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Abstract

The large number of patients suffering from cardiovascular diséwseled to ehigh
demand for functional arterial replacements. A variety of approaches to vascular graft tissue
engineering have shown promise, including seeding cells onto natural and synthetic scaffolds or
by culturing cell sheets which are subsequently rolled into awitheut exogenous scaffolds.

The goal of this project is to develop and characterizedegiled, fully biological small
diameter tissue engineered tubes by seeding and culturing cells directly on tubular supports. Rat
aortic smooth muscle cells were ded onto collagewoated silicone mandrels and cultured for

14 days. Cells proliferated on the mandrels to form tubes (1.19 mm inner dialr@8ef).1 mm

outer diameteand B0+63 um thick; n=72). Histological analysis of the developed tissue tubes
demongrated circumferential alignment of smooth muscle cells, abundant glycosaminoglycan
production and some amount of collagen production. On inflating at a constant rate, it was
observed that the tissue tubes dilated to an average burst pressure of 256xF6(nwhH). In

order to observe the effects of addition of soluble factors on extracellular matrix synthesis and
mechanical properties, tissue tubes were grownliture medium supplemented wish0 € g/ ml
sodium ascorbate. A signifiat decrease in outeramneter and wall thickness the treated
groups(1.5740.02 mm and 8 9 N1 0 easpectivel{ Bas observed as compared tathe
untreated control group@.66+0.06 mmand 234+32¢ mn=6; p<0.05. A slight increasen
collagen production wasbserved byisual assessment bfstologicalimages ofthe ascorbate
treatedtissuetubes. This suggests that by using a direct cell seeding approach, it is possible to
develop completely biologic small diameter edirived tissue tubes that can withstand handling,

and it may also possible to modulate matrix synthesis by optimizing cell culture conditions.
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Chapter 1: Introduction

The vascular system is the body's network of blood vessels. It includes the arteries, veins
and capillaries that carry blood to and from the heart. Problems of the vascular system can be
serious sinceall tissues requir@mormal flow of blood foradequate supplementation of oxygen
and nutrient$l]. Some common problems in the vascular system indimtkageof blood flow
to the heart or brain due to blootbts, causingischemia or strokeBlockages or disruptions in
the normalblood flow could result in improper functioning of organs like the heart, oain

kidneys.

Current method of treatment for such vasculdockagesinclude thrombolysis or
stenting In severe conditions bypass surgery needs togeformed in orderatreturn adequate
blood flow through the arteries amol minimize the risk of occlusiorin a bypass surgery, the
blocked artery is replaced by a healthgscular graftThe common sources of healthgtive
grafts are lte internal mammary arteryadial atery or the saphenous vdi®, 3]. However, the
lack of availability of these autologous dgrafin certain patients has driveaitention to
alternative vascular graftsmade from synthetic materials such &macron [4, 5] or
PolytetrafluroethyleneRTFE) [6, 7]. While these grafts have shown to be well suitetarge
diameter applicationgheir patency is generally proved unfavorable as swwllber(<6 mm)
arterial substitutef4, 5, 7, 8] Therefore, there istill a need for an alternative vasauigrat,
which hasredireced our attention totissue engineered blood vessel substitufes small

diameter vessels

Previously published reporia vascular tissue engineerifgve focused onfour main

approaches to createascular conduits that recapitulage healthy native blood vessdll)



biodegradablesynthetic polymes as scaffolds such as polyglycolic acid (PGAR-13] (2)
decellularized tissuess scaffold§14-17] (3) cell populatediopolymergels[18-22] and (4)the

cell sheetbased tissuengineeringnethod[23-27].

Tissue engineered blood vessels (TEBVS) developed by seeding célisdegradable
synthetic polymers haveessulted in strong TBVsS, however, postimplantation theJ&BVs
have often leatb aneurysms, intimal hyperplasia inflammationdue to rapid degradation rates
of the polymer and biocompatibility issuf28]. Decellularizel tissues have the advantage of
biocompatibility for beingentirely composed of naturaxtracellular matrix (ECM) [29],
however,it has been shown thatecellularizabn can adversely impact the tissue, resulting in
graft failure [30]. TEBVs synthesizedrom cultured cellsseeded irbiopolymergels is another
notable approach thahas several advantages such t&ssue remodeling capabilityeduced
foreign body reactiomnd ease of manufacturifg0, 22, 23, 31, 32]However despite several
attemptsso far[15, 19, 33, 34] TEBVs madeusing this methodhave not been able to meet the
appropriate mechanical propertigsserve as vascular condufts implantation in the arterial
system.

More recentlya completely biologidEBV wasfabricated entirely from human cells and
the endogenousECM using a sheetbased tissue engineering methf##l]. These vessels
exhibited burst pressures exceeding those of human saphenous vein and remained patent as
arteriovenous fistulas in dialysis patierits over 21 month$27, 35] However,the limitations
associated with thismethod includethe possibility of cellsheet delaminatioat highblood flow
rates[27], difficulty in scaling upthe process at a commercial lewakanipulationinvolved with

rolling cell sheetsaround tubular mandrednd long ailture times of up to 3 montH86, 37}
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Thesedimitations demonstrate theeed to explore alternative solutions to bridge the gap between

tissue engineered vascular conduits and native blood vessels.

Thus, theoverdl goal of this thesis project vgato develop a method thgénerate fully
biologic blood vessel grafts using sample and minimally manipulativeirect cell seeding
approachTo do so, cells were directly seeded and cultured asilagencoatedubular mandrel
asshownconceptuallyin Figure 1 The cells were expected to proliferate, produce endogenous
ECM and form a tubular construct arouti mandrel. Once téssue tube was developed, it was

harvested from the mandrel and analyzed for structural and biomechanical properties.

Rat aortic smooth
muscle cells

Collagen get
coated silicone

®®g§®® mandrel

Q
J( ¢
A YNR
- g ;
D Y Q
b YO .
¥

A B C

ECM Cells

o

Figure 1: Schematic of direct cell seeding appraa&hDirectcell-seeding of rat aortic smooth muscle
cells on a céladhesive tubular collagen gebated silicone mandrel. Bell-derived extracellular matrix
(ECM) production during culture period on the tubular mandrel. C. Formation of a cohesiderait
tissue tube that can be harvested from the tubular mandrel.

The potential advantages of tmsethod includdikelihood of formation of a cohesive
tissue tube thatis morphologically more similar to native vessels, ease of production and
minimal manipulation,as well asthe ability to alter mechanical properties by addition of
biochemical and biomechanical factoidis would facilitate design and assessment of a better
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solution to TEBV productionWith the potentialadvantages o direct cell seedin@pproach,
this project pecificallyaimed at achieving the following goals:
Specific Aim 1: To develop a technique to directly seed and culture cells on tubular
mandrels to generate celbderived small diameter tissue tubes

We hypothesizehat by direcly seeding and culturing cells on tubular mandrels, a cell
derived tissue tube can be generafBal.do this, we seeded rat aortic smooth muscle cells on
collagen gekoatd silicone mandrels by pipettingcell suspension into a circular cell seeding
assembly andhverting it to allow the cedl to contact the coated mandifebllowing seeding, the
cells were cultured on these coated mandrels for 14 days after which the developed tissue
constructs were harvested. During the culture period, the tissughgivas monitoretyy serially
measuring tissue tube thicknessng the length of the tuhesing a nofinvasive digital image

acquisition system.

Specific Aim 2: To characterize the structural and biomechanical properties of the cell
derived tissue tubes

After 14 days of culturethe cellderived tissue tubes were characterized for their
structural propdies, includingwall thickness, uniformity and composition. Parafimbedded
sections of the tissue tubes were stained with H&E, MivRENntachrome anBicrosirius
RedFast Greeno observe structure and ECM producti®he burst pressureof the tissue tubes

were measuretb assessheir mechanical properties.
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Chapter 2: Background

In this project,an alternative approach for generating fully biotogeltderived tissue
tubes has been studied. This section briefly reviews the current approaches to engineer blood

vessels and illustrates the rationale for using the direct cell seeding approach as an alternative.

2.1 Blood vesselsstructure and function

The circulatory systers composed of a network of blood vessels including the arteries,
veins and capillariesSThe main function of blood vessek to transferoxygenated blood from
the heart to all of the body tissues and to return deoxygenated blood with high carbon dioxide
content from the tissues to thengs where it gets rexygenated In order to fulfil its role, the
vascular system must ensure delivefylood to all tissues, be flexible and adaptablerder to
vary theblood flow accordig to the metabolic requirements convert a pulsating blood flow in

the arteries into a steady flow in the capillaries @@turn blood to the heart.

The struture of the blood vessels varies in different parts of the body and is directly related
to the function of each type of vessel. The three functional layers of a blood vessel as shown in

Figure 2 are:

1 Tunica intima: The intima is composed of a confluaoenolayer of endothelial cells. The
function of this layer of cells is to ensure hemocompatibility andthrdmbogenicity of
the vessel.

1 Tunica nedia: The media is composed of smooth muscle cells (SMC) aligned

concentrically along with collagen, elasfibers and proteoglycans. The media presents

13



the majority of the mechanical and the contractile properties to the blood vessels and is
the major component of muscular arteries.

1 Tunica aventitia: The adventitia is mainly composed of collagen and fibrob&ls.
The function of the adventitia is to provide anchorage with connective tissues and to

maintain nutrient supply and vascularization to the internal layers of the vessel.

