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Abstract: The degradation of Mirage Bioresorbable Microfiber
Scaffold was evaluated in vitro and in vivo. The degradation in
polymer molecular weight (MW), strut morphology, and integ-
rity was accessed using gel permeation chromatography (GPC),
X-ray micro-computed tomography (micro-CT) evaluation. To
simulate the physiological degradation in vitro, scaffolds were
deployed in silicone mock vessels connected to a peristaltic
pumping system, which pumps 37°C phosphate-buffered saline
(PBS, pH 7.4) at a constant rate. At various time points (30D, 60D,
90D, 180D, 270D, anp 360D), the MW of microfibers decreased to
57.3, 49.8, 36.9, 13.9, 6.4, and 5.1% against the baseline. The in
vivo degradation study was performed by implanting scaffolds
in internal thoracic arteries (ITAs) of mini-swine. At the sched-
uled sacrifice time points (30D, 90D, 180D, 270D, 360D, and
540D), the implanted ITAs were excised for GPC analysis; the

MW of the implanted scaffolds dropped to 58.5, 34.7, 24.8, 16.1,
12.9, and 7.1, respectively. Mass loss of scaffolds reached 72.4% at
540D of implantation. Two stages of hydrolysis were observed in in
vitro and in vivo degradation kinetics, and the statistical analysis
suggested a positive correlation between in vivo and in vitro degra-
dation. After 6 months of incubation in animals, significant strut
degradation was seen in the micro-CT evaluation in all sections as
strut fragments and separations. The micro-CT results further con-
firmed that every sample at 720D had X-ray transmission similar to
surrounding tissue, thereby indicating full degradation within 2
years. © 2017 The Authors. Journal of Biomedical Materials Research Part B:
Applied Biomaterials published by Wiley Periodicals, Inc. J Biomed Mater
Res Part B: Appl Biomater 106B: 1842-1850, 2018.
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INTRODUCTION

Percutaneous coronary intervention has evolved over the
last 40 years since the plain old balloon angioplasty (POBA)
was first introduced to the treatment of coronary artery dis-
ease (CAD) in 1977.') However, acute coronary occlusion,
severe dissection, restenosis, constructive remodeling, and
neointimal hyperplasia frequently occurred following
POBA?*® To further mitigate the risk of incidence, bare
metallic stents (BMS) were developed. BMS was superior to
POBA but was still associated with severe neointimal prolif-
eration and long-term restenosis.*® The high risk of in-stent
restenosis drove the third revolution in interventional cardi-
ology: drug-eluting stent (DES), which is the most wide-
spread technology in use today and incorporates surface
coating that releases anti-proliferative drugs over time.®
Locally delivered drugs such as sirolimus, rapamycin-
derivatives, and paclitaxel delay neointimal formation and
consequently restenosis. DES significantly improves the clin-
ical outcome in high-risk patients particularly with complex
subsets of lesions.”

Correspondence to: T.-B. Yu; e-mail: b.yu@duninginc.com

Early-generation DES contains durable polymer, includ-
ing polyethylene-covinyl and poly-n-butyl methacrylate.®
The lack of biocompatibility of these permanent polymer
coating led to a persistent inflammatory response.”'°
Newer-generation DES employs thinner strut and more bio-
compatible polymer to overcome the safety issues associ-
ated with early-generation DES. Cobalt chromium alloys
with biocompatible polymer (fluoropolymers)'* or biode-
gradable polymer (polylactic acid [PLA]/polyglycolic acid)'?
are commonly used in current DES to improve its safety
profile. However, primary concerns such as permanent
metallic caging, stent fracture, late neointimal response, and
stent thrombosis beyond the drug-eluting period are not
completely resolved.

With the recent emergence of concerns about the DESs,
bioresorbable scaffolds (BRS), which comprise solely biode-
gradable and biocompatible materials, are considered one of
the most promising technologies in interventional cardiol-
ogy."? Ideally, BRSs not only provide immediate acute revas-
cularization but also potentially restore the jailed arteries
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following the bioresorption process, which may reduce
long-term stent thrombosis seen with the DES.'* Despite
the use of biodegradable implants in many medical applica-
tions, such as wound closure, dental, orthopedic device, and
drug delivery, over the decades, the concept of using BRS in
interventional cardiology is still relatively new.

