
 
Bioresorbable vascular scaffolds gain ductility, 

resistance to hydrolysis, and radial strength via a 
unique poly L-lactide microstructure 

 
 

Thesis by 

Karthik Ramachandran 

 

In Partial Fulfillment of the Requirements for 

the degree of 

Doctor of Philosophy 

 

 

 

 

CALIFORNIA INSTITUTE OF TECHNOLOGY 

Pasadena, California 

 

2019 

(Defended October 2, 2018



 

 

ii 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ã 2019 

Karthik Ramachandran 
ORCID: 0000–0003–1820–7555  

 



 

 

iii 
ACKNOWLEDGEMENTS 

My thesis advisor, Julie Kornfield, has had a transformative impact on my thought 

process and approach towards challenging situations. I admire Julie’s innate genius, tenacity, 

and attention to detail. Julie is not only a brilliant scientist but also a wonderful mentor – she 

has supported me through the rigors of graduate school and provided me with the confidence 

and skills required to pull through. Julie also stressed on the importance of effective oral and 

written communication. She has painstakingly gone through my slides and manuscripts to 

teach me how a concept can be presented in a more insightful and lucid manner. Julie also 

gave me the unique opportunity of collaborating with the industry (Abbott Vascular) and an 

international team of scientists in the EU during my thesis research. These experiences 

exposed me to the pace and intensity of research in the industry and helped me gain valuable 

knowledge from scholars with diverse academic and cultural backgrounds.  

I am grateful to Mary Beth Kossuth and James P. Oberhauser at Abbott Vascular for 

their unwavering support during my thesis research. Despite working with us on a closely-

guarded medical device that was en route to FDA-approval, Mary Beth and Jim were 

generous with their insight and gave us the flexibility to present and publish our discoveries. 

Beyond collaborators, they have become mentors who continue to advise me and shape my 

career.  

In the Kornfield group, I was fortunate to meet some wonderful people who have 

supported me over the past few years. I would like to thank Tiziana Di Luccio as she has 

played several roles of friend, mentor, and colleague to me. She has accompanied me to the 

Argonne National Labs on several occasions for X-ray beamtime and kept me sane during 

the long hours of experiments. Tiziana was instrumental in establishing a collaboration 



 

 

iv 
between the Kornfield group and research institutes in Italy (ENEA) and the UK 

(University of Warwick and Queen’s University, Belfast) to investigate nanocomposite 

materials for biomedical implants. Through her network, I became acquainted with scholars 

with expertise in electronics (Riccardo Miscioscia), instrumentation (Giuseppe Pandolfi and 

Giovanni De Filippo), chemistry (Loredana Tammaro and Fulvia Villani), and simulations 

(Giuseppe Nenna). Riccardo, Giuseppe P., and Giovanni helped us realize a long-standing 

dream of ours – the fabrication of an instrument compatible with X-ray beamlines to probe 

the structure of semicrystalline polymers during processing. I am also grateful to Tiziana for 

introducing me to Italian delicacies and for insisting that I visit ENEA and spend some time 

in Italy. The progress I made in my research would not be possible without the foundation 

laid by Artemis Ailianou, a former graduate student in our group. Artemis generously shared 

her insight and helped me with both my candidacy report and presentation. Artemis remains 

a good friend to this day and is always full of sound advice. Lastly, I am indebted to our 

former and current group admins – Sarah Mojarad, Kate Davies, and Abigail McCann – and 

the staff at the ChE division office – Kathy Bubash and Allison Ouellette – who have helped 

make my time at Caltech as smooth as possible.  

There are not enough words to express my gratitude towards the X-ray beamline staff 

at the Argonne National Labs. Zhonghou Cai, who manages the microdiffraction beamline 

2-ID-D, was always just a phone-call away. Steven Weigand and James Rix, who maintain 

the DND-CAT 5-ID-D beamline, kindly performed proof-of-concept experiments for us and 

went out of their way to help us incorporate our instrument at the beamline. I am always in 

awe of the complex instrumentation at the US national labs; they are a scientific treasure and 

have pushed the envelope of our understanding of nature.  



 

 

v 
Lastly, I wouldn't be where I am today without the unconditional support from my 

parents (Dr. C.S. Ramachandran and Gowri Ramachandran). They gave me the freedom to 

pursue my dreams and have always been by my side through every step of my career. My 

decision to pursue graduate studies is largely due to the advice I received from my brother 

Shyam and his wife Pavitra, who are both scientists at Vertex Pharmaceuticals. As they are 

several steps ahead of me in my career, they helped me anticipate possible challenges and 

shared helpful strategies on how to navigate the scientific landscape. I finally wish to thank 

my wife, Minjung Choi, who has been my better half for the past 8 years despite spending 

the last 6 years apart while she was a graduate student at Duke University. Minjung’s kind 

nature, attention to detail and scientific curiosity have helped me improve both as a person 

and as a scientist. I look forward to joining her this October in Boston, where she is currently 

a scientist at Moderna Therapeutics in the rare diseases division.  

 

 

 

 

 

 

 

 

 



 

 

vi 
ABSTRACT 

            Advances in tissue engineering over the past few decades are poised to revolutionize 

drug delivery and biomedical implants. Bioresorbable vascular scaffolds (BVS), which are 

made from the semicrystalline polymer poly (L-lactide), are an example of polymers saving 

and improving the quality of human life. BVSs are emerging as a promising alternative to 

metal stents for the treatment of coronary heart disease (CHD), one of the leading causes of 

death in the world. In contrast to permanent stents, BVSs are designed to have a limited 

lifespan in the body; they restore blood flow through the occluded artery by lending it support 

for 3-6 months, but are completely resorbed in 2-3 years, leaving behind a healthy artery. 

This transient character of BVS restores vasomotion in the treated artery and can eliminate 

the risk of thrombosis, a dreaded complication regarded as the bane of stenting.  

            The promising success of the first and currently only clinically-approved BVS (FDA-

approval in 2016) provides an impetus to continue its development. The struts of the BVS (~ 

150µm) are nearly two times thicker than in metal stents (~ 80µm). A thicker device is 

challenging to implant and is unable to treat smaller and tortuous arteries. Furthermore, 

clinicians speculate that irregular blow flow over thicker struts may contribute towards 

thrombosis. An added complication of working with BVSs is that they are difficult to 

visualize with X-rays owing to the low atomic mass of polymers. The need for a BVS that is 

thinner, stronger, and radio-opaque is the motivation for this thesis, which aims to extend the 

benefits of transient implants to a broader patient population. Chapter I provides a brief 

chronological overview of the evolution of cardiovascular therapeutics to combat CHD. 

Chapters II and III elucidate micron-scale gradients in the PLLA microstructure of the 

clinically-approved BVS that overcome PLLA’s inherent brittleness and provide lasting 

radial support to the artery. Chapter IV discusses the fabrication of novel instrumentation to 

establish structure-property relationships for scaffolds, and Chapter V explores polylactide 

nanocomposites that not only increase radial strength in a thinner profile but also provide 

radio-opacity.  
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1 
C h a p t e r  I  

Introduction  
 

Innovation in materials science and drug development has led to remarkable strides 

in the treatment of coronary heart disease, one of the leading causes of death in the world (1–

3). Andreas Gruntzig led the pioneering effort in 1977 to restore blood flow through an 

occluded artery by performing balloon angioplasty (4). This medical procedure, which 

deploys an inflatable balloon at the site of the lesion, was met with limited success as the 

treated artery suffered from re-narrowing due to elastic recoil and proliferation of smooth 

muscle tissue (4). Lessons learned from the clinical data on balloon angioplasty motivated 

the development of bare metal stents (BMS), which are regarded as the second revolution in 

percutaneous cardiovascular intervention (PCI) (4). These devices overcame the issue of 

acute recoil as they permanently supported the artery but suffered from a high-incidence 

(>25%) of restenosis and thrombosis, which are life-threatening complications (5). The 

advent of drug-eluting metal stents (DES) brought about the third revolution in PCI and is 

the current standard-of-care for coronary heart disease. In contrast to a BMS, a DES is coated 

with a polymeric layer that is infused with drugs that have immunosuppressive and anti-

proliferative effects. For example, FDA-approved DESs such as Cypher (Johnson & 

Johnson), Taxus (Boston Scientific), and Xience (Abbott Vascular) elute Sirolimus, 

Paclitaxel, and Everolimus respectively (5, 6). Clinical data on DES report that they 

overcome restenosis and reduce the incidence of stent thrombosis from >25% (for BMS) to 

< 5% (7).   

Despite the clinical achievements of DES, doctors advocate for further improvements 

to improve the quality of life for patients. DES are made from metals (e.g. Co-Cr) that do not 
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degrade in the body; consequently, they inhibit arterial vasomotion (the natural pulsation of 

arteries) and pose a risk of thrombosis (8). Though the incidence of thrombosis may appear 

small (<5%), it remains a major cause for concern as >1 million patients (as of 2008) are 

implanted with stents each year in the US alone (9). A promising alternative to DES is a 

bioresorbable vascular scaffold (BVS) that is made entirely out of a biodegradable polymer 

such as poly L-lactide (PLLA), which is gradually metabolized by the body (10). Kyoto 

Medical developed one of the first PLLA-based BVSs, the self-expanding Igaki-Tamai stent, 

that was implanted in human coronary arteries (clinical trials performed on ~50 patients since 

2000). However, the Igaki-Tamai stent was thereafter discontinued due to poor clinical 

performance as it was difficult to implant and posed a risk of vessel injury (11). In 2002, 

Prof. DeSimone (UNC Chapel Hill), Dr. Stack (Duke University), and Prof. Langer (MIT) 

founded Bioabsorable Vascular Solutions, a name that would soon become synonymous with 

the medical device. The technology developed by Bioabsorable Vascular Solutions was 

eventually acquired by Abbott Vascular, after it passed through the hands of Guidant (2003) 

and Boston Scientific (2006). Abbott Vascular subsequently pioneered the development of 

Absorb®, a vascular scaffold made entirely out of PLLA that is the first and currently only 

BVS to secure FDA-approval [2016, (12)]. The main advantage of a BVS over a metal stent 

is its transient character; the clinically-approved BVS supports the occluded artery for the 

requisite 3-6 months, but is completely resorbed in 2-3 years, leaving behind a healthy artery. 

The BVS was hailed as the fourth revolution in PCI as the 5-year follow-up to the first-in-

man trials (101 patients, 2009) reported complete restoration of arterial vasomotion with no 

incidence of thrombosis (13).  



 

 

3 
The promising success of the clinically-approved BVS was dented by the 1-year 

follow-up to subsequent clinical trials that reported an increase in stent thrombosis for BVS 

(~1.3%, 3253 patients) relative to DES (~0.6%, 2315 patients) (14). Clinicians speculate that 

the thicker struts of BVS (~150 µm) compared to DES (~ 80µm) may contribute towards the 

increased risk of thrombosis (4). Surgeons also remain cautious of fracturing the BVS in the 

artery in the event of over-deployment; however, under-deployment results in malapposed 

scaffolds which in turn leads to thrombosis. An added complication of working with a BVS 

is poor-radio-opacity. As polymers are virtually transparent to X-rays, surgeons struggle to 

visualize the BVS under X-ray guidance and must rely on four radio-opaque platinum marker 

beads to guide the BVS to the site of the lesion. Thus, there is an unmet need for a device 

that has thinner struts, superior radial strength, and radio-opacity comparable to clinical 

standards.  

This thesis is divided into four chapters that aim to build upon the success of the 

current clinically-approved BVS to enable a device that can treat a broader spectrum of 

patients. We discovered that careful selection of processing conditions can confer the BVS 

with a morphology that provides a balance of strength and ductility. The clinically-approved 

BVS is manufactured in the following sequence: tube expansion converts a predominantly 

amorphous PLLA perform into a highly oriented, semicrystalline tube; laser-cutting 

transforms the expanded tube into an “as-cut” scaffold with an intricate lattice network of 

struts; and crimping radially compresses the as-cut scaffold onto a balloon catheter to 

facilitate deployment in the artery (15). Despite the intense deformation imposed during 

crimping and deployment, the BVS shows no sign of fracture and is capable of supporting 

an artery for months after implantation. The ability of the clinically-approved BVS to 
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overcome the inherent brittleness of PLLA and maintain radial strength despite hydrolysis 

proves that it is possible to improve the strength and lifetime of PLLA in the body.  

Chapter II resolves a disconnect between strength in the expanded tube and the 

deployed scaffold by revealing the role of crimping in creating a unique, anisotropic 

microstructure that facilitates deployment without fracture (15). It is remarkable that the BVS 

gains strength from crimping, a process known to weaken metal stents (16). Chapter III 

provides an explanation for a long-standing paradox (~ 10 years) associated with the 

clinically-approved BVS – its ability to retain radial strength for 9 months despite a ~40% 

decrease in the PLLA molecular weight. Crimping-induced structural transformations delay 

hydrolysis precisely in localized regions that are the most vulnerable to fracture under a radial 

load; consequently, the BVS is able to maintain its structural integrity despite a global 

decrease in the molecular weight.  

Chapters IV and V apply lessons learned from the clinically-approved BVS to guide 

the selection of processing conditions and materials for a thinner, stronger and radio-opaque 

scaffold. The choice of tube expansion conditions has a dramatic impact on the performance 

of the BVS. Compared to an equibiaxial mode of deformation (200% elongation in θ; 200% 

elongation in z), a predominantly uniaxial mode of deformation (400% elongation in θ; 20% 

elongation in z) yields “weaker” expanded tubes but provides superior performance where it 

matters the most – upon deployment (15). Chapter IV discusses the fabrication and 

implementation of a novel apparatus that can probe the structure of PLLA in real time at 

conditions relevant to tube expansion (>400% strain, 1s resolution) (17). The results of 

Chapter IV help establish processing-structure-property relationships that can guide the 

design of future BVSs. Chapter V reinforces PLLA with Tungsten Disulfide (WS2) 



 

 

5 
nanotubes (WSNTs) to create a material that not only provides greater strength in a thinner 

profile, but also confers much-needed radio-opacity. WSNTs were selected over other 

nanoparticles (e.g. CNTs) as they disperse well in PLLA without surface modification, are 

well tolerated in vitro and possess radio-opacity comparable clinical standards (e.g. Pt) (18, 

19). In situ flow-induced crystallization experiments reveal that WSNTs reduce both the 

critical shear time and the wall shear stress for inception of “shish-kebabs” in PLLA, a 

morphology known to enhance strength in polymers by order of magnitude.  
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C h a p t e r  I I  

Multiplicity of Morphologies in Poly (L-lactide)  
Bioresorbable Vascular Scaffolds  

 
 

Abstract  

Poly(L-lactide), PLLA, is the structural material of the first clinically approved bioresorbable 

vascular scaffold (BVS), a promising alternative to permanent metal stents for treatment of 

coronary heart disease. BVSs are transient implants that support the occluded artery for 6 

months and are completely resorbed in 2 years. Clinical trials of BVSs report restoration of 

arterial vasomotion and elimination of serious complications such as Late Stent Thrombosis. 

It is remarkable that a scaffold made from PLLA, known as a brittle polymer, does not 

fracture when crimped onto a balloon catheter or during deployment in the artery. We used 

X-ray microdiffraction to discover how PLLA acquired ductile character and found that the 

crimping process creates localized regions of extreme anisotropy; PLLA chains in the 

scaffold change orientation from the hoop direction to the radial direction on micron-scale 

distances. This multiplicity of morphologies in the crimped scaffold works in tandem to 

enable a low-stress response during deployment, which avoids fracture of the PLLA hoops 

and leaves them with the strength needed to support the artery. Thus, the transformations of 

the semicrystalline PLLA microstructure during crimping explain the unexpected strength 

and ductility of the current BVS and point the way to thinner resorbable scaffolds in the 

future. 

 



 

 

8 
Introduction 

          Cardiovascular Disease (CVD) claims over 15 million lives per year—more lives than 

communicable, maternal, neonatal, and nutritional disorders combined and more than twice 

the number of deaths due to all cancers (1). Coronary Heart Disease (CHD), the narrowing 

of coronary arteries due to the deposition of plaque, accounts for nearly 50% of all CVD 

deaths (1). To restore blood flow, most patients receive minimally invasive balloon 

angioplasty followed by stent implantation (1M in 2008 US) (2). Stents are metal mesh tubes 

that are delivered to the target lesion while they are crimped onto a balloon. Once they are 

positioned at the lesion, inflation of the balloon compresses the plaque against the vessel wall 

and deploys the stent to provide support at the enlarged diameter after the balloon is deflated 

and withdrawn. Metal stents are permanent, and their stiffness prohibits vasomotion and 

dilation (3, 4).  Further, they present a life-long risk of late stent thrombosis (3–6). A new 

technology is poised to displace metal stents: bioresorbable vascular scaffolds (BVS), which 

have been deemed the “fourth revolution” in percutaneous coronary intervention (7, 8). 

          The goal of tissue scaffolds is to restore the healthy state of the tissue, rather than 

merely ameliorating the diseased state (9–11). Poly(L-lactide) (PLLA) was selected as the 

material for BVS because its semicrystalline structure gives it adequate radial strength [>300 

mmHg (12)], and it degrades into products that are metabolized by the human body (13–16). 

Clinically, bioresorption of PLLA vascular scaffolds occurs within 2-3 years, and the treated 

segment of the coronary artery is restored in terms of vasomotion and vasoresponse (17–19).  

Success of a BVS depends on its ability to withstand deformation during both crimping onto 

the balloon and deployment at the lesion, while still having sufficient strength to hold the 

artery open for six months or more. Achieving this with PLLA is remarkable in view of the 
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literature, which describes PLLA as a brittle material with a fracture strain ranging from 5 

to 13% at temperatures below 30°C (20–22). Scaffold deployment in the arteries occurs in 

aqueous media, for which the scant literature reports a strain at break of PLLA less than 10% 

(23).  The usual approaches to overcoming the tendency of PLLA to fracture, blending (24, 

25) and copolymerization (26–28), are not acceptable for BVSs because they reduce the 

lifetime of the polymer in the body (28, 29).  Therefore, the material (pure PLLA) at the heart 

of the first clinically approved vascular scaffold (CE Mark 2011 and FDA approval July 

2016) is notorious for being brittle.  

          The processes for production and implantation for both stents and scaffolds appear 

superficially similar: tube formation, laser-cutting of the strut lattice, crimping, and 

deployment (8). However, the strain fields and their impact on material structure and 

properties are dramatically different. PLLA scaffolds (~150 μm thick) (8) are thicker than 

 

Figure 2.1 Scanning Electron Micrographs (SEM) of the subassemblies (As-Cut, Crimped and 
Deployed) of a PLLA vascular scaffold. The expanded tube is laser-cut to create an (A) as-cut 
scaffold. (B) The U-crest of an as-cut scaffold indicating the inner (IB) and outer bend (OB). 
(C) Cylindrical coordinate system for the scaffold. (D) Crimped scaffold. (E) A U-crest of a 
crimped scaffold in (D). (F) Deployed scaffold. (G) Diamond-shaped-voids present in a 
deployed U-crest. 
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metal stents (~80 μm) (30) due to the lower stiffness and mechanical strength of polymers 

relative to metals.  As a result, greater strains are encountered during crimping and 

deployment of polymeric scaffolds.  For example, elongation at the outer bend (OB, Fig. 

2.1B) of a U-crest during crimping can be as high as 50% in the θ-direction (Fig. S2.1). This 

solid-state deformation of the as-cut PLLA scaffold (Fig. 2.1A) is performed near its glass 

transition (Tg~60-65°C), where its properties depend strongly on temperature (22), and 

accurate, predictive models are not yet available. Furthermore, the effect of processing strain 

on the semicrystalline microstructure of a polymer is crucial for understanding its 

performance, but modeling deformation-induced morphology in semicrystalline polymers is 

a persistent challenge (31). Therefore, direct observations of changes in semicrystalline 

morphology caused by deformation are needed, and the inhomogeneous strain-field imposed 

on the BVS during crimping demands investigation by a technique that offers micron-scale 

resolution. Recent advances in x-ray microdiffraction (32) meet this need and provide results 

that reveal the basis of the balance of ductility and strength that enables PLLA vascular 

scaffolds: crimping creates a multiplicity of materials from a single one — with strong and 

ductile regions arranged favorably for deployment. 

Results and Discussion  

          During the development of PLLA scaffolds, the relationship between the conditions 

used to produce the “expanded tube”, prior to laser cutting, and the properties of the resulting 

scaffold were investigated. An extruded PLLA “preform” was subjected to a biaxial 

elongation during tube expansion and the relationship of hoop elongation and axial 

elongation (Table S2.1) to mechanical properties (Fig. S2.2) was measured.  Surprisingly, 

Group 5 (200% Hoop and 200% Axial elongation, Table S2.1), the most ductile tube 
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(elongation at break >25% in both the hoop and axial directions, Fig. S2.2C-D), did not 

perform well upon deployment (deployment diameter at which fracture began was only 

~3.6mm, Fig. S2.2F and had the largest number of fractured elements upon reaching that 

diameter, >40 per scaffold, Fig. S2.2G).  Similarly, the expanded tube with the second-best 

mechanical properties (Group 4, hoop elongation to break ~15% and axial elongation to 

break ~45%, Fig. S2.2C-D), also fractured upon deployment (~15 cracks/scaffold, Fig. 

S2.2G). Contrary to expectation, expanded tubes with inferior mechanical properties (Groups 

1-3, Table S2.1) gave superior structural integrity where it counts — upon deployment (<5 

cracks/scaffold, Fig. S2.2G). To our knowledge, no explanation of this surprising finding has 

ever been offered.  

          To understand the success of BVS, the present study focuses on scaffolds produced 

with the tube expansion conditions that are used for current clinical BVS devices (Group 3, 

Table S2.1).  The resulting scaffolds afford a wide margin of safety for over-dilation without 

fracture (to ~3.8mm with few cracks, ~5/scaffold, Fig. S2.2F-G). The apparent contradiction 

between ductility of the expanded tube and the performance during deployment motivates 

investigation of the structural changes that occur during crimping, which reduces the 

diameter of the scaffold from 3.5 mm in the as-cut form (Fig. 2.1A) to 1.7 mm in the crimped 

state (Fig. 2.1D). Scanning electron micrographs (SEM) of crimped scaffolds show that the 

deformation zones are localized to areas that are approximately 100 µm across (compare Fig. 

2.1B to 2.1E). Compression along the θ-direction (defined in Fig. 2.1C and G) occurs at each 

“inner bend” (IB, Fig. 2.1B) causing material to bulge out of the (θ,z)-plane (Fig. 2.1E). Thus, 

an elongation in the r-direction occurs at each inner bend, which does not occur in metal 

stents (Fig. S2.3). At each “outer bend” (OB, Fig. 2.1B), tension along the θ-direction causes 
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the scaffold to thin in the r-direction. Upon deployment (Fig. 2.1F), the inner bend is 

placed under tension, but it does not fracture—despite the brittle character associated with 

PLLA. Instead, a “diamond-shaped” void forms (Fig. 2.1G) (33) in the scaffold, a feature 

not observed in metal stents (Fig. S2.3).  

          Although prior data showed that the formation of diamond-shaped voids correlates 

with successful deployment without fracture (Fig. S2.2G-H), no explanation of this 

correlation has yet been offered.  Unlike cracks, diamond-shaped voids are conical cavities 

at the inner bends of U-, W- and Y-crests (Fig. S2.4A) that do not rupture either the outer 

(OD) or inner diameter (ID) surface. To understand the microstructural basis of this 

mechanism for yielding without failure, we use x-ray microdiffraction to gain a three-

dimensional view of the morphology created during crimping and deployment.  In particular, 

we characterize structural transformations that occur in U-crests, which permit estimates of 

 
Figure 2.2 Variation in birefringence through the thickness of a crimped PLLA vascular scaffold. 
(A) Schematic of a U-crest (Fig 2.1E) indicating the Outer Diameter (OD) surface, the midplane 
(black dotted line) and the position of a particular section (black band). (B) Cropped polarized light 
micrographs of sequential 15μm thick microtomed sections from the OD to the ID of a crimped U-
crest. Sections are labeled with “C” to denote “crimped” and the approximate distance in microns 
from the inner diameter of the scaffold (i.e., C30 was closest to the scaffold’s ID and C165 was 
closest to its OD).  A bold rectangle indicates the section analyzed in Fig. 2.3. 
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the strain imposed during crimping (Fig. S2.1). Relative to the original 150 μm-thickness 

of the as-cut scaffold (Fig. 2.1A), the bulge at each inner bend causes an increase in thickness 

to approximately 180 μm (position “+” in Fig. 2.1E), and the tensile deformation at the outer 

bend causes a decrease in thickness to approximately 110 μm (position ‘×’ in Fig. 2.1E). 

          Resolution in the radial direction (r, Fig. 2.1C) is achieved by microtoming sections in 

the (θ,z)-plane (Fig. 2.1A and G).  Moving from the outer diameter (OD) to the inner diameter 

(ID) of the scaffold (upper left to lower right in Fig. 2.2B), we observe a steady increase in 

 

Figure 2.3 Structural characterization of a crimped U-section (C45, bold rectangle Fig 2.2B). (A) 
Polarized light micrographs of C45 with increasing magnification from (i) to provide context 
relative to the inner bend (IB) and outer bend (OB), to (iii) a composite image (vertical dotted lines 
mark transitions between images) that shows positions of microdiffraction acquisitions (marked 
using the x-ray beam); squares correspond to patterns shown in (B-D). Microdiffraction data 
acquired (B) close to the IB, (C) midway between the IB and OB, and (D) close to the OB: (i) x-
ray microdiffraction patterns, (ii) azimuthal intensity distribution I(ϕ) at the (110)/(200) diffraction 
(identified in (D,i), azimuthal coordinates in (B,i), averaged over q Î 1.08-1.24Å-1), and (iii) radial 
intensity distribution I(q) (azimuthally averaged). 
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the birefringence. A possible explanation for this trend is the gradient in both temperature 

and strain that is set up during tube expansion (34), before laser cutting. When hot PLLA 

comes into contact with a cooler outer mold, the material close to the outer diameter is 

quenched which hinders crystallization near the OD. In addition, the tube expansion step 

imposes larger strains on material at the ID (~400%) than at the OD (~100%). Consequently, 

the material close to the ID has a greater driving force for oriented crystallization and a longer 

time to crystallize prior to vitrification, which may explain the observed gradient in 

birefringence.  

          A coarse-grain map of the distribution of orientation in the (θ,z)-plane, obtained using 

polarized light microscopy, shows craze structures at the inner bend (IB) and strong 

orientation at the outer bend (OB). In contrast to the gradient in the r-direction (from one 

 

Figure 2.4 Variation in birefringence through the thickness of a deployed PLLA vascular scaffold. 
(A) Schematic of a U-crest (Fig. 2.1G) indicating the Outer Diameter (OD) surface, the midplane 
(black dotted line), and the position of a particular section (black band). (B) Cropped polarized 
light micrographs of sequential 15μm-thick microtomed sections from the OD to the ID of a 
deployed U-crest. Sections are labeled with “D” to denote “deployed” and the approximate distance 
in microns from the inner diameter of the scaffold (i.e. D13 was closest to the ID of the scaffold 
and D133 was closest to its OD). A bold rectangle indicates the section analyzed in Fig. 2.5. 
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section to the next in Fig. 2.2B), gradients of birefringence in the plane of each section 

must have been created by the crimping process (Fig. 2.1D), as the expanded tube has 

uniform structure in the (θ,z)-plane. The compressive forces that lead to bulge formation (Fig. 

2.1E) cause plastic deformation and crazing at the IB (black lines emanating from the cusp 

of the inner bend, Fig. 2.2B) (35). Midway between the IB and the OB, there is a relatively 

uniform region (orange Michel-Levy color, Fig. 2.2B, C45). At the outer bend, the tensile 

forces in the θ-direction during crimping result in strong orientation (burnt orange Michel-

Levy color, Fig. 2.2B, C45).  Of particular relevance to the formation of diamond-shaped 

voids, section C45 contains the deepest fissures at the IB; thus, we examine C45 using 

microdiffraction to probe the role of crimping in the formation of diamond-shaped voids and 

enhancing the tensile strength of the scaffold.  

          Resolution in the (θ,z)-plane is achieved by translating the sample relative to the 

microdiffraction beam (2-ID-D at APS, Argonne National Labs, 200 nm diameter irradiated 

area), typically using 5 μm steps.  The line of measurement points highlighted in Figure 2.3A, 

iii spans from the compression region at the inner bend (IB) to the tensile region at the outer 

bend (OB). At the IB we observe striking, highly asymmetric diffractions patterns (Fig. 2.3B, 

i, 25 to 55 μm from the innermost edge) and complex azimuthal variation of (110)/(200) 

intensity (Fig. 2.3B, ii). We believe this is a result of the yielding that occurs under severe 

compression.  Moving away from the IB (70 to 100 μm), the middle zone is characterized by 

progressively stronger orientation (Fig. 2.3C, i).  Moving to the OB, the crystallites have 

their c-axis strongly aligned parallel to θ-direction (Fig. 2.3D, i), giving a narrower azimuthal 

distribution (Fig. 2.3D, ii; ~10°, Fig. S2.5G). Despite its reputation for being brittle, the 

PLLA does not fracture under the tension at the OB during crimping; instead, the structure 



 

 

16 
transforms to one with orientation parallel to the OB and, thus, gains tensile strength. The 

yielding and restructuring in the compact zone near the inner bend (0-85 μm, Fig. 2.3B) 

preserves the integrity of the rest of the material (100-160 μm, Fig. 2.3D) during crimping.  

          To mimic deployment of a scaffold in an artery, a crimped scaffold is immersed for 

two minutes in phosphate-buffered saline at 37°C and then radially expanded by inflation of 

a balloon. The radial sequence of sections (Fig. 2.4B) shows “notches” at the inner bend 

corresponding to the diamond-shaped void that forms upon deployment (Fig. 2.1F-G): the 

 

Figure 2.5 Structural characterization of a deployed U-section (D40, bold rectangle in Fig. 2.4B). 
(A) Polarized light micrographs of D40 with increasing magnification from (i) to provide context 
relative to the inner bend (IB) and outer bend (OB), to (iii) a composite image (vertical dotted lines 
mark transitions between images) that shows positions of microdiffraction acquisitions (marked using 
the x-ray beam), squares correspond to patterns shown in (B-D). Microdiffraction data acquired (B) 
close to the IB, (C) midway between the IB and OB, and (D) close to the OB: (i) x-ray 
microdiffraction patterns, (ii) azimuthal intensity distribution I(ϕ) at the (110)/(200) diffraction 
(identified in (D,i), azimuthal coordinates in (B,i), averaged over q Î 1.08-1.24Å-1), and (iii) radial 
intensity distribution I(q) (azimuthally averaged).  
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notch is deepest near the midplane (D80 and D93, Fig. 2.4B). The birefringence in the 

deployed sections is higher than that seen in the crimped sections (compare Fig. 2.2B to 

2.4B). Microdiffraction analysis was performed on section D40, similar to the r-position of 

section C45 above. 

          The two-dimensional scattering patterns are remarkably similar at all positions from 

inner bend (IB) to outer bend (OB) (Fig. 2.5B-D, i). The intensity and azimuthal breadth of 

the (110)/(200) diffraction peaks (Fig. 2.5B-D, ii) and the relative magnitude of the 

crystalline diffraction to the amorphous scattering (Fig. 2.5B-D, iii) hardly vary along the 

path from IB to OB.  In contrast to the dramatic variations in structure in the crimped state 

(Figs. 2.2–2.3 and Fig. S2.5), the deployed state is remarkably uniform (Figs. 2.4–2.5 and 

Fig. S2.6). During deployment, the IB is placed under tension and a diamond-shaped void is 

observed. In the vicinity of the void, there is no evidence of fissures or yielding; there are no 

craze fibrils crossing the diamond-shaped void, nor any crazing near it. Deployment places 

the OB under compression, yet again there are no indications of yielding; the material at the 

OB retains the strong θ-orientation (~10°, Fig. S2.6E) that was seen in the crimped state. 

Although the formation of diamond-shaped voids might at first appear to be a “defect” in the 

scaffold, the morphology in the deployed state suggests that the gentle separation of the 

surfaces of the diamond-shaped void allows the material to relax into a uniform, oriented 

structure — consistent with mechanical integrity and radial strength in the bulk (Group 3, 

S2.2E-H). Thus, the crazing and reorientation at the inner bend produced by crimping permits 

the uniformity and integrity of the deployed state, explaining the previously paradoxical 

observation that scaffolds with a high incidence of diamond-shaped voids resist fracture upon 

deployment (Fig. S2.2G-H). 
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Conclusions 

          The structural integrity of BVSs is of paramount importance to their clinical success 

(36). Scaffolds must not fracture even if over-dilated during implantation and must retain 

their strength for 6 months (37) to support the occluded artery. The requirement of lasting 

strength is the compelling advantage of pure PLLA relative to more ductile PLLA blends or 

copolymers. The mechanical strength of BVSs is governed by their semicrystalline 

microstructure, which is determined by the complex interplay of thermal and strain histories 

imparted during tube expansion, crimping, and deployment. Processing conditions for tube 

expansion must be carefully selected as the resulting microstructure influences the response 

of PLLA upon crimping and deployment.  

          The fine spatial resolution of microdiffraction data at the deformation regions of 

interest shows that the multiplicity of morphologies created during crimping (Fig. 2.3) works 

in tandem to enable deployment without failure.  Looking back at the crimped state (Fig. 

2.2), it is noteworthy that the birefringence in the (θ,z)-plane was low at the IB, consistent 

with chains being oriented out of plane (along r). In semicrystalline polymers, a graceful 

separation of surfaces is possible when the chain axis is tangential to the surface (no chains 

need to be extended or broken). Thus, the reorganization of the semicrystalline structure 

during crimping sets the stage for formation of the diamond-shaped voids (Fig. 2.1G) that 

permit deployment with relatively little tensile stress at the IB. In turn, the low tensile stress 

at the IB during deployment protects the OB from high compressive stresses. The results 

presented in this report caution against focusing solely on the tube expansion step in the 

design of thinner scaffolds. Contrary to intuition, scaffolds gain strength from the crimping 
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process because it can impart a morphology that confers ductility to a nominally brittle 

material. 

          Vascular scaffolds are designed to be as thin as possible to minimize disruption of 

blood flow through coronary arteries. Despite the clinical success of 150 µm-thick scaffolds, 

clinicians seek even thinner BVS to treat smaller and more complex arterial lesions. PLLA 

preforms can be expanded to a thickness comparable to that of permanent stents (~ 80 µm), 

but they must be strong enough to resists vessel spasms (~ 300 mmHg) (12) in order to 

support the occluded artery. Intriguingly, favorable mechanical properties in the expanded 

state do not guarantee deployment without fracture, which has made the design of thinner 

scaffolds a matter of trial-and-error. We hope that revealing the role of the crimped 

microstructure in facilitating deployment without fracture will accelerate development of the 

next generation of BVS, extending their benefits to a broader patient population.  

Materials and Methods  

Preparation of Vascular Scaffolds  

          The scaffolds used for this study were produced by Abbott Vascular through a multi-

step procedure: pure poly(L-lactide) with a Tg between 60 and 65°C was extruded into tubes; 

the extruded tubes were expanded from an outer diameter of approximately 1.5 mm to an 

outer diameter of 3.5 mm and wall thickness of 150 μm using stretch-blow molding; the 

scaffolds were formed from the expanded tube by laser-cutting the desired pattern of axial 

struts and azimuthal rings (Fig. S2.4A); the scaffolds were coated with a 2 – 2.5  μm layer of 

amorphous poly(D,L-lactide), similar to the clinical coating except for the omission of the 

anti-proliferative drug; crimped over a delivery balloon, and sterilized with electron beam 

radiation. From the same batch of crimped scaffolds used for this study, some of the scaffolds 
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were deployed in-vitro using balloon inflation in a bath of saline at physiological 

temperature (37°C). Thus, the crimped and deployed scaffolds came from the same lot of 

PLLA and were processed under the same specifications, on the same equipment, and by the 

same operators.  The scaffolds were stored in a -80°C freezer to preserve material properties 

(i.e. prevent aging) and were taken out for sectioning. A detailed description of the scaffold 

manufacturing process may be found in the patent literature (38, 39).  

Microtomed sections of crimped and deployed subassemblies 

          Consecutive sections in the (θ,z)-plane, each approximately 15 µm thick, were 

provided by Abbott Vascular.  The sections were obtained by carefully controlling the 

orientation of the scaffold of interest (crimped or deployed) during embedding in a clear 

colorless plastic methylmethacrylate-based embedding medium (Technovit 7100, Electron 

Microscopy Sciences) using a 120-minute cure at 25°C.  The size of the specimen usually 

included 2-3 consecutive U-crests (outlined in Fig. S2.4A), which were oriented in the 

embedding material such that the U-crests were in a plane near the surface where the block 

face could be cut. The embedded sample was glued to the microtome mounting post oriented 

with the r-direction of the sample parallel to the post axis.  When placed in the microtome, 

the post was rotated to orient the z-axis of the sample parallel to the cutting direction.  

Sections 15 µm thick were cut using a glass knife at -75°C on a PowerTome XL Ultra-

Microtome. The block face was cut and excess embedding material was removed until the 

plane of the U-crests was first exposed.  Starting with the first section that contained scaffold 

material, consecutive sections were carefully retained and labeled in sequence order until the 

sections no longer contained scaffold material. A representative section from a crimped 

sample (Fig. S2.4B) shows consecutive U-crests in embedding medium. 
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Scanning Electron Microscopy of as-cut, crimped, and deployed vascular scaffolds 

The PLLA scaffolds were mounted on SEM sample stubs using carbon tape and then sputter 

coated with gold to improve conductivity during image acquisition. Images were acquired 

using a Zeiss 1550 VP Field Emission SEM at Caltech and a Hitachi S-4800 Field Emission 

Microscope at Abbott Vascular.  

X-ray microdiffraction measurements on 15 µm-thick scaffold sections  

The Hard X-Ray Scanning Microprobe (HXRSM) at beamline 2-ID-D of the Advanced 

Photon Source (APS) at the Argonne National Labs was used to acquire the microdiffraction 

data. The HXRSM combines microfocusing capabilities with x-ray sensitivity to measure 

crystallographic strain and the ability to penetrate several microns through a specimen. The 

HXRSM utilizes radiation from the high brilliance source generated by an electron beam of 

7GeV in the APS storage ring and a 3.3 cm period undulator. The x-ray microprobe radiation 

has an energy in the range of 6 to 20 keV. For the present experiments, x-rays with energy 

of 10.1 keV ( λ = 1.227 Å) were used. A combination of an Si(111) monochromator and a 

white beam slit located 43.5 m upstream of the zone plate can achieve a minimum spot size 

of 0.15 μm. For our studies, a 0.2 μm beam spot size was used. Further details of the beamline 

optics can be found in the literature (40). A Mar165 CCD area detector at 2-ID-D was used 

to acquire two-dimensional scattering patterns. The samples were mounted on an aluminum 

holder. Using a CeO2 standard, the q-range was calibrated, and the sample-to-detector 

distance was measured to be 119.923 mm. A detailed description of the x-ray analysis can 

be found in the Supporting Information (Figs. S2.7–2.12).  
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Polarized light microscopy of crimped and deployed scaffold sections 

Polarized light micrographs were acquired at 4X, 10X, or 32X magnification through crossed 

linear polarizers using a Zeiss Universal microscope equipped with a Canon EOS DS30 

camera. Image composites at 32X magnification were stitched together using Adobe 

Photoshop, Illustrator, and MS PowerPoint. Dotted white lines have been used to indicate 

the position where two different images have been stitched together.  
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Supporting Information 

Estimating the strain imposed on a U-crest during crimping 

          The strain-field imposed during crimping can be visualized by considering lines of 

material points on the outer-diameter surface that are equally spaced along z and on the outer-

bend surface that are equally spaced along r on an as-cut U-crest prior to deformation (Fig. 

S2.1A, left). Crimping places the inner bend (IB) of the U-crest under compression and the 

outer bend (OB) under tension. The compressive forces create a bulge at the IB, distorting 

the spacing of material points in the θ-z plane and along the r-direction (Fig. S2.1A, right).   

          Neglecting any changes due to crystallization (the density difference between the 

crystalline and amorphous phases is less than 3%) (1), incompressibility can be applied to 

estimate the dimensions of the volume element in the crimped state (Fig. S2.1B, right).  That 

is, the tensile forces at the OB cause material points to move apart in the θ-direction (Fig. 

S2.1A, right) with concomitant decrease in the spacing of points on the OB surface along the 

r-direction (Fig. S2.1A, right).  The magnitude of the strain in the r-direction can be 

estimated from SEM images that show crimping increases the thickness at the IB to 180 μm 

(approximately 20% elongation in the r-direction relative to the uniform 150 μm thickness 

of the as-cut scaffold) and decreases the thickness at the OB to 100 μm (approximately 33% 

compression in the r-direction relative to the initial 150μm thickness). The tensile stresses 

along the θ-direction during crimping tend to elongate the material in the θ-direction; this 

elongation is in the range from approximately 50% (if there is no strain in the z-direction, as 

illustrated in Fig. S2.1A, right) to 100% (if the strain in z- equals that observed in the r-

direction). It is this elongation in the θ-direction that drives the orientation of PLLA chains 
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near the OB of a U-crest, evident in polarized light micrographs and diffraction patterns 

(Fig. S2.5F).  

 

  

Figure S2.1 Estimating the strain-field created during crimping. (A) Visualizing the strain-field 
with an array of material points (black dots). (Left) As-cut U-crest. (Right) Crimped U-crest (B) 
Estimating the elongation at the OB along the θ-direction. (Left) An infinitesimally small volume 
element at the OB of the as-cut scaffold. (Right) The same volume element in the crimped state, 
here illustrated with the z-dimension unchanged, and showing that the r-dimension decreases by 

33% during crimping (based on unpublished SEM images).  
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Mechanical Characterization of Poly (L-lactide) Vascular Scaffolds  

          To explore a range of hoop elongations and axial elongations, pure PLLA was extruded 

into “preforms” with their dimensions selected to give identical final diameter and thickness 

when blown-molded to an “expanded tube” (3.5 mm OD, 150 µm thickness).  The hoop 

elongation was varied mainly by the choice of the “preform” diameter and the axial 

elongation was varied by the axial displacement imposed during blow-molding/tube 

expansion (Table S2.1).  The expanded tubes were then either laser-cut into specimens for 

tensile measurements (both for hoop direction and for axial direction) or into scaffolds that 

were crimped and deployed in identical conditions to examine the effect of processing history 

on scaffold performance (2). 

 
Table S2.1. Expanded PLLA tubes, grouped by the axial and radial deformation during tube 
expansion.  
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Figure S2.2 Mechanical properties of expanded tubes (first row) and deployed scaffolds (second 
row) for Groups given in Table S2.1. Apparent crystallinity (A) inferred from DSC thermograms 
(n=15). Ultimate stress at fracture (B) and the elongation at break (C) for notched dog-bone 
specimens laser-cut with long-axis of the dog-bone oriented along the hoop direction of the expanded 
tube (n=15).  Elongation at break (D) for notched dog-bone specimens laser-cut with long-axis of the 
dog-bone oriented along the axial direction of the expanded tube (n=15). Crimped scaffolds made 
from expanded tubes using identical laser-cutting and crimping conditions were tested to failure upon 
deployment.  The radial strength (E) of scaffolds deployed to 3.5 mm diameter (n=5) is measured 
under a compressive radial load that is increased until fracture occurs (MSI RX650 Radial Force 
Testing Instrument). Scaffolds were deliberately over-dilated to evaluate the deployed diameter at 
fracture (F, n=5).  For specimens that survive to a deployed diameter greater than that of the expanded 
tube (3.5mm), the number of cracks (G) and diamond-shaped voids (H) are presented (n=5, except 
for Group 5, for which only one scaffold survived to 3.5 mm diameter, so 40 represents a lower bound 
on cracks/scaffold). In addition to co-authors MBK and JPO, the following Abbott technologists 
contributed to these experiments: Thierry Glauser, Vincent Gueriguian, Bethany Steichen, Manish 
Gada, and Lothar Kleiner. Figure adapted from Glauser et al (Ref. [2] of SI).  

 

 



 

 

30 
Deformation in Metal Stents compared to PLLA scaffolds  

          Metals and polymers are subjected to tube-forming and laser-cutting to create as-cut 

stents and scaffolds, which can be crimped for deployment in coronary arteries. Despite the 

similarities in processing, the resulting morphology of deployed metal stents and PLLA 

scaffolds is dramatically different. As-cut metal stents are obtained by laser-cutting a pattern 

of struts onto tubes of the respective metal alloy (e.g. Co-Cr, Stainless Steel, Mg). It is 

possible to directly obtain as-cut PLLA scaffolds from extruded tubes, but it is not desirable. 

Extruded PLLA tubes are mostly amorphous and have polymer chains aligned along the z-

direction, which results in poor hoop strength. As a result, PLLA “preforms” made from 

extruded tubes are first expanded to the arterial dimensions and then laser-cut. The process 

of tube expansion results in oriented crystallization and preferential alignment of PLLA 

chains along the circumference, which enhances hoop strength in the PLLA scaffold.  

          The as-cut stents and scaffolds are subsequently crimped, which places the inner bends 

of U-crests under compression and the outer bends under tension. At first, it appears that 

crimping should weaken the material, which is true for metal stents but not for PLLA 

scaffolds. Reports in the literature indicate reduced mechanical properties for crimped metal 

stents in comparison to uncrimped metal stents (3). In PLLA scaffolds, the material at the 

inner bend plastically deforms and protrudes along the r-direction to form “bulges”, which 

have no counterpart in metal stents (Fig. S2.3A-B, i). Near the outer bend, elongation of 

material augments chain orientation (Fig. 2.3), which enhances tensile strength of the PLLA 

scaffold. The formation of diamond-shaped voids upon deployment is closely associated 

with the semicrystalline morphology and orientation of chains in polymers; diamond-shaped 

voids are not observed in metal stents (Fig. S2.3A-B, iii).  Unlike metal stents, the 
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multiplicity of morphologies in crimped PLLA scaffolds play a central role in increasing 

scaffold strength and enabling deployment without fracture.  

Aligning and mounting 15µm thick microtomed sections for Microdiffraction 

experiments 

 
          To perform linear scans along selected lines across a sample (here, from the inner 

bend to the outer bend of a U-crest, Fig. S2.4A), it is necessary to properly orient the sample 

with respect to the translation apparatus at the beamline. Embedding medium around a 

microtomed sample stabilizes its shape (e.g. preventing the sample from rolling into a 

scroll) and facilitates holding the sample in place.  However, when the sample was mounted 

on the beamline (APS Beamline 2-ID-D), only an x-ray camera was available, which 

cannot discriminate between the embedding medium and the scaffold, which have similar 

electron density. Therefore, we mount the sections in a specific orientation and position in 

a frame that can be quickly and properly oriented and positioned in the beam.  Specifically, 

 
Figure S2.3 Influence of material properties on the crimped and deployed state of vascular implants. 
Scanning Electron Microscopy is used to compare a 150 µm PLLA Scaffold (A) and an 80 µm 
Cobalt-Chromium (B) permanent stent (3, 4). The PLLA scaffold and Co-Cr stent are crimped (A-B, 
i) onto a balloon catheter and deployed (A-B, ii) to an outer diameter of 3.5 mm. The inner bends of 
deployed struts (A-B, iii) indicate that diamond-shaped voids are specific to PLLA scaffolds. Fig. 
S2.3B, i-ii is reprinted with permission from Ref [4] of the SI and Fig. S2.3B, iii is reprinted with 
permission from Ref [5] of the SI.  
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thin sections of the embedded scaffold (in the crimped and deployed state) were placed 

between two 1 µm thick silicon nitride membranes supported on silicon frames (window 

size 2.0 mm x 2.0 mm, Norcada NX5200F). To facilitate alignment of samples for 

microdiffration line scans along the z-direction and θ-direction, the specimens were 

oriented such that the z- and θ-axes were parallel to edges of the silicon frame (Fig. S2.4B). 

Inspection using polarized light showed that the sections did not move during transport. 

The boundary between the silicon frame and the silicon nitride membrane was readily 

identified using the x-ray camera (e.g., Fig. S2.4B, white “+” marks).  The positions of 

selected points on the specimen relative to the frame (measured using a polarized light 

microscope) were used to specify the coordinates of points at which to begin and end a line 

scan of x-ray microdiffraction measurements (e.g. Fig. S2.4B, black “+” marks on the inner 

and outer bend of the U-crest of section C45 described in Fig. 2.3).   

 
Figure S2.4 Definition of terms and illustration of the part of the sample that was embedded in 
preparation for cutting sections.  (A) The scaffold is laser-cut to remove most of the material of the 
expanded PLLA tube, leaving the rings and struts that make up the scaffold.  We chose to examine 
U-crests because they capture the intense, local deformation that occurs during crimping (whereas 
the arms mainly reorient without deforming and struts neither reorient nor deform). The outline 
indicates the typical size and orientation of the embedded specimen from which sections were cut. 
Fig. S2.4A is reprinted with permission from Ref [33] of the main text. (B) A section cut from a 
crimped scaffold (specifically C45, see Fig. 2.2B and 2.3).   
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          X-ray beam damage is always a concern with polymers, particularly when the 

specimen is only 15µm thick.  Therefore, we acquired pairs of wide-angle X-ray scattering 

patterns using two sequential 30-second exposures.  The difference between the two 

scattering patterns was used to quantify the extent of beam damage.  Relative to the first of 

the two acquisitions, the second acquisition showed a reduction of intensity of 

approximately 20% at the (110/200) diffraction.  This difference was sufficiently small that 

we chose to use sum of the two acquisitions to maximize signal-to-noise ratio in the 

scattering pattern analyzed for each measurement point.  The second X-ray exposure was 

also used to produce a slight, yet visible “burn mark” that provided a record of the exact 

position where the scattering pattern was measured.  
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Extreme structural anisotropy in crimped U-crests 

 
Figure S2.5 Variation in morphology from the inner (IB) to the outer bend (OB) of the C45 crimped 
U-section. (A) Polarized light images of the C45 crimped section (higher magnification image 
comprises multiple images stitched together at vertical white dashed lines). (B-F) Diffraction patterns 
acquired at the positions of the corresponding burn marks in (A). The (110)/(200) peaks are indicated 
in (F,160 μm). (G) The azimuthal Full-Width at Half Maximum (FWHM) for the (110)/(200) peaks 
of the diffraction patterns serves as a measure of the strength of orientation of the crystallites. Note 
that values are not given for patterns acquired near the IB, where the polymer chains tilt out of plane 
and the azimuthal spread becomes increasingly broad (B-C), making it difficult to identify distinct 
peaks.  
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Structural homogeneity in deployed U-crests 

 
  

 
Figure S2.6 Variation in morphology from the inner (IB) to the outer bend (OB) of the D40 deployed 
U-section. (A) Polarized light images of the D40 deployed section (higher magnification image 
comprises multiple images stitched together at vertical white dashed lines). (B-D) Diffraction patterns 
acquired at the positions of the corresponding burn marks in (A). The (110)/(200) peaks are indicated 
in (B, 20 μm). (E) The azimuthal Full-Width at Half Maximum (FWHM) for the (110)/(200) peaks 
of the diffraction patterns serves as a measure of the strength of orientation of the crystallites.  
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X-ray Microdiffraction data analysis  

          Microdiffraction experiments were performed using 15 μm-thick sections of the 

polymer poly(L-lactide) (PLLA) (Beamline 2-ID-D, 200 nm spot size, APS, Argonne 

National Labs). Due to the small thickness of the sample, the scattering intensity from the 

PLLA sections is a mere 6% above the background (Fig. S2.7). Over the course of the 72 

hours of microdiffraction beamtime, the background varied in excess of 10% (Fig. S2.8), 

making it difficult to isolate the scattering due to the thin PLLA section.  

          To properly account for variations in background intensity, we studied twenty 

background patterns measured with the same acquisition time that was used for the samples 

(30 s), at intervals of between 1 minute and 8 hours over the course of 40 hours of beamtime. 

 
Figure S2.7 Background scattering (dashed) compared with background + a 15 μm thick section of 
poly(L-lactide), PLLA (solid). The background and the sample scattering were acquired within 7 
mins of each other using a 30 s acquisition. The greatest difference between the two is at the 
(110)/(200) diffraction peak (less than 10%) and the PLLA contribution is negligible at both “low-q” 
(0.5 ≤ q ≤ 0.55 Å-1) and “high-q” (2.7 ≤ q ≤ 2.8 Å-1), indicated by black rectangles. 
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The twenty background patterns do not superimpose, and the variations at low-q (0.5 ≤ q 

≤ 0.55 Å-1) are much greater (~ 17%) than the variations (~ 8.5%) at high-q (2.7 ≤ q ≤ 2.8  

Å-1) (Fig. S2.8). Thus, the background changes in shape as well as intensity. The beam 

intensity was recorded with every acquisition.  The average intensity at high-q (2.7 ≤ q ≤ 2.8 

Å-1) approximately tracks the beam intensity—but not exactly. Therefore, the conventional 

method of background subtraction (normalizing by the beam intensity recorded with each 

acquisition), is not appropriate. The presence of a high-q interval (2.7 ≤ q ≤ 2.8 Å-1) in which 

the PLLA contribution is negligible offers the option of using the average intensity at high-

q as an “internal standard” for the beam intensity (Fig. S2.9). The remaining variations of the 

background at low-q are, however, comparable to the total number of counts due to a 15 μm-

thick PLLA section (the scale used in Fig. S2.9B corresponds to the maximum signal 

contributed by a 15 μm PLLA section in a single 30s acquisition).   

          The background residuals have a very consistent shape (Fig. S2.9) that matches the 

shape of the background patterns as a whole (Fig. S2.8), consistent with the hypothesis that 

the additional effect (beyond the effect of beam intensity) is likely due to small variations in 

the air, e.g. pressure or humidity. In turn, this suggests a two-parameter background 

subtraction method. We take advantage of the fact that the scattering due to background + 

PLLA is indistinguishable from the background at both the low-q and high-q limits of the 

experimentally accessible q-range (black rectangles, Fig. S2.7).  Therefore, each scattering 

pattern contains sufficient information to compute two parameters that capture the ca. 17% 

variations in the magnitude of the air scattering (the difference between the low-q and high-

q intensity, ΔI) and the small variations in the high-q intensity, Ih.  We test a simple two-

parameter background subtraction method in which the background pattern is scaled to 
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accord with the sample’s ΔI, and then a small offset is applied to match the sample’s Ih.  If 

the scattered intensity for background+sample is denoted S(q,Φ) and that of the background 

is B(q,Φ), then 

  

𝑆(𝑞, 𝛷)'()*+,-*./ = 𝑆(𝑞, 𝛷)	 − 𝛼. 	𝐵(𝑞, 𝛷)	– 	𝛽																									[𝐒𝟐. 𝟏]	 

 

where α = ΔIS /ΔIB  and β = Ih,S -α Ih,B with the subscript denoting the pattern i=S or B for 

which the quantity ΔIi or Ih,i is evaluated. The method is applied to two-dimensional data 

sets; for illustration, the azimuthally averaged plots, I(q), are shown for a pair of S(q,Φ) and 

B(q,Φ) in Figure S2.10A and for S(q,Φ) and αB(q,Φ)+ β in Figure S2.10B. To test the ability 

of this method to precisely null-out variations in the background, we used the two groups of 

background patterns described above (Figs. S2.8 and S2.9), patterns 1-14 prior to the 

synchrotron beam going down, and 15-20 afterward. The average of the patterns in a group 

was used as the B(q,Φ) for that group.  For a particular background pattern S(q,Φ) intensities 

at low-q (0.5 ≤ q ≤ 0.55 Å-1) and high-q (2.7 ≤ q ≤ 2.8 Å-1) were evaluated for each pattern 

and, pixel by pixel, αB(q,Φ)+β was subtracted from S(q,Φ). The residuals are shown in Fig. 

S2.11 using the same scale as Fig. S2.9, for which the maximum signal contributed by a 

single 30s acquisition of a PLLA thin section is 10. The residual is consistently less than ±1 

(Fig. S2.12), i.e., less than 5% of the PLLA signal (residual < 0.5% of background).  
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Figure S2.8 Variation in background scattering. Representative background scattering patterns 
acquired over a period of 39 hours presented as (A) two-dimensional images and (B) azimuthally 
averaged I(q) plots.  
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Figure S2.9 Deviation among background patterns at low-q, despite using an “internal standard” for 
beam intensity presented as (A) two dimensional images and (B) azimuthally averaged I(q). 
Background patterns (Fig. S2.8) were analyzed in two groups (1-14 prior to the synchrotron beam 
going down, and 15-20 afterward).  The average of the patterns in a group was used as the 
“background” for that group.  Normalization by the intensity in the q-range 2.7 to 2.8 Å-1 prior to 
subtraction produced a near zero residual only for q > 2.4 Å-1; at low-q, the residual varied from +2% 
to -4% of the overall background.   Relative to the maximum signal contributed by a single 30s 
acquisition of a 15 μm PLLA section (its 110/200 peak), the low-q residual ranges from -40% to 
+25%—swamping out the variations among the PLLA patterns.   
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Figure S2.10 Schematic illustration of two-parameter background subtraction. (A) When the average 
of background patterns (“Raw Bkg”) is subtracted from the sample diffraction pattern (“PLLA + 
Bkg”), large disparities at q values at which sample+background is known to be indistinguishable 
from the background (marked by rectangles (cf. Fig. S2.7)) are observed. This disparity cannot be 
removed with simple scaling (see Fig. S2.9). (B) The disparity can be removed by a two parameter 
adjustment αB(q,Φ)+β of the background (“Bkg(α & β)”, see Equation S1 and text for formulae for 
α and β). 
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Figure S2.11 Validation of two-parameter background subtraction. For the same sets of background 
scattering patterns as in Fig. S2.8 and again using the average of the patterns in a group as the 
“background” B(q,Φ) for that group.  The residuals after subtraction of αB(q,Φ)+β (see text for 
formulae for α and β) from representative individual background patterns are shown (A) as two 
dimensional images and (B) as azimuthally averaged I(q).  

 

 
Figure S2.12 Impact of two-parameter background subtraction on PLLA intensity. Comparison of 
(A) the residual of a representative two-parameter subtraction of one background data set from 
another, and (B) the signal due to PLLA (from two 30s acquisitions) isolated using two-parameter 
background subtraction. 
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C h a p t e r  I I I  

Crimping-induced structural gradients explain the lasting strength of poly L-
lactide bioresorbable vascular scaffolds during hydrolysis 

 

Abstract  

Biodegradable polymers open the way to treatment of heart disease using transient implants 

(bioresorbable vascular scaffolds, BVSs) that overcome the most serious complication 

associated with permanent metal stents: late stent thrombosis. Here, we address the long-

standing paradox that the clinically-approved BVS maintains its radial strength even after 9 

months of hydrolysis, which induces a ~ 40% decrease in the poly L-lactide molecular weight 

(Mn). X-ray microdiffraction evidence of non-uniform hydrolysis in the scaffold reveals that 

regions subjected to tensile stress during crimping develop a microstructure that provides 

strength and resists hydrolysis.  These beneficial morphological changes occur where they 

are needed most—where stress is localized when a radial load is placed on the scaffold. We 

hypothesize that the observed decrease in Mn reflects the majority of the material, which is 

undeformed during crimping. Thus, the global measures of degradation may be decoupled 

from the localized, degradation-resistant regions that confer the ability to support the artery 

for the first several months after implantation.  

Introduction 

               Coronary heart disease (CHD) restricts the flow of blood to the heart muscles due 

to the accumulation of plaque on the walls of the arteries surrounding the heart. 

Cardiovascular disease (CVD) accounted for 31% of all deaths worldwide in 2010 (1) and 

claimed more lives than all cancers combined (U.S., 2015) (2), with over 40% of all CVD 
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deaths due to CHD (1, 2). The current standard of care for CHD is to implant a drug-eluting 

metal stent (DES) to hold the vessel open [> 1 million implanted in 2008  in the US alone 

(3)]. However, the rigid nature of metal stents permanently restricts arterial vasomotion and 

induces potentially fatal complications such as Late Stent Thrombosis (LST) (4, 5). 

Bioresorbable vascular scaffolds (BVSs, Fig. 3.1A) are emerging as an alternative that, 

unlike metal stents, temporarily support the occluded artery for 6-9 months and are 

completely resorbed in 2-3 years (6–8). The five-year follow-up to the first-in-man trials for 

BVS (101 patients, 2009) reported restoration of arterial vasomotion and dilation with no 

incidence of LST in properly deployed and well-apposed scaffolds (9–11). However, the 

second randomized clinical trial for BVS (335 patients, 2011-2013) indicated an increase in 

thrombosis (within 1 year) for BVS compared to DES (12), motivating further 

improvements. The greater thickness of BVS (~ 150 µm) relative to metal stents (~ 80 µm) 

may contribute to the reported increase in thrombosis (13). The key to thinner scaffolds is 

increased strength that lasts at least 3 months after implantation, motivating the present study 

of the relationships between scaffold microstructure, mechanical strength, and hydrolytic 

degradation during the first 18 months after deployment.   

               The structural material of the first clinically-approved BVS [CE Mark in 2011(4), 

FDA approval in 2016 (14)] is the semicrystalline polymer poly L-lactide (PLLA), which 

hydrolyzes into L-lactic acid and is metabolized by the body (15–18). Pure PLLA is a 

surprising choice for a BVS as it is widely described as a brittle material (literature values of 

fracture strain <10% at physiological conditions) (19, 20). PLLA blends (21, 22) and  
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Figure 3.1 Microscopy provides a 
coarse grain map of the impact of 
hydrolysis on the microstructure of 
Bioresorbable Vascular Scaffolds 
(BVS). (A) An optical micrograph of a 
deployed BVS defining the terms “W-
crest”, “Y-crest”, “link”, “arm”, “U-
crest”, and “ring”. (B) Scanning electron 
micrograph highlighting diamond-
shaped voids in U-crests after 
deployment. (C) Schematic diagram of a 
U-crest indicating the inner bend (IB, 
where the voids occur), the outer bend 
(OB) and the outer diameter (OD) 
surface; the inner diameter (ID) surface 
is hidden. (D) Polarized light 
micrographs (orientation of analyzer and 
polarizer shown as A and P) reveal 
structural anisotropies in 15 µm-thick 
sections cut from scaffolds hydrolyzed 
for 0 months (0M), 9 months (9M), and 
18 months (18M). The distance shown 
indicates the position of each section 
relative to the ID (e.g. the 0M-15 µm 
section is 15 µm from the ID). The 
retardation of the as-deployed scaffold 
(0M) is highest in the region between the 
diamond-shaped void, and the OB and 
increases with radial position from the 

OD to ID (retardation ~ 400 nm near the OD and ~ 500 nm at the ID); this gradient in retardation 
is still present after 9M hydrolysis (D, 9M) and has its origins in scaffold manufacture (see origin 
of r-gradient in retardation in SI). In contrast, the retardation does not systematically vary from the 
OD to ID after 18M of hydrolysis. Fig. 3.1A adapted from Ref. [6]. 

and copolymers (23–25) that offer superior ductility failed to progress to the clinic as they 

prematurely lose strength due to relatively rapid hydrolysis (26, 27). The usual brittle 

character of PLLA was overcome via careful selection of processing conditions to impart 

ductile character to a BVS that remains strong for the first 9 months after implantation. 

Manufacture of a  BVS begins with a nearly amorphous PLLA preform (a tube with inner 

diameter, ID: 0.64 mm and outer diameter, OD: 1.69 mm) (28) that is transformed into a 
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vascular scaffold by a sequence of “tube expansion” (biaxial elongation into a uniform, 

thin-walled, oriented, glassy tube with OD: 3.5 mm and thickness ~ 150 µm), “laser-cutting” 

a strut lattice from the tube, and “crimping” onto a balloon catheter (28, 29). Recent 

microdiffraction measurements reveal that this processing history creates important 

structural transformations during crimping (we return to this in the Discussion) that facilitate 

deployment without fracture (28). However, surviving deployment is only the first step for a 

BVS towards clinical success; it is imperative for the deployed scaffold to maintain radial 

strength in the artery for an additional 3 to 6 months despite hydrolytic degradation.  