Cells
b Endothelial Cells

Tunica intima
«=*  Smooth Muscle Cells

. . #* Fibroblasts
Tunica media
Extracellular Matrix

Collagen, ECM proteins and
— ground substance

Tunica
adventitia

Elastin

Figure 2: Structure of a blood vessé&chematic of a blood vessel showing thae¢e functional layers:
Tunica intima, Tunica media, Tunica adventj88].
2.2 Vascular diseases
Approximately 80,000,000 people suffer from some form of cardiovassdidease ithe
United States[1]. When not treath these diseas affect the heart, brain aathercrucialorgans
(e.gthe kidneys. Vascular diseases take many forms including coronary or peripheral vascular

diseases such asheroslerosisor aneurysm.

Atherosclerosis is characterized by the accutmnaof lipids, cells andECM in the

vessel wallknown asplaque[39]. When these plagseggrow large enoughthey significantly

14



reduce theblood flow through an artery or rupture to foremboli that break off andravel to
other pars of the body. Ifthis happensn ablood vessel that feeds peripheral organ like the
limbs, it might lead tadifficulty in walking or gangrene. If a clot occurs in a major organ such as
the heart or brain, it leads teeart attackor stroke. Often, cases of atherosclerosis are not

detected until completocclusion resuhg heart attackr stroke.

2.3 Clinical need fortissueengineeredblood vessels

Current therapies fatreatingsuch vascular diseases focus on medicatiosurgery or
removea plaque andepair the blood vessel wall. However, in many cases, pharmaceutical
treatments are not suffent and more drastic measures like stenfbogexpand the narrowed
arterie$ or bypassing the blocked arteries with healthy native arteries must be taken in order to
return adequate blood flow through the arterias2006, nore than448000 coronary amry
bypass surgeriewere performedl]. In bypass surgeries, he pati entsd own
internal mammary artery, the radial artery saphenous vein issed as the conduj2, 3].
However, in 24% of the casesautologous vessels we not available as a result of traam
vessel disease or previous surgirly Also, many patients do not qualify for thidual surgery
procedure due to age or other health conditions. Thus, there is a need for an alternative source of

reliable vascular gradthat can replace the diseased vessel.

Another major appliation of these vascular grafts is for creating arteriovenous fistulas
for kidney dialysis. The number of patientsdergoing dialysis has reachB@6,256 as of the
end of the calendar year 2006[40]. In some cases ofidney dialysis,it is essentiato widen
the access vein in order to make the neediertion easier and enable the blood to flow faster.

This widening is dondy creating an arteriovenous (AV) fistula between an adjoining vein and

15



artery in the armin some cases,naAV fistula takes as long as 24 montiesdevelop if the
patients havesmall veins[41]. This presents theeed for a vascular access that connects an
artery to a vein using a graft that can be used repeatedly for needle placement and blood access

during hemodialysis.

2.3.1 Current sources of artificial vascular grafts

To date synthetic graftare the only wilely clinically available alternatives to autologous
vessels.These grafts are rda from synthetic materials such R3FE [6, 7] and Dacron[4].
Replacement of large vessels using this method is feasible, but they are unsuitable for
applications in surgeries in whicdmaller vessels are neededs(mm), because the low blood
flow velocities in synthetic grafts of this silmdto thrombosisand occlusionin addition, the
materials that are commonly used lack growth potential andteyng results have revealed
several materiatrelated failures, such as stenosis, thromboembolization, calcium deposition and
infection[4, 5, 8] This issue otompliance mismatch can also often lead to anastonmbitical

hyperplasid42, 43]

Thus, the lack of availability of small diameter vascular grafts for artery bypass
applications coupled with the need to find a bettdution for small diameter graft replacement,
has drawn our attention towards the alternative option of engineering artificial blood vessels in

vitro using various techniques.

2.4 Criteria for a successful vascular replacement
The fideab vascular graft wuld be characterized by itstructural and biological
resemblance to healthy native blood vessels, mechanittlbutes and longerm

postimplantation patency
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In order to mimicthe structure of a native artejye engineered blood vesseaiged to
havea thick, highly developed medial layer composed almost entirely of smooth musclascells
illustrated inFigure2. This layer must possess abundant elastic fibers gathered together in sheets
arranged inconcentric layers. The elastic fibersn in bands around the circumference
throughout the thicknesd the media in order to counteract ttistention ofthe vessel during
systole. Interposed between the elastic layers should be smooth muscle cells and some collagen.
The smooth muscle cells are usually arranged circumferentially at right angles togtlagibof
the vessel.Therefore an ealuation of the structural properties of TEBVSs, including the
measurement of circumferential alignment of smooth muscle cells, assessmé&@Mof
production and measurement of wall thickness and uniformity of the tuditlature are critical
to determine itspotential as ablood vessel substitute. These structural properties can be

evaluated using histological analysis and biochemical assays.

The structural properties of a blood vessel in turn translate into the neadisarength of
the blood vessels which enables th&nwithstand physiologic pressureBhus, along with
structural resemblance, mechanical strengthlso a paramount issue for grafts placed in the
arterial circulation. TEBVs must be capable withstanding these longerm hemodynamic
stresses without material failure. One of the measurenientsstimating the patency of the
developed TEBVs in physiologic environments is burst pressure. A native human artery is able
to withstand about 2,084,225 mmHg pressure before it burgi®5]. Furthermoresimplicity of
handlingto minimizeoperating time andisks as wellasexpensas alsoimportant factors to be

considered in order to estimate the mechanical integrity of the developed TEBVs.

Finally, postimplantation, the graft should be resistant to both thromdogisnfection

and, should be completely incorporateg the body to yield a neovessel resembling a native
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arteryin structure and functiorBiological alternatives such ash e pat icelshelp®m o wn

eliminatingsuchproblems due to immune response.

2.5 Vascular tissue engineering

In order to engineea vascular graft that imitates the complex structure of a native blood
vessel, various approaches have been investigated over the past three decades, including (1) use
of synthetic biodegradable polymexcaffolds (2) decellularized tissuescaffolds (3) cel
populated biopolymer gebnd (4)cell sheetbased tissue engineerirgany of these approaches
have resulted in tubular constructs thatve met the prerequisites for implantatitlwever,
long term patency has not been achiewvethost casesAlthough each method has its benefits,

there are alsproblems associated with eampproach

2.5.1 Synthetic biodegradable polymers

Essentially this approachinvolves seedhg cells on a synthetic degradable scaffold that
supports tissue growth and remodeliBgnthetic biodegradable polymessch agoly glycolic
acid (PGA), poly lactic cglycolic add (PLGA) and ply lactic acid (PLA)are examples of
commonly usedcaffold materialsin this approach ofascular tissue engineeringhe advantage
of using a synthetic polymer that its microstructure, mechanical properties, and degradation
rates can be comtled simply by altering thechemical compositionand manufacturing
conditions. The scaffolds provide initial mechanical function for the graft until the cells
synthesize wficient amounts of ECM. Also, the synthetic polymers are expected to be slowly
reabsorbedh vivo or invitro, leaving only the tissue generategthecells.

In a study byHoerstrup and colleague$d] nonwoven PGA fibers were seeded with
myofibroblasts from ovine carotid arteries. At the end of a 28 day culture period under pulsatile
flow, these grafts shosd burst strengths of onB26 mmHg and sture retention strertly of 64.3
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g, indicating that thegrafts were not strong enough to withstand physiologic pressures. In
another study b®pitz [12] ovine vascular smooth muscle cells (vSMCs) were seedpdlpi-
hydroxybutyrate (RI-HB) scaffolds and conditioned in a bioreactor for 14 d&ys.implanting

these TEBVsn the descending aortas of juvenile sheep, it was observed that after 24 weeks, the
grafts were able to withstand physiologic pressures and remained paweeter, theTEBVs

dilated due tadegradation of thecaffold material before sufficient amount of new tissizes
developed Also, the histology of the implanted grafts reveadddence oélastic fibersin the

ECM layerg[44].

2.5.2 Decellularized tissues

In this approachnative blood vessels includinganine carotid arterfl6], porcine iliac
vesseld17], porcine aorta§45] are decellularized using chemiaa mechanicatreatmentsto
generate aaturallyderived scaffold casisting ofnative ECM molecules. These decdbwized
ECM-basedtissue tubes are thamsed as scaffolds and populateg host cellsin vivo post

implantation or seeded and cultured prior to implantation.

In astudy byChoand colleaguesdecellularized canine carotid artergeeded wittbone
marrow derived cellsBMCs) showedsignificant amounts of collagen and elastin synthesis and
remained patent for up to 8 weeki6]. However, after 8 weeks, occlusion duetttoombus
formation was notedAlso, it is unclear if collagen and elastin production was-agetlived or
alreadypresent in the decellularized tissue.another study bychaneret al., canine jugular
veins were decellularized and implanted in vivo igaamine vein graft moddh6]. The study

reveakd burstpressures 02480G:470 mmHg and sutue-holding strength 0f185+30g. After 2

weeksof implantation, theemained patent without any observation of graft dilation, rupture or

aneurysms. However, with@bedata it is not possible to predict tlimg-term durability of these
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grafts. Another widely used decellularized tissue for developing vascular graftalisrdéestine
submucosa (SISBSIS isa biomaterial composed primarily acellular collagenproteoglycans,
glycosaminoglycans, glycoproteins and fibroned¢g8]. It has been shown to promaissue
remodeling [47]. However, thepatency results from the application of SIS in generating
microvessels[14] and other larger diameter vess¢#8] are inconsistenin terms of the

thrombogenic response.

Therefore, decellularized matrices may be more appropassraffolds for vascular
grafts than synthetic polymeric matrices in termsbidcompatibility, mechanical strength and
compliance, due to the presence of abundant amourEChf proteins in the decellularized
tissues. Howevethe issues of availability of healthy native vessels for decellulaizahe risk
of the chemical treatmenggiversely impactingthe tissue which resulia chronic inflammatory
responsdg30] and thelong-term durability of these grafts wivo still remain unsettled in this

approach.

