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Supplementary Material

Scanning electron microscopy (Fig. S1) elucidates the aspect ratio of WS nanotubes and ZnO nanoparticles. Gel permeation
chromatography quantifies changes in molecular weight (M) of compression molded PLA, PLA-WS2 (0.05%) and PLA-WS»
(0.1%) ingots and sheared samples relative to the as-received PLA resin (Figs. S2-S3). PLA and PLA nanocomposite (WSNT

and ZnO) disks were prepared from solvent-cast and successively hot pressed films (Fig. S4) for biocompatibility assays. Phase
contrast micrographs of HUVECs and HASMCs exposed to WSNT at 5.9 pg/cm2 for 24hrs show endocytosed WSNT with similar
morphology before and after washing (Fig. S7). Phase contrast micrographs of HASMCs and HUVECs (Fig. S9, S10) exposed
toa1.5-29.2 pg/cm2 concentration series of bare WSNT and ZnO nanoparticles illustrate the toxicity of ZnO relative to WSNT.
Live/Dead staining images of HUVECs and HASMCs after 24 hrs of treatment with bare nanoparticles (Fig. S8, S11) are consistent
with phase contrast microscopy. A time course cell viability assay for HUVECs and HASMCs tracks the metabolic activity of these
cells exposed to bare nanoparticles and nanocomposite disk-treated media after 24 hrs (Fig. S12) and up to 72 hrs treatment (Fig.
S13). Phase Contrast micrographs of HUVECs and HASMCs at the nanocomposite disk edge show consistent cell density at the film
interface after 24 hours of exposure (Fig. S14). TEM images of HASMCs and HUVECs exposed to 5.9 ug/cm2 WSNT for 24 hrs are
shown in Fig. S15A and S15B, respectively.

The in situ retardance profiles during and after cessation of flow for PLA and PLA-WSNT subjected to varying shear temperature
are reported in Fig. S16. The temperature and pressure traces corresponding to the /n situ retardance data in Fig. 4 and Fig. S16 are
reported in Fig. S17. The material extruded from each shear experiment (Fig. S18A) enables calculation of the wall shear rate (Fig.
S18B). The /in situ retardance data presented in Fig. 4 and Fig. S16 are extracted from normalized intensity profiles (Fig. S19-S21). To
complement Fig. 5, Fig. S24 and S25 present polarized light micrographs of PLA/PLA-WSNT sections at different angles relative to
the polarizer and analyzer of the microscope. Wide angle X-ray scattering data for PLA (Fig. S26), PLA-WSNT 0.05 wt% (Fig. S27)
and PLA-WSNT 0.1 wt% (Fig. S28) provide more insight on the unusual morphology observed in the polarized light micrographs of
the PLA/PLA-WSNT sections. The SM also describes the calculation of the wall shear rate, average spacing between WSNT in PLA,
birefringence from WSNT and the quantification of the upturn and residual retardance (Fig. S22, S23).
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Abstract

Treatment of vascular disease, from peripheral ischemia to coronary heart disease (CHD), is
poised for transformation with the introduction of transient implants designed to “scaffold”
regeneration of blood vessels and ultimately leave nothing behind. Improved materials could
expand the use of these devices. Here, we examine one of the leading polymers for bioresorbable
scaffolds (BRS), polylactide (PLA), as the matrix of nanocomposites with tungsten disulfide
(WS,) nanotubes (WSNT), which may provide mechanical reinforcement and enhance radio-
opacity. We evaluate /n vitro cytotoxicity using vascular cells, flow-induced crystallization and
radio-opacity of PLA-WSNT nanocomposites at low WSNT concentration. A small amount of
WSNT (0.1 wt%) can effectively promote oriented crystallization of PLA without compromising
molecular weight. And radio-opacity improves significantly: as little as 0.5 to 1 wt% WSNT
doubles the radio-opacity of PLA-WSNT relative to PLA at 17 keV. The results suggest that a
single component, WSNT, has the potential to increase the strength of BRS to enable thinner
devices and increase radio-opacity to improve intraoperative visualization. The /n vitro toxicity
results indicate that PLA-WSNT nanocomposites are worthy of investigation /in vivo. Although
substantial further preclinical studies are needed, PLA-WSNT nanocomposites may provide a
complement of material properties that may improve BVS and expand the range of lesions that can
be treated using transient implants.

Graphical abstract

Live/Dead staining

PLA-WSNIT

Keywords

Polylactide (PLA); tungsten disulfide (WS,) nanotubes; flow-induced crystallization;
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1. Introduction

Vascular disease has significant impact on life expectancy and quality of life. Coronary
heart disease (CHD) is one of the leading causes of death in the world [1,2]. Peripheral
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ischemia, particularly in the legs, impairs mobility and can lead to amputation as disease
progresses [3,4]. In view of the broad range in blockage types and vessel sizes [5], we

are motivated to expand the range of materials available for bioresorbable scaffolds (BRS).
Devices that restore blood flow through an occluded coronary artery are the subject of
intense research to reduce complications, both for drug-eluting metal stents (DES) [5],
bioresorbable metal stents [6,7] and bioresorbable scaffolds (BRS) [8,9]. Improvements in
DES are reducing the incidence of late stent thrombosis [5]. At the same time, Bioresorbable
Vascular Scaffolds (BVS), made entirely out of a biodegradable polymer such as polylactide
(PLA)§ [10-12] have been developed to restore arterial vasomotion and eliminate the risk
of Late Stent Thrombosis (LST) [13-16]. However, a variety of adverse effects have been
observed [17-20] leading to an FDA warning about an increased rate of major cardiac
events [21] followed by the withdrawal of the ABSORB BVS from the market (Sept. 2017).
Clinicians speculate that the greater thickness of BVSs (~150 um) relative to metal stents
(~80 um) needed to achieve comparable mechanical properties [22] perturbs the flow of
blood, possibly contributing to increased risk of thrombosis [14]. Surgeons also find it
challenging to implant a BV'S under X-ray guidance as PLA lacks X-ray contrast relative to
blood and vascular tissue. The difficulty “seeing” the BVS during implantation may result
in incomplete scaffold apposition [23], which could contribute to increased thrombosis risk.
A stronger material with greater X-ray contrast might improve BVS safety and expand the
range of lesions that they can address: (1) reducing the thickness of BVS might mitigate
thrombosis related to irregular blood flow and enable treatment of smaller or more tortuous
vessels; and (2) increasing the radio-opacity of BVS to improve visualization with X-rays
might mitigate thrombosis resulting from malapposition.

