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Abstract

Coronary : ttery bypass gr=.ing (CA3G) is one «f th . most coiamonly performed major surgeries
in the Unite © Stat=.. Autoloezus vessels such as the aphenrus ve.n are the current gold standard
for treatment, howe~ .1, synthetic vascular prosthe.=s made of _xpandad poly(tetrafluoroethylene)
(ePTFE) or po y(etylene terephthalate) (PET) are used wher uutologr us vessels are unavailable.
These synthetic grat s have a high fai'..e 1ate in sma'i diamete~ {~= mm_applications due to rapid
re-occlusion via i1ti=.al hyr<. piasia. (-2 ent strategie. 0 improve cunic~! performance are
focused on preventing ntimal “yperplasia by fabricating grafts - ith com=.iance and burst pressure
similar to native ves els. "co this end, we h=~ ¢ leveloped an elect-uspun rascular graft from
segmented polyureth ines with tur=uie prope+.cs by alteriug material cuemis iy and graft
microarchitecture. Reirtionships bet, cen polyurethane tensi'c properticz 2nd b’omechanical
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properties were elucidated to select polymers with desirable . perties. Gr-.t th ckness, fiber
tortuosity, and fiber fusio . were moaulated to prov'de additional Jults for e~utrolling graft
properties. Using a combir ~£2.. Of th sse stre.egies, a vascular g-aft =, in comj 1iw~e and burst
pressure exceeding the saphenous veir. ~atogr-.t was fabricated (co.iplianc> = £ 0 + 9.6 %/mmHg
x 1074, burst pressure = 2260 + 16t mmF ). This gra® ‘s hypothe size 1 to "ea.ce inti nal
hyperplasia associated with lov comriiance in synth tic ,rafts and imp. <~ ¢ long tern clinical
success. Additionally, the funda r¢ntal relationships Letwe 2n electros vun ».osh mics »arcnitec. re
and mechanical properties identified in thic ~vork can »: utiiized in vaiious k:omedical
applications.
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1. Introduction

Corone vy artery bypass grai‘ing (CAR%) is one of the most commonly performed major
surg erie.’ in the United S ates with over 400,000 procedures performed annually at a cost of
over 825 »illion.! Autelogous vessels such = \he saphenous vein or mammary artery are the
y'old swnd. rd for trea me-.c; howe .1, autoloczus grafts are unavailable in up to 20% of
patier.s due to disease, t*=uma, or anat »mic abnormalities.? Synthetic vascular prostheses
r.ade of expanded poly( ‘et =auoroc thyline) (ePTTE) or poly(ethylene terephthalate) (PET)
are a common alternative to autologc s vussels. Th.se grafts are poor options in small
diarmct2, (<4 mr1) applications Jue to hiek [ailure rates as a result of rapid re-occlusion.
Svnthatiz 20 05 ave a 402 0% r2auction ir patency a ter two years and 40% of grafts
completely fail within 5 years.>: 4 T%is re-occl.ion has Yeen attributed to the occurrence of
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intimal hyvmossto 7t the dista’ anaste..0:is.3 > Intitval Lyperplasia is characterized by
smooth mnerle sell i igration from the mecial loyer 0. *..c vessel to the intimal layer
fo.lowi d b, proliferation, resulting in narrowed artery diameter. Current strategies are
focu sed on iriubiting intimal hyperplasia te Luaprove *he long-term clinical success of
svuthetir, small-diamet.. vascular grafts.

Recent Lwdies hat_ reported a strong corrolation Letwe en graft mechanical properties and
int mal b7, perplasia onset and severity. Crmpliance, a mea<rirement of graft change in

dian ete1 over a given pressure range, has been ide.,uried as 1 key determinant of graft
succes. Linproved compli..ce L etween the vessel »=u wie syn hetic graft has the potential to
reduce ir*.inal by crplasia 2.4 improve gra.. success. Despite having high burst pressure
and suture rotentior swengths, PET and ePTFE comrliance va' .es are much lower than
native vessel vilues.> As a resn™, > compliar t artery will ex) anc and contract to maintain
constant wall s.ear stre,, within . vessel, whereas the st:{7 synt} etic graft resists the
correspondi. g change ir Z.ameter. This complian-c mismat-., &.~rup ‘s blood flow and
results in zones ot recirculation, flow separation, a =u 1ow wall sh.ear s iress at the
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endothelium.® "ow wall shear stress initi. tes the releass ur vasoa~:ive substances, gene
activation, prote.i. vap "€ss.0n, ans. cytocseletal rearra1gez,ent that . wu.clate intimal
hyperplasia.? Therefore a g .t that more closely matche~, native riv.‘al ¢ »mpliance can
improve the long-term c'.nical ~uccess of <7 .. hetic vascular gra.*s Lv r ceve nting flow
disruption and the st'muli fur intimal hype -pla:ia.