2.5.3 Cell populated biopolymer gels as scaffolds

Cell-populatedbiopolymer gels are generated fayspending cells in a solubilized protein
matrix such as collagen or fibrwhich can be molded into any desired shape while the scaffold
gels arebeing made. Cells are immobilized in the gel and they rely on receptors for the proteins
used in such hydragds to bindand remodelSince 1986, whelVeinberg and Bellfirst reported
their attempto developa completely biological vascular graft made from fibroblasts@M€s
in collagen, severaimilar attempts have been mattedevelop TEBVausing thisbiopolymer

gel concep{22].
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In 1998, an all human tissue engineered bloodssel was developed using the
biopolymer gel conceptvherein the medlalayer was formed bycontraction of a tubular
collagen gel withvascular smooth muscle celisounda mandrel Thenan adventitialike tissue
was added around the metyaembeddindibroblasts into a collagen gel afihich endothelial
cells were seededtraluminaly [23]. This vascular modedxhibitedstructural alignment of the
smooth muscle cells in the medial laylsowever, burst pissures of <12@mHg were obtained.
Several otherstudiesattempted talevelop TEBV<y varying collagen gel concentratipt®] or
alignment of collagen fibril§50] however, themechanical strengtiwvas still compromisedn
these TEBVsIn 2000, Nerem et ainvestigated the effect of dynamic mechanical conditioning
to improve mechanical properties of cell populated collagen ggticGtrainwas applied to the
tubular constructs at a frequency of 1 Hz for 4 and 8 dagsults indicatedncreased gel
contraction, circumferential orientation of SMCs and increased material modulus and ultimate
stress.However, parameters of the dynamic culture are still being optimized before in vivo
implantation.

Later, in an attempt to address the shortcomings of collagen based TER¥slet al.

[19] investigated the use @brin gel as aralternative to collagen. Here, a suspension of neonatal
rat aortic SMCs in fibrinogen wamixed withthrombin solutionand injectednto a tubular mold
andthe constructs were cultured with optimizeohcentrations of transforming growth factor
(TGFR1) and insulin in the culture mediurmhe entrapped cells compadtand aligred the
fibrin gel scaffold andhe synthesized collagen fibrils a circumferentiatirectionleading to a
six-fold increase in collagen producti¢®il].

Thus fromliterature it is evident that the advantages of using biological alternatives are

(1) ease of manufacturing biopolymer gels, (2yh degree of caumferentialfibril and cell
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alignment, (3 direct cellularization of the constructg}) tissue remodeling and )(®ase of
manipulating the mechanical strength of the constructs by biochemical or biomechanical
treatments. Hence, although the biopolymdrlgesed constructs are still limited by their poor
mechanical properties and have not bseitablefor arterial implantation, the efforts made at

improving thér mechanical propertiesre accelerating.

2.5.4 Sheebased tissuesngineering
In1998,L 6 Heur eux et al . present el@BVgroduciahi cal | vy
This method was basesh the use of cultured humaells, without synthetic or exogenous
scaffold material. In this studysmooth muscle cellsSMC) and fibroblasts were cultureid
culture medium supplemented with 50ug/ml eddium ascorbate for 30 days to produce cell
sheets. These sheeten& then wrapped around a cylindrisapporto produce daubecomposed
of concentric sheet layers. Aftar 1 week maturation period in aokeactor, thecell layers
adhered firmly to one anothdrater, a sheet of fibroblasts was rolled around the vascular media
to providean adventitia which was matured for 7 weeks. The inner support mandrel was then
removed and luminal endothelial cell seeding was done whichpesdisrmed and constructs

were cultured for another wegk4].

This innovative approadmok advantage of the presence of ascorbic acid in the culture
medium to induce abundastynthesis ofECM by cells. This TEBV displayed histological
organization,ECM compositon, and physiologically relevant mechanical propertidhese
constructs demorstted burst pressures 890+892nmHg which was significantly highénan
that of human saphenous veins (1599+87mMHQ) [35]. Short term implantation in a canine
model demonstrated a 50% patency rate after 1 week implant&bstimplantation thgrafts

did not show any signof rupture, degradation, dilation or thrombus formafi4. Theresults
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also showed that this grafan be sutured by using conventional surgical techniquethand

does not tear or dilate when exposed to clinical grafiomglitions for a wde[24].

Moving forward,human TEBVs (1.5mm ID) werdeveloped using the same technique
andimplanted in nude ratsnd overalpatency was 85%ip to 225 day$§25]. A stable diameter
and no mechanical failures were observed in the Dopiersound evaluatiorAlso, following
implantation histological assessmentevealed that theTEBVs were nonthrombogenicand

mechanically stable f@ months

More recently, these fully biologic TEBVs were implantedld patients undergoing
kidney dialysis[26]. The grafts wereémplanted asAV shunts andbserved for 3 mohs, after
which they were used ashemodialysis acces3hese results demonstrdtthat a completely
bi ol ogi cal and clinically relevant TEBV can b
The structural and mechanical properties of the TEBVs were andbgz@ad 21 months as an
ATV shunt without intervention. Results demoastd that this approach consistently produced
vessels with mechanical properti@surst pressure3490+892 mmHg; compliance:8.8+4.2
%/100mmHg; suture retention strength:1524H@f) which is similar or superior to those of

native vein[35].

2.5.5Limitations of the sheet based method

Al t hough the vascul ar grafts by LOHeur e ux
compared to any method of developing TEBVs so itais too early to conclude that the
excellent results seen the patients who advaed to lemodialysis access will be replicated

across a broader range of patig@@.
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The other limitations to this approachcinde the chances of delamination of the cell
sheets in high blood flow regions. In the recent study by McAllister ¢24. the histological
sample for one of the patients showed an atesehthe inner lining of endotheliaells. It was
postulated that, the high postoperative flow had delaminated the innermosteshatng in
unwinding ofthe rolled sheetAnother issue associated with this methosiciglingup this model
to the sizeneeded for vascular reconstructions (=215 cm for coronarpypass and 15 to more
than 30 cm for peripheral reconstructiof3}]. This scalingup eitherinvolvesoverlappingcell
sheets ousinglarger culturecontainers to produce tubes from agse sheeaind consecutivelg
relatively large number of cells from the initial biopsy. This bringghe criticalfactor of the
time needed for TEBV production. With a culture period ofeast 3 months to produce one

TEBV, thistype of engineered adtmous tissue is n@uitablefor emergency surgeries.

2.6 Summary

When all these attempts are reviewed in detail, ¢taar thatcell-derived materialsnay
offer several advantagesver synthetic materialsincluding mechanical, structural and
biochemical properties This is due to the provision of appropriate signals by the eell
synthesizednatrix and the Qlimensionaktructure which enablestissue remodeling anBCM
synthesig47]. However theideal blood vessel substitute has not been realizedlfies, the
aim of this project iso addresshe need todevelop an alternative approach for generating fully

biologic blood vessels which require less time and manipulation for fabrication.

We pioposeto achieve thisusing adirect cell seeding approach whereigl-cerived
tissue tubs can be manufactured by directly seeding and culturing cellstabudar mandrel
similar to the method used by Neumann et al. for fabrication of perfused microJé23elye

hypothesize that by using this methoadiform cell attachment andohesive tissue tube
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formationby the cellscanbe achieved. This will avoithe need for cell sheets and eliminate the
likelihood of tissue sheet delaminatiorAlso, by allowing the cells to form a tissue tube, it is
expected that a more morphologically similar vascular graft can be develyp#aermore, it
may bepossible to translate this method for creating largéormger conduits by simply varying

the mandrel size
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Chapter 3: Materials and Methods

This chapter describes the technique used to develop a completeteroadd tissue tube
using the direct cell seeding approantroducedin Chapter 1The rationaleébehind using ta
direct cell seeding approachto generate cetlerived tissue tubes usingsianple andminimally
manipulative process. For this, we considered seeding and culturing cells directly on a tubular
mandrel instead of rolling flat sheets @lls. These cells were expected to attach uniformly on

the tubular mandreproliferateand produc&CM to form a tubular tissue construct.

Briefly, rat aortic smooth muscle celvere seeded on a collagen-geated tubular silicone
mandrel. After 14 dag the developed tissue tube was harvested from the mandretsand
structural and biomechanical propertigsre characterizedach of theproceduresnvolved in

manufacturing these cellerived tissue tubemre discussed in detail in the following secion

3.1 Fabrication of collagen gelcoated silicone mandrels

A custommold was used to coat the silicone mandrels with collagen gel. The mold was
made byusing 1.58nm I.D. Teflon tubing (PTFE tubing, Item# 066@8, Cole Parmer), a 1.19
mm O.D. silicone tube (Silastic Laboratory tubing, Cat#-608, Dow Corning) and a pair of
nylon connectors (Cat# LGR093C, Small Parts Inc.) as shown kigure 3A Briefly, these
molds were assembled by cutting approximately 3 cm long pieces of the Teflon tubing into two
halves through the center using a scalpel blade. The two halves were then coupled toggther usin
two nylon connectors. Then,5acm long piece of silicone tubingas inserted into the Teflon

tubing through the connectors to form the final coating mold showigure 3B
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Teflon tubing
(I.D. 1.58mm)

Nylon connectors

\\

-

Siliconé mandrel
(0.D. 1.19mm)

Figure 3: Collagen gel coating mold\: Arrows indicate the arts of a collagen gel coating mold
includingthe €flon tubing forthe outer shell, twatylon connectorso hold the entire assembdydthe
silicone tubingmandrelfor the colagen gel coatindd: Fully assembled coating mald

A 1mg/ml collagen gel solution was prepared by mixing the 5X DMEM solution with 1
N sodium hydroxide (Cat# 506576, Agilent Technologies), O acetic acid (gcial acetic
acid, Cat# 42325000, Acros) and rat tail collagen gel type | (Cat# 354236, BD Biosciences),
oniceecA 5X Dul beccobds Modified Eagles Medium (C
DMEM powder, (Conc. 13.49 g/L, Cat# B0D3-PB, CellGro, MediatechHnc) with sodium
bicarbonate (Conc. 3.7 g/L, Cat#5361, Sigma Aldrich) in distilled water. The solution was
sterilefiltered using a 0.2 um syringe filter (Acrodisc 13 mm syringe filter, Cat# 2R 2Pall

Corporation) before use.
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Figure 4: Collagen getoating proceduteCollagen gel solution iaded irto a 1 ml syringe. The gel
solution is injected into the coating mold using a 30 G hypodermic needle through the space between the
nylon connector and the silicermandrel.