The key to a thinner BVS is a stronger, less brittle material: it must achieve radial strength
comparable to the clinically-approved 150 pm BVS in a thinner profile. PLA can be made
tougher via blending with other polymers [24-26] or copolymerization [27-29] but these
methods can lead to premature loss of radial strength due to accelerated degradation in the
body [30,31]. As an alternative, we consider nanotubes as reinforcing agents. We sought
nanotubes that might ultimately be tolerated in the body and provide strong X-ray absorption
to address the dual challenge of a thinner, radio-opaque vascular scaffold [32]. While Period
3 metals (Mg, Al) and Period 4 metals (e.g., Ti, Cr, Mn, Fe, Co, Ni and Zn) lack of
sufficient radio-opacity, Period 6 elements (W, Au and Pt) are promising [33]. Despite the
fact that medical implants made of pure tungsten release tungsten into the blood stream as
they corrode [34,35], studies on patients who received implanted tungsten embolization coils
have revealed no toxicity in adult and pediatric patients [34,36—39]. The literature lead us

to the mineral tungstenite (tungsten disulfide, WS,) for four reasons: methods to create high
aspect ratio particles are well established (WS, nanotubes, WSNT) [40,41], WSNT disperse
readily in PLA (among other polymers) without any surface modification [42,43], 0.5 wt%
of WSNT increases the elastic modulus, yield strength and strain at failure of extruded

PLA by 20%, 23% and 35%, respectively [44] and WS, nanoparticles show promising
biocompatibility /n vitro [45-47]. The high-aspect ratio (30-150 nm diameter, 1-20 um

§Pon L-lactide (PLLA) is the medical grade of PLA employed in the manufacturing of BRS, while PLA (with a 2% of D-lactide) has
been used in this work. For sake of simplicity, we use the acronym PLA everywhere in the text.
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length, [44]) of WSNT is expected to favor preferential orientation along the hoop-direction
of the BVS during tube expansion, the first step of BVS processing where a nearly radial
deformation is applied to an extruded PLA tube. Surprisingly, we found that the WSNT
remain mainly oriented along the axial direction of the initial extruded tube while PLA
crystals orient along the hoop direction (as neat PLA) [48]. Although favoring nucleation of
PLA crystals, the nanotubes do not perturb their orientation.

Kinetically-controlled morphology and specialized processing methods for BVS give

PLA unusual ductility, strength and toughness that lead to the first clinically-approved

BVS [49,50]. Moreover, nanoparticles are known to alter the kinetics and morphology
development during processing, particularly in semicrystalline polymers [51,52] motivating
the present study of the effects of WSNT on the flow-induced crystallization of polylactide
(PLA, <2% D-content). We study the development of PLA structure in real time under
shear flow by capturing the inception of thread-like precursors that ultimately dictates the
oriented PLA morphology (shish-kebabs). /n7 situ rheo-optical measurements fill a gap in
knowledge: the scant literature on injection-molded PLA only reports the final state of the
material. We complement the 7 situ optical measurements with ex sifu microscopy and
X-ray scattering to provide deeper insight on the impact of WSNT on the PLA morphology
both during and post flow. Guided by prior literature showing that 0.1 wt% of WSNT boost
the compressive strength of poly(propylene fumarate) (PPF) by over 50% [53], we examine
two concentrations (0.05 and 0.1 wt%) of WSNT in PLA. These low concentrations of
WSNT permit real time optical measurements during and after flow, and ex s/t optical
microscopy.

We assess biocompatibility over the range from 100% WSNT (cells in direct contact with
bare nanotubes) to the low concentration used for investigating process-induced morphology
(cells in direct contact with PLA-WSNT 0.1 wt% nanocomposite). Clinically, blood has
limited contact with the BVS (particularly the structural core as opposed to the drug-eluting
layer). The device becomes enveloped in endothelial and smooth muscle cells [54] within
the first few months (little degradation of the clinically-approved scaffold is observed

even at 6 months, i.e. <5% loss of its initial mass [55]). Therefore, we performed initial

in vitro cytotoxicity assays of PLA-WSNT nanocomposite and WSNT nanotubes using
human endothelial cells from the human smooth muscle cells from the aorta (HASMC) and
umbilical vein (HUVEC).

2. Materials and Methods

2.1 Preparation of nanoparticles

Tungsten disulfide (WS;) nanotubes (WSNT) were purchased from NanoMaterials, Israel.
Before use, the WSNT were sonicated and centrifuged to eliminate agglomerates and small
impurities (e.g. broken nanotubes) using the following procedure. First, 200 mg of WSNT
were dispersed in 200 mL of isopropyl alcohol; the resulting solution was then sonicated

at 40 KHz frequency in a flask for 2 hours. Second, the sonicated solution was decanted
into falcon tubes (leaving behind the sediment in the flask) and centrifuged at 1500 rpm for
15 minutes. Third, the supernatant was discarded and the pellet of WSNT was dried in the
falcon tubes by placing them in a water bath at 50-60 °C for a few days until the WSNT
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were completely dry and ready to use. The dimensions of the nanotubes after the sonication
and centrifuge procedure were ~ 70-200 nm in diameter and 2-3 pm in length (Fig. S1A).
Zinc Oxide (ZnO) nanoparticles (catalogue #: 544906, Sigma-Aldrich) (Fig. S1B) were used
as a negative control in cytotoxicity experiments. For cell culture, the nanoparticles (WSNT
and ZnO) were sterilized by UV light overnight before they were suspended in media using
a combination of sonication and vortexing. Residual aggregates were filtered out using a cell
strainer with a 40 um pore size. The nanoparticle-media mixture was then aliquoted to cell
culture wells to reach the desired final treatment dose.

2.2 Preparation of nanocomposite films

This study uses polylactide (PLA) with ~ 2% D-content [56,57] and M,,,~ 125 kg/mol
(values in Fig. S2; gel-permeation chromatograms in Fig. S3) purchased from NatureWorks,
USA (Grade 4032D). The PLA pellets were first dried under vacuum at 80 °C for 1 day
and subsequently at 40 °C for an additional 4 days. The vacuum-dried polymer was then
dissolved in chloroform at 60 °C for 2 hours. Separately, a suspension of WSNT (0.05 or
0.1 wt%) in chloroform was sonicated for ~ 30 mins to break up nanotube agglomerates
preserving the size of the nanotubes post-sonication and centrifuge. The suspension of
WSNT was then added to the polymer solution and stirred for an additional 1 hour; the
resulting solution was cast into glass petri dishes, covered and allowed to dry inside a
fume-hood for ~ 2 days; the as-cast films were placed in a vacuum oven and dried for ~

4 days at 80 °C to remove residual solvent. The crystalline, as-cast films were thereafter
hot-pressed by a Carver hot-press at 180 °C for 10 min to obtain ~100 pum thick, amorphous
films that were maintained at 40 °C under vacuum until further use.

2.3 SEM of nanoparticles

Scanning electron micrographs of WSNT and ZnO nanoparticles (Fig. S1) were acquired on
a ZEISS 1550VP Field Emission SEM with an electron accelerating voltage of 10 kV. The
SEM samples were prepared using the following protocol: (1) disperse 7.2 mg of WSNT
(previously sonicated and centrifuged according to the above procedure) or as-received 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.

2.4 Cell culture

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) were obtained from the American Type Culture Collection (ATCC). HUVECSs 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 cultures were grown in a humidified incubator at
37 °C with 5% carbon dioxide to control media pH.

Acta Biomater. Author manuscript; available in PMC 2023 January 15.
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2.5 Preparation of PLA, PLA-WSNT and PLA-ZnO disks and treatment of cell culture

Disks (diameter: 22 mm) were cut from hot-pressed PLA, PLA-WSNT (0.1 wt%) and
PLA-ZnO (0.1 wt%) films and the central portion (inner diameter: 6 mm) was cut out to
facilitate exchange of oxygen and nutrients within the well (Fig. S4A-B). The disks were
then sterilized through stringent washes in a 70% Ethanol, 30% water solution followed by
drying in a stream of sterile air. The dried disks were then inserted into 12-well cell culture
plates containing seeded cells to start the treatment (Fig. S4C). At end of the treatment, the
disks were carefully removed to facilitate assay reagent diffusion during WST-1 assay and
Live/Dead staining.

2.6 Nanoparticle treatment of cell culture

Nanoparticles (either WSNT or ZnO) were dispersed in media (either HUVEC or HASMC):
1 mg of dry nanoparticles was weighed into a vial and sterilized under UV light overnight
prior to addition of 1 mL of media, then a combination of sonication and vortexing was used
to disperse the nanoparticles. Cell cultures (described above) in 12-well cell culture plates
(22 mm dia.) containing 1 mL of media were given 110 pL combined volume of media and
media containing dispersed nanoparticles to final well nanoparticle concentrations of 0, 5,
10, 20, 50, 100 pg/mL to start the treatment. The dose is labeled according to the mass of
nanoparticles per mL of media in the well; however, the nanoparticles settle to the bottom
and are in dlirect contact with the cells during most of the treatment time (equivalent to 0O,
1.5, 2.9, 5.9, 14.6, 29.2 ug/cm?, respectively). In the time course cell viability assay (Fig.
S13), 96-well plates were used instead, with 100 uL of media per well and 11 pL of media
containing nanoparticle added.

2.7 WST-1 assay

At the end of a specified treatment time (24, 48 or 72 hours), the WST-1 (water soluble
tetrazolium with iodo, nitro and disulfo functional groups) cell proliferation reagent (Roche)
was added to the cell culture media at the recommended working concentration and
subsequently incubated for four hours at 37 °C. After incubation, 100 pL 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 due to the WST-1 assay. All test wells

were then normalized by the mean control well value (controls are untreated cells in the
case of nanoparticles, and wells that received PLA disks free of nanoparticles in the case of
disk overlay). In the bare nanoparticle concentration and time series experiments, statistical
tests were performed between the 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 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).

Acta Biomater. Author manuscript; available in PMC 2023 January 15.
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2.8 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. S7 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.

2.9 TEM of cells cultured with WSNT

Cells were grown in 100 mm cell culture plates to near 50% confluency before treatment
with 5.9 pg/cm? of WSNT. 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 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 [58]. Briefly, the grids were tilted £64° and images were acquired in

1° increments. The grid was then rotated 90° and a similar series was taken about the
orthogonal axis. Tomographic data and projection images were processed and analyzed
using the IMOD software [59,60] package on a MacPro Computer (Apple, Inc).

2.10 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.

2.11 Preparation of PLA and PLA-WSNT ingots

Vacuum dried PLA pellets and PLA-WSNT films were compression-molded into an ~8
g cylindrical “ingot”, which is the starting material for the flow-induced crystallization
experiments described below. Heat and pressure were applied to the mold using a Carver
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hot-press. The two platens of the hot-press were maintained at 200 °C and the temperature
of the mold was continuously recorded using a thermocouple in contact with its inner wall.
The mold was also connected to a vacuum line (< 300 mTorr) to remove any moisture that
can induce degradation of PLA near the melt. The mold was heated to 180 °C and held at
that temperature for 10 mins under a pressure of ~2 tonnes. The mold was then removed
from the hot-press and rapidly quenched to ~60 °C in dry ice. The ingot was subsequently
extracted from the mold and stored under vacuum at 40 °C.

2.12 In situ flow induced crystallization (FIC)

A custom-built apparatus (see schematics in Fig. S5) [61] was used to probe the impact of
WSNT on the microstructure of PLA during flow. PLA and PLA-WSNT ingots were first
placed in the instrument’s reservoir, which was maintained at 200 °C, above the melting
temperature of PLA (T, ~ 170 °C, differential scanning calorimetry analyses reported in
Fig. S6). A pressure-driven piston was used to transfer PLA from the reservoir into a narrow
rectangular capillary (6.35 cm x 6.35 mm x 500 pm) termed the “shear cell”. The lowest
possible pressures were used during filling to avoid pre-orientation of PLA. The shear cell
was then maintained at 200 °C for an additional 5 minutes to erase thermal history. Using

a recirculating oil bath, the shear cell was cooled to the prescribed shear temperature (T
125 - 140 °C) at ~8.5 °C/min and a shear pulse (shear time ts: 10-40 s; wall shear stress

oy 0.11-0.23 MPa) was applied using the aforementioned pneumatic piston. A pressure
transducer located near the inlet of the shear cell enabled calculation of the wall shear

stress (oyy; see equation S1) for each experiment. At the outlet of the shear cell, a pair of
quartz windows permitted a beam of plane-polarized light (632.8 nm He-Ne laser) to interact
with the flowing polymer. The transmitted light comes into contact with a polarizing beam
splitter and two detectors that provide real-time measurement (millisecond resolution) of
the “retardance”, an optical property analogous to birefringence that is sensitive to oriented
crystallization.

2.13 Gel permeation chromatography (GPC)

The molecular weight (M,,) of PLA and PLA-WSNT after shearing with the FIC apparatus
was measured using a Wyatt DAWN EOS Multi-Angle Light Scattering System (MALLS,
A =690 nm) in conjunction with a Waters 410 differential refractometer (A = 930 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 were first dissolved in THF

at a concentration of 5 mg/mL and the resulting solution was filtered through a 0.45 pm
pore poly(tetrafluoroethylene) (PTFE) membrane. The filtered solution was injected into the
system and separation was achieved (longest molecules elute first) using four Agilent PLgel
columns (pore sizes: 103, 104, 10° and 10% A) connected in series. Elution was complete in
50 minutes and data (light scattering and refractive index) were acquired at a resolution of 5
Hz. Data analysis was 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.

2.14 Sectioning and Microscopy

Sheared PLA and PLA-WSNT samples were first embedded in OCT (optimal cutting
temperature) media to facilitate sectioning. The embedded samples were microtomed using

Acta Biomater. Author manuscript; available in PMC 2023 January 15.
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Sakura Finentek’s Tissue Tek-Cryos into ~ 50 pm thick sections both normal to the flow-
direction (Vxv-Vv) and the vorticity-direction (v—Vv). The samples were 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 were subsequently imaged
through crossed-linear polarizers in a Zeiss Universal Microscope equipped with a Canon
EOS DS30 camera.

2.15 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 um x 250 um was aligned parallel to the
gradient (V v), flow (v) and vorticity-direction (V xv) to obtain a 3D-view of the morphology
in each sample. 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 0.5 s using X-rays of wavelength 0.7293 A. Drift in the
background scatter was monitored by periodically acquiring “air” scattering patterns (no
sample in the path of the beam) at 0.5 s of 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. The subtracted patterns were then normalized
by the total number of counts to account for variations in thickness.

