanical transducers or/and
mechanical sensors at the endothelium. Since then, several pivotal publications have
addressed the significance of mechanotransduction in their in-vitro shear stress
experiments and determined the impact of mechanotransducers on cellular processes such
as MRNA expression, Ca?* influx, lymphocyte adhesion, and cell differentiation [11-21].
Although seminal work emerged, the decoupling of mass transfer and
mechanotransduction in endothelial signaling pathways was not further addressed [1-6,
55-63]. However in 1999, Ross again attributed atherosclerosis as a result of both mass
transfer and mechanical transduction [64]. Later, Ethier suggested the possible role of
mass transport in vascular pathologies which was earlier shown not to play an important
role through the experiments of Ando et al.(1988) [65, 11].

In recent years, a number of experimental and numerical studies have been carried
out to analyze the arterial flow field, flow parameters, and biomolecules that contribute to

vascular diseases such as atherosclerosis [66-76]. Numerical and mathematical models
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have been developed for 2D parallel plate flow chambers for steady as well as disturbed
flow to study ATP and ADP concentrations [66-67]. Further, hemodynamic flow has

been correlated to endothelial vasoactive agents [68-76].
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8.3 MATERIALS AND METHODS

8.3.1 Computer simulations

8.3.1.1 Problem definition

Simulations are performed using a 2-D rectangular flow chamber of dimensions
0.0254 cm x 0.25 cm. Critical dimensions, fluid density, viscosities and maximum
velocity are consistent with previously reported work [11]. The length is selected to
minimize computational time with fully-developed laminar flow (entry length is 0.027

cm). Wall effects are assumed to be negligible.

8.3.1.2 Governing equations
The fluid phase is governed by the continuity equation for incompressible fluid (1) and
the Navier-Stokes equation (2). The chemical species flowing through the system follows

the equation of conservation of mass and Fick's law of diffusion (3),

V V= O , (1)
Pgtv+PV'VV=ﬂV-[(Vv+(Vv)T)]—vp )
and oc )

—+DVC=v-VC
ot ’ .
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8.3.1.3 Boundary equations

The transport of biologically active species such as ATP, O, Ca**, and NO in arteries are
characterized by a high Damkdéhler number, Da, as shown in Table 1. This implies that
their transport mechanisms are mass transfer-limited. Similarly, Tarbell et al., postulated
the importance of mass transport for these species in the arteries [71]. In this paper, we
analyze the effect of viscosity dependence on transport for species with relevant
properties to these biologically active molecules.

The entrance flow is modeled as parabolic and laminar with a species
concentration of 1 uM [78]. The diffusivities of the species relative to viscosities are
calculated using Stokes-Einstein's equation as shown in Table 1. Convection and
diffusion are selected as the transport mechanism for the species between the fluid and
the simulated cell-seeded surface. For ATP, a surface reaction rate constant, k, of 1.47 x
10 cm-s™ and a diffusion coefficient, Dg atp, 0f 5 x 10 cm?-s™ is used [66,72]. The Da
is calculated as the ratio of the reaction rate to the mass transfer rate,

@
Daz(kj
k'

where k; is the mass transfer coefficient. Hence a mass transfer-limited boundary

condition at the endothelial cell surface is used (5),

N =-k(4C)=-k(C -C ) ()

where Cq and Cy= are the concentration of the species in the bulk and at the endothelial

cell surface, respectively.
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The estimated Da of ATP, oxygen and NO are 17.7, 49 and 173, respectively
(Table 1). In addition, the Da of Ca*" is expected to be directly related to its dynamic
relationship with the ADP/ATP concentration at the endothelium [79-81]. Thus, the
transport of these small molecular-weight species under these conditions is mass transfer-
limited.

Comsol Multiphysics® (Version 3.5, Burlington, MA, USA) is used to
numerically simulate the parallel flow chamber. Sparse object oriented linear equations
solver (SPOOLES), a library for solving sparse real and complex linear systems of
equations, provided by COMSOL Multiphysics® is used to simulate the steady flow

model of the parallel plate chamber.
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Table 1: Transport characteristics of O,, ATP, and NO in the simulated finite element

Density, diffusivity, viscosity, mass transfer coefficient, and Damkohler

number for the growth media with the two different viscosities are listed.
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8.3.1.4 Mesh analysis

A mesh independent model shown in Figure 8.1 is simulated and selected by increasing
mesh elements until wall shear stress have a relative error of 0.002%. In order to test the
accuracy of the grid size, studies are performed with models having mesh elements of
5,876 and 12,776. A parabolic inlet velocity with a Reynolds number, Re, of 91 is used
for comparing the convergence tolerance. The results imply that the grid size of 6,776
elements is appropriate for this study. Better resolution of the large velocity and
concentration gradients at the boundary layers is obtained by implementing a
quadrilateral boundary layer mesh that provides a dense element distribution in the

normal direction along the boundary where endothelial cells are simulated.

8.3.1.5 Post analysis
The concentration obtained for each mesh element at the inlet, outlet, and the endothelial
cell surface is integrated and averaged. The normalized consumed mass flux at the

endothelial cell surface is calculated using

Iv'c:l_'vlo/Mi ®)
where M., M, and M, are the mass rate for the consumed species, the mass rate of

species flowing out of the chamber, and the mass rate of the species flowing into the

chamber, respectively.
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Figure 8.1 Representation of the quadrilateral boundary layer mesh used for
computational modeling of the parallel flow chamber near the region representing the
fluid/solid interface. In this example 6776 mesh elements are used with 2500 in the
boundary layer. This mesh application improves computational representations of
momentum and mass transfer gradients in the boundary layers.
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8.3.2 Experimental method

We experimentally study the effects of flow parameters and fluid properties on an
engineered mass transfer system. Mass transfer experiments are performed using an
aqueous mixture containing measured quantities of Yellow #5 and #6 dyes, delivered
through a rectangular tangential-flow diafiltration module. Water and dye solutions are
introduced into the module by two inlets and co-currently delivered on the other side of
the module while invoking zero transmembrane pressure. The diafiltration module
consists of an upper and lower chamber and is divided by a hydrophilic membrane
(Durapore 125 pm, Millipore Inc.,).

A separate set of mass transfer experiments introduce an aqueous solution of 40%
glycerol and 40% glycerol-dye solution into the engineered mass transfer system. The
experimental protocol for glycerol experiments are the same as that of water and dye
experiments. The membrane is pre-soaked for ten minutes and the system is primed and
pressurized by the corresponding non-dye solution before and after each trial. The dye
concentration of the inlet streams for the experiments is 0.25 g/L. Special care is taken
while handling the glycerol samples by gently stirring them to obtain spatially uniform
concentrations of dye.

Samples are taken at different intervals for a time period of 10 minutes. The
concentration of the dye is quantified using a VIS (500 nm) spectrophotometer.
SigmaPlot (Version 10.0.1.25) is used to analyze the data from the spectrophotometer.
The resultant mass transport of dye is correlated to varied shear stresses and shear rates.

Experiments are performed in triplicate.
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8.4 RESULTS AND DISCUSSION

8.4.1 Viscosity-independent shear stress results

Using a computational fluid dynamics (CFD) model and species mass balance as
described in Materials and Methods, we show that a mass transfer-limited model follows
the same trends as observed by others who deduced that similar trends indicated
mechanotransduction [11-21]. The viscosity-independent trends observed in
Figure 8.2(A) were previously interpreted to demonstrate the dominance of
mechanotransduction at the vascular endothelium. The negative or positive slope is
related to the consumption or production of the measured species at the endothelium. As
seen in Figure 8.2(B), the CFD simulation and the in-vitro experimental setup using a

mass transfer-limited system demonstrate similar viscosity-independent trends.
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Figure 8.2| Comparison of viscosity-dependent expression with respect to shear stress
from previous in-vitro experimental results (Panel A) and viscosity-dependent mass
transfer with respect to shear stress simulation and in-vitro experimental results (Panel
B). Panel A shows the expression of various molecules, cell density, and mRNA levels.
Note that all the graphs are plotted against shear stress for high viscosity (@) and low
viscosity (o) media and demonstrate a similar trend - viscosity independence. This
observed viscosity-independent behavior has been previously correlated to
mechanotransduction [11-21]. However, the results shown in Panel B, obtained from our
computational simulations and in-vitro flow experiments for mass transfer-limited
studies, demonstrate similar trends.
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8.4.2 Viscosity-dependent shear rate results

Figure 8.3 shows the shear rate versus normalized mass flux for two viscosities.
Figure 8.3(A) shows the results obtained previously by others through their in-vitro
experiments [11-21]. Again, the negative or positive slope of the measured species is
related to its consumption or production at the endothelium. The greater/lower y-axis for
higher/lower viscosity media is dependent on whether the reactants or products are
analyzed in their respective signaling cascade. Figure 8.3(B) shows the results of the
CFD simulations and the in-vitro experiments, demonstrating similar viscosity-dependent

relationships.
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Figure 8.3] Comparison of viscosity-dependent expression with respect to shear rate
from previous in-vitro experimental results (Panel A) and viscosity-dependent mass
transfer with respect to shear rate simulation and in-vitro experimental results (Panel B).
Panel A shows the expression of various molecules, cell density, and mMRNA levels. Note
that all the graphs are plotted against shear rate for high viscosity (@) and low viscosity
(0) media and demonstrate a similar trend - viscosity dependence. This observed
viscosity-dependent behavior has been correlated to mechanotransduction [11-21].
However, the results shown in Panel B, obtained from our computational simulations and
in-vitro flow experiments for mass transfer-limited studies, demonstrate similar trends.
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8.4.3 Differences in computational and experimental models

While comparing and analyzing the results, it is important to consider the differences in
the dimensions of the typical parallel plate flow chamber used in our computer
simulations (based on Ando et al. [11]) and the dimensions of the in-house parallel flow
chamber used for the experimental results. Despite these differences in dimensions, we
observe that the trends observed in both the graphs are similar when the system is mass
transfer-limited. More importantly, irrespective of the range of shear rate or shear stress
examined, the relevant relationship between viscosity and transport is prevalent across
the investigated range for all mass transfer-limited studies and are the same relationships
originally used as the criteria for determining whether the transport system was
mechanotransduction-dependent. Thus, it appears that the observed trends also scale

across dimensions for these flow systems.
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8.5 CONCULSION

As evident from our results, the criteria of viscosity variation relative to shear rate and
shear stress by Ando et al. (1988-2009) are not enough to eliminate mass transfer in
determining the signaling mechanism in endothelium processes [11-21]. Thus it remains
plausible that biomolecular mass transfer may be significant in vascular signaling
pathways. This work shows that a more cautious analysis that delineates endothelial
mechanotransduction from mass transfer remains warranted and that researchers should
return to efforts such as those of Caro et al. [23-25, 82] that considered both mass transfer
and mechanotransduction when investigating the endothelial flow-dependent signaling

mechanisms.
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CHAPTER 9

DELINEATING MASS TRANSFER

AT THE VASCULAR ENDOTHELIUM

- ACOMPUTATIONAL STUDY
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ABSTRACT

Previous literature has suggested that mechanical transduction, via shear stress, plays a
dominant contribution in vascular intima signaling. Cellular processes such as gene
transcription, DNA replication in the disturbed flow region, and a sudden spike of ATP
generation distal to plaque formation have been correlated to mechanotransduction. We
hypothesize that mass transfer of a chemical species plays an important role in signal
transduction. Here, we computationally model the significance of mass transfer relative
to shear gradients on chemical species under the same experimental conditions prescribed
by the work of Chiu et al. (1998), and Choi et al. (2007). The results demonstrate that
mass transfer modifications of chemical species are in excellent agreement with the
published observations. The results imply that the role of mechanical transduction in
similar signaling may be overstated and mass transfer considerations should be carefully
examined when studying triggering methods in signaling mechanisms.

Keywords Restenosis, back-step, mass transfer, mechanotransduction
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9.2 INTRODUCTION

Physiologically, endothelial cells, the inner most layer of the vascular system, experience
blood flow. The mechanism by which vascular blood flow elicits signalling in the
endothelial cells remains vague. Mechanotransduction of hemodynamic forces into
signaling cascades has been extensively studied during the past decade [2]. Along with
hemodynamic forces such as shear stress, endothelial cells might be triggered by a
biochemical response such as mass transfer leading to a variation in concentration
gradients of molecules such as NO and LDL at the endothelium. Ironically, the
subsequent role of mass transfer in arteriosclerosis, arrhythmias, and other disease states

has, however, received relatively little attention [3].

9.2.1 Previous work

Several pivotal publications have addressed the significance of mechanotransduction and
mass transfer in their in-vitro study of shear stress regulation on mRNA expression, Ca**
influx, lymphocyte adhesion, and cell differentiation [1-11]. Interpreting their results,
these scientists showed that cell behavior was dependent on shear stress and concluded
that mechanotransduction was the most significant mode of signaling.

It has also been shown through experimental data from various laboratories that
blood flow variations modulate endothelial cell functions by activating mechanosensors,
signaling pathways, and downstream gene-protein expressions [12-17]. When endothelial
cells experience shear stress resulting from laminar pulsatile or steady flow with a net

unidirection, the mechanotransducers communicate with the signaling pathways,
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transiently activating pro-inflammatory and proliferative pathways. These signaling
pathways are down-regulated when exposed to such sustained and well-directed flow
parameters. In contrast, shear flow without a definite direction (e.g., disturbed flow in
regions of arterial bifurcations or in regions distal to plaque build-up) causes the
mechanotransducers to trigger sustained molecular signaling of pro-inflammatory and
proliferative pathways.

To demonstrate the above hypothesis, Chiu et al. (1998) performed in-vitro
experiments to emulate the physiological response of endothelial cells exposed to
disturbed flow in the regions of atherosclerotic lesions [12-13]. The authors qualitatively
showed an enhanced rate of endothelial cell duplication in the disturbed flow zone than
that in the laminar flow zone. These results qualitatively showed an increase in the
activity of mechanotransducers and the resulting downstream DNA replication. It might
be worth noting that considering the impact of mass transfer implications on these

signaling pathways has not been investigated.

9.2.2 Flow parameters and atherosclerosis

The endothelium regulates arterial health by responding to transient flow parameters.
These flow parameters activate many signaling pathways. For example, the JNK
pathway in endothelial cells is activated by flow parameters via heterotrimeric G
proteins (Gg,) and trigger Phosphoinositol 3-kinasey (PI3Ky). PI3Ky has been
implicated in a myriad of cellular processes including anti-apoptosis, vesicle transport,

and cytoskeleton rearrangement [16].
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The blood flow parameters can be attributed to velocity (v), viscosity (u), pulse
amplitude (b), and pulse frequency of the blood (f). In two dimensions (2D), the
velocity profile, is defined as a function of the artery's height (h). Assuming that the

healthy artery has a parabolic profile, the velocity profile for a laminar flow,

V=6 (1-3) e &)
For a pulsatile flow,
Upulsatile = 6Vmax (% (1 - %)) (1+ (b xsin2nft))  --------- 2)
where b < 1.

Shear stress (z) is defined as the tangential force of the blood at the endothelial bed. It

is the product of shear rate (y) and viscosity of the blood.

. d
T 3)

9.2.3 Considering mass transfer

The controlling rate of mass transfer of a molecular substance is determined by: (1) the
shear rate and (2) the chemical reaction involving the production or consumption of the
chemical species. Mass transfer is coupled to shear stress and shear rate by the

hydrodynamic and concentration boundary layers (dy and dc). As the velocity increases,
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the shear rate increases, steepening the slope of the concentration gradient, and increasing

the concentration flux of the species. This is illustrated in Figure 8.4.

Convective flux accounts for the chemical species moving in the medium.
Convective mass transport entraps most biologically active molecules in the
concentration boundary layer near the wall. Consequently, convective mass transfer may
be a limiting factor for small molecules (e.g., NO, O,, Ca®*, ATP) flowing through the
blood. Systems which are dependent wholly on the convection of these molecules are
termed as mass transfer limited systems. In vascular areas prone to atherosclerosis
(characterized by areas of low shear stress), the thick concentration boundary layer on the

endothelial surface inhibits mass transport of biomolecules.

Along with the abovementioned flow parameters, flow patterns can also have a
direct effect on cell morphology and vascular functioning. Two distinct flow patterns
experienced by tunica intima are: (1) 'atheroprotective flow' attributed to laminar flow
and (2) ‘atherogenic flow' attributed to turbulent flow. Integrins hosted on the
endothelium respond to these flow patterns differently and elicit various signaling
pathways. In the quiescent state, the endothelium experiences laminar flow
(characterized by steady or pulsatile flow), during which the JNK pathway is not
triggered. On the other hand, a sustained integrin-JNK pathway is triggered when the
endothelium experiences turbulent flow (characterized by reversed, stagnant,
recirculatory and oscillatory flow) [17]. Regions that have turbulent flow up-regulate

the JNK pathway --as a consequence increase the permeability to LDL, promote foam
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cell formation, and develop lesions-- a characteristic feature of atherosclerotic

endothelial dysfunction [18].

9.2.4 Computational modelling

In recent years, a number of experimental and numerical studies have been carried out to
analyze the arterial flow field, flow parameters, and biomolecules that contribute to
atherosclerosis. Atherosclerotic plaques initiate in areas of low shear stress where the
concentration of LDL and cholesterol is high [29]. Numerical and mathematical models
have been developed for 2D parallel plate flow chambers to study ATP and ADP
concentrations [30, 31]. Steady as well as disturbed flow parameters were considered in
these models. In yet another study, the relation of solute flux (albumin) to flow regimes
was modelled and the results showed considerable variations between steady flow and
time averaged flux for pulsatile flow [32]. Rappitsch et al. numerically simulated mass
transfer and permeability of the endothelial wall as a function of the blood flow rate [33].
Fadel et al. developed a mathematical model to investigate the transport of NO generated
by a monolayer of cultured endothelial cells exposed to flow in a parallel plate flow
chamber [34]. An integrated systems approach was obtained by coupling Navier Stokes
equation to Advection-Diffusion equation to numerically model solute absorption process
by arterial walls and to understand the relationships between local features of blood flow,

the solutes that nourish the arterial wall and the pathologies that may appear [35].

In this work, we capture the variation of mass transfer of ions through the

growth medium owing to transient changes in the shear field. We develop a computer
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model that will emulate the in-vitro flow experiments. Preliminary results of our work
show the importance of species mass transfer in triggering signal transduction pathways.
In this work, we also modelled the effect of steady, pulsatile, and oscillatory flow on the
generation of a chemical species. To model vascular plaque, we simulate the in-vitro
experiments using backward facing step (BFS). We subsequently showed the effect of
stagnant and recirculation flow on the velocity field and the transport of a chemical
species.

We mathematically simulate a 2-D parallel flow chamber experiment to
simulate the biochemical or mass transfer response of the vascular endothelium to
varying blood flow parameters. The corresponding effect of amplitude and frequency of

pulsatile and oscillatory blood flow on mass flux is studied.
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Endothelial Surface

Figure 9.1] A blood vessel showing its velocity profile and shear stress experienced by the
endothelial cell surface. Boundary layer concentration profiles for two scenarios - low shear
(dca) and high shear (dcp). Notice the steepened slope for a high shear concentration
boundary layer.
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9.3 MATERIALS AND METHODS

9.3.1 Computer simulations

Comsol Multiphysics® (Version 5.1, Burlington, MA, U.S.A) was used to numerically
simulate the parallel flow chamber. Parameters from Table 2, Table 3 and Table 4 was
used as the input values for the simulations. The diffusion coefficient of Ca®* was
obtained from Ando et al. [37]. The dimensions of the flow chamber and the viscosities

of the growth medium were obtained from Korenaga et al. [1].

9.3.1.1 Governing equations
The Newtonian DMEM fluid phase is governed by the (1) continuity equation to
ensure the mass conservation and the (2) incompressible Navier-Stokes equation to

describe the momentum conservation.

V.v=0 =

p%+pV-VV=V-[,u(VV+(VV)T )] o

where, v is velocity field, p is viscosity, and p is density.
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The Ca?* flowing through the system follows the (1) equation of conservation of mass

flowing through an incompressible medium and (2) Fick's Law of Diffusion.

oC,

+V.(-DVC,)=V.VC, (3)

where, C, is concentration of Ca”*.

The consumption of Ca** from the DMEM occurs at the BAEC seeded surface.
DMEM flows over the endothelial surface and Ca®* in the fluid are transported to the
surface by convection and diffusion. The flux, Ny= of Ca** at the endothelial cell surface

can be equated to the consumption rate of Ca®* by a first order reaction.

N y=0 — kK (Co ) “)
where, Cy=o is the concentration of the Ca** at the endothelial cell surface and k is the
first order rate coefficient (cm/s)

For our system, Da

Da = mass transfer time > 1 5)

consumption time

The values of Da for flow rates and viscosities of the growth medium are shown in
Table 3. When Da » 1, the mass transfer time of the Ca®* is much longer than its
consumption time. The rate of consumption is limited by the time that is required to
transport the Ca®* to the endothelial bed. Since the reaction rate depends on the amount of
Ca** transported to the endothelial surface, our system will be considered to be mass

transfer limited.
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For steady flow conditions, the cells were subjected to a mean shear of 10
dynes/cm®. For pulsatile flow conditions, the cells were subjected to a maximum-
minimum shear stress of 12-10 dynes/cm? respectively and a frequency of 1 Hz. For near
zero flow conditions, the cells were exposed to 0.02 dyne/cm?.

We computationally simulate mass transfer experiments by defining a reaction at the
endothelial cells of Model 1.
c, — (G,

where, C; and C, are species being consumed and generated at the endothelial cells
respectively.

To capture the effects of laminar flow and turbulent flow, the mass transfer

coefficient, k; is defined as a function of Re and Sc [43].

0.6 0.8 0.66, 0.33
k, = 0.037(ij _ 871(D+J (6)

L0.201.4

The consumption of C; and generation of C, are defined as
Nl‘ y=0 — _kl(Cl) (7

Nz‘ y=0 = k(Cl) )
For a pulsatile flow, assuming that the healthy artery has a parabolic profile, the velocity

profile for a laminar flow,

Upulsatile = 6Vmax (% (1 - %)) 1+ (b X sin Zﬂft)) )

where b < 1. b is the pulse with and f is the frequency of pulse.
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A

Figure 9.2| A blood vessel showing its velocity profile and shear stress experienced
by the endothelial cell surface. Boundary layer concentration profiles for two
scenarios - low shear (dca) and high shear (dcp). Notice the steepened slope for a
high shear concentration boundary layer.
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9.3.3 Mathematical solver

Sparse object oriented linear equations solver (SPOOLES), a library for solving
sparse real and complex linear systems of equations, provided by COMSOL
Multiphysics ® has been used to simulate the steady flow model of the parallel plate

chamber.

9.3.4 Mesh analysis

The boundary layer mesh tool provided by Comsol Multiphysics® was used to model
the hydrodynamic and concentration boundary layers of the underlying system.
Quadrilateral boundary layer mesh was incorporated to provide dense element
distribution in the normal direction along the boundary where endothelial cells are

seeded.
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9.4 RESULTS AND DISCUSSION

The backward facing step (BFS) is a simple model of flow disturbance and has formed
the basis for the design of flow chambers that allow studies of EC responses to shear
stress during diseased conditions such as atherosclerosis . In our work, we modeled a
flow chamber within which cultured endothelial cell layer is exposed to complex

flows.

9.4.1 Mesh analysis

Figure 9.3 shows the structured computational mesh used in simulations. Notice the
finer mesh distribution at the endothelial bed and near the steps. This allows for a
better resolution of the large velocity and concentration gradients within the
recirculation region downstream of the step and adjacent to the walls. Three different
cases of vertical steps have need simulated: Case 1, Case 2, and Case 3 have
dimensions of 0.005, 0.010, and 0.015 cm respectively. We compare our results to

those of Chiu et al. (1998) and Choi et al. (2007).
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Figure 9.3| The generated mesh for Model 3 and Model 4. The figure shows a
simulated parallel flow chamber with a backward facing step of 0.005, 0.010, and
0.015 cm and the endothelial cells seeded at the bottom surface.
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9.4.2 Dimensionless numbers

The Reynolds Number (Re), Schmidt Number (Sc), and Damkohler Number (Da)
were calculated for growth medium of two viscosities and are shown in Table 3. The
corresponding hydrodynamic and concentration boundary layer heights were
determined. Table 3 shows the dimensionless numbers and boundary layer heights for
four velocities and two viscosities. Re increases with an increase in velocity. Sc is
constant for a particular viscosity. Da increases as the velocity increases and viscosity
is kept constant. As the velocity increases, we observe a decrease in the concentration
boundary layer height. As the viscosity increases, the Da increases and the

concentration boundary layer decreases.

9.4.3 Pulsatile flow

For a pulsatile flow, the characteristic time of the pulse is proportional to the reciprocal
of the frequency w. We study the effect of pulse frequencies by taking into account the
Womersely number (a) which scales the characteristic time of the pulse with the
characteristic time of momentum transport. Table 4 shows the Womersely number («)
for pulse frequencies. As w increases, we observe an increase in o. We observe a
decrease in « as the diffusivity increases. Notice that the Womersely number is

independent of the velocity.
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Table 9.1. Velocity, dimensionless numbers, and boundary layer heights for the

modeled parallel flow chamber.
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Table 9.2. Physiologically relevant frequencies and corresponding Womersely
numbers («) for two viscosities.
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We studied the effect of pulse amplitudes and pulse frequencies on normalized
consumed mass flux. Figures 9.4(A) and 9.4(B) show the normalized consumed mass
flux at the endothelium for pulse amplitudes and pulse frequencies. For our
simulations, we used Equation (9) as the inlet velocity, and Table 4 as the pulse

amplitude (b) and the pulse frequency (f).

With increasing pulse amplitude, we observe an increase in normalized
consumed mass flux as the species mass flux is directly related to the velocity of the
blood. However, with an increase in Womersely number (or) an increase in pulse
frequency, we observe a decrease in normalized consumed mass flux. As the
Womersely number increases, the species being transferred stays for relatively less
time at the endothelium and the species cannot be consumed.

These findings may have important implications for different signaling in
endothelial cells subjected to different types of flow. Figure 9.5 shows the velocity
profile, the concentration map of C; and the concentration map of C, of a BFS with
height 0.015 cm. Notice the streamlines of the velocity field. The areas of recirculation

are seen distal to the step.

248



0.0283
0.028
0.0275
0.027
0.0265

0.026

0 0.3 1

MNormalal Conswmed Mass Flax

Pulse Amphtode
s & bzt B breze=0 69 dumaioms

0.5 0.7 04
Womersley Number (o)
s & hzar S treas=2 69 drnaiom s

Figure 9.4| Results from the computer simulations showing normalized concentration
flux for a velocity corresponding to a shear stress of 2.6 dynes/cm? and (A) pulse
amplitudes (B) and pulse frequencies.
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Figure 5| Concentration profiles of consumed species for four cases of shear stress. A
mass balance for the system is performed at the inlet and at the outlet. Notice that as the

flow loading (shear stress) increases, the boundary layer height decreases at the
endothelial cell wall.

250



9.4.4 Mass transfer on cells seeded on the bottom surface in restenosis

Figure 9.6 shows the velocity profile, the concentration map of C; and the
concentration map of C, of a vertical step with height 0.015 cm. Notice the streamlines
of the velocity field in Figure 9.6. The endothelial cell layer is seeded on the bottom

plate. The areas of recirculation are seen distal to the step.

Figure 9.6 compares the concentration of the generated species, C, at the
endothelial cell surface in a parallel flow chamber emulating a healthy artery and that
emulating an advanced and initial atheroma of 0.015 cm and 0.005 cm thickness
respectively. We see an increase in the consumption of C; at the disturbed flow region.
This increase in mass transfer of C; might provide the rationale for the increase in DNA

replication shown by Chiu et al. (1998) [3].
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Figure 9.6| Velocity profile and concentration profiles of C; and C, when cells are
exposed to a shear stress of 10 dynes/cm? in a parallel flow chamber having a back
step of 0.015 cm. The recirculation area is marked and zoomed out for clarity. Cells
are seeded only at the bottom of the flow chamber.
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Figure 9.7| Comparing the concentration of the consumed species at the endothelial
cell surface. We observe an increased consumption of species in the disturbed flow
region similar to the in-vitro studies of Chiu et al. (1998) as shown in the inset.[3]
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4.5 Effect of mass transfer on cells seeded on the bottom surface along with the step
in restenosis

Figure 9.8 shows the velocity profile, the concentration map of C; and the concentration
map of C, of a vertical step with height 0.015 cm. The endothelial cell layer is seeded on
the step in addition to the bottom plate. Notice the streamlines of the velocity field in the

three Figures. The areas of recirculation are seen distal to the step.

Figure 9.8 compares the concentration of the generated species, C, at the
endothelial cell surface in a parallel flow chamber emulating a healthy artery and that
emulating an advanced and initial atheroma of 0.015 cm and 0.005 cm thickness
respectively. To compare our results to Choi et al. (2007), we seed the backstep with
endothelial cells [4]. We observe a sudden burst in the production of C, where the

atheroma ends (0.08 cm).
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Figure 9.8| Concentration of generated species at the endothelial bed diseased versus
healthy vasculature using a reaction system. The plaque ends at 0.08 cm where we
observe a sudden burst in the production of the species. In the inset, a similar peak is
observed in the work by Choi et al. (2007).[*
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Figure 9.9] Concentration of generated species at the endothelial bed diseased versus
healthy vasculature using a mass transfer limited system. Comparing the concentration
of the generated species at the endothelial cell surface. The plaque ends at 0.08 cm
where we observe a sudden burst in the production of the species. In the inset, a
similar peak is observed in the work by Choi et al. (2007).[*
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Figure 9.10| Concentration of generated species at the endothelial bed diseased
versus healthy vasculature using a reaction system. The plaque ends at 0.08 cm where
we observe a sudden burst in the production of the species. In the inset, a similar peak
is observed in the work by Choi et al. (2007).1!

257



9.5 CONCLUSION

Steady and pulsatile laminar flow of growth medium having two viscosities will be
simulated. We compare mass transfer-limited simulation results with previous results used
to establish mechanotransduction dependency for endothelial flow-dependent signaling. In
our work, simulated models are based on the representative experiments performed by
Choi et al. (2007) and Chiu et al. (1998) [1,12]. We mathematically simulate a parallel
flow chamber experiment to obtain the biochemical or mass transfer response of the
vascular endothelium to varying blood flow parameters. A more cautious analysis is
warranted that specifically addresses the predicted outcomes for a mass-transfer limited
system. We hypothesize that a pure mass transfer system might explain the characteristic
behavior exhibited by endothelial signaling pathways which have been shown to be a
result of only mechanotransducers.

In our work, these characteristic behaviors of endothelial cell signaling
pathways, which have been demonstrated to be a resultant of mechanotransducers, are
revisited using a mass transfer-limited system only. Our work shows persuasive results
that emphasize the necessity of considering the role of mass transfer while deducing
inferences of the dynamic vascular environment.

The findings from our computer simulations have important implications for
signaling in endothelial cells when subjected to different flow parameters. By comparing
the results of Korenaga et al. (1997), Frangos et al. (1985), Chiu et al. (1998), and Choi
et al. (2007) with the results of our computer simulations, we can confidently say that we

devised the computational tools to mimic the physiological conditions of endothelial cells
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in atheroprotective and atherogenic vasculature. We will be employing these tools
throughout this work. Our computer simulations explicitly show that species mass

transfer in the vasculature plays a significant role in signaling pathways.
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CHAPTER 10

DESIGN OF A TRANSMEMBRANE DEVICE

FOR DELINEATING MASS TRANSFER

FOR A CONSTANT SHEAR PROFILE
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ABSTRACT

As evident from our previous results, the use of viscosity variation relative to shear
gradients are not enough to eliminate mass transfer in determining the signaling
mechanism in endothelium processes. In this Chapter, we propose a novel, in-vitro
experimental methodology using membrane separations technology. The proposed
method of analysis will take advantage of the potential for tangential membrane
processes to modify mass transfer characteristics, in particular the concentration gradients
of species, at the surface of the membrane with relatively small transmembrane pressure
modifications. This can be done with little modification of the fluid shear at the
membrane surface. The technique has the ability to decouple mechanotransduction
effects from mass transfer in flow-induced studies. The methodology takes advantage of
modest alterations of the transmembrane pressure normal to membranes that can make
tremendous variations in concentration gradients at the membrane surface (and thus mass
transfer) but offers virtually little change in the associated fluid shear stress experienced
by the cells. The methodology is flexible and robust, can be used with mass transfer-
limited and reaction-limited processes, and can address a number of controllable
scenarios.

Keywords — Mechanotransduction, mass transfer, vascular signaling
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10.2 INTRODUCTION

It has long been accepted that mechanotransduction, and not mass transfer, is the
fundamental mechanism for hemodynamic forces modulated endothelial signaling
pathways and their downstream gene products. The underpinning criteria used to
determine the dominance of mechanotransduction largely draws on the relationship
between signaling behavior and shear rate and shear stress, relative to changes in
viscosity. However, in our work, we computationally and experimentally evaluate mass
transfer-limited in-vitro parallel flow chamber systems with respect to this accepted
criteria. These results show similar viscosity-dependency relative to shear rate and shear
stress, previously thought to be sufficient conditions for mechanotransduction. Thus,
mass transfer considerations should be carefully examined when studying triggering

methods in signaling cascades.

A wide use of parallel flow chambers have been employed to study the effect of
flow stimulations physiologically. Parallel flow chambers have been utilized by
enumerous researchers from a little less than half a century both in-vivo and in-vitro [1-
15]. A cell monolayer is attached to one of the internal plate surfaces and the cells are
subjected to fluid flow by creating a pressure gradient tangential to the surface. For finite
fluid dimensions, the fluid velocity remains parabolic between the plates but vanishes at
the boundaries of the rectangular channel suggesting an inlet velocity that has to be
considered (Shown in Chapter 8) [16-19]. Practically, more than 85% of the surface is

exposed to a homogenous wall shear stress for b=h > 20.
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However, responses of endothelial cells to shear profiles have been found to be
rather complex, owing to cell contact guiding, vascular remodelling, pathological
diseased conditions. Previous studies have utilized a modification of the parallel flow
chamber to obtain the importance of cellular cues. Both the base rotation and the initial
shape of the cilia grown on cells were accounted to experimentally capture a more
accurate estimate of flexural rigidity [19]. In yet another study, the effects of fluid shear
forces on cellular responses to profiled surfaces in-vitro were investigated [20]. The
complexities associated with in-vivo vascular geometry and architectural properties, have
necessitated the need for novel modeling strategies to determine local shear stress

magnitudes and gradients.

Here, we propose a novel, in-vitro experimental methodology using membrane
separations technology. The proposed technique can decouple mechanotransduction
effects from mass transfer in flow induced studies. The methodology takes advantage of
modest alterations of the transmembrane pressure normal to cells seeded on membranes
that can make tremendous variations in concentration gradients at the membrane surface
(and thus mass transfer) but offers virtually little change in the associated fluid shear
stress experienced by the cells. The methodology is flexible and robust, in can be used
with mass transfer-limited and reaction-limited processes and can address a number of

controllable scenarios.

As evident from our previous results [21], the use of viscosity variation relative to

shear rate and shear stress are not enough to eliminate mass transfer in determining the
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signaling mechanism in endothelium processes. Thus, it remains plausible that
biomolecular mass transfer may be significant in vascular signaling pathways. This work
shows that a more cautious analysis that delineates endothelial mechanotransduction from
mass transfer remains warranted. Carefully examining the effect of mass transfer will

prove to play a quintessential role in elucidating endothelial flow-dependent signaling.
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10.3 MATERIALS AND METHODS

10.3.1 Computational modeling

To examine this theory, a 2D computer simulation was performed to investigate the
effects of modified transmembrane pressure on shear rate, shear stress and concentration
profile for a species entering the membrane module at the feed location. Here Comsol
Multiphysics® (Version 3.5, Burlington, MA, USA) is again used. The flow chamber
was designed with a channel half-height of 0.015 cm and a length of 0.5 cm. The
membrane was modelled as porous media using the Brinkman equation with a porosity of
0.84 and permeability of 15 x 10° cm? The initial feed concentration on the single
species was 6 moles/cm® on the retentate side of the membrane and a mass flux
of -7x10% moles-cm®s™ was imposed on the filtrate side of the membrane. The inlet
pressure P;, was set at 20 dynes-cm™ and the outlet P,, was set at 10 dynes-cm™. The
transmembrane pressure was varied by adjusting P3; between the values of -2 and 4

dynes-cm™.

10.3.2 Design of transmembrane device

Essentially, it is well known that, in tangential membrane processes, the flux through the
membrane pores can be several orders-of-magnitude lower than the flux across the
membrane surface (reference). Thus the overall contribution of the permeate flows
contribution to the tangential shear rate or shear stress is negligible. Given that the
Schmidt number (Sc = v/D) is on the order of 20,000 for aqueous systems and the

boundary layer heights for mass transfer, 6., and momentum, &, are related as
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8y /8¢ ~Sct/3, the hydrodynamic boundary layer is on the order of 25 times greater than
that for mass transfer. Thus, it is postulated that gradients in mass transfer can be altered
in a narrow region near the membrane surface without substantial change in the
momentum gradients.

The aspect ratio of the designed membrane device is 60:1 (1.5/0.025). An aspect
ratio of less than 80 is necessary to ensure laminar flow across the system.
Figure 10.1 shows the designed device with a provision of employing membrane of
interest. The effective area of the membrane that is incorporated in the diafiltration

module is 1.5 x 6.62 cm?.

10.3.3 Membrane preparation

Experiments will employ asymmetric nitrocellulose membranes (0.22 pm, Whatman)
with an effective area of 8 x 2.5 cm?. The membrane will not allow the passage of
ions/molecules smaller than 10 kDa. The membranes are treated with PBS-Triton
100X to remove the hydrophobic layer on one side of the membrane. Membranes will
then be thoroughly rinsed with deionized water to remove wetting agent, after which

they are ready to be used.

10.3.4 Solution preparation

Two different solutions were utilized in the feed streams consisting of red and blue dyes

with absorbance 380 nm and 560 nm respectively.
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Figure 10.1| Ilustration of effects of modest transmembrane pressure (TP) on the shear
field and mass transfer above the nitrocellulose membrane in a laminar flow chamber. As
shown, modest changes in TP can result in dramatic alterations in the concentration
gradient at the cell surface with little effect on the momentum shear field. Feed solutions
available both at the top and bottom of the membrane can provide variation in the
experimental protocol.
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10.3.5 Setting up flow circuit

For each experiment, the flow circuit will be sterilized in an autoclave and assembled in a
flow hood. A parallel-plate flow channel will be used to impose laminar flow on the
membrane. Care will be taken to avoid entrapment of air bubbles in the flow channel.
The experiments will be performed using measured quantities of dye solutions, delivered
through a rectangular tangential-flow diafiltration module as shown in Figure 2 with the
nitrocellulose membrane.

The proposed experimental design exploits the use of transmembrane pressure,

Tp =

— P;, where P; — P, represents the tangential pressure drop across the

membrane surface, and P; is the pressure below the membrane surface. P; will be varied
over an operating range using a head pressure such that the shear stress and shear rate
remain constant but the Ca®* concentration flux, ] = Lp(Tp), across the membrane varies
(where L, is the hydraulic permeability).

Media in feed reservoirs (P1 and P3, as shown in Figure 10.2) will be
pressurized by nitrogen gas and forced through the membrane test module. A peristaltic
pump (Masterflex Inc.) will be used to control back-pressure and flow, and to recycle the
solutions back to P1 and P3. Dye analytes will be collected at the retentate exit operating

at P,.
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Figure 10.2| Illustration of effects of modest transmembrane pressure (Tp) on the shear
field and mass transfer above cells seeded on a membrane in a laminar flow chamber. As
shown, modest changes in T, can result in dramatic alterations in the concentration
gradient at the cell surface with little effect on the momentum shear field. Feed solutions
available both at the top and bottom of the membrane can provide variation in the
experimental protocol.
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10.3.6 Measuring hydraulic conductivity using transmembrane pressure device

The constant-head method was employed to measure the hydraulic conductivity of the
membrane when DI water was used across the membrane. Our procedure allows water to
flow through the membrane under a steady head condition while the volume of water
flowing through the nitrocellulose membrane is measured over a specific time period. By
measuring the quantity of water, m (g), the cross section area of the membrane being used

(cm?), and the time for which the water was being collected (t), and the head pressure (g-

. . m .
cm), the hydraulic conductivity can be calculated as mass flux, J = A Using Darcy’s

Law, we can express hydraulic conductivity as L, = —
10.3.7 Measuring analytes
The experiments shown in Figure 10.2 were performed with a water solution through

P1 and dye water solution through Ps;. Analytes were collected at P, and a

Vis spectrophotometer (Cary50, Varian Inc.) was used to quantify the dye collected.
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10.4 RESULTS AND DISCUSSION

10.4.1 Computational modeling

10.4.1.1 Capturing shear stress profiles and concentration gradients

Figure 10.3 shows the results of this work. As can be seen, while the shear stress and
shear rate remain constant at the membrane surface, the concentration gradient was
altered by a factor of 5. Thus, this example illustrates how this approach can be used to
decouple mass transfer effects from mechanical forces in the same system. We will use
this methodology with in-vitro studies with cells seeded on membrane surfaces to
investigate the signaling processes outlined here. Figure 10.3 illustrates the relationship
between the concentration and momentum gradients for the proposed research. Here,
transmembrane pressure can be modified to result in relatively low flow across the
membrane in either direction.

Figure 10.3 simulates the experimental setup shown in Figure 10.2. A 2D
rectangular chamber of dimensions 0.04 cm x 0.5 cm was simulated. The length of the
simulated flow chamber was much greater than the entry length (0.43 mm) calculated for
a constant Re (Reynolds number) of 23. The cell culture medium was assumed to be

homogeneous, incompressible and a Newtonian fluid having a density of 1.2 g/cm®.
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The Navier-Stokes equation was used for fluid flow. In a parallel flow
chamber, the mass transfer of ions can be attributed to the velocity (v) and viscosity
(1=0.0098 g/cm-s) of the media and the diffusion coefficient of Ca?* (D=3.2 x 10
cm?/s). The fluid phase is governed by the continuity equation (1) and the incompressible
Navier-Stokes equation (2). The chemical species flowing through the system follows the
equation of conservation of mass flowing through an incompressible medium and Fick's

Law of Diffusion (3).

10.4.1.2 Comparing mass transfer in bulk flow versus that of transmembrane
pressure

For this study, we study the effect of species mass that is available at the simulated
endothelial cell bed for two cases by varying: (1) species mass flowing through the bulk
flow (using no transmembrane pressure and (2) species mass flwoing across the
transmembrane test module (using constant bulk flow). The results demonstrate that a
minimal change in transmembrane pressure allows for a wide range of species mass to
reach the surface of the test bed. The species concentration gradient reaching the test bed
was approximately 0.13 mol/cm* when the bulk flow was reduced by 75% and the
transmembrane pressure was reduced by approximately as low as 2%. Hence, these
results demonstrate the importance of using transmembrane flow to delineate the impact

of mass transfer from mechanical forces.
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Figure 10.3] Summary of 2D computational investigation of methodology to decouple
mass transfer and momentum flux. Figure 3A is an illustration of the velocity profile and

pressure map for the case where P3 is set to zero.

As can be seen, variation of

transmembrane pressure (TP) does not affect shear rate or shear stress (Figure 3C) but

has a dramatic effect on concentration gradient (Figures 3B and 3C).
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Figure 10.4| Comparing the concentration gradient on the membrane in mol/cm* for

varying (A) inlet concentration of ions in the inlet, (B) transmembrane pressure across the
membrane.
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10.4.2 Experiments

10.4.2.1 Characterizing the behavior of the system

Red dye was initially pumped out of P1. P3 was then introduced with a blue dye.
As the transmembrane pressure increased, we observe the concentration of both the P1
and P3 inlets drifting in P2 (outlet) with a decrease in red dye. The blue dye from P3
overpowers the P1 and we observe the concentration of P3 increasing in the final
measured analytes. These results demonstrate that the device we designed using our
membrane technology provides us consistent results (with an extremely low standard

deviation, less than 10°%).

It is noteworthy to remind ourselves at this time that the shear stress is almost
constant (19 H,O-cm). With a change in transmembrane pressure, we observe As shown
in Figure 10.6, the dye transferred across the membrane was varied for varying Tp with a

constant shear stress (t=7.9+0.02 dyne/cm?).

10.4.2.2 Measuring hydraulic conductivity for varying soaking conditions

Hydraulic conductivity of nitrocellulose membranes was measured for the

following conditions (A) untreated, (B) DI water, (C) PBS-Triton 100X, and (4) DMEM.
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10.5 CONCLUSION

Both species mass transfer and mechanotransduction have been suggested as the
underlying mechanisms for activating endothelial signaling pathways. However, in
recent years, the dominance of mechanotransduction at the endothelium has been
qualitatively demonstrated through in-vitro experiments attempting to emulate the
vasculature. In this work, we design a novel in-situ streaming potential device to
delineate mass transfer from mechanotransduction which can be implemented for
various systems. The results obtained through our computer model and experimental
model authenticate the appropriate utilization of this methodology to study the
vascular system. Here, we propose a novel; in-vitro experimental methodology using
membrane separations technology. The proposed technique can decouple
mechanotransduction effects from mass transfer in flow-induced studies. The
methodology takes advantage of modest alterations of the transmembrane pressure
normal to cells seeded on membranes that can make tremendous variations in
concentration gradients at the membrane surface (and thus mass transfer) but offers
virtually little change in the associated fluid shear stress experienced by the cells. The
methodology is flexible and robust, in can be used with mass transfer-limited and

reaction-limited processes and can address a number of controllable scenarios.
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SECTION 4:

CHARACTERIZING ENDOTHELIAL SIGNALING
PATHWAYS IN EXTRACELLULAR MILEU
DURING ATHEROSCLEROSIS
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PRELUDE

Proteins such as AMPK, SIRT1 and KLF2 have been shown to be key players in
maintaining vascular homeostasis. However, the mechanism(s) by which blood flow
elicits protein signaling in the endothelial cells remain(s) unclear. Although
mechanotransduction of hemodynamic forces has been continuously shown to be the
reason behind signaling, we have evidence that now suggests biochemical mass transfer
cannot be ruled out. Further, initiation and progression of vascular diseases such as
atherosclerosis is biomarked by varied expression of extracellular proteins and altered
composition of extracellular matrix (ECM) leading to a dysfunctional endothelium.
Delineating the mechanism (biomechanical, biochemical or both) through which ECM-
integrin interactions vary the intracellular and extracellular composition of the vessel
during atherosclerosis also remains vague. Hence, elucidating these signaling
mechanisms can facilitate the development of therapeutic responses.

Our objective is to decouple and determine the effects of mass transfer and
mechanotransduction contributions to the flow-induced downstream targets for AMPK,
KLF2, and SIRT1 signaling pathways. Here we will investigate AMPK phosphorylation,
and SIRT1 and KLF2 activation as a response to varied flow dynamic parameters. Our
goal is to understand the mechanism(s) by which vascular blood flow alters the
functioning of such signaling pathways. We hypothesize that flow dynamics display an
intricate interaction of both shear flow and mass transfer. Both these components will be
used as our input parameters and we will focus on nitric oxide (NO) and thrombomodulin

(TM) as the downstream targeted outputs. NO plays an important role in cardiac diseases
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such as atherosclerosis whereas TM is crucial for the functioning of the coagulation
system.

This study proposes varied mass transfer during different stages of atherosclerosis
leading to altered signalling pathways. We will investigate the behavior of signaling
pathways corresponding to the altered composition and organization of the extracellular
milieu (collagen (Col), fibronectin (FN), vitronectin (VN)), as a response to varied flow-

dependent scenarios.
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CHAPTER 11

AMPK-SIRT1-eNOS ACTIVATION IN

EXTRACELLULAR MATRICES DURING

ATHEROSCLEROSIS
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ABSTRACT

Atheroma is initiated and progressed in the unhealthy and artheroprone region of the
blood vessel. During the process, the collagenous subendothelium (in the command of
signaling pathways) is converted to a fibrillar subendothelium. This process involves
the deposition of fibronectin and vitronectin which alters the release of NO and the
compliance of the vessel wall. Appropriate ECM composition establishes the
functioning of the endothelial signaling pathways in the vascular intima [2]. In this
work, we use immunocytochemical methods that employ the distinct variations in
extracellular matrix to study the characteristic behavior of endothelial cells in
atheroprotective and atherogenic stages. We hypothesize that owing to different ECM
configuration, AMP modified protein kinase (AMPK) phosphorylation will vary with
flow. For each experiment, the sterilized flow circuit is maintained at 37°C, ventilated
with 95% humidified air - 5% CO,, and connected to the peristaltic pump. A parallel-
plate flow channel is used to impose laminar flow at 12 dyne/cm? for stipulated time
intervals on a confluent monolayer of endothelial cells (ECs). The contribution of
extracellular matrix for atheroprone, atherogenic, and atherosclerotic stages of the
vasculature and their effects on AMPK signaling pathway is explored through these
in-vitro experiments. Exploring the stress-related AMPK signaling pathway provides
striking insights into the onset and progression of atherosclerosis. We identify a

possible feedback response between NO production and ECM.
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11.2 INTRODUCTION

The vascular endothelium of the tunica intima vibrantly and sensitively counters to the
fluid dynamics of the blood and hormonal stimuli such as vasoactive factors. It
responds by releasing a large number of vasoactive biomolecules that regulate
vasomotor function, modulates inflammation, and influences vascular homeostasis.
The well-established vasodilators produced by the endothelium are nitric oxide (NO),
prostacyclin, and different endothelium-derived hyperpolarizing factors; and
vasoconstrictors are endothelin-1, angiotensin I, reactive oxygen species and many
more [1-16]. Scientists extensively study endothelial cells under flow parameters to
identify atherogenic gene products that may be used as therapeutic agents. Appropriate
endothelial functioning is hence a synergistic effect of many biomolecules (such as
INK, FAK, Src, AMPK, Tyrosine Kinases, and PGCa) [17-20]. In this proposal, we
will be investigating the mechanistic behaviour of three such important endothelial
flow modulating pathways (AMPK-KLF2-SIRT1) on regulating downstream
activation of eNOS and TM. We briefly account on these representative pathways and

we subsequently propose the integrated signaling pathway that we will be working on.

11.2.1 AMPK

AMP modified protein kinase (AMPK) is a master switch regulator and induces a
cascade of intracellular events in response to the ever changing energy demand of the
cell [21-23]. Subsequently, AMPK controls downstream signaling pathways to

regulate vascular haemostasis and to prevent the aggregation of monocytes and
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lipocytes on the interior walls of blood vessels [24]. Shear stress (physiologically
ranging between 5 and 20 dynes/cm?) affects cell arrangement and proliferation of
endothelial cells. The laminar velocity profile characterizes a quiescent endothelium
stage, during which the vascular monolayer of endothelial cells are confluent and the
subendothelial actin networks of ECM are reconfigured to stress fibres in the direction
parallel to the blood flow [25]. The aligned cells are stiffer causing an increase in ATP
utilization i.e., an increase in [AMP]/[ATP] and instigating AMPK [26]. In response to
turbulent flow, the endothelium increases the division rate of the cells, decreasing the
[AMP]/[ATP], resulting in a transient or no AMPK (depending on the nature of

turbulence) activation [26].

11.2.2 KLF2

Kruppel-like factor2 (KLF2) has been identified as a key molecular button that is up-
regulated by atheroprotective flow [27-35] but down-regulated by athero-prone flow
and proinflammatory stimuli [36-39] hence modifying important aspects of vascular
functions and diseases. Many studies suggest that KLF2 is involved with regulations
of endothelial thrombotic function and vascular tone [39]. KLF2 has been identified
as a novel transcriptional regulator of endothelial thrombotic function by inducing
thrombomodulin (TM) and suppressing several pro-coagulants such as tissue factor
(TF) and plasminogen activator inhibitor-1 (PAI-1) [40]. KLF2 has been identified as
an inducer for eNOS expression and activity [36]. Further, KLF2 acts as a central

transcriptional switch point between the quiescent and activated states of the adult
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endothelial cell. KLF2 usually binds to GC-rich or CACCC sequences in the promoter

region of target genes to regulate their transcriptional activity [40].

11.2.3 SIRT1

SIRT1 is an NAD-dependent deacetylase that acts as a master metabolic sensor of
NAD and modulates cellular metabolism and life span [41]. SIRT1 delays the onset of
age related atherosclerosis [42-44]. SIRT1 manifests a prominent role in vascular
biology and may regulate aspects of age-dependent atherosclerosis [45]. Part of these
effects may come through regulation of lipid and cholesterol metabolism and is
implicated in modulating ischemia. Recently, SIRT1 has been shown to deacetylate
and regulate eNOS activity, a key regulator of vascular tone [46]. SIRT1 has been
implicated in the control of energy metabolism through deacetylation of FOXO and

PGC-10 [47,48].

11.2.4 Accounting for AMPK-KLF2-SIRT1 cross-talk

SIRT1 has been shown to be an upstream regulator for the AMPK-LKBL1 regulating
hepatocyte lipid metabolism suggesting an avenue of pharmacological intervention in
slowing down age-related atherosclerosis [49,50-53]. Additional data by the Co-PI
Shyy’s Lab showed that laminar flow causes a marked increase in SIRT1 level, and
AMPK and SIRT1 synergistically increase the eNOS-derived NO bioavailability in
ECs responding to laminar flow [54]. An in-depth review of SIRT1 and AMPK

regulation has been discussed with clinical response and a possibility of their
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dysregulation which predisposes to atherosclerotic cardiovascular diseases suggesting
a favorable drug therapy [55]° AMPK acts as the prime initial sensor that translates this
information into SIRT1-dependent deacetylation of the transcriptional regulators PGC-
la and FOXO1, culminating in the transcriptional modulation of mitochondrial and
lipid utilization genes [55]. A counter-balancing model involving the cross-talks
between SIRT1 and AMPK, another stress and energy sensor, is suggested for
controlling the senescence program in mammalian cells [55]. accounted that AMPK

triggers KLF2 when endothelial cells are exposed to shear stress. [55].

11.2.5 Integrins-ECM Interaction

Integrins are integral membrane receptors that mediate attachment between the cell
and extracellular environment (adjacent cells or the surrounding ECM) [56]. They play
an important role in paracrine cell signaling and define cellular shape, mobility, and
regulate the cell cycle. Integrins act as a liaison between the cells and the extracellular
matrix to evoke an endothelial response. They transduce information from the ECM to
the cell as well as disclose the status of the cell to the ECM, detecting and
communicating the response to its dynamic ambiance. During vascular shear stress,
integrins converse external blood flow patterns into internal cell signaling
pathways [57]. Of the large number of signaling pathways, the response of the shear
induced c-Jun N-terminal kinase (JNK) pathway to altered ECM compositions has
recently been explored [58]. When cells are influenced by transient blood flow, an

integrin—~ECM mediated cell signaling cascade is triggered, ultimately leading to the
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phosphorylation of receptor tyrosine kinases (RTKs) mitogen activated protein kinase
kinase 4 (MAPKK4), the phosphorylation of JNK in the nucleus, triggering
downstream cellular responses, and activating genes that transcribe VCAM, ICAM,

and Interleukin [59].

11.2.6 Mass transfer in the endothelium - emphasis to Ca**

lonic mass transfer i.e., transfer of ions such as Ca?*, CI', Na*, Zn**, Mg**, ATP play a
central role in the control of growth, contractility, and function of the vasculature [60-
62]. Ca** signaling is one of the premier signaling mechanism by which endothelial
cells respond to external stimuli and maintain haemostasis [63-64].

Release of Ca®* from the extracellular medium into the cytosol requires its
continuous refilling which is dependent on the convective transport of the Ca** from
the blood to the endothelial bed. AMPK has been shown to be phosphorylated by
LKB-1 or Ca*/calmodulin kinase-kinase p (CAMKKP) [65-68]. Our preliminary
results (shown in Figure 4) also demonstrate the importance of Ca’* in ACC
phosphorylation via AMPK. Increase in extracellular Ca** alters vascular tone and
results in an increased blood pressure [69]. Ca** has also been to show an important
role in eNOS phosphorylation and translocation. Owing to the ease of measuring the
change in Ca®* concentration, we will be emphasizing on the effect of Ca®* on the

proposed integrated signaling network.
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11.2.7 Proposed integrated signaling pathway network

After exploring the interaction between these three model proteins (AMPK, KLF2, and
SIRT1) and their downregulated endothelial targets (eNOS, TM), we syudy the
signaling cascade depicted in Figure 11.1. The interaction between AMPK-ECM-
integrin pairs, AMPK-TM, and any possible interaction between eNOS and integrins

will be mapped out.

11.2.8 Biomarkers and stages of atherosclerosis

These lesions modify the subendothelial ECM configuration and allow for the
retention of cholesterol-rich lipoproteins which sets the stage for plaque (atheroma)
formation. Variations in the morphology of intimal fibronectin in atherosclerosis is
manifested by interrupted fibronectin [70]. Dysfunctional endothelium is less compliant
and less effective to dynamic changes in blood flow and marks the onset of
atherosclerosis. As atherosclerosis progresses, the fibronectin of endothelium
defragments and disintegrates to fibrinogen. The facilitated lipid deposits on vascular
intima thickens and hardens the arterial walls in atherosclerosis [71]. The interplay of all
the aforementioned factors convert the endothelium from a quiescent atheroprotective
stage to a dysfunctional atherogenic stage. As atherosclerosis is initiated and progressed,
the collagenous subendothelium (in the command of signaling pathways) is converted to

a fibrillar subendothelium.

This process involves the deposition of fibronectin and fibrinogen which would

alter the release of NO and the compliance of the vessel wall. Atheroma is initiated
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and progressed in the unhealthy, artheroprone region of the blood vessel. We will use
immunocytochemical methods that employ the distinct morphological qualities of
blood vessels to study the characteristic behaviour of endothelial cells in
atheroprotective and atherogenic stages (Table 1). We will computationally simulate
the different vascular stages.

To elaborate, proteins such as AMPK, SIRT1 and KLF2 have been shown to
be key players in maintaining vascular homeostasis. However, the mechanism(s) by
which blood flow elicits protein signaling in the endothelial cells remain(s) unclear.
Although mechanotransduction of hemodynamic forces has been continuously shown to
be the reason behind signaling, we have evidence that now suggests biochemical mass
transfer cannot be ruled out. Further, initiation and progression of vascular diseases such
as atherosclerosis is biomarked by varied expression of extracellular proteins and altered
composition of extracellular matrix (ECM) leading to a dysfunctional endothelium.
Delineating the mechanism (biomechanical, biochemical or both) through which ECM-
integrin interactions vary the intracellular and extracellular composition of the vessel
during atherosclerosis also remains vague. Hence, elucidating these signaling

mechanisms can facilitate the development of therapeutic responses.

These experiments have been guided with preliminary computational simulations
to provide methodical insight into the working of signaling pathways. The corresponding
results of these experiments will provide new mechanistic acumen in understanding the
triggering of AMPK, KLF2, and SIRT1 signaling pathways and downstream targets.

Further, the relationship between AMPK, SIRT1 and TM; and the phosphorylation of
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AMPK, KLF2, and SIRTL1 in response to ECM composition will be studied for the very
first time. The data obtained will provide implications, not only in elucidating these
signaling pathways, but also on the spectrum of signaling pathways that play a role in

endothelial dysfunction.
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Table 11.1 Summary of biomarkers that characterize atheroprotective, atherogenic,
and atherosclerotic stages of blood vessels.

Stages of Blood

Atheroprotective

Atherogenic/ Atherosclerosis

Vessel Artheroprone

Characteristic Three layered Inflammation Extracellular

Feature Vessel [72] [73] Calcification

Fatty streak [74]

Vascular Spindle Shaped, Migration, Abundance

SmoothMuscle Confluent Proliferation

Cells [105]

ECM Collagen Fibronectin Vitronectin

Configuration [75] [75] [75]

Integrins 1P, 21 ovfs, asP1 o 1pP3
[76] [77] [78]

Shear stress at | 5-20 dynes/cm®  ceeeeeeeeee- <5 dynes/cm? -------

TI[79]

Velocity of Sustained e Turbulent ---------

blood [80] Laminar

Viscosity of 6.72 cP 7.24 cP 7.79 cP

blood [81]

[NO] [82] 0.012 nM ? ?

[Ca?*] [83] 2.2mM ? ?
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Figure 11.1: The integrated signaling cascade between key players: AMPK, KLF2,
and SIRT1 with the downstream target (eNOS).
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11.3 METHODS

These in-vitro experiments correlated the flow parameters, ECM configuration and

AMPK activation.

11.3.1 Cell culture

A variant of endothelial cells (EA926s) were cultured in DMEM (Invitrogen,
Carlsbad, California) supplemented with 10% fetal bovine serum, 100 g/mL penicillin,
and 100 g/mL streptomycin. ECs were maintained in a humidified 95 % air -- 5 % CO,

incubator at 37 °C. EA926s

11.3.2 Coating of slides with ECM proteins

To determine whether the activation of AMPK by shear stress depends on the
subendothelial matrix, EA926s were placed on glass slides coated with either Collagen
(Coll I - 6 pg/em?), Fibronectin (FN- 5 pg/cm?), or Fibrinogen (FG- 5 pg/cm?) for 2
hours. The ECM proteins were spread as confluent monolayer on the slides and air-
dried overnight to allow complete adsorption. The slides were washed three times with
PBS and EA926s were seeded on the slides in the absence of serum.®! Cells will be
subjected to laminar shear stress (12 dyne/cm?) in a parallel plate flow chamber for six

hours.
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11.3.3 Fluid shear stress experimental setup

For each experiment, the flow circuit was sterilized in an autoclave and assembled in
the hood. The flow system was maintained at 37 °C, ventilated with 95% humidified
air - 5% CO,, and connected to the roller pump. The circuit was primed with DMEM
to ensure a standardized fluid column through the hose. A parallel-plate flow channel
was used to impose laminar flow on confluent monolayer of EA926s as shown. A slide
coated with a monolayer of EA926 will be positioned on the parallel flow chamber. In
between the EA926 seeded slide and the parallel plate rectangular chamber, a gasket
of 0.0254 cm thick was placed as shown in Figure 11.2(A). Care will be taken to avoid
entrapment of air bubbles in the flow channel. Figure 11.2(B) shows the entire setup of
the parallel flow chamber experiencing laminar flow. EA926s will be exposed to a

laminar flow at 12 dyne/cm? for time intervals (0, 2, 5, 15 minutes).

11.3.4 Lysis

EA926 cells were carefully scraped out into different aliquots and lysed with a buffer
containing 10 mmol/L Tris, pH 7.4, 100 mmol/L NaCl, 1 mmol/L EDTA, 1 mmol/L
EGTA, 1 mmol/L NaF, 20 mmol/L Na4P,07, 2 mmol/L NazsVO,, 0.1% SDS, 0.5%
sodium deoxycholate, 1% Triton-X 100, 10% glycerol, 10 g/mL leupeptin, 60 g/mL

aprotinin, and 1 mmol/L phenylmethanesulfonyl fluoride.
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Figure 11.2| Experimental setup for flow experiments. (A) The assembly of the
parallel flow chamber and (B) The parallel flow chamber experiencing shear.
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11.3.5 Immunocytochemistry

Ti samples seeded with EA926 cells were washed with PBS three times for five minutes
each. Cell samples were fixed and permeabilized with ice cold methanol in -20 °C for 20
minutes. Samples were again washed in PBS (1X) and incubated with blocking buffer (4
g BSA +80 mL PBS + 150 pL Triton X 100) for 1 hour followed by incubation with
5 pug/ml of rabbit polyclonal anti-peNOS (Ser1177), rabbit polyclonal anti-VCAMLI,
rabbit monoclonal p-AMPK, rabbit monoclonal anti-VWF, monoclonal VE Cadherin,
and KLF2 primary antibodies (AbCAM, Cambridge, MA) in antibody dilution buffer (4 g
BSA + 40 mL PBS + 120 pL Triton X 100) for 90 minutes in room temperature. Cells
were rinsed 3 times with 10 minutes PBT and incubated with 5 pg/ml Alexa Fluor® 488
goat anti-rabbit secondary antibody or Texas Red 598® donkey anti-rabbit secondary
antibody in antibody dilution buffer for another 60 minutes. Cells were washed three

times with PBT for 5 minutes each.

11.3.6 Confocal imaging

EA926 cells seeded on the Ti surfaces were examined for all the indicated times and
imaged using Leica M125 (Buffalo Groove, IL, USA) fully apochromatic corrected
stereomicroscope with 12.5:1 zoom. Fluorescent images and transmitted images with
10X objective lens, binning of 4 x 4, gain of 8.0, and brightness of 1.2 were acquired.
The seeded endothelial cells on the ECM seeded surfaces were examined for all the

indicated times and imaged using Leica SP2 (Buffalo Groove, IL, USA). Spot Imaging
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Software® (Sterling Heights, MI, USA) and ImageJ® 1.46 (NIH, Bethesda, USA) is used

to acquire and process the images[100].

11.3.7 Atomic force microscopy

The fidelity and uniformity of the surface patterning was characterized using scanning
electron microscopy (SEM) (SUPRA 55, Leo). Imaging was performed at 5 kV
accelerating voltage without need for application of conductive coatings on either
substrate. The surface roughness of the patterned substrates was characterized using
atomic force microscopy (AFM)(DimensionTM 3100, Nanoscopellla, mfg).
Commercially-available, silicon-nitride tips were used (tip radius of curvature < 10
nm, tip height = 14 - 16 pum, and cantilever spring constant = 1.2 - 6.4 N-m™)(name,

mfg). Imaging was performed in tapping mode with 1 Hz scan rate.
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11.4 RESULTS AND DISCUSSIONS

11.4.1 Characterizing extracellular matrices

The AFM images were acquired for collagen, fibronectin, and vitronectin. We observed
that collagen was not specifically shaped, however fibronectin and vitronectin was
shaped as a network of extracellular matrices.As shown in Figure 11.3, individual
molecules of collagen was observed. Monomers of collagen are nominally 280 nm long.
Strands smaller than that were recognized as fragments. Through our AFMs, we observed
higher collagen oligomers in the form of loops. The fibronectin strands, in contrast were
linearly branched with a length of approximately 120 nm. Vitronectin molecules, on the
other hand, were flattened, spread-out, and ellipsoidal in shape with its width and length

of approximately 50 nm and 120 nm respectively.

Further, we characterized the charge properties of two extracellular matrices of
interest: collagen and fibronectin. We observed that the charge of collagen and
fibronectin was negative when compared with the charge of the membrane alone. Our
studies also demonstrate a more negative zeta potential of fibronectin than collagen with

a net charge difference of -3.6 mV.
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Figure 11.3| Characterizing extracellular matrices on glass slides using AFM
technique. Images show glass slide only, collagen, fibronectin, and vitronectin.
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Figure 11.4| Characterizing the charge properties of the extracellular matrices for
membrane soaked in medaia only and membranes coated with collagen and fibronectin.
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11.4.2 Characterizing apoptosis and necrosis

Apoptosis is a carefully regulated process of cell death that occurs as a normal part of
development. Inappropriately regulated apoptosis is implicated in disease states, such as
Alzheimer’s disease and cancer. Apoptosis is distinguished from necrosis, or accidental
cell death, by characteristic morphological and biochemical changes, including
compaction and fragmentation of the nuclear chromatin, shrinkage of the cytoplasm and

loss of membrane asymmetry.

Furthermore, during apoptosis the cytoplasmic membrane becomes slightly
permeant. Certain dyes, such as the green fluorescent YO-PRO®-1 dye can enter
apoptotic cells, whereas other dyes, such as the red fluorescent dye, propidium iodide
(P1), cannot. Thus, use of YO-PRO®-1 dye and PI together provide a sensitive indicator

for apoptosis.

As shown in Figure 11.5, cells grown on collagen substrates were healthier than
cells grown on both fibronectin and vitronectin substrates. We observed the cells on
fibronectin surgaces and vitronectin surfaces were more prone to apoptosis and necrosis
respectively aafter being stimulated to flow for ten hours. The endothelial cells formed
clusters on vitronectin substrates and demonstrated the tendancy of cells to form

aggregated clumps and the presence of higher adhesive forces intercellularly.
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Figure 11.5| Confocal micrographs of endothelial cells seeded on collagen,
fibronectin, and vitronectin coated slides. The cells were stained with YO-PRO1 and
Propidium lodide. Cells were imaged in static as well as flow conditions.
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11.4.3 Studying signaling on the extracellular matrices

Our results demonstrate the effect on different extracellular matrices on the activation of
p-eNOS, p-SIRT1, p-AMPK, and KLF2. We observe an increase in peNOS in static
conditions on collagen and vitronectin (Figure 11.6). However, on fibronectin, we
observed a decreased activation of eNOS (Ser 1177). Further, we observed an increased
activation of p-AMPK (an upstream target of peNOS) on the collagen and vitronectin
matrices. These results demonstrate differential activation of signaling molecules when

cells are seeded on different extracellular matrix — seeded substrates.

We further exposed cells to shear stress of 12 dynes/cm? for a period of 15 hours
and characterized the expression of p-eNOS (Ser 1177). We observed that p-eNOS
(Figure 11.7) displays a higher activation on fibronectin and vitronectin compared to

collagen. Our western blots demonstrate similar results.

When exposed to flow with shear stress of 12 dynes/cm? for a period of ten hours
(Figure 11.8), we observed activation of KLF2 for the cells seeded on all the three
extracellular matrices, minimal activation of p-SIRT1, and enhanced activation of

p-AMPK for cells seeded on collagen- and vitronectin- coated substrates.
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Figure 11.6| Immunocyto chemistry of endothelial cells in static conditions. The results
demonstrate a higher p-eNOS and p-AMPK activation of cells seeded on collagen and
vitronectin compared to fibronectin The cell nucleus was stained with DAPI and proteins
were stained with Texas Red (A=598 nm). Scale bar =20 pm
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Figure 11.7| Images characterizing expression of eNOS in cells sheared at 12 dynes/cm?

for 15 minutes. (A) Immunoblotting showing p-eNOS and Beta-Actin for collagen,
fibronectin, and vitronectin. (B) Immunocyto chemistry demonstrates a higher activation
of cells seeded on fibronectin compared to collagen and vitronectin. The cell nucleus was
stained with DAPI and p-eNOS was stained with Alexa 488(A=488 nm). Scale bar =
150 um
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Figure 11.8| Immunocyto chemistry for flow of 12 dynes/cm? demonstrates a higher p-
AMPK activation of cells seeded on collagen and vitronectin compared to fibronectin.
The cell nucleus was stained with DAPI and proteins were stained with Texas Red
(A=598 nm). Scale bar =20 um
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11.5 CONCLUSION

In response to varying flow parameters, the endothelial cells produce NO which is tightly
controlled by shear stress and perhaps mass transfer induced Ca®* influx, AMPK
phosphorylation, and downstream eNOS phosphorylation. Along with shear stress and
mass transfer, ECM configuration may have an adverse effect on the endothelial cell
response. The interplay of all the aforementioned factors converts the endothelium from a
quiescent atheroprotective stage to a dysfunctional atherogenic stage. Dysfunctional
endothelium is less compliant and less effective to dynamic changes in blood flow and
marks the onset of atherosclerosis. In this work, we observed a distinct correlation of
ECM configuration to AMPK signaling pathway for flow parameters. Cells on collagen
and vitronectin showed a marked increase in AMPK phosphorylation in response to flow,
whereas cells on fibronectin showed a sustained response compared to static controls. We
observed an enhanced activation of p-eNOS on static conditions when seeded on
collagen- and vitronectin- coated substrates. These results demonstrate the importance of
both mechanical and chemical cues in activating signaling pathways and pave way to a

number of therapeutic strategies.
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CONCLUSION
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In this work, the impact of charge distribution, biomaterial geometrical cues, flow
parameters and mass transfer have been studied both mathematically, computationally,
and experimentally.

We designed a novel in-situ device which can capture the electrostatic potential of
a confluent cell layer for the first time. Our results show that the microvilli developed on
the mucosal cells positively contribute to the overall measured zeta potential. These
results are important and can be successfully utilized for pharmaceutical applications.

The bio-interaction of endothelial cells with micro-patterned and nano-patterned
titanium has been studied. Endothelial cells proliferate and align themselves to a healthy
morphology in 0.5 um Ti substrates. The dense extracellular matrix synthesized by the
cells on the nano-featured 0.5 um grooves provides extensive migratory cues to the cells.
Further, signaling on the Ti substrates demonstrated higher endothelial functionality on
the 0.5 um grooved ti substrates. The cell spreading and the extracellular matrix
synthesized by the cells determine the overall cell fate. In conclusion, endothelial cell fate
is dependent on the modification of the extracellular matrix and the substrate or the
micro-environment on which they are cultured and eventually differentiate into a mature
EC phenotype. A better understanding of the role of occurring matrix in the various steps
of angiogenesis would conceivably contribute to the intelligent design of tissue-
engineered constructs where angiogenesis is critical for tissue repair and restoration.

It has long been accepted that mechanotransduction, and not mass transfer, is the
fundamental mechanism for hemodynamic forces modulated endothelial signaling

pathways and their downstream gene products. The underpinning criteria used to
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determine the dominance of mechanotransduction largely draws on the relationship
between signaling behavior and shear rate and shear stress, relative to changes in
viscosity. However, in our work, we computationally and experimentally evaluate mass
transfer-limited in-vitro parallel flow chamber systems with respect to this accepted
criteria. These results show similar viscosity-dependency relative to shear rate and shear
stress, previously thought to be sufficient conditions for mechanotransduction. Thus,
mass transfer considerations should be carefully examined when studying triggering
methods in signaling cascades.

Through our computational simulations, we demonstrate the impact of fluid
dynamics and mass transfer of chemical species in signaling pathways regulating gene
transcription and DNA synthesis. Our computational results show the importance of
species mass transfer in triggering signal transduction pathways. We further designed
another novel in-situ transmembrane device that provides significant variations in
concentration gradient while constant shear profiles for modest variations in
transmembrane pressure. These results can be applied to the vascular system to

differentiate mass transfer from mechanotransduction.

To further understand the vascularization, an attempt to understand the
extracellular matrices in healthy and pathological atherosclerotic conditions. The atomic
force micrographs reveal the structure of the extracellular matrices. The streaming
potential of the extracellular matrices adsorbed membranes is more negative when
compared to membranes themselves. The hydraulic conductivity of the extracellular

matrices also demonstrates a decrease. Further, after 12 hours of flow, cell seeded on
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vitronectin observed both necrosis and mitosis to a larger extent. Cells also formed
clumps on the vitronectin surface. Immunocytochemistry demonstrates a higher
activation of p-AMPK on collagen and vitronectin implying the possible enhanced
presence of ocal adhesion points on these substrates. These results in summary validate
the importance of biotransport factors such as charge properties, geometrical transegrity,

mass transfer, mechanical stimuli in triggering the underlying signaling pathways.
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Abbreviations
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AFM Atomic force microscopy

BSA Bovine serum albumin

DTT Dithiothreitol

EDTA Ethylenediaminetetraacetic acid
eNOS Endothelial nitric oxide synthase
FITC Fluorescein isothiocyanate

GAM Goat anti-mouse

GAR Goat anti-rabbit

HCI Hydrochloric acid

HRP Horseradish peroxidase

HSA Human serum albumin

IU International unit

KLF2 Kruppel Factor 1

mAb Monoclonal antibody
MW Molecular weight

o/n Over night

AMP Adenosine mono phosphate
ADP Adenosine di phosphate

ATP Adenosine tri phosphate

AMPK AMP activated protein kinase
PBS Phosphate-buffered saline

PFA Paraformaldehyde
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RT Room temperature

SDS Sodium dodecyl sulfate

SDS-PAGE SDS-Polyacrylamide gel electrophoresis
SEM Standard error of mean

Si Silicon

SIRT1 Sirtulin 1

TBS Tris-buffered saline

TBST Tris-buffered saline with Tween

Ti Titanium

Tween-20 Polyoxyethylene sorbitan monolaurate

VWEF Von Willebrand factor
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Appendix B

Protocols
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B1. Solutions and buffers

B1.1 Phosphate buffered solution - PBS (without Ca2+) — 10X

(@ NaCl80g

(b) KCl2g

(c) KH2POO42.4g

(d) Na2HPO4 14.4 g

(e) Mix all the componenets using a maganatic stirrer in 800 mL of DI water.
(F) Once stirred up, add DI water to the solution to make it 21000 mL

(9) Check for pH. Ensure apH od 7.4

(h) Tomake a1l X PBS solution, add 100 mL of 10X to 900 mL of DI water.

(i) Autoclave.

B1.2 TBST-10X

(@ NaCl 80g

(b) Tris base (pH 7.4) —24.23 g

(c) Tomake 1 X TBST, add 100 mL DI water and 1 mL Tween.

(d) When adding Tweeen, take a pipett tip and cut it’s end when using it. Twin is highly

viscous.
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B2 Western blot recipes

B2.1 Resolution gel: 50ml 20ml 10ml
dH,0O 24.2ml 9.48ml 4.78ml
1.5M Tris-HCL(pH8.8) 12.5ml 5.0ml 2.5ml
10% SDS 500ul 200ul 100ul
40% Acrylamide/Bis 12.5ml 5.1ml 2.5ml
TEMED 50ul 20ul 10ul
10% APS(Fresh) 250ul 200ul 100ul
B2.2 Sacking gel: 20ml 10mi 5mi
dH,0 12.66ml 6.28ml 3.1ml
0.5M Tris-HCL(pH6.8) 5mi 2.5ml 1.25ml
10% SDS 200ul 100ul 50ul
40% Acrylamide/Bis 1.95ml 1000ul 600ul
TEMED 40ul 20ul 10ul
10% APS 150ul 100ul 50ul
B2.3 Transfer buffer: 1500ml

Tris Base(no HCL ) 4.54q

Glycine 21.79

dH.0 500ml and mix

Methanol 300ml mix with 200ml dH20

Bring to 1500ml with dH,0

B2.4 Plain buffer: 100ml 50ml 25ml

1M Tris-HCL(pH7.5) 2ml iml 500ul(.5ml)
5M NaCl 2.75ml 1.37ml 680ul(.68ml)
Tween-20(100%) 100ul 50ul 25ul

Bring up with dH,0 to 100ml 50ml 25ml
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B2.5 2X Dilution/Sample buffer 4ml

0.5M Tris-HCL(pH®6.8) Imi

Glycerol (100%) 0.8ml
10% SDS(Laryl Sulfate) 1.6ml
2-ME ([1-mercaptoethanol) 0.4ml

0.05% Bromophenol Blue(dye) 0.2ml

B2.6 Stripping buffer
(@ 100 mM 2-mercaptoethanol
(b) 2% SDS

(c) 62.5mM Tris-Cl pH 6.7 pr TBS pH 6.8

B2.7 0.5M Tris-HCL.: 400ml
(@) 6.05g Tris base in 40ml dH,0
(b) Adjust pH 6.8 with 1 N HCL

(c) Add dH,0 to 400ml total volume

B2.8 1.5M Tris-HCL.: 500ml
(@ 91g Tris base in 300ml dH20
(b) Adjust pH 8.8 with IN HCL

(c) Add dH20 to 500ml total volume
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B2.9 Coomassie blue G-250 staining solution

(@) Acetic acid 20ml
(b) dH.O 180mi
(c) Coomassie blue G-250 0.05g

(d) Mix 1 hr. store RT

B2.10 Destaining buffer
(@) 50 parts acetic acid
(b) 165 parts methanol

(c) 785 parts dH,O

B2.11 Running buffer (10X)

(@) Trisbase (pH 7.4) 30.3 g
(b) Glycine 144 g
(c) SDS10¢g

(d) DI water 1000 mL

B2.12 Transfer Buffer (10X)

(@) Tris base (pH 7.4) 30.3 g
(b) Glycine 144 g

(c) SDS10g

(d) DI water 1000 mL
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(e) For PVDF membranes, add 800 mL of 1X Transfer buffer and 200 mL of methanol.

(F) For Nitrocellulose membrane, use 1 X transfer buffer.

B2.13 Primary antibody

(@) 1XTBST
(b) 5% BSA of TBST
(c) 100 X Sodium Azide

(d) Desired concentration of primary antibody

B2.14 Secondary antibody

() 1XTBST

(b) Desired concentration of secondary antibody

B2.15 5% Milk

(@) Use non-fat dry milk
(b) Use1 X TBST
(c) 5% milk powder

(d) Shake on the rocker overnight until milk completely dissolves in 4 °C
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B3. Cell culture protocol

B3.1 Passaging cells

(a) Wear lab coat, gloves, and spray gloves with ethanol.

(b) Remove DMEM and Trypsin from 4 °C and place in water bath.

(c) Retrieve all necessity materials for cell culturing (i.e. pipet, pipet tips, flasks,
PBS...etc) and spray with ethanol before placing in hood.

(d) Remove cell culture flasks from incubator. Tighten cap before transferring to hood.

(e) Remove all caps from culture flasks and place them in an area where they will not be
in the way

(f) Use the pump with a pipet tip attached to the rod to remove the DMEM. Hold the
flask at an angle while doing so.

(9) Add 5ml PBS to wash off any remaining DMEM

(h) Remove PBS

(i) Add approximately 2 ml of trypsin. Make sure the bottom the flask is covered.

(1) Remove trypsin immediately after adding it.

(k) Allow flasks to sit for a few minutes (Take this time to label new flasks)

() Check cells under microscope and see if they are detached and grouping.

(m) Take new flasks and add 10ml of DMEM.

(n) Add DMEM (enough to equally divide up into new flasks) to the flasks with cells.

(o) Suck up and down the DMEM with the cells.
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(p) Add cells to new flasks.
(q) Check cells under microscope.

() Place flasks in incubator. Unscrew cap slightly after placing them in incubator

B.3.2 Making DMEM media

(@) Take 1000ml of DMEM

(b) Check front and see what has been added

(c) Add 10ml of Penicillin (or enough to make 1% concentration)

(d) Add 10ml of L-Glutamine (or enough to make 1% concentration)

(e) Add 10ml of Sodium Pyruvate (or enough to make 1% concentration)
() Add 100ml of FBS (or enough to make 10% concentration)

(g) Swirl the media to homogenize the solution.

(h) Filter the media using a 0.22 um filter (milipore)

(i) Mark what has been added and date the media and write your name.

B.3.2 Making MEM media

Quantity: 2 Liters

(@) M199 powder 2 packages (1 package for 1 liter)
(b) HEPS 9.5 g (final content 20 mM)

(c) Heparin sodium 0.216 g (108 mg/L)

(d) NaHCO3 4.4 g (2.2 g/L)
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Growth factors

(a) Prepare 1X PBS containing 0.1 % BSA

(b) Filter PBS with 0.22 um filter

(c) Diccolve B-endothelial cell growth factor 25 um [E1388 Sigma] by 8 mL filtered
PBS.

(d) Ensure the stock solution to be of concentration 3.1 ug/ml.

(e) Store at -20 °C.

Prepare 100X Thymidine

(a) Add 25 mg of thymidine

(b) 10 mL of DI water

(c) Mix to dissolve and then sterilize using filter (0.22 um filter)

(d) Aligout and store in -20 °C

Prepare complete M199 media (15% FBS)
(a) M199 media 850 mL
(b) FBS 150 mL
(c) Glutamine 10 mL
(d) Sodium Pyruvate 10 mL
(e) Penicillin/Streptomycin 10 mL
(F) Growth factor 1 mL

(9) Thymidine 1 mL
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B4 Western blots and quantification

Western blot protocol

Cast Gel

(a) Assemble minigel apparatus ( Ensure no leakage)

(b) Make resolution gel (recipe) and mix

(c) Add 7.5ml of resolution gel to plates; To ensure that the gel is bubble free, add

ethanol

(d) Make stacking gel (recipe) - diwater—acrylamide/bis

(e) Resolution gel should be hard now, pour off water, blot with filter paper

(f) Finish stacking gel (temed, aps),shake gently. Add stacking gel until at top, not
overflowing. ***Hurry and insert comb** **no air bubbles*****

(9) Wait for approx. 30min for gel to harden.

While waiting for stacking gel to harden:

Prepare samples

(@) Fill up ice in an ice bucket, turn heat block on

(b) Take samples out of the freezer into water bath to thaw if needed.
(c) Then place the samples in the ice bucket.

(d) Label eppendorf tubes

(e) Add Xul of sample to tubes (A= ug/ul)
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Run gel

(@) Remove the combs

(b) Place both the gels in the electrophoresis setup

(c) Add running buffer (pour on side to prevent bubbles).

(d) Ensure gels are at eye level

(e) To load samples, press 1% stop, place tip in bottom of tube, lift sample slowly, no
bubbles!!

(f) Load samples to the wells

(g) Assemble box.

(h) Run for 30 minutes at 80 V and approx.. 1.5 hours at 130 V.

(i) Keep checking the gel to prevent any errors.

Transfer electrophoresis

(@) Cut PVDF membranes (size of the gel)

(b) Soak the cut membrane in a plastic dish with methanol.

(c) Soak foam pads in transfer buffer to minimize the presence of any bubbles.

(d) Assemble the sandwich in the box. Take extra care to remove any bubbles.

(e) Sandwich: 2 foam pads->sheet of filter paper place on gel >1* gel (no
bubbles)>membrane(no bubbles)->filter paper->2foam pads.

(F) Place in box apperatus--clamp--fill with transfer buffer--no leaking—pour into side

- Run ~2hr at ~21v
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Block membranes
(a) Add 20ml milk buffer and rocker 20min.
(b) Pour the milk out
Incubate membranes in primary antibody
(@) Add 10ml milk buffer with primary antibody in plates and rock 1hr. (Could stop
here and put in 4° over night.)
(b) ***save antibody***

(c) Add 10ml TBST and rock for 10 min. / pour out / repeat 3-4 times for 30 mins.

Incubate membranes in secondary antibody
(a) Add 10 ml of secondary antibody.
(b) Rock 30 min / pour out milk / repeat 3-4 times for 30 minutes.
Develop film
(a) Take saran wrap and cut a piece for each membrane
(b) In plastic sq boxes add detection reagent 3 ml. #1, and 3 ml. #2 ***mix***
(c) Blot membrane on sides
(d) Place membrane in detection reagent and shake for 1 min.
(e) Blot membrane lightly on sides, place on saran wrap(in cassette) and fold over
(f) Tape them down on the cassette / close
(9) In darkroom ( red light) = place film on membrane and close box = for one
minute

(h) Place film in autodev. Machine - check film.
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B5 Flow experiments

(a) Coat extracellular matrices of interest on autoclaved glass slides.

(b) Let the slides be air-fried in the hood for atleast two hours.

(c) Seed 10 x 10° cells/cm? on the coated slides.

(d) Set the flow experimental setup and close the chamber with the gasket-sealed slide.

(e) Ensure that minimal or no air bubbles are trapped in the system.

() The two cylinders have to be separated with heights corresponding to the shear stress
that has to be applied to the cell flow system.

(g) Perform western blots or immuno-cyto chemistry to visualize and quantify the protein

concentration.
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B6 Making samples for western blots

() Remove slides carefully and perform the subsequent steps on ice.

(b) Place cells in ice cold PBS

(c) Add lysis buffer on cells.

(d) Scrape of the cells into labeled and autoclaved epindorph tubes.

(e) Vortex the samples for a quick ten seconds.

(f) Place samples on ice.

(g) Once all samples are ready, centrifuge the samples for 15 minutes at 12K RPM

(h) Now pipette out the supernatant into corresponding autoclaved and sterile epindorf
tubes.

(i) Ensure it to be done on ice.

B6.1 Bradford Assay to detect protein concentration

(@) Pipette out 4 ul of the supernatant and add it to 1 mL of commassie ble (Bradford
assay).

(b) Repeat for all samples. Measure the concentration of the protein using a
spectrophotometer (set A=595 nm).

(c) Once the absorbance is obtained, multiply the absorbance with the calibration

constant to obtain the concentration of the protein.
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B6.2 Final steps

(a) Add loading sample into the epindorf tubes having the supernatant of the protein
sample.

(b) Centrifuge for 1 minute.

(c) Boil the samples.

(d) Store in -20 °C or start running Western blots.
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B7 Immunocytochemistry protocol

B7.1 Fixation

(a) Grow cells to 50-70% confluency. Fix cells onto plates or slides with **FRESH** 4%
paraformaldehyde in PBS OR ice cold methanol for 5 minutes.

(b) Wash 3 times with PBS.

(c) To Prepare FRESH 4% paraformaldehyde: "Dissolve EM grade paraformaldehyde in
PBS in small bottle with stir bar (2g into 50 mLs).

(d) Add a few drops of NaOH and heat in hood (keep bottle cap loose) at 60°C to
dissolve.

(e) Cool to room temperature and adjust pH to 7.4. Make fresh prior to use.

B7.2 Permeablization

(a) Permeablize cells by exposure to 0.1% Triton X-100 in PBS for 5 minutes.

(b) Wash 1 time with 0.1% Triton-X 100 in PBS.

B7.3 Primary antibody

(a) Add primary antibody at proper dilutions (must test antibody first at several
concentrations to know best dilution) in PBS + 30 mg/ml BSA + 0.1% Triton X-100.

(b) Incubate for 90 minutes.

(c) Wash 3 times consecutively with 0.1% Triton X-100 in PBS.

B7.4 Secondary antibody

(a) Add secondary antibody at proper dilutions in PBS + 30mg/ml BSA + 5% normal
donkey or goat serum (depending on secondary antibody source) + 0.1% Triton X-

100.
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(b) Incubate for 60 minutes (room temperature) to overnight (4 degrees Celsius).
(c) Dilutions for molecular probes antibodies ~1:500.

(d) Wash 3 times with 0.2% Triton X-100 in PBS ~ 5 minutes.

5. Stain with 1 pg/ml DAPI in PBS for 1 minute.

6. Wash 3 times with 0.1% Triton X-100 in PBS.

7. Wash samples 3 times with PBS to remove triton-X 100

8. Image the cells.
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B8 Monocyte binding experiments
Assayl:

(1) Starve EA926 cells for 24 hours prior to the planned experiments.

(2) Label the cells with Yo-Prol and PI for ten minutes.

(3) Harvest the EA926 cells by centrifuging at 800 rpm for ten minutes and suspend
them in serum free media.

(4) Culture these suspended and labelled cells on Ti substrates.

(5) After four hours, EA926 cells can be treated with TNFa for four hours.

(6) Label the nuclei of the THP1s alone using Hoechest dye for 20 minutes.

(7) Harvest the THP1s by centrifuging at 800 rpm for ten minutes and suspend them at a
concentration of 1 x 10° cells suspended in serum free media.

(8) Wash the monocyte pellet twice with serum free media and resuspend them in 10 ml
serum free media.

(9) Place the THP1s in the incubator for one-two hours.

(10) Now, expose the EA926 cells to THP1s for two hours.

(11) Discard the cell culture media and wash the monocyte bound endothelial cells with

1XPBS three times.
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Assay 2:

(1) Starve EA926 cells for 24 hours prior to the planned experiments.

(2) Harvest the EA926 cells by centrifuging at 800 rpm for ten minutes and suspend
them in serum free media.

(3) Culture these suspended and cells on ECM coated slides.

(4) After four hours, EA926 cells can be treated with TNFa for four hours.

(5) Harvest the THP1s by centrifuging at 800 rpm for ten minutes and suspend them at a
concentration of 1 x 10° cells suspended in serum free media.

(6) Wash the monocyte pellet twice with serum free media and resuspend them in 10 ml
serum free media.

(7) Place the THP1s in the incubator for one-two hours.

(8) Now, expose/flow the EA926 cells with THP1s for two hours.

(9) Collect the cells and analyse with flow cytometry for Ly6c.
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B9 Flow-cytometry experiments

Indirect Staining (With fluorochrome - unconjugated primary antibodies and

fluorochrome — conjugated secondary antibodies)

(a) Label tubes.

(b) Add unconjugated primary antibodies to tubes. Use approximately 1 ug per tube.

(c) Add 100 pl of the prepared cell suspension (equal to 1 million cells) to each tube.

(d) Vortex and incubate for 15-30 min in a covered ice bucket.

(e) To wash off excess antibody following staining, add 1.5-2 ml of 1X PBS to each tube.

(f) Centrifuge in tabletop microfuge for 5 minutes at 2000 RPM (or 3000-4000 RPM for
intracellular staining).

(9) Aspirate supernatant, being careful not to disturb pellet.

(h) Add 100 pl of 1X PBS to each tube.

(i) Add fluorochrome-conjugated secondary antibodies to tubes. Use 0.5-1 pg of
antibody.

() Vortex and incubate for 15-30 minutes in a covered ice bucket.

(k) To wash off excess antibody following staining, add 1.5-2 ml of 1X PBS to each tube.
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B10 Preparing SEM/TEM samples

The purpose of fixation is to solidify the protein sol to preserve the spatial relationships
of the various organelles as they were at the instant of fixation.

(a) Fixation renders insoluble all the other chemical constituents of the cell such as
nucleicacids, nucleoproteins, carbohydrates and lipids.

(b) Most common fixatives are aldehydes (formaldehyde and glutaraldehyde). They
preserve structure but do not fix lipids.

(c) Osmium Tetroxide is used to fix lipids and provide electron contrast (fixative and
stain).

(d) Potassium ferrocyanide enhances OsO4 staining making metal salt staining optional
At 4°C on iice:

(a) Wash with PBS 1X for 5min

(b) Fix with 2% glutaraldehyde 1h

(c) Wash with PBS 1X for 5min

(d) Fix with 2% osmium tetroxide for 2 hours

(e) Wash with PBS 1X for 5min 3X

(F) Dehydrate the samples using series dilution for 100% ethanol.
(9) Start with 30%- 40%-50%-60%-70%-90%-100%

(6) Take the samples to the imaging center for further processing.
MakingOsmium:

To make 2% OsO4 (/2% K3; [Fe(CN)6])

4% aqueous OsO double strength buffer (0 2M) and K [Fe(CN)] 3X
4% aqueous OsO4 double strength buffer (0.2M), and K3

[Fe(CN)6].
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B11 Using critical point dryer for SEM samples

Balzar's Critical Point Dryer Operating Instructions.

Drying and Cooling gas is CO».

Transferring liquid may be acetone, ethanol. Freon.

Approximately seven runs per tank of COz2.

(a)Check the log book for number of runs -- log in.

Load

(b)Make sure all three valves are closed (gas inlet, gas outlet and gas metering).
(c)Unscrew the chamber lid. If there is pressure in the chamber (lid won’t unscrew) open
both the gas valves, then close again.

(d)Check to make sure that the magnetic stir bar and serrated disc are in place.

(e)Fill the chamber both enough of the transferring liquid (acetone, etc.) so that the
specimens within the transfer baskets will be covered

(F) Rapidly transfer the sample lid down, hand tight only.

(9)Turn on the Main switch and open the valve on the CO2tank all the way.

Cool

(h)Set the chamber cooling temperature to +15 °C.

(i) Depress the TEMP button. The CPD will began automatically cooling the specimen
chamber to the selected temperature. When 15 °C is reached exchange of the transferring
liquid (acetone) with the drying gas (cm CO;) can begin. The CPD will maintain a

temperature of +15 °C, + or — 3°C.
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Exchange

(1) Slowly open the gas inlet valve. Observe via the sight glass the filling of the chamber.
(K)Note the Schlerin line patterns. These indicate the mixing of fluids and signals the
beginning of exchange.

() When the chamber is nearly full close the Inlet valve. Depress STIRRER button. Let
the fluids mix far 3-4 minutes. Do not use the magnetic stirrer when fragile specimens are
to be dried.

(m) Switch off the stirrer.

(n) Open the gas out valve one or more turns. Slowly open the metering valve and drain
the liquid from the chamber observing the float level through the sight glass.

(o) When the fluid level is lust above the specimen basket (or the specimens inside the
basket); close the metering and gas nut valves.

(p) Repeat steps (j)-(0) until all traces if acetone is gone and until a fine spray of dry CO,
is emitted during the surge.

Heat

(g) Fill the chamber almost to the top slight glass. To prevent damage to the burst
membranes do not fill the chamber completely.

(r) Make sure all valves on the CPD are closed. Shut off the magnetic stirrer. Close the
CO,, valve all the way.

(s) Set the temperature to 42 °C. The CPD will automatically began warming the
chamber. The pressure within the chamber wall also began to rise. Monitor the pressure

carefully. If the pressure approaches 1500 psi, reduce the pressure both the gas nut and
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metering valves to 1160-1230 psi. At 1600-2000 psi, the burst membrane will rupture and
your samples will be ruined.

(t) As the critical temperature and critical pressure are approached. the CO, will go from
a liquid to a gaseous state. If there has been an inadequate exchange CO; for the acetone
in your sample, the pressure will not exceed 1000 psi, in which case the critical point is
never reached. Samples may be salvageable, so proceed with pressure reduction.

(u) To ensure complete drying has taken place, wait until the critical temperature and
pressure are exceeded:

Critical values of CO; are 31.0 °C and 1072 psi; so go to 40 °C and 1160-1230 psi.

(v) Begin pressure reduction by opening the gas out valve one or two turns and slowly
open the metering valve. The metering valve allows you to regulate the rate of pressure
reduction which should take 15-20 minutes. If the gas within the chamber begins to
recondense, you are reducing the pressure too quickly.

(w) At 0 psi, fully open the gas put and metering valves. Unscrew the chamber lid and
remove you samples. Samples will be very hygroscopic.

(x) Replace the lid but don’t screw on the lid. Close all valves, release the temperature

button, and Shut off the main valves.
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Appendix C
Importance of Mass Transfer at the
Vascular Endothelium
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Abstract

In the endothelium, various signaling pathways regulate vascular homeostasis. The
regulation of these signaling pathways has been credited to mechanical transducers on the
endothelium. However, the mechanisms behind the working of these signaling pathways
are not clearly known. We hypothesize that species mass transfer from the blood flow
into the endothelium might explain the mechanism underlying the operation of signaling
pathways. In this work, the importance of mass transfer will be studied by mimicking the
effect of flow parameters occurring in an emulated vascular bed. The results of this work
will help further elucidate the importance of mass transfer in signaling pathways

associated with the feedback mechanism of vascular hemostasis.
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Introduction

The endothelium is a monolayer of cells that lines the interior surface of blood vessels
and hence experiences the dynamics of blood flow. Vascular homeostasis, as a
consequence of ever changing blood flow dynamics, is regulated and maintained by
various endothelial signaling pathways. Signaling between the blood flow and
vasculature affects the accumulation of potentially atherogenic molecules (e.g., NO,
VCAML), transport of cellular nutrients (e.g., O, glucose), and removes metabolic
wastes (e.g., CO,, urea) from the arterial walls. For instance, activation of various
endothelial signaling pathways (e.g., AMPK). regulates NO synthesis through ion
transport (e.g., Ca’") from the vascular surface into the endothelium.™ However, the
working of these signaling pathways remains ambiguous.

The dominance of mechanical transducers and species mass transfer at the
endothelium has been debated for half-a-century.>* Mechanical transducers have been
presumed to convert mechanical forces to chemical signaling pathways where as mass
transfer has been defined as the transport of chemical species into the underlying system.

Nevertheless, previous studies have shown the dominance of mechanical
transducers on endothelial signaling pathways.®™ In one such study, Korenaga et
al.(1997) & correlate the down regulation of VCAM-1 mRNA levels to shear stress and
shear rate. They hypothesize that the VCAM-1 dependency on shear stress is correlated
to the effects from mechanical transducers and its dependency on shear rate is correlated

to the effects from mass transfer. From their in-vitro experimental results (Shown in
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Figure 1), they demonstrate shear stress dependency and shear rate independency

suggesting the dominance of mechanotransducers at the endothelium.

We hypothesize that species mass transfer from the blood flow into the
endothelium might explain the mechanism underlying the triggering of signaling
pathways. In our studies, we revisit the experiments performed by Korenaga et al. (1997).
to elucidate the importance of mass transfer by emulating a mechanotransducer-free
vascular bed.

Materials and Methods:

We experimentally studied the effects of flow parameters and fluid properties on
an engineered mass transfer system Mass transfer experiments were performed using an
aqueous mixture containing measured quantities of Yellow #5 and #6 dyes, delivered
through a rectangular tangential-flow diafiltration module. Water and dye solution are
introduced into the module by two inlets and co-currently delivered on the other side of
the module while invoking zero transmembrane pressure. The diafiltration module
consisted of an upper and lower chamber and was divided by a hydrophilic membrane
(Durapore 125 um, Millipore Inc.,) as shown in Figure 2.

A separate set of mass transfer experiments introduced an aqueous solution of
40% glycerol and 40% glycerol-dye solution into the engineered mass-transfer system.
The experimental protocol for glycerol experiments were the same as that of water and

dye experiments.
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Figure 1: Experimental Results by Korenaga et al (1997). The figure shows (A) the shear
rate independency and (B) shear stress dependency of VCAM-1 mRNA transcription levels
for a cellular system exposed to a medium having different flow rates and viscosities. The
authors correlate the characteristic graphs to the dominance of mechanotransducers at the
endothelium.
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Flask 1 Flask 2
)|

Figure 2: Experimental setup of the mass-transfer system. The difiltration module
separates the upper and lower chambers of the system by a hydrophilic membrane.
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The membrane was pre-soaked for 10 minutes and the system was primed and
pressurized by the corresponding non-dye solution before and after each trial. The dye
concentration of the inlet streams for the experiments was 0.25 g/l. Special care was
taken while handling the glycerol samples by carefully stirring them to obtain spatially

uniform concentrations of dye.

Samples were taken at different intervals for a time period of 10 minutes. A VIS
(500 nm) spectrophotometer was used to quantify concentration of dye. SigmaPlot
(Version 10.0.1.25) was used to analyze the data from the spectrophotometer. The
resultant mass transport of dye was correlated to varied shear stresses and shear rates.

Three trials of each experiment were performed.
Shear stress (z) is defined as the tangential force of the fluid at the engineered-mass
transfer system. It is the product of shear rate (y) and viscosity of the fluid.

© v
TERY=po 1)

The shear rate was captured by changing the viscosity of the fluid (water with a viscosity

of 0.0098 g/cm/s and 40 % glycerol solution with a viscosity of 0.0378 g/cm/s).

Considering the dynamics of the emulated mechanotransducer-free vascular bed,
the fluid phase is governed by the continuity equation (2) to ensure the mass conservation
and the incompressible Navier-Stokes equation (3) to describe the momentum

conservation.
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v.Wv=0 (2)
p%+pv-VV=V-[M(VV+(VV)T)] ©)

where p is density of the water (or) glycerol solution.