Native vessels consist of alternatirz iayers of ela. tin and coliagen v.ich provicc the vessel
with both high burst presew.e and hicl, compliince (saphenou, vein bist proz-e: 1680
+307 mmHg’ and compiianoc: 4.4 + 0.8 %/mmHe x 1074 3). Rep -oducine “.ese featr:os in
synthetic grafts continues to be challengir_ given th- compliance ~ud burst =, >ssu e are
often inversely related in synthe*:_ grafts. T nierarchical struct ire ¢ « alternatine elastin
and collagen in arteries provi les tewsile prepaues cuaracterized b, a lowy modulus wih high
elastic recovery followed by a strong strain horic.g response at his ner »uvin:. A ma erial
that more closely mimics the stres. resronse curve of \ativ 2 arteries 1as orea er poter.ial to

match mechanical properties and edu :e intimal hype plas a. Segmentod po yur=tuanes
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(SPUs) are a promising material d 1e to their a hizi elast city and a strong strair liardeninr~
response.®: ¥ Vascular grafts fabricaied from SPUs Luve been | reviously nvestionicy, but
these grafts were still unable to match the biomech-..cal prope-ties of native vessels. Grafts
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such as the Corvi®, Tl . uwl”™, ana Puli eTec® have been developed with modest

impro 7ements i1 comnlian~z Lui wce sti's lacking compared to autologous standards.!?
Tvewer ~ommercial SPU gra s such 7, the UCL-Nano™ and Myolink™ grafts, now
avai'able in Europe, have exhibi*.d improved compliance values much greater than

tradit ona. synthetic ¢ afts; Fowever, the<. grai*s have no recorded burst pressure exceeding
~atologovs vessels.! - 12 Due te 4ie highlv “unable segmented chemistry, SPUs with a range
of muchan’ _al propertic, and stree: resy onses more closely matching native vessels could be
achiev_d.!3- 14 These fex‘uies make SPUs a pro.uising material for fabrication of a vascular

o~att with improved compliance mat- hing.

In additi~= {, GT'J chemistr 7, m~Zulation of Z.att micinarchitecture can be utilized to
provide additional control of graft »cchanical z.op.rtie. . Electrospinning has gained

nonnlaritsri= =2 C O sears as a  echnicwe to ger erate .yony oven fibrous scaffolds with high
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porosities lar~~ gurfa se area-to-volume rati?s, <nd nai = 0 micron-sized fiber

diz met 'rs.!* "'7 A polymer solution is pumpea at a constant rate through a needle tip that is
plac=d a set ~istance away from a grounded L: oppu.itely charged collector. When a voltage
is upplie at the needl= .y , the droplet ~.cupts “..u « liqu'd jet that narrows and solidifies
(urivg flight *, oe collert.d as a fiber. -7 N.any modi.ica ions have been made to the
tradi*,unal setrr . 1improve control ov >r meo* mucroarchitecture. For instance, tubular

cor stru. s have been fabricated by utilizi.z 2 ro*ziing ma..crel collector for vascular!® or
nerv »!? zoplications. The relative ease of modr!.ung fibe: -~chitecture through variation of
proce. sing  solution, or Z.vironi ental par: meters provide s a 11eans to control scaffold
propert.cs. For sample. £Lcr alignment and fiber diamete~ lav = been shown to influence
mechanica’ prop-.ues.?0-23 The high tunability of Liectrospun .~affold microarchitecture

provides ¢ n ad litional methe< for mhdulating -ase:lar graft b omi chanical properties.

In this study, we aim to f2Uricate electrospun vascuiar grafte -, 1> improved compliance
while maintaining sufficient burst pressure by altei..g SPU cher.istry and electrospun mesh
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microarchitecti 1c. 1wo commercially avzilable poly(c>-Lonate ur<.nanes) (Carbothane® and
Chronoflex®) w.. iii 't evluate” ror thoir neat film en<iic propert’os {~lastic modulus,
tensile strength, ultimat > elc ~gatior) to provide a range ¢ propei ‘ies Or s.'bsequent vascular
graft characterization. E) >ctroszun graft bi~.2chanical roy ertics (vur-t pr :ssure and
compliance) were th .n inv.stigated to elud idat * relations.ios Lewween tessile and
biomechanical propet ““¢s. Mesh microarch.ectu e was mo lulatza to achi: ve piome. hanical
properties more closely matchirz wat of n=%, re vissels to further Z.uprove orafi
performance. Mesh thici ness, fiber wrtuosity, and fber fusio is at *wuctions *ore ~wied to
determine which microarciutectures have the m~z. g rofound e¥e~: on bi~.uechanie~!
properties and identify the combinatior ,1 microarziutectures tha* provide Luth hiZa burst
pressure and compliance. The<. grafts ar< ;utended for use as the outcr layer 27 ultilayer
design with the inner layer co n~Jsed of = wromboresis‘ant, bioactive L.ydroge’.”4 In
addition to fabricating an improved - ascul~: graft, tu’s wcrk probes “undam.nt. 1
relationships between electrospun mes’« microarchitec ure ind meche nic.! rropertiec for use

in various applications.
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2. Materials a~d Meth ,u>

2.1 M erials

Twc con mercially available polr (carbonate urethanes) with different hard and soft segment
componer ts were inv-stigated, Table 1. CLrond flex C® 80A (Chronoflex, AdvanSource
Liomateria's, MW =.2" £ 16 VTa) and (C-~2Lothane® PC3575A (Carbothane, Lubrizol, MW
=217 + 2 Va), were p uchased i~ pell 't form and used as received. All other chemicals
were rurchased from Sig.ia Aldrict ana used =, rezeived.

2.2 Materi?’ Tha. averizativon

rums U.25 mm thick were fa*.icated bv ~uivent casting 50 grams of 10 wt% in N,N-
dimethylacetamide (DMAc) se'.uons in 140 .nm di mei=r glass petri dishes under vacuum
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wr > aays. Heat (50 'C) was ap»!"_u 1n ad!'itior to va~uuin for the final 24 hours. Films
w2re 1 swover, cut .o dog bones, and teste 1 ir accoraance with ASTM D1708. Specimens
(n=4) wee stra’.ed at a rate of 100 %/min based on the initial gauge length using an Instron
334 equirped with pneumatic side actio~. grips (Instren 2712-019, 90 psi). Elastic modulus,
‘ensile srength, ar2 ultimte elongatic a we.e calcultea from the resultant engineering

s r_ss/stroZu curves. A secant modulus bas=d on 2% stra n was calculated for elastic modulus
an 1 subsec . utly referred to as simply ‘modulus”.

Tran 'mis yion-Fourier transform infrared spect-uscopy (F1ul) specimens were prepared by
dissol ring specimens ‘= uilute sc lutions w1 h DM JAc and « olnt on casting onto clean KBr
pellets under wcuum ur*:} all solvent was removed. Sper*.a we e recorded with a Bruker
Tensor 27 " TIR spectrometer (Billetica, MA). H=,u segment co..tent was determined by
calculatin 1 pe: k height raticz ot the '250 cm™ (" U bond of .he ! oft segment carbonate) to
the 1413 c11™ ! pen!z (C—C bor< ot the hard segment rin).

2.3 Electrospinning
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Chronoflex ana Carbothane vwe=2 z-ch mi ed into 1§ wt% s~!luuons in DMAc (viscosity ~10
Pa-s). To facilitate rem ywal »f *l.e gra’is, the collector (stair!c.c <tecl manirel, 5 mm
diameter) was first dippcd in a 5 ~vt% poly(ethylene gly .ol) /T=G, 35 kDa, in chloroform
solution and allowed t, dry fur a minimw of 1 hour in . fume he od prior .0
electrospinning. The »0';, urethane solution was then fed at . rate of 5.5 mL/n-tiucugh a
positively charged needle (20 gauge’ iocated 50 « m from a -cgatively” cnarged randrel
which was rotated at a spe=2 of 500 rrz... [he vosi‘ive applied voltage ‘253 P .W/DDPM,
Gamma Scientific) for e« ch .. was selected as the lowest vo tage that prodrced a stab >
Taylor cone (15-20 kV) and a negative vol*.ge of 51V was applied (o the ma~dre.
(ES30N-5W/DDPM, Gamma Scicz.ufic). Rel=.ive humidity was mor:.ured at the beginning
and end of each run and rang »d fror +5>—55% i, "vas previous v uet<. mined as ai.
acceptable range for producing unifor. fibers 23 A fter ei~ctrospinnirg, th- nadre w:s
placed in deionized water and stirr .d for 12 hours to r'mo e the sact ific al P.2G layer

Meshes were then removed and c 1t in 0 40 mm long s ectic ns for bion.2chat ic \ *2sting. To
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fabricate meshes of different wall ‘hicknesses, fib<.s wer: collected for 4, 5, or £ Lours.
Thickness was measured at two loc.*ions on each erJ of the 5aft using Jigital caliois ‘or a
total of 4 measurements. Fiber tortuosity was altered Ly increas ng the ma..urel rotation rate

J Biomed Mater Res B Appl Biomater. Author manuscript, available i PMC 2016 Fer_uary 01.
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to 4000 rpm anA »'~2in_ uegauvery charg>d razor blades behind the mandrel which

conce 1trated the electric fic!2 L, i _ourac. fiber alignment along the blade length.26- 27
Ticer fisions were indu red vsiv.g eith or solvent vapor or heat exposure. Solvent-induced
fibe. fus ons were genera‘ed by riacing meshes in a sealed desiccator along with a petri dish
conta nins' 50 mL DM Ac for 144 hours t= atlo\7 the solvent vapor to swell and fuse the
*.bers torcther. Heat-11euced fik., tusions v cre generated by placing meshes onto PTFE
rods (3.0 r.a diameter} and heati= ¥ in 'n oven at 50°C for 12 or 24 hours. Meshes with
alterer riber tortuosity o." Jusions were e.2ctroezun for 4 hours to achieve a constant
th.ckness of 0.4 mm.