2.16 X-ray radio-opacity

The X-ray radio-opacity was evaluated by measuring the X-ray beam transmitted intensity
during small angle X-ray scattering experiments at the beamline 5-ID-D at the Advanced
Photon Source of the Argonne National Laboratories. The samples under analysis were
extruded using a Prism Eurolab 16 mm twin screw extruder (ThermoFisher Scientific, USA)
with 10 heating zones set from 140 °C at the feed end to 200 °C at the die and a screw
speed of 70 rpm to produce cylindrical pellets (~1.5 mm diameter and 3—-4 mm axial length)
of neat PLA and PLA-WS, with nominal concentration of WS, equal to 0.1, 0.3, 0.5, 1.0
and 3.0 wt%. The pellets were mounted on a cardboard holder and fixed with double side
tape at the extremities of ~ 3 mm diameter holes drilled in the cardboard thus allowing the
X-ray beam to pass through each sample (Fig. 7A). The beam was aligned perpendicular to
the pellet axis; three acquisitions at different axial positions on each sample were recorded
every 0.1 s at an exposure time of 0.1 s and then averaged using a beam of energy = 17
KeV (wavelength = 0.7293 A) with spot size on the sample equal to 250 um x 250 pm. A
photodiode positioned on the beamstop at a distance of 8503 mm from the sample provided
the photon counts transmitted by the sample while an ionization chamber positioned before
the sample and nearby the incident beam path recorded time-dependent fluctuations of

the incident beam. The final transmitted intensity was calculated as the ratio between the
transmitted counts and the incident counts, each one diminished by the dark current of the
respective detectors, relatively to the incident beam (signals recorded without any sample in
the beam).
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3. Results

3.1

In vitro biocompatibility assays

In vitro biocompatibility assays were performed for both bare WSNT and PLA-WSNT
nanocomposites, with corresponding controls in two cell lines — Human Umbilical Vein
Endothelial Cells (HUVECSs) and Human Aortic Smooth Muscle Cells (HASMCs), which
represent the major cell types that are likely to contact the deployed scaffold in the artery
[62]. /n vivo observations show the device becomes enveloped in endothelial and smooth
muscle cells [54] within the first few months, before significant degradation occurs (the
clinically-approved scaffold loses <5% of its initial mass in 6 months [55]). We performed
a series of cell culture experiments to assess the toxicity of WSNT and the PLA-WSNT
nanocomposites. To evaluate toxicity of bare WSNT, we used four methods: phase contrast
microscopy [63], Live/Dead staining [64], WST-1 assay [47] and transmission electron
microscopy (TEM) [46]. The cytotoxicity of PLA-WSNT nanocomposite films in direct
contact with HUVECs and HASMCs for 24 hours was assessed using phase contrast
microscopy, Live/Dead staining and WST-1 assays. As an additional test, media that had
been incubated with PLA-WSNT nanocomposites for 24 hrs was applied to cells and their
metabolic activity was monitored at 24, 48 and 72 hrs.

Consistent with the prior literature on cytotoxicity of WSNT with rat salivary cells [46],
human bronchial epithelial cells [47], human hepatocytes [47], and mouse macrophages
[47], phase contrast microscopy of HASMCs and HUVECSs indicates that both cell lines
retain their morphology when exposed to direct contact with WSNT doses ranging from 1.5
to 29.2 pg/em? (for 5.9 pg/cm?, HASMC in Fig. 1A and HUVEC in Fig. S8A, for all doses
see Fig. S9A for HASMC and Fig. S10A for HUVEC).

Live/Dead staining confirms that cells which retain their unperturbed morphology are indeed
alive (Fig. S11). Exposure to ZnO nanoparticles (known to be cytotoxic [65,66]), provides

a negative control: HUVEC and HASMC incubated with 5.9 pg/cm? of ZnO were detached
and possibly apoptosed (black arrows, Fig. 1A for HASMC, Fig. S10A for HUVEC); at
higher ZnO concentrations, it was difficult to find any cells with unmodified morphology
(HASMC, Fig. S9B and HUVEC, Fig. S10B). In agreement with the micrographs, a sharp
drop in metabolic activity is observed for ZnO at 5.9 pg/cm?, and negligible activity remains
for cells exposed to higher ZnO concentrations (Fig. 2A and S12C). Results for WSNT and
ZnO were confirmed by replicate experiments at 5.9 pg/cm? for three time points (24, 48
and 72 hrs) (Fig. S13). Although no discernible changes in morphology or ratio of live/dead
cells was observed for cells exposed to bare WSNT or PLA nanocomposites (relative to
media control), there is a measurable decrease in metabolic activity in cells exposed to bare
WSNT: approximately 15-20% for 5.9 pg/cm? (for HASMC, Fig. 2A, corresponding to

the conditions for the middle micrograph of Fig 1A; for HUVEC, Fig S13B). In contrast,
metabolic activity was not significantly reduced by exposure to nanocomposites, relative to
PLA (which is significantly lower than for media controls).
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3.2 HUVEC and HASMC in direct contact with PLA-WSNT nanocomposites in vitro

Phase contrast micrographs of cells in contact with PLA-WSNT (0.1 wt%) disks for 24
hours show that both HASMCs and HUVECs have similar cell morphology and cell density
underneath the disk of PLA-WSNT as they do in the adjacent area free of polymer, as is
observed in the case of contact with PLA (Fig. 1B for HASMC,; Fig S8B for HUVEC).
Surprisingly, all three polymeric samples tested—including the PLA-ZnO negative control
—had cell density and morphology underneath and next to the nanocomposite similar to that
of their respective media controls (Fig. S8B). Dead (red) and live (green) channel composite
micrographs (Fig. 1B and S8B) 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 was used for WST-1
assays of cell metabolic activity as a function of contact with a PLA or nanocomposite

disk overlay. A minor but statistically significant drop in metabolic activity was detected

in HASMC between the control and PLA. No detectable difference in metabolic activity

for either HUVEC or HASMC was found between PLA, PLA-WSNT and PLA-ZnO (Fig.
2A-B for HASMC, Fig. 10C-D for HUVEC). 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. S13).

3.3 TEM of cells exposed to bare WSNT suggests endocytosis and association with
cytosolic vesicles

Intrigued by the mild cytotoxic effects of bare WSNT, we looked more closely at the
interaction of WSNT with cells using transmission electron microscopy (TEM) of HUVECs
and HASMC:s treated with bare WSNT. Intracellular aggregates of WSNT appear black;
intracellular gray regions are characteristic of protein or nucleic acid concentrations typical
of cytoplasm or nuclear contents; intracellular pale gray to white regions correspond to
vesicles; and the pale gray observed outside the cells is embedding resin (Fig. S15A,
HASMC; Fig. S15B, HUVEC). The majority of intracellular WSNT are visibly associated
with vesicles: ~84% (76/91) of the WSNT aggregates in HUVECs and ~85% (55/65)

in HASMCs. In many of the TEM micrographs, the WSNT aggregates appear to be
incompletely surrounded by vesicles (Fig. S15A-1V, HASMC; Fig. S15B-1V, HUVEC). We
attribute this observation to the inherent 3D pleomorphic structure of cellular compartments
and the inability of TEM to accurately discern the borders of vesicles in 2D projection
images. We were able to perform a small number of tomographic reconstructions to
visualize the sample in 3D. Although tomography was limited to a smaller number of
WSNT aggregates, the 3D images permit unambiguous 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 HASMCs (Movie S1) and
HUVECs and (Movie S2).