               In agreement with the literature on PLLA (30), molecular weight (Mn) reduction 

of BVSs in vitro matches that in vivo (Fig. S3.1A), suggesting that the strength and 

structure observed during hydrolysis in vitro are relevant to hydrolysis in vivo as well. For 

the material and processing conditions examined here, deployed BVSs maintain their radial 

strength for more than 9 months (Fig. S3.1D-E) (31); this is surprising in view of the 

substantial decrease of Mn over this time period (Fig. S3.1A-B), which is associated with 

scission of “tie chains” that connect lamellar crystals and provide load-bearing capability 

to the polymer (32, 33). The apparent disconnect between the strength and molecular 

weight of PLLA during hydrolysis is well documented (26, 34–36), but to the best of our 

knowledge, there is no study that reconciles this discrepancy. The intriguing combination 

of Mn decrease without loss of strength is even more puzzling in light of a recent study that 

found extensive degradation and loss of strength in less than 4 months of hydrolysis in 

scaffolds made from a different grade of PLLA and process conditions (37). Here, we use 

X-ray microdiffraction to shed light on microstructural features that play a critical role in 
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mitigating the effects of hydrolysis and provide lasting strength to the clinically-

approved BVS.  

Results 

               We focus on the effects of hydrolysis at U-crests (defined in Fig. 3.1A-B), as these 

regions are the most susceptible to fracture under loading. We compare the structure of 

scaffolds that have been crimped, deployed, and hydrolyzed for 9 (9M) and 18 months (18M) 

to the as-deployed scaffold (0M) to understand the progression of hydrolysis in the BVS. We 

describe hydrolysis effects starting with the more extreme 18M case, which captures the 

PLLA microstructure as the scaffold begins to disintegrate, and then the more nuanced 9M 

case, where the microstructure is still strong enough to support the artery. We begin by 

examining polarized light micrographs of ~ 15 µm-thick sections of U-crests cut from the 

Figure 3.2 Selected Wide-Angle X-ray microdiffraction patterns for the 15 µm-thick section cut at a 
radial position ~ 60 µm from the inner diameter for BVSs subjected to hydrolysis for (A) 0M, (B) 
9M and (C) 18M. (i) Polarized light micrographs show the position of microdiffraction acquisitions 
(white squares labeled with their distance from the inner bend correspond to patterns in (ii); white 
dashed lines indicate where images focused on specific X-ray marks were stitched together). (ii) 2D 
Diffraction patterns use an identical logarithmic color scale (colors vary from 0 [deep blue] to 3 [deep 
red] counts) and q-scale (indicated at bottom right). Corresponding 1D patterns are given in Fig. 3.3 
and quantitative characteristics of the amorphous and crystalline features of the 2D patterns are 
presented in Fig. S3.5. Due to the structural discontinuities that develop after 18 months of hydrolysis, 
the path from the inner (IB) to the outer bend (OB) of the 18M section is nearly twice that of its 0M 
or 9M counterpart (~ 120 μm from IB to OB in C, i compared to ~ 60 μm in A-B, i).  
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inner to the outer diameter of the 

scaffolds (ID/OD indicated in Fig. 

3.1C). Specifically, the micrographs 

reveal three types of regions based on 

the deformation imposed on them 

during crimping: the vast majority of 

the material is undeformed (e.g. arms, 

defined in Fig. 3.1A); a small region 

near the inner bend (IB, defined in 

Fig. 3.1C) is compressed along the θ-

direction; and a small region near the 

outer bend (OB, defined in Fig. 3.1C) 

is elongated in the θ-direction. Within 

this context, we move to synchrotron 

X-ray microdiffraction results, which 

reveal gradients in the progression of 

hydrolysis that are distinct for each of the three types of regions.  

               Polarized light micrographs of 18M sections reveal a material that is brittle, 

heterogeneous (e.g. 18M, Fig. 3.1D, the bright blue-green microdomains have retardation > 

600 nm), and riddled with fissures preferentially oriented along the θ-direction (18M, Fig. 

3.1D; see Fig. S3.2 for micrographs cut from other (n=3) 18M scaffolds). In contrast, the 

9M sections maintain structural integrity and, apart from a subtle increase in retardation, 

appear similar to their 0M counterparts (Fig. 3.1D). In the vicinity of the diamond-shaped 

 

Figure 3.3 Selected 1D microdiffraction profiles 
averaged (left) azimuthally, I(q), and (right) radially, I(φ) 
for WAXS patterns acquired on a section cut ~ 60 µm 
from the inner diameter of a (A) 0M, (B) 9M and (C) 18M 
scaffold. The position at which each X-ray pattern was 
acquired is indicated in the legend (same positions as the 
2D patterns in Figure 3.2). Radial averaging was 
performed in the vicinity of the (110)/(200) reflection: q 
∈ [1.08-1.24Å-1]. 
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void of the U-crest (Fig. 3.1B), the 9M sections have regions that appear orange-red (high 

retardation), indicating a material of stronger than average orientation. Regions that appear 

pale gray to black on the inner bend on either side of the diamond shaped void indicate a 

material with low orientation in the plane of the section that are present upon deployment 

(0M) and remain after 9M hydrolysis. These strong variations in structure are consistently 

observed in 0M and 9M scaffolds (n = 3 for each, Figs. S3.3–S3.4) and are confined to a 

region that extends approximately 100 µm to each side of the symmetry plane (defined in 

0M, Fig 3.1D, right). Therefore, we take advantage of the fine spatial resolution of X-ray 

microdiffraction (200 nm spot size) to probe the microstructure in these localized regions to 

find clues to the lasting strength of the BVS.  

 

Figure 3.4 Selected Wide-Angle X-ray microdiffraction patterns of the 9M sample (section ~ 60 µm 
from the ID) acquired along lines that are (A) ~ 180 µm (B) ~ 40 µm and (C) ~ 0 µm from the 
symmetry plane. (i) Polarized light micrographs show the position of microdiffraction acquisitions 
(white squares labeled with their distance from the inner bend correspond to patterns in (ii); white 
dashed lines indicate where images focused on specific X-ray marks were stitched together). (ii) 2D 
diffraction patterns use an identical logarithmic color scale (colors vary from 0 [deep blue] to 3 [deep 
red]) and q-scale (indicated at bottom right). Corresponding 1D patterns are given in Fig. 3.5 and 
quantitative characteristics of the amorphous and crystalline features of the 2D patterns are presented 
in Fig. S3.5. 
x 
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               Consistent with the literature (26, 27, 38), 18M of hydrolysis produces a 

decrease in amorphous content and a concomitant increase in crystallinity: the intensity of 

the amorphous halo at 18M is approximately half that of 0M (compare 18M with 0M in 

Figs. 3.2–3.3 and Fig. S3.5B, left), and the intensity of the (110)/(200) peaks increases 

dramatically (~ 3-fold increase at 18M relative to 0M, Figs. 3.2–3.3 and Fig. S3.5C, left). 

Microdiffraction data acquired on the bright blue-green microdomains (18M, Fig. 3.1D) 

indicate that these regions possess a greater number of oriented crystalline unit cells 

compared to the surrounding material (see Fig. S3.7). In contrast, a scaffold made with a 

different grade of PLLA, manufacturing process, and strut geometry undergoes rapid 

degradation and shows loss of crystallinity and orientation in the interior within 110 days 

of hydrolysis (37). Microdiffraction data on the clinically-approved scaffold at 18M (540 

days) indicate an increase in the degree of crystallinity and retention of strong orientation 

along the θ-direction (Fig. S3.5C-D, left; Figs. S3.8 and S3.9).  

               The differences that result from 9 months of hydrolysis are less obvious, 

particularly for diffraction patterns acquired near the OB (compare 0M and 9M patterns, 

Fig. 3.2, right). At 0M, scattering patterns acquired at the symmetry plane are nearly 

indistinguishable for all microdiffraction positions (see Figs. S3.10–3.11 for X-ray data 

and Fig. S3.12 for quantitative characteristics of all five 0M sections). However, at the 9M 

symmetry plane, there is a clear gradient in morphology from the IB to the OB: the 

amorphous halo at the IB is ~ 20% lower relative to the OB, which has intensity comparable 

to that of the as-deployed scaffold (compare 0M with 9M, Figs. 3.2–3.3 for 

microdiffraction data and Fig. S3.5B, left for quantitative characteristics of the sections cut 

~ 60 µm from the ID). The decrease in the amorphous halo indicates that hydrolysis has 
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progressed at the IB.  Retaining 

intensity in the amorphous halo 

suggests that the material near the 

OB of U-crests resists hydrolysis 

during the first 9 months (see Figs. 

S3.13–3.22 for X-ray data and Figs. 

S3.23–3.25 for quantitative 

characteristics of all five 9M 

sections).  

               The retention of the 

amorphous halo near the OB is also 

observed along line-scans that are 

offset from the 9M symmetry plane 

by ~ 40 µm in the θ-direction; the IB 

is susceptible to hydrolysis while the 

amorphous halo at the OB is 

comparable to that of the as-deployed 0M scaffold (relative to 0M, the amorphous halo at IB 

has decreased more than 20% in 9M; see Figs. 3.4–3.5B and Fig. S3.5B, mid). In contrast, 

microdiffraction line-scans that are offset from the symmetry plane by ~ 180 µm in the θ-

direction do not vary with position from IB to OB (see Figs. 3.4A–3.5A), consistent with the 

highly uniform morphology in portions of the scaffold that were undeformed during 

crimping and deployment. All of the patterns acquired ~ 180 µm from the symmetry plane 

of 9M show a weak amorphous halo similar to the IB near the symmetry plane (cf. Fig. 3.4A 

 

Figure 3.5 Selected 1D microdiffraction profiles 
averaged (left) azimuthally, I(q), and (right) radially, I(φ), 
for WAXS patterns acquired on the 9M sample (section 
~ 60 µm from the ID) along lines located (A) ~ 180 µm, 
(B) ~ 40 µm and (C) ~ 0 µm from the symmetry plane. 
Radial averaging was performed in the vicinity of the 
(110)/(200) reflection: q ∈ [1.08-1.24Å-1]. The legend 
indicates the position along the line (corresponding to the 
2D patterns in Figure 3.4). 
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to Fig. 3.4C, 15 – 20 µm; also see Fig. S3.5B, right, and Fig. S3.23, right). The ability of 

the OB near the symmetry plane to resist degradation correlates with its unique 

microstructure (28), which only exists in regions subjected to elongational deformation 

during crimping.   

Discussion 

               There are four questions we consider in relation to our proposed resolution of the 

seemingly contradictory effects of hydrolysis on molecular weight (Mn) and strength. Is the 

fraction of the scaffold that is resistant to hydrolysis small enough that the decrease in 

overall Mn could plausibly be dominated by the rest of the material?  If the arms and links 

undergo faster hydrolysis than the U-crests, why do they remain intact at 9 months? Is there 

evidence that loss of strength occurs first in the arms and links? Is there evidence that U-

crests make particularly important contributions to scaffold radial strength? We address 

each of these in turn. 

               To estimate the fraction of the total material that resists hydrolysis in the scaffold, 

we use numerous optical and SEM images to calculate an upper bound for the volume of 

material near the OB that has a well-preserved amorphous halo at 9M. We include material 

that is ~ 100 µm on each side of the symmetry plane of a deployed U-crest, which has an 

average IB to OB distance of ~ 80 µm and an average ID to OD thickness of ~ 140 µm. 

The resulting upper bound for the volume of material that resists degradation is ~ 1.3x10-3 

mm3 (mass ~ 1.7 µg per U-crest), which is <3% of the volume of scaffold per U-crest (Fig. 

S3.26). The decrease in molecular weight as a function of hydrolysis time is evaluated by 

dissolving an entire scaffold for gel-permeation chromatography (GPC) measurements 

(Fig. S3.1A); the GPC traces indicate that the presence of ~ 3% of chains that retain the 
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initial distribution of molecular weights would be hidden under the GPC trace of the rest 

of the material (Fig. S3.1B). Therefore, it is plausible that the apparent rate of hydrolysis 

averaged over the whole scaffold might not detect the local variations indicated by the 

microdiffraction results.  

               Our hypothesis might be perceived as creating another conundrum: if the arms 

and links are undergoing significant hydrolysis during the first 9 months, how does the 

scaffold radial strength remain unchanged? The answer to this lies in the geometry of the 

cross section of load-bearing elements and their orientation relative to the load. The links 

and arms have a substantially greater cross section than the U-crests. Specifically, at the 

symmetry plane, the cross section of the U-crest is approximately 70 µm x 140 µm, which 

is less than half that of the arms and links (135 µm x 150 µm). The links and arms are also 

oriented such that they either experience negligible stress during radial loading (links) or 

are subjected to a modest torque (arms). The combination of a large cross section and little 

or no load being imposed results in negligible strain in these portions of the scaffold during 

radial loading. Consequently, the arms and links are unlikely to fail even if their strength 

decreases significantly during the first 9 months. 

               If our hypothesis regarding the previously unexplained disconnect between the 

effects of hydrolysis on molecular weight and strength is correct, the drop in molecular 

weight in the arms and links might be accompanied by a decrease in strength. We checked 

for evidence that the links and arms lose strength earlier than the U-crests. Although the 

evidence we found is indirect and qualitative, it does accord with the expectation that 

strength decreases earlier where hydrolysis proceeds faster. First, in the sections cut from 

the scaffold after 18 months of hydrolysis, many of the microtomed sections showed 
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fissures extending in the θ-direction entirely through a link (see Fig. S3.2A-B, bottom). 

Similarly, we saw several sections that had fissures extending in the θ-direction entirely 

through an arm (Fig. S3.2). In contrast, the U-crests were intact. Second, photographs of 

scaffolds after 20 months and 22 months of hydrolysis show that they fall apart in a way 

that leaves rings intact (Fig. S3.27). In view of the small cross section of the U-crests, it is 

surprising that the links break before the rings, suggesting that the links lose strength faster 

than the U-crests. Although this evidence is indirect, it is consistent with the hypothesis 

that hydrolysis in the majority of the scaffold proceeds faster than it does in the U-crests 

and that more rapid hydrolysis correlates with earlier loss of strength. 

               Lastly, our resolution of the apparent disconnect between hydrolysis and scaffold 

strength depends on a small fraction of the scaffold as a whole—as little as 3%—having a 

disproportionate impact on the radial strength of the scaffold.  It is known that U-crests are 

particularly important; upon over-deployment to failure, fractures predominantly occur in 

U-crests. By design, radial loading tends to impose tension and compression at the Y-, W-, 

and U-crests (defined in Fig. 3.1A).  Among these, the U-crests have the smallest cross 

section; consequently, U-crests are the sites where the material is subjected to the highest 

stress.  Therefore, it is plausible that the small fraction of the total scaffold material (ca. 

3%) that is located at the U-crests could play a particularly important role in scaffold 

strength. 

               The rest of the Discussion is devoted to relating lessons learned from this study 

of the clinically-approved scaffold to past and future scaffolds. After examining multiple 

scaffolds (n=3 for scaffolds at each hydrolysis time), several U-crests per scaffold, many 

sections from each U-crest, and hundreds of diffraction patterns, we have observed that the 
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materials and processing are consistent and reproducible. This is significant in light of 

substantial literature on PLLA that shows that hydrolysis kinetics and strength are sensitive 

to subtle changes in residual monomer content, molecular weight and processing history 

(27). For example, inclusion of 7% monomer in compression molded PLLA increased the 

rate of in vivo degradation by ~ 66% during the first week (39). An increase in molecular 

weight has the opposite effect on the rate of degradation—an increase in chain length 

decreases the carboxyl group concentration, which in turn reduces the rate of hydrolysis 

(27). The PLLA morphology influences hydrolysis: porosity accelerates degradation (35, 

36), while PLLA crystallites are less susceptible to hydrolysis than amorphous material 

(26, 27, 34). Relatively subtle changes from the first- to second-generation Abbott BVS 

reduced the extent of hydrolysis in the first 18M from the first-generation scaffold losing 

half its mass (7), to the second-generation BVS (the focus of this paper) losing only ~10% 

of its initial mass over the same period (Fig. S3.1C). Therefore, the degradation behavior 

of BVSs might be specific to the chemical composition of the PLLA and the particular 

processing conditions that were used.  

               The magnitude of the effects of material and processing is evident in a recent 

report on scaffolds that used a different PLLA grade, manufacturing processing and laser-

cut architecture for which the crimping process is detrimental to scaffold integrity (37). 

Among the differences in the processing conditions, the temperature during crimping may 

have contributed strongly to detrimental morphological changes during crimping: that 

study examined scaffolds crimped at room temperature (37), a temperature at which PLLA 

is brittle. Polarized Raman microscopy revealed that within 110 days the interior of the 

scaffold had lost crystallinity and orientation. Rapid degradation may result from residual 
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monomer, lower stereoregularity, lower initial molecular weight, lower crystallinity, or 

some porosity. Some combination of these effects may be relevant to the scaffold that 

degrades rapidly. The study attributes rapid hydrolysis to crimping-induced gradients in 

morphology (37). In this report, we reach a very different conclusion for scaffolds that are 

crimped in the vicinity of their glass transition temperature and undergo changes in 

morphology that increase strength and delay hydrolysis where it is needed most: in the U-

crests (28).   

Conclusions  

               The clinically-approved BVS exhibits an intriguing trend with hydrolysis – it 

suffers a ~ 40% decrease in the PLLA molecular weight (Mn) after 9 months of degradation, 

yet it has radial strength comparable to its initial state. This disconnect between Mn and 

radial strength has remained unresolved for nearly 10 years. Microdiffraction data acquired 

on a BVS hydrolyzed for 9 months suggest that the lasting strength of the BVS has its 

origins in structural transformations created during crimping, particularly at U-crests. 

Crimping subjects the material in the vicinity of the symmetry plane of U-crests to tensile 

elongation at the outer bend (OB), which increases the degree and orientation of 

crystallinity at the OB. This morphology created at the OB, which extends ~ 100 µm across 

the symmetry plane of the U-crests, resists hydrolysis and provides strength where the 

cross-sectional area is the narrowest (at the diamond-shaped void the distance from the 

inner to the outer bend is ~ 50 µm), and the stress is highest during radial loading. This 

region is so small (<3% of the total mass of the scaffold) that the Mn decrease measured 

for the scaffold as a whole could differ substantially from that in the U-crest (Fig S3.1B). 

We hypothesize that the measured Mn is dominated by the arms and links, which experience 
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relatively low stress; therefore, the Mn in arms and links could drop significantly before 

it would alter the ability of the scaffold to withstand a radial load.  It is the strength of the 

material at the point where stress is concentrated, here the U-crest, that governs the radial 

load the structure can support. 

                 The future of bioresorbable scaffolds depends on further advances in materials. 

Clinically, the approved BVSs are associated with a higher incidence of definite or 

probable thrombosis than metal stents (~ 1.3% for BVS vs 0.6% for metal stents at the 12-

month follow-up; sample size: 3253 patients received BVS and 2315 received metal stents 

(13)). Experts suspect the irregular blood flow over the 150 µm-thick device relative to the 

80 µm-thick metal stents plays a role in thrombosis (13). The thin profile of metal stents 

also allows treatment of a wider range of lesions, including smaller and/or curved blood 

vessels. Thus, a stronger bioresorbable material is needed so that a thinner scaffold can 

support the blood vessel walls.   

The present findings highlight the important role of processing in creating an 

unusually strong and hydrolysis-resistant morphology in PLLA. In the currently-approved 

BVS, this morphology facilitates deployment (28) and maintains radial strength for months 

after implantation. The stark difference between another recent study (37) and those of the 

present study is reminiscent of the difference between the first- and second-generation 

BVS. Consequently, the ability of the OB of the clinically-approved BVS to resist 

hydrolysis can be regarded as an existence proof that it is possible to tailor the PLLA 

microstructure to produce stronger PLLA and enable thinner scaffolds.   
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Materials and Methods 

Scanning Electron Microscopy (SEM) of as-deployed scaffolds 

Deployed scaffolds were mounted on SEM stubs using carbon tape and sputter-coated with 

gold to improve conductivity. Micrographs were acquired on a Hitachi S-4800 Field 

Emission Microscope at Abbott Vascular (Fig. 3.1B).  

In vitro hydrolysis of deployed scaffolds 

Scaffolds from the same batch of as-deployed BVSs were subjected to hydrolysis after 

deployment. The first group was removed from solution soon after deployment (0M 

scaffolds) to halt hydrolysis and stored at -20°C to prevent aging. The second and third 

groups were subjected to an additional 9 (9M scaffolds) and 18 months (18M scaffolds) of 

hydrolysis in phosphate-buffered saline (PBS) at 37°C prior to storage at -20°C.  

Microtoming deployed hydrolyzed scaffolds 

Microtomed sections of deployed, hydrolyzed scaffolds were provided by Abbott Vascular. 

Deployed scaffolds were first embedded in a methyl-methacrylate-based medium 

(Technovit 7100, 120-minute cure at 25°C) and were then sectioned using a Powertome 

XL Ultra-Microtome. Consecutive 15 µm-thick sections were cut parallel to the θ-z plane 

of the scaffold from the outer diameter surface to the inner diameter surface (see Fig. 3.1C). 

The microtome was maintained at -75°C to minimize the impact of sectioning on the 

scaffold’s microstructure.   

Polarized light microscopy of the microtomed sections 

Polarized light micrographs (4x, 10x, and 32x magnification) of deployed U-sections were 

acquired through crossed linear polarizers on a Zeiss Universal microscope equipped with 

a Cannon EOS DS30 camera for image acquisition. Composite 32x images were prepared 
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by stitching individual images in Adobe Photoshop and Illustrator (boundaries indicated 

by dashed lines in Figs. 3.2, 3.4, S3.8, S3.10, and S3.13–3.17).  

X-ray microdiffraction on microtomed sections of deployed scaffolds  

Microdiffraction data were acquired at beamline 2-ID-D (200 nm spot size, λ = 1.18 Å) of 

the Advanced Photon Source (APS) at the Argonne National Labs. Images were acquired 

on a Mar165 CCD detector (2048 x 2048 pixels) at a sample to detector distance of 80.82 

mm. Details regarding sample acquisition and background subtraction are provided in the 

SI (Figs. S3.28 – S3.33). A detailed description of the beamline optics can be found in the 

literature (40).   
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Supporting Information 

Characterizing the molecular weight, mass, and radial strength of hydrolyzed scaffolds  

 
Figure S3.1 Impact of hydrolysis (A) both in vitro (phosphate-buffered saline at 37°C) and in vivo 
(coronary artery of porcine model) on the normalized number average molecular weight (Mn) of 
BVSs. The gel-permeation chromatography (GPC) traces in (B) correspond to the fractional Mn 
values in (A). The traces labeled 3% (gray lines in B) indicate that longer chains in the hydrolysis-
resistant regions, which make up <3% of the scaffold, are challenging to detect (GPC data are 
acquired by dissolving an entire scaffold). In vitro hydrolyzed scaffolds are further analyzed to 
determine (C) normalized mass loss, (D) pressure-diameter trace (acquired by subjecting BVSs to 
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increasing compressive stress using an MSI RX550 radial force tester; a single representative curve 
out of a total of 6 is presented for clarity), and (E) radial strength (n = 6). Where error bars are not 
shown (A, C and E), the uncertainty is smaller than the symbol. The radial strength in (E) is computed 
from pressure diameter traces in (D) by Abbott Vascular as per ASTM F3067 standards. For each 
measurement, a tangent line is drawn parallel to the part of the trace that displays a linear increase in 
pressure with decreasing diameter (similar in principle to estimating the modulus from stress-strain 
data). A second line, offset by 0.1 mm, is drawn parallel to the tangent line to account for plastic 
deformation of the scaffold due to arterial contractions. The maximum pressure bounded by the two 
tangent lines is then reported as the radial strength of the BVS. In addition to co-authors M.B.K. and 
J.P.O, the following Abbott Vascular employees contributed to these experiments: Susan Veldhof, 
Syed F.A. Hossainy, and Richard Rapoza. Fig. S3.1A, C & E  present data from Ref. (1), and Fig. 
S3.1D is adapted from Ref. (2).  
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Polarized light micrographs of ~15µm sections cut from three different 18M scaffolds 

Figure S3.2 Polarized light micrographs of ~ 15 µm thick sections cut from three different scaffolds 
hydrolyzed for 18M (A-C). The scaffolds were produced from the same batch of material using the 
same processing conditions. The sections presented in (A) were used for X-ray microdiffraction 
studies.  
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Polarized light micrographs of ~15µm sections cut from three different 9M scaffolds 

Figure S3.3 Polarized light micrographs of ~ 15 µm thick sections cut from three different scaffolds 
hydrolyzed for 9M (A-C). The scaffolds were produced from the same batch of material using the 
same processing conditions. The sections presented in (A) were used for X-ray microdiffraction 
studies.  
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Polarized light micrographs of ~15µm sections cut from three different 0M scaffolds 
 

Figure S3.4 Polarized light micrographs of ~ 15 µm thick sections cut from three different as-
deployed (0M) scaffolds (A-C). The scaffolds were produced from the same batch of material using 
the same processing conditions. The sections presented in (A) were used for X-ray microdiffraction 
studies. 
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Quantitative characteristics of the sections cut ~60µm from the ID of the 0M, 9M, 

and 18M BVS 

 

 

 

 

 

Figure S3.5 Quantitative characteristics of microdiffraction data acquired along lines in white 
rectangles in (A)  polarized light micrographs from sections taken ~ 60 µm from the ID of scaffolds 
subjected to 0M, 9M, and 18M hydrolysis: (B) the intensity of the noncrystalline halo, Ia averaged 
over q ∈ [0.95-1.05Å-1], (C) the intensity associated with crystalline diffraction, Imax,(110)/(200) – Iq~1.25 
and (D) full-width at half maximum of the (110)/(200) peaks. In B-D, (left) effect of hydrolysis time 
at the symmetry plane; (center) effect of 40 µm displacement from the symmetry plane; (right) effect 
of 180 µm displacement from the symmetry plane. Uncertainty in the intensity due to variations in 
section thickness is indicated by the vertical bar in B, right determined as described in Fig. S3.6. 
Legends for B and C are shown in D. Normalized position varies from 0 at IB to 1 at OB. 
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Estimating the uncertainty in thickness of the ~ 15 µm thick PLLA sections  

The clinically-approved scaffolds (as-deployed and hydrolyzed) were microtomed 

from the outer to the inner diameter to yield ~ 15 µm-thick consecutive sections of a U-crest. 

To estimate the variation in thickness from one section to another, we probe the amorphous 

content along the arms of the U-crest as the arms experience little to no deformation during 

crimping or deployment. As a result, the amorphous content at the arms serves as an internal 

standard for the thickness of the section.  

 
Figure S3.6. The mean of the azimuthally averaged intensity, I(q), between q ∈ [0.95 – 1.05] Å-1 is 
used as a measure of amorphous content (Ia) in each section. We present the variation in amorphous 
content from the inner (IB) to the outer bend (OB) along the arms of ~ 15 µm thick sections cut 45 
µm, 60 µm, 120 µm, and 135 µm from the inner diameter of the 9M scaffold. Normalized position 
varies from 0 at the IB to 1 at OB.  

In contrast to the material near the symmetry plane, the material at the arms has a 

uniform morphology – there is hardly any variation in the amorphous content from the inner 

(IB) to the outer bend (OB) for four different sections cut from the same 9M scaffold (Fig. 

S3.6). However, subtle variations in amorphous content from one section to another suggest 

~ 1 µm variations in sample thickness.  
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We use the standard deviation in amorphous content (Ia = 18.72 ± 1.25 a.u.; 

calculated using all data presented in Fig. S3.6) to define an error bar for the calculations 

presented in Figure S3.5. We find that the variations in the sample thickness do not affect 

our interpretation of the gradients in amorphous content from the symmetry plane to the 

arms.  
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Origin of high-retardance microdomains in 18M scaffolds 

 
Figure S3.7 Probing the morphology of high-retardance microdomains in the 18M scaffold using X-
ray microdiffraction. The white box in the polarized light micrograph (A, i) highlights a line scan of 
microdiffraction data that passes through a high-retardance microdomain (region with blue-green 
Michel-Levy color). An array of points (dashed line inside the white box in A, i) is included to guide 
the eye along the microdiffraction line scan from the inner to the outer bend. The yellow box in (A, 
i) indicates a set of 5 diffraction patterns in the vicinity of the high-retardance microdomain. 
Diffraction patterns labeled 135, 140, and 155 µm (A, ii) lie adjacent to the microdomain, while 
diffraction patterns labeled 145 and 150 µm lie directly on the microdomain (the patterns are assigned 
distances relative to the inner bend of the section). The set of 5 diffraction patterns in (A, ii) are 
presented as (B, i) azimuthally averaged, I(q), and (B, ii) radially averaged, I(φ), plots. The complete 
line scan of microdiffraction data from the inner to the outer bend is analyzed to provide (C, i) an 
estimate of the crystallinity and (C, ii) the average azimuthal width at half maximum of the 
(110)/(200) diffraction peaks. The error bars in (C, ii), where visible, indicate the azimuthal widths 
of the two (110)/(200) peaks. 

A striking feature of the morphology after 18 months of hydrolysis is non-uniformity: 

high-retardance microdomains (bright blue-green clusters, Fig. 3.1D, Fig. S3.2, and Fig. 
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S3.7A, i) are observed in every microtomed section, interspersed with regions that possess 

much lower retardation (yellow to red Michel-Levy colors). Variations in retardation can 

arise due to changes in the degree of orientation or the amount of crystalline material. 

Microdiffraction data for the 18M sample show variations in the amount of crystalline 

material in the sample volume (see Fig. S3.7B, i and 90-180 µm, Fig. S3.7C, i) — not 

variations in the degree of orientation (see Fig. S3.7B, ii and 90-180µm, Fig. S3.7C, ii). Thus, 

the bright blue-green clusters that have retardation (>600 nm, 18M, Fig. 3.1D) higher than 

that observed anywhere in the 0M or 9M samples (<500 nm, Fig. 3.1D) must have a greater 

number of crystalline unit cells packed into the volume sampled in the microdiffraction 

beam.  

It is known that hydrolysis of PLLA preferentially attacks non-crystalline segments 

(3–5); we hypothesize that there is an element of chance during hydrolysis regarding the fate 

of the non-crystalline segments affected by the scission of a bond in a tie chain or a loop. An 

increase in the number of crystalline unit cells can occur if a constraint that was preventing 

some segments from adding to an adjacent crystal is relieved by hydrolysis. We envision 

lamellar thickening, which adds unit cells with the same orientation as the lamellae they join. 

Where lamellar thickening occurs, transport of water in and lactic acid out may be hindered. 

On the other hand, the scission of a segment in the non-crystalline material facilitates 

transport of water in and lactic acid out, thereby increasing the removal of material.  

Depending on which of the two conditions occurs locally, the amount of crystalline material 

can either increase or decrease, leading to heterogeneities that were not present prior to 

hydrolysis.   
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Probing structural variations through the thickness of the 18M scaffold 

For the section cut ~ 105 µm from the inner diameter of the 18M scaffold (Fig. S3.8A), we 

only present a low-magnification polarized light micrograph (Fig. S3.8A, i) as the sample 

fractured prior to high-magnification imaging. Using the scale bar, we assign the first X-ray 

pattern with distinct PLLA diffraction peaks to be ~ 5 µm from the inner bend of the section. 

The position of subsequent frames is known as the microdiffraction line scan has a 5 µm 

spacing between consecutive diffraction patterns.  

Figure S3.8 Selected Wide-Angle X-ray microdiffraction patterns for 15 µm thick sections cut at a 
radial position (A) ~ 105 µm, (B) ~ 75 µm and (C) 60 µm from the inner diameter of an 18-month 
hydrolyzed BVS (18M). (i) Polarized light micrographs show the position of microdiffraction 
acquisitions (white squares labeled with their distance from the inner bend correspond to patterns in 
(ii); white dashed lines indicate where images focused on specific X-ray marks were stitched 
together). (ii) 2D Diffraction patterns use an identical logarithmic color scale (colors vary from 0 
[deep blue] to 3 [deep red] counts) and q-scale (indicated at bottom right). Measurements were made 
at beamline 2-ID-D at APS at Argonne National Labs. 1D plots corresponding to the 2D patterns 
above are presented in Figure S3.9.  
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Figure S3.9 Selected 1D microdiffraction profiles averaged (left) azimuthally, I(q), and (right) 
radially, I(φ) for the section taken (A) ~ 105 µm, (B) ~ 75 µm and (C) ~ 60 µm from the inner diameter 
(ID) of an 18-month hydrolyzed BVS (18M). The position at which each X-ray pattern was acquired 
is indicated in the legend (same positions as the 2D patterns in Fig. S3.8). Radial averaging is 
performed in the vicinity of the (110)/(200) reflection: q ∈ [1.08-1.24Å-1]. Reduced 1D profiles of 
data acquired 105 µm from the IB of the section cut ~ 75 µm from the ID are not displayed as the 
material is this region is folded over, as evidenced by split (110)/(200) and (203) diffractions (see Fig. 
S3.8B, 105 µm). 
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Origin of the r-gradient in retardation in 0M and 9M scaffolds 

Polarized light micrographs of sequential ~ 15 μm-thick sections cut from as-

deployed (0M) and 9-month hydrolyzed (9M) BVSs reveal an r-gradient in retardation 

through the thickness of the scaffold (see top to bottom in Figs. S3.3–S3.4). Such a gradient 

in the retardation could be due to a difference in the degree of crystallinity with fixed 

orientation distribution or to increased orientation with fixed degree of crystallinity or some 

combination. Wide angle X-ray diffraction is needed to discriminate among these 

possibilities. Microdiffraction data acquired on sections cut from different radial positions 

of the as-deployed BVS indicate a relatively low degree of crystallinity that hardly varies 

through the thickness of the 0M scaffold (see Figs. S3.10–3.11 for X-ray data and Fig. 