Coating was achieved by injecting the prepared collagen gel solution into the custom
molds using a 30 gauge hypodermic syringe needle (PrecisionGlide needles, Cat# 305106, BD)
as shown irFFigure 4 The collagen gel solution was allowedpymerize for 1 hour at 37°C in
an incubator. After 1 hour of patyerization, the gelled collageroated silicone mandrels were
removed from the molds and dialyzed in sterile distilled water overnightiovesalts from the
gel. Following dialysis, thecoated silicone mandrels were -diied overnight to form a
dehydrated film of collagen around the silicone mandider dehydrating the collagen gel
coating on the silicone mandrel, its presence was confirmadsubset of sampldy/ staining
the coatd mandrels with Trypan blue soluti¢d.4% w/w, Cat# 25900-Cl, CellGro, Mediatech
Inc.) for 10 mins Trypan blue is a vital stain and it binds to connective tissue elements like

collagen, reticulin and elastic fibgis3].

3.2 Fabrication of cell seeding assembly
Polydimethylsiloxane (PDMS), a silicon based organic polymer was used to fabricate a
silicone support ring for the cell seeding assemPBMS was prepared by mixing 1:10 curing
agent to elastomer base (184 Sylgard silicone ealstomekibaB®w Corning) This solution
was then transferred into stainless steel washers (#12 Finishing washers, Item# 3273, Home

Depot) using a liquid dropper as seen in Figure 5A. Then, a 1.6 mm O.D. Teflon tube used as a
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placeholder (Cat# SLTI6, Small Parts) was positionatbng the diameter of the washer to

create grooves for the collagenated silicone mandrels to (Figure 5B.

Teflon
placeholder

Stainless steel
washer

Figure 5: Casting silicone support ring&: PDMS solution being poured into stainless steel washers
(arrows)using a liquid droppeB: A Teflon tube being positioned along the diameter of the stainless
steel washer as a placehol¢mrows)to create grooves on the silicone support ring.

After 1 hourof polymerization at 60°C, the molded silicone support rings and the Teflon
placeholders were removed from the stainless steel washers as BegmartA-B. Individual
support rings were then autoclaved for 1 hour at 121°C and 19 psi pressure. AftEvango
each of the support rings were glued into wells of a standardlléplate (Multiwell, 6 well
tissue culture dish, Cat# 3026, BD) using a 3 ml syringe filled with sterile silicone glue

(Silastic Silicone Medical Adhesive Type A, DdCorning), aseen in Figure 7.
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Stainless steel Final silicone
washer support ring

placeholder
Figure 6: Molded silicone support ringh: A molded silicone support ring removed from the stainless
steel washer using a pair of forceBsThearrows indicate thénal silicone support ring removed from
the steel wagdr with grooves and thefton placeholdeand stainless steel washer iridivally.
To prepare for seeding, the collagsated silicone mandrels were glued into the grooves

created by the Teflon placeholder on the silicone support rings using silicone glue as seen in

Figure 8A. The glue was allowed to air dry for 24 hours.

Syringe filled
with glue

Figure 7: Fabrication of celseeding assembliea: Silicone adhesive being applied onto the bottom
edge of the silicone support ring using a 1 ml syringe. B: A silicone support ringigloedwell of a
standard éwell plate.

This is important since the silicone adhesive releases acetic acid vapors in the initial 24 hours

of application, which is toxic to cells (Product data sheet, Silastic Silicone Medical Adhesive
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Type A, Dow Corning) Preparation of seeding assemblies was performed in the biosafety

cabinet.

Figure 8: Final cellseeding assemhl: A collagen gelcoated silicone mandrel being glued into the

grooves of the silicone support ring usingral syringe filled with medical silicone adhesive. Binal

cell seeding assembly withe silicone support ring and thellagen gel coated mandrel ready for cell

seeding.

3.3 Cell culture

Adult rat aortic smooth muscle cells (a genergiit of Dr. Thomas Neumanij2] were

plated at adensityof 6,500 cellstn? in a 150 mmPetri dish (Cellstar tissue culture dishes,
Cat# 639160, GreineBiosciences) and cultured in growth mediuconsisting of 1X
Dul beccobés Modi fied Eagl €170\ GdllGron Mddiatech IBAME M, C
supplemented with 10% fetal bovine serum (FBS, Cat#205 PAA Laboratories), 1% nen
essential amino acids (NEAA, Cat#-235Cl, CellGro, Mediatech Iny,. 1% Glutamax (Cat#
25-015ClI, CellGro, Mediatech Inc.)1% sodium pyruvate (Cat# 2800-Cl, CellGro,
Mediatech Inc.) and 1% penicillin/streptomycin (Cat#@®2-Cl, CellGro, Mediatech Inc.)

until they reached 80% confluency. The cells were then trygsini@ounted and resuspended

at a concentration of 1 million ceftsl in growth medium.

31



3.4 Cell seeding and culture on collageitoated silicone mandrels

After preparing thecell seeding assemblieg-igure 8B) and pior to seeding, the
collagencoatedsilicone mandrels were rehydrated with 400 of st andar d gr owt
30 minutesFor cell seeding, 286 | of the prepared cwth)lwassuspen
pipetted into the center of each silicone support ring as sekigune 9 The cultue dishes
were then inverted and incubated at 37°C, 5% f0©30 minutesThe cell suspension forms a
droplet and the cells aggregate at the bottom of this droplieh allowsthem tocontact the
surface of the coated silicone mandrel. ABBrminuteof incubation in this inverted position,
the culture dish was turned upright and the samples were rinsed twice with 1X PBS to remove
the unattached cells.

After rinsing with PBS, 6ml of fresh growth media was added to each well and the
samples were alwed to culture at 37°C, 5% GOFollowing seeding, cell attachment on
collagencoated silicone mandrels was verified by taking phase contrast images using a Leica
DM IL inverted microscope. The images of the s&leded mandrels were compared with the
unseded silicone mandrels immediately after 30 minutes of seeding (See Results Section 4.2).
This observationestdthe necessity of collagen gel coating in tissue tube formation by direct

cell seeding method.
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Collagen coated silicone
andrel Cells (1x10ml)
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glue

) B Cell suspension
A Cell seeding assembly
30 mins

Fresh growth n
/ medium Hanging dro&

E Culture D Aspirate cell suspension C Cell aggregation &
attachment

Figure 9: Schematic of the hanging dropll seedingnethod A: Top viewphotograph and side view
schematiof the final cell seeding assembly. B: RASMC cell suspension pikiettethe center of the
seeding assembly. C: Seeding assembly flipped upside down fseedihg using the hanging drop
technique. D: Cell suspension aspirated and samples rinsed in 1X PBS twice-dee@etl samples

cultured in media for 14 days.

3.5 Verificatio n of cell attachment and growthwith Hoechst
Cell attachment was monitoredver time by staining the cedeeded samples with

Hoechst dye at days 1, 5, 8, 11 and 14.
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Figure 10: Hoechst stainingn cellseeded sample&: Media was aspirated from the ceeded

samples. B: Samples were rinsed with 1X PBS, twice. Figure 10C: Samples were fixed in 10% neutral
buffered formalin for 30 mins. DMoechsidye was added to the fixed samples for 5 nfisStained

samples were riresl with 1X PBS, twice. F: Samples were observed under a fluorescent micrasdope

the cell attachment was verified by detecting the presence of blue nuclei.

At each time pointmedia was aspirated and the samples warghed with 1X PBS twice fd¥
minutes. The samples were fixed in 10% neukradfered formalin for 30 miutes. After fixation,

the samples were stainddr 10 mirutes with Hoechstdye (Hoechst 33342, Cat# H350,
Invitrogen, Molecular Probeslliluted 1300 in distilled waterto a final concentration of
1.5pg/ml. Following staining, the samples were once again rinsed in 1X PBS twice aed wer

observed under a Leica DM IL inverted fluoresamitroscopelmages werebtained with aX

objective
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3.6 Observation of vessel growth over time
Growth of cells on the silicone mandrels wasonitored by measurinthe increaseni
outer diameter(O.D) of the celiseeded silicone mandrels over time. This enabled us to

calculate the wall thickness as a function of time as:

D'ABIGIMG. 0O 0EEVE U.0.° "HGEE'QOAN)

@ CEEOAR A = 5

The outer diameter of the caléeded silicone mandrels was measured using the machine
vision system as shown in Figure 11. This system consists of a CCD camera (DVT Series 600,

Cogrex) controlled by image acquisition software (Framework 2.0, Cognex).

CCD camera

Sample

Figure 11: Machine vision systenf\: Schematic of the machine vision system. B: Piiatphof the
actual machine vision system. Arrows indicate the CCD ca(®ra& Series 600)
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As the images were being acquired, two edge detection sensors were used to locate the
outer edges of the silicone mandrel based on pixel intensity differences at an edge. Once the
outer edges were located, another image sensor was used to measurentte loistgeen the
two edge detection sensors. The distance between the edge detection sensors was in pixels,
thus, a static scaling factor was used to convert the pixel value to millimeters. Briefly, this was
done byusingan uncoated unseeded silicone mah@t.19mm outer diameter), glued onto a

silicone support ring in a standareh@ll plate asa reference standaFdgure 12

A s O B
=
S
Uncoated Image
silicone sensors
mandrel

Figure 12: Calibration of the DVT systen\: A schematic of thelpcement of the unseeded uncoated
silicone mandrel under theMI camera for calibratiorB: Screen snapshot ofianseededilicone
mandrel under the camera. Arrows indicate placement of image seamdetsct the edges of the silicone

mandrel.
Once thepixel conversion factor was enterezkllseeded samples were removed from
the culture incubator and the media was aspirated from each well. The outer diameter of the
cell-tube samples was measuredeat locations along the length of the sample using the image
sensors as seen fiigure 13 The outer diameter of each sample was measuredcét time
point. Prior to taking measurements on the-sekkded samples, the machine vision system was

calibratedeach timeo the uncoated, unseeded silicone mandrel as mentioned above.
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Figure 13: Lenghwise outer diameter measuremehiscreen snapshot to indicate thh@cement of
image sensors at 10 different locations along the levfgtie cellseeded silicone mandrel.
3.7 Cell-derived tissue tube harvest

After 14 days in culturegngineered tissutubes were harvestddesh or after fixing in
10% neutral buffered formalin (30 ngn from the mandrel support for purposes of
biomechaical testing and histological analysiespectively. & shown inFigure 14, the
silicone mandrelsvere first removed from the silicone support ruing a scalpel Then, both
the ends of the silicone mandrel were stretched in opposite directionsaysangof forceps to
detach thdissue tube from the mandr@igure 18). The tissue tube was then effortlessly slid

off the silicone mandrel for further characterizat{grgure 4C).
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Figure 14: Cell-derived tissue tube harvest A tissue tubea@mpleon the silicone mandrékeing cut
from the silicone support ring using a scalpel blade. B: Silicone mandrel being pulled in opposite
directionsusing a pair of forcep® release the cetlerived issue tube. C: Sliding off the calkrived
tissue tube from the silicone mandrel.
3.8 Structural characterization of vascular tissue tubes

For structuralcharacterizationthe vascular tissue tubes were fixed in 10% neutral
buffered formalin for 30 minutesfter 14 days of culturélhe fixed samples were removed from
the tubular mandrels akescribedn Section 3.6, duinto two halves at the centrprocessed and
embeddedvertically in paraffin. After embeddinghe tissue tubes were sectionasing a

microtone (5 um) and mounted on glass slid@at #4831%1703, VWR) The slides were then

baked ab0°Cfor 30 minutes

3.8.1 Histological analysis
Tissue sections wesgained withrH&E, Mo v at 6 s P aml Pierasihus Red/East
Greento observe tissue morphology aB@M synthesis. Brieflyslides were deparaffinized
xylene and graded series of ethandler Movats Pentachromeslides weresubmergedn
Bo ui nulichat 8090°Cin awater bath for 10 minute§lides were cooled for 10 minutes
in room temperature water and rinsed under running water for another 10 minutes. After
rinsing, the slides were immersed in 1% Alcian Blue solution for 25 minutes and rinsed in

running water for 5 minutes. Following AlciaBlue staining, the slides were dggb in
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preheatedilkaline alcohol at 60°C for 10 minutes. Following another rinsing step, the slides
were 1 mmersed in Weigertodos solution for 15
ferric chloride for 3 minutes. After rinsing in running watsiides wereammerse in sodium
thiosulfatefor 1 minute, thenmmersed in crocein scarlet/acid fuchsin for 1.5 minutes and
rinsed in water fob minutes. $des werethensubmerged in 5% phosphotungsitic acid for 5
minutes andransferreddirectly into 1% acet acid for another 5 minutes. Following another
rinsing step, the slides were dehydrated for 1 minute each in 95% EtOH, 100% EtOH and
100% EtOH followed by staining in alcoholic saffron for 60 minutes. After rinsing in two
changes of absolute EtOH formlinute each, the slides were cleared in xylene and mounted
using aqueous mounting mediy@ytoseal, Cat#81678, RichaAdlan Scientific).

In order to gauge collagen production, the tissue sectizere also stained with
Picrosirius Reffast GreenBriefly, the slides were deparaffinized and rehydrated in xylene
and graded series of ethanols. The slides wea stained in a Fasgreen/Picrosirius Red
solutionfor 30 mins. After staining, the slides were dehydrated gnaded series of ethanol
cleared inxylene and mounted using aqueous mounting mediQytoseal, Cat#81678,

RichardAllan Scientific)

3.8.2 Wall thickness measurements
In order to measure the wall thickness of the-delived tissue tube&0 images of H&E
stained cross sections were takarlO different locations circumferentillEach image was
taken at 20X magnification using theica DM LB2 light microscopeThese images were then
transferred into Image J for analydissing a set scale, line measurements were taken for wall

thicknesson each of the ten images per sam{fgure 15. Engineered tissue tubes were
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compared to a native rat carotid artery with respect to wall thickness measurements and inner

diameter.

Figure 15: Wall thickness measuremenk&E stained image of a cross section of a-dellived tissue
tube after 14 days in culture at 5X magnification. Lines indicate the approximate locations where the wall
thickness measurements were taken using ImageJ.
3.9 Biomechanical characterization of vascular tissue tubes

Engineered tissue tubes were tested for burst pressure with a ausienvessel test
device shown irFigure 16 The device consists of three main modules, the graft mounting

assembly, a programmab$gringe pump and a pressure transducer assembly connected to a

panel meter for digital readout.
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Figure 16: Vessel test device and graft mounting assenfalyhotagraphof the vessel test device.
Arrows indicate the parts of the system: Needle assembly, programmable syringe pump, transducer
assembly, panel meter, aluminum base and gBiaBthematic of the needle assembly on which the cell
derived tissue tubes are mountedlfarst pressureestirg.

Briefly, samples cultured for 14 days were harvested from the silicone mandrels and
rinsed with 1X PBS. The samples were then mounted on two 22 gauge blunt needles (Cat# NE
21PL-C, Snall Parts) on the custom butstst device. The samples were secured on the needles

with a 40 silk suture (Cat#-853, Lukens Medical Corporation) using simple surgical knots as

seen irFigure 17

Surgical
suture

Figure 17: Sample mounted on vessel test devidell-derived tissue tube mounted on the 22G blunt
needle assembly of the vessel test device using simple surgical suture knots (arrows)
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The apparatus was then connected to a programmable syringe pumpQEER, AITECS) that
infused 1X PBS into the tissue constructs at constant rate of 0.5 ml/min until failure. A pressure
transducer (PX24.00, Omega) connected to a digital panel meter (P3N, Omega) was

used to determine the peak pressure.

3.10 Statistical analysis
3.10.1 Evaluation of tissue growth over time

In order to determine if there was a significant increase in ttebeeouter diameteas a
functionof timein a particular batghaone wg Analysis of VarianceANOVA) was performed
with culture periodas the factor of interesising SigmaPlot 11.0 swfare. A post hoc analysis
was done usinghe HolmSidak method of comparison to determine exactly whiicie point

was statistically differerfrom the others (p<0.05)

3.10.2 Evaluation of lengthwise unformity of cell -derived tissue tubes

In order to evaluateghe lengthwise uniformity of the developed tissue tubeS.D.
measurerantsweretaken at 10 locations along the lengsing the machine vision systd®@ee
Section 3.6) These measurements were grouped as per the measurement position (1 through 10)
for all the sampledor the batch of interest A one way ANOVA was performed with
measurement position as the factBairwise comparisons were made using the H®idak

methal to isolate the measurement position significantly different from the rest.

Using the O.D. measurements uniformity index wasalso calculatedto quantify the
lengthwise uniformity of the thickness of thedeveloped tissue tubes in each batch. The
uniformity index was calculatedsing he percent cefficient of variance at each measurement

position as:
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3.103 Evaluation of batch to batch variation from O.D. measurements

In order to estimate the efficiency of the direct cell seeding technique, in terms of batch
to batch reproducibility, we performed KruskalWallis one way ANOVA on rank®n the
average valuesf the ten outer diameter measurements of each sample in all the bBtu$tes.
hoc analysis was done usifgé D u n n 0 t® isalate thk graup or groups that differ from
the othes using pairwise multiple comparison$o quantify the maximum differencein the
mean O.D. of all the samples across all the batchgs,cant difference between the batches was
determined using the average minimum (min O.D.) and maximum (max O.D.) outer diameter
measurement as:

(max0.0. min0.0.)

% OTIXM ' 0= ——
minv.0O

In order to evaluate the batch to batch reproducibility in termengfthwiseuniformity
of the developed tissue tubes along the length of the silicone mandrels, the 14 days O.D.
measurerants of the tissue tubes were taken at 10 locations alorigntyh using the machine
vision system. These measurements were grouped as per the measurement position (1 through
10) for all the samples across all the batchetsvo way ANOVA was performed with batch and
measurement position as the two factors for@bB. measurements grouped by measurement
position. Again, to quantify the uniformity of the developed tissue tubes across all the batches,

uniformity index was calculated as illustrated in Section 3.10.2.
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3.10.4 Evaluation of batch to batch variation from histological wall thickness
measuremens
In order to estimate the consistency in wall thickness in terms of batch to batch
reproducibility, we performed KruskalWallis one way ANOVA on ranken all the samples in
al |l the batches. Post hoc analysis was done
groups that differ from the others using pairwise multiple comparisidms.difference in the
mean histological wall thicknesses all the smples across all the batcheas calculated aa
percent difference between the batches was determiimegl the average minimum (min W.T.)
and maximum (max W.Twall thicknesgneasurement as:

(max®.”Y minw."Y)
minw."Y

% OTXN ‘G (N=

3.10.5Evaluation of circumferential uniformity using histological wall thickness
measuremets

In order to evaluate the feasibility of uniform tissue growth around the circumference of
the silicone mandrelwall thickness measurements were taken at 10 locaticmsg ahe
circumference of a histological section of all the paradfinbedded tissue samples at the end of
the 14 day culture period as described in Section 3Th&.10 wall thickness measurements for
each of the samples were arranged in an ascending @fteminimum and the maximum wall
thickness measurements were then grouped as thinnest and thickest measuespentiwely.
A paired ttest was performed on this data to determine if there was a significant difference

between the thickest and thinnest measurements.
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Chapter 4: Results

This section describes the results difect cell-seeding on collagen coatedicone
mandrels, quantification of amount of tissue growth as a function of time, structural properties of

the developed tissue tubes and the mechanical integrity of the constructs.

4.1 Seeding mandrel

In our first attempt to generate fully biologi€BVs, adult rat aortic smooth muscle cells
were seeded onto plain silicone tubing. The cell seeded tubes were monitored under a Leica DM
IL microscope for a period of 7 days. It was observed that there was no cell attachment on the
plain silicone tube aseen inFigure 18 This indicated that silicone alone did not serve as a good
substrate for seeding cells to genetasue tubesnd that the surface properties of the silicone

mandrel need to be modified facilitate cell attachment.

Figure 18: Cell attachment on plain silicone mandréisimage of a celseeded plain silicone mandrel
after 30 mins of cell seeding. B: Image of an unseeded silicone mandrel
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4.2 Fabrication of collagen gelcoated silicone mandrels

Following one hour of incubation, the collagen solution polymerized to form collagen
gek in the shapeof the PTFE outer shell around the silicone mandrel. The coated silicone
mandrels wez then gentlyemoved from thenolds with the gelled coating intact on the mandrel
surface Figure 19A shows the collagen gel coating on the mandrel resting on a PDMS washer
immediately after removing the coating mold and dialyzing in distilled water. Following dialysi
the coated mandrels (Figure 19B) were glued on silicone support rings @hadiovernight to

form seeding assembliésSigure 19Q.

|
-)

@]

Dialyze in di.H,O Dehydrate Dehydrated
collagen coating on

silicone tube

Figure 19: Collagen gel coating on silicone mandvel Collagenrgel coating on the silicone mandrel

after 1 hr of polymerization. B: Collagen coated silicarendrel after 24 hrs of dialysis. @ehydrated
collagencoated silicone mandrel glued into the cell seeding assembly.

On staining the dehydrated layer of collagen coating with Trypan blua titee filmis seen in
the coated region of the silicone mandrel (Figure 2090, the uncoated regions of the silicone

mandrel are not stained blue, indicating that the Trypandyaebinds only to collagen and not

plain silicone.
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Figure 20: Trypan blue staining

4.3 Cell seeding on coated silicone mandrels

In order to confirm the feasibility of direct cell seeding cwllagen coatedubular
mandrels, following the 30 minute hanging drppase contrast images of these samples were
taken to observe cell attachment. As seghénimage on the right iRigure 21B cell attachnent
is clearly seen on the cedeededollagencoatedsilicone mandrel while there are no cells on the

unseeded silicone mandrel at DagFigure 21A)

el

Figure 21: Cell attachment on collagen geated silicone mandelA: Image of @ unseeded silicone
mandrel. B: Imgae of a collagen gmlated celseeded silicone mandrel after 30 mins of seeding.

a7



4.3.1 Verification of cell attachment and growth with Hoechst

Hoechstis a cell permeable nucleic acid stain tHabresces hle when excited with
xenon mercuryarc lamp or with a UV laserdoechstis most widely used to confirm cell
seeding by visualizing cell nuclekigure 22shows the phase contrastdaHoechsstained
images of a sample after 1 daf/cell seedingcomparedtio an unseeded mandrel at the same
timepoint The cells appear to attadnd cover the silicone mandrel after 1 day, and then
between days 5 and 14, cedlppear tostart forming multiple layers on top of each othEne
amount of cell growth on the siline mandrels was quantifiediog the machine vision system

as a function ofime.

Day 1

Unseeded collage
coated control at
Day 14

Figure 22: Confirmation of cell attachmenA-B. Phase antioechsimages of a celseeded sample at
day 1 of culture period.-©: Phase ant#loechsimages of an unseeded silicone mandrel at day 1 of
culture periodScale bar= 0.2 mm

4.4 Observation of vessel growth over time

Growth of cells on the silicone mandrels wasonitored bymeasuring the increase in

O.D. of the celtseeded silicone mandrels over time using the machine vision sybteages of
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cdl seeded silicone mandrels &y andday 14 of the culture period are shownFigure 23.

These images show a clear increase in the outer diameter of the silicone mandrel.

A‘-‘ d

Figure 23 Cell-seeded sample under the machine vision sy#e@ell seeded sample at DayBt Cell
seeded sample day 14 Arrows indicateouter edges of the tissue tube growing on the silicone mandrels

4.4.1 Evaluation of tissue growth over time

Figure 24showsa graph of tissue growth over time for one of the representative batches.
For this batchQD.D. measurements were taken at 2, 5, 9, 11 and 14 days of culture. An average
O.D. of 1.74:0.1 mm (meantSEM; n=3Wwas obtained at 14 dayBased on this data, the
average wall thickness of the tissue tubes irs thatch was calculated as 2%6 € m
(mean+SEM;n=3). On performing one way ANOVAand post hoc analysis using the el
Sidak methon the average O.heasurementsf all the samples at each tirpeint, it was
observed that thereas a significant increase in O.D. from d&aythrough 14 and from day 9
through 14. There was no significant increase between days 2 and 5 and also between days 11

and 14.
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Figure 24: Vessel growth over tim A graph of outer diameter measurements from one representative
batch over timeDotted blue line indicates outer diameter of the unseeded silicone mandrel. O.D.
measurements taken at 2, 5, 9, 11 and 14 dkys. p<0.05 from R@%@.05 from Day 5A p<0.05
from Day 9. n=3
4.4.2 Evaluation of lengthwise uniformity

In order toestimate lengthwise uniformityf all the samples ithis representative batch
average O.D. measuremsrdt eachmeasurement position for all the samplesrevplotted
(Figure 25). On performing one wakNOVA and a HolmSidak post hoc analysis with
measurement position as the factor of interest, it was observed that there was no significant

difference between any of the O.D. measurements at each measuremntent.|dtés indicated

that all the samples in a particular batch were uniform along the length.
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Figure 25: Lengthwise uniformityA: A schematic of the celerived tissue tube and the locations at
which O.D. measurements are taken. Dotted rectangles indicate measurement sensor loAati@piB:
of mean O.D. measurements of akktsamples in one representative batch with respect to the
measurement location. n=3

In order to quantify this lengthwise uniformity, theo-efficient of variation was
calculated, and used to calculate the index of uniformity (see S&ctiOr2) For this batch, the

lengthwiseuniformity index ranged fror89.598.1%.

45 Cell-derived tissue tube harvest
At the end of the 14 day culture period all addrived tissue tube samples were strong

enough to be removed from the silicone mandrel witteowt difficulty. Some samples were
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fixed and processed for histological assessment or harvested fresh for burst pressuréntesting.
Figure 26 anopen lumen of @issue tubdixed in 10% neutral buffered formalin can be seen

clearly.

Lumen

Figure 26: Harvested celtlerived tissue tubémage of a celtlerived tissue tubexedin 10% neutral
buffered formalin andharvestedrom the silicone mandreit 14 daysArrow indicates open lumen.
4.6 Structural characterization of vascular tissue tubes

Characterizationof structural properties includean evaluation ofcell and tissue

morphology,ECM synthesis andvall thickness

4.6.1 Histological analysis

The H&E, Movats Pentachrome ardicrosirius ReflFast Greerstained images of the
tissue tube sections are showrkigure 27 As seen in the H&E stained imag@&sgure 27AB),
the cellular alignmendppeared tassumeircumferentialorientationalong the outer edge of the
tubes based on visualizatigpnhowever this was noevaluatedquantitatively The Movab s
Pentachome (Figure 27¢D) stains nuclei and elastic fiberdlack, cdlagen yellow, and
glycosaminoglycans (GAG$Jue and allows visualization of the composition and orgation
of ECM in the tissue samplérom the Movalks Pentachromanage it is evident that the cells

produced abundant amounts@AGs indicated by the blue coldAlcian Blue staining) Also,
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the distinct yellow edge of the collagen gel coating on te ef the lumen of the tissue tube
indicated that the collagen coatistil remainedafterthe 14 day culture period. The presence of
the coating layer was confirmed by the Picrosirius /Rast Greerstaining (Figure 27EF),
where collagen stains relicrosirius red staining also indicdteell-derived collagen production

in the tissue tubat the 14 day culturéme point.