2.4 E octrosni~ T, Snaracterization

Circumferential analysis of fibe inorphology was p.'rfor ned using scanning electron
uucroscopy (SEM, J.OL NeoS »rzc JCM-5000). Spe >imens were prepared by cutting a 5
. e 1g woriar serdon of each graft and n aki~.g a longitudinal cut to obtain a flat
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speimu r. Prior 0 imaging, specimens were coated with 4 nm of gold using a sputter coater
(Spr tter Crater 108, Cressingtion Scienti©ic Instrumens). Fiber tortuosity was quantified by
-aeasv.ng the tot2! [ioer 1 ngth divide « by “ae fiber >nd to-end length of the first 5 fibers
ti~ passeZ inrough .o midline of eac1 in age usinz, im-.ge editing software (GIMP, 1000x
me gnificati<.,, 4 runs, 3 images per run for total n=1" 1mages). Total fiber length was
mecsure 1 as the total length of a line traced over the - is1ible ‘iber and fiber end-to-end length
was 11¢eas 1red as the length ~% a straight lin~ connectirs the tv o visible endpoints of the
fiber. .\mo wnt of fu~iun was al=, measured = G1IMP imag: custing software on 4000%
scanning ele~wron mic-ugraphs (4 runs, 3 images per 1=, 1or tot=! n=12 images). The line
visible bet weer two fibers when th2y crossed “vas used t< 1aun'” the amount of fusion.
Complete.v fu. ed was de*..ied as the absence 0.« visible line, parf.ally fused was defined as
when the li. e was visible b2 not discrete, and non-..ed was detin 1 as a clear, discrete line
between the twy Jucrs. For each intersection, the per-_utage of e .ch hat showed distinct

yduosnuep Joyiny Vd-HIN

£

fibers, partially fireod £L 05, ana complei:ly fused fibers » us measr.ed.

2.5 Dynamic Mechanical Analys.s

Specimens for dynamic i 1echar.cal analysic (DMA) we ce p~ epaea fro n ei zctrospun meshes
cut into 5.5 mm X 40 ;mm s*.1ps with the ling «dge aligncd wi: lie longi‘udinal axis of the
graft. Storage and los * ~aoduli as a functien of te mperaturc were =..casure' using a TA RSA
IIT dynamic mechanical analyzer ‘.. tensile mode. All speciiaens w2, ¢ subject t » an
oscillatory strain of 0.1%. at a frear~<..cy 1 Hz wd vere scann :d from. -90 tc = °C at 5 °C/
min.

2.6 Differential Scanning Calorimetry

Differential scanning calorim t (VSC) “iermograms \7ere collecied ~.a speci=iins 01
approximately 10—15 mg which wer_ subiezicd to a .»mpx rature ram p of =§1°C" to 10(°C at
a rate of 5°C/min under nitrogen g as u-.ing a TA DSC )10) (Houstoi, T.7» £ 1l anal;sis was

performed on the first scan to exa nin« processing effects “rom electrosp»ni1g and/or Lca
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treatment.
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2.7 Biomechanical Testing

Burst wessure at.a con pliaice tes’ing wus performed in accordance with ANSI/AAMI/ISO
/14 8 ar.d as described p evic.sly.24 3riefly, a nonporous latex tube lining was first inserted
into 10 n m long grafts. ¢ :atic cumpliance was determined by pumping water through a

AN
/7

syring @ mump (KDSZ2 00, K> Scientific) ar a rate of 4 mL/min to subject each graft to a
pressur. raip (0—150 =umH¢). intralum?..a1 pressure was monitored using an in-line digital
pressure cauge (MGI1-2 -A-9V-"vi=dia 5auge, SSI Technologies, Inc) and graft outer
dian>_cer was measured with a He-N » las >r ~.icrom »ter (Lasermike). Compliance (C) was
~alculated from the recorded press ..o, P, and ‘.er diameter, D, according to the following

equation:

C=A4D/7Z+ AP) = (7150~ Dgp. /(Dgy * 40)

yduosnuep Joyiny vd-HIN

In.er ciame er w2, calculated by subtracting we two times the wall thickness from the

me: sured ext-inal diameter, assuming incomz.vss:c lity of the graft wall. Burst pressure was
de*ormin-da by pumpine Ceionized wate” into 2l latex lined graft at 100 mL/min using a
cyrir ge pumn Z2I0S200. ¥ DScientific ). T'e ends of eac 1 graft were firmly secured and
scales .0 prevent lcakage. Pressure was mersnreZ gsing, a high pressure gauge (0 to 60 psi
pressure (ange, NoShok) connected dow.:<tream ~7 (he er~*. Burst pressure was recorded as
the 11ax1 num pressure prior to construct failure

2.8 Statistical Anai.veis

The data ar¢ disrluyed as mean =+ standard deviati<.: tor each cumposition. A Student’s t-test
was perfo mec to determine ~:.y stai'stically si,'nifizant differe nce : between compositions.
All tests w >re corrie yut at a 9%, confidence interval /= ~v.01).
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3. Results and Discussion

3.1 Tensile Testing

Altering material chem,stry ~.ovide, a method for tuning polyurcthau? tet sile properties
which we hypothesize ¢~ a be currelated to - a3cular gra:t bi smechai ic~l properties. It has
previously been derr unstre’ed that hard se yme.'t content «nd ci.emistrv <irongly influence
resultant mechanical | operties.!3- 1428 T1,¢ poy mers inva stie~%od in this study allc v us to
compare the effects of hard seem..nt chemiciy ot tensile as well =, npiomechan cal
properties. Chronoflex a «d Carboth.ane are bouh nely(carbona .e uretiianes); 1'- wi vui,
Chronoflex contains an a1 umnatic hard segment .70 ") whereas C~.ooth2+ containe un
aliphatic hard segment (H;,MDI), Tah'< 1. Peak hzignt analysis (1250 cm™', 1412 cm™ 1) of
FTIR spectra revealed that be*l, polymere Liad similar hard segmdut ¢ ntent /..U cthane =
4.35 + 0.63 and Chronoflex = 4 75 + 0.25). A comparison of the stress strain bzhovior of
polyurethane films is displayed in F°gure 1 ~vith ave."ge r.hoduli and cens e trengtas
provided in Table 2. Both polyure hanr s exhibited low init al modults fol'~w »d by » plateau
of almost constant stress and strai1 ha ‘dening at high cr strains. Previous mic rosuauctinai

)duosnuep Joyiny vd-HIN

analysis of segmented polyurethan >s pro-ridec Lisight iw.c0 the observed stres< .esponse. 7..»
initial elastomeric stretching of the so& segment *, rollow<-.u by rotational movz.uent of 1he
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rigid hard segmre=* iz .0 duccuon o1 striin and yielding associated with hard domain break
up. Ti e observe' strain har ...,z - com-.aonly attributed to strain-induced crystallization of
“ie sofi segment.? Compared t= Carbothane, the Chronoflex curve was characterized by a
higl.=r it itial modulus, a1 earlier unset of strain hardening, and greater tensile strength.

Thesc difi=rences wer. cons’stent with 13*_iatus e reports on the effects of hard segment
~hemistr;, end conten. -, mech-iical pron-:ues; specifically that polyurethanes with
aror.atic b~..d segment: uave a hizher 11itial modulus and tensile strength than aliphatic
counte. parts. 142930 Th Crrect of Lard . egme=. ¢l emistry on electrospun graft
b’umechanical properties and the cor clation wit: we observed tensile properties was then

wvestigated.

3.2 Effects of Material Chemistry on Biom~cnanica! T rop ertis

yduosnuep Joyiny vd-HIN

caecrospun graft bic mechanice | = opertier (bu ‘st pre sur. and compliance) were
wvest'vatea 17, eluc’ ate relationships betwe 2n *_nsile and biomechanical properties. The
tenile . mu bior.echanical properties of the two polymers are summarized in Table 2. As
ofter obser. ed in the literature, grafts witl, higher compliance values also possessed lower
Luarst r.essures.3 137 Com liance was _orrelated to ) oly irethane initial modulus with lower
ivital meZutus resn!*lug in increased om»liance. €amilarly, burst pressure was correlated to
tei sile strer_wun with higher tensile stre. ath resulting n higher burst pressure (Figure 2).
These fidings suggest that polyurethanes witn low i+..ual n odulus and high tensile strength
have 3rea‘er potential to be f~Liicated into ~z electrosr = vascular graft with improved
compl anct while mzintaining Larst pressui= Dy this mees.. . Carbothane was selected for
subsequent s‘udies or z..odulating graft microarchitect ..

3.3 Electrospun Grafi Microarchiterture

Scanning ei>ctron microer=pns of the electrospun z.arts disn!~: the characteristic fibrous
microstructure win uniform fiber diameter (1.3 = ) ! um) (Figur. 3). Altered collection
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time was used “Z ..uuuiawe gratt wall thickness with coll~cuon tim=, of 4, 5, and 6 hours
corresponding tv: =% thic wesses of 0.4, 0.5, and 0.« mm, (especti—2ly (Figure 4). Grafts
with low fiber tortuosit " (1.2 -2 0.4) _ompared to as-spun %oer to-tuscity (1.7 £ 0.8) were
achieved by increasing t e man~.cel rotation “ate to 400( rpr . an piaci ig a row of vertically
aligned and negative’y charsed razor blad s behind the rotatioz Laandrel £iigure 5). Fiber
alignment using a sin i'.r rotating mandre! _etu} has been eport=J previc isly.”*~" The
addition of aligned razor blades v.s used to ~nhace fiber augnme.. and was ¢ ztermined

26,27 per Lecaone ot

necessary to reduce fibe~ wrtuositv “.. this elec tros vinning set (p.
intersections were induce ! Ly placing as-spun gr=£.: in the presen 2 of sol~, cnt vapor Jlat
induced swelling of the polyurethane an-! cnhanced fusion at junct.ons with<ut los< of
fibrous architecture (Figure 6) * method . us utilized to quantif - the level of f*inn using
SEM analysis of fiber junctios. Alier inc-uation in LI MAc vapor, nes’.es were oenet ted
with increased fusion at junctions, reughly 270 counlete'y fused, 3( % rart’ali7 fused and
20% non-fused fibers. Grafts after heat areatment were alsc characterized bv .ncrease .« fiber
fusion to a lower extent with the ¢ mo1 nt of fusion inreas’ag with leng:h of he >l wreatm 2.
(Figure 7). Meshes undergoing he: t trectment =, 24 howrs had roughly 2% cezipletely
fused, 32% partially fused, and 66% .~on-fused fit.s. The :..uividual anc synerzisuc eft >cts

)duosnuep Joyiny vd-HIN

of these variations in microarchitecture on biome~l.anical prop.rties were then investigated.
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3.4 Effects of Graft Microar~-*zZi..<c un biomechanical Properties

Effec's of Mes.. Tiiitkn *ss—"10me _nanical properties for Carbothane meshes with
decreas ng wall thickne: s frc.. 0.6 ¥4 0.4 mm are summarized in Figure 8. Compliance
valu s fo - meshes 0.6, 0 *, and 7.4 mm thick were 1.3 £ 0.6, 2.1 + 0.4, and 3.8 = 0.3 %/
nmH_ ¥ 074, respe dvelv (1 mmHe - v.133 1 Pa). The corresponding burst pressures for
meshes 3.6, 0.5, and 6+ mm “luck were 500 = 170, 1470 £+ 40, 1330 + 70 mmHg,
respectively. It was hypothesiz=J u at dicreased mesh thickness resulted in a decreased
circr-aferential stress that resulted it the Hh=.ived increases in compliance and decreases in
Larst pressure Tmportantly, large i=.ieases in ~umpliance were achieved with only small
sacrifices in burs " pressure, suggestirZ we potertiai to improve compliance while
maintaining a sufficient burs. pressure "ur examr!=, w.ren mesh thickness was decreased
from 0.6 mm to 0.5 mm, a 63%, increase 1 co npliar ce v-as achieved with only a 6% loss in

yduosnuep Joyiny vd-HIN

burst pressure. Furth r reductio.” v1 mesh t.ickiess tc 0.4 nm resulted in an 83% increase in
cumpl ance 2..d a 9% loss in burst pressure. R~ altering mesh thickness alone, a compliance
tha apprvache~ the saphenous vein was achieved with burst pressure only 21% lower than
the ~apher us vein (saphenous vein bure’ pressure: 16¢9 = 310 mmHg’ and compliance: 4.4
- 0.8 °o/mmHg > iu #3). These resulfs surgest the ) ote 1tial for improved arterial matching

t1 ~ough ,odulatior o1 graft fabricatio 1 parameter-.

Eff.cts of Fiber Tortuosity—The biomecnanica! ,..oper.ies of grafts with decreased
tortuvsity and fusions comp2~_ to control ~Ioctrospur ~eshe.: are summarized in Figure 9.
An increas in burst pressure 2+.u correspor. Y:..g decrease ... ompliance were observed in
the grafts wi‘ii decrea~_u tortuosity. Burst pressure wa< L.aprove 1to 2190 + 110 mmHg
compared 0 1250 + 70 mmHg for “he control, wnich alsz cac2eavd the saphenous vein
autograft. “on vliance de<.cased frea the as-sp .u control v2lues ¢ £3.8 + 0.3 %/mmHg x
10410 2.6 = 1.3 vommHs > 10~*. Electrospun fiber ineshes have i2en described as
tortuous netwoii. waich transform into interconne cteZ web-like “.rch tectures when

yduosnuep Joyiny Vd-HIN

strained.3” Theea #~=:21, Tuus were ob erved to change “Leir dire<don of orientation under
an applied load. Therefore . Liyi-uthesi~ed that tort 10us flcrs have the ability to elongate
under small applied loa1s b *fr.e bei~.g constrained by fibe: junctior « res.lting in increased
compliance. In this case, the incrcased burst nressure an 1 de.icosed corapl ance observed
with decreased tortuc.ity w-.s attributed tc the increased alig"me=.: of the “ibers. These
findings are supporte 1+ y literature reports ‘hat iligned fit .rs hav< increa ed ...0au'us and
tensile strength (properties correla*:..g to decreas.'d compliz.ice and .icreased turst

pressure) compared to ra» Zomly oriev.ed fibe 's wien stressec 1n the 2 ectic = %
alignment.38

Effects of Fiber Fusion—Bio.cchanical *_sung of grafts wit 1 so’~ ent-induced fusions
created via incubation in DM Ac vary: resul*< i wsreased burst prossivie and decreased
compliance. Burst pressure greater th~.a the sank2=aus ve'n autograft and *i.» a-spi n ¢ dntrol
was achieved in the meshes with ir.creacd fiber fusior (1660 + 270 nmHg). As cxpe .ted,
there was a decrease in complianc e frcm the as-spun contrl value of > 8 £ 1.5 %/.amHe x

)duosnuep Joyiny vd-HIN

107#to0 1.7+ 0.7 %/mmHg x 10~ Litorature has ciown chat increased amount ~7 iiber
intersections results in increased mc¢ ulus and ultim~.e elone~‘ion in the .ircumferz.iual axis
of a tubular graft.3~#! The induction of tiver tusior< introduce: a physica. connection
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between fibers »##- chil. iangiements hat restricts dilation and results in increased burst

pressire.

The bioinechanical prop. rties of th.¢ heat treated (24 hr) electrospun grafts are summarized
in Fijure 10. Heat treat.aent r_sulted in an =1 2ase in compliance to 6.0 + 0.6 %/mmHg x
_0%aud ~.) increase n brrst preseiie to 2260 - 160 mmHg. By fabricating heat induced
fusior.s into :lectrospun r.cshes, a vasc ular graft with both compliance and burst pressure
t.at exc_eded the saphe.0rz vein ax togi 1ft was 2<)ieved. Burst pressure increases similarly
to *.ie grafts with fusions via solvent 7apc:; howeve., the increase in compliance observed
wae =45 Luwed ¢ changes in the polyureth-..c morphelogy. It is well established that thermal
annealinz = lcs energy to alter polyureth=..c microj hase morphology.28: 42 Dynamic
mechanical analysis (DMA) was vz 1n this s*.uy o examine the effect of heat treatment

yduosnuep Joyiny vd-HIN

on nolymrethon o 1 se morpho'ogy. Stura,"e moduli of as spun grafts, heated for 12 hours,
heated for 74 k~aurs, » ad with solvent-induc >d fusions >~c summarized in Figure 11. Both the
as-spw an~. solve.t induced fusions storage inoduli were characterized by a lower plateau
moculus, bre.d Ty transition, and melting fusion {Tyy,) from 30-40 °C attributed to
moiting <« crystalline <1 domains.*3 I', cont*=s., e heat-treated meshes exhibited a higher
} latrau modrlus, sharpe 'y, transitior, an 1 reduced (12 1r) or eliminated (24 hr) melting
tran-:uon. Thee< uata indicate a reduci‘on 1.2 «~Z% segneent crystallinity and an increase in
phese s paration in the electrospun meshc: after Lat trentu ent which was not observed for
mes: es Vith solvent-induced fiber fusions. Thic ,cductior __* soft segment crystallinity was
confit mea using DSC. M.imimal ~hange in crysta'’.aty was ob served after 12 hr heat
treatme... wherzas a redurtion in crystallinity and formatie*: or \igher order crystals occurs
after 24 hr lieat fr_atment, Figure 12.

Previous s udics have =zported sof segment crystallizatior ur elec.rospun polycaprolactone

polyurethan.s due to alicw.nent of polymer chain~ uring th= Cic~tro.vinning process.** 43

We hypothesize that similar soft segment crystalliz =.ion of the e'cctre spun polyurethane

yduosnuep Joyiny Vd-HIN

grafts in these . wuies could introduce rig d physical cr~usinks th~! are lost upon heat
treatment, result.i.g w1 2 more cor.pliant graft. This is strported by wie !0ss of the melting
transition after heat trea‘mei * and v-as confirmed using I’5C. Co.mpa:d to a solvent cast
film, as spun electrospur mesb~s have gre=*.. soft segn ent crys:allinit;, an | higher order
crystals, Figure 12. I 1 addi*ion, electrospii ning results in noo. puase ser.ration of
polyurethanes due to .~.pid drying of the ¥Uers v hich does not r.uvide su ficient tin ~ for
well-ordered hard domains to frr..u.* #3 Th_ incisased phase serz.ation indica ed by the
reduction in Tg breadth .iter anne~iing was hynot? ssized to 1 :sult *., decreas<a 1°2aulus
which we previously corr_iated to an increase ir _uipliance. Ov<.all, the yoserved Zicrease
in compliance was attributed to a morrt.uiogical chunge (increase s phase < paitiza and
reduced soft segment crystalli-.y) and th< increase in burst presture wvas att~L,.cd to a
change in mesh microarchitec m~_ (incre~,cd fiber fusics). To the pes* of our owled ge,
this is the first record of a small diar.eter v=,cular gioft w'th both co npl ance and Lurs:
pressure exceeding the saphenous vein autograft.

)duosnuep Joyiny vd-HIN
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4. Conclusiors

These . tudies illustrate meti ods .o fab-.cate electrospun vascular grafts with improved

con olia \ce while maintz ining sufficient burst pressure by altering segmented polyurethane
chem.istry and electros un me.n microarchi*_c ure. Tensile testing and electrospun graft
viomecna~.’cal testing elr_idated r<lationshir< [or rational selection of polymers based on
comronly 1 :ported tensi'. properties. A polymer with low modulus and high tensile
scength correlated to a -as~uiar gra‘t wi'h high < upliance and burst pressure. The effects
of ~.iesh thickness, fiber tortuosity, a1 d fiver fusior- at junctions on biomechanical
nronorl s were nvestigated te Zgentify mic, varchitecture variables that have the most

nrofoned =0 on biomech. nic2! properties [ieat trea ‘ment was identified as the most
promising method to enhance both cumpliance .ud burs® pressure by enhancing microphase

yduosnuep Joyiny vd-HIN

senaratinn ~=2 25 1 ing fiber 1 1sions Lu this way, an elec trospun small diameter synthetic
vascular oraft =ith cc mpliance and burst p12ssu e exco<aing the saphenous vein autograft
wes fairicoied for the first time. This graft has the potential to reduce intimal hyperplasia
assc ciated w’.n low compliance in synthetic giatts ac1 improve long term clinical success.
A-ditioruly, the fund-i. ntal relations’aps boiwec ele strospun mesh microarchitecture and
11ec’anical n-uperties id-.iified in this werk can be atil zed in various tissue engineering

aprl_ations.

Alttoug: this work illustrates the potential of syr*’.cuc eler rospun vascular grafts for
imprcved 'ong term clinie~! suc ess, exteri\ive inve<iigauon ro mains prior to clinical usage.
These 2-_alar ev=is impro¥. upon current synthetic options 7 exceeding the compliance
of the saphr.ious vei. autograft; however, further imz.ovemer*, can be implemented with
the goal o "ach.eving values cor:paiible to artirial gr~Zis. The inte 'nal mammary artery, also
a current ¢ 'inic ] stand~.y, has a e=.upliance of 11.5 + 3.9 °,mmF.g x 107446 The structure-
property rel. tionships el _iqated in this work pro-.ue the tr<l, ..2cessary to design a second
generation of gratts with arterial compliance value . As with me_c syr .thetic materials, these

yduosnuep Joyiny Vd-HIN

grafts are inhei suuy tnrombogenic and w 1en implante” uione worid require medical
intervention. To &.civyme tnis lirutatior,, the ultimat or=i design ‘ucenorates an inner
layer composed of a bicacti -, thro-.boresistant hydroge’.=* As 1ese prat s are intended for
long term implantation, *ae effr sts of steril*_ction and s ora ;e as we'l 25 binstability warrant
evaluation. Future ir. vivo <.adies in a porcine « nimal mod=l w.ii oe perfz.med to assess the
ability to resist intima' uyperplasia and recuitam long term vate~.y of the: ¢ vascula. grafts.
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Tens le p operties of pol; (carkunate urethane~): (A) initial modulus and (B) tensile strength.


http://www.antennahouse.com/

Nezarati et al.

Figi.re 3

ydLOSNUBIA JOUINY Yd-HIN yduosnuep Joyiny vd-HIN

)duosnuep Joyiny vd-HIN

J Biomed Mater Res B Appl Biomater. Author manuscript, available i PMC 2016 Fer_uary 01.

AH Formatter V6.2 MR6 (Evaluation) http://www.antennahouse.com/

o

epres >w.udtive scanniag ele stron miersgraph of the fiber morphology.

Page 16

(A) "ubu'ar electrospun .nesh fubricated by el~ctrospinning onto a rotating mandrel and (B)
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Scarining electron micreraphs of electrospur mesh tubes with varying thicknesses. Cross-
cectio. 21 views of (A) low wickness “uoe (wall thickness = 0.4 mm), (B) medium thickness
tube (vall tiickness = 3.5 mi.4), and (C) lugh thickness tube (wall thickness = 0.6 mm).
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Scarining electron micre sraphs of electrospur meshes with different degrees of tortuosity:
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Scarining electron micre sraphs of electrospur meshes with different amounts of fiber fusion
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Scarining electron micre sraphs neat-treated C-rbothane grafts: (A—B) Before heat treatment
‘C-D, “.uter 12 hr het trem.ument (F- T After 2 hr heat treatment
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Biorn ech nical propertie, of C~.cbothane mesk=s with varying thicknesses (0 compliance
ond & Lurst pressure . Not.: decreasisyg thickne ss from left to right. *statistically different


http://www.antennahouse.com/

Nezarati et al.

Figire 9

differe~.. frcm controls (p<P.51)

yduosnuey Joyiny vd-HIN yduosnuely JoyINy d-HIN

)duosnuep Joyiny vd-HIN

J Biomed Mater Res B Appl Biomater. Author manuscript, available i PMC 2016 Fer_uary 01.

AH Formatter V6.2 MR6 (Evaluation) http://www.antennahouse.com/

o

Page 22

(A) Compliance and (B> vurst ~ressure of Carhothane grafts with decreased tortuosity and
“usior.~ compared to ‘ontr- i grafts. F'_ctrospun meshes are all 0.4 mm thick. *statistically
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(A) Compliance and (B> vurst ~ressure of Carhothane grafts with and without heat treatment
‘omp: *Zu to the sapl.2nour vein. *st~;sucally ¢ ifferent from control (p<0.01). [a] values
from Suiacinski, et al. * [he z.echanica’ uehavior of vascular grafts: a review.” Journal of


http://www.antennahouse.com/

Nezarati et al.

Figire1'.

Jduosnuely Joyiny Vd-HIN Jduosnuely Joyiny vd-HIN

)duosnuep Joyiny vd-HIN

J Biomed Mater Res B Appl Biomater. Author manuscript, available i PMC 2016 Fer_uary 01.

AH Formatter V6.2 MR6 (Evaluation) http://www.antennahouse.com/

o

Aeat-1.2uced fusions. (C) Cnange in ~.citing tr-1sition with heat treatment.

Page 24

Stor: ge r.voduli of electrospun Zarbothane gra*ts (A) with solvent-induced fusions and (B)
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Table “

H.ud and seft s« gmer.t coinponents of the poly (carbonate urethanes) studied

Po. vmer Isocyana’: Pol -ol

Metb- .ene ¢ iphenyl diisoc ,anate /*..0[) Tutycarbonate diol

Chro “uiex 80A IIIII.|' | ;

4,4'-Methvlene dic~1-1 _y] diisocyana e (Hi~M 1)  Polycar unate diol

Carbothane 73A H | ﬂ
L=
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Table 7

T_usile and bioinechanica’ properties of th» ditierent poly (carbonate urethanes). Electrospun mesh thickness

% = 0.4 mm; n =4; 11ean - - sta,'dard deviatio”. displ~.yed
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= Chronofle . is.0TUY 58R° .58

Q

g Electrospun Graft Properties
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