S3.12B for quantitative characterization of crystallinity). Rather, the gradient in retardation 

correlates with a gradient in the degree of orientation of crystallites: the azimuthal width 

of the (110)/(200) diffraction peaks is substantially narrower at a radial position near the 

inner diameter (ID) compared to a section at the outer diameter (OD) of the scaffold (~28% 

narrower in a 0M section ~ 45 µm from the ID relative to a 0M section ~ 105 µm from the 

ID, see 0M, Figs. S3.12C; ~ 50% narrower in a 9M section ~ 45 µm from the ID relative 

to a 9M section ~ 135 µm from the ID, for 9M, compare Fig. S3.25A-D). We infer that the 

observed r-gradient in the orientation distribution of crystallites results from the gradient 

in hoop-strain during the tube expansion process, an important step in the manufacture of 

vascular scaffolds (6).  

Tube expansion transforms an amorphous poly L-lactide (PLLA) preform into a 

semicrystalline tube that is laser-cut and crimped onto a balloon catheter, which is 

subsequently surgically positioned at the lesion and the BVS is deployed. The PLLA preform 
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is heated in excess of 70°C (Tg ~ 55-60°C) inside a mold and is subjected to rapid 

deformation (7). The mold limits the extent of deformation (OD ~ 3.5 mm) and rapidly 

quenches the sample due to the large thermal mass of the mold relative to the thin layer of 

polymer (thickness ~ 150 μm) and the low temperature of the mold (below Tg). The rapid 

quenching of the expanded PLLA tube can explain the observed low crystallinity of as-

deployed BVSs (Fig. S3.12B). The imposed strain varies significantly with radial position: 

the extruded preform typically has an OD that is more than twice the ID and both of these 

diameters stretch to approximately the same final length (expanded tube OD is less than 10% 

greater than ID) (6). Specifically, tube expansion subjects PLLA near the OD to relatively 

mild strains of ~ 100%, while PLLA near the ID stretches in excess of 400% (6) (the axial 

elongation is small and independent of radial position). The gradient in-hoop strain results in 

a gradient of morphology in the expanded tube: the degree of orientation of crystallites 

increases from the OD to the ID of the expanded tube and, consequently, of the as-deployed 

scaffold.   
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Probing structural variations through the thickness of the as-deployed (0M) scaffold 

Figure S3.10 Selected Wide-Angle X-ray microdiffraction patterns for ~ 15 µm-thick sections cut at 
a radial position (A) ~ 105 µm, (B) ~ 90 µm, (C) ~ 75 µm, (D) ~ 60 µm, and (E) ~ 45 µm from the 
inner diameter of an as-deployed BVS (0M). (i) Polarized light micrographs show the position of 
microdiffraction acquisitions (white squares labeled with their distance from the inner bend 
correspond to patterns in (ii); white dashed lines indicate where images focused on specific X-ray 
marks were stitched together). (ii) 2D Diffraction patterns use an identical logarithmic color scale 
(colors vary from 0 [deep blue] to 3 [deep red] counts) and q-scale (indicated at bottom right). 
Measurements were made at beamline 2-ID-D at APS at Argonne National Labs. 1D plots 
corresponding to the 2D patterns above are presented in Figure S3.11.  
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Figure S3.11 Selected 1D microdiffraction profiles averaged (left) azimuthally, I(q), and (right) 
radially, I(φ) for the section taken (A) ~ 105 µm, (B) ~ 90 µm, (C) ~ 75 µm, (D) ~ 60 µm, and (E) ~ 
45µm from the inner diameter of an as-deployed BVS (0M). The position at which each X-ray pattern 
was acquired is indicated in the legend (same positions as the 2D patterns in Fig. S3.10). Radial 
averaging was performed in the vicinity of the (110)/(200) reflection: q ∈ [1.08-1.24Å-1]. 
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Quantitative characteristics of ~ 15 µm-thick sections cut from the 0M scaffold  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S3.12 Quantitative characteristics of microdiffraction data acquired on sections cut ~ 105 µm, 
~ 90 µm, ~ 75 µm, ~ 60 µm, and ~ 45 µm from the ID of an as-deployed (0M) scaffold (see Fig. 
S3.10 for 2D patterns). The azimuthally and radially averaged intensity (Fig. S3.11) are used to 
compute (A) the intensity of the noncrystalline halo, Ia averaged over q ∈ [0.95-1.05Å-1], (B) the 
intensity associated with crystalline diffraction, Imax,(110)/(200) – Iq~1.25, and (C) full-width at half 
maximum of the (110)/(200) peaks. 
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Microstructure of the section cut ~ 135 µm from the inner diameter of the 9M scaffold 
 

Figure S3.13 Selected Wide-Angle X-ray microdiffraction patterns acquired 180 µm (A and E) and 
50 µm (B and D) from the (C) symmetry plane of the section cut ~ 135 µm from the ID of a 9M 
scaffold. (i) Polarized light micrographs show the position of microdiffraction acquisitions (squares 
labeled with their distance from the inner bend correspond to patterns in (ii); white dashed lines 
indicate where images focused on specific X-ray marks were stitched together). (ii) 2D Diffraction 
patterns use an identical logarithmic color scale (colors vary from 0 [deep blue] to 3 [deep red]) and 
q-scale (indicated at bottom right). Measurements were made at APS beamline 2-ID-D at Argonne 
National Labs. 1D plots corresponding to the 2D patterns above are presented in Figure S3.18.  
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Microstructure of the section cut ~ 120 µm from the inner diameter of the 9M scaffold 
 

 
Figure S3.14 Selected Wide-Angle X-ray microdiffraction patterns acquired 180 µm (A and E) and 
60 µm (B and D) from the (C) symmetry plane of the section cut ~ 120 µm from the ID of a 9M 
scaffold. (i) Polarized light micrographs show the position of microdiffraction acquisitions (squares 
labeled with their distance from the inner bend correspond to patterns in (ii); white dashed lines 
indicate where images focused on specific X-ray marks were stitched together). (ii) 2D Diffraction 
patterns use an identical logarithmic color scale (colors vary from 0 [deep blue] to 3 [deep red]) and 
q-scale (indicated at bottom right). Measurements were made at APS beamline 2-ID-D at Argonne 
National Labs. 1D plots corresponding to the 2D patterns above are presented in Figure S3.19.  
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Microstructure of the section cut ~60µm from the inner diameter of the 9M scaffold 

 
Figure S3.15 Selected Wide-Angle X-ray microdiffraction patterns acquired 180 µm (A and E) and 
60 µm (B and D) from the (C) symmetry plane of the section cut ~ 60 µm from the ID of a 9M 
scaffold. (i) Polarized light micrographs show the position of microdiffraction acquisitions (squares 
labeled with their distance from the inner bend correspond to patterns in (ii); white dashed lines 
indicate where images focused on specific X-ray marks were stitched together). (ii) 2D Diffraction 
patterns use an identical logarithmic color scale (colors vary from 0 [deep blue] to 3 [deep red]) and 
q-scale (indicated at bottom right). Measurements were made at APS beamline 2-ID-D at Argonne 
National Labs. 1D plots corresponding to the 2D patterns above are presented in Figure S3.20.  
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Microstructure of the section cut ~ 45 µm from the inner diameter of the 9M scaffold 

 
Figure S3.16 Selected Wide-Angle X-ray microdiffraction patterns acquired (A) 240 µm and (E) 200 
µm above and below the symmetry plane respectively, and 60 µm (B and D) from the (C) symmetry 
plane of the section cut ~ 45 µm from the ID of a 9M scaffold. (i) Polarized light micrographs show 
the position of microdiffraction acquisitions (squares labeled with their distance from the inner bend 
correspond to patterns in (ii); white dashed lines indicate where images focused on specific X-ray 
marks were stitched together). (ii) 2D Diffraction patterns use an identical logarithmic color scale 
(colors vary from 0 [deep blue] to 3 [deep red]) and q-scale (indicated at bottom right). Measurements 
were made at APS beamline 2-ID-D at Argonne National Labs. 1D plots corresponding to the 2D 
patterns above are presented in Figure S3.21.  
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Microstructure of the section cut ~15µm from the inner diameter of the 9M scaffold 

Figure S3.17 Selected Wide-Angle X-ray microdiffraction patterns acquired (A) 200 µm and (C) 60 
µm from the (B) symmetry plane of the section cut ~ 15 µm from the ID of a 9M scaffold. (i) Polarized 
light micrographs show the position of microdiffraction acquisitions (squares labeled with their 
distance from the inner bend correspond to patterns in (ii); white dashed lines indicate where images 
focused on specific X-ray marks were stitched together). (ii) 2D Diffraction patterns use an identical 
logarithmic color scale (colors vary from 0 [deep blue] to 3 [deep red]) and q-scale (indicated at 
bottom right). Measurements were made at APS beamline 2-ID-D at Argonne National Labs. 1D 
plots corresponding to the 2D patterns above are presented in Figure S3.22.  
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Figure S3.18 Selected 1D microdiffraction profiles averaged (left) azimuthally, I(q), and (right) 
radially, I(φ) for WAXS patterns acquired along the arms (A and E) and (B and D) 50 µm from the 
(C) symmetry plane of the section cut ~ 135 µm from the ID of a 9M scaffold. The 1D plots 
correspond to the 2D patterns presented in Figure S3.13. Radial averaging was performed in the 
vicinity of the (110)/(200) reflection: q ∈ [1.08-1.24Å-1].  
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Figure S3.19 Selected 1D microdiffraction profiles averaged (left) azimuthally, I(q), and (right) 
radially, I(φ) for WAXS patterns acquired along the arms (A and E) and (B and D) 60 µm from the 
(C) symmetry plane of the section cut ~ 120 µm from the ID of a 9M scaffold. The 1D plots 
correspond to the 2D patterns presented in Figure S3.14. Radial averaging was performed in the 
vicinity of the (110)/(200) reflection: q ∈ [1.08-1.24Å-1]. 
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Figure S3.20 Selected 1D microdiffraction profiles averaged (left) azimuthally, I(q), and (right) 
radially, I(φ) for WAXS patterns acquired along the arms (A and E) and (B and D) 60 µm from the 
(C) symmetry plane of the section cut ~ 60 µm from the ID of a 9M scaffold. The 1D plots 
correspond to the 2D patterns presented in Figure S3.15. Radial averaging was performed in the 
vicinity of the (110)/(200) reflection: q ∈ [1.08-1.24Å-1]. 
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Figure S3.21 Selected 1D microdiffraction profiles averaged (left) azimuthally, I(q), and (right) 
radially, I(φ) for WAXS patterns acquired along the arms (A and E) and (B and D) 60 µm from the 
(C) symmetry plane of the section cut ~ 45 µm from the ID of a 9M scaffold. The 1D plots correspond 
to the 2D patterns presented in Figure S3.16. Radial averaging was performed in the vicinity of the 
(110)/(200) reflection: q ∈ [1.08-1.24Å-1]. 



 

 

90 

 

Figure S3.22 Selected 1D microdiffraction profiles averaged (left) azimuthally, I(q), and (right) 
radially, I(φ) for WAXS patterns acquired along the arms (A) and (C) ~ 60 µm from the (B) symmetry 
plane of the section cut ~ 15 µm from the ID of a 9M scaffold. The 1D plots correspond to the 2D 
patterns presented in Figure S3.17. Radial averaging was performed in the vicinity of the (110)/(200) 
reflection: q ∈ [1.08-1.24Å-1]. 
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Figure S3.23 The amorphous content (left) near the symmetry plane and (right) along the arms is 
presented for sections cut (A) ~ 135 µm, (B) ~ 120 µm, (C) ~ 60 µm (D) ~ 45 µm, and (E) ~ 15 µm 
from the ID of a 9M scaffold (see Figs. S3.13 – S3.22 for X-ray data). The legend (e.g. +60 µm or -
180 µm) indicates the position of the line scan relative to the symmetry plane of the section. The 
amorphous content represents the mean of the azimuthally averaged intensity between q ∈ [0.95 – 
1.05] Å-1. Normalized position varies from 0 at the inner bend (IB) to 1 at outer bend (OB). 
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Figure S3.24 The difference in intensity between the (110)/(200) peaks (q ~ 1.17Å-1) and the halo at 
q ~ 1.25Å-1 (I(110)/(200) – Iq~1.25) is a measure of the crystallinity (left) near the symmetry plane and 
(right) along the arms for sections cut (A) ~ 135 µm, (B) ~ 120 µm, (C) ~ 60 µm, (D) ~ 45 µm, and 
(E) ~ 15 µm from the ID of a 9M scaffold (see Figs. S3.13 – S3.22 for X-ray data). The legend (e.g. 
+60 µm or -180 µm) indicates the position of the line scan relative to the symmetry plane of the 
section. Normalized position varies from 0 at the inner bend (IB) to 1 at outer bend (OB). 
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Figure S3.25 The full-width at half maximum of the (110)/(200) peaks provides a measure of 
crystallite orientation (left) near the symmetry plane and (right) at the arms for sections cut (A) ~ 135 
µm, (B) ~ 120 µm, (C) ~ 60 µm, (D) ~ 45 µm, and (E) ~ 15 µm from the ID of a 9M scaffold (see 
Figs. SS.13–S3.22 for X-ray data). The legend (e.g. +60 µm or -180 µm) indicates the position of the 
line scan relative to the symmetry plane of the section. Normalized position varies from 0 at the inner 
bend (IB) to 1 at outer bend (OB). 
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Estimating the fraction of material that resists hydrolysis in a U-crest  
 

 
 
Figure S3.26 (A) Scanning electron micrograph of an as-cut scaffold and (B) polarized light 
micrograph of a ~ 15 µm-thick section cut ~ 45 µm from the inner diameter of a 9M scaffold (see 
also 45 µm section in 9M, Fig. 3.1D). The highlighted portion in (A) identifies the basic structural 
unit of the struts of the scaffold. The material that resists hydrolysis in a U-crest is enclosed by the 
white border in (B).  
 

The lattice network of struts in the clinically-approved scaffold can be constructed 

from a structural unit that is comprised of a U-crest, 2 arms, ½ Y-crest, ½ W-crest, ½ link 

connected to a Y-crest and ½ link connected to a W-crest (see highlighted portion in Fig. 

S3.26A). X-ray microdiffraction data acquired on U-crests indicate that the material near the 

outer bend (OB) of the symmetry plane (Figs. 3.4 and 3.5) degrades slower relative to the 

surrounding material (e.g. arms and links). To estimate an upper bound for the volume of 

material that resists hydrolysis in the scaffold, we consider material ~ 100 µm on either side 

of the symmetry plane (see region outlined in Fig. S3.26B). Using the software ImageJ, we 

calculate the area of the region near the symmetry plane with higher than average retardation 

to be ~ 8.9 x 10-3 mm2 and the area of the structural unit to be (4.6 x 10-1 mm2). Over the ~ 
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140 µm thickness of the OB of the deployed scaffold, we find the volume of the 

degradation resistant region to be approximately 1.3 x 10-3 mm3, which is < 3% of the volume 

of the scaffold per structural unit (~ 6.5 x 10-2 mm3).  
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Structural integrity of hydrolyzed PLLA bioresorbable vascular scaffolds  

Figure S3.27 Images acquired on scaffolds hydrolyzed in phosphate-buffered saline (PBS) at 37°C 
for 0 to 24 months. The scaffolds fall apart beyond 18 months; the rings containing U-crests remain 
intact while failure preferentially occurs along the links that join adjacent rings (rings and links 
defined in Fig. 3.1A). 
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X-ray diffraction analysis 

            Microdiffraction data were acquired at beamline 2-ID-D (200 nm spot size, λ = 1.18 

Å) of the Advanced Photon Source (APS) at the Argonne National Labs. The sample to 

detector distance was 80.82 mm and a Mar165 CCD detector (2048 x 2048 pixels, pixel-size 

= 79.13 µm) was used to acquire scattering patterns with wavevector q calibrated using a 

Ceria (CeO2) standard. The 15 µm-thick microtomed sections were mounted on an aluminum 

post, with the r-direction of the sections parallel to the X-ray beam. The aluminum post was 

attached to a precision x-y stage aligned to maintain a constant sample-to-detector distance 

when the sample was translated in the beam. The stage was used to acquire diffraction “line 

scans” in 5 µm steps along the θ- and the z-direction of the sections. Two 30s acquisitions 

were acquired at each location on the sample; the second acquisition left a visible “burn 

mark” to record the exact position of each diffraction measurement. An air background was 

subtracted from each of the two acquisitions (described below in Figs. S3.28 – S3.33), which 

were subsequently co-added to obtain a single diffraction pattern. Diffraction patterns were 

acquired at either 5 µm or 10 µm intervals along a selected line.  One line-scan (usually 10 

patterns) was along the symmetry plane (defined in Fig. 3.1D). Typically, four more line-

scans parallel to the symmetry plane were acquired (each having 20 to 40 patterns). Thus, 

over 130 patterns were analyzed for most of the sections that were examined using 

microdiffraction.  Three to five sections (at different distances from the inner diameter) were 

analyzed for each of the three time points (0, 9 months and 18 months of hydrolysis).     

The scattered intensity from a ~15 µm-thick poly L-lactide (PLLA) section is barely 

3% above the background (Fig. S3.28, left). Therefore, it is challenging to isolate the signal 

from PLLA alone when the background intensity varies in excess of 5%, particularly at low-
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q (0.5 to 0.55 Å-1). A comparison between a PLLA I(q) plot and a background I(q) acquired 

7 minutes earlier (Fig. S3.28, left) reveals little to no difference in intensity at low-q (0.5 to 

0.55 Å-1) and at high-q (2.7 to 2.8 Å-1). However, when the same PLLA signal is compared 

to a background I(q) acquired ~5 hours later (Fig. S3.28, right), large deviations in intensity 

at low-q (0.5 to 1.0 Å-1) are observed despite similar intensities at high-q. This suggests that 

fluctuations in beam intensity alone, which dominate scattering at high-q, cannot account for 

variations in intensity at low-q. It appears that the background signal is changing in both 

intensity and shape due to variations in air temperature, humidity etc.  

We probe the drift in background scatter by acquiring “air” diffraction patterns (30s 

exposure, no sample between the beam and the detector) before and after every line scan of 

microdiffraction data (Fig. S3.29). A set of 6 diffraction patterns, acquired within 5 hours of 

a microdiffraction line scan, are averaged in 2D to obtain a single “average” background 

pattern, which is subsequently rescaled and subtracted from each PLLA diffraction pattern 

(30s exposure as well) of the corresponding line scan. Here, we discuss the implementation 

of our subtraction approach to a section cut ~ 60 µm from the inner diameter of a 9-month 

hydrolyzed scaffold (Fig. S3.15). The same method is applied to microdiffraction datasets 

acquired on other sections cut from the as-deployed (0M), 9-month hydrolyzed (9M), and 

18-month hydrolyzed (18M) scaffolds using their corresponding sets of 6 background 

patterns.  

To identify the optimal method for isolating the scattering from PLLA, we subtract 

the average background pattern from each of the other 6 background frames and analyze the 

resulting residuals. Direct subtraction of the average background results in errors comparable 

to 40% of the maximum intensity from a single PLLA frame (Fig. S3.30). Normalizing the 
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background using the intensity at high-q (2.7 to 2.8 Å-1), an internal standard for beam 

intensity, still results in subtraction errors ~ 20% of the intensity from PLLA alone (Fig. 

S3.31). Therefore, we test and implement a two-parameter subtraction approach that not only 

accounts for fluctuations in beam intensity at high-q, but also corrects for variations in air 

quality at low-q.  

We take advantage of the fact that the scattering from a 15 µm-thick PLLA section 

is indistinguishable from the background at low-q (0.5 to 0.55 Å-1) and high-q (2.7 to 2.8 Å-

1) (Fig. S3.28, left). Therefore, we extract two parameters (α and β) from the PLLA frame 

and the average background pattern to minimize the ~5% variation in air scatter at low-q. 

The parameter α relates the difference in intensity (ΔΙ) between the sample’s low-q (IL) and 

high-q (IH) intensity to that of the background, while the parameter β applies an offset to the 

background to match the sample’s IH. Using q and φ to represent the radial wavevector and 

the azimuthal angle of the sample (S) and background (B) respectively, we arrive at the 

following equation: 

                  𝑆(𝑞, 𝜑)'()*+,-*./ = 	𝑆(𝑞, 𝜑) − 𝛼. 𝐵(𝑞, 𝜑) − 𝛽																														[𝑆3.1] 

where α=ΔΙS/ΔΙB and β= IH,S – α.IH,B. We apply the two-parameter subtraction method in 2D; 

the background is rescaled using α and β and is then subtracted pixel by pixel from each 

sample frame (Fig. S3.32). This method successfully minimizes deviations in intensity 

between the sample and the background at low-q (Fig. S3.32), and the ~ ± 1 error in 

subtraction has negligible impact (< 5% of the maximum intensity from PLLA) on the signal 

from the subtracted PLLA frame (Fig. S3.33).         
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Figure S3.28 Variation in background intensity, particularly at low-q (0.5-0.75 Å-1), results in 
subtraction errors comparable to the scattered intensity from PLLA alone. Comparison between the 
signal from a 15 µm-thick PLLA section with (A) background acquired immediately before (~ 7 
mins), and (B) a background acquired ~ 5 hrs later.  
 

  

Figure S3.29 Drift in background scatter over a period of ~ 5 hrs during data acquisition on the 9M 
section. Background scatter is presented as (A) 2D diffraction patterns and (B) azimuthally averaged 
I(q) plots. 
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Figure S3.30 Deviations in residual intensity, particularly at low-q, when the average background 
pattern is directly subtracted (no scaling) from the six background patterns presented in Figure S3.29. 
The residuals are presented as (A) 2D diffraction patterns and (B) azimuthally-averaged, I(q), plots. 
 

 

  

Figure S3.31 Deviations in residual intensity are significant despite rescaling the average background 
using an internal standard to account for fluctuations in beam intensity. The residuals are presented 
as (A) 2D diffraction patterns and (B) azimuthally-averaged, I(q), plots. 
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Figure S3.32 The error in subtraction is negligible when the average background is rescaled using 
the two-parameter approach to account for fluctuations in air scatter that dominate intensity at low-q, 
and for variations in beam intensity that dominate scattering at high-q. The residuals are presented as 
(A) 2D diffraction patterns and (B) azimuthally-averaged, I(q), plots. 
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Figure S3.33 The two-parameter subtraction method rescales the average background (dashed line, 
A, left) to minimize deviations in intensity between the sample (solid line, A, left) and the background 
at low-q (0.5-1Å-1). The rescaled background (dashed line, A, right) is comparable to a background 
frame acquired immediately before the sample frame (see Fig. S3.28, left); this method introduces 
minimal error (B, left) and has negligible impact on the resulting PLLA signal (B, right). 
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C h a p t e r  I V  

Tube expansion Deformation Enables in situ Synchrotron X-ray Scattering 
Measurements during Extensional Flow-Induced Crystallization of Poly L-

lactide near the Glass Transition 
 

Abstract  

Coronary Heart Disease (CHD) is one of the leading causes of death worldwide, claiming 

over seven million lives each year. Permanent metal stents, the current standard of care for 

CHD, inhibit arterial vasomotion and induce serious complications such as late stent 

thrombosis. Bioresorbable vascular scaffolds (BVSs) made from poly L-lactide (PLLA) 

overcome these complications by supporting the occluded artery for 3-6 months and then 

being completely resorbed in 2-3 years, leaving behind a healthy artery. The BVS that 

recently received clinical approval is, however, relatively thick (~ 150 µm, approximately 

twice as thick as metal stents ~ 80 µm). Thinner scaffolds would facilitate implantation and 

enable treatment of smaller arteries. The key to a thinner scaffold is careful control of the 

PLLA microstructure during processing to confer greater strength in a thinner profile. 

However, the rapid time scales of processing (~ 1 s) defy prediction due to a lack of structural 

information. Here, we present a custom-designed instrument that connects the strain-field 

imposed on PLLA during processing to in situ development of microstructure observed using 

synchrotron X-ray scattering. The connection between deformation, structure, and strength 

enables processing-structure-property relationships to guide the design of thinner yet 

stronger BVSs. 
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Introduction 

Coronary heart disease (CHD) results in obstructed blood flow to the heart due to the    

deposition of plaque on arterial walls. It is one of the leading causes of death in the world 

and claims over seven million lives each year (1-3). Bioresorbable vascular scaffolds 

(BVSs) are emerging as a promising alternative to permanent metal stents for the treatment 

of CHD. These devices are referred to as “scaffolds” as opposed to “stents” owing to their 

transient nature in the implanted artery. In contrast to permanent metal stents, BVSs 

support the occluded artery for 3-6 months but are completely resorbed in 2-3 years (4), 

restoring vasomotion in the artery and minimizing the risk of fatal complications such as 

late stent thrombosis (5-7). The first FDA-approved BVS (8) is made from the 

semicrystalline and biocompatible polymer poly L-lactide (PLLA), which hydrolyzes to 

form L-lactic acid, a metabolic product processed by the body (9-11). However, PLLA is 

notorious for being a brittle polymer (12, 13), making it a surprising choice for a device 

that must withstand crimping and deployment. PLLA blends (14, 15) and copolymers (16, 

17) have superior ductility, but these materials are not suitable for coronary implants as 

they prematurely lose strength due to rapid hydrolysis (18, 19). Therefore, processing 

conditions play a key role in overcoming PLLA’s inherent brittleness by providing the 

BVS with a microstructure that facilitates deployment and confers lasting radial strength.  

Bioresorbable vascular scaffolds are processed from extruded PLLA preforms in the 

following sequence: “tube expansion” biaxially stretches the initially amorphous preform 

and transforms it into a semicrystalline tube; “laser-cutting” converts the expanded tube 

into an as-cut scaffold that has a lattice network of struts; and “crimping” radially 

compresses the as-cut scaffold onto a balloon catheter for deployment in the artery (20). 



 

 

107 
The scaffold experiences severe local deformation during crimping (strain > 50%), yet 

shows no sign of failure upon deployment (20). The strength of the scaffold in the deployed 

state has a counter-intuitive relationship with strength in the expanded tube. Tube 

expansion that is equibiaxial (200% strain in θ and 200% strain in z) creates a strong 

expanded tube; however, after laser-cutting and crimping, it performs poorly upon 

deployment (> 40 cracks per scaffold when over-deployed) (20). In contrast, tube 

expansion that is predominantly uniaxial (400% strain in θ and 20% strain in z) does not 

provide as strong an expanded tube, yet it produces scaffolds that perform well upon 

deployment (< 10 cracks per scaffold when over-deployed) (20). Microdiffraction results 

reconciled this disconnect in strength between the expanded tube and the deployed scaffold 

by elucidating the role of crimping; the predominantly uniaxial elongation process yields 

an expanded tube that develops a beneficial morphology in the crimped state that facilitates 

deployment without fracture (20). The interplay of structural transformations that occur 

during tube expansion and crimping govern the strength of the deployed BVS, motivating 

investigation of structure development during the tube expansion process.  

The promising success of current 150 µm-thick BVSs motivates the design of thinner 

scaffolds [~ 80 µm, similar to metal stents (21, 22)] to extend the benefits of resorbable 

implants to a broader patient population. The key to a thinner BVS lies in careful control of 

its microstructure during processing so that an 80 µm BVS has strength comparable to the 

current 150 µm FDA-approved BVS. Tube expansion, the first step in the manufacture of a 

vascular scaffold, plays a central role in the design of thinner scaffolds. Similar to stretch 

blow molding, tube expansion subjects a PLLA preform to biaxial elongation near the glass 

transition inside an outer mold (23). The rapid deformation induces oriented crystallization, 
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which in turn influences the macroscopic strain and the wall thickness of the resulting 

BVS. The process of tube expansion has been applied with excellent reproducibility to 

manufacture scaffolds with uniform wall thickness that meet clinical standards. However, 

conventional methodology is unable to provide structural insight on tube expansion at time 

scales relevant to processing (> 400% strain in a matter of seconds). As a result, tube 

expansion is largely based on trial-and-error; expanded tubes are subjected to mechanical 

characterization and process parameters are iteratively adjusted to optimize strength.  

Here, we discuss the implementation of a novel custom-built instrument that can 

subject polymeric preforms to tube expansion with acquisition of synchrotron X-ray 

scattering data at time scales relevant to processing (~ 1 s). To the best of our knowledge, 

the data acquired from this instrument are the first of their kind and relate deformation in 

the cylindrical geometry to the microstructure of the expanding preform. PLLA is subjected 

to tube expansion between 70 to 120 °C (24), relatively close to its glass transition (Tg ~ 

55 °C) and well below its melting temperature (Tm ~ 170 °C). However, it is challenging 

to probe flow-induced crystallization in this temperature interval as PLLA is known to have 

poor thermal stability at elevated temperatures (25) and undergoes quiescent crystallization 

in the vicinity of 100 °C (26). Therefore, a critical design requirement for our instrument 

is rapid heating—we are able to heat the preform above 100 °C (heating rate ~ 70 °C/min) 

and achieve inflation in less than 100 s; as a result, we avoid thermal degradation and 

isolate the impact of flow on the microstructure of the expanded tube. The primary 

emphasis of this article is on the morphology of PLLA, but the instrument and the insight 
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gained from this approach can be broadly applied to study polymers (e.g. poly (ethylene 

terephthalate), PET) that are processed using stretch-blow molding.  

Materials and Methods 

Design Considerations for the Tube Expansion Instrument  

The design of our instrument builds upon the production protocol described in the 

patent literature for bioresorbable vascular scaffolds, specifically the tube expansion 

process described above (27). Tube expansion uses compressed air to inflate a PLLA 

preform (inner diameter (ID): 0.64 mm, outer diameter (OD): 1.5 mm) inside a glass mold 

(ID: 3.9 mm, OD: 6.0 mm) at a desired temperature; the inflation transforms the initially 

amorphous preform into an oriented, semicrystalline tube. The mold dimensions are 

selected to limit the maximum expansion to an OD of 160% relative to the preform’s OD; 

in the present experiments, the expansion is self-arresting when the OD reaches 

approximately 150% of the preform’s OD. Infrared heating (IR) is used to provide a rise 

time of approximately 50 s from 35 to 100 °C, which is fast enough to avoid quiescent 

Figure 4.1 (A) 3D diagram of the tube expansion instrument defines the positions of the IR lamps 
and reflectors above and below the mold, the thermocouple on the mold surface, the connection to 
the pressure transducer and the air inlet and illustrates how the preform is inserted into the mold and 
oriented relative to the path of the X-rays. (B) Schematic diagram of the inflation process, which 
progresses from the side of tube attached to the air inlet to the opposite end. 
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crystallization in the PLLA preform (26). In contrast to hot air convection or restive 

heating, which both act on the mold, IR directly heats the preform. The choice of IR 

radiation motivates the use of borosilicate glass (Pyrex) for the mold as Pyrex is mostly 

transparent to IR wavelengths that are strongly absorbed by PLLA (see Supporting 

Information: Figure S4.1 defines the orientation of lamps relative to the mold and Figure 

S4.2 describes the energy absorbed by the preform relative to the mold). The instrument is 

designed to selectively vary processing parameters such as the expansion temperature (Te), 

the crystallization temperature (Tx), the imposed pressure inside the tube during expansion 

(only one value is examined here, 6.8 bar), and the annealing conditions to isolate their 

impact on the resulting PLLA microstructure.  

Temperature Control 

The PLLA preform is heated above its glass transition temperature (Tg ~ 55 °C) using 

two 500 W Philips T3 halogen lamps (OD: 10 mm, length: 118 mm, Figure 4.1A) that are 

placed 25 mm on either side of the preform (Figure 4.1A). The lamps are operated using a 

48 V power supply for user safety, which results in an effective power of ~ 100 W per 

lamp. The lamps are oriented parallel to the preform as this geometry minimizes gradients 

in temperature along the axial direction (~ 10° over 30 mm, Figure S4.1A). The lamps are 

surrounded by curved reflectors that improve the uniformity of heating and direct stray 

radiation towards the preform. Numerical simulations performed in Zemax indicate that 

the parallel orientation of lamps minimizes axial gradients in the absorbed energy (heat 

flux varies by ~ 10% along the 60 mm length of the preform, Figure S4.2), and that the 

reflectors enhance the rate of heating (the preform absorbs > 200% more energy with the 

curved reflectors, Figure S4.2). The control box (described below) continuously records 
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the temperature of the mold using a K-type thermocouple connected to a Maxim 

MAX6675 cold-junction compensated controller, which adjusts the power of the lamps to 

match the set heating rate and temperature.  

As the preform is expanded inside the Pyrex mold, it is challenging to experimentally 

probe the temperature of the preform. Therefore, we turn to numerical simulations that 

capture the geometry of the stretching apparatus to estimate the temperature of the PLLA 

preform. The volumetric heat flux provided by Zemax (~ 2.3 mW/mm3 for the mold and ~ 

4.5 mW/mm3 for the preform, Figure S4.2) is incorporated in the finite element software 

Abaqus to predict spatial gradients in temperature for the mold and the preform as a 

function of time. The simulations predict a heating rate of ~ 1.1°C/s for the mold and ~ 

1.75 °C/s for the preform (Figure S4.3); the simulated heating rate of the mold is similar to 

experimental thermocouple data acquired on the mold (~ 1.2 °C/s, see Figure S4.3B, left 

for comparison). Furthermore, the simulations show that spatial gradients in temperature 

in the preform are ~ 1 °C after 50 s of heating (Figure S4.3A, right); a uniform temperature 

profile of the preform is consistent with the uniform thickness of the expanded tube (~ 140 

µm). The higher temperature of the preform relative to the mold is corroborated by 

supporting experimental data, which also reveal that the preform temperature does not 

increase during the annealing step (Figure S4.4).  

Mechanical Assembly 

The instrument core is comprised of a metal bracket that holds the IR lamps, the mold, 

and the preform in position using Teflon supports (Figure 4.1A). The holders for the IR 

lamps are equipped with reflectors to direct stray radiation towards the mold-preform 

assembly (Figure 4.1A). A circular cutout in the metal bracket permits a path for X-rays to 
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interact with the expanding preform (Figure 4.1A). Swagelok connectors secure one 

end of the preform to a source of compressed air (6.8 bar) and the opposite end to a 

Honeywell HSCDANN010BGAA5 pressure sensor (range 0–10 bar). The control box 

operates a pressure valve to trigger tube expansion, which propagates from the side of the 

tube attached to the air inlet towards the side connected to the pressure transducer (Figure 

4.1B).  

Control Box 

The control box is comprised of an Arduino Mega 2560 board (microcontroller unit, 

MCU) manufactured by Arduino, Italy that operates at a 16 MHz clock speed to acquire 

data from the sensors and to drive the actuators (Figure 4.2). The MCU uses a 5 V relay to 

operate the IR lamps and a numerically controlled dimmer to apply proportional-integral-

Figure 4.2 Block diagram describing the interface between the sensors, actuators, control unit, and 
the data acquisition systems. 
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derivative (PID) control to regulate the power of the lamps in accord with the set heating 

rate and temperature (Figure 4.2). A Parker Lucifer 341 L91 07 coil pressure valve is 

operated using a 24 V DC power supply and is controlled by the MCU via a 5 V relay to 

trigger expansion at user-defined setpoints (Figure 4.2). A Java-based desktop application 

issues commands to the control box and is responsible for plotting and logging data.  

Materials  

Clinical grade poly L-lactide (PLLA) preforms (ID: 0.64 mm, OD: 1.5 mm) were 

provided by Abbott Vascular, Santa Clara, CA, USA.  

In Situ Structural Characterization 

The instrument was implemented at APS beamline 5-ID-D at the Argonne National 

Labs for the acquisition of simultaneous wide (WAXS) and small-angle X-ray scattering 

(SAXS) data. The incident X-ray beam is aligned parallel to the r-direction of the mold-

preform assembly (Figure S4.5); diffraction patterns are acquired every 1 s at an exposure 

of 0.5 s using X-rays of wavelength = 0.7293 Å. WAXS and SAXS images were acquired 

on Rayonix CCD detectors with a sample to detector distance of 200.83 mm and 8.502 m, 

respectively. The wavevector q is calibrated using a spinning silicon diffraction grid. A 

subtraction method is implemented to isolate the scattering of PLLA (thickness of 

expanded tube ~ 140 µm) from that of the Pyrex mold (~ 1 mm thick) in the WAXS patterns 

(described in detail in the Supplementary Materials, Figures S4.6–S4.10). At small angles, 

there is little to no scattering from the Pyrex mold and the in situ SAXS patterns are 

presented as is (no subtraction). Video recordings from the beamline camera (Figure S4.5) 

permit estimation of the strain and strain-rate experienced by the PLLA preform during 

expansion. 
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Results 
Poly L-lactide (PLLA) cylindrical preforms are subjected to expansion using two 

modes of operation of the instrument. In the first mode, the pressure in the preform is not 

increased until a temperature of interest is reached during heating to a selected 

crystallization temperature: here, we use the temperature of the mold (Temold of 80, 90, and 

100 °C, where superscript “e” denotes “expansion”) to trigger the elongation by opening a 

valve to 6.8 bar air and use the mold temperature for feedback control during the isothermal 

Figure 4.3 The transient temperature (red traces) and pressure (blue traces) profiles are presented in 
(A) for the first mode of operation and in (B) for the second mode of operation. In (A), inflation is 
triggered at a set mold temperature (Te

mold = 80, 90 and 100°C), and the tube is subsequently annealed 
at a mold temperature of 100°C for 5 mins prior to cooling. In (B), the tubes are pressurized prior to 
heating (note the constant pressure trace), and instead, the tubes are annealed at three different mold 
temperatures (Tx

mold = 80, 90 and 100°C) for 5 mins prior to cooling. Numerical simulations described 
in the SI (Figures S4.2 and S4.3) predict that mold temperatures of 80, 90, and 100°C translate to 
preform temperatures of ~ 105, 115, and 125°C respectively.  
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crystallization process (Tamold = 100 °C, where superscript “a” denotes “annealing”) for 

5 mins, followed by cooling under ambient conditions (Figure 4.3A). In the second mode 

of operation, the pressure in the preform is imposed prior to heating and is maintained 

throughout the process: here, we examine the effect of temperature during isothermal 

crystallization (Txmold of 80, 90, and 100 °C, where superscript “x” denotes 

“crystallization”) for 5 mins, followed by cooling under ambient conditions (Figure 4.3B). 

Numerical simulations predict that mold temperatures of 80, 90, and 100 °C correspond to 

PLLA preform temperatures of ~ 105, 115, and 125 °C, respectively (Figures S4.2 and 

S4.3). These two modes of operation were selected to isolate the impact of the expansion 

temperature (Te) from that of the crystallization temperature (Tx) on the morphology of the 

expanded tube; expansion in the first mode is triggered at a set mold temperature while 

expansion in the second mode is reliant on the material properties of the preform. 

Video recordings are used to estimate the transient outer diameter (OD) of the preform, 

which changes in a complex manner with time (Figure 4.4). While some elongation may 

occur along the axial direction, it is much less than the hoop elongation. Here, we make 

the approximation of neglecting the axial elongation and analyze the outer diameter to 

estimate the strain at the outer surface. When the internal pressure is abruptly imposed at a 

prescribed temperature (Figure 4.4A, i), the initial deformation progresses at a similar rate 

(~ 0.025 s−1 at the OD, Figure 4.4A, ii) till an inflection point at an OD strain of 40-50% 

(marked by black arrows in Figure 4.4A, ii). After the inflection, the strain rate increases 

dramatically, to approximately 0.07 s−1 (Figure 4.4A, ii), until the deformation rate slows 

down when the OD strain approaches ~ 150%. The rates of deformation are similar in the 
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first mode of operation (Temold = 80, 90, and 100 °C) as the mold temperature has 

reached a steady state (100 °C) during inflation.  

When the internal pressure is imposed before heating and maintained during heating 

(Figure 4.4B, i), the onset of deformation occurs when the PLLA preform reaches a 

temperature at which it can no longer withstand the pressure (Figure 4.4B, ii). This occurs 

approximately when the temperature of the mold reaches 80 °C. In the case of Txmold = 80 

°C, the mold has already reached a steady temperature when the PLLA begins to deform. 

 

Figure 4.4 Plot of (A, i) temperature (solid lines) and pressure traces (dashed lines) for the first mode 
of operation; the pressure valve is triggered in ~ 5 s intervals to achieve expansion at Te

mold = 80, 90, 
and 100 °C. The corresponding strain fields are presented in (A, ii). Plot of (B, i) temperature (solid 
lines) and pressure traces (dashed lines) for the second mode of operation; tubes expanded at Tx

mold = 
80, 90, and 100 °C are pressurized to 6.87 bar prior to heating. The corresponding strain fields are 
presented in (B, ii). The strain at the outer diameter (OD, black circles in A,B, ii) of the preform is 
determined from video recordings (error in strain ~  5%; error in time ~ 5 s) and the strain at the inner 
diameter (ID, red squares in a,b, ii) is calculated from the OD strain assuming incompressibility [the 
difference in density between amorphous and crystalline PLLA is ~ 3% (31)]. The slope of the 
straight black lines provides an estimate of the strain rate at the OD surface; the black arrows mark 
the inflection point when the strain rate abruptly increases.  
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On the other hand, for Txmold = 90 and 100 °C, the temperature rises rapidly during the 

first several seconds of deformation, giving rise to progressively faster initial strain rates 

(the strain rate increases from 0.015 s−1 at Txmold = 80 °C to 0.07 s−1 at Txmold = 100 °C, t < 

50 s in Figure 4.4B, ii). The initial deformation slows, giving a plateau prior to a steep 

increase in strain rate; the plateau OD strain is approximately 30-40% for all three values 

of Txmold, while the duration of the plateau decreases strongly with an increase in Txmold 

(compare strain profiles in Figure 4.4B, ii). The rapid deformation at the end of the plateau 

rolls off and the final OD strain is approximately 150% for all three Txmold cases. We now 

relate the macroscopic change in temperature and strain to the microstructure of the tube 

using in situ synchrotron X-ray scattering.  

Here, we compare PLLA preforms stretched at Temold = 100 °C and Txmold = 100 °C (in 

situ data for the other 4 experiments are presented in Figures S4.11-S4.14) to illustrate the 

impact of the onset of inflation (deformation occurs ~ 20 s later in Temold = 100 °C relative 

to Txmold = 100 °C, Figure 4.4A-B, ii) on the morphology of the expanded tube. A selection 

of 12 diffraction patterns are presented for Temold = 100 °C and Txmold = 100 °C that capture 

the transient expansion of the preform. Prior to expansion, we observe strong diffuse 

scattering from the amorphous phase and the presence of faint (110)/(200) peaks in the 

preform (compare Figures 4.5 and 4.6A, 0 s); the azimuthal position of these peaks suggests 

that a small population of crystallites have their c-axis oriented parallel to the z-direction 

of the preform. It is likely that these z-oriented crystallites are created in the extrusion 

process used to prepare the preforms. The initial phase of inflation occurs at a relatively 

slow strain rate (~ 0.025 s−1 before the inflection point, Figure 4.4A, ii) and is characterized 

by a decrease in the amorphous intensity due to the thinning of preform; however, there is 
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no indication of oriented crystallization in this interval (t < 70 s for Temold = 100 °C and 

t < 45 s for Txmold = 100 °C, Figures 4.5 and 4.6A). After the initial inflection in the strain 

field (black arrows in Figure 4.4A-B,ii), the strain rate suddenly increases to ~ 0.07 s−1 and 

is accompanied by distinct (110)/(200) peaks with their c-axis oriented parallel to the θ-

direction of the preform (at ~ 68 s for Temold = 100 °C and ~ 44 s for Txmold = 100 °C, Figures 

4.5 and 4.6A). The intensity of the newly formed θ-oriented (110)/(200) peaks increases 

rapidly over the next 10 seconds (68 to 77 s for Temold = 100 °C and 44 to 55 s for Txmold = 

100 °C; Figures 4.5A and 4.6A), a time interval that corresponds to a > 50% increase in 

OD strain (compare the strain field in Figure 4.4A-B, ii with WAXS data in Figures 4.5 

and 4.6). Beyond 100 s, the expansion is nearly complete, and amorphous material is 

steadily transformed into crystallites during annealing (Figures 4.5A and 4.6A, 350 s).  
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Figure 4.5 In situ (A) WAXS and (B) SAXS data acquired on a PLLA preform stretched at Te

mold = 
100 °C. The diffraction patterns capture the transient heating and annealing steps (t ≤ 350 s, Ta

mold = 
100 °C) and correspond to the temperature and strain profiles in Figures 4.3 and 4.4A. Diffraction 
patterns acquired during the cooling step (t ≥ 350 s) can be found in Figure S4.17. The WAXS and 
SAXS data are presented as: 2D patterns; (A, B, i) azimuthally averaged intensity I(q); and (A,B, ii) 
radially averaged intensity I(φ). 
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The azimuthal width of the (110)/(200) peaks (Figures 4.5A, ii and 4.6A, ii) 

provides a measure of crystallite orientation in a material. In the first mode of operation, 

expansion is triggered in ~ 5 s intervals at a mold temperature of 80, 90, and 100 °C (the 

pressure pulse requires ~ 10 s to reach 6.8 bar in the tube, see Figure 4.4A, i). However, 

the bulk of the expansion occurs when the mold temperature has reached 100 °C. 

Therefore, we observe similar rates of expansion and consequently, the azimuthal width of 

the oriented PLLA crystallites are similar (~ 8° for Temold = 80 °C and ~ 10° for both Temold 

= 90 and 100 °C, Figure 4.7D, left). In the second mode of operation, the tubes are 

pressurized prior to heating (Figure 4.4B, i), and it appears that the azimuthal width of the 

(110)/(200) peaks decreases monotonically as the crystallization temperature increases (~ 

11° for Txmold = 80 °C, ~ 9.5° for Txmold = 90 °C and ~ 8.5° for Txmold = 100 °C; Figure 4.7D, 

right). This seems counterintuitive at first because the onset of inflation occurs at 

approximately the same time and temperature for all cases in the second mode of operation 

(Figures 4.3B and 4.4B). However, expansion progresses isothermally in the second mode 

of operation; therefore, the tube is expanding at a lower mold temperature in Txmold = 80 

°C relative to Txmold = 100 °C and, consequently, the material deforms more rapidly at Txmold 

= 100 °C (compare the strain rate for Txmold = 80 °C vs. Txmold = 100 °C for t < 60 s, Figure 

4.4B, ii) and develops a microstructure with greater crystallite orientation.  

Comparison between simultaneously acquired WAXS and SAXS patterns indicates 

that WAXS is more sensitive than SAXS to the onset of expansion (SAXS features appear 

a few seconds after the occurrence of (110)/(200) peaks in WAXS, compare Figures 4.5A-

B and 4.6A-B) (28). The SAXS intensity continues to increase post expansion and adopts 

a bimodal distribution with peaks located along the meridian (parallel to the θ-direction) 
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and the equator (parallel to the z-direction) of the patterns (see 350s, Figures 4.5–4.6). 

The SAXS peaks along the meridian are more than twice as intense as the equatorial peaks, 

suggesting a dominant oriented microstructure along the θ-direction of the tube. The SAXS 

intensity decreases during the cooling step in accord with densification of the amorphous 

interlamellar space (t > 350 s, Figures S4.15–S4.20). Interestingly, both the equatorial and 

the meridional peaks shift towards higher-q during annealing, indicating a steady decrease 

in the long period (note the shift in peak intensity towards higher-q is more apparent in 

Figures 4.5–4.6B, i; we return to this in the Discussion). The greater intensity of SAXS 

peaks in Txmold = 100 °C relative to Temold = 100 °C (> 15%, compare Figures 4.5-4.6A-B, 

350 s and Figure 4.8A-B, left) suggests that the former introduces a greater population of 

regular spaced lamellar stacks (> 25 nm, Figure 4.8A-B, right) along the θ-direction of the 

expanded tube.  

 At the end of each experiment, the tubes are extracted from the instrument and are 

stored for ex situ studies. Polarized light micrographs of ~ 50 µm-thick sections of the 

expanded tubes reveal a gradient in morphology from the inner (ID) to the outer diameter 

(OD): the retardance at the ID is ~ 1300 nm (third order bluish-green, Figure 4.9) and 

decreases steadily towards the OD (~ 800 nm, second order yellow, Figure 4.9). This 

gradient in retardance is not observed in the extruded tube and is a consequence of the tube 

expansion process, which imposes greater strains at the ID (> 400%) relative to the OD (~ 

150%). The greater orientation of PLLA chains at the ID relative to the OD manifests in 

the observed gradient in retardance. 
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Figure 4.6 In situ (A) WAXS and (B) SAXS data acquired on a PLLA preform stretched at Tx

mold = 
100 °C. The diffraction patterns capture the transient heating and annealing steps (t ≤ 350 s, Ta

mold = 
100 °C) and correspond to the temperature and strain profiles in Figures 4.3 and 4.4B. Diffraction 
patterns acquired during the cooling step (t ≥ 350 s) can be found in Figure S4.20. The WAXS and 
SAXS data are presented as: 2D patterns; (A,B, i) azimuthally averaged intensity I(q); and (A,B, ii) 
radially averaged intensity I(φ). 
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Discussion 

The tube expansion instrument provides structural information about PLLA during 

processing that is not captured by other techniques. The in situ WAXS patterns are very 

sensitive to the onset of inflation and probe changes in amorphous content, crystallinity, 

crystal morph, and crystallite orientation with a 1 s resolution. In all six experiments 

(Figures 4.3 and 4.4), the deformation of the material occurs in two stages. During the first 

one, the material remains predominantly amorphous (Figure S4.11, 45-56 s; Figure S4.12, 

49-58 s; Figure 4.5, 52-64 s; Figure S4.13, 45–65 s; Figure S4.14, 30-41 s; and Figure 4.6, 

36-44 s). The second stage begins with an abrupt increase in crystallinity (Figure S4.11, 59 

s; Figure S4.12, 62 s; Figure 4.5, 71 s; Figure S4.13, 75 s; Figure S4.14, 47 s; and Figure 

4.6, 49 s), and a decrease in the amorphous halo (Figure 4.7A). This step increases in 

crystalline diffraction accounts for approximately half of the total increase in diffraction 

that occurs during deformation and subsequent annealing (Figure 4.7B). During the second 

process, strongly-oriented diffraction peaks grow with the chain axis along the θ-direction. 

These oriented WAXS and SAXS patterns suggest the presence of a “shish-kebab” 

morphology with shish along the θ-direction of the tube, as expected due to the large 

elongational strain (in excess of 400% at the inner diameter) imposed during tube 

expansion. This morphology is characterized by regularly spaced lamellar stacks called 

“kebabs” that decorate a central stem of oriented precursors called “shish” (29). The sharp 

WAXS peaks are detectable earlier than the corresponding oriented SAXS peaks, with the 

delay being shorter when the sample is heated prior to imposing stress and with increasing 

temperature, becoming negligible for both Temold = 100 °C and Txmold = 100 °C. Together, 

these features indicate that the initial process is dominated by glassy deformations and 
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suggest that the transition to melt flow enables the combination of stretching, 

orientation, and organization of the polymer chains that allows rapid growth of oriented 

crystals. This sequence accords with observations in the literature on poly (ethylene 

terephthalate) (PET) (28).  

          Specifically, our experiments are close enough to the glass transition that the initial 

deformation occurs at a strain rate that is faster than the rate of long-range conformational 

rearrangement of the chains. In accord with Mahendrasingam (28), when only local 

segmental reorientation occurs, crystallization cannot. The second stage occurs on longer 

timescales, consistent with the expectation that relaxation of the chains allows orientation 

and stretch of submolecules that are long enough to participate in crystallization (dozens 

of consecutive units along the backbone). This corresponds to Mahendrasingam’s window 

of strain rate in which oriented crystals form during deformation, i.e. the strain rate is slow 

enough to permit chain retraction, but much faster than terminal relaxation by reptation. 

The transition between the two regimes correlates with the transition from glassy to rubbery 

mechanical properties. 

Temperature affects the transition through its effect on the relaxation time, which is 

particularly strong for the glassy modes. The transition from glassy to rubbery relaxation 

offers a coherent explanation for the correlation between the abrupt increase in oriented 

crystallization (sharp WAXS peaks) and the abrupt increase in the rate of deformation 

(strain rates of ~ 0.07 s−1 or more after the inflection point, marked by black arrows in 

Figure 4.4A–B, ii). Experiments that use different crystallization temperatures suggest that 

the relaxation of the glassy modes requires tens of seconds at 80 °C, approximately 10-15 
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s at 90 °C and approximately 3-5 s at 100 °C (Figure 4.4B, ii). The rubbery relaxation is 

less sensitive to temperature, which explains the relatively similar rates of strain during the 

sudden tube expansion. It may also offer an explanation for the small effects of temperature 

on the final strain, manifested in the thickness of the expanded tube. There is precedent for 

Figure 4.7 Quantitative characteristics of 1D WAXS profiles for expansion performed at: (left) Te
mold 

= 80, 90, and 100 °C; and (right) Tx
mold = 80, 90, and 100 °C. The variation in: (A) amorphous content; 

(B) crystallinity; (C) peak position of the (110)/(200) peaks; and (D) full width at half maximum of 
the (110)/(200) peaks is presented during the heating and the annealing steps (t ≤ 350 s); quantitative 
analysis for the cooling step is presented in the Supplementary Materials (Figure S4.21). 
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flow-induced crystallization having such strong effects that the usual temperature 

dependence of crystallization is dramatically reduced (30). Perhaps similar strain rates 

result in similar rates of oriented crystallization and, consequently, similar total strain when 

oriented crystallization brings deformation to a halt.  

An interesting and perhaps technologically important observation is the pronounced 

difference in the degree of orientation between PLLA expanded with the Temold = 80 °C and 

Txmold = 80 °C protocols (cf. black symbols in Figure 4.7, left vs. right); the azimuthal width 

of the (110)/(200) peaks (Figures 4.5-4.6A, ii) provides a measure of crystallite orientation. 

In the first mode of operation (Figure 4.7D, left), the preform is exposed to stress when the 

mold reaches Temold = 80 °C, and heating continues until Tamold = 100 °C. The glassy 

deformation stage is, consequently, brief, and the rapid growth of oriented “kebabs” at 100 

°C proceeds with strong correlation to the orientation of the “shish” created during 

elongation (see Figure S4.11 for X-ray data). In the second mode of operation (Figure 4.7D, 

right), the temperature at which expansion begins is dictated by the material properties as 

the stress is imposed on the tube throughout the heating process. In the Txmold = 80 °C 

experiment (see Figure S4.13 for X-ray data), the sample begins to deform when the 

temperature of the mold reaches 80 °C, and the deformation and crystallization processes 

take place isothermally at 80 °C. Due to the relatively low deformation temperature, there 

is a prolonged period of glassy deformation (approximately 20 s, Figure 4.4B, ii) when 

point-like precursors and threadlike precursors could form; and due to the relatively low 

crystallization temperature, the growth of crystallites from these precursors is slower and 

less correlated to the shish (Figure 4.7B, compare the slope of the main crystallization 

process for the black symbols). The dearth of oriented lamellar stacks for Txmold = 80 °C is 
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confirmed by SAXS results that show strong peaks indicative of shish-kebabs for Temold 

= 80 °C (black symbols in Figure 4.8A, left and Figure S4.11), but not for Txmold = 80 °C 

(black symbols in Figure 4.8B, left and Figure S4.13). These results suggest that using a 

relatively low temperature during the tube expansion process could moderate the degree of 

anisotropy in the expanded tube, which is important for achieving balanced properties and 

ductile behavior in the BVS. 

The intensity of the SAXS peaks increases during the first half of the annealing step 

(< 200 s Figure 4.8A-B, left), then levels off. The increase in SAXS intensity occurs later 

and more gradually than the increase in WAXS (compare Figure 4.7B to Figure 4.8, left). 

This disconnect suggests that the increase in SAXS is due to a reorganization of previously 

formed crystals into increasingly coherent lamellae and, possibly, with a reduction of 

 

Figure 4.8 Quantitative characteristics of 1D SAXS profiles for expansion performed at: (A) Te
mold 

= 80, 90, and 100 °C; and (B) Tx
mold = 80, 90, and 100 °C. The variation in: (A,B, left) the maximum 

intensity of the meridional SAXS peaks; and (A,B, right) the interlamellar spacing is presented during 
the heating and the annealing steps (t ≤ 350 s); quantitative analysis for the cooling step is presented 
in the Supplementary Materials (Figure S4.22). 
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interlamellar density in favor of thicker crystallites (see Supplementary Materials for 

data on the cooling process, t > 350 s Figures S4.15–S4.20, where the SAXS intensity 

decreases). In conjunction with this reorganization, the interlamellar spacing 

monotonically decreases with time (Figure 4.8A-B, right). When this shift in long spacing 

occurs with an increase in SAXS intensity, it suggests that some interlamellar material is 

being pulled into the lamellae, allowing the crystal to become wider. In some cases, the 

shift in long spacing occurs at a time when the SAXS intensity is decreasing, which 

suggests the growth of secondary lamellae in the space between previously formed 

lamellae. During the cooling step, the SAXS intensity of the present samples decreases due 

to the densification of amorphous interlamellar material and, possibly, growth of fringed 

micelles in the interlamellar space. By the time the sample temperature reaches ambient 

temperature, there is little to no evidence of lamellar superstructures (the SAXS pattern 

vanishes, see Supplementary Materials, t = 700 s in Figures S4.15–S4.20). Therefore, the 

transient structure reveals aspects of the present PLLA semicrystalline morphology that are 

concealed in the final state of the expanded tube.  

The tube expansion apparatus has several features that enabled these experiments. The 

device is small and relatively robust, making it well suited for transporting to a synchrotron. 

The device requires only a few connections, which enables rapid setup with minimal loss 

of beamtime. Infrared (IR) heating is rapid relative to sample ovens or heater blocks. 

Therefore, the samples reach the desired test temperature before deforming under their 

weight, enabling experiments relevant to stretch-blow molding. In the case of materials 

that undergo chemical reactions at elevated temperatures, rapid heating can be used to 

minimize changes in the material prior to measurements. 
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          The most significant area for improvement is in the synchronization of strain 

measurements with the in situ X-ray scattering data. Synchronization of video images could 

be accomplished by displaying a flash of light at selected time intervals. Strain 

measurements during intervals when the IR lamps are on could be accomplished by 

providing the camera with a high-pass optical filter (blocking red and infrared 

wavelengths). Improved quantification of the strain field could be accomplished by placing 

markings on the preform, provided the markings do not significantly absorb or scatter 

infrared light. Implementation of improved strain measurements would open the way to a 

whole space of biaxial elongations. Here, we were limited to constant width elongation, 

which can be evaluated from the transient radius of the tube. The apparatus already has 

provisions for superimposing axial elongation and azimuthal elongation. Faster strain rates 

can be examined if a faster camera is used. A broader range of stresses can be examined 

by varying the imposed pressure inside the preform or by simply modifying the dimensions 

of the preform. The instrument could be used with any of a number of in situ structural 

measurements (e.g. birefringence or light scattering) with appropriate modifications to 

 

Figure 4.9 Expanded tubes stretched at: (A) Te
mold = 80, 90, and 100 °C (Figures 4.3 and 4.4A); and 

(B) Tx
mold = 80, 90, and 100 °C were extracted from the instrument and microtomed parallel to the 

(r,θ) plane to yield consecutive 50 µm-thick circular cross sections. The 50 µm sections were 
sandwiched between glass slides and imaged through linear crossed polarizers. Note that the sequence 
of Michel Levy colors from blue green to purple to pink to orange to yellow unambiguously shows 
that the retardance decreases from ID to OD. 
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offset lens effects of the curved interfaces of the mold and the samples. Therefore, the 

tube-expansion geometry may prove useful for the broad community of scientists who are 

investigating deformation induced structure in polymers and other soft matter. 

Conclusions 

Bioresorbable vascular scaffolds (BVSs) are manufactured from a nominally brittle 

polymer (PLLA) but gain strength and ductility through processing. Tube expansion plays 

a critical role in the manufacture of a BVS but defies prediction due to the rapid time scales 

of deformation. The selection of tube expansion conditions determines the final thickness 

of the scaffold and influences the response of PLLA during crimping and deployment. 

Therefore, a detailed understanding of the morphology created in the expanded tube holds 

the key to a thinner yet stronger scaffold. In this report, we discuss the fabrication of an 

instrument that can probe the structure of PLLA in real time at conditions relevant to the 

processing of vascular scaffolds.  

Video recordings and real time X-ray scattering data indicate that deformation in the 

PLLA preform progresses in two stages. During the first stage, PLLA exhibits glassy 

behavior and stretches at a relatively slow strain rate (0.03 s−1) until the strain at the outer 

diameter (OD) reaches an inflection at ~ 50%. In the second stage, PLLA exhibits rubbery 

behavior (OD strain >  50%), and the strain rate abruptly increases (0.07 s−1) till an OD 

strain of ~ 130%. The in situ WAXS data indicate that the material is predominantly 

amorphous during the first stage of deformation but develops oriented crystallites at the 

onset of the second stage of deformation. The corresponding SAXS data suggest that the 

rapid inflation induces growth of shish-kebabs along the θ-direction of the tube. By varying 

process parameters such as the expansion temperature, (Temold), the crystallization 
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temperature (Txmold), and the annealing conditions, we demonstrate that the 

microstructure of the expanded tube can be controlled to vary the crystallinity, crystallite 

orientation, and the population of shish-kebabs to obtain desired mechanical properties.  

The data presented in this report highlight the ability of a tube expansion instrument 

to provide in situ X-ray scattering data during and after elongational deformation. Future 

studies will probe the impact of total strain by using molds of different dimensions and 

strain-rate by varying the inflation pressure. The combination of in situ structural data with 

the transient strain field may prove broadly useful for understanding processing-structure-

property relationships in polymers, as illustrated by the example of PLLA relevant to 

bioresorbable vascular scaffolds that may improve treatment of cardiovascular disease.  
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Supporting Information 

Selection of lamp orientation relative to the preform  
 

 
Figure S4.1 Four thermocouples (T1 to T4) are placed at different positions along a customized Pyrex 
mold to probe azimuthal and axial gradients in temperature induced by the IR lamps oriented (A, i) 
parallel to the preform and (B, i) perpendicular to the preform. T1 and T2 are located ~ 30 mm from 
the center of the mold while T3 and T4 are at the center of the mold. T1 and T3 probe the temperature 
of the mold surface directly facing the lamps while T2 and T4 probe the temperature of the mold 
surface 90° from T1 and T3. Temperature traces are plotted for a lamp exposure time of (A-B, ii) 50 
s and (A-B, iii) 180 s.  
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It is desirable to achieve uniform heating of the preform prior to expansion for 

homogeneous deformation and wall thickness. The IR lamps (OD:10 mm and length:118 

mm) can be oriented either parallel or perpendicular to the preform. We tested both 

configurations (Fig. S4.1A-B, i) using a customized Pyrex mold (ID: 8 mm, OD: 10 mm and 

length: 60 mm) with incisions for thermocouples made at the center (one facing the lamps 

and the second 90° away) and 30 mm from the center (one facing the lamps and the second 

90° away). For an exposure time of 50 s, the difference in temperature across all four 

thermocouples is ~ 10 °C for the parallel configuration but is ~ 20 °C for the perpendicular 

configuration (compare Fig. S4.1A-B, ii); prolonged exposure (180 s) increases these 

gradients to ~ 15 °C for the parallel configuration and > 30 °C for the perpendicular 

configuration (compare Fig. S4.1A-B, iii). It is reasonable to expect that the parallel 

configuration minimizes axial gradients in temperature as the lamps illuminate a greater 

portion of the mold surface. Based on these data, we orient the lamps parallel to the mold for 

the experiments described in this report.  
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Numerical simulations of the energy absorbed by the mold and the preform 

          The two 500W IR lamps have an operating temperature of 2900K; Planck’s law is 

used to estimate the fraction of light absorbed by Pyrex (the mold) and poly L-lactide 

(PLLA, the preform) in accord with their IR absorption spectra (1). Pyrex is mostly 

transparent to IR radiation between 1 to 2.7 µm (Table S4.1), a region where PLLA 

 
Figure S4.2 Ray tracing calculations performed in Zemax estimate the fraction of Infra-red (IR) light 
absorbed by the mold and the preform (A) without reflectors and (B) with curved reflectors. The 
fraction of energy absorbed is presented as (A-B, ii) 2D maps at different positions along the axis of 
the mold and the preform. The 2D data are averaged to calculate (A-B, iii) from the inner to the outer 
diameter to obtain the azimuthal distribution of absorbed energy (bin size is 30°) for the mold (left, 
A-B, iii) and the preform (right, A-B, iii); Bin 1 is facing the lamps and Bin 3 is 90 °C from the plane 
containing the lamps.  
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strongly absorbs IR radiation (particularly between 2.2 to 2.7 µm, Table S4.1). Beyond 

3 µm, Pyrex absorbs most of the IR radiation and hardly any light passes through (Table 

S4.1). We estimate that for a 1 mm thickness, the mold and the preform absorb ~ 15% and 

~ 14% of incident IR radiation respectively (Table S4.1).  