Figure 27: Histological images of the cetlerived tissue tube sectios-B: H&E stained images of

cell-derived tissue tube sections.Purple=nuclei, Pink=cytoplasth:C Mov at 6 s Pent ach
stained images of tissue section. Blue=glycosaminoglycans, Yellow=collagemi&rosrius

Red/Fast GreerRed=collagen, Green= tissaeunterstainL indicates lumen

4.6.2 Wall thickness measurements

The image oh cross section dhe celtderived tissue tube is a representative image of all
the samples across all the batctiégure 28A) The measured average wall thickness of the cell

derived tissue tubes from the histological assessment using ImageJ at the end of 14 days for this
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batch was 160+35 m ( rFer 8gmparison, wall thickness measurements aks@made on a

rat carotid arteryas presented in Table 1.

LN

&

Cell-derived
ssue tube P

Figure 28 Wall thickness measuremen#s. H&E stained cross section of a cdkrived tissue
tube. B: H&E stained cross section of a rat carotid artery for comparison dhigkiless
measurement. Lines indicate the position at which wall thickness measurements were taken.

Table 1. Comparison of wall thickness of calerived tissue tubes and rat carotid artery

Measured wal l

Cell-derived tissue tube 160435 (n=3)

Rat carotid artery 137£15 (n=3)

4.7 Biomechanical characterization of vascular tissue tubes
All samples were sufficiently thick and strong at the end of the 14 day culture period to

be handleable arslitured ontahe mechanical testing devicAs seen in

Figure29A, once the samples were successfully mouoted the vessel test device and
inflated at a constd flow rate, there was an increase in the pressure inside the tissue tube.
Inflation continued until the samples burst at the peak pressure they could withstand. The peak

pressure recorded by the pressure transducer averaged to 2a6d#Bfor 11 sampletested
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Before pressurizing Approaching peak pressure

Figure 29: Burst pressure tesgron cellderived tissue tubeéA. A photograph of a cetlerived tissue
tube sample successfully mounted on the needle assembly of the vessel test device with a pair of surgical
knots using a-D silk suture. B. A photograph of the tissue tube almost approaching peak pressure (the
pressure before it bursts) while being inflated at a constant rate with 1X PBS using a programmable
syringe pump.
4.8 System validation/BatchBatch reproducibility

To develop the direct cell seeding method, several batches of cetlagead mandrels
were seeded, cultured and analyZgable 2 below gives a summary of the number of batches
made and the number of samples analyzed in each Hdtetpoded data represents data from
12 batches with a total of 72 analyzed samplesseen in Tabl, the mean O.D of all the
samples was 1.68+0.04 mm (meanzSEM; n=72) with a minimum O.D. of 1.55+0.03 mm and
maximum O.D. of 1.90+0.11 mnThe average calculatedall thickness from the machine

vision system was 23® 3 ¢ m z$HENWere=T2)while the average measured wall thickness

from the histological imageswas ¥179 e m ( meanNSEM; n=30
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Table 2: Summaizedanalysis of altell-derivedtissue tubes

no. ana(lL);zed analysis from histological analysis
1 3 Histology (n=3) 1.74 £ 0.101n=3) 149 + 20(n=3)
2 3 Histology (n=3) 1.65 + 0.10Qn=3) 191 + 10(n=3)
3 4 Histology (n=4) 1.74 + 0.048n=4) 233 £ 82(n=4)
4 5 Histology (n-5) 1.73 £ 0.089n=5) 183 + 24(n=5)
5 4 Histology (n=2) 1.71 £ 0.033n=4) 181 + 10(n=2)
6 3 -- 1.71 + 0.092n=3) --
7 13 Burst pressure (n=5) 1.68 *+ 0.084n=13) -
8 2 Burst pressure (n=2) 1.74 £ 0.009n=2) -
o 16 B::Ettc[))l::agsysé?(: ?21;:4) 1.63 £0.05qn=16) 173 + 19(n=4)
10 3 Histology (n=3) 1.60 £ 0.016n=3) 156 + 9(n=3)
11 10 Histology (n=3) 1.67+ 0.051 (n=10) 171 + 5(n=3)
12 6 Histology (n=3) 1.66 + 0.065n=6) 182 + 15(n=3)
Total 12 72 Histology (n=30); 1.68+0.04 (n=72) 177+19 (n=30)
Burst pressure (n=11

4.8.1 Evaluation of batch to batch variation using O.D. measurements

In order to estimate batch to bateariability in terms of the O.D. measuremendsone
way ANOVA was performed on the average Ornieasurements of all the sampdesoss b the
batches. Results indicated a significant differebeeveen the batcheslowever, theHolm-
Sidak post hoc analigswas unable to isolate the batches that were different from the rest. This
may be attributed to the failed normality tests and a highly variable samples size in all the
batchegwhich ranged from n=2 per batch to n=16 in the largest baichaccommodat the
effect of varying sample sizeskauskalWallis one way ANOVA on ranksvasperformed with
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a Dunno6s pHosveverhthosctesttwassalso unable to isolate the groups specifically
different from the restln order togaugethe difference betweethe batchegercent difference
between the minimum and maximum Ouas calculatedA maximumdifference of 22.8 was

reportedoetween the batches

For estimation of lengthwise uniformity as a function of measuremenigosit all the
samplesacmoss all the batches graph of the mean O.D. measurements at eaclhef
measurement locations w@lotted(Figure 30. A two wayANOVA was performed with dich
and measurement positi@s the factors of interestt was observed thahe difference in the
mean values among the different levels of measurement position was not statistically
significantly different (g0.127. Also, the effect bdifferent levels of batch didot dgpend on
what level of position wapresent, indicating that thesas no statigcally significant interaction
between batch and position=p00Q. However, the difference in the mean values among the

different levels of batch was sisically significant (p<0.0p
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Figure 30: Assessment of lengthwise uniformity on tissue tuBe#\ schematic of the celllerived
tissue tube and the locationsadtich O.D. measurements are taken. Dotted rectangles indicate
measurement sensor location. B: A graph of mean O.D. measurements of all the samples across all the
batches with respect to the measurement location. n=72

In order to quantify this lengthwisentiormity, the uniformity index was calculated using

the coefficient of variation. For this batch, the uniformity index ranged fB312-99.3% for all

the samples across all the batches.
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4.8.2 Evaluation of batch to batch variation usindnistological wall thickness measurements

In order to determine if there was a batch to batch variability in the wall thickness
measurements of the celérived tissue tubes,KruskaltWallis one way ANOVAoN rankswas
performed on the average wall thicknegsall the sarples from each batcmeasured using
histological imageqsee Section 3.2). Results indicatedho significant differences in wall
thickness measurements between all the bate¢hé&8.6% variationwas reportedbetween the

batches.

4.8.3Evaluation of circumferential uniformity using histological wall thickness
measurements

The other major observation from visual assessment was that certain regions in the tissue
sectionappeared thinnecompared to the rest of the wall of the tube. This phenomenon was
present in almost all the samples from all batches. Thus, it was required to analyze the wall
thickness of the engineered tissue tubes and confirm the uniformity of tissue growth around the
circumference of the tube. As seenhigure 31, the results fronthe paired test between the
thinnest and the thickest wall thickness measurements indicated that there is a statistically
significant difference between the thin and the thick regions of the tissue tube séutiOris).
This revealed the circumferentiaon-uniformity of the celderived tissue tubeshich needs to

be addressed.
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Figure 31: Assessment of circumferential uniformi graph comparing the thinnest and the thickest
wall thickness measurements maing the ImageJ softwark.Indicates significant difference in the
thick regions of the samples as compared to the thin redraie( {test p<0.05;n=30)
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Chapter 5: Effect of ascorbic acid treatment on cellderived tissue tubes

From the previous chapters, it is demonstrated that the methdiceof cell seeding on
collagencoated silicone mandsehccomplishes the goal of generating a handleable tissue tube.
Howeve, cellderived tissue tubedevelopedusing this method show fairly lowmaunts of
collagen productiorresulting in extremely low burst pressurbsthis chaptewe investigate the
effect of addition of sodium ascorbate to the culture medium on collagen producti@nd the

goal of improving tissue tube mechanical strength

5.1 Rationale

Culture conditions can modify the composition of the ECM of cultured smoottle
cells. One of way of observing changes in ECM synthesis is the addition of soluble factors.
Ascorbic acid is one such soluble factor that has been extensively investigated for its role in

collagen synthesis.

