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Introduction

Engineering Analysis of
Non-Braided Polycaprolactone
Bioresorbable Flow Diverters
for Aneurysms

This paper reports a nonbraided, bioresorbable polycaprolactone (PCL) flow diverter (FD)
for the endovascular treatment of aneurysms. Bioresorbable FDs can reduce the risk
associated with the permanent metallic FDs as they are resorbed by the body after curing of
aneurysms. PCL FDs were designed and fabricated using an in-house hybrid electromelt
spinning-fused deposition fabrication unit. Flow diverter’s properties, surface qualities, and
mechanical characteristics of PCL FDs of 50%, 60%, and 70% porosities were studied using
scanning electron microscope (SEM), atomic force microscopy (AFM), and high precision
universal testing machine (UTM). The deployability through a clinically relevant catheter
was demonstrated in a PDMS aneurysm model. The angiographic visibility of the developed
PCL FDs was evaluated using BaSO4 and Bi>Oj; coatings of various concentration. The
average strut thicknesses were 74.12 = 6.63 um, 63.07 = 1.26 um, and 56.82 = 2.09 um for
PCL FDs with 50%, 60%, and 70% porosities, respectively. They average pore areas for the
50%, 60% and 70% porosities FDs were 0.055 = 0.0056 mmz, 0. 0605 = 0.0065 mmz, and
0.0712 * 0.012 mm?, respectively. The surface quality was great with an RMS roughness
value of 14.45 nm. The tensile, radial strength, and flexibility were found to be satisfactory
and comparable to the nonbraided coronary stents. The developed PCL FDs were highly
flexible and demonstrated to be deployable through conventional delivery system as low as
4 Fr catheters in a PDMS aneurysm model. The visibility under X-ray increases with the
increasing concentration of coating materials BaSO4 and Bi;O3. The visibility intensity was
slightly higher with Bi>Oj; coating of PCL FDs. The overall results of the engineering
analysis of the developed nonbraided PCL FDs are promising. [DOI: 10.1115/1.4063001]

Keywords: flow diverters, bioresorbable, polycaprolactone (PCL), aneurysms, endovas-
cular treatment

associated with high mortality rates and significantly impacts the
quality of life of the survived patients [1]. Recently, the flow

Intracranial aneurysm (IA) is a cerebrovascular disorder that
begins with a bulge formation on the blood vessel in the brain. If it is
undiagnosed and untreated, this bulge can balloon out beyond
control and eventually rupture. The rupture of aneurysm causes
bleeding in the brain called subarachnoid hemorrhage, which is
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diverting device, a densely meshed braided cylindrical tube, has
become an efficient endovascular treatment method for the 1A [2].
Upon approval from the federal drug administration (FDA) for the
first time in 2011, and later in 2018 as third generation FDs, flow
diversion is now an established treatment methods for both giant and
small aneurysms [3]. Flow diverters regulate blood flow away from
the aneurysm cavity and cause hemostasis for inducing intra-
aneurysmal thrombosis [4]. FDs also serve as scaffold for
endothelization and finally cure aneurysm by complete occlusions

NOVEMBER 2023, Vol. 145 / 111006-1



[4]. Numerous reports and metanalysis have confirmed the efficacy
and success of the use of FDs as an endovascular treatment for curing
aneurysms [5].

Despite the success of the FDs in curing aneurysms, clinical
complications such as late thrombosis, incomplete occlusion,
rupture of aneurysms, in-stent stenosis have still been reported in
7% to 10% of patients [6,7]. Many of these complications are
attributed to the mechanical properties and structure of the FDs
[6,8]. Current FDs are made by braiding metallic microwires that
can slide on each other and are susceptible to inconsistency and
distorted pore structures [8,9]. This self-expanding FD can cause
low-grade constant inflammation due to micromovement, dislodg-
ment, and sliding of the unhinged microwires over the vascular walls
[7]. The placement of metallic FDs is irreversible and permanent in
the body even after complete cure of aneurysm and remodeling of
the blood vessel. This causes a life-long risk for in-stent stenosis and
very late thrombosis. For instances, Sleiman et al. reported a very
late in-stent thrombosis occurrence in a 78 year old male patient
12 years after implantation of a metal drug eluting stent [10]. In
addition, the placement of metal FDs limits future noninvasive
electromagnetic field-based diagnosis, such as MRI and X-ray,
natural arterial growth and procedures [8]. However, based on the
clinical data, the average time period for complete occlusion of
aneurysm using FDs is between 6 and 12 months [3,4]. Hence, an
ideal flow diverter would be the one that will disappear after
completion of aneurysm occlusion and remodeling of the blood
vessel.

There are many bioresorbable biomaterials available with
degradation rates low enough to withstand more than a year or
more in in vivo physiological conditions [11]. Implants and grafts
based on these biodegradable biomaterials have been reported in
various applications such as in orthopedics, coronary, vascular, and
oral/maxillofacial implants [11,12]. Bioresorbable implants elimi-
nate the drawbacks and complications associated with the
permanent and metal implants in various clinical applications. For
instance, continuous low-grade inflammation, internal injuries and
clotting, restenosis, late thrombosis, dislodgment and micromove-
ment of the implants, obstruction of future reintervention, and
interference of electromagnetic noninvasive diagnostics were
reported to be associated with the metal implants [12,13]. However,
there are only a few studies on the development of bioresorbable
flow diverters for endovascular treatment of aneurysms. Wang et al.
reported a partially bioresorbable FD by combining metallic
microwires and biodegradable polyglycolic acid microwires with
a 1:1 ratio in 2013 [14]. In 2019, Nishi et al. published their pilot
study of poly-L-lactic acid (PLLA) based fully biodegradable flow
diverters [15]. They studied the static in vitro degradation rate at
regular and elevated temperatures, and the performance of FD was
evaluated with rabbit aneurysm model by morphological and
histological analysis. Recently, Mitha and his group studied
mechanical and thrombogenic characteristics of biodegradable
PLLA flow diverters in vitro and using animal model [16]. In the
aforementioned studies, the fully bioresorbable FDs were braided
and based on PLLA. Though PLLA is a good candidate biomaterial,
the acidic degraded constitutes from PLLA can cause vessel
inflammatory response and limits its application as FD [17].

Braided FDs are highly flexible, easy to make, and inexpensive
[18]. However, braiding has limited controllable parameters in their
pore designs and shapes and can suffer from structural distortion as
wires can slide on each other [19]. Recently, our group proposed a
nonbraided, polycaprolactone (PCL) bioresorbable flow diverter
[20]. PCL is a FDA approved biomaterial for biomedical application
that takes 2—4 years for complete degradation [21]. Various studies
and biomedical applications of PCL as vascular graft, bone implants,
suture, dentistry application, and neuroscaffolds are reported in the
literature [22,23]. The homogenous and two-stage degradation
characteristics, uptake in phagosomes of microphage, and within
cells, and excellent mechanical properties of PCL make it a perfect
candidate biomaterial for the bioresorbable flow diverters [24]. This
paper presents a novel nonbraided bioresorbable PCL flow diverter
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with associate fabrication methods and engineering analysis. This
novel hybrid fabrication method combines the fused deposition
modeling technique with electromelt spinning technology to design
and fabricate nonbraided flow diverters. Mechanical characteriza-
tion, feasibility of the deployment through conventional flow
diverter delivery catheters, and visibility under angiogram were
studