University of South Carolina
Scholar Commons

Theses and Dissertations

8-9-2014

A THREE-DIMENSIONAL IN VITROMODEL
OF ATHEROGENESIS

Pin Hsuan Chang
University of South Carolina - Columbia

Follow this and additional works at: http://scholarcommons.sc.edu/etd

Recommended Citation

Chang, P. H.(2014). A THREE-DIMENSIONAL IN VITROMODEL OF ATHEROGENESIS. (Doctoral dissertation). Retrieved from
http://scholarcommons.sc.edu/etd/2804

This Open Access Dissertation is brought to you for free and open access by Scholar Commons. It has been accepted for inclusion in Theses and

Dissertations by an authorized administrator of Scholar Commons. For more information, please contact SCHOLARC @mailbox.sc.edu.

www.manharaa.com



http://scholarcommons.sc.edu?utm_source=scholarcommons.sc.edu%2Fetd%2F2804&utm_medium=PDF&utm_campaign=PDFCoverPages
http://scholarcommons.sc.edu/etd?utm_source=scholarcommons.sc.edu%2Fetd%2F2804&utm_medium=PDF&utm_campaign=PDFCoverPages
http://scholarcommons.sc.edu/etd?utm_source=scholarcommons.sc.edu%2Fetd%2F2804&utm_medium=PDF&utm_campaign=PDFCoverPages
http://scholarcommons.sc.edu/etd/2804?utm_source=scholarcommons.sc.edu%2Fetd%2F2804&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:SCHOLARC@mailbox.sc.edu

A THREEDIMENSIONAL INVITROMODEL OFATHEROGENESIS
by
Pin Hsuan Chang

Bachelor of Science
National Taiwan University, 2013

Submitted in Partial Fulfillment of the Requirement
For the Degree of Master of Science in
Biomedical Engineering
College of Engineering and Computing
University of South Carolina

2014

Accepted by:
Richard L. Goodwin, Director of Thesis
Chandrashekhar V. Patel, Reader

Lacy Ford, Vice Provost and Dean of Graduate Studie

www.manharaa.com




©Copyright by Pin Hsuan Chang, 2014
All Rights Reserved.

www.manharaa.com




ACKNOWLEDGEMENTS

It took a great team for this work to be accomm@dshFirst of all, | would like to
thank my mentor Dr. Richard Goodwin, who pickedupenhen | was in the middle of
nowhere, guided me with his profound knowledge peraged me with his endless
patience and let me improvise because of his cenfid in me. Without his unconditional
support, | could never have made this far. Newtould like to thank Dr. Daping Fan for
the funding, valuable advice on experimental designd all the equipment | borrowed
from his lab. | would like to thank Charity Fix ahdrain Junor, the two heroes who
have taught me almost everything | know in celtuihg and all the other experimental
techniques, and have helped me prepare all thessagematerials for this project. |
would like to thank my lab mates Stefanie Biechledljl Perahia, Ashlie Evans Riley,
Rebecca Jones and Katrina Harmon, who have helpegetoff to a smooth start,
inspired me in every possible way during the joyrmad made sure that | landed firmly
and carefreely. | would like to thank Dr. ShekhatdPfor always taking short notices
from me; Dr. Robert Price, Dr. Jay Potts, Anna teargeff Davis, Benny Davidson and
Sharon Cooper for their help in instrument resotacdity; Dr. John Eberth for his
advice in CFD modeling, and Mike Gore and Joeydvaifior the beautiful metal molds.
Last but not least, | would like to say thank yourty mother, without whom | could

have done nothing.

www.manaraa.com



ABSTRACT

Atherosclerosis is the narrowing of arteries causedccumulation of
cholesterol, calcium and other cellular debrishi& inner arterial wall. While extensive
studies have been focusing on the inflammatory e@sims of the disease, pathological
and experimental evidence has shown that regiodstifrbed flow are susceptible to the
atherogenesis. To further understand the relatiprstween hemodynamics and
atherogenesis, this research aims to generateaadgn3D in vitro model of
atherogenesis. This will allow for the investigatiof specific cellular and molecular
mechanisms of plaque formation that will pave ttag/for new therapies for the disease.
A novel fabrication method that produces a 3D viesatonstruct was developed, which
contains the cellular (endothelial cells, smoottsatel cells, and fibroblasts) and
extracellular components of native vessels (typalhgen). Briefly, a combination of
cells and solubilized collagen are polymerized tnkee mold to create the vascular tissue
construct. The resulting tube, or the “cytotubehiains a radial-symmetric nozzle-like
structure in the center of the construct, which design to generate disturbed flow as
fluid passes through the structure. CFD (computatifiuid dynamics) modeling
indicated an area of recirculating (disturbed) fldewnstream the nozzle. Cell viability,
morphology and protein expression in the cytotubere investigated with confocal
microscopy. These studies found that all fibrolslastooth muscle cells, and endothelial
cells remained viable and have expressed varioesgtipic morphologies in the

cytotubes over 7 days of static culture. The preddabrication method and the resulting
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model not only can serve as an in vitro 3D culeystem and pathogenesis monitoring

system, but also has the potential to influencewas tissue-engineering studies.
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CHAPTER 1
INTRODUCTION

1.1 Purpose of the Study

Atherosclerosis, a prelude to life-threatening arascular diseases (CVD) such
as stroke, aneurysm, myocardial infarction and nahgr coronary or peripheral arterial
diseases, has been a companion of human spectb®tsiands of years. [1]—[3] It is the
hardening and narrowing of arteries caused by aatatian of cholesterol, lipids,
calcium and other cellular debris in the inner r@atavall. Despite its prevalence,
atherosclerosis has not come into the spotlight tn& last century, when modern diet,
life-style as well as modern medicine have graguatered the spectrum of mortality.
According to American Heart Association and Worldaith Organization, CVD itself
has led to more than 30% of all deaths not onth@&United States but worldwide since
mid-1900s, among which nearly 80% were attributedtherosclerosis-related
conditions. [3]-[6] Throughout the last several aties, researchers have been mining for
the underlying causes of atherogenesis, and itowgsuntil the 1990s that the respond-
to-injury hypothesis of the disease began suppdoyaaore data and then confirmed. [2],
[7], [8] However, while the inflammatory mechanisofghe pathogenesis have drawn
major attentions, pathological and experimentadlence has also shown that regions of
complicated flow patterns in arteries, such asrbétions, bends and junctions, are
particularly prone to atherogenesis. [9]-[14] (Fegy®.1) Vast and growing studies have

tried a variety of approaches — from animal experita to cadaver specimens, from in
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vivo analysis to in vitro observations. Nonethel@sivo investigations featuring living
animals or human patients (CT or MRI scans) hatrecate multicellular responses and
individual physiological conditions, which compltea the analysis and interpretation fo
collected information. Whereas, in vitro experinteasing standard two-dimensional cell
culture are too simplified to represent the in vissue behaviors. Given the reasons, the
main purpose of this study is to generate a thiemiolsional arterial model in vitro that
supports the cells of interest in a physiologica#ievant phenotype, while having the

ability apply disturbed flow patterns to determitgerole in atherogenesis.

L. Carotid artery

Brachiocephalic L. Subclavian artery

artery
Aortic arch

i Thoraci r
Aortic valve oracic aorta

Coronary

arteries Celiac Trunk

Renal artery

Iliac atery

Femoral arteries

Figure 1.1 Common sites to find atherosclerosigsérsites include junctions, bends and
bifurcations like coronary arteries, carotid aesriiliac arteries, aortic valve and aortic
arch. [14]
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1.2 Structure of an Artery as Basis for Vascular Tssue Engineering

A typical arterial wall consists of three relatiyelistinct layers. From the lumen
to the outer-most layer are tunica intima, tuniedra and tunica adventitia (or tunica
externa). The tunica intima is the thinnest layet B8 composed of endothelium,
basement membrane, lamina propria and a fenestegtedof elastic fibers called the
internal elastic laminae that separates the infrora media. The endothelial cells
regulate anti-coagulation activities by secretipgafic molecules like nitric oxide (NO),
which inhibits platelet activation and preventothbogenesis. The basement membrane
contains type IV collagen, laminin, and heparirt i@ associated with cell adhesion,
migration, proliferation, phenotype and surviva5][16]

The tunica media, which is the middlemost and tinekest layer of the three
layers, consists of smooth muscle cells arrangedlerly around the blood and a layer
of external elastic laminae that separates the arfealin adventitia. In addition, tunica
media contains variable proportion of interstitiztrix depending on the location, size
and functionality of the artery. For large elastriteries such as aorta and its largest
branches including the brachiocephalic, commonthrsubclavian and iliac arteries,
the tunica media is abundant in elastin arrangitg concentric fenestrated lamellae
separated by smooth muscle cell layers and colligers. The elasticity and
extensibility contributed by such arrangement afidie elastic arteries to withstand and
regulate the rapid and vigorous fluctuation of bldlow proximal to the heart. [17] In
contrast, smaller muscular arteries contain lagésnooth muscle cells, from as few as
3~5 layers to as many as 25~40 layers. Musculanestalso contain ECM within media,

but with relatively more collagen (type | and tyitig than elastin fibers and the
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laminated architecture of the elastin lamellaehanelly present. [18], [19] Under
physiological conditions, the quiescent contractit@ooth muscle cells within muscular
arteries control vasoconstriction and vasodilatmregulate blood flow and pressure.
Under pathological conditions however, different tges including ECs, platelets and
inflammatory cells release mediators that convaadah muscle cells into an active
synthetic and non-contractile phenotype, which leackll proliferation, migration and
increased extracellular matrix production. [2Gkltmportant to note that the mechanisms
that regulate this process are not well understood.

The tunica adventitia is composed of collagenoumeotive tissue that varies
from higher density near the tunica media to lodemsity that merges with the
connective tissue surrounding the blood vesse]. TB& collagen fibers are primarily
type | collagen, which in adventitia the collagemfis two helically arranged families of
fibers. Collagen fibers play a significant rolestability and strength of the arterial wall.
In unstressed condition, collagen fibers are eméédid a wavy form, causing adventitia
to be softer than media. However, when a signifitarel of strain is applied, collagen
fibers reach their straightened lengths and thehar@cal response of adventitia then
changes to that of a stiffer material, preventimgartery from overstretch and rupture.
[19][22] Besides extracellular matrix, adventit@ntains fibroblasts and other
inflammatory cells like macrophages that particgpatimmune response to foreign
antigens and arterial injuries [23][24], as wellhasve tissues and vasa vasorum, or
microvessels of blood vessel, that mediate andisiotine medial smooth muscles.

Figure 1.2 shows the layered structure of an artery
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Figure 1.2The layered structure of an artery. From lumenuteiowall are tunica intim
(), tunica media (M) and tunica adventitia .

1.3 Collagen as &caffold Material in Vascular Tissue Engineering
Since 1986 wheklVeinberg anBell [25] reported a type | collagen based in v
blood vessel modegtype | colagen hydrogels have been explored for use in vais

tissue engineering. [2d]ype | collagen is le most abundant type obllagen inadult
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connective tissues such as skin, bone and te A mammalian type tollagenmolecule
has a triple-helix structur@mposes of twal(l) chains and one2(l) chain In vivo,
these molecule®fm intermoleculacross-linksand wrap into fibrils, contributing to t
integrity andmechanical strength of the tis:ss. [27] When solubilized witprotease
(pepsin) or acids; howevehd intermolecular cro-links are broken dowrgllowing for
thecollagen to become solul. Particularly, collagederived by pepsin digestion is hi
in purity and low inantigenicity, thanks to the telopept-specific cleavage byepsin,
which removesnost potential antige. [28], [29] Collagen extracteoly such methcs is
soluble in acidic environme between pl 1 ~ pH 4, and when neutralize, 1 collagen
can then undergo aidehyde condensati reaction that reforms thetermoleculai

cross-links, which makesaétvery plastic scaffold biomaterial.

~ Type | Collagen in vive
eromiNegonk, £ X X YV XXV YOV YOV YOV YO M opept region

(WYWYWYW YWY\ st

.

cleaved by pepsin cleaved by pepsin

Atelocollagen

Y XY X0V XY XY XY X
AOMOAMAAAMN

b Y

Figure 1.3 Type | collageextraction with pepsin allows for exclusion of -collagen
proteins that may be antigenic, which increasebibeompatibility of the materi.

1.4 Experimental Approach
The in vitro arterial model fcatherogenesis contaiasconstriction nozzle the

middle of the tube (Figurg.4), so that when fluid (medigasses through tt
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constriction,a disturbed flow pattern generated. Computational fluitynamics (CFD
modeling wasapplied in this study to help visualize and preéliatd behavior in th
proposed model.

For thescaffold material, whave chosen bovine tygesollagen for its
biocompatibility and plasticityFor cellular componentsye will use rat aortic smoor
muscle cells (RASMC) to generate the muscular aumedia, and rat aortic eothelial
cells (RAEC) to form the monolayer endotheli ECs and SMChkave the mos
immediate association with the onset of atherogs, and avariety of cytokinedinduced
by corresponding levels @ibw shear strss within these two cell types has been tho
to be the culprit of the disease. Tproposed 3D model wilerve as a tool to obser
cell-cell, cell-ECM and celflow interactions Preliminary optinization experiments we
first tested on rat heart fibblasts(AHF) and individual cell types, which will also git

us the information of the differences betwisingle and caultured system

constriction nozzl
(0.65 mm)

Figure 1.4The geometry of the proposed in vitro arterial MoThe model contains
constriction nozzle in the middle of the tube, stistiurbed flow pattern is expected to
generated when flow passes through the nozzleflidedynamics in the model will b
analyzed with computational fluid dynamics modelgsagwareto confirm this
assumption and model the cahracteristics of flawugh the tubular constru
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CHAPTER 2
MATERIALS AND METHODS

2.1 Computational Fluid Dynamics (CFD) Modeling

Fluid behavior passing through the proposed moasl simulated with CFD
software COMSOL Multyphysics® using finite elemamialysis (FEA) technique.
Naiver-Stokes equations and continuity equationgwaeopted to reconstruct the
velocity field, shear rate, streamline, pressuie [article. To validate and simplify, the
computational analysis, several assumptions haul ibeele. Firstly, the wall of the
model was assumed to be rigid, therefore any faraased by the movement or
deformation of the wall could be neglected. Secprtile heterogeneous surface between
the fluid and the inner wall of the tube was asaiteebe non-slip, leading to the
boundary conditiom,,,;; = 0, whereu,,,;; is the fluid velocity at the wall. Thirdly, the
input fluid was chosen to be water, hence was asdumbe Newtonian and
incompressible with density of 9.93X1ky/m® and viscosity of 6.92x1tPa-s at 37°C.
[30] Also, the input flow was fully developed stgdtbw at the entrance. Finally, the
gravitational force was neglected so that the fdield was regarded as axisymmetric
along x-axis. Figure 2.1A shows the geometry ofrttzelel, and the flow would move

along positive x-axis. The flow velocity profile was follow:

y2 + 72
21— 72 X Umean
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Where R is the inner radius of the channel andqis the mean velocity of the flow. In

this analysis, input flows of mean velocity 0.5 spll.0 cm/s and 2.0 cm/s were

simulated.

0.5 cm/s 1.0 cm/s

KT WA
BISKART (AVA‘V A
KA SN AT
e

Figure 2.1 (A) The geometry of the modeled chaanel flow direction (B) Velocity
profiles of the input flow at different mean velties. (C) Finite element analysis requires
the modeled region be divided into fine meshe$iabthe computation is executed in
each small compartment and then assembled intcamelete result.

2.2 Cytotube Fabrication
2.2.1 Cell Culture and Cellular Suspension

Primary male adult heart fibroblast cells (AHF), aartic smooth muscle cells
(RASMC) and aortic endothelial cells (RAEC) werewn in 10 mL DMEM
(Dulbecco’s Modified Eagle Medium) containing 10&td bovine serum (FBS), 1%
Pennicilin/Streptomycin and 0.1% amphotericin BAtC, 5% CQin 100 mm petri
dishes. The media was changed every other dayluUemicell plates of passage 6~12

were used in the following experiments.
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To prepare cellular suspension for seeding, conflpkates of cells were
trypsinized (0.25% Trypsin/0.1% EDTA), spun dowml aesuspended in fresh DMEM
media. The concentration of the cellular susperssvoas calculated using a
hemocytometer (Bright-Line™, Sigma-Aldrich). At darency, a 100 mm petri dish
contains about 6xfRASMC, 10x16 RAEC and 7x1DAHF. In this research, 1/2 plate
of RASMC, RAEC or AHF were seeded in a cytotube, 2~3x16 RASMC, 4~5x18

RAEC and AHF.

2.2.2 Collagen Gel Preparation

The solubilized bovine type | collagen was obtaifredh the laboratory of DR.
Mike Yost. The preparation method of bovine typellagen was described in detail in
Yost et al., 2004. [31] Briefly, the hide of an &®nth-old bovine steer was cut into
strips and washed with deionized water. The remgifollicles and non-collagenous
proteins were removed by treating in Ca(@sblution overnight. The next day, the strips
were washed with DI water, placed in NaCl solutmol neutralized with HCI to pH 6.8-
7.0. The strips were then cut into smaller pieces@aced in acetic acid with pepsin
overnight at 4°C. Subsequently, the strips werelgfrad into a gel dispersion using a
food processor, from which the type | collagen weecipitated by adding a final
concentration of 2M NaCl and neutralized to pHwith NaOH. The collagen precipitate
was collected by centrifugation, and was resuspgnmd®| water followed by 2 days of
dialysis versus DI water to remove excessive saltant. The resulting collagen gel was
then centrifuged to rid excessive water and thevalde was adjusted to pH 2.5-3.0 with

concentrated HCI solution.

10
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Concentration calculations and pH value measuresneate performed on the
received collagen gel, which was stored in ten &Cconical tubes at 4°C. For
concentration test, 1~2 g collagen gel was extratted each conical tube and was
incubated at 100°C overnight. The wet weight aryowdkight of each collagen sample
were both recorded for weight concentration calonta

. ] o = dry weight (solute only) « 100%
collagen gelw/w% = wet weight (solution) 0

Meanwhile, the pH value of the collagen gel waset$or each conical tube
using a pH meter (Accumet™ AB15 Basic, Fisher Sdief). The received collagen
gel had an average of 0.67+0.06 w/w% at pH 5.12x(@yure 2.2A shows the result of
using this concentration of collagen for making tieular scaffold. Unfortunately, this
concentration was too low for the resulting tulestintain their structure after
polymerization in pH 7.4 HEPES buffer. To increttse concentration, the collagen gel
was further centrifuged in filtered conical tub&snjcon® Ultra-15 30K device,
Millipore) at 2000 g, 4°C (RT6000B with H1000B Swing Bucket Rotor, Sorvall®) to
remove a portion of water content. Figure 2.2 shthaswhen the initial collagen
concentration was ~1%, the integrity of the resgltulbes had observable improvement.
After two 20-minute centrifugations, the volumetioé gel was reduced by 50%~60%
and the concentration of the gel was able to ir@déa 1.8+0.2 w/w% (3 N) and was
used in the following experiments. Prior to eadbrifzation session, the condensed
collagen gel was sterilized with 1200 nadradiation. During the entire fabrication
procedure, the collagen gel was kept on ice toaeqwlymerization initiated by

increased temperature.

11
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Figure 2.2 Integrity of the resulting collagen talmeade with different starting
concentration. The collagen tubes made with theandensed collagen gel (~0.67%)
were not able to maintain desired shape in vitrp (ile the tubes made with more
condensed collagen gel (~1%) had observable impremem maintaining integrity (B).
A final concentration of ~1.8% collagen gel was usethe following fabrication
procedure (C).

2.2.3 Optimizing Cell Survival in Collagen Gel

One of the major concerns of cell embedding inlsitized collagen is that the pH
value and osmotic concentration of solubilizedagdin gel may not be suitable for cells
to survive. Thus, creating a similar environmertinaen culture media and collagen gel
before embedding the cells became a major challenipes study.

HEPES buffer (10 mM HEPES, 0.14 M NaCl, 4.7 mM KCB mM MgSQ, 1.6
mM CaCl), a widely used supplement in DMEM to maintain giblogical pH value,
was chosen as the neutralizing reagent for théog8ized collagen gel. Ideal final pH
value of the neutralized collagen would be pH @#ckll embedding procedure. To find
the most suitable alkalinity of the neutralizinggent, a series of 10X HEPES buffer
with pH value ranging from 7.4 to 8.0 at 0.1 incests were added respectively to the
solubilized collagen at 1:8 volumetric ratio (100 10X HEPES : 800 pL solubilized

collagen) and the pH values were measured aganrafking thoroughly. The

12
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remaining one portion was reserved for cellulapsuasion. Figure 2.3 shows the adding
sequence and proportion of solubilized collagentnaéizing buffer and cell suspension.
Since each batch of condensed collagen gel hddtlglidifferent acidity, at least
three batches of condensed collagen were testestdblish a look-up table. To optimize
osmotic pressure for cell survival, dialysis tubimigh large molecular weight cut-off
(Spectra/Pdt 2, MWCO 12-14 kDa, Spectrum) was chosen to ensynie small
molecule exchanges such as water, salt, amino andisther electrolytes while

retaining large collagenous molecules within tharig.

Solubilized Collagen A %ﬁéﬁﬂ.ﬁn
& eniers) (1 portion) (1 portion)

Figure 2.3 Collagen, neutralizing buffer and caBgension proportions.

2.2.4 Mold Preparation

Figure 2.4 shows the metal molds custom-made imikehine shop (School of
Medicine, University of South Carolina). Dialysigbing of 10 mm flat width was cut
into 5 cm pieces lengthwise, which will be callethéaths” in the following description.
Prior to use, the sheaths were submerged in pHHERES buffer in a conical tube to

soften the material and were sterilized with 128@yrirradiation. The metal molds were

autoclaved before use.

13
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Figure 2.4Specifications of the metal molds. Each set of nooldsists of 2 caps anc
central mandrels. The mold will generate a collaigdy® of 3 mm inner diameter, 6 n
outer diameter and@nstrictior nozzle in the middle of 0.65 mm inner diame

2.2.5Cytotube Fabrication | — Creating the Muscular Wall

In a sterile hood, the two rods and one cap of satlbf the metal molds we
assembled first. Next, the flat disis tubing sheaths were openetd cylinders anc
slipped on to the rim of the cap from the uncapged of the mold. To make cellul
collagen gel mixture, 1 mL collagen gel was loaod a 1.5 mL microcentrifuge tut
using a 1.0 mL syringe and was quickly mixed widtb L filter-sterilized 10X HEPES
buffer to bring up the pH value of the gel to p.Ammediately after pH adjusting, 1
uL of AHF or RASMC suspension (2x10’ cells/mL) was added to the neutraliz
collagen gel and mixed thoroughly. The microceangd tube containg the cell/collagel
mixture was then centrifuged in a mini micrntrifuge for 5~10 seconds to rem« air
bubbles. Afterwards, mixture was slowly syringetbithe molds and capped. Each se

mold was incubated at 37°C, 5% » in a sterile plastic culte tube (17x125 mn

14
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Fisherbrand™) in DMEM for 24 hours to allow for la@gen polymerization. (Figure 2.5

A)

2.2.6 Cytotube Fabrication Il — Creating Endothelium

The next day, the cytotubes were pulled out froenrttolds and transferred into
new plastic culture tubes containing fresh medi®. i of RAEC suspension (2~3x10
cells/mL) was pipetted into the lower half of theatube from the nozzle constriction,
followed by another 10QL cellular suspension being pipetted into the ugyf of the
cytotube. The culture tubes were then fastened atibe rotator (099A RD5512, Glas-
Col®) and let rotate at the lowest speed (~17 rpm) &€ 3%% CQ for 24 hours. The
axial direction of the cytotubes was horizontalrihg with the rotational axis of the

rotator (Figure 2.5 B).

2.2.7 Cytotube Fabrication 11l — Static Culture

After RASMC, RAEC or AHF were seeded, each cytotwlas transferred into a
60 mm petri dish and was cultured in DMEM at 3783@, CG (Figure 2.5 C). The
culture media was changed daily until the cytotulbese harvested for confocal imaging
or gRT-PCR analysis. Meanwhile, the appearancbeo€tytotubes was recorded daily
using a digital camera (T-100, Sony), and the dsrmaral changes through out the time

were measured using ImageJ software.
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Figure 2.5 Cytotube culturing procedure. (A) The@hbllagen set was let polymerize
in a sterile test tube for 24 hours at 37°C, 5%.GB) The next day, polymerized
cytotubes were removed from the mold, transfenn¢al & new tube with fresh media,
seeded with ECs within the lumen, and fastenedzbotally onto a rotator for another 24
hours incubation. This step was necessary to ewbsigibute cells inside the lumen. (C)
After both SMCs and ECs were seeded (48 hourskytueubes were transferred into 60
mm petri dishes for several days more of statitucel Finally, the cytotubes were
collected and prepared for confocal microscopytbeoapplications at certain time
points.

2.2.8 Preparing for Confocal Microscopy

Cytotubes were grown for specific time points dmehtfixed in 4%
paraformaldehyde (PFA)/phosphate buffer saline |RB3&°C for at least one day. Next,
the cytotubes were embedded in 5% agarose/PBSdaextioned longitudinally on
vibratome (Oxford®) at 20dm. The sections were treated with 0.25%Triton X/PB5
for 20 minutes and washed with PBS for three tif@kwed by blocking with 2%
bovine serum albumin (BSA)/PBS for 1 hour at roemperature.

Two different combinations of immunofluorescentdaihg were used to identify
and distinguish certain cell types. For cytotubék wingle cell type, sections were
stained with fluorescently labeled phalloidin (RHactain, Alex Flour 488®, Life
Technologies™), 4’6-diamidino-2-phenylindole (DARUclear stain) and Cy3-labeld
anti-alpha smooth muscle actin (Cy3-anBiMA, Sigma-Aldrich®). For cytotubes with

both EC and SMC, sections were stained with FITe2lkd anti-von Willebrand factor
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antibody (Abcam), Cy3-antiSMA, and DAPI overnight at 4°C. The sections w

rinsed with 3 changes of PBS, each of which lagtedinutes, and were mounted

glass slides with 1,4iazabicyclo[2.2.2]octane (DABCO) for confocal nascopy

imagine (Zeis$ SM 510 Meta, Carl Zeis:

2.2.9 Summary

The following is the summary flowchart of the faiation methodFigure 2.€displays

the fabrication procedure with detailed illustras

Day O

» Create Muscular We

» Embed SMC in collagen gel and let polymerize in the |
(Static culture

N\

* Create Endotheliu
» Seed EC in the lumen of the cytot

Day X

Day 1 (Rotational culture |
~

» Begin static cultur
Day 2| » Transfer the cytotubes into petri dis |
N\ ‘

» Harvest for confocol microscopy imaging or other applica
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CYTOTUBE FABRICATION PROCEDURE

A. Collagen Condensation

1. Centrifuge at 3000 rpm for 20 minutes.
2. Stir to redistribute concentration.
3. Centrifuge at 3000 rpm for another 20 min.

Transfer dilute collagen to Millipore tube

(MWCO = 30 kDa)

N

4°C
3000 rpm
20 min, 20 min

Collect the concetrated collagenand

0.7% Collagen Gel When the volume sterilize with 1200 rad gamma-irradiation

reduced 50%~60% R

B. Creating Muscular Wall (Day 0)

Transfer 1.0 mL collagen
into a microcentrifuge tube
with 1.0 mL syringe (no needle) 1.8%~2.0%

Collagen Gel

1. Collagen 1.0 mL
2. HEPES 10X buffer 125 pL, mix well
3. Cell (SMC or AHF) suspension 125 pL, mix well

= \ (RN
y- g
4

gental syringing vortexing  microcentrifuge for 5~10 s

to rid bubbles

[
i
i/ 'E

Static Culture
in DMEM
at 37°C, 5% CO2
‘ Inject mixture for 24 hr
into molds

v
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C. Creating Endothelium (Day 1)

Rotaional Culture

Disassemble the maold in DMEM
at 37°C, 5% CO2
/_\\ Pipette 200 pL of cell (EC) suspension for 24 hr
\ into the cytotube
' Transfer the cytotube
| into a new test tube [
with fresh DMEM
H ) . —_ B

,.

D. Static Culture (Day 2)

Static Culture
in DMEM

at 37°C, 5% CO2
for n days

Harvest for Confocal Imaging

or other Applications
Move the cytotubes PP

into petri dishes
—_— —_— . 4 .
v

Figure 2.6 Step-bgtep illustration of cytotube fabrication proced
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CHAPTER 3
RESULTS AND DISCUSSION

3.1 CFD Modeling

In this analysis, input flows of mean velocity @r8/s, 1.0 cm/s and 2.0 cm/s
were simulated to compare the effects of differeptits, and Reynolds number (Re), a
dimensionless number that compares the fluid'diméorce with viscosity force, was
applied to characterize the input flow type:

— 2pRumean
U

Re

wherep is the fluid density, R is the inner radius of ti@annel, geanis the mean
velocity of the input flow and p is dynamic visaysiWwhen Reynolds number is higher
than 4000 (inertia force significantly surpassesasity force), the flow is characterized
as turbulent flow, whereas when Reynolds numbkwer than 2100, the flow is
regarded as laminar flow. [32] In this model, mgafocity of 0.5 cm/s, 1.0 cm/s and 2.0
cm/s gave rise to Reynolds numbers of 21.7, 43048én7 respectively in the large
channel (R=1.5 mm) and 100.0, 200.0, 400.1 in dmsiiction nozzle (R=0.325 mm),
therefore were all considered laminar flow.

Figure 3.1 shows the results of CFD modeling in CRIML. Multiphysics®.
The streamline and velocity field simulations irated a region of recirculating flow
posterior to the constriction nozzle and the sizhis region depends on the mean flow
velocity (Figure 3.2). This recirculating regioradged a portion of flow backwards,

developing a divide where the velocity field drogpe zero, separating the flow into two
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opposite directions. A proposed hypothesis isttiatzero-velocity-field divide could
have a high possibility to trap particles becausesstagnant flow condition, thus could
be more susceptible to hyperlipidemia than forwagdiow regions. The wall shear rate
isoline (gradient) simulation revealed a steepdase in shear rate in the narrowing
nozzle and a dynamic shear rate fluctuation inréleeculating region. Shear rate can be

related to the shear stress using the followingequo:
T= ,Ll@

Wherert is shear stress, [ is dynamic viscosity, u isllthaal velocity and% is local

shear rate with respect to y-axis.

Numerous previous studies have investigated hoarstess could have affected
EC and VSMC (vascular smooth muscle cell) phenotgtates. The majority of findings
agreed that higher laminar shear stress inhibitgi@$roliferation and migration and
increases VSMC apoptosis, whereas low or oscifatbear stress induces VSMC
phenotypic transformation to synthetic state amdeases proliferation and migration
through multiple regulatory pathways. Nonetheledsle low shear stress is considered
to be more atherogenesis than high shear stretbspbhenomena; however, have the
potential to contribute to disease. [33] The thdéerent types of shear stress — high, low
and oscillating, will be generated simultaneousldifferent regions of the cytotube
according to CFD modeling results; therefore, tloeleh will be a useful tool to give us

insights in the mechanical-force-induced cell betwavin flow analysis.
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Streamline |

A 2231

¥ 0.1507 [ e —— | 420229

Pressure

W 1479 LLLETETETETE JEPRD DD e b0 s 0D 0L nonnamnonenais bbb 1 E ] [1T11TTIL] A 28,704
1,479 0.5286 3.4778 6.027 85761 11125 13.675 16.224 18.773 21.322 25671 26.42

Figure 3.1 The streamline, wall shear rate, cefdagshear rate and velocity field as
well as pressure gradient simulation with 0.5 cméan velocity input. Indicated by the
black arrows are (1) the recirculating region postdo the nozzle, (2) the fluctuating
graident of wall shear rate region, (3) the steepese of shear rate region in the nozzel,
and (4) the stagnant divide between backward ambfal flow. These regions will help
investigate shear-stress-induced cell behaviofiswnanalysis.
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Mean V = 0.5 cm/s

Figure 3.2 Mean velocity influences the size ofrib@rculating region. The higher the
mean velocity, the larger the recirculating regibespite being highly simplified, CFD
modeling provides efficient prediction in wherddok at.

3.2 Neutralizing Reagent for Acidic Collagen and ta Look-Up Chart

The goal of these experiments was to determinenthst suitable alkalinity of HEPES
buffer that would bring the pH value of acidic @gén up to pH 7.4. Figure 3.3 shows
that, for collagen of pH 5.27, 10X HEPES buffepéf 7.84 should be used to neutralize
the collagen. For collagen of pH 5.95, HEPES bulfgsH 7.70 would be the most
appropriate choice. As for collagen of pH 6.64,llkest buffer was pH 7.55 HEPES
buffer. The linear relationship between aciditycoflagen and alkalinity of neutralizing
buffer enabled the establishment of a look-up cluarinstant evaluation in future
experiments, so only a small amount of collagenpamvill need to be tested to ensure
the correct final pH value. Figure 3.4 shows amepia of how to find the neutralizing
buffer for pH 6.30 collagen. First of all, find th@proximate position of where pH 6.30

collagen would be when pH 7.7 HEPES buffer was dddkis position can be found by
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using interpolation method, whea line of slope ~ 0.9 that passes through the pos
The slopes of the three data sets were found Imgusend line function in Exct
(Microsoft®) and the average was 0.89+0.07. TheopHeuralizing buffer should b
found at the intersection where the predicted fiasses through the pH 7.4 horizoi

line, which is approximately pH 7.64 in this exam|
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pH of Neutraiizing HEPES Buffer
Figure 3.3The corresponding neutralizing buffer for collagémifferent acidity.

Collagen of pH 6.64 requires pH7.55 HEPES buffdrergas collagen of pH 5.!
requires pH 7.70 HEPES buffer and collagen of @ $equries pH 7.84 HEPES buf
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Figure 3.4Example of utilizing the chart to predict pH valiethe neutralizing buffel
First, find the position of the acidic collagentte verticle pH 7.7 line. Second, predic
line with slope ~ 0.9 that passess ugh this position. Third, read the value
horizontal pH 7.4 line where the predicted lineemects. This pH value will be a clc
approximation to the most suitable neutrlazing @uéind will only require minimur
tests to ensure the correct va

3.3 CollagenContractile Behavior of Cells in the Cytotube

Three groups of cytotub— SMC-only, SMC+EC and EGnly, each contained
tubes, were fabricated at the same time and cdlt@rel0 days starting fro collagen
polymerization. Figure 3.58howsthe change in length of each group of cytott
versus time. The contractile behavof cells was most pronouncedcytotubes seede
with SMCs, which caused the cytotubes to shrink bengthwise and widthwise. |-
only cytotubes had almost no shrinkage (4+1%) withe same time frame as the ot
two groups, whereas both Si-only and SMC+EC co-cultured cytotub&sowed
noticeableeduction in dimensions. Interestingly, while S-only cytotubes becarn

56+5% shorter after 10 days of static culturing, 8MC+EC c-cultured cytotubes he
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only decreased 29+5% in length. This observatioy b@in agreement of previc
studies on EC/SMC coulturing systems, which found that when ECs apposgd tc
normal level of shear stress, the reduction of matetalloprotease (MMP), plate-
derived growth factor (PDGF), transforming growdictor (TGF) all inhibit SMC
proliferation, migration and protein secretion. However, wk€s are exposed to Ic
shear stress or no shear stress, the upreguldttbases factors may lead to the oppc
results and induce the SMC to transform into sytithghenotype, which is considereo

be one of the risk factors of atherogene[33]

A

Tube Length Over Time

4.5 -
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—
—
—
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SMC+EC Day 2 ECDay2 = B

Figure 3.5 (A)Tube length shrinkage over time atistculture due to myocyte
contractility. SMC-only cytotubes shows the highesel of shrinkage (56£5%),

followed by EC+SMC cytotubes (29+5%). EC-only cyimés shows almost no shrinkage
in 10 days of static culture. (4£1%) The SMC-onyyatubes had a linear shrinking trend
until day 10, while SMC+EC ones had a tendencydp shrinking between day 9 and
day 10. (B) The appearance of the same cytotulzetedenith different cell types on day
2 and day 10. Dimension was acquired by measugitggubes in the images with
ImageJ. The reference length is the diameter o6¢hem petri dish.

3.4 Confocal Imaging
3.4.1 Optimization with Adult Rat Heart Fibroblast (AHF)

Rat heart fibroblasts were first used to examimeveiidity of the “creating
muscular wall” procedure, in which solubilized egén was mixed with cells while
polymerizing into tubular shape. Figure 3.6 isrbsult of AHFs seeded within the

collagen scaffold over time. The first panel (A~Bpws the morphology of AHFs within
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collagen, cells were mostly still in rounded ugraeted shape. However, on day 2 and
afterwards (B-E), AHFs began elongating and sprepdlisplaying dendritic, stellate
morphology, which is typical on in vivo mesenchyroells. Together these cells also had
mesenchyme-like distribution across the scaffold th usually characterized as a natural
“resting state” of fibroblasts found in expanse&xtracellular matrix in vivo connective
tissues.

The second panel (F~H) shows the morphology of AfdEad on the luminal
surface from day 4 to day 6. Here a markedly d#ifiéimorphology from that of cells
within collagen was observed in f-actin stressrBgreen) and SiA (red). Not only
the cells displayed a flattened or squamous moggyahat is usually not characterized
in mesenchymal cells, but the sheet-like spreadifrggress fibers within the cells (G,
right arrow) and organized S filaments (G, left arrow) also implied a phenatyp
change from quiescent cells to activated cells|-{36] Activated fibroblasts result in a
variety cellular activity including migration, prédration, ECM production and
differentiation. While detailed cell molecular aysgik may be required to explore the
phenotypic state of the AHFs in the current mothed,confocal micrographs have shown
that the proposed fabrication method was able ppaut cell survival within the collagen
scaffold with or without phenotypic transformatidrhe third panel (I~K) is the cross-
sectional view of the barrier-like, or endothelilike, wall formation on the surface of
the collagen scaffold. Increasing confluency oweetcan be observed by comparing the
fenestrated layer in Day 4 with the sealed layddary 5 and Day 6. Here, the cell

adapted a cobblestone-like phenotype with chainatitecortical actin filaments.
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Morphology within Collagen

Luminal Surface
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Figure 3.6 Morphology of adult rat heart fibrobléAHF) cultured within collagen
scaffold at various sties over time. All samplesvgh were stained with phalloidin
(green), DAPI (blue) and Cy3-SiA (red).
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3.4.2 EC-only Cytotubes

Figure 3.7 shows the results of creating endotheiiith ECs. The 24-hour
specimens were harvested immediately after theéiootd culture, whereas the rest of the
specimens were all collected in static culturéatttme points indicated. After 24 hours

of rotational culture, sporadic cell clusters wirend on the luminal side of the cytotube

(A, E). At this early time point, although cell poputatiwas not dense and cellular shape

was rather globular, cell spreading could alreaglgden (A). 48-hour specimens also
showed globular cells clusters (B, F), but theicaltactin filaments surrounding the
cytoplasm between adjacent cells imply the forrmatbECs’ cell-to-cell junctions,
which is an important characteristic of ECs to gaut phenotypic barrier functions. [37]
The squamous, confluent endothelium was observebdeoluminal surface of the

cytotubes after 5~7 days of static culture. (C, GHD

3.4.3 SMC-only Cytotubes

Morphology of SMCs within the collagen scaffold wasged transversely
across the constriction nozzle regions. Individoages of 450 umx450 um area were
tiled into long strips in Photoshop (Adobe®). Fig®.8 shows half of the strips of day 1,
day 3, day 5 and day 7. On day 1, immediately @ftercytotubes are removed from the
mold, SMCs within collagen were in a rounded-up phatogy typical for trypsinized
cells throughout the scaffold. Only a small numdiiecells close to the outer wall, where
the cells were in direct contact of the dialysigmbeane, showed elongated, spindle-
shaped stretching along longitudinal directionhs tytotube. On day 3, day 5 and day 7,

SMCs displayed a morphological transition spatifiiyn spindle-shaped or spherical

30

www.manaraa.com



shaped cells in the luminal side, stellate celr iee outer wall, to a confluent layer of

SMCs aligning along longitudinal direction of thgatube.

3.4.3.1 Relative Spatial Distribution Analysis — Factin of SMCs

Because a stellate-shaped cell takes up a largartlaan a spindle-shaped or
rounded-up cell, phalloidin-stained f-actin sigfgleen) was chosen to help analyze the
relative spatial distribution of SMC morphology lwiimageJ’s built-in function “Gel
Analysis”. This tool gives a function of total witise intensity of pixels versus
lengthwise position. The entire strip’s intensitygosition map was then equally divided
into 10 portions along x-axis, in which the detdcseggnals were summed up such that
these areas could be compared to that of thedigadl. Although this analysis require
further optimizations in regards nuclei distributiso that it can be normalized to the
higher amount of signals caused by denser celllptipo in some areas (such as the
higher density of cells close to lumen in Figurg B1). This analysis does reveal an
approximation of relative spatial variations inlegreading, proliferation and migration
across the scaffold over time. Figure 3.9B shows#sult of relative f-actin spatial
distribution versus relative position on day 1, @aglay 5 and day 7. An increasing trend
of relative amount of f-actin on the outer wall otiene and decreasing trend in the
luminal region can be seen in the chart. Combinig thre qualitative micrograph data,
we hypothesized that SMCs on the outer wall wetglgting synthetic phenotype,
characterized by having higher proliferation, migna and ECM synthesis rate and may
be induced by the serum containing culture me@id] [n contrast, the SMCs embedded

deeper in the scaffold could have been in conteastate, contributing to the gross
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shrinkage behavior of the cytotubes. This hypothe=sjuires to be investigated with a

more detailed cell molecular analysis and contdofieesets in confocal microscopy.

3.4.5 RAEC+RASMC Co-culture Cytotubes

When ECs and SMCs were co-cultured on the cytotaendothelium-like
“tissue” was found along the luminal wall (A) alomith mesenchymal-like cells (B)
within the construct wall after 6 days. The detattdf both VWF (green), an endothelial
cell specific marker, and S&A (red) in the same cells implied that these cglse
endothelial cells undergoing endothelial-to-mesgndd transformation (EnMT) and
were migrating into collagen scaffold, where sytith8 MCs might secrete high levels of
PDGF-BB that induced the transformation. [39] Alilgb the multilayered fabrication
technique have resulted in vivo-like morphologyoth intimal and medial walls,
lacking a control group of single cell type sampith the same immunofluorescent
stainings made the true identity of the cells uarclArtifacts generated during staining
and confocal microscopy were all able to deviagegéneric signals.

Taking these considerations into account, ongoffayte will include: (1) A
systemic comparison between cytotubes seeded inglescell type (EC- or SMC-only)
and multiple cell types (EC+SMC). To do so, the sammmbination of
immunofluorescent stainings, that is, anti-vWF oti-& E-cadherin, anti-SMA and
DAPI, will need to be applied to all different salegp (EC-only, SMC-only, and
EC+SMC cytotubes) to determine whether the phygiold phenotypes of cells are
altered due to cell-ECM or cell-cell interactio(®) RNA expression analysis on EC,

SMC and EC+SMC cytotubes with real-time reversedtaptase PCR (QRT-PCR).