The first BRS used in humans was the Igaki-Tamai scaf-
fold (Kyoto Medical Planning Co., Ltd., Kyoto, Japan), a PLA-
based self-expandable device that requires heat treatment.'®
The first in-human study was first conducted in late 1990,
and the long-term safety of scaffolds (>10 years) was
assessed.'® Although the results were acceptable, improve-
ments were required to achieve better deliverability and
clinical outcome. Following the encouraging results, many
BRSs were introduced, and various biodegradable polymers
have been used, including PLA,'”*® poly(lactic-co-glycolic
acid) copolymer (PLGA copolymer),'® salicylate polymer,*°
magnesium,®! iron,? and synthetic polymers.?® Greater than
15 BRS devices have been developed and evaluated in clini-
cal studies.”* Most BRSs do not exhibit the same mechanical
strength and ductility similar to metallic stents, but their
flexibility leads to better conformability and compliance to
vessel arteries. Furthermore, the completion of bioresorp-
tion restores the vasomotor response to physiological needs,
which may promote positive remodeling.25 Overall, BRSs are
a reasonable alternative to DES in noncomplicated cases.
Currently, five BRS devices acquired Conformité Européenne
approval. Absorb Bioresorbable Vascular Scaffold System
(BVS, Abbott Vascular, Santa Clara, CA) has treated
>150,000 patients worldwide and has recently received
approval from the U.S. Food and Drug Administration (July
2016). However, Abbott Vascular has recently initiated a
recall of the Absorb BVS System due to clinical studies
showing increased rates of major adverse cardiac events
when compared to patients treated with the metallic drug
eluting stent at 2 years. The findings conclude that design
of current available scaffolds has not yet optimized and
there is still room to improve, especially in scaffold degrada-
tion and strut thickness. The long scaffold degradation (>2
years) and thick strut (>150 pm) in small arteries signifi-
cantly elevate the risk of myocardial infraction and scaffold
thrombosis in their later life-cycle stages.

Recently, we presented that a novel bioresorbable drug-
eluting scaffold called Mirage Bioresorbable Microfiber Scaf-
fold (Mirage BRMS, Manli Cardiology Singapore) exhibits
remarkable mechanical properties and deliverability while
demonstrating relatively fast degradation compared with the
Absorb BVS system. Mirage BRMS incorporates a distinctive
scaffold design and a manufacturing process that involves
heat-extruded PLA microfibers. Bioresorbable PLA-based
microfibers with strut thicknesses of 125 and 150 pm are
braided to deliver a helix coil structure that provides high
flexibility and mechanical strength. The low crossing profiles
(0.044-0.058 in.) provide great deliverability in operation.
They are highly effective in minimizing early vessel recoil and
restenosis by offering adequate radial force and eluting anti-
proliferative drug sirolimus.?®?” Overall, Mirage BRMS shows
great promise as a next-generation device for treating CAD. In
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this study, in vitro and in vivo degradation of scaffold were
evaluated by analyzing the molecular weight (MW) of microfi-
ber. The in vivo morphologies of microfibers over time were
also assessed by X-ray micro-computed tomography (micro-
CT) evaluation. The correlation between in vitro and in vivo
degradation profiles provides a comprehensive understand-
ing of the fate of the device in clinical settings.

MATERIALS AND METHOD

Study device and scaffold design

Mirage BRMS is developed for treatment of CAD. It is
intended to treat narrowed coronary arteries through three
functions: (1) mechanical strength supports the opening of
the lumen; (2) sirolimus prevents neointimal growth; and
(3) fully bioresorbable materials mitigate the increased
long-term risk of stent thrombosis and restenosis seen with
traditional stent therapies. The design of Mirage BRMS,
which was first proposed by Su et al. in 2001,%® is unique,
and its structure based on continuous multiple microfiber
coils provides sufficient strength, flexibility, and compliance.
Given the popularity of the PLA copolymer family and their
approval for use in clinical applications, Mirage BRMS is fab-
ricated with PLA-based microfiber with a strut thickness of
125 pum in scaffolds with a diameter of <3 mm and a strut
thickness of 150 um in scaffolds with a diameter of >3.5
mm [Figure 3(A)]. Mirage BRMS has low crossing profiles
(0.044-0.058 in.) and is 6-F catheter compatible. Microfibers
are made of PLA copolymer containing approximately 4% b-
lactide and 96% L-lactide. The small number of p-isomers in
polymer reduce the crystallinity and accelerate the fiber
degradation, while the scaffolds retain their mechanical
strength and stiffness. The strength to resist radial compres-
sion is comparable to that of commercially available metallic
stents made of stainless steel. To reduce neointimal prolifer-
ation, the scaffold is coated with a mixture of polylactide
and sirolimus at a dose of 9.0 pg/mm.