3.4 Probing the impact on WSNT on the microstructure of PLA during flow

We probe changes in microstructure during and after flow with millisecond time resolution
by measuring the optical retardance.
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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
[61]. The average retardance is related to the integral of the birefringence over the thickness
of the channel [67,68]. Here, there are three contributions to the birefringence: the melt flow
birefringence, the birefringence due to formation of oriented PLA crystals and, potentially,
the birefringence due to oriented nanotubes.

Comparing the retardance (&) during the shear pulse (insets of Fig. 3A) for neat PLA and
PLA-WSNT nanocomposites reveals that the orientation of nanotubes during flow gives a
negligible contribution relative to the melt flow birefringence (the plateau in & from 1 to 10 s
has the same magnitude for the nanocomposites as for neat PLA). After cessation of flow, an
initial abrupt decrease in birefringence occurs due to melt relaxation. The optical signature
of oriented crystallization (templated by oriented precursors and/or oriented nanotubes)
comes later: it is responsible for the increase in retardance that is observed approximately
40 s after inception of shearing. The retardance due to crystallization consistently goes over
orders (orders are marked by gray horizontal dashed lines, labelled in Fig. 3A, /eff). Open
circles mark the time each order of retardance is reached; the last full order observed is the
last data point shown (limited by opacification due to crystallization).

To examine the effect of shearing time (ts: 10-40 s, Fig. 3A) and shear stress (o, 0.11-0.23
MPa, Fig. 3B), we chose a fixed shearing temperature (T = 130 °C) based on a screening
study that examined shearing temperatures from 127 to 140 °C (Fig. S16). Flow effects on
crystallization were significant at temperature of 133 °C and below, with 130 °C having the
advantage that it permits flow for 40 s even at the highest wall shear stress examined (o,

= 0.23 MPa). The effect of shearing time (at fixed wall shear stress = 0.23 MPa) reveals

that WSNT strongly enhance incipient crystallization during the shear pulse, manifested as a
sharp increase in retardance above the plateau due to melt flow birefringence. This “upturn”
is hardly visible for neat PLA: only a small increase of 6 is detected at 35 s fort;=40s

(see inset, Fig 3A, /efd. In the literature, an upturn in the retardance is associated with a
population of shish that survives melt relaxation and promotes growth of kebabs [68—71] as
evidenced by an earlier and strong increase in retardance after cessation of flow (Fig. 3B).
As little as 0.05 wt% WSNT enables the upturn to begin in less than 30 s of shearing and

to rise 3x greater than the upturn in neat PLA. Increasing the concentration of WSNT to 0.1
wt% further accentuates the upturn. The effect of WSNT during the shear pulse correlates
with an important effect of WSNT on the oriented structures (crystallization precursors)
that survive after the melt has relaxed (Fig. 3A): in neat PLA, such long-lived oriented
structure is only observed for the longest shearing time (nonzero minimum in 6 after melt
relaxation), whereas 0.05% and 0.1% WSNT enable these structures to form earlier in the
shear pulse (30 s for 0.05% and 20 s for 0.1%). After melt relaxation, the subsequent
increase in retardance due to crystallization is significantly affected by shearing time and
WSNT concentration. In PLA alone, the rate of oriented crystallization increases with tg.
With 0.05 wt% WSNT, even the shortest shearing time give an effect similar to the longest
shearing time in PLA alone. Intriguingly, the very steep increase in & after flow is relatively
insensitive to tq at the highest WSNT concentration (for 0.1 wt%, the time required to reach
8 =1, 2w, 3w and 4w is nearly independent of tg, Fig. 3A, right). The effect of the wall shear
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stress (o) reveals that WSNT decrease the critical stress required for formation of oriented
precursors from 0.17 MPa for PLA to 0.13 MPa for PLA-WSNT 0.1 wt% (Fig. 3B). The
interaction of shear stress with nanotubes in producing oriented precursors is also evident
in the magnitude of the upturn. For example, at oy, = 0.19 MPa, the height of the upturn
increases 5-fold with addition of 0.1 wt% WSNT (Fig. 4A, righi). It is interesting to note
that for 0.1 wt% WSNT, the very steep rise in 6 after cessation of shear become insensitive
to shear stress when o, = 0.19 MPa and coincides with the behavior that is independent of
shearing time at oy, = 0.23 MPa (compare Fig. 3A and B, right).

PLA and PLA-WSNT samples were extracted from the instrument and microtomed at —35
°C to obtain sections both normal to the flow (sections in the vorticity—velocity gradient
plane, denoted by Vxv—-Vv) and normal to the vorticity direction (sections in the flow-
velocity gradient plane, denoted by v—Vv) for ex situ polarized light microscopy (Fig. 5).
For each composition and shearing time the pair of images (Vxv—Vv on the /eftand v—Vv

on the right) are superficially reminiscent of the classic skin—core morphology observed in
injection molding of semicrystalline polymers [72]. However, there is a striking difference:
the “oriented skin” is notevident in the usual v—Vv plane—it is seen in the Vxv-Vv

plane. The center of the sample, which experiences negligible shear, reveals the quiescent
nucleating effect of WSNT: neat PLA sections are predominantly amorphous towards the
core (indicative of negligible quiescent nucleation prior to removal of the shear cell from the
heater block at 1000 s) and PLA-WSNT sections have a completely crystalline, spherulitic
core (indicating that WSNT act as heterogenous nucleation sites even in the absence of flow,
Fig. 5B-C). Consistent with the /n situ retardance data (Fig. 3A), we observe an increase in
the retardation of the fully solidified samples with increasing ts (see Michel-Lévy color scale
[73] and corresponding retardation below Fig. 5). Intriguingly, the increase in retardation
with tg is more apparent in the plane normal to the flow direction (Vxv-Vv, Fig. 5A-C) than
in the plane containing the flow direction (v—Vv, Fig. 5A-C). For example, in PLA-WSNT
0.05 wt%, increasing tg results in a thicker birefringent skin that is readily evident in the
Vxv-=Vv plane (orange-red Michel Lévy color, Fig. 5B), but there is little to no indication of
an oriented skin in the v—Vv plane (Fig. 5B). To our knowledge this has not previously been
reported for any semicrystalline polymer.

X-ray scattering data acquired along all three projections (v—Vxv, Vxv=Vv and v-Vv)
confirm the unusual finding that the orientation distribution of crystallites is not symmetric
about the flow direction (Fig. 6). The observed WAXS patterns with the beam parallel to v
to probe orientation in the (Vxv—Vv)—plane, we observe crystallites with their c-axes biased
along the Vv-direction (Fig. 6B), which may explain the presence of a bright skin viewed

in this projection (Fig. 5A-C, /eftimage of each pair). In contrast to other semicrystalline
polymers, the (v—Vv)-plane shows little evidence of a preferred direction of orientation (Fig.
6C), consistent with the absence of a distinct skin in the micrographs (Fig. 5A-C, right
image of each pair).

3.5 Probing the effect of WSNT on PLA radio-opacity

WS, nanotubes embedded in PLA have the potential to increase PLA radio-opacity due
to the high atomic number of W respect to C. The X-ray radio-opacity of PLA-WSNT
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nanocomposites was estimated by measuring the X-ray intensity transmitted by a series of
extruded pellets containing a nominal concentration of WSNT equal to 0.1, 0.3, 0.5, 1.0
and 3.0 wt% (Fig. 7A). The decrease of transmitted intensity suggests that a concentration
between 0.5 and 1 wt% is sufficient to double the opacity relative to PLA alone.