The dye flowing through the system follows the equation of conservation of mass

flowing through an incompressible medium and Fick's Law of Diffusion (4).

o | v{-D,VC,)=v.vC, (4)

where, C, is concentration and Dj; is the diffusion coefficient of the dye. C, was 0.25 g/l
and Dj was 3.75x10° cm?/s and 9.72x107 cm?/s for water and glycerol solutions

respectively.
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Results and Discussion

(1) Calibration curve

The results of the experiments performed on this paper were based on the calibration

curves obtained for the high viscosity and low viscosity solutions (Figure 3).
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Figure 3: Calibration curves for the (A) high viscosity solution and (B) low viscosity
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(2) Concentration profiles: Mass transfer experiments for water and dye solutions were
run at four flow rates: 8, 16, 32, and 64 ml/min and for glycerol-dye solutions were run at
three flow rates: 7.42, 14.82, and 24.05 ml/min respectively. There were three trials run
for every flow rate. All the trials reached a steady state concentration profile (the average
concentration values are shown in Table 1) approximately after 5 time constants. Table 1
and Figure 4 show that as the flow rate increased, the concentration of dye increased for

both high viscosity and low viscosity media.
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Table 1: The Table shows the flow rates, calculated time constants, and steady state
concentration values for low viscosity (water) and high viscosity (glycerol solution)

respectively.
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Figure 4: Concentration profiles of Yellow #5 and #6 over time. The figure shows
concentration profile reaching a steady value for (A) high viscosity solution and (B) low
viscosity solution.
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(3) Validating mass transfer system

The data from the above experiments were used to validate the mass transfer dependency
of the engineered system. For a rectangular parallel flow chamber with laminar flow, The

Sherwood Number(Sh),
Sh=Re"Sc" (%)

where, Sh oc C and Reoc v, and n and m are Sherwood Coefficients. It has been shown
that for a laminar flow, mass transfer corresponds to the one third order of the cross-flow

shear rate at the membrane surface (or n=3).*"!

The log of all the concentration values versus the log of the velocities for the flow rates
were plotted as shown in Figure 5. The Sherwood Coefficient, n, for our system was
experimentally shown to be 0.3439+0.0132 and 0.366+0.0094 with an R? value of 0.97
and 0.9916 for low viscosity and high viscosity media respectively. This validates our

engineered mass transfer system
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Validating the in-house built mass transfer system. The figure shows the 95%

confidence band and 95% prediction band for the system with (A) high viscosity solution and
(B) low viscosity solution. (n=3) The high regression values demonstrates the success of the
engineered mass-transfer system.
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(4) Dye concentration for varied shear stress and shear rates

Figure 6 shows the shear rate versus normalized mass flux for two viscosities. These
results follow the same results obtained by Korenaga et al. (1997) through their in-vitro
experiments. We observe that for lower shear rate and higher shear rate, the consumed
mass flux is independent of viscosities. For intermediate shear rates, consumed mass flux
for the medium with higher viscosity is lower than that for lower viscosity. This can be
accounted for by the thicker concentration boundary layer corresponding to higher

viscosity of the medium.
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Figure 6: Results from the mechanotransducer-free emulated mass transfer system showing
normalized consumed mass flux versus shear rate. As seen in the figure, mass transfer effect
can account for the shear rate independency obtained from the in-vitro experiments of
Korenaga et al. (1997) (shown in Figure 1A).[1
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Conclusion

The graphs of Figure 6 and Figure 7 validate our hypothesis that mass transfer at the
endothelium surface plays a significant role in signaling pathways. The characteristic
shear stress dependency and shear rate independency graphs that prove the importance of
mechanical transducers in the vascular system®™, have been replicated in our
mechanotransducer-free and mass transfer-only system. We conclude our paper by
emphasizing the necessity of considering mass transfer variations while studying
mechanisms of signaling pathways. Our future work will incorporate the use of a similar
system to study the effect of pulsatile, oscillatory, and disturbed flows on species mass

transfer.
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Appendix D
Computationally Evaluating Effects of Osteoconductive
Bulking Agents on Stress Distribution
in Reconstructed Mandible
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Abstract

Previous studies of monkey mandibles were used to evaluate different forms of an
osteoconductive bulking agent (compression-resistant matrix (CRM)) in a critical-sized
mandibular defect.!”] Our research focuses on a finite element model which examines the
mechanical efficiency of the CRM complex. We computationally modeled these matrix
complexes using Comsol Multiphysics® to capture the von Mises stress as well as the
deformation along the maxillary jaw. Subdomain conditions such as the density, Young’s
Modulus, and the Poisson’s ratio were physiologically set. A separate subdomain within
the jaw was modeled to represent the regenerative CRM complex defined with its
physical properties. Two cases of mastication were considered: the closing stroke and the
power stroke. Our aim is to ensure that the regenerated bone in the jaw can withstand the

relevant mastication forces.

Keywords: Mandibular defects, Finite element model, Jaw clenching
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Introduction

Functional and cosmetic defects to the mandible occur as the result of many
different factors. These common factors include pathologic problems such as orofacial
clefts, tumor excision, and post radiation necrosis [2]. Rare factors that cause damage to
the mandible include injuries such as motor vehicle accidents, firearms, interpersonal
assaults, burns, scalds, and electrical flashes.[2] Depending on the severity of the defect,
it may be challenging to adequately repair the damaged mandible. A damaged mandible
imposes a handicap on the individual such that there is a limited range of motion when
attempting lateral and protrusive movements.[2-4] Other problems include difficulty with
the contralateral muscles of mastication and malocclusion, which is when the teeth do not
align correctly.[2- 4] Current research and work is being conducted to find ways to

properly repair defected mandibles.

Previous research has found multiple approaches in addressing solutions for
mandibular defects. Often mandibular reconstruction requires bone graft harvesting
which results in donor site morbidity.[5] The use of tissue-engineered bone would correct
this problem.[5] The works of Abukawa et al. (2004) have found a novel way in
designing a scaffold and creating a new fabrication protocol to produce autologous tissue-
engineered constructs to reconstruct segmental mandibular defects.[6] Another method
found by Fennis et al. (2001) was to reconstruct the mandible by using specially designed
osteosynthesis plates and screws.[7] Within these plates, autogenous bone graft was

placed, along with platelet-rich plasma, which was used to speed up the healing
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process.[7] David et al. (1988) found that the mandible can be reconstructed using
vascularized iliac crest. [8] Iliac crest is the superior border of the wing of ilium in the
pelvis.[8] In the study conducted by David et al. (1988) 35 patients underwent
mandibular reconstruction with the vascularized iliac crest and 32 of the patients were

reconstructed successfully with no donor site complications.[8]

Herford et al. (2012) used a novel recombinant human bone morphogenetic
protein 2 (rhBMP-2) to reconstruct mandibular defects.[1] In doing the study, a
compression-resistant matrix (CRM) was needed to ensure that there was sufficient space
to avoid compression of the defected area while the new bone was forming. Thirteen
Rhesus Macaque monkey mandibles were used to evaluate the rhBMP-2 and CRM
against different forms of an osteoconductive bulking agent and an absorbable collagen.
It was concluded that that the carrier system CRM combined with the rhBMP-2 resulted

in higher bone density.[1]

For our study, we elaborated on the work conducted by Herford et al. (2012) by
computationally examining the effectiveness of the rhBMP-2 and the CRM under two
cases involved in mastication. Using finite element modeling, we were able to generate a
mesh of a jaw with different subdomains that had different physical properties. From our
computational model, we analyzed the von Mises stress and the deformation, in which we
confirmed the effectiveness of the rhBMP-2 and the CRM in reconstruction of the

mandible.
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Figure 1: Amira® Figure illustrating a monkey jaw bone with CRM in a mandibular defect. Figure
Courtesy of Herford et al. (2012)
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Materials and Methods

Experimental methods

Thirteen Rhesus Macaque monkeys were used by Herford et al. (2012) to evaluate
different forms of an osteoconductive bulking agent compared with an absorbable
collagen sponge (ACS) alone placed into a critical-sized mandibular defect. The bulking
agent they used was a mixture of hydroxyapatite (HA) and B-tricalcium phosphate (TCP)
ceramic granules (Mastergraft Granules; Medtronic Sofamor Danek). Two different
carriers were used for delivery of the rhBMP-2 solution. One was the ACS, and the other
was a CRM composed of HA, B-TCP, and bovine collagen type | (Mastergraft Matrix). A
total of 5 groups (26 defects) were evaluated by Herford et al.(2012): group A, rhBMP-
2/ACS (1.5 mg/mL); group B, rhBMP-2/ACS with ceramic granules (15% HA /85% B-
TCP) at 1.5 mg/mL,; group C, rhBMP-2 (2.0 mg/mL) with a CRM; group D, rhBMP-2
(0.75 mg/mL) with a CRM; and group E, a CRM alone. [1] From the experimental work
conducted by Herford et al., they concluded that the group C, the rhBMP-2 (2.0mg/ml)
with a CRM resulted in higher bone density.[1] This is where our focus is. We will be
using the physical properties (Young’s Modulus, Poisson’s Ratio, and density) of group

C in our computational model.

Computational model
For our study, we examined in Comsol Multiphysics (Module: Plane Stress; Version 3.5;
Burlington, MA) the von Mises stress and the deformation with respect to the physical

properties of the CRM and rhBMP-2 including Young’s Modulus, Poisson’s Ratio, and
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density. The Young’s Modulus captures the stiffness of an elastic material.[9] The
Poisson’s Ratio is the fraction of transverse strain to axial strain.[10] The von Mises

stress is defined as the summation of all the stresses.

Model Properties

The mandible was separated into three different subdomains in Comsol Multiphysics®
(Module: Plane Stress; Version 3.5; Burlington, MA), each with different physical
properties such as Young’s Modulus, Poisson’s Ratio, and density. Subdomain A
represents the original ramus and the mandible body. Subdomain B represents the
regenerative matrix. Lastly, subdomain C represents the teeth. Physical properties

respective to each subdomain can be found in Table 1.

Mesh Analysis

Initially we generated a 2D geometric replica of a mandible and ramus which contained
1830 mesh elements. This value was obtained by performing a tolerance test, which is
used to determine the optimal value of the mesh elements. The results of the tolerance

test were 0.339 seconds solving time and 0.99% tolerance.
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Table 1: The table shows the values of the physical properties used in Comsol
Mulitphysics® in each Subdomain. Subdomain A: ramus and mandible body; Subdomain
B: regenerative matrix; Subdomain C: teeth

Subdomain Density (Kg m®) Young’s Modulus Poisson’s
(GPa) Ratio
1400 H 1.5 0.33H
B 4259 13 0.96 114 0.33 14
3140 4 89.7 I 0.33 14
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Defining Cases: In our study we considered two cases involved in mastication.

Case 1: In Case 1, we simulated the closing stroke of mastication, which is defined by the
initial closing of the jaw. In Case 1, only a loading force of 2 MPa[14] was applied in the

Y direction at the tip of the tooth.

Case 2: In Case 2, we simulated the power stroke of mastication, which is defined by the
clenching of the teeth. In Case 2, rotational forces were applied at the base of the
mandible body. A force of 3.7 MPa[14] was applied in the X direction and a force of 6.5

MPa[14] was applied in the Y direction at the same time.

Case 1: Closing Stoke Case 2: Power Stroke

2 MPa 4

X: 3.7 MPa 4
Y: 6.5 MPa 4

Figure 2: The Figure show the two cases of mastication. The figure on the left
illustrates the closing stroke. The figure on the right illustrates the power stroke.

390



Results After simulating the two cases of mastication and post-processing, results were

obtained illustrating the deformation and the von Mises stress for each case, respectively.

Case 1: In the closing stroke, maximum deformation was 3 x 10 cm. The deformation
can be found around the tip of the tooth. The maximum von Mises stress was 5,865 Pa.

The von Mises stress can be found mostly around the mandible body in subdomain A.

Case 2: In the power stroke, the maximum deformation was 0.22 cm. The deformation
mostly found at the base of the mandible body in subdomain A. The deformation is
distributed throughout subdomains B and C. The maximum von Mises stress was found
to be 1.56 x 10" Pa. The von Mises stress is predominately found in the ramus, the

mandible body, the condyle, and the coronoid process.

An additional study was performed to examine the relationship between the
Young’s Modulus and the deformation independent of density and the Poisson’s Ratio,
with respect to the regenerative matrix, subdomain B. For this, the Young’s Modulus was
decreased from 0.96 GPa to 0.06 GPa in increments of 0.2 GPa. Deformation values were
recorded for each case. Results (Table 3) obtained depict that with a decrease in the

Young’s Modulus there is an increase in the deformation.
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Table 2: The table below shows the maximum von Mises Stress and the maximum deformation

in the two cases.

Case Max von Mises Stress (Pa) Max Deformation (cm)
1 5,865 3x10°
2 1.56 x 10’ 0.22

Max: 3x103

Max: 1x107

Figure 3: The figures above show the distribution of the von Mises Stress (Pa) and the

deformation (cm) of each case.

Table 3: The Table below shows the relationship between Young’s Modulus and deformation.
As the Young’s Modulus decrease, the deformation increases.

Young’ Modulus (GPa)

Deformation (cm)

0.96
0.66
0.46
0.26
0.06

3.1
4.3
6
10
42
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Discussion

Reviewing the two simulated cases, our results demonstrate that the deformation
is minimal across the mandible body. Korioch et al. (1994) found the deformation in the
mandible while the teeth were clenching (essentially Case 2, the power stroke) to be a
maximum of 0.106 cm.[16] Even though our maximum deformation is higher (at 0.22
cm) than that found by Korioth et al. (1994), it is important to note that masticatory
forces and the anatomy of the mandible vary within each individual.[17] This means that
there can be a slight variation in deformation. This is of interest to us because it means
that the regenerated section of the mandible is strong enough to withstand mastication
without causing deformation to the jaw. It can also be seen that in both cases the
deformation is never at a maximum in the subdomain representing the regenerative

matrix.

The von Mises stress distribution also confirms that the regenerative matrix is
strong enough to withstand mastication. Literature states that the cortical bone can hold
anywhere from 92 to 188 MPa before breaking depending on the density.[18] The
maximum von Mises stress calculated in our computational model is 15.6 MPa, which is
well below the threshold of breakage. Almedia et al. (2011) found similar von Mises
stress values when testing a mandible bone. They found their maximum von Mises stress
value to be 27.9 MPa.[19] This is relatively close to our calculation of 15.6 MPa. We can
therefore confirm that the regenerated segment of the jaw is capable of withstanding the

two cases of mastication.
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It was also found that with decreasing the Young’s Modulus, there is an increase
in the deformation. This holds true in that the Young’s Modulus is a measurement of the
stiffness of a material. This means that when the Young’s Modulus is decreased, the
stiffness of the CRM was decreased, which thus allows the mandible to deform more

easily.

Conclusion

Herford et al. (2012) confirmed that the use of rhBMP-2 and the CRM is an
effective means of regenerating bone.[1] The computational results we obtained,
elaborated on the works of Herford et al. (2012) by confirming that the regenerated bone
can withstand the forces relevant to cases of mastication. This furthers the possibility that
in the future the use of rhBMP-2 and CRM will be a viable method of treating patients
with mandibular defects. Future plans include utilizing a sample of the regenerative
material to test for the actual physical properties (Young’s Modulus, Poisson’s Ratio, and
density). These experimental values will be incorporated in a 3D computational finite

element structure of the mandible.
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