Implants made of PLA are not visible under fluoroscopy.
Thus, to improve the visibility for positioning or locating
the scaffold in arteries, two radiopaque, biocompatible,
corrosion-resistant platinum markers are incorporated at
both ends of the scaffold. The magnetic resonance imaging
(MRI) risk of Mirage BRMS was evaluated to ensure patient
safety, and it is demonstrated to be acceptable for a patient
undergoing an MRI procedure at 3 T or less.”’

In vitro degradation and sample MW analysis

To simulate the physiological condition in vitro, 3.0 mm
(0.005 in. strut thickness) scaffolds were deployed in sili-
cone mock vessels connected to a peristaltic pumping sys-
tem that constantly pumps 37°C PBS (pH 7.4) at rate of 90
mL/min (1.2 Hz). Silicone mock vessels were purchased
from BioEmbedded Research LLC. The performance of the
mock vessels is certified and in compliance with ISO 7198.
At various time points (30D, 60D, 90D, 180D, 270D, and
360D), six scaffolds retained in the mock vessel were col-
lected and dissolved with 1.0 mL of tetrahydrofuran (THF).
The MW of polymers was then determined by using gel per-
meation chromatography (GPC). The apparatus used for the
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GPC analysis is Agilent 1100 G1311A solvent delivery sys-
tem coupled with G1329A autosampler, 1330A autosampler
chille, G1322 degasser, G1316A column compartment,
G1315A reflective index detector, and two Agilent PLgel 5
pm Mixed-D 300 X 7.5 mm GPC columns (manufactured by
Agilent, product #0001022104, lot #PL1110-6504). The
eluting method used the following conditions: the tempera-
ture of the autosampler chiller, the column compartment,
and the diode array detector temperature is set at 15, 35,
and 35°C, respectively. After sample was transferred into an
amber vial placed in the autosampler, 30 pL (injection vol-
ume) aliquot of the sample was injected onto the column.
The mobile phase is THF, pumped at a 1.00 mL/min flow,
leading to a 25 min runtime per sample. The MW of poly-
mer peak in the chromatogram is calculated using Chemsta-
tion software and clarity GPC extension against the
calibration curve created by polystyrene standard. The
parameters K and o are 1.74 X 103 mL/g and 0.736,
respectively. Polystyrene standard (PStQuick Kit-L, Lot#
PSQ-KLO1N) was purchased from TOSOH Corporation.
Those results present MW of PLA relative to polystyrene
and they are significantly different to absolute MW obtained
in the in vivo study. The in vitro MW results estimated in
bench study are approximately one-fourth of in vivo MW
results obtained in animal study. Thus, for each time point,
MW% was calculated against MW of freshly manufactured
BRMS (100%) to compare the MW degradation profile
between in vitro and in vivo studies.

In vivo implantation

The scaffold implantation and in vivo evaluation were per-
formed in AccelLAB Inc. (Boisbriand, QB, Canada). Mirage
BRMS devices were implanted in 25 female or castrated
male Yucatan mini-swine coronary arteries and internal tho-
racic arteries (ITAs). The implanted coronary arteries were
used to evaluate safety/efficacy of the Mirage BRMS by
angiographic and histological evaluations but the results
will be presented in a separate report. This study aims to
evaluate the degradation of the Mirage BRMS at various
time points and the ITA model shall be considered as an
acceptable model for testing in vivo BRS degradation. At
time point of 30D, 90D, 180D, 270D, 360D, 540D, and 720D,
all implanted animals that survived until the scheduled ter-
mination was scarified. At only the 30D time point, at the
scheduled sacrifice day, a total of 12 new Mirage BRMS
were implanted proximally to the previously implanted scaf-
fold in the ITAs. These scaffolds were collected on the same
day as the 0D cohorts. Following euthanasia, ITAs were
excised and flushed with lactated Ringer’s solution. The
arteries selected for MW measurement were flash frozen in
liquid nitrogen and kept on dry ice prior to being stored in
a —80°C freezer. Scaffolded arteries selected for micro-CT
evaluation were fixed in 10% neutral-buffered formalin
(NBF).