4. Discussion

WS, nanoparticles possess beneficial physical and mechanical properties [44,74] and have
recently been studied for various biomedical applications such as friction-reducing agents

in nickel-titanium alloys [75] and for reinforcing orthopedic implants [53]. The first step in
the use of these nanomaterials for any medical application is to assess their biocompatibility
in vitro. In a study that explored the use of WSNT 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 ug/mL

[46]. 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 pg/mL [47].

In this study, we are interested in interrogating the potential cytotoxicity of WSNT for use
in a PLA nanocomposite scaffold that can be inserted into occluded arteries for structural
support. Due to the gradual hydrolysis of PLA scaffolds [50], we envision that WSNT in

a nanocomposite will gradually be exposed, giving them time to dissolve and be absorbed
by the body. Well apposed scaffolds become embedded in vascular endothelial and smooth
muscle cells [54]. Therefore, we were encouraged by the observation that short term (24 hrs)
direct contact with PLA-WSNT (0.1 wt%) nanocomposites showed no distinguishable effect
on either HASMCs or HUVECSs relative to PLA (Fig. 1, HASMC and Fig. S8, HUVEC).
Comparison of the PLA control to PLA-WSNT in HAMSCs and HUVECSs after 24 hours
of exposure showed no indication of cytotoxicity in phase contrast microscopy, live/dead
staining and WST-1 metabolic assay: a) consistent cell density in the central open area and
at the cell-film interface (Fig. S14); b) consistent cell density under the film (Fig. 1B-/eft,
HASMC; Fig. S8B-/eft, HUVEC); c) indistinguishable, high viability of cells in the area
that was underneath the film (Fig. 1B-right, HASMC; Fig. S8B-right, HUVEC) and d)
comparable metabolic levels as measured by WST-1 assays (Fig. 2B, HASMC; Fig. S12D,
HUVEC). Relative to cells that did not have a film placed on them, HASMCs (but not
HUVECSs) show a small, statistically significant decrease in metabolic activity, independent
of WSNT content. Likely causes include reduced nutrient transport due to disk-overlay
and/or disruption of cells due to insertion and removal of disks. Based on clinical concerns
regarding malapposed scaffolds, future work should examine blood cell cytotoxicity for
direct contact with PLA-WSNT (0.1 wt%) nanocomposites.

To the extent that vascular endothelial and smooth muscle cells might be exposed to

bare WSNT during bioresorption, we examined direct contact with WSNT. We report the
treatment dose in terms of mass per area of cell culture well, as we observed WSNT and
ZnO nanoparticles tend to sediment at the bottom of the culture plates. We found that bare
WSNT have measurable toxicity in both HAMSCs and HUVECs exposed to doses of 15
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pg/cm? or more. Metabolic activity relative to controls was not measurably affected by
exposure to 5.9 pg/cm? WSNT (equivalent to 20 pg/mL; for exposure up to 72 hrs, Fig.
S13); but exposure to 14.6 and 29.2 pg/cm? decreased metabolic activity by ~11-24% and
up to ~32% respectively (Fig. 2A, HASMC; Fig. 10C, HUVEC). Intriguingly, even after
direct contact to the highest level of WSNT tested at 29.2 pg/cm?2, we did not observe an
abnormal number of floating (dead) cells nor did attached cells have altered morphology

or cell density (Fig. S9A and S10A). In addition, intracellular organelles we undisturbed

in cells that endocytosed WSNT: cryo-transmission electron micrographs of cells treated
with 5.9 pg/cm? of WSNT revealed cells with WSNT enclosed within cytosolic vesicles
(Fig. S15A, HASMC; Fig. S15B, HUVEC); within the limitations of the image contrast and
resolution, based on observation of 65 WSNT aggregates in HASMC cells (Fig. S15A) and
91 WSNT aggregates in HUVEC cells (Fig. S15B), no discernable effect on the nucleus,
mitochondria or endoplasmic reticulum was observed. Longer duration hydrolysis studies /in
vitro and bioresorption studies /n vivo are needed to evaluate the relative rates of dissolution
and resorption of WSNT relative to PLA, the extent of exposure of cells to WSNT, and the
toxicity of PLA/WSNT relative to PLA itself. As cytotoxic control, we performed the same
in-vitro experiments with ZnO nanoparticles (see Supporting Material), known from prior
literature to be cytotoxic towards human astrocyte-like U87 cells [66] and human cardiac
microvascular endothelial cells [65].

Based on the encouraging results of these biocompatibility assays, we examined the effect

of WSNT on morphology development of PLA during processing using short term shear
experiments [61,76]. The percentage of nanotubes used in the present work did not bring
particular processing difficulty, and equal attention was given to the drying conditions of the
neat polymer and the nanocomposites during the several steps of preparation of the ingots

to limit degradation induced by residual moisture (as discussed below). The rheo-optical

and ex situ polarized light micrographs (Fig. 5) reveal a significant feature of PLA itself

that was not reported in previous studies of shear-induced crystallization of PLA [77-81].
Specifically, we see a densely nucleated oriented skin even in the PLA without WSNT. Prior
literature reports low densities of oriented structure (~50 um apart) [79-81]. Even in samples
in which carbon nanotubes were added to PLA to increase nucleation density, row structures
are 10 um apart. In the present PLA, the spacing between oriented structures is too small to
resolve (Fig. 5, left). The formation of a dense skin correlates with a semicrystalline polymer
that has low permeability. In PLA, a dense oriented morphology delays hydrolysis [50]. We
see three possible causes of the difference in flow-induced crystallization of the present PLA
itself. Although we use PLA from the same supplier and with similar D-isomer content (<

2 %) and M, as many of the prior studies [77-80], we notice that these studies reports >
20% decrease in PLA molecular weight [77] or severe degradation [78] during shear. In
contrast, we observe no downward trend in molecular weight or degradation in successive
experiments, each of which adds 30-60 min of residence time in the sample reservoir (Fig.
S2, S3). Retaining high molecular weight chains offers a plausible explanation of an increase
in formation of flow induced oriented precursors. A second possibility is that we may have
imposed a higher shear stress than prior studies; unfortunately, prior studies do not report
the shear stress [77-81], so we cannot make a meaningful comparison. Lastly, we may reach
a higher shear strain due to the stability of pressure driven, rectilinear, short-term shear; in
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contrast, parallel plate devices lead to flow instability and melt fracture that allows material
elements to tear apart and avoid the intended deformation [78].

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 are not isotropic in the plane orthogonal to the flow direction). The PLA-WSNT
nanocomposites 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. 5A-C, /eft 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?