5.1.1. Role of ascorbate in cell culture

It has been reportatiat depositiomf collagen occurs upon ascorbate supplementation in
cultured aoiit smooth muscle cells (SMCgnd with increased timef exposure collagen
becomes the dominant protein thie ECM (greater than 80%33]. Collagen accumulation
follows a sigmoidal timecourse, and microfibrillar proteins and increased amounts of
proteoglycans anfibronectin also accumulate concurrently with agén[33]. Also, there is
evidence that ascorbate protects SMCs from apoptosis/nel&éki©n human skin fibroblasts,

collagen synthesis increased approximatelipkl due toascorbate additiofb5].
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5.1.2. Role of ascorbate in tissue engineeré&tbod vessels

With an increase in collagen productidghe mechanical integrity of tissue constructs
increases as well. Several studies in vascular tissue engineering have taken advantage of this
phenomenon to increatige tensile strengtbf the engineered conduits a recent study by Ogle
et al., the mechanical properties of TEBVs made using biopolymer gels were improved by
manipulatingECM synthesiq34]. Briefly, human aortic SMCs in collagen gels were treated
with 0.1mM retinoic acid and 0.3mM ascorbic acid.wotfold increase in elastin and collagen
synthesis was observed after 30 days of incubation. It was also observed TaBYhstrength
(ultimate stress)ncreased and stiffnestecreased compared to untreated TEBV controls as a
function of time. This dat provides evidence that changes in ECM composdigtosoluble
factors may play an importamoble in the development of tissusechanical propertieg34].
Swartz et al generated fibrlmased small diameter functional and implantable TEBVs in culture
medium supplemented with ascmrlacid which attained considerable mechanical strength and
vasoreactivity after only 2 @&s in culture[56]. When implanted into 1@/k-old lambs, fibrin
based TEBVs exhibited remarkable remodeling with considerable production of nodade
elastin and significantly increased mechanical strefgsh Mor e r ecent |l vy, LO6He
derived their fully biologic blood vessels by culturing fibroblasts in ascorbicsaupglemented
media.These vesselsxhibit burst pressuseexceeding those of human saphenous vein and have
remained patent as-¥ shunts for more than 21 monf2¥, 35]

Based on this, we hypothesized that the addition of ascorbic acid to the culture media will
result in an increase in the collagen production and in turn increase the mechanical iotegrity

the engineered tissue tubes developed using the direct cell seeding.method
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5.2 Methods

5.2.1 Cell seeding on collagenoated silicone mandrels
After preparing the seeding assemblies anadr jo seeding the coated silicone mdeels
were rehydrated withOOe | of st andar d gr oRkotcel seedithi280mM f or
of the prepared cell suspension (280,000 cells) was pipetted into the center of each silicone
support ring as seen Figure 32 The culture dishes were then inverted and incubatdd’t,
5% CQ for 30 mins, to allow the cells to contact the coated mandrels. After incubation, the
culture dish was turned upright and the samples were rinsed twice with 1X PBS to remove the
unattached cells.
In order to assess the effect of addition afoaic acid, 50ug/ml of sodium ascorbate
was added tdhe medium A stock solution of 50mg/ml of ascorbic acid was made by adding
ascorbic acid (tascorbic acid, Cat# 2555800G, Sigma Aldrich) to 50ml of 1X DMEM. This
stock solution was stored at62°C. A working solution of 50 pg/ml of ascorbic ad growth
medium was prepared by adding 40 pl of this 50mg/ml ascorbic acid stock solution to 40ml of
standard growth medium. After rinsing with 1X PBS, 6 ml of this fresh ascorbic acid
supplemented growtmedium was added to each well and the samples were allowed to culture at
37°C, 5% CQfor 14 days. Media was changed every 24 hours for 14 days. Each time a fresh
working solution of ascorbic acid supplemented growth medium was prepared from the stock

solution, prior to feeding.
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Figure 32 Sodium ascorbate treatment to agrived tissue tubes: RASMC cell suspension

pipetted into the center of the seeding assenibleeding assembly flipped upside down for
cell-seeding using the hanging drop technique. C: Cell suspension aspirated and samples rinsed
in 1X PBS twiceD: Cell-seeded samples culture in media supplemented with sodium ascorbate
(50egg/ ml) for 14 days.

5.2.2 Analysis of effect of ascorbic acid
All the methods used for quantification of tissue growth over time, histological

assessments, wall thickness measurements and burst pressure testing were followed exactly as

described in Chapter 3.

Cell attachmenbn the collageftoated silicone mandrels was verified by observing the
samples under a Leica DM IL light microscope immediately after seeding and 24 hours after

seeding.
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The outer diameter of the treated and untreated tissue tubes was measured using the
machine vision systenfor both the treated and the untreated grouprder to determine if
there was a significant increase in tissue growth as a function of outer diameter over time in the
ascorbate treated tissue tube samples, one way ANOVA withreyeriod as the factor of
interest, was performed on the average of ten outer diameter measurements for each sample at
each time point. For pawise multiple comparisons between culture periods, the Ftak
method of comparison was used which enabketb determine exactly which culture period was
statistically different. In order tdetermine if there was a significant difference in the O.D. of the
ascorbate treated samples d@he untreated samplest-test was performed on the mean O.D.
measurements of all the samples in both the gratipach time point in the culture perider
estimation of lengthwise uniformity,sing the lengthwise data uniformity index was also
calculatedor each group (See section 3.10.3).

After the 14 day dture period, the cellerived tissue tubes were harvested for
biomechanical testing and histological assessme&hts structural properties were characterized
using histological staing with H&E and Picrairius Red/Fast Green. Wall thickness
measurementsere also made on these histological sectibnerder to evaluate circumferential
uniformity wall thickness measurements were taken at 10 locations along the circumfefrence
the tissue sampless described in Section 3.7The 10 wall thickness measments for each of
the samples were arranged in an ascending order. A paestiwas performed aie thinnest
and thickest measurements for all the samples in both the treatment and controltgroups

determine if there was aggiificant difference
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5.3 Results
The datapresented in this chapter is the outcowfeone preliminary experiment

consisting of a total of 12 samples; (6 treated with sodium ascorbate and 6 untreated).

5.3.1 Observation of vessel growth over time

Growth of cells on the silicenmandrels was monitored by measuring the increase in
O.D. of the cellseeded silicone mandrels over time using the machine vision sfgstéoth the
treated and untreated samplEggure 33shows a graph of tissue growth over time dtirthe
samples in this batchOuter diametemeasurements were taken4at8, 12 and 14 days of
culture. At 14 days, aaverage O.D. ol.5740.02 mm (mean+SEM; n6) and 1.66+0.06nm
(mean+SEM; n6) was obtainedor the treated and untreated grougspetively. Based on this
data, the average wall thickness of the tissue tubes was calculd8@-a6 € mmean+SEM;
n=6) for the treated group an2l34+32¢ m(meantSEM; n86) for the untreated control©n
performing a one way ANOVA on the O.D. measurements with culture period as the factor of
interest,a significant increase in O.Dom day 4 to each timpoint, and from Day 8 to each

time-pointwas observedThere was no difference in the O.D. at da2sand 14.
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Figure 33: Vessel growth over time in ascorbate treated sampdlgsaph of outer diameter
measurements from one representative batch over time. dotted linarigdicates outer diameter of the
unseeded silicone mandrel. O.D. measurements taken at 4, 8, 12 and % days. p<0.05 froM Day 4.
p<0.05 from Day 8. n=6

On performing a {test on the mean outer diameter measurements of the treated and
untreated groupsit each culture time pointt was observed thahé there was a significant
difference in the O.D. measurements of the two groups from day 8 up to (agudre 34) This

indicates that sodiumascorbate treatment resultedtissue tubeghinner as compared to the

untreated controls
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Figure 34: Vessel growth of treated and untreated tissue tubes overAigraph comparing the outer
diameter measurements of the treated and untreated groups at the 4, 8, 12 and 14 day tinka-fesints.
p<0.05 between groups at that time paiaté for each group.

In order to determine lengthwise uniformity on the sodium ascorbate treated tissue tubes,
one way ANOVA was performed based on the O.D. measurement of each sample at each
measurement position. Results indicated that the differences in the mean valuestt@nong
measurement positions are not great enaugtthere is not a statistiltg significant difference
(p=0.639. Similarly, to test the lengthwise uniformity on the untreated controls, one way
ANOVA was performed based on the O.D. measurement of eaghlesameach measurement

position. Results indicated that the differences in the median values among the measurement

posiions are not great enoughdthere is not a statisticglkignificant difference (ps.796.

Thelengthwise uniformity index of thessue tubes based oreasurement location of the
samples treated with ascorbate at 14 days, was in the ra®gel®&8.4%6 (n=6), while that of

the untreated group w&6.698.2%6 (n=6).
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5.3.2 Histological analysis

The H&E and Picrosirius Red/Fast Grestained images of the tissue tube sections are
shown in  H&E stained imagasiowthe cellular morphology and alignment in both the treated
and untreated groupBigure 34AB. In addition to this, the tissue tubes exhibited collagen
production as seen irheé Picrosirus Red/Fast Green stained images (FigureD34i@ the
sodium ascorbate treated group, as compared to the untreated group. Although this was not
guantified using any biochemical assays, by visual wbsenthe collagen production appears

slightly higher in the sodium ascorbate treated images compared to the untreated controls.

Picrosirius Red/Fast Green

Untreated tissue tubes

Treated tissue tubes

Figure 35: Histological comparison of treated and untreated tissue.tABBsSH&E stained images of
cell-derived tissue tube sections.Purple=nuclei, Pink=cytopl@sin. Picrosirius Red/Fast Green.
Red=collagen, Green= tissue counterstaiindicates lumen
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5.3.3Wall thickness measurements

Thewall thickness of théreatedcell-derived tissue tulsgFigure $B) appeaed smaller

thanthat of theuntreated control (Fige 3A) in all the samples.

Untreated Control Treated withascorbate

Figure 36: Wall thickness measurements on treated and untreated tissueAtuH&& stained cross
section of an untreated celerived tissue tube. B: H&E stained cross section of edeeived tissue tube
treatedwith ascorbate for comparison of wall thickness measurement. inidieatethe position at which
wall thickness measurements were taken.

The measured average wall thickness of the treatedleslled tissue tubes from the

histological assessment usiilgageJ at the end of 14 days for this batch Wa2+29 (n=3)

while that of the untreated tissue tubes was 182+15 (n=3)

Table 3: Comparison of \w&ll thickness measuremerts ascorbatéreatedversusuntreated tissue tubes
At-test,p<0.05; n=6each

Measured wall

Untreated control A 182+15 (n=3)

Treated with ascorbateA 132429 (n=3)
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