In vivo MW and mass analysis

To evaluate in vivo scaffold degradation in the ITAs, MW
measurements using GPC were performed in PolyAnalytik
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Inc (London, ON, Canada). The following procedure was fol-
lowed for the sample preparation: the complete artery
implanted scaffold was first rinsed with 20% ethanol solu-
tion (v/v) to wash residual blood from the sample. The
artery implanted scaffold was cut into fine pieces using a
sharp sterilized blade to expose the implanted scaffold. The
resulting sample, which contained artery and scaffold, was
then submerged in 2 mL of dissolution solvent chloroform
and left to dissolve under gentle rocking for 24 h at room
temperature. The sample was filtered into an autosampler
vial through 0.22 pum PTFE syringe filter and prepared for
MW analysis. In the measurement, the Viscotek GPC system
(Malvern) was equipped with an oven that houses four
detectors: refractive index (RI), ultraviolet (UV), right-angle
and low-angle light scattering (RALS/LALS), and four-
capillary differential viscometer. The analytical method
employs the mobile phase of 0.05M potassium trifluoroace-
tate in 1,1,1,3,3,3-hexafluoro-2-propanol, and size exclusion
columns packed with styrene-divinylbenzene. Poly(methyl
methacrylate) was used as calibration standards. The UV
absorption of polymer was used to determine the concen-
tration of PLA and calculate the scaffold mass.

Micro-CT evaluation
Selected scaffolded arteries for micro-CT were transferred
from NBF to 100% alcohol and scanned using a Skyscan
1172 micro-CT model at a regular resolution. The long axis
of the device was aligned perpendicularly to the axis of the
X-ray beam. Constant settings for X-ray energy and image
capture were maintained for the entire study duration. The
obtained projection images were processed with the NRecon
image reconstruction software using a convolution and back
projection algorithm to produce a stack of 8-bit BMP
images, each one of them representing a slice of the sample.
Finally, a full three-dimensional (3D) model and animation
was generated for visualization of the scaffold. The scaffolds
scanned by micro-CT were analyzed using the following
scoring system:

Strut discontinuity

0 = Absent

1 = Evaluated at <10 strut breaks

2 = Evaluated at >10 and <25 strut breaks

3 = Evaluated at >25 and <150 strut breaks

4 = Evaluated at >150 strut breaks

The degree of micro-CT X-ray transmission grading scale
as a surrogate for resorption

0=No change in X-ray transmission compared with
baseline

1 =Mild decrease in X-ray transmission compared with
baseline but stronger than surrounding tissue; 2 = Moderate
decrease in X-ray transmission compared with baseline but
stronger than surrounding tissue

3 = X-ray transmission similar to surrounding tissue

(Note: Baseline corresponds to the acute time point, and
the degree of X-ray transmission for the acute time point
was compared with the surrounding tissues)
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FIGURE 1. Mirage BRMS deployed in silicon mock vessel for in vitro
degradation. (A) Intact Mirage BRMS and (B) scaffold deployed in the
vessel.

RESULTS

In vitro MW analysis

To mimic the physiological condition in vitro, Mirage BRMS
devices were deployed in the silicone mock vessels con-
nected to the peristaltic pumping system that constantly
pumps PBS buffer (Figure 1). The silicon mock vessels and
pulses generated by the peristaltic pump simulated the car-
diovascular arteries and their contractions yielded by heart-
beats, while the PBS heated at 37°C mimicked the fluidic
environments. At each time point, scaffolds were recovered,
and the MW of microfibers was determined using calibra-
tion curve created by polystyrene standards. The represen-
tative GPC chromatograms of PLA polymers at various time
points are shown in Figure 2. As the incubation proceeded,
polymer MW decreased and polydispersity (PDI) increased

[knRIg
1

ORIGINAL RESEARCH REPORT

TABLE I. In Vitro MW Measurement Results of Scaffolds at
Various Time Points

Mn?
Day Ave. RSD% PDI MW %P
0 204,216 8.4 1.894 100.0
30 116,939 2.2 2.154 57.3
60 106,397 9.9 2.210 49.8
90 101,793 11.1 2.340 36.9
180 75,441 2.4 3.529 13.9
270 28,362 5.4 5.988 6.4
360 13,022 4.8 3.758 5.1

MW was determined by GPC coupled with RID detector and the
MW results are relative to polystyrene standards.