PLA and PLA-WSNT differ in their response to an increase in the shear duration (ts). For
PLA, an increase in tg increases the slope of the retardance traces after cessation of flow
(PLA traces fan out, compare tg: 10-40 s, Fig. 3A, /eft, 50-200 s). This 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 [68]. The addition of WSNT changes this behavior: the
retardance profiles for PLA-WSNT at the end of the shear pulse are more or less unaffected
by tg; the retardance traces are clustered together and have almost identical slopes (see

Fig. 3A, mid-right). 1t appears that an increase in tg has little bearing on the concentration
of thread-like precursors; this behavior is reminiscent of “saturation” of shish in isotactic
polypropylene (iPP) [69,71]. This saturation effect in the retardance traces manifests in the
ex situ micrographs as well: with increasing tg (Fig. 5A, /ef?), the degree of anisotropy in
the layers near the wall clearly increases in PLA alone, but not for tg >20s in PLA-WSNT
0.05 wt% (Fig. 5B, /ef?) nor for any tg in PLA-WSNT 0.1 wt% (Fig. 5C, /efi). The effect

of WSNT concentration (cf. PLA-WSNT 0.05 wt% and 0.1 wt% retardance post flow, Fig.
3A, 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 tg (Fig. 3BA, righf). If WSNT are dispersed
uniformly, a 0.1 wt% loading of oriented WSNT translates to a spacing of ~ 3.5 um (see
Supporting Material for calculation) between adjacent nanotubes, which makes it likely that
the nanotubes act as preexisting oriented structures in the PLA melt. Oriented precursors
prevent complete relaxation of retardance after cessation of shear, increase the number of
oriented lamellae that subsequently nucleate, and decrease the distance oriented lamellae
grow prior to impingement.

The oriented skin in these samples has a feature we have not found in the shear-induced
crystallization of any other semicrystalline polymer: a lack of rotational symmetry about the
flow direction. 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 in isotactic
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polypropylene and polyethylene, among others. 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 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 & and & axes are randomly oriented in the plane perpendicular
to the c-axis [69]. This 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 ¢-axis compared with the & and £-axes of the crystal
[69].

Electron microscopy on PLA confirms that formation of shish along the flow direction can
be induced by shearing the subcooled melt, albeit for relatively long shearing times and

high shear strain [72,77]. However, we were unable to find any mention of an unexpected
asymmetry about the flow direction. In the present specimens, the pairs of images in the
plane of the gradient and vorticity (Fig. 5A-C, /eff) and in the plane of the flow and gradient
(see Fig.6A-C, righi) violate the expectation that the oriented skin on the left should show
no retardance (here, a full wave retarder is used, and null retardation would appear first
order red/purple). Instead, for each material and each shear time, that is the projection that
appears bright—consistently brighter than its partner image in the plane of the velocity and
gradient (on the right for each pair of images in Fig. 6). We confirmed that the bright skin
seen in (Vxv-Vv)-plane is due to preferentially-oriented crystallites and not densely packed
spherulites by rotating the sample and observing that the skin appears bright when oriented
—45° or 45° relative to the crossed polarizers and dark when it is parallel to them (Fig.
S25A-C, /efi). The hypothesis of absence of cylindrical symmetry in the sheared samples is
confirmed by the X-ray WAXS data (Fig. 6) with the X-ray beam incident perpendicularly to
all three projections of the shear experiments.

The beneficial effect of WSNT on oriented crystallization and nucleation of PLA

during shear flow reported in this work has been confirmed also during elongational
deformation (tube expansion) of ~80 um thick extruded tubes [48]. The connection between
microstructure and strength for PLA-WSNT tubes in the expanded, crimped and deployed
state might open a path toward a future generation of thinner, stronger and radio-opaque
scaffolds.

Beyond the observed increase of oriented crystallization, the addition of non-toxic WSNT
to PLA may confer intrinsic radio-opacity to the next generation of BVS thanks to the high
atomic number of W. PLA has barely no contrast respect to adipose and muscular tissue,
therefore the clinically approved BVS is provided with two radio-opaque marks that make
the scaffold visible under X-ray irradiation [16]. Our results of X-ray transmission through
extruded pellets containing a concentration of WNST between 0.1 and 3.0 wt% (Fig. 7)
prove that a small amount as 1 wt% of WSNT is enough to double the PLA radio-opacity
respect to higher concentrations of nanoparticles reported in literature (e.g. 5-20 wt% of
BaS04[32]). Further experiments are needed to establish the minimum quantity of WSNT to
confer enough contrast to PLA when the scaffold is embedded in deep tissue. PLA-WSNT
nanocomposites could be then a valid alternative to the Fantom BVS recently developed
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by REVA Medical which gains intrinsic radio-opacity from the iodinated diphenol in the
Tyrocore™ polymer [82].

5. Conclusions

There is an unmet need for a bioresorbable vascular scaffold (BVS) that has thickness
comparable to metal stents (~ 80 pm) for the 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 BV'S with X-rays. Towards the goal of a
thinner and radio-opaque BVS, we evaluated tungsten disulfide (WS,) nanotubes (WSNT)
as a candidate additive to polylactide (PLA) to reinforce PLA and confer radio-opacity
comparable to clinical standards (e.g., platinum markers). Using cell lines (HUVEC and
HASMC) that are relevant to vascular tissue, we assessed the biocompatibility of bare
WSNT and PLA-WSNT nanocomposites (0.1 wt%) against appropriate controls. Cells

in contact with bare WSNT (up to 29.2 pg/cm?2) and PLA-WSNT films retain their
morphology and metabolic activity. Transmission electron micrographs of cells exposed
to 5.9 pg/cm? WSNT indicate that some nanotubes are endocytosed and appear to be trapped
in cytoplasmic vesicles.

The promising /n vitro biocompatibility of WSNT motivated us to design short term shear
experiments that probe the impact of WSNT on oriented crystallization of PLA. /n situ
rheo-optical measurements show that inclusion of 0.1 wt% WSNT reduced both the critical
shear duration and the shear stress required for induction of oriented precursors during the
short shear pulse. These precursors template oriented crystallization, which has the potential
to increase strength in semicrystalline polymers, relevant to the goal of enabling thinner
vascular scaffolds.

The results presented in this report suggest that WSNT may be viable reinforcing additives
and X-ray contrast agents for biomedical implants. Proposed future biocompatibility studies
include /in vivotesting of the nanocomposite in appropriate animal models. Future /n vitro
experiments may reveal the degradation kinetics and degradation products of WSNT.
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Refer to Web version on PubMed Central for supplementary material.
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Significance:

Bioresorbable Scaffolds (BRSs) support regeneration of arteries without permanent
mechanical constraint. Poly-L-lactide (PLLA) is the structural material of the first
approved BRS for coronary heart disease (ABSORB BVS), withdrawn due to adverse
events in years 1-3. Here, we examine tungsten disulfide (WS,) nanotubes (WSNT)

in PLA to address two contributors to early complications: (1) reinforce PLLA (enable
thinner BRS), and (2) increase radiopacity (provide intraoperative visibility). For BRS,
it is significant that WSNT disperse, remain dispersed, reduce friction and improve
mechanical properties without additional chemicals or surface modifications. Like WS,
nanospheres, bare WSNT and PLA-WSNT nanocomposites show low cytotoxicity

in vitro. PLA-WSNT show enhanced flow-induced crystallization relative to PLA,
motivating future study of the processing behavior and strength of these materials.
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(A) Top: Schematic illustrating that cells are treated with varying concentrations of WSNT
or ZnO nanoparticles for 24 hours. Bottom: Phase contrast microscopy images (scale bar
shown in control) of HASMC incubated in direct contact with 5.9 ug/cm? WSNT or ZnO
nanoparticles (see Fig. S8A for HUVEC; for all doses from 1.5 to 29.2 pug/cm?, see Fig. S9
HASMC and Fig. S10 HUVEC). (B) Top: Schematic of cells treated with nanocomposite
polymer disks for 24 hours in 12-well plates. Bottom. Phase contrast micrographs (/ef?) and
merged live (green) and dead (red) stained images (righ?) of HASMC cells in the region
underneath the nanocomposite (see Fig. S8B for HUVEC). (Scale bar shown in first phase