Table S4.1: Fraction of incident IR radiation absorbed by the Pyrex mold and the PLLA preform 
Wavelengths Fraction of Total Energy Fraction absorbed by 

Pyrex mold 
Fraction 

absorbed by 
PLLA preform 

0µm - 1.5µm 48% <5% <5% 
1.5µm - 2.2µm 24% <5% 20% 
2.2µm - 2.7µm 10% <5% 95% 
2.7µm – 3µm 4% 50% ~0% 
3µm – 3.5µm 3.5% 54% ~0% 
3.5µm – 4µm 2.5% 75% ~0% 

>4µm 10.5% >90% ~0% 

          The fraction of energy absorbed by Pyrex and PLLA guide the setup of ray tracing 

simulations in Zemax to determine the distribution of energy in the perform and the mold 

(Fig. S4.2). The preform (ID: 0.64 mm, OD: 1.52 mm, length: 60mm) is placed inside the 

mold (ID: 3.9 mm, OD: 6.0 mm, length: 60 mm) and the two IR lamps (OD: 10 mm, total 

length: 118 mm, filament length: 82 mm) are positioned 25 mm on either side of the 

preform (Fig. S4.2, i) in the parallel configuration (described in Figure S4.1). As the two 

500W IR lamps are operated at 48V, they are assigned an effective power of ~ 100W in 

Zemax (of this, it is assumed that the mold can absorb a maximum of 15W and the preform 

can absorb a maximum of 14W). Ray tracing calculations are performed with and without 

curved reflectors (arc length: 42 mm, axial length: 82 mm, radius: 25 mm), placed 10 mm 

from the OD of the lamps, to note their impact on the absorbed radiation (Fig. S4.2, i).  
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          The simulations provide insight on the distribution of energy with and without 

reflectors along the axial and azimuthal directions of the mold/preform. The reflectors induce 

a 200% increase in the energy absorbed by the PLLA preform (compare A-B, Fig. S4.2); the 

heat flux in Bin 1 (B1), a volume element directly facing lamps, increases from ~ 2.1 

mW/mm3 to ~ 4.8 mW/mm3 (compare absorbed flux for preform in Fig. S4.2A-B, ii-iii). An 

increase in the absorbed IR radiation translates to a faster heating of the preform, which is 

desirable to minimize quiescent crystallization prior to expansion. The simulations indicate 

minimal gradients in the absorbed energy along the z-axis (~ 10% from the center to the 

 
Figure S4.3 (A) 2D heat map generated by Abaqus illustrating the azimuthal gradients in temperature 
for the mold (left) and the preform (right) during heating for 50 s. (B) 1D plots for bins located 0, 45 
and 90° from the plane containing the lamps (location of bins defined in A, left) for the mold (left) 
and the preform (right). The predicted temperature of the mold (bins 1-3 in B, left) is compared with 
experimental data acquired on the surface of the mold (black line in B, left).  
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edge, Fig. S4.2, ii-iii) but suggest substantial gradients along the azimuthal direction 

(>30%, for both the mold and the preform from Bin 1 to Bin 3, which is facing away from 

the lamps; Fig. S4.2, iii).  

          The heat flux data from Zemax are used in the finite-element software Abaqus to 

estimate the rate and distribution of temperature in the mold [ρ = 2.2 g/cm3, k = 1 W/m-K, 

Cp = 750 J/kg-°C (2)] and the preform [ρ = 1.3 g/cm3 (3), k = 0.13 W/m-K (4), Cp = 1800 

J/kg-°C (5)]. Abaqus predicts that the PLLA preform heats up faster than the mold: after 50 

s of heating, the mold reaches a temperature of ~ 90 °C (rate: ~ 1.1 °C/s, Fig. S4.3) while the 

 
Figure S4.4 The instrument is modified to simultaneously probe the temperature of the mold in 
relation to a PLLA preform both inside and outside the mold. (A) Image highlighting the position of 
the preforms with respect to the mold. (B) Temperature traces for the preforms and the mold are 
presented for two consecutive cycles of heating and cooling (B, left and right). The first dashed 
vertical line indicates the onset of annealing (at a set mold temperature of 85 °C), and the second 
dashed vertical line indicates the end of annealing and the onset of cooling.  
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preform reaches a temperature of ~ 125 °C (~ 1.75 °C/s, Fig. S4.3). Furthermore, the 

azimuthal gradients for both the mold and the preform are minimal (< 3 °C, Fig. S4.3), 

suggesting that there are no “hot spots” in the preform that can lead to non-uniform 

expansion. The faster heating rate of the preform is in agreement with experimental data (Fig. 

S4.4). The instrument was modified to probe the temperature of the mold, a PLLA preform 

inside the mold, and a PLLA preform outside the mold during the heating and annealing 

steps (Fig. S4.4A); for a set mold temperature of 85 °C, the PLLA preform inside the mold 

is ~ 20 °C warmer at the onset of annealing (Fig. S4.4B). Furthermore, the PLLA preform 

temperature does not increase during the annealing step (Fig. S4.4B), indicating that the rapid 

increase in strain beyond the inflection point (Fig. 4.4A-B, ii) is not influenced by an increase 

in temperature.  
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Implementation of the instrument at the X-ray beamline  

The instrument is mounted on an optical bench at the beamline that can be translated in the 

horizontal direction (in and out of this plane) and the vertical direction (up and down in this 

plane) for sample alignment. The instrument is placed between two nose cones (identified 

by green arrows, Fig. S4.5) that are 70 mm apart. Incident X-rays travel from the right nose 

cone and scattered X-rays are probed by detectors towards the left (Fig. S4.5). It is critical to 

avoid contact with the nose cones when the instrument is mounted/dismounted from the 

beamline. The instrument was designed with these spatial constraints in mind to have a 

minimal footprint at the synchrotron beamline.  

 

  

 
Figure S4.5 Position of the instrument with respect to the incident X-ray beam, the detectors (only 
WAXS detector is visible here) and the camera used to monitor inflation. The preform, molds and IR 
lamps are placed with their z-axis normal to the plane of the image.  
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X-ray scattering analysis  
Poly L-lactide (PLLA) performs are expanded inside Pyrex molds with simultaneous 

acquisition of wide (WAXS) and small angle X-ray scattering (SAXS) data. The thickness 

of PLLA in the beam varies from ~ 400 µm (preform) to ~ 140 µm (expanded tube), which 

is less than half that of the Pyrex mold (~ 1 mm). As a result, relatively strong scattering from 

the mold obscures WAXS features of the expanded tube, particularly in the vicinity of q ~ 

1.5 Å-1 (Fig. S4.6). Diffraction patterns acquired on the mold alone indicate a ~ 15% variation 

in the scattered intensity (~ 300 counts, Fig. S4.7), which is ~ 50% of the scattering from 

PLLA alone (~ 700 counts, Figs. 4.5–4.6 and Figs. S4.11–S4.14). Therefore, direct 

subtraction of the Pyrex background from PLLA+Pyrex frames results in under or over-

subtraction. The variation in scattered intensity of the mold can be attributed to a shift in the 

position of the mold with respect to the beam from one experiment to the other; this subtle 

variation in the thickness of the mold gives rise to discrepancies during subtraction. To 

overcome this complication, we take an average in 2D of 30 Pyrex patterns acquired 

immediately before and after tube expansion experiments over a period of 7 hours; this 

 
Figure S4.6 Comparison between 1D WAXS profiles for PLLA+Pyrex (before and after expansion) 
and the Pyrex mold.  
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average background frame is then rescaled using the method described below and 

subsequently subtracted from PLLA+Pyrex frames to minimize subtraction errors.   

          We rescale the background by identifying q-intervals for the PLLA preform that are 

mostly unchanged before and after expansion. The prior literature informs us that scattering 

from PLLA is negligible at a low-q interval of 0.5-0.6 Å-1. However, we do not have access 

to scattering below 0.68 Å-1 at this beamline due to the size of the beamstop. Therefore, the 

lowest possible q-interval available to us is 0.68 to 0.75 Å-1 (indicated by a black box in Fig. 

S4.6); the intensity in this q-interval changes during inflation (t < 100s, Fig. S4.8A) but 

hardly varies post expansion (t > 100s, Fig. S4.8A). At high-q, we use an interval spanning 

1.80 to 1.90 Å-1 (indicated by a black box in Fig. S4.6) as the intensity in this region varies 

by ~ 3% before and after inflation (Fig. S4.8B). Therefore, we use the average intensity in 

these low-q (0.68 to 0.75 Å-1) and high-q (1.80 to 1.90 Å-1) intervals to two define two 

parameters (α and β) to rescale the average Pyrex background with respect each 

PLLA+Pyrex frame. The parameter α relates the difference in intensity (ΔΙ) between the low-

q (IL) and high-q (IH) intervals for the PLLA+Pyrex frame to that of the average Pyrex frame. 

The parameter β applies an offset to the average Pyrex background to match the IH of the 

PLLA+Pyrex frame. Using q for the radial wavevector and φ for the azimuthal angle, we 

arrive at the following equations to isolate the scattering of PLLA (Ssubtracted) from 

PLLA+Pyrex (S) by subtracting the average Pyrex frame (B):  

𝑆(𝑞, 𝜑)'()*+,-*./ = 	𝑆(𝑞, 𝜑) − 𝛼. 𝐵(𝑞, 𝜑) − 𝛽																										[E4.1]	

	

𝛼 = 	
𝐼D' −	𝐼E' 	
𝐼DF −	𝐼EF

																																																													 [E4.2] 

 



 

 

145 
	𝛽 = 	 𝐼EH − 𝛼	𝐼EF																																																				[𝐸4.3] 

 

The two-parameter subtraction method is applied in 2D to rescale the background, which is 

subsequently subtracted pixel by pixel from the frame of interest. To test our approach, the 

rescaled background is subtracted from each of the Pyrex frames in Figure S4.7 and the 

resulting residuals (Fig. S4.9) are analyzed in relation to the scattered intensity from PLLA 

alone. The impact of rescaling on the averaged background is illustrated in Figure S4.10; the 

shape of the rescaled background (dashed golden line, Fig. S4.10) mimics that of each Pyrex 

frame (black line, Fig. S4.10). As a result, the resulting error in subtraction (~ 20 counts, Fig. 

S4.9) is <  3% of the scattered intensity from expanded PLLA (~ 700 counts, Figs. 4.5-4.6 

and Figs. S4.11-S4.14). We acknowledge that this method introduces errors in subtraction at 

low-q (0.68 to 0.75 Å-1) for PLLA frames prior to expansion, but these errors do not affect 

our interpretation of the data.  

 

Figure S4.7 Variation in scattering from the Pyrex mold over a period of 7 hours during tube 
expansion experiments. The WAXS data are presented as (A) 2D patterns and (B) azimuthally 
averaged, I(q), 1D plots.   
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Figure S4.8 Drift in the average intensity at (A) low-q (0.68 to 0.75 Å-1) and (B) high-q (1.80 to 1.90 
Å-1) for Te

mold = 80 °C (Fig. S4.10) during tube expansion. The sudden decrease in the low-q intensity 
at ~ 50 s corresponds with inflation of the PLLA preform (the decrease in thickness of the tube and 
the transformation of amorphous content to crystallites is responsible for the drop in amorphous 
content at low-q).  
 
 
 
 
 
 
 

 
Figure S4.9 The error in subtraction is minimal when the average Pyrex background is rescaled using 
the two-parameter method and subtracted from each of the Pyrex frames (see Fig. S4.2). The residuals 
are presented as (A) 2D patterns and (B) azimuthally averaged, I(q), 1D plots.   
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Figure S4.10 1D WAXS profiles indicate how the average Pyrex background (blue) is rescaled 
(dashed golden line) to mimic each of the individual Pyrex frames.  
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WAXS and SAXS data for Temold = 80 °C during the heating and annealing steps 

Figure S4.11 In situ (A) WAXS and (B) SAXS data acquired on a PLLA preform stretched at Te
mold 

= 80 °C. The corresponding temperature and strain profiles are presented in Figs. 4.3-4.4A. The 
WAXS and SAXS data are presented as (A-B, left) 2D patterns, (A-B, i) azimuthally averaged 
intensity, I(q), and (A-B, ii) radially averaged intensity, I(φ).  
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WAXS and SAXS data for Temold = 90 °C during the heating and annealing steps 

  

Figure S4.12 In situ (A) WAXS and (B) SAXS data acquired on a PLLA preform stretched at Te
mold 

= 90°C. The corresponding temperature and strain profiles are presented in Figs. 4.3-4.4A. The 
WAXS and SAXS data are presented as (A-B, left) 2D patterns, (A-B, i) azimuthally averaged 
intensity, I(q), and (A-B, ii) radially averaged intensity, I(φ).  
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WAXS and SAXS data for Txmold = 80 °C during the heating and annealing steps 

Figure S4.13 In situ (A) WAXS and (B) SAXS data acquired on a PLLA preform stretched at Tx
mold 

= 80 °C. The corresponding temperature and strain profiles are presented in Figs. 4.3-4.4B. The 
WAXS and SAXS data are presented as (A-B, left) 2D patterns, (A-B, i) azimuthally averaged 
intensity, I(q), and (A-B, ii) radially averaged intensity, I(φ).  
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WAXS and SAXS data for Txmold = 90 °C during the heating and annealing steps  

 

Figure S4.14 In situ (A) WAXS and (B) SAXS data acquired on a PLLA preform stretched at Tx
mold 

= 90 °C. The corresponding temperature and strain profiles are presented in Figs. 4.3-4.4B. The 
WAXS and SAXS data are presented as (A-B, left) 2D patterns, (A-B, i) azimuthally averaged 
intensity, I(q), and (A-B, ii) radially averaged intensity, I(φ).  
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X- ray scattering data during the cooling step: The intensity of the SAXS peaks 

increases during the first half of annealing (< 200 s Figs S4.15–4.20B) but decreases rapidly 

during cooling (> 350 s, Figs. S4.15-4.20B). On the other hand, the interlamellar spacing 

monotonically decreases with time post expansion during both the annealing and the cooling 

steps (Fig. S4.22A-B, right). We hypothesize that a combination of oriented crystallization 

and changes in density driven by temperature explain the observed trend in the SAXS data. 

The inflation of the tube imposes strains in excess of 400% at the inner diameter, which is 

likely to induce “shish-kebabs” along the θ-direction of the tube (meridional peaks in the 

SAXS patterns, Figs. S4.15-4.20B). The SAXS intensity increases during the first 200 s due 

to a decrease in the density of the interlamellar space and to the growth of kebabs; the gradual 

thickening of kebabs during annealing may explain the steady decrease in the long period. 

During the cooling step, the SAXS intensity decreases due to the densification of amorphous 

interlamellar space (see Fig. S4.15-4.20B); the possible growth of fringed micelles in the 

interlamellar space during cooling may also contribute towards a decrease in SAXS intensity. 

In the final SAXS frame, there is little to no evidence of regularly alternating lamellar 

superstructures in the expanded tube (700 s, Figs. S4.15-4.20B). Therefore, the transient 

structure reveals aspects of the PLLA semicrystalline morphology that are concealed in the 

final state of the expanded tube. The instrument also helps to identify expansion conditions 

that may favor the growth of shish-kebabs (e.g. the transient SAXS intensity is much stronger 

in Txmold = 100 °C compared to Txmold = 80 °C, compare Fig. S4.18 with Fig. S4.20), which 

may be advantageous for the BVS as they are known to boost strength in polymers by an 

order of magnitude.  
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WAXS and SAXS data for Temold = 80 °C including the cooling phase  

Figure S4.15 In situ (A) WAXS and (B) SAXS data acquired on a PLLA preform stretched at Te
mold 

= 80 °C; the first 9 patterns capture the transient expansion and annealing steps (t <350s, Ta
mold = 

100°C) while the last 3 patterns capture the structure of the expanded tube during cooling (t > 350s). 
The WAXS and SAXS data are presented as 2D diffraction patterns, (A-B, i) azimuthally averaged 
intensity, I(q), and (A-B, ii) radially averaged intensity, I(φ). 
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WAXS and SAXS data for Temold = 90 °C including the cooling phase  

Figure S4.16 In situ (A) WAXS and (B) SAXS data acquired on a PLLA preform stretched at Te
mold 

= 90 °C; the first 9 patterns capture the transient expansion and annealing steps (t <350s, Ta
mold = 

100 °C) while the last 3 patterns capture the structure of the expanded tube during cooling (t > 350s). 
The WAXS and SAXS data are presented as 2D diffraction patterns, (A-B, i) azimuthally averaged 
intensity, I(q), and (A-B, ii) radially averaged intensity, I(φ). 
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WAXS and SAXS data for Temold = 100 °C including the cooling phase  

Figure S4.17 In situ (A) WAXS and (B) SAXS data acquired on a PLLA preform stretched at Te
mold 

= 100 °C; the first 9 patterns capture the transient expansion and annealing steps (t <350s, Ta
mold = 

100 °C) while the last 3 patterns capture the structure of the expanded tube during cooling (t > 350s). 
The WAXS and SAXS data are presented as 2D diffraction patterns, (A-B, i) azimuthally averaged 
intensity, I(q), and (A-B, ii) radially averaged intensity, I(φ). 
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WAXS and SAXS data for Txmold = 80 °C including the cooling phase  

Figure S4.18 In situ (A) WAXS and (B) SAXS data acquired on a PLLA preform stretched at Tx
mold 

= 80 °C; the first 9 patterns capture the transient expansion and annealing steps (t <350s, Ta
mold = 

80 °C) while the last 3 patterns capture the structure of the expanded tube during cooling (t > 350s). 
The WAXS and SAXS data are presented as 2D diffraction patterns, (A-B, i) azimuthally averaged 
intensity, I(q), and (A-B, ii) radially averaged intensity, I(φ). 
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WAXS and SAXS data for Txmold = 90 °C including the cooling phase  

Figure S4.19 In situ (A) WAXS and (B) SAXS data acquired on a PLLA preform stretched at Tx
mold 

= 90 °C; the first 9 patterns capture the transient expansion and annealing steps (t <350s, Ta
mold = 

90 °C) while the last 3 patterns capture the structure of the expanded tube during cooling (t > 350s). 
The WAXS and SAXS data are presented as 2D diffraction patterns, (A-B, i) azimuthally averaged 
intensity, I(q), and (A-B, ii) radially averaged intensity, I(φ). 
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WAXS and SAXS data for Txmold = 100 °C including the cooling phase  

Figure S4.20 In situ (A) WAXS and (B) SAXS data acquired on a PLLA preform stretched at Tx
mold 

= 100 °C; the first 9 patterns capture the transient expansion and annealing steps (t <350s, Ta
mold = 

100 °C) while the last 3 patterns capture the structure of the expanded tube during cooling (t > 350s). 
The WAXS and SAXS data are presented as 2D diffraction patterns, (A-B, i) azimuthally averaged 
intensity, I(q), and (A-B, ii) radially averaged intensity, I(φ). 
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Quantitative analysis of WAXS and SAXS patterns acquired during the heating, 
annealing and cooling steps  

          

Figure S4.21 Quantitative characteristics of 1D WAXS profiles for expansion performed at (left) 
Te

mold = 80, 90, and 100°C and (right) Tx
mold = 80, 90, and 100°C. The variation in (A) amorphous 

content, (B) crystallinity, (C) peak position of the (110)/(200) peaks, and (D) full width at half 
maximum of the (110)/(200) peaks is presented. The vertical dashed lines indicate the onset of the 
annealing and cooling steps. The corresponding temperature profiles are presented in Figure 4.3 of 
the main text.  
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 The q-position of the (110)/(200) peaks is shifted towards lower values during annealing 

in accord with thermal expansion of the crystal lattice (t < 350s, Fig. S4.21C); at the end of 

the cooling step, it appears that the crystallites predominantly belong to the rigid and ordered 

α morph (q ~ 1.17 Å-1, Fig. S4.21) (5-7).  

  

 
Figure S4.22 Quantitative characteristics of 1D SAXS profiles for expansion performed at (A) Te

mold 
= 80, 90, and 100°C and (B) Tx

mold = 80, 90, and 100°C. The variation in (A-B, left) maximum 
intensity of the meridional SAXS peaks and (A-B, right) the interlamellar spacing is presented. The 
vertical dashed lines indicate the onset of the annealing and cooling steps. The corresponding 
temperature profiles are presented in Figure 4.3 of the main text.  
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C h a p t e r  V  

Reinforcing Polylactide (PLA) with Tungsten Disulfide (WS2) nanotubes  

to enable thinner, radio-opaque bioresorbable vascular scaffolds 
 

Abstract  

Towards thinner, radio-opaque bioresorbable vascular scaffolds (BVS), tungsten disulfide 

nanotubes (WSNTs) are studied as potential reinforcing agents in polylactide (PLA). The 

only FDA-approved BVS is made from poly L-lactide to support an artery during the first 

critical 6 months but is completely resorbed in 2-3 years, allowing it to overcome 

complications associated with the permanence of metal stents. However, poor radio-opacity 

and increased thickness make a BVS challenging to implant and unable to treat smaller 

arteries. Here, we examine WSNTs as they disperse well in PLA and have radio-opacity 

similar to clinical standards. Cytotoxicity assays and transmission electron micrographs 

indicate that WSNTs are well tolerated in vitro and do not observably affect the activity of 

cellular organelles. Real time flow-induced crystallization experiments reveal that the critical 

shear stress required to produce thread-like precursors that template oriented PLA crystals is 

reduced by WSNTs. Thus, a relatively small amount of WSNTs (0.1 wt%) dramatically 

enhances oriented crystallization, which can increase strength and enable BVSs with a 

thinner profile.  

  



 

 

163 
Introduction  

            The treatment of coronary heart disease (CHD), one of the leading causes of death in 

the world (1, 2), has seen significant breakthroughs due to improvements in percutaneous 

cardiovascular intervention. Drug-eluting metal stents (DES), the current standard of care for 

CHD, restore blood flow through the occluded artery by physically supporting the artery at 

the site of the lesion. Despite the success of DES, they are made from materials [e.g. Co-Cr 

alloys (3)] that are not biodegradable and consequently, lead to undesirable side effects. 

Patients implanted with metal stents [>1M in the US alone in 2008 (4)] suffer from angina, 

due to restricted arterial vasomotion, and are at risk of developing late stent thrombosis 

(LST), the most dreaded complication associated with stents (5, 6). A promising successor 

to DES is a bioresorbable vascular scaffold (BVS), which is made entirely out of a 

biodegradable polymer such as poly L-lactide (PLLA) (7, 8). Unlike DES, the first clinically-

approved BVS [CE Mark in 2011 (5) and FDA-approval in 2016 (9)] is a transient entity in 

the body; it supports the occluded artery for the requisite 3-6 months but is completely 

resorbed in 2-3 years (10). 

            Clinical reports on the five-year follow-up to the first-in-man trials for BVS indicated 

that they restore arterial vasomotion and eliminate the risk of LST (11–13). However, 

subsequent clinical trials reported an increase in thrombosis for BVS compared to metal 

stents within the first year (14). Clinicians speculate that the greater thickness of BVSs (~150 

µm) relative to metal stents (~80 µm) perturbs the flow of blood which contributes towards 

the risk of thrombosis (12). Surgeons also find it challenging to implant a BVS under X-ray 

guidance as polymers are virtually transparent to X-rays. This difficulty in “seeing” the BVS 

during implantation can result in malapposed scaffolds at the site of the lesion, which in turn 
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contributes towards thrombosis. Thus, physicians advocate for two main improvements 

in BVS to foster wider adoption and to serve a broader spectrum of patients: (1) reduce the 

thickness of BVS to treat smaller vessels and to mitigate the risk of thrombosis and (2) 

enhance the radio-opacity of BVS to improve visualization with X-rays.  

The key to a thinner ~80µm BVS is to confer radial strength comparable to the 

clinically-approved 150µm BVS. PLLA can be made stronger via blending with other 

polymers (15, 16) or copolymerization (17–19) but these methods do not provide any 

increase in radio-opacity and can lead to premature loss of radial strength due to accelerated 

degradation in the body (20). Therefore, reinforcing PLLA with inorganic, radio-opaque 

nanoparticles seems to be a viable solution for tackling the dual challenge of a thinner, radio-

opaque vascular scaffold. Widely used nanoparticles such as carbon nanotubes and graphene 

nanosheets can increase the strength of the polymer matrix (21), but they disperse poorly 

without functionalization (22), provide no increase in radio-opacity, and are toxic to 

mammalian cells (23). Nanocomposites made with Group 3 (Mg, Zn and Fe) and Group 4 

(Ti) elements have been unsuccessful due to lack of sufficient radio-opacity. Group 6 

elements (W, Au and Pt) are promising candidates as they provide radio-opacity comparable 

to an ~80µm-thick Co-Cr stent at a relatively low volume fraction of ~6%. Of these three 

elements, we select Tungsten Disulfide (WS2) nanotubes (WSNTs) as they readily disperse 

in PLLA without any surface modification (24) and show promising biocompatibility in vitro 

(25–27). We select WSNTs over other WS2 nanoparticles (e.g spheres or fullerene-like) as 

their high-aspect ratio (70–200 nm diameter, 2–3 µm length) will favor preferential 

orientation along the hoop-direction of the BVS during processing, which can enhance radial 

strength.  
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The clinically-approved BVS is made from a predominantly amorphous PLLA 

preform that is processed through a sequence of tube expansion, laser-cutting and crimping. 

Tube expansion subjects the PLLA preform to strains in excess of 400% on the order of 

seconds. This rapid deformation transforms the initially amorphous preform into a highly 

oriented, semicrystalline tube (28). The expanded tube is subsequently laser-cut to create 

an “as-cut” scaffold with a lattice network of struts that permits crimping onto a balloon 

catheter. Crimping is performed near the glass transition temperature of PLLA and confers 

a unique morphology that facilitates deployment in the artery (29) and provides lasting 

radial strength for months afterword (30). Nanoparticles are known to alter morphology 

development during processing, particularly in semicrystalline polymers (21, 22), 

motivating the present study on the biocompatibility of WSNT-reinforced polylactide 

(PLA, <2% D-content) and the effects of WSNTs on the semicrystalline morphology of 

PLA under the influence of flow. Guided by prior literature showing that 0.1 wt% of 

WSNTs boost the compressive strength of polypropylenefumarate (PPF) by over 50% (31), 

we examine up to 0.1 wt% of WSNTs in PLA. We assess the biocompatibility of bare 

WSNTs and PLA-WSNT films with appropriate controls via microscopy and cytotoxicity 

assays in cells relevant to the human vasculature. In view of the importance of kinetically-

controlled morphology in the clinically-approved BVS (29, 30), we study the development 

of PLA structure in real time under elongational and shear flow. In contrast to the scant 

literature on injection-molded PLA that only probes the final state of the material, we 

perform in situ measurements that reveal aspects of the PLA morphology that are only 

observed for short intervals during flow (e.g. inception of thread-like precursors that 

template oriented crystals). The flow-induced crystallization experiments described in this 
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report place an emphasis on the shear stress, which correlates with the degree of 

orientation of chain segments in the melt. We complement the in situ measurements with 

ex situ microscopy and X-ray scattering to provide deeper insight on the impact of WSNTs 

on the PLA morphology both during and post flow.  

Materials and Methods  

Preparation of nanoparticles: Tungsten Disulfide (WS2) nanotubes (WSNTs; 70-200 nm 

diameter, 2-3 µm length) (Fig. S5.1A) were purchased from NanoMaterials, Israel. Before 

use, the WSNTs were sonicated and centrifuged to eliminate agglomerates and small 

impurities (e.g. broken nanotubes) using the following procedure. First, 200 mg of WSNTs 

were dispersed in 200 ml of isopropyl alcohol; the resulting solution was then sonicated in a 

flask for 2 hours. Second, the sonicated solution was poured into falcon tubes (leaving behind 

the sediment at the bottom of the flask) and centrifuged at 1500 rpm for 15 minutes. Third, 

the supernatant was discarded and falcon tubes containing the residue were immersed in a 

water bath at 50-60°C for a few days until the WSNTs were completely dry and ready to use. 

Zinc Oxide (ZnO) nanoparticles (catalogue #: 544906, Sigma-Aldrich) (Fig. S5.1B) were 

used as negative control in cytotoxicity experiments. For cell culture, the nanoparticles 

(WSNTs and ZnO) were sterilized by UV light overnight before they were solubilized in 

media using a combination of sonication and vortexing. Residual, non-solubilized aggregates 

were filtered out using a cell strainer with a 40 µm pore size. The nanoparticle-media mixture 

was then added to the cell culture well to reach the desired final treatment concentration. 

Preparation of nanocomposite films: This study uses polylactide (PLA) with ~2% D-content 

(32, 33) and Mw ~ 125 kg/mol (values in Fig. S5.2; gel-permeation chromatograms in Fig. 

S5.3) purchased from NatureWorks, USA (Grade 4032D). To limit degradation of PLA at 
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high temperatures (>150°C), PLA pellets are first dried under vacuum at 80°C for 1 day 

and subsequently at 40°C for an additional 4 days to reduce moisture. The vacuum-dried 

polymer is then dissolved in chloroform at 60°C for 2 hours. In parallel, a separate solution 

of WSNTs (0.05 or 0.1wt%) in chloroform is sonicated for ~30 mins to break up nanotube 

agglomerates. The solution of WSNTs is then added to the polymer solution and stirred for 

an additional 2 hours; the resulting solution is then cast into glass petri dishes and allowed to 

dry inside a fume-hood for ~2 days; the as-cast films are placed in an oven and dried for ~4 

days under vacuum at 80°C to remove residual solvent. The films are thereafter maintained 

at 40°C under vacuum.  

SEM of nanoparticles: Scanning electron micrographs of WSNTs and ZnO nanoparticles 

(Fig. S5.1) were acquired at Caltech on a ZEISS 1550VP Field Emission SEM with an 

electron accelerating voltage of 10kV. The SEM samples were prepared using the following 

protocol: (1) Disperse 7.2 mg of nanoparticles (WSNTs or ZnO) in 12 mL of chloroform, (2) 

Sonicate the dispersion for 20 minutes to break-up agglomerates and (3) Drop cast the 

sonicated solution (~0.5 mL) on a silicon wafer for imaging.  

Cell culture: The following human primary cells were obtained from the American Type 

Culture Collection (ATCC): Pooled, Normal, Primary Umbilical Vein Endothelial Cells 

(HUVECs, ATCC PCS-100-013) and Normal Human Primary Aortic Smooth Muscle Cells 

(HASMCs, ATCC PCS-100-012). HUVECs were grown in Vascular Cell Basal Medium 

with Endothelial Cell Growth Kit-BBE additive (ATCC). HASMCs were grown in Vascular 

Cell Basal Medium with Vascular Smooth Muscle Cell Growth Kit additive (ATCC). P5 to 

P7 HUVECs and P4 to P6 HASMCs were used in all cell culture experiments. All cell 
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cultures were grown in a humidified incubator at 37˚C with 5% carbon dioxide to control 

media pH.  