PMW percentage (MW%) is calculated against day-0 according to
the number average MW (Mn) results.

(Table I). After 360 p of incubation, quantitative characteri-
zation indicated that the MW of microfibers decreased to
5.1% (MW of approximately 10,500) compared with those
of freshly prepared samples, which have a MW of approxi-
mately 200,000. A notable detail is that significant break-
down of scaffold fibers within the mock vessels was
observed at 270D and 360D time points (especially for the
360D group). Partial sample loss into the circulation system
during the incubation cannot be avoided. Thus, the quantita-
tive results for MW and PDI may not be representative for
the samples collected at those time points (270D and
360D).

The hydrolysis rate of amorphous polylactide has a
slow-to-fast transition at a certain MW (Mn).>° The polymer
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FIGURE 2. Representative chromatograms of Mirage scaffolds subjected to various incubation durations (0D, 30D, 60D, 90D, 180D, 270D, and

360D).
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FIGURE 3. In vitro degradation kinetics of PLA for Mirage BRMS
(inverse of the number average MW vs. the logarithm of degradation
time).

chain end does not promote the hydrolysis of the sample
until their MW reaches a critical point. Thus, we probed the
degradation kinetics of PLA in BRMS by plotting the inverse
number average MW [1/Mn (t)] against the logarithm of the
incubation duration log (t) (Figure 3).3' Results indicate
that the hydrolysis goes through two kinetic processes with
different rates. Initially, the PLA device degraded at a con-
stant rate, and 1/Mn increased linearly as the degradation
time prolonged. When the hydrolysis proceeded and Mn
reached a critical point, the hydrolysis accelerated and led
to a higher degradation rate in the plot. The hydrolysis rate
is speculated to change at approximately 120D because of
the possible concentration increase in chain end groups
(-COOH) that catalyzed the hydrolysis.*? Those newly pro-
duced chain ends can effectively hydrolyze the ester bond in
part of the samples through diffusion.

In vivo MW and mass analysis

BRMS in vivo evaluation and device implantation were per-
formed in 25 female or castrated male Yucatan mini-swine
ITAs. The MW measurements of the Mirage BRMS were con-
ducted at 30D, 90D, 180D, 270D, 360D, and 540D time
points. At each time point, all implanted animals were scari-
fied, and the ITAs were harvested. The resulting arteries
that contained scaffolds were submerged in dissolution sol-
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FIGURE 4. In vivo degradation kinetics of PLA for Mirage BRMS
(inverse of the number average MW vs. the logarithm of degradation
time).

tested; chloroform shows the maximum PLA recovery with-
out other interfering impurities.

Triple detection GPC method employs detectors of RI,
UV, RALS/LALS, and four-capillary differential viscometer to
obtain the absolute MWs of PLA. The RI detector is
employed to calculate the PLA concentration, refractive
index increment, and injection recovery. The UV detector is
used to detect organic interference due to proteins, DNA, or
RNA in the artery implanted PLA scaffold samples. The vis-
cometer delivers the dilute solution properties, including
intrinsic viscosity (), hydrodynamic radius (Rh), and con-
formational, and structural parameters. The MW parame-
ters, including Mn, Mw, and Mz, were determined from the
RALS detector wusing an average dn/dc value of
0.153 = 0.011 mL/g. This dn/dc value is the average value
calculated assuming 100% recovery of each injection of the
different virgin PLA scaffolds with and without drug.

Table II represents the results for in vivo MW measure-
ment of scaffolds at various time points. The initial MW of
the scaffold was approximately 86 000 Da (Mw) and
approximately 41 000 Da (Mn). The MW of scaffolds
decreased to 58.5, 34.7, 24.8, 16.1, 12.9, and 7.1% at 30D,
90D, 180D, 270D, 360D, and 540D, respectively. The degra-
dation kinetics of PLA was evaluated by plotting the inverse
number average MW (1/Mn) against the logarithm of incu-

vent and shaken for 24 h. Several dissolution solvents were  bation duration (Figure 4). Similar to the in vitro
TABLE II. In Vivo MW Measurement Results of Scaffolds at Various Time Points
Absolute MW? Relative MW"
Mn Mw Mn
Day Ave. RSD% Ave. RSD% PDI Ave. RSD% PDI MW %°
0 40,896 100.0 85,842 4.3 2.108 72,122 3.9 1.919 100.0
30 23,937 58.5 46,844 6.5 1.966 34,469 8.5 2.315 58.5
90 14,195 34.7 30,965 4.8 2.184 19,984 7.6 2.596 34.7
180 10,133 24.8 22,598 2.6 2.232 14,324 3.9 2.590 24.8
270 6602 16.1 15,715 6.8 2.394 8583 5.3 2.909 16.1
360 5274 12.9 12,581 6.8 2.405 5940 11.9 3.315 12.9
540 2899 7.1 6158 10.9 2.122 4149 8.0 2.132 7.1