32

www.manaraa.com



Some important markers can help determine the pinpaof cells of interests. Rose &
Babensee, 2007 [40] uncovered phenotypic changéiimman aortic smooth muscle
cells (HASMC)/human aortic endothelial cells (HAEE)-culturing system. In the study,
contractile HASMCs, less secretory HASMCs and nsa@&etory HASMCs co-cultured
with quiescent HAECs were compared. They foundttiatcontractile HASMCs had
organized SMA filaments, low levels of interlukin-8 (IL-8) antdonocyte chemotactic
protein-1 (MCP-1) secretion, and low expressiomtrcellular adhesion molecule-1
(ICAM-1) and vascular cell adhesion molecule-1 (M@A). However, more secretory
HASMCs showed diffuse, unorganized &Mand increased levels in all the markers
mentioned above. Less secretory HASMCs had moreaxiite-like characteristics in 48
hours of co-culturing, but became more secretdwy-kater. Other markers for EC’s such
as platelet endothelial cell adhesion moleculeBGRM-1)[41] and procoagulant factor
von Willebrand factor (VWF) [42] and SMC’s suchpdatelet-derived growth factor
(PDGF) [43], collagen type | (Col 1), collagen type(Col IIl), and matrix
metalloproteinases (MMP) [44], [45] are all asstediawith atherogenesis and should be
investigated as well. These studies will help eatduhe cellular behaviors in the 3D co-
culturing system, and facilitate the developmenrd afiore in vivo like cytotube that can

be applied in a variety of in vitro studies.
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EC Morphology Change Over Time

Figure 3.7 Morphology of ECs seeded in the lumguaface of the EC-only cytotube over time. All sé@spshown were
stained with phalloidin (green), DAPI (blue) and3=§MaA (red).
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Figure 3.8 SMC morphology within the cytotubes frday 1 to day 7 in static culture. The legend showmop-right indicates the
location of the images in the sections All samgleswn were stained with phalloidin (green), DAHuU@) and Cy3-SMA (red).

www.manaraa.com



A Monochrome Image (Inverted Green Channel)
k) I AT
C
y
£
3
E
=
2
=
£
L o
MMWWMMW Pt
1 2 3 4 5 6 7 8 9 10
Position
B SMC F-actin (Phalloidin-Labeled)

Relative Spatial Distribution

HDay 1
W Day 3

B Day 5

Relative Signal Intensity (%)

@ Day 7

Relative Position

Figure 3.9 Relative spatial distribution of f-activer time. The upper graph (A)
demonstrates the intensity-to-position data cadédtom a tiled strip using the ImageJ
“Gel Analysis” function. The graph was equally died into 10 portions on x-axis and
the area in each portion was represented in péleanthe new graph. (B) An
increasing trend of relative amount of signal ause on the outer wall (position 1, 2,
3, 8, 9, 10) and decreasing trend in the lumingilore (position 4 ~ 7) can be observed
over time.
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Figure 3.10 Endothelium-like structure on the luahiwall (A) and mesenchymal-like
cells within the scaffold (B). All samples shownreetained with FITC-vWF (green),
DAPI (blue) and Cy3-SMA (red). Scale bar : 100 pum.
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CHAPTER 4
CONCLUSION & FUTURE DIRECTIONS

4.1 Conclusion

This study generated a novel fabrication methodfthree-dimensional in vitro
cell-culturing model with specialized luminal geanyewhich has the potential to
support in vivo-like morphologies of vascular c€#dHF, EC and SMC), generate unique
flow patterns, and therefore serve as a modelh&ragenesis. By fine-tuning the pH
value of solubilized collagen gel with concentralt#IPES buffer prior to cell seeding, a
suitable environment was created for cells to bpagmerized with collagen.
Additionally, the large MWCO of the dialysis tubinged as the sheath for the mold
allows for rapid small molecule exchange, whichidea quick osmotic balancing and
nutrients and metabolic wastes transportation,enddiowing for the cell/collagen
mixture to polymerize into desired shape. Bothdexbptimized the environment for
cells cultured within solubilized collagen. Confboacroscopy studies found that cells
grown within and on the cytotube developed in wedl morphologies and cellular
arrangements typical if vascular tissues in 7~1& adstatic culture. This proposed
model has the potential to be applied to a vaétyulticellular 3D models of

pathogenesis, and could also influence vascukudigngineering studies.
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4.2 Future Directions

Future studies need to focus on the effect of towthe cellular response of
different cell types in cytotubes. It has been regggbthat when being subjected to flow or
mechanical stresses in vitro, endothelial cellsemdoth muscle cells exhibited an
oriented morphology aligning to the external fonwljch resembles the in vivo
appearance of both cell types. [46], [47] This giteanon is expected to be seen in the
resulting cytotubes when they undergo flow cultéew culture not only will introduce
shear stress on the inner wall of the cytotubethmtensile stress caused by suturing the
cytotube onto the bioreactor, as well as the cifenemtial pressure exerted on the wall
by the luminal fluid will also provide a sourcergechanical force that could influence
the morphology of seeded cells. By manipulatingéhiactors in an introductory flow
culture, a more in vivo-like 3D model can hopefully achieved. Also, because of
myocyte contractility that resulted in shrinkagediameter of the cytotubes, it is
proposed that if the metal molds be reinsertedtimeocytotube in an early stage or be left
in the cytotube for prolonged time, the circumfei@rstress produced by expanding the
diameter or by resisting shrinkage may be anottae method to induce circularly
aligned smooth muscle cells.

Besides further examinations and applications efciytotubes, some variations
and improvements will be considered to increasecotimodel’s versatility. In fact, the
geometry of the current model was designed parteadtording to the materials adopted
in this project, that is, the dialysis tubing. Altigh dialysis tubing has been an
exceptional container to simultaneously allow fell survival and collagen

polymerization, the resulting shape of a model gisinch material is limited. In fact,
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seeing that bifurcating sites in arteries are founkave higher risks of atherogenesis,
fabricating a branching model may be mwreivo-mimicking and applicable. Recently,
3D bio-printing technology has drastically incredsige possibility in reifying conceptual
tissue-engineering designs. With the choices oerra$ being increasingly flexible, 3D

bioprinting can potentially be a stairway to a mooenplex in vitro model. [48], [49]
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