contrast image)
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(A) Cells exposed to direct contact with WSNT (see scheme in Fig.1A, top) showed a
moderate drop in metabolic activity (here, HASMC cells; HUVEC in Fig S12C). Direct
contact with ZnO induced strong cytotoxicity at nominal dose = 5.9 pg/cm?. Mean and
standard error of mean plotted. All statistical tests were performed against control samples;
stars indicate the magnitude of adjusted p-value (* P<0.05, ** P<0.01, ***P<0.001, ****
P<0.0001). (B) Cellular metabolic activity levels, inferred from the WST-1 assay (see
scheme in Fig. 1B, top), show no statistical difference in viability between HASMC cells
treated with PLA disks and PLA nanocomposite (0.1% of WSNT or ZnO) disks (see Fig.
S12D for HUVEC). Experiments were performed twice with four replicates per condition.
Experiment-specific mean and standard deviation are plotted. All statistical tests were
performed against the PLA condition; stars indicate the magnitude of adjusted p-value (*
P<0.05, ** P<0.01, *** P<0.001, **** P<0.0001).
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Fig. 3.

In situ retardance (8) profiles during and after cessation of flow for (/efy) PLA, (mid) PLA-
WSNT (0.05 wt%) and (righf) PLA-WSNT 0.1 wt% subjected to varying (A) shear duration
(ts: 10 to 40 s) at matched shear temperature 130 °C and shear stress 0.23 MPa (Fig. S17B)
and (B) wall shear stress (o, 0.11 to 0.23 MPa) at matched shear temperature 130 °C and
shear time 40 s (Fig. S17C); dependence on the shear temperature is reported in Fig. S16. In
(A), the wall shear rate is ~ 0.35 s~ for all cases; and in (B), the wall shear rate increases
from ~ 0.19 s~ at 0.11 MPa to ~ 0.35 s™1 at 0.23 MPa. The wall shear rate is calculated
from the extruded material (Fig. S18A) and the Rabinowitsch correction (equations S2-S4)
is applied to account for non-Newtonian flow (Fig. S18B). The onset of an “upturn” in the
retardance during flow is indicated by a black arrow in (A, mid). Quantitative characteristics
of the upturn for PLA and PLA-WSNT are presented in Fig. 5. The dashed horizontal gray
lines indicate the order of retardance, which follows integer multiples of m (e.g. 15t order: &
= 1t; 2" order: & = 2r and so on). The retardance is calculated from normalized intensity
traces presented in Figs. S19-S21. 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-B (Figs. S2-S3).

Acta Biomater. Author manuscript; available in PMC 2023 January 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Ramachandran et al.

Page 28
A 1c T - T \d 1 v L] L} ) ¢ T v L v L]
& PLA

- . WS,006% 4 - ¥ Y
1.0k - WS,01% / : A ]
§ O - 2 / - il “ y i

& " oM
505 Al 2 AM
s 7 e |

7 // r"", o .
.’ el ¥ < --.".—
0.0 A ' A A A

B,

4 L] L T - Al ) 3 ] - T v T
§ 'A 40 A
'8 2 / ,“
= - “I | - / - 1
& /B 8
E { o o
(i) B / ; -1
:6 1 i P : / ,", i ’," r u .‘"
] oS .|| Y il
o . e &t—r"/

c I ,’ 1 1

1020 30 40 0411 0.15 0.19 023
t; (s) o, (MPa)

Fig. 4.

lngsiz‘u retardance traces of PLA and PLA-WSNT were analyzed to compute (A) the “upturn
height”, 7.e., retardance at the upturn time (defined in the inset of Fig. 3B) and (B) the
residual retardance after cessation of flow as a function of (/ef?) shear duration (see Fig. 3B)
and (right) wall shear stress (see Fig. 3C). We describe the calculation of the upturn height
and residual retardance in the SM (Figs. S22).
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Fig. 5.
Polarized light micrographs of ~ 50 um thick sections from samples sheared for £ from

10to 40 sat Tg =130 °C and oy, = 0.23 MPa for (A) PLA, (B) PLA-WSNT (0.05 wt%)

and (C) PLA-WSNT (0.1 wt%). For each composition, pairs of images are displayed: the
first column (A-C, /efi) presents micrographs of sections cut normal to the flow direction
(vorticity — velocity gradient plane, labelled as Vxv-Vv, see scheme of the flow cell on top)
and the second column (A-C, right) presents micrographs of sections cut normal the vorticity
direction (flow — velocity gradient plane, labelled as v—Vv, see scheme of the flow cell on
top). Images are acquired through linear crossed polarizers, analyzer (A) and polarizer (P)
orientations are indicated in (B) 30 s, righi), with a full-wave retardation plate inserted (slow
axis vertical, see Fig. S24 for details). The Michel-Lévy color chart at the bottom (adapted
from Ref. [68]) relates colors to retardation in nm.
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Wide Angle X-ray Scattering (WAXS) data acquired on PLA, PLA-WSNT 0.05 wt% and
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PLA-WSNT 0.1 wt% samples sheared at T = 130 °C, t = 40 s and oy, = 0.21 MPa. For
each sample, the microstructure was probed along all three projections (defined in Fig. 5,

top): (A) flow — vorticity (v—Vxv), (B) vorticity — velocity gradient (Vxv-Vv) and (C) flow
— velocity gradient (v—Vv). The WAXS data are presented as (/ef?) 2D patterns, and (righi)

intensity plots 1(g) and 1(y) of the (110)/(200) diffraction peak, where 1(g) is azimuthally

averaged and I(g) is averaged over 1.13 < g< 1.23 A~1 (colors correspond to labels

above 2D patterns). The intensity plots use colors to distinguish neat PLA, PLA-WSNT

0.05wt% and PLA-WSNT 0.1wt% (black, red and blue respectively). The WAXS patterns
are presented using a custom colormap that varies from 0 [white] to 1.75¢~ [red] counts/

(total counts). X-ray data acquired for samples sheared at lower wall shear stresses (o, =

0.11 and 0.15 MPa) are presented in the Sl (see Figs. S26 — S28).

Acta Biomater. Author manuscript; available in PMC 2023 January 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Ramachandran et al.

Page 31

PLA 0.1% 03% 0. 1.0% 3.0%
® "l

(8)100,.,.,..‘,.,

0.95 |- -

0.90 |- ¢ I
o8sf @ !

X-ray Transmission

o
o
o
1
O+

O
1

0.65 ) S Oy PR ) T (| [N (Y () (S [, (|
0.0 0.5 1.0 15 20 25 30

WS, concentration (wt%)

Fig. 7.
X-ray radio-opacity evaluated from the transmitted beam intensity during SAXS/WAXS

experiments on PLA and PLA-WNSNT extruded pellets (A) containing increasing
concentration of WSNT (from 0.1 to 3 wt%).
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