?Results were determined by GPC and RALS/LALS detector. The results represent the absolute MWs of PLA.
P Results were determined by GPC coupled with RID detector and the MW results are relative to poly(methyl methacrylate).
°MW percentage (MW%) is calculated against day-0 according to the number average MW (Mn) results from RALS/LALS detector.
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FIGURE 5. In vivo weight mass percentage (%) of PLA for Mirage
BRMS.

degradation kinetics shown in Figure 3, two stages of
hydrolysis were observed. Change in MW (Mn) decreased at
approximately 160D to 180D. Following the change in
hydrolysis rate, mass loss started; a mass loss of 22.6% was
observed at 270D. After 540D of incubation in animals,
approximately 30% PLA mass was retained in the harvested
arteries (Figure 5). Given the dramatic mass loss in this
period, the Mirage BRMS device is suggested to be
completely degraded within 2 years after implantation.
These results confirm that the degradation patent of PLA in
Mirage BRMS is similar to that of PLA used in Elixir DES-
olve Device; their resorption process takes 18-24
months.333*

Micro-CT evaluation study

Micro-CT, a recently developed technology, has been exten-
sively used to explore the 3D micromorphology in tissue
engineering apploication.ss'37 Micro-CT provides numerous
advantages to quantifying complex geometries in 3D biologi-
cal samples, including (1) contactless technique and nonde-
structive to internal structure; (2) high resolution (10 pm)
and contrast sensitivity compared with ultrasound (30 pm)
and magnetic resonance imaging (100 um); and (3) any spa-
tial location of the interior structure can be isolated. We
employed micro-CT to evaluate the strut integrity through
time in the in vivo study. The ITAs of Yucatan mini-swine
pigs were implanted with BRMS scaffolds. After incubation
in the animals for various durations, the scaffolded ITAs
were harvested and divided into a series of two-
dimensional (2D) slices. The iodine-stained slices were
scanned with a SkyScan 1172 micro-CT system. The resul-
tant 2D images correlated to the material density revealed
the material phases within the specimen. Images were
reconstructed in 3D using software. The strut discontinuity
(strut break counts) and X-ray transmission were evaluated
(Table I1I).

DISCUSSION

PLA degradation and in vitro/in vivo MW correlation
Three stages of PLA polymer degradation were proposed by
Hakkarainen et al.*® During the first phase, the water diffu-
sion process dominates the polymer degradation. Polymers
degrade, and their MW decreases without significant mass

ORIGINAL RESEARCH REPORT

TABLE lll. Summary of Micro-CT Images of Mirage BRMS-
Implanted Swine Arteries

Strut Degree of Micro-CT X-Ray
Discontinuity Transmission

Mean = SD Mean = SD
Acute n=4 0.50 = 0.58 0.25+0.50
30D n=4 0.75+0.50 0.50 = 0.58
90D n=4 2.25+0.50 0.00 = 0.00
180D n=4 3.00 = 0.00 0.25+0.50
270D n=4 3.00 =0.00 0.25 +0.50
360D n=4 3.00 £0.00 0.00 +=0.00
540D n=4 4.00 = 0.00 2.25+0.50
720D n=4 -2 3.00=0.00

2Not evaluated

loss. When polymer degradation enters the second phase,
mass loss starts, and polymers are hydrolyzed into soluble
oligomers that have an MW of 2-3 kDa. However, the MW
change decelerates during this stage. The third phase starts
as the total mass loss is reached and all oligomers are
completely hydrolyzed and resorbed. Polylactide copolymer
is believed to degrade in the body mostly through the
hydrolytic degradation. The resulting lactic acids, which are
naturally occurring products in the body, are subsequently
metabolized and eliminated into CO, and H,O through the
Krebs cycle.?