Prepare PLA, PLA-WS2 and PLA-ZnO disks for cell culture: Disks were prepared by first 

cutting out circles (diameter: 22 mm) from solvent-cast PLA, PLA-WSNT (0.05 and 0.1 

wt%) and PLA-ZnO films and then punching out the center (inner diameter: 6 mm) to 

facilitate transport of media (Fig. S5.4A-B). The disks were then sterilized through stringent 

washes in a 70% Ethanol, 30% water solution followed by thorough air drying. The dried 

disks were then inserted into 12-well cell culture plates at the start of the treatment (Fig. 

S5.4C). At end of the treatment, the disks were carefully removed to facilitate assay reagent 

diffusion prior to the WST-1 assay and Live/Dead staining. 

WST-1 assay: The WST-1 cell proliferation reagent (Roche) was first added to the cell 

culture media at the recommended working concentration; the reagent-media solution was 

subsequently incubated for four hours at 37°C. After incubation, 100 µL of the solution was 

transferred to each well of the 96-well plate for plate-reading using a Flexstation 3 microplate 

reader (440 nm and 690 nm). The baseline absorption from the background and media was 

subtracted to isolate the contribution of the cells. All test wells were then normalized as a 

percentage of the mean control well value except for the disk overlay study, in which 

normalization was done as a percentage of the mean PLA well value. In the bare nanoparticle 

concentration series and time series experiments, statistical tests were performed between 

control and treated cells. In the disk overlay experiment, statistical tests were performed 

between cells exposed to PLA films and other conditions. A 10x Lysis Buffer (Thermo 

Scientific Pierce) was used as a lethal control (cells were treated for 15 mins prior to the 

WST-1 assay). For the time series experiments, each disk was incubated with 1 mL of the 
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appropriate growth media for 24 hours in a humidified incubator maintained at 37°C. 

Cells were then exposed to this pre-conditioned media (growth media that was in contact 

with the disks) and their viability was assessed via WST-1 at three different time points (24, 

48 and 72 hours).   

Live/Dead staining and phase-contrast microscopy: The LIVE/DEAD Viability/Cytotoxicity 

Kit (Invitrogen) was used to simultaneously capture the status of both dead and live cells. At 

start of the assay, cells were washed once with Dulbecco's Phosphate-Buffered Saline 

(DPBS) before incubation for 30 minutes at 37˚C in the media-dye mixture. At end of 

incubation, cells were washed with DPBS and imaged on a Zeiss Axiovert 25CFL 

microscope. The FIJI software package was used to merge fluorescent signals into one image 

with red indicating dead cells and green indicating live cells. Phase contrast images were 

captured on the same microscopy system with bright-field illumination (see Fig. S5.5 for 

phase contrast micrographs of the cells before and after the wash). A 10x Lysis Buffer 

(Thermo Scientific Pierce) was used as the lethal control and was added to wells for 15 

minutes before Live/Dead staining. 

TEM of cells cultured with WSNT: Cells were grown in 100 mm cell culture plates to near 

50% confluency before treatment with 20 µg/mL of WSNTs . After 24 hours of treatment, 

the cells were washed with Cacodylate buffer and fixed with a 3% glutaraldehyde and 1% 

paraformaldehyde fixative solution. The cells were then gently scraped off and post-fixed 

with 2% Osmium Tetroxide, 0.7% Potassium ferrocyanide in Cacodylate buffer. After post-

fix, the cells were washed with additional Cacodylate buffer and distilled water before en 

bloc staining with 1% aqueous uranyl acetate. Finally, the cells were dehydrated with an 

acetone gradient series, infiltrated into an Epon-Araldite resin and transferred to embedding 
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molds for polymerization. Semi-thick 400 nm sections of the samples were cut with a 

UC6 Ultramicrotome (Leica Microsystems) using a diamond knife (Diatome, Ltd.). The 

sections were placed on formvar-coated, copper-rhodium 2 mm slot grids and stained with 

3% uranyl acetate and lead citrate.  The grids were placed in a dual-axis tomography holder 

(Model 2040, EA Fischione Inc.) and imaged with a Tecnai TF30ST transmission electron 

microscope (ThermoFisher Scientific) at 300 keV.  Images were recorded digitally with a 

US1000 CCD camera (Gatan, Inc.). Tomographic tilt-series data were acquired as described 

in the literature (34). Briefly, the grids were tilted ±64 degrees and images were acquired in 

1-degree increments. The grid was then rotated 90 degrees and a similar series was taken 

about the orthogonal axis. Tomographic data and projection images were processed and 

analyzed using the IMOD software (35, 36) package on a MacPro Computer (Apple, Inc).  

Statistical analysis: All biocompatibility statistical tests were performed in GraphPad Prism 

7.00. The variation in cellular viability between different conditions was tested using two-

way ANOVA for WST-1 assays (statistical significance threshold set at p-value < 0.05). In 

the nanoparticle concentration and time series studies, statistical tests were performed against 

untreated cells. In the disk overlay study, statistical tests were performed against cells 

exposed to PLA. 

Preparation of PLA and PLA-WSNT ingots: Vacuum dried PLA pellets and PLA-WSNT 

films were compression-molded into an ~8g cylindrical “ingot”, which is the starting 

material for the flow-induced crystallization experiments described below. Heat and pressure 

are applied to the mold using a Carver hot-press. The two platens of the hot-press are 

maintained at 200°C and the temperature of the mold is continuously recorded used a 

thermocouple. The mold is also connected to vacuum line (< 300 mTorr) to remove any 
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moisture that can induce degradation of PLA near the melt. The mold is heated up to 

180°C and held at that temperature for 10 mins under a pressure of ~2 tonnes. The mold is 

then removed from the hot-press and rapidly quenched to ~60°C in dry ice. The ingot is 

subsequently extracted from the mold and stored under vacuum at 40°C.  

In situ flow induced crystallization (FIC): A custom-built apparatus (37) in the Kornfield 

group is used to probe the impact of WSNTs on the microstructure of PLA during flow. PLA 

and PLA-WSNT ingots are first placed in the instrument’s reservoir, which is maintained at 

200°C, above the melting temperature of PLA (Tm ~ 170°C). A narrow rectangular capillary 

termed the “shear cell” (6.35 cm x 6.35 mm x 500 µm) is located downstream of the 

reservoir; the shear cell is filled with material using a pressure-driven piston at the lowest 

possible wall shear stress to avoid pre-orientation of material. A pressure transducer located 

near the inlet of the shear cell enables calculation of the wall shear stress (σw; see equation 

S5.1). The shear cell is then maintained at 200°C for an additional 5 minutes to erase thermal 

history. The shear cell is cooled to the prescribed shear temperature (Ts: 125–140°C) at 

~8.5°C/min and a shear pulse (ts: 10–40 s; σw: 0.11–0.23 MPa) is applied using the 

pressurized piston. A pair of quartz windows at the outlet of the shear cell permit a path for 

plane polarized light (652 nm He-Ne laser) to interact with the material both during and post 

flow. A pair of detectors continuously record the transmitted intensity, which is used to 

calculate the “retardance”, an optical property analogous to birefringence that provides a 

measure of oriented crystallization.  

Gel permeation chromatography (GPC): The molecular weight (Mw) of PLA and PLA-

WSNT was measured using a Wyatt DAWN EOS Multi-Angle Light Scattering System 

(MALLS, λ = 690 nm) in conjunction with a Waters 410 differential refractometer (λ = 930 
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nm). The system uses degassed tetrahydrofuran (THF) as the mobile phase at a 

temperature and flow rate of 35°C and 0.9 mL/min respectively. The samples are first 

dissolved in THF at a concentration of 5 mg/mL and the resulting solution is filtered through 

a 0.45 µm pore poly(tetrafluoroethylene) (PTFE) membrane. The filtered solution is injected 

into the system and separation is achieved (longest molecules elute first) using four Agilent 

PLgel columns (pore sizes: 103, 104, 105 and 106 Å) connected in series. Elution is complete 

in 50 mins and data (light scattering and refractive index) are acquired at a resolution of 5 

Hz. Data analysis is performed in the Wyatt Astra software (version 5.3.4) using the Zimm 

fitting formula with dn/dc = 0.042 ml/g for poly L-lactide. Cognizant that thermal 

degradation of PLA can alter our interpretation of the retardance data, we checked the Mw of 

the starting resin, the compression-molded ingots and the extruded material at the end of each 

flow-induced crystallization experiment. We found that our samples have good thermal 

stability during compression-molding and for the duration of shear experiments (~4 hours) 

as little to no change in Mw was observed (Figs. S5.2–S5.3).  

Sectioning and Microscopy: PLA and PLA-WSNT samples from the flow-induced 

crystallization experiments are first embedded in OCT (optimal cutting temperature) media 

to facilitate sectioning. The embedded samples are microtomed using Sakura Finentek’s 

Tissue Tek-Cryo3 into ~50 µm thick sections both normal and parallel to the flow-direction. 

The samples are sectioned at -35°C to minimize the impact of the stainless-steel knife 

(Sakura Accu-Edge 4685 blades) on the morphology of the samples. The microtomed 

sections are subsequently imaged at 4x through crossed-linear polarizers in a Zeiss Universal 

Microscope equipped with a Canon EOS DS30 camera.  
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X-ray scattering: The morphology of PLA and PLA-WSNT samples subjected to shear 

flow was probed using X-rays at beamline 5-ID-D of the Advanced Photon Source (APS), 

Argonne National Labs. The incident X-ray beam with spot-size 250 µm x 250 µm was 

aligned parallel to either the gradient or the flow direction of the samples. Wide Angle X-ray 

Scattering (WAXS) patterns were acquired on a Rayonix CCD detector that was located 

200.83 mm from the sample. Diffraction patterns were acquired with an exposure time of 

0.5s using X-rays of wavelength 0.7293 Å. Drift in the background scatter was monitored by 

periodically acquiring “air” scattering patterns (no sample in the path of the beam) at 0.5s 

exposure as well. The air frames were averaged to obtain a single background image that was 

subtracted from the sample images to isolate the scattering from PLA/PLA-WSNT alone.  

Results  

In vitro assays of biocompatibility were performed on bare WSNTs and PLA-WSNT 

nanocomposites with appropriate controls in two cell lines – Human Umbilical Vein 

Endothelial Cells (HUVECs) and Human Aortic Smooth Muscle Cells (HASMCs), which 

represent the major cell types that are likely to surround the deployed scaffold in the artery 

(38). We perform a series of cell culture experiments to assess the biocompatibility of 

WSNTs and the PLA-WSNT nanocomposites. To evaluate cell tolerance of bare WSNT, we 

use four methods: phase contrast microscopy (39), live-dead staining (40), WST-1 (water 

soluble tetrazolium with iodo, nitro and disulfo functional groups) (27) assay and 

transmission electron microscopy (TEM) (26). We evaluate cell tolerance of PLA-WSNT 

nanocomposites in direct contact by incubating HUVECs and HASMCs with PLA-WSNT 

films for 24 hrs using phase contrast microscopy, Live/Dead staining and WST-1 assays. As 

an additional test, media that had been incubated with PLA-WSNT nanocomposite for 24 



 

 

174 
hrs was applied to cells and their metabolic activity was monitored at 24, 48 and 72 hrs.  

Based on the encouraging results of these biocompatibility assays, we examine the effect of 

WSNT on morphology development of PLA during processing using short term shear 

experiments (37, 41).  

HUVEC and HASMC tolerate bare WSNT in vitro 

Consistent with the prior literature on the biocompatibility of WSNTs with rat 

salivary cells (26), human bronchial epithelial cells (27), human hepatocytes (27) and mouse 

macrophages (27), phase contrast microscopy of HUVECs and HASMCs indicates that both 

cell lines retain their morphology when exposed to concentrations ranging from 5 to 100 

µg/mL of WSNTs (see Fig. 5.1A for a schematic of the experiment, 5.1B-C for microscopy 

images of 20 µg/mL and Fig. S5.6A and S5.7A for other concentrations). Micrographs of 

cells subjected to Live/Dead staining confirm that cells which retain their expected 

morphology are indeed alive (Fig. S5.8). In negative controls that received ZnO nanoparticle 

treatment, which is known to be cytotoxic (42, 43), both cell lines experience cell death at 

concentrations above 20 µg/mL of ZnO nanoparticles, (Fig. 5.1B-C and Fig. S5.6B and 

S5.7B). Wells containing 20 µg/mL of ZnO were dominated by detached and possibly 

apoptosed cells (black arrows, Fig. 5.1B-C); it was difficult to find any cells with normal 

morphology in wells exposed to 50 and 100 µg/mL of ZnO (Fig. 5.1B-C bottom; and Figs. 

S5.6B and S5.7B). 

WST-1 assays of the average metabolic activity performed after a 24-hour treatment 

with bare WSNTs show that WSNT treated cells, both HUVECs and HASMCs, retain at 

least 70% of their metabolic activity relative to media controls (WS2, Fig. 5.1D-E). As there 

is no evidence of cell death at 100 µg/mL of WSNTs (Figs. S5.6A and S5.7A), it appears 
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that WSNTs may be influencing the measured metabolic activity by reducing the 

metabolic and/or cell proliferation rates. In agreement with the micrographs (ZnO, Fig. 5.1B-

C, bottom; and Figs. S5.6B and S5.7B), WST-1 measurements show a sharp drop in 

metabolic activity for ZnO at 20µg/mL, and negligible activity remains for cells exposed to 

50 and 100 µg/mL ZnO (Fig. 5.1D-E). The results were confirmed by replicate experiments 

at 20 µg/mL for three time points (24, 48 and 72 hrs) that compared the vehicle control with 

WSNT and ZnO (Fig. S5.9). 

HUVEC and HASMC tolerate direct contact with PLA-WSNT nanocomposites in vitro 

            Phase contrast micrographs of cells in contact with PLA-WSNT (0.1 wt%) films 

for 24 hours show that both HUVEC and HASMC have similar cell morphology and cell 

density as their respective media controls underneath the disk (Fig. 5.2B-C, left). 

Surprisingly, all three polymeric samples tested—including the PLA-ZnO negative 

control—had cell density underneath and next to the nanocomposite similar to that of the 

control untreated cells (Fig. S5.10). Since a cytotoxic material would induce cell death at 

the cell-material interface, constant cell density at the PLA disk interface suggests that the 

PLA matrix can sequester even a toxic nanoparticle under these testing conditions.  

Dead (red) and live (green) channel composite micrographs (right side of each pair 

of images in Fig 5.2B,C) indicate that all disk treatment conditions have comparable cell 

viability to the vehicle controls. Cell density appears to be consistent between conditions 

with only a few dead (red) cells detected. A separate set of samples placed in contact with a 

PLA or nanocomposite disk overlay was used for WST-1 assays of cell metabolic activity. 

In both HUVEC and HASMC samples, no detectable difference in metabolic activity was 

found between PLA compared to PLA-WSNT and PLA-ZnO (Fig. 5.2D-E). A minor but 
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statistically significant drop in metabolic activity was detected in HASMC between the 

control and PLA. Additionally, these results were confirmed by experiments in which the 

medium was incubated with PLA nanocomposites for 24 hrs and then applied to cells in 

culture, which were analyzed at three incubation time points (24, 48 and 72 hrs; Fig S5.9). 

TEM of cells exposed to bare WSNT suggest endocytosis and association with cytosolic 
vesicles   

Transmission electron micrographs (TEM) of HUVECs and HASMCs treated with 

bare WSNTs show black features that are aggregates of WSNTs, intracellular gray regions 

where the protein or nucleic acid concentration is typical of cytoplasm or nuclear contents, 

intracellular pale gray to white regions containing vesicles and pale gray outside the cells 

where there is embedding resin (Fig. 5.3A-B). Of the 91 WSNT aggregates in HUVEC cells 

and 65 WSNT aggregates in HASMC cells identified in the TEM images, none were 

observed in the nucleus. The majority of intracellular WSNT – ~84% (76/91) of the 

aggregates in HUVECs and ~85% (55/65) of the aggregates in HASMCs – are visibly 

associated with vesicles. In many of the TEM micrographs, the WSNT aggregates appear to 

be incompletely surrounded by vesicles (Fig. 5.3A-IV). We attributed this observation to the 

inherent 3D pleomorphic structure of cellular compartments and the inability of TEM to 

accurately discern the borders of the vesicles in the 2D projection images. To confirm that 

WSNT are indeed surrounded entirely by vesicles, tomographic reconstructions were 

prepared at selected nanoparticle locations to visualize the sample in 3D. Although 

tomography was limited to a smaller number of WSNT aggregates, the 3D images provided 

a confident delineation of the vesicle border relative to the nanoparticles within it. In these 

reconstructions, the nanoparticle aggregates appear to be fully enclosed by the associated 

vesicles in both HUVECs and HASMCs (Movie S5.1 and S5.2).  
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Figure 5.1 (A) Schematic illustrating that cells grown in 6-well plates are treated with varying 
concentrations of WSNT or ZnO nanoparticles for 24 hours before (B-C) phase contrast microscopy 
and (D-E) WST-1 assay. Experiments were performed twice with six replicates per condition. (B) 
HUVECs and (C) HASMCs incubated with 20 µg/mL WSNT retained normal cell morphology while 
those incubated with 20 µg/mL ZnO underwent cell death (black arrows). (D, E) Cells exposed to 
increasing concentrations of WSNT showed moderate drop in metabolic activity. ZnO induced strong 
cytotoxicity at concentrations ≥ 20 µg/mL. Mean and standard error of mean plotted. All statistical 
tests were performed against control samples and stars indicate the magnitude of adjusted p-value (* 
P≤0.05, ** P≤0.01, ***P≤0.001, **** P≤0.0001). 
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Figure 5.2 (A) Schematic of HUVECs and HASMCs treated with polymer disks for 24 hours in 12-
well plates. (B-C, left) Phase contrast micrographs and (B-C, right) merged live (green) dead (red) 
stained images of cells underneath the disk overlay show that the treated cells retain their morphology 
and remain viable. (D-E) Cellular metabolic activity levels, inferred from the WST-1 assay, show no 
statistical difference in viability between cells treated with PLA disks and PLA nanocomposite 
(WSNT or ZnO) disks. Experiments were performed twice with four replicates per condition. 
Experiment-specific mean and standard deviation plotted. All statistical tests were performed against 
PLA condition and the stars indicate the magnitude of adjusted p-value (* P≤0.05, ** P≤0.01, *** 
P≤0.001, **** P≤0.0001). 
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Figure 5.3 TEM images of (A) HUVECs and (B) HASMCs exposed to 20 µg/mL WSNT for 24 
hours. In A-B, (I – II) control HUVECs and HASMCs; (III & V) endocytosed WSNTs in HUVECs 
and HASMCs and (IV & VI) enlarged images of the endocytosed nanotubes, in the regions bounded 
by a dashed box in (III & V).  



 

 

180 

  

 
Figure 5.4 In situ retardance profiles during and after cessation of flow for (left) PLA, (mid) PLA-
WSNT (0.05 wt%) and (right) PLA-WSNT 0.1 wt% subjected to varying (A) shear temperature (Ts: 
127 to 140°C), (B) shear duration (ts: 10 to 40s) and (C) wall shear stress (σw: 0.11 to 0.23 MPa) at 
matched thermal and flow conditions (Fig. S5.11). In (A), the wall shear rate varies from ~0.15s-1 at 
125°C to ~0.8s-1 at 140°C; in (B), the wall shear rate is ~ 0.35s-1 for all cases; and in (C), the wall 
shear rate varies from ~0.19s-1 at 0.11MPa to ~ 0.35s-1 at 0.23MPa. The wall shear rate is calculated 
from the extruded material (Fig. S5.12A) and the Rabinowitsch correction (equations S5.2–S5.4) is 
applied to account for non-Newtonian flow (Fig. S5.12B). The onset of an “upturn” in the retardance 
during flow is indicated by a black arrow in (B, mid). Quantitative characteristics of the upturn for 
PLA and PLA-WSNT are presented in Figure 5.5. The dashed horizontal gray lines indicate the order 
of retardance (δ), which follows integer multiples of π (e.g. 1st order: δ = π; 2nd order: δ = 2π and so 
on). The retardance is calculated from normalized intensity traces presented in Figs. S5.13–S5.15. 
The extruded material from each condition was subject to gel permeation chromatography (GPC) 
measurements that indicated little to no change in molecular weight for the experiments in A-C (Figs. 
S5.2–S5.3).  
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Probing the impact on WSNTs on the microstructure of PLLA during flow:  

We probe changes in microstructure 

during and after flow with millisecond 

time resolution by measuring the optical 

retardance. The average retardance is 

measured using the variations of light 

intensity transmitted through crossed and 

parallel polarizers, with the polarizer and 

analyzer oriented at ±45° relative to the 

flow direction and with the laser pointed 

along the velocity gradient direction (37). 

The average retardance is related to the 

integral of the birefringence over the 

thickness of the channel (44, 45). Here, 

there are three contributions to the 

birefringence: the melt flow 

birefringence, the birefringence due to formation of oriented PLA crystals, and the 

birefringence due to oriented nanotubes.  

            First, consider the retardance during a 10 s shear pulse of σw = 0.19 MPa as a function 

of shear temperature (Ts). The application of a flow field distorts the initially isotropic melt, 

which manifests as an increase in retardance (δ) for the duration of the shear pulse (inset of 

Fig. 5.4A). For a fixed wall shear stress, decreasing Ts mildly increases the retardance during 

flow. In the absence of nanoparticles (Fig. 5.4A, left), this increase is indicative of the 

 
Figure 5.5 In situ retardance traces of PLA and PLA-
WSNT were analyzed to compute (A) the “upturn 
height”, i.e., retardance at the upturn time (defined in 
Fig. 5.4B inset) and (B) the residual retardance after 
cessation of flow as a function of (left) shear duration 
(see Fig. 4B) and (right) wall shear stress (see Fig. 
5.4C).  We describe the calculation of the upturn 
height and residual retardance in the SI (Figs. S5.16–
5.17).  
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increase in the melt normal stresses relative to the (fixed) shear stress.  For PLA-WSNT, 

the retardance during the shear pulse accords with the PLA melt retardance (Fig. 5.4A, 

compare center to right insets), indicating that the contribution of the nanotubes is minimal 

(the retardance contributed by 0.05 wt% and 0.1wt% WSNTs is ~0.15 and ~0.30 

respectively, see equations S5.5–S5.8). A new feature appears when the WSNT 

concentration is increased to 0.1wt%: near the end of the shear pulse, the retardance rises 

steeply for Ts = 133, 130 and 127°C. Furthermore, the behavior after cessation of flow is 

incomplete and the surviving retardance after cessation of shear increases when Ts is lower 

than 135°C.  This occurs despite the fact that the wall shear rate and the total shear strain 

decrease as Ts decreases (Fig. S5.12, left). 

            Next, consider the retardance after cessation of flow as a function of shear 

temperature (Ts) for matched growth conditions (Fig. S5.11). After the melt relaxes (abrupt 

decrease in retardance upon cessation of shear), any subsequent increase in retardance is 

indicative of oriented crystallization templated by oriented precursors and/or oriented 

nanotubes. In every experiment, the retardance due to crystallization goes over orders (orders 

are marked by gray horizontal dashed lines, labelled in Fig. 5.4C, left). Open circles mark 

the time each order of retardance is reached; the last full order observed is the last data point 

shown (limited by loss of transmitted intensity due to crystallization). In PLA alone, the 

increase in retardance due to oriented crystallization reaches the first order for Ts ≤ 137°C, 

indicating oriented precursors were created within 10s during flow (there are no nanotubes). 

Even though the behavior during the shear pulse is similar for PLA and PLA-WSNT (insets 

Fig. 5.4A), the subsequent increase in retardance due to crystallization is significantly 

affected by WSNT: the increase in retardance after flow begins earlier and reaches higher 
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values for the nanocomposites than for neat PLA, suggesting that WSNTs promote 

oriented crystallization in PLA. The effect of shear temperature (Fig. 5.4A) shows that 

deeper subcooling during the shear pulse results in stronger oriented growth (the rise in 

retardance begins earlier and the retardance reaches higher values).  

            To examine the effect of shearing time (ts: 10–40s, Fig. 5.4B) and shear stress (σw: 

0.11–0.23 MPa, Fig. 5.4C), we chose a fixed shearing temperature (Ts = 130°C) that gives a 

 
Figure 5.6 Polarized light micrographs of ~50µm thick (A) PLA, (B) PLA-WSNT (0.05 wt%) and 
(C) PLA-WSNT (0.1 wt%) sections indicate the impact of shear duration (10–40s, top to bottom at 
Ts = 130°C and σw: 0.23MPa) on the observed morphology. For each composition, pairs of images 
are displayed: the first column (A-C, left) presents micrographs of sections cut normal to the flow 
direction (vorticity – velocity gradient plane, labelled as ∇xV–∇V) and the second column (A-C, 
right) presents micrographs of sections cut normal the vorticity direction (flow – velocity gradient 
plane, labelled as V–∇V). Images are acquired through linear crossed polarizers using a full-wave 
retardation plate inserted 45° between the polarizers. The orientation of the analyzer (A) and polarizer 
(P) relative to the sample are indicated (see 30s, B, right). The Michel-Levy color chart at the bottom 
(adapted from Ref. [50]) helps quantify the observed interference colors in terms of retardation (nm).  
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significant retardance after cessation of flow and low enough viscosity to permit flow for 

40s even at the highest wall shear stress (σw = 0.23 MPa). Increasing the shearing time (ts) 

increases the strength of oriented crystallization (Fig. 5.4B).  This increase interacts with 

nanotubes: during sustained flow the shear pulse induces an “upturn” (labeled in Fig. 5.4B, 

mid) in the retardance at t ≥ 30s, which increases significantly with the addition of WSNTs.  

Further, the upturn during shear correlates with significant features after cessation of flow: 

the retardance does not relax completely and the residual retardance is roughly proportional 

to the height of the upturn (see Fig. 5.4B and Fig. 5.5, left). In the literature, an upturn in the 

retardance is associated with a population of shish that survives melt relaxation and promotes 

growth of kebabs (45–48), as evidenced by an earlier and strong increase in retardance after 

cessation of flow (Fig. 5.4B). For PLA without nanotubes, increasing ts from 10s to 40s 

shortens the time to reach the first order in retardance (δ = π) by 50s and increases the growth 

rate of retardance. With the addition of nanotubes, the effect of ts lessens: increasing ts from 

10s to 40s reduces the time to reach first order only by ~20s for PLA-WSNT 0.05 wt% and 

<10s for PLA-WSNT 0.1 wt%. Intriguingly, the transient retardance after flow becomes 

insensitive to ts at the highest WSNT concentration (0.1 wt%): the time required to observe 

the first four orders of retardance (δ = π, 2π, 3π and 4π) is nearly independent of ts (Fig. 5.4B, 

right). The effect of the wall shear stress (σw) reveals that WSNTs decrease the critical stress 

required for nucleation of oriented precursors; the stress required to induce an upturn 

decreases from σw ≥ 0.17 MPa for PLA to σw ≥ 0.13 MPa for PLA-WSNT 0.1wt% (Fig. 

5.4C). The interaction of shear stress with nanotubes in producing oriented precursors is also 

evident in the magnitude of the upturn.  For example, at σw = 0.19MPa, the height of the 

upturn increases 5-fold with addition of 0.1wt% WSNT (Fig. 5.5, right). 
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            PLA and PLA-WSNT samples were extracted from the instrument and 

microtomed at -35°C both normal to the flow (sections in the vorticity–velocity gradient 

plane, denoted by ∇xV–∇V) and normal to the vorticity (sections in the flow–velocity 

gradient plane, denoted by V–∇V) for ex situ polarized light microscopy; therefore, pairs of 

images are shown for each composition and shearing time that are reminiscent of the classic 

skin–core morphology observed in injection molding of semicrystalline polymers (49). The 

PLA sections are crystalline near the walls and predominantly amorphous towards the core 

(Fig. 5.6A). The lack of significant crystallization in the core indicates the absence of 

quiescent nucleation events prior to removal of the shear cell from the heater block (at 1000s 

for all samples); the material in the shear cell then cools into glass within the next 300s. In 

contrast, the PLA-WSNT sections have a completely crystalline, spherulitic core, indicating 

that WSNTs act as heterogenous nucleation sites even in the absence of flow (Fig. 5.6B–C). 

Consistent with the in situ retardance data (Fig. 5.4B), we observe an increase in the 

retardation of the fully solidified samples with increasing ts (see color scale (50) and 

corresponding retardation below Fig. 5.6). Intriguingly, the increase in retardation with ts is 

more apparent in the plane normal to the flow direction (∇xV–∇V, Fig. 5.6A-C, left) than in 

the plane containing the flow direction (V–∇V, Fig. 5.6A-C, right). For example, in PLA-

WSNT 0.05 wt%, increasing ts results in a thicker birefringent skin that is readily evident in 

the ∇xV–∇V plane (orange-red Michel Levy color, Fig. 5.6B, left), but there is little to no 

indication of an oriented skin in the V–∇V plane (Fig. 5.6B, right). PLA-WSNT 0.1 wt% is 

the only exception to this trend; in addition to an oriented skin in the ∇xV–∇V plane (Fig. 

5.6C, left), a weak but distinct skin in the V–∇V plane is observed as well (for ts: 30–40s, 

Fig. 5.6C, right). 
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Discussion 

WSNT and PLA-WSNT nanocomposite biocompatibility 

            WS2 nanoparticles possess beneficial physical and mechanical properties (51) and 

have recently been studied for various biomedical applications such as friction-reducing 

agents in nickel-titanium alloys (52) and for reinforcing orthopedic implants (31). The first 

step in the use of these nanomaterials for any medical application is to assess their 

biocompatibility in relevant cells. In a study that explored the use of WSNTs to reinforce 

salivary gland scaffolds, the nanotubes were introduced to rat submandibular gland-derived 

A5 cells and found to have no effect on the rate of cell proliferation for concentrations up to 

35.2 µg/mL (26). Similarly, another study investigated WSNT biocompatibility in three 

different cell types (NL-20 human bronchial epithelial cells, human liver-derived HepG2 

cells and mouse Raw264 macrophages) and found high cell survival rate with WSNT 

concentrations of up to 100 µg/mL (27). In this study, we are interested in interrogating the 

potential cytotoxicity of WSNTs for use in a PLA nanocomposite scaffold that can be 

inserted into occluded arteries for structural support. We found that WSNTs are well 

tolerated in two relevant human primary cell lines, HUVECs and HAMSCs, for 

concentrations up to 100 µg/mL after 24 hours of exposure. Both cell lines show a modest, 

dose-dependent reduction of metabolic activity relative to controls: exposure to 20 µg/mL 

WSNT (for exposure up to 72 hrs, Fig. S5.9) had no measurable effect, but exposure to 50 

µg/mL and 100 µg/mL shows a measurable decrease of ~11-24% and up to ~32% 

respectively (Fig. 5.1D-E). We did not observe an abnormal number of floating dead cells at 

the higher concentrations (100 µg/mL of WSNT), suggesting that WSNTs have a relatively 

mild impact on cellular metabolic and proliferation rates. Our choice of cytotoxic control 

(ZnO nanoparticles) was based on prior literature showing strong cytotoxicity of ZnO 
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towards human astrocyte-like U87 cells (43) and human cardiac microvascular 

endothelial cells (42). In the present study on HUVECs and HASMCs, we establish a similar 

dosage-dependent cytotoxicity profile (24 hr, Fig. 1D-E; up to 72 hr, Fig. S5.9). 

Transmission electron micrographs of cells treated with 20 µg/mL of WSNTs indicate that 

the nanotubes form aggregates that are endocytosed and enclosed within cytosolic vesicles 

(Fig. 5.3); within the limitations of the image contrast and resolution, no discernable effect 

on the nucleus, mitochondria or endoplasmic reticulum was observed.  

            We also tested the biocompatibility of PLA-WSNT (0.1 wt%) nanocomposite films 

and found no indication of cytotoxicity with phase contrast microscopy, live/dead staining 

and WST-1 metabolic assays. Comparison of the PLA control to PLA-WSNT in HUVECs 

and HAMSCs after 24 hours of exposure showed: a) consistent cell density in the central 

open area and at the cell-film interface (Fig. S5.10); b) consistent cell density under the film 

(Fig. 5.2); c) indistinguishable, high viability of cells in the area that was underneath the film 

(Fig. 5.2); and d) comparable metabolic levels as measured by WST-1 assays. Relative to 

cells that did not have a film placed on them, HASMCs (but not HUVECs) show a small, 

statistically significant decrease in metabolic activity, independent of WSNT content (Fig. 

5.2E). Likely causes include reduced nutrient transport due to disk-overlay and/or disruption 

of cells due to insertion and removal of disks. Interestingly, the PLA-ZnO (0.1wt%) 

nanocomposite has favorable biocompatibility with little difference from the PLA control 

(Fig. 5.2). This may be due to negligible hydrolysis of PLA during the treatment period (24 

hours), such that the ZnO nanoparticles remain trapped in the PLA matrix and consequently, 

have no detectable impact on cellular metabolic activity.  
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In situ oriented crystallization in PLA-WSNT relative to PL                           

            The literature on flow-induced crystallization is scarce for PLA, particularly for PLA-

nanocomposites. The majority of studies on the effects of shear on PLA morphology, 

particularly those that observe structure development during shear, impose a shear flow using 

a parallel-plate geometry (Linkam CSS-450, shear rate:	�̇� = 1–100s-1) (53–57). Prior studies 

of flow induced crystallization of PLA include some that examine polymers similar to the 

present study (references 53-56 use PLA from same supplier, with similar <2% D-content 

and Mw).  Interestingly, prior works report relatively low densities of oriented structures 

(row-structures ~50µm apart) (55–57), even for PLA containing 0.1wt% carbon nanotubes 

(row-structures ~10µm apart) (56).In contrast, we observe densely packed oriented structures 

(< 5µm apart, Fig. 5.6) despite operating at a much lower shear rate (here �̇� <1s-1) and shear 

duration (ts: <40s) compared to the studies described above (55–57) (�̇�: 5 to 30s-1; ts: 3 to 10 

mins). Only at much higher shear rates (10, 25 and 100s-1) (53, 54) and shear durations (5 to 

10 mins) (53) are tightly packed oriented structures (shish-kebabs < 5µm apart) reported.  

Although the origin of this stark difference is unclear, a contributing factor might be a 

difference in molecular weight: the sample handling and experiment conditions in this study 

preserve the initial molecular weight (Figs. S5.2–S5.3), in contrast to reports of a >20% 

decrease in the PLA molecular weight (53), or severe degradation (54). Perhaps retaining 

high molecular weight species enhances formation of oriented precursors during flow. If the 

stress observed during prior experiments was known, it might be feasible to test this 

possibility; however, the stress was not measured in these previous studies (53–57).  In 

addition to the rapid and highly oriented crystallization of PLA, we also observe a fascinating 

anisotropy in the oriented skin indicating that the structures are not cylindrulites (i.e., they 
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are not isotropic in the plane orthogonal to the flow direction). The PLA-WSNT 

nanocomposites further exaggerate the unusual behavior: nanotubes further enhance rapid, 

highly oriented crystallization and the peculiar anisotropy in the oriented skin increases (for 

increasing WSNT content, compare the bottom row in Fig. 5.6, left column). The remainder 

of the Discussion is devoted to these intriguing features evident in our data: (1) why does an 

increase in WSNT concentration reduce the effect of shear time? (2) what is the molecular 

basis for the unusual morphology observed in the PLA/PLA-WSNT micrographs? and (3) 

how does oriented crystallization vary through the thickness of a sample?  

PLA and PLA-WSNT differ in their response to an increase in the shear duration (ts). 

For PLA, an increase in ts increases the slope of the retardance traces after cessation of flow 

(PLA traces fan out, compare ts: 10–40s, Fig. 5.4B, left, 50-200s). The increase in slope is 

consistent with the expected effect of increasing ts: the activation of point-like nuclei that 

form thread-like precursors continues for the duration of the shear pulse and the initial rate 

of increase of birefringence after cessation of flow is proportional to the total shish length 

per unit volume in the oriented skin (45). Addition of WSNTs changes this behavior: the 

retardance profiles for PLA-WSNT at the end of the shear pulse are more or less unaffected 

by ts; the retardance traces are clustered together and have almost identical slopes (see Fig. 

5.4B, mid–right). It appears that an increase in ts has little bearing on the concentration of 

thread-like precursors; this behavior is reminiscent of “saturation” of shish in isotactic 

polypropylene (iPP) (46, 48). This saturation effect in the retardance traces manifests in the 

ex situ micrographs as well: with increasing ts (Fig. 5.6A, left), the degree of anisotropy in 

the layers near the wall clearly increases in PLA alone, but not for ts >20s in PLA-WSNT 

0.05 wt% (Fig. 5.6B, left) nor for any ts in PLA-WSNT 0.1 wt% (Fig. 5.6C, left). The effect 
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of WSNT concentration (cf. PLA-WSNT 0.05 wt% and 0.1 wt% retardance post flow, 

Fig. 5.4B, mid–right) suggests that a concentration of 0.1 wt% has enough oriented 

nanotubes that any shear-induced oriented precursors have negligible effect: the curves are 

not only parallel, they are almost indistinguishable for all ts (Fig. 5.4B, right). If WSNTs are 

dispersed uniformly, a 0.1 wt% loading of oriented WSNTs translates to a spacing of ~3.5 

µm (see SI for calculation) between adjacent nanotubes, which makes it likely that the 

nanotubes act as preexisting oriented structures in the PLA melt.  

The oriented skin in these samples has a feature we have not found in shear-induced 

crystallization of any other semicrystalline polymer. To our knowledge, none of the copious 

literature on skin-core morphologies reports a deviation from rotational symmetry of the 

crystallites growing outward from the shish. Shear leads to shish that have the chain axis 

along the flow direction.  Lamellae nucleate on the shish and grow radially outward. Sections 

cut in the plane of the gradient and vorticity directions (such that the observer is looking 

down the former flow direction, hence the chain axis in the shish) have an oriented skin that 

appears dark when viewed between crossed polars; this is usually interpreted to mean that 

the a- and b- axes are randomly oriented in the plane perpendicular to the c-axis (46). The 

morphology is referred to as cylindrulitic. Sections cut in the plane of the flow and gradient 

directions (observer looking along the vorticity axis) have an oriented skin that appears bright 

when viewed between crossed polarizers, due to the pronounced difference in polarizability 

along the c-axis compared with the a- and b-axes of the crystal (46). In the present specimens, 

the pairs of images for each material and shear time show the plane of the gradient and 

vorticity (Fig. 5.6A-C, left) and the plane of the flow and gradient (see Fig. 5.6A-C, right). 

All of our prior experience leads us to expect the oriented skin on the left to show no 
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retardance (here, a full wave retarder is used, and null retardation would appear first order 

red/purple). Instead, that is the projection that appears bright—consistently brighter than its 

partner image in the plane of the flow and gradient (on the right for each pair of images in 

Figure 5.6). This bright skin is not the result of densely packed spherulites as the color of the 

skin is sensitive to the orientation of the section in the microscope, indicating crystallites with 

a preferred orientation (Fig. S5.18). X-ray scattering data shed light on the orientation 

distribution of crystallites in the sheared samples. The observed WAXS patterns are a 

superposition of the scattering from preferentially aligned crystallites and randomly oriented 

spherulites. Consequently, faint (110)/(200) peaks from the crystallites are observed above 

the isotropic rings from the spherulites (Figs. S5.19–S5.20). The scattering from the 

crystallites is relatively weak as the thickness of the oriented skin is significantly lower than 

the spherulitic core (see Figure 5.6). The presence of oriented (110)/(200) peaks in the plane 

containing the flow direction is expected (flow–vorticity plane, Fig. S5.19), but oriented 

(110)/(200) peaks in the plane normal to the flow direction (vorticity–velocity gradient plane, 

Fig. S5.20) is contrary to the existing paradigm and corroborates the hypothesis that there is 

a lack of cylindrical symmetry about the flow direction.  

            The observed in situ retardance profiles are depth-averaged measurements as the 

beam of plane polarized light passes through the entire 500 µm thickness of the sample. 

Therefore, we take advantage of the linear shear stress profile in the channel (stress is 

maximum at the walls and zero at the core) and apply a “depth-sectioning” approach (44) to 

isolate the retardance contributed by individual layers of material at increasing distances 
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from the walls of the channel. In PLA, the retardance for all layers decreases after 

cessation of flow before rising again (t ~ 

40s, Fig. 5.7A–D, black lines). However, 

the bulk of the retardance over the next 

30s seconds is contributed by layers that 

lie closest to the wall (Fig. 5.7C–D, black 

traces); the retardance of the PLA layer 

farthest from the wall (~85 µm away) 

completely relaxes and remains 

unchanged for nearly 30s after cessation 

of flow (Fig. 5.7A, black line). In 

contrast, WSNTs cause the retardance in 

the farthest layer (~85 µm from wall) to 

rise after just ~15s at 0.05 wt% (Fig. 5.7A, 

blue line) and <5s at 0.1 wt% at the end of 

flow (Fig. 5.7A, red line). Furthermore, 

the contribution from the ~85µm layer in 

PLA-WSNT 0.1wt% (Fig. 5.7A, red line) 

is comparable to that of the layer closest 

to the wall (~20 µm) in neat PLA (Fig. 

5.7D, black line). Thus, all four layers in 

PLA-WSNT contribute towards the 

depth-averaged retardance measured 

 
Figure 5.7 In situ retardance data acquired at varying 
wall shear stresses (Fig. 4C) are “depth-sectioned” to 
isolate the retardance contributed by individual layers 
of PLA (black), PLA-WSNT 0.05wt% (blue) and 
PLA-WSNT 0.1wt% (red) located approximately (A) 
85, (B) 65, (C) 40 and (D) 20 µm from the wall of the 
channel. The retardance associated with each layer is 
normalized by its thickness (see equations S9–S10 
and Table S1) 
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during the first 30s after cessation of flow. Another difference between PLA and PLA-

WSNT is the slope of the depth-sectioned traces post shear. The PLA traces rise faster with 

decreasing distance from the wall (85 to 20µm) and more or less maintain their slope for t ≤ 

100s. In contrast, the PLA-WSNT traces rise at the same rate regardless of their position 

from the wall and appear to “roll-off” as t ≥ 80s. This roll-off may suggest impingement of 

kebabs onto one another and offers an indirect measure of the density of shish. As kebabs 

grow at the same rate as quiescently crystallized spherulites [~1.8 µm/min for this grade of 

PLA at 135°C (55)], we estimate that WSNTs increase the density of shish in the skin (shish 

are ~2.5µm apart in PLA-WSNT and ~3.5µm apart in PLA) and consequently, promote 

oriented crystallization 

Conclusions  

There is an unmet need for a bioresorbable vascular scaffold (BVS) that has thickness 

comparable to metal stents (~80 µm) for treatment of lesions in smaller and tortuous arteries. 

The poor radio-opacity of polymers compared to metals is an added complication as surgeons 

find it challenging to visualize a BVS with X-rays. Towards the goal of a thinner, stronger 

and radio-opaque BVS, we reinforce polylactide (PLA) with Tungsten Disulfide (WS2) 

nanotubes (WSNTs), which confer radio-opacity comparable to clinical standards (e.g., 

platinum markers). We assess the biocompatibility of bare WSNTs and PLA-WSNT 

nanocomposites (0.1 wt%) against appropriate controls in cell lines (HUVEC and HASMC) 

that are present in the vascular tissue. Cells treated with the bare WSNTs (up to 100 µg/mL) 

and PLA-WSNT films retain their morphology and metabolic activity. Transmission electron 

micrographs of cells exposed to 20 µg/mL WSNTs indicate that the nanotubes are 

endocytosed and enclosed within vesicles.  
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            The promising in vitro biocompatibility of WSNTs motivated us to explore PLA-

WSNT from a materials science perspective. The clinically-approved BVS derives its radial 

strength from an oriented microstructure that develops under flow. Therefore, we designed 

short term shear experiments to probe the impact of WSNTs on the oriented crystallization 

of PLA in real time. We discovered that the inclusion of just 0.1wt% WSNTs reduced both 

the shear duration and the critical shear stress required for the inception of thread-like 

oriented precursors. As a result, WSNTs increase the population of oriented precursors 

created during flow that survive melt relaxation and subsequently foster the growth of shish-

kebabs, a morphology known to increase strength in semicrystalline polymers by an order of 

magnitude.  

            The results presented in this report suggest that PLA-WSNT is a viable material for 

biomedical implants. Proposed future biocompatibility studies include in vivo testing of the 

nanocomposite in appropriate animal models (e.g. mouse and pig) where the effects of long-

term exposure can be tested in physiologically relevant conditions. Additionally, it is 

worthwhile to study the long-term effects of endocytosed WSNTs; it is uncertain whether 

they are eventually broken down by the cell into smaller components or if they become 

cytotoxic. The flow-induced crystallization experiments provide an impetus to develop PLA-

WSNT preforms that can be processed into an ~80µm thick BVS. The connection between 

microstructure and strength for the PLA-WSNT BVS in the expanded, crimped and deployed 

state can pave the way forward for a future generation of thinner, stronger and radio-opaque 

scaffolds.  
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Supporting Information 

Figure S5.1 Scanning electron micrographs (SEM) of (A) Tungsten Disulfide (WS2) nanotubes 
(WSNTs) and (B) Zinc Oxide (ZnO) nanoparticles.  
 

Figure S5.2 Weight-averaged molecular weights (Mw), inferred from the GPC traces in Figure S3, 
are presented for (A) PLA, (B) PLA-WSNT 0.05wt% and (C) PLA-WSNT 0.1wt% that were 
subjected to matched flow conditions under varying (left) shear temperature (Ts), (middle) shear 
duration (ts), and (right) wall shear stress (σw). The Mw of the starting material for each experiment, 
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labeled as “ingot”, is presented as a horizontal line in each plot. The upper and lower horizontal 
lines indicate the uncertainty in the Mw of the ingot.  
 
 

 
 
Figure S5.3 Selected gel-permeation chromatography (GPC) traces for extruded (left) PLA, (mid) 
PLA-WSNT (0.05wt%) and (right) PLA-WSNT (0.1 wt%) samples subjected to flow under varying 
(A) shear temperature (Ts), (B) shear duration (ts), and (C) wall shear stress (σw). The selected traces 
encompass the start and the end of the short-term shear experiments (~ 4 hours) and show no sign of 
degradation when compared with the starting material (labeled as “ingot” in each plot). Traces from 
both the light scattering detector (solid lines) and the refractive index detector (dashed lines) are 
presented. The molecular weights and GPC traces in Figures S5.2-S5.3 correspond to the in situ 
retardance profiles in Figure 5.4.  
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Figure S5.4 (A) Dimensions of the PLA/nanocomposite disks that are cut from solvent-cast films. 
(B) Photographs of PLA, PLA-WSNT 0.1 wt% and PLA-ZnO 0.1wt% disks. (C) Photograph of the 
disks in (B) submerged in 12-well plates containing media.  
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Figure S5.5 Phase contrast micrographs of (A) HUVECs and (B) HASMCs in (left) vehicle control 
wells, (mid) wells treated with 20 µg/mL WSNT for 24 hours and (right) wells treated with 20 µg/ml 
WSNTs that are subsequently washed after 24 hrs to remove non-endocytosed nanoparticles. 
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Figure S5.6 Phase contrast micrographs of HUVECs treated with increasing concentrations of (A) 
WSNTs and (B) ZnO nanoparticles for 24 hours.  
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Figure S5.7 Phase contrast micrographs of HASMCs treated with increasing concentrations of (A) 
WSNTs and (B) ZnO nanoparticles for 24 hours.  
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Figure S5.8 Live/Dead staining images of (A) HUVECs and (B) HASMCs after 24 hours of 
treatment (with and without bare nanoparticles). (A-B, left) Phase contrast micrographs and (A-B, 
right) merged dead (red) and live (green) staining images of the treated cells. A majority of the cells 
treated with ZnO underwent detachment and were subsequently removed during the assay wash steps. 
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Figure S5.9 Time course cell viability assay for HUVECs and HASMCs exposed to bare 
nanoparticles and disk-treated media with appropriate controls. (A) Schematic of HUVECs and 
HASMCs grown in 96-well plates before the media is replaced with one that either contains 
nanoparticles or has been conditioned with polymer disks for 24 hours. Separate samples were used 
at 24, 48, and 72 hours after treatment for the WST-1 assay. Experiments were performed three times 
with six replicates per condition. (B) Metabolic activity measurements generated by the WST-1 assay. 
All statistical tests were performed against vehicle control samples at each respective time point. 
Mean and standard error of mean plotted. The stars indicate the magnitude of adjusted p-value (* 
P≤0.05, ** P≤0.01, *** P≤0.001, **** P≤0.0001). 
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Figure S5.10 Phase contrast micrographs of (A) HUVECs and (B) HASMCs exposed to PLA, PLA-
WSNT 0.1wt%, and PLA-ZnO 0.1 wt% disks for 24 hours. The images indicate consistent cell 
density across the edge of the disk in each case.  
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PLA and PLA-WSNT are subjected to matched thermal histories during shear 
experiments  
 

We probe the influence of WSNTs on flow-induced crystallization of PLA by 

systematically varying the crystallization temperature (nucleant effects increase with 

increasing temperature above the fastest-crystal growth temperature), shearing time (nuclei 

formed by PLA increase with increasing shear time, but the number of nanoparticles does 

not), and shear stress (which correlates with different degrees of polymer orientation in the 

melt).  We start by erasing thermal history by heating the sample to 200 °C.  In every case, 

the sample is subjected to the same thermal profile during cooling (Fig. S5.11, left, time zero 

set to the onset of cooling). When the temperature at the observation point ("Outlet") reaches 

the desired shearing temperature, short term shear is induced by rapidly imposing a high 

pressure at the inlet of the rectangular channel (Fig. S5.11, right, time zero set to 0.02 s prior 

to the onset of the pressure rise) and rapidly releasing the inlet pressure to stop shearing when 

the desired shear time ts is reached. Note that we vary the temperature during the shear pulse, 

but impose the same growth conditions by selecting the moment at which the shear pulse is 

triggered (Fig. S5.11A, left, gray and black lines show the moment shear is triggered for Ts 

= 140 °C and 125 °C, respectively, since the moment cooling began; Fig S5.11A, right, 

shows seven 10 s pressure pulses with respect to time from the onset of the shear pulse). For 

the remaining protocols, the shear pulse was triggered at the moment the temperature falls to 

130 °C to examine the effects of either shear time (ts, Fig. S5.11B) or wall shear stress (σw, 

proportional to the pressure drop from inlet to exit of the channel shown in Fig. S5.11C). 
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Figure S5.11 Temperature (left) and pressure traces (right) for short-term shear experiments with 
varying (A) shear temperature (Ts), (B) shear duration (ts), and (C) wall shear stress (σw). The 
temperature of the flow cell is measured near the inlet, at the outlet and midway between the inlet and 
the outlet. The flow-cell is equipped with a pair of quartz windows at the outlet to permit acquisition 
of in situ retardance data. Therefore, the temperature at the outlet is used to trigger shear at a 
prescribed Ts. The inlet is deliberately kept ~ 20 °C warmer than the outlet at the time of shear to 
prevent choking at the inlet. A pressure transducer records the pressure imposed at the inlet of the 
flow-cell and is also used to infer the wall shear stress experienced by the sample. In (A), Ts is varied 
from 140 °C (gray lines) to 125 °C (black lines) using the same shear duration (10 s) and wall shear 
stress (0.19 MPa). In (B) and (C), Ts is held constant (130 °C, black lines) but the shear duration (ts: 
10-40 s) and wall shear stress (σw: 0.11-0.23 MPa) are varied respectively. In (A-C, left), the 
temperature is plotted with respect to the onset of cooling. In (A-C, right), the pressure traces are 
plotted with respect to the onset of shear at a specific Ts. The thermal and deformation histories 
presented in (A-C) correspond to the in situ retardance data presented in Fig. 5.4A-C and Figs. S5.13-
S5.15. 
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Calculation of the wall shear rate  

            In the experiments described in this report, we impose flow at a fixed wall shear stress 

(σw), which is inferred from the pressure drop (∆P), and the width (w: 0.5 mm), height (h: 

6.35 mm) and length (l: 63.5 mm) of the channel (S5.1) (1). By shearing at a prescribed wall 

shear stress, we allow the material to respond to the imposed flow at a shear rate that reflects 

its viscosity and Mw distribution.  

𝜎N = 	
∆𝑃
𝑙 	R

ℎ
2	(1 + ℎ 𝑤⁄ W																																																	[𝑆5.1] 

𝑄 =	
𝑚𝑎𝑠𝑠	𝑒𝑥𝑡𝑟𝑢𝑑𝑒𝑑

𝑠ℎ𝑒𝑎𝑟	𝑑𝑢𝑟𝑎𝑡𝑖𝑛	. 𝜌fDg
																																										[𝑆5.2] 

𝛾,̇ = 	
6𝑄
𝑤. ℎi 																																																												[𝑆5.3] 

            Using the volumetric flow rate (Q), which is calculated from the density of PLA (ρ : 

1.25 mg/mm3) (2) and the mass of extruded material (S5.2), we compute an apparent shear 

rate that is applicable to Newtonian flow (S5.3). In order to account for the non-Newtonian 

behavior of polymer melts, we apply a correction (S5.4) based on the Weissenberg-

Rabinowitsch-Mooney equation (3). However, this correction requires measurement of the 

apparent shear rate as a function of the wall shear stress. Thus, Fig. S5.12 reports the apparent 

wall shear rate 𝛾,̇ for experiments performed at constant σw (Fig. 5.4A-B) and the true wall 

shear rate 𝛾Ṅ for experiments performed with varying σw (Fig. 5.4C).  

𝛾Ṅ =
𝛾,̇
3 		j2 +	

𝑑(ln 𝛾,̇)
𝑑	(ln 𝜎N)

m																																													[𝑆5.4] 
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Figure S5.12 (A) The mass extruded from each short-term shear experiment is used to compute the 
corresponding (B) wall shear rate 𝛾Ṅfor data acquired at varying (left) shear temperature (Ts), (mid) 
shear duration (ts), and (right) wall shear stress (σw). The apparent wall shear rate is presented in (B, 
left–mid); the true wall shear rate is only presented in (B, right) as the correction requires the variation 
in the mass extruded with respect to the wall shear stress.  
 
 

Figure S5.13 Normalized intensity profiles for (left) PLA, (mid) PLA-WSNT 0.05 wt% and (right) 
PLA-WSNT 0.1 wt% at varying shear temperature (Ts: 125-140 °C). The samples were extruded for 
a duration (ts) of 10 s at a wall shear stress (σw) of 0.19 MPa.  
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Figure S5.14 Normalized intensity profiles for (left) PLA, (mid) PLA-WSNT 0.05 wt%, and (right) 
PLA-WSNT 0.1 wt% at varying shear duration (ts: 10-40 s). The samples were extruded at Ts = 130 
°C at a wall shear stress (σw) of 0.23 MPa.  
 

Figure S5.15 Normalized intensity profiles for (left) PLA, (mid) PLA-WSNT 0.05 wt% and (right) 
PLA-WSNT 0.1 wt% at varying wall shear stress (σw: 0.11-0.23 MPa). The samples were extruded 
at Ts = 130 °C for a duration (ts) of 40 s.  
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Estimating the average spacing between WSNTs dispersed in the PLA matrix  

            Let us consider a 1cm3 volume element of PLA that contains 0.1 wt% of 

homogenously dispersed WSNTs (diameter ~200 nm, length ~ 2 µm). Based on the density 

of PLA (1.25 g/cm3) and WS2 (7.5 g/cm3), this volume of element is expected to contain 1.3 

µg of WS2 that occupies a volume of ~1.73 x 107 µm3. As a result, 0.1 wt% of WSNTs 

occupy 0.0017 volume % in the PLA matrix.  

 
            Based on the volume of an individual nanotube (0.0628 µm3), 1 cm3 of PLA, which 

contains 1.73 x 107 µm3 WS2, is expected to contain ~ 2.75 x 108 nanotubes. Therefore, the 

volume of polymer surrounding each individual nanotube is ~ 36 µm3. Assuming uniform 

dispersion, the average spacing between WSNTs is the cube root of 36 µm3 or ~ 3.3 µm.  

 
  



 

 

216 
Calculating the birefringence associated with WSNTs 

            To determine the birefringence associated with 0.1 wt% WSNTs relative to the PLA 

melt, we apply Weiner’s equations (4) that were developed for an analogous case of 

microtubules dispersed in a medium. The birefringence (Δn, S5.5) is defined as the difference 

between the extraordinary (ne) and ordinary (no) refractive indices.  

∆𝑛 = 	𝑛. −	𝑛n																																																																						[𝑆5.5] 
 
 

            We compute ne (S5.6) and no (S5.7) using refractive indices of WSNTs (n1 = 4) (5) 

and PLA (n2 = 1.46) (6), and the volume fraction of WSNTs (f = 1.7x10-5 for 0.1wt% 

WSNTs) in the PLA melt.   

𝑛. = 	𝑛i	o1 +	
(𝑛pi −	𝑛ii)

𝑛ii
. 𝑓																																																																					[𝑆5.6] 

 

𝑛n = 	𝑛i	o
𝑛pi +	𝑛ii + 𝑓(𝑛pi −	𝑛ii)
𝑛pi +	𝑛ii − 𝑓(𝑛pi −	𝑛ii)

																																																												[𝑆5.7] 

 
 

            From equations S5.5–S5.7, we infer that the birefringence associated with 0.1wt% of 

WSNTs is ~ 6.17x10-5, which translates to a retardance (δ, S5.8) of ~0.3 for the optical train 

used in our instrument [sample thickness (d): 500 µm and laser wavelength (λ): 632 nm]. At 

0.05wt% WSNTs (0.00085 vol%), the resulting retardance is ~ 0.15 (for f << 1, the 

birefringence is proportional to f).  

𝛿 = 		
2	𝜋	∆𝑛	𝑑

𝜆 																																																																														[𝑆5.8] 
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Depth-sectioning the in situ PLA and PLA-WSNT retardance traces  

            The depth-sectioning approach was developed by Fernandez-Ballester et al (7) to 

isolate the retardance contributed by individual layers of material through the thickness of 

isotactic polypropylene subjected to a shear flow. We apply the same approach to our 

experiments with PLA and PLA-WSNT. We begin by acquiring in situ retardance data at the 

highest wall shear stress (σw,i), and then collect data at progressively lower wall shear stresses 

(σw,i+1).  

 
𝛥𝛿x𝜎N,y, 𝜎N,yzp{,|| = 	𝛿x𝜎N,y{ −	

	𝜎N,yzp
	𝜎N,y

	𝛿x𝜎N,yzp{																															[𝑆5.9]	 

 
 

𝛥𝛿x𝜎N,y, 𝜎N,yzp{*+(. = 	
𝜎N,y

x𝜎N,y − 	𝜎N,yzp{
	 .
1
𝑑
2~
	. 𝛥𝛿x𝜎N,y, 𝜎N,yzp{,||																							[𝑆5.10] 

 
             

            The depth-sectioning approach relies on the linear variation of shear stress from the 

walls (maximum) to the core (zero) of the sample (the thickness, d, is 500µm along the 

velocity gradient direction). It enables isolation of the residual or depth-sectioned retardance 

contributed by a slice of material that experiences a shear stress varying from (σw,i) to (σw,i+1) 

by subtraction of the retardance profiles acquired at the two different wall shear stresses. 

Prior to subtraction, the data acquired at the lower wall shear stress δ(σw,i+1) is rescaled by 

the ratio of the lower (σw,i+1) to the higher wall shear stress (σw,i+1) (S5.9). The resulting 

residual retardance is then normalized by the thickness of the layer, which is calculated based 

on the linear shear stress profile (see correction factor before the residual retardance term, 

Δδ, in S5.10).  
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            In Fig. 5.7, depth-sectioned retardance profiles are presented for layers located ~ 

20 µm, 40 µm, 65 µm, and 85 µm from the wall of the channel. Table S5.1 below lists the 

pair of retardance profiles from Fig. 5.4C that were used to compute the depth-sectioned 

profiles in Fig. 5.7.    

 
Table S5.1: Pairs of retardance traces acquired at differing wall shear stresses that were 
used to compute the depth-sectioned traces 
 

Layer Position Residual Retardance 
~20µm Δδ (σ0.21MPa, σ0.17MPa) 
~40µm Δδ (σ0.19MPa, σ0.15MPa) 
~65µm Δδ (σ0.17MPa, σ0.13MPa) 
~85µm Δδ (σ0.15MPa, σ0.11MPa) 
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Quantifying the upturn and residual retardance  

We present select retardance traces for PLA-WSNT (0.05 wt%) acquired at three different 

wall shear stresses (σw: 0.11, 0.17 and 0.23 MPa) to illustrate the calculation of the upturn 

height (Fig. S5.16) and the residual retardance (Fig. S5.17). The same method is applied to 

PLA and PLA-WSNT (0.1 wt%) data.  

 
Figure S5.16 Retardance traces acquired at a wall shear stress of (left) 0.11MPa, (mid) 0.17MPa and 
(right) 0.23MPa are plotted for 10 ≤ t(s) ≤ 40s to illustrate the increase in the upturn as a function of 
increasing wall shear stress. To quantify the height of the upturn, we subtract a baseline (dashed black 
line) that corresponds to the plateau retardance (taken as the average of all values for 10 ≤ t(s) ≤ 15) 
from the retardance at the end of the shear pulse (t = 40s).  
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 Figure S5.17 Retardance traces acquired at a wall shear stress of (left) 0.11MPa, (mid) 0.17MPa and 
(right) 0.23MPa are plotted for 10 ≤ t(s) ≤ 50s to illustrate the correspondence between the height of 
the upturn (see Fig. S5.16) and the residual retardance after cessation of flow. The black arrows 
(identified as the minima in retardance traces for 40 ≤ t(s) ≤ 50) quantify the increase in the residual 
retardance as a function of increasing wall shear stress.  
 
Polarized light microscopy indicates oriented crystallites normal to the flow direction  

Figure S5.18 Polarized light micrographs of ~5 0 µm thick (A) PLA and (B) PLA-WSNT 0.1wt% 
sections acquired at three different orientations relative to the polarizer and the analyzer (indicated in 
the top-right corner of each image) of the microscope. Images were acquired through linear crossed 
polarizers with a full-wave retardation plate. The PLA and PLA-WSNT sections were subjected to 
matched shear conditions of Ts: 130 °C, σw: 0.23MPa and ts = 40s. Micrographs are presented for 
sections cut in the (A-B, i) flow-velocity gradient plane (V-∇V) and in the (A-B, ii) vorticity-velocity 
gradient plane (∇xV-∇V).  
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Wide Angle X-ray scattering reveals orientation of crystallites in the PLA and PLA-

WSNT sections 

Figure S5.19 Wide angle X-ray scattering (WAXS) measurements were performed on (A) PLA and 
(B) PLA-WSNT 0.1 wt% samples in the flow-vorticity (V-∇xV) plane. WAXS data, as a function of 
increasing wall shear stress, are presented as (i) 2D diffraction patterns, (ii) azimuthally averaged 
intensity, I(q), and (iii) radially averaged intensity, I(φ). An average of 5 background patterns (no 
sample, only air) was subtracted from each PLA/PLA-WSNT pattern in 2D to isolate the scattering 
from PLA/PLA-WSNT alone. The subtracted pattern was subsequently rescaled by its total scattered 
intensity (sum of all counts in each frame) to account for thickness variations. The WAXS patterns 
are presented using a custom colormap with a scale that varies from 0 [white] to 1.75e-5 [red] counts.  
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Figure S5.20 Wide angle X-ray scattering (WAXS) measurements were performed on (A) PLA and 
(B) PLA-WSNT 0.1 wt% samples in the vorticity-velocity gradient (∇xV-∇V) plane. WAXS data, as 
a function of increasing wall shear stress, are presented as (i) 2D diffraction patterns, (ii) azimuthally 
averaged intensity, I(q), and (iii) radially averaged intensity, I(φ). An average of 5 background 
patterns (no sample, only air) was subtracted from each PLA/PLA-WSNT pattern in 2D to isolate the 
scattering from PLA/PLA-WSNT alone. The subtracted pattern was subsequently rescaled by its total 
scattered intensity (sum of all counts in each frame) to account for thickness variations. The WAXS 
patterns are presented using a custom colormap with a scale that varies from 0 [white] to 1.75e-5 [red] 
counts. 
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