In this study, the three stages of degradation are also
seen in Mirage BRMS made of PLA. After the implantation,
the hydrolysis and degradation of polymer start, but no
physical change was observed in the first 120D to 180D of
incubation. Between 180D and 540D, PLA scaffolds proceed
to the second stage in vitro and in vivo. The devices accom-
plished their functions, and the change in their MW slowed
down. During this stage, the MW of microfibers decreased
to approximately 3000 Da, and significant weight loss was
observed. The degradation enters the third stage after
540D, and total mass loss is reached.

The in vitro and in vivo MW degradation profiles of
Mirage BRMS are presented in Figure 6. The in vitro degra-
dation was faster than in vivo degradation after 180D likely
because of the low permeability of polymer to the water of
the blood flow after the scaffolds were completely covered
by endothelialization. These results confirmed that the
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FIGURE 6. In vivo and in vitro degradation profile of PLA for Mirage
BRMS.
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FIGURE 7. In vivo and in vitro correlation of PLA degradation in
Mirage BRMS.

water contact or liquid flow might affect the bulk degrada-
tion of the polymers significantly. Overall, the statistical
analysis may suggest a positive and linear correlation
between in vivo and in vitro degradation as the correlation
coefficient is high (Figure 7).

Strut integrity and x-ray transmission

Micro-CT analysis of 32 BRMS from various time points
(acute to 720D) revealed patent arteries. While the MW
analysis indicates that BRMS has a faster degradation profile
compared with BVS, the micro-CT 3D images confirm few
strut breaks at acute, 30D, and 90D despite the fast degra-
dation and good conformation of the scaffolded arteries for
180D (Figure 8). Strut discontinuity evaluation revealed
that MMSE strut break counts remained low at acute, 30D,
and 90D (Figure 9). The number of strut breaks increased
significantly once the devices entered the second stage of
degradation. For the scaffolds of 180D, 270D, and 360D,
every scaffold had >25 and <150 strut breaks, while for
the 540D scaffold, three scaffolds were evaluated at >150
strut breaks. Strut discontinuity could not be evaluated in
720D as the scaffolds were not visible enough to perform
the evaluation (X-ray transmission similar to surrounding
tissue).

No significant change of X-ray transmission compared
with baseline (acute time point) was observed in the first
360D. Some scaffolds had a mild decrease in X-ray transmis-
sion compared with the baseline, but the transmission was
stronger than that of surrounding tissue in the 30D and
180D scaffolds. The 540D scaffolds exhibited X-ray trans-
mission that decreased moderately compared with the base-
line but was stronger than that of surrounding tissue; one
scaffold had X-ray transmission similar to surrounding tis-
sue. For the 720D cohort, every sample had X-ray transmis-
sion similar to surrounding tissue. Overall, the degree of X-
ray transmission seemed to decrease with time from the
acute to the 720D time point. These strut discontinuity and
transmission numbers confirmed that Mirage BRMS offers a
solution for faster vessel restoration while providing suffi-
cient support and integrity within the first 180days (6
months) of implantation.
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FIGURE 8. Representative micro-CT images of Mirage BRMS revealing
an open scaffold at 0D, 180D, 360D, 540D and 720D. Radiopaque
markers at both extremities of the scaffold create blooming artifacts
under micro-CT imaging for PLA. Yellow arrows indicate strut
breakages.
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FIGURE 9. Strut break counts and X-ray transmission from micro-CT
images of Mirage BRMS-implanted swine arteries.
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FIGURE 10. Proposed degradation profile of Mirage BRMS.

CONCLUSIONS

The degradation of Mirage BRMS scaffolds was evaluated in
vitro and in vivo. The polymer MW and strut morphology
were accessed using GPC, and micro-CT evaluation. The MW
measurement results elucidated that a positive and linear
correlation in polymer degradation exists between in vitro
and in vivo, even though a faster degradation was seen in
samples incubated in animals. Upon combining the micro-
CT and GPC findings, we proposed a two-stage model of
Mirage BRMS degradation [(A,B) and (B-D) in Figure 10].
After the scaffolds were implanted (point A), the hydrolysis
began, which was governed by water diffusion. At the time
point of approximately 180D (point B), the hydrolysis rate
increased dramatically, and degradation entered the second
stage. During this stage, significant strut degradations were
observed in the micro-CT evaluation, confirming the occur-
rence of tissue integration and scaffold resorption. Scaffold
mass decreased significantly between the period of 270D
and 540D, and micro-CT evaluation suggest a complete deg-
radation within 720D of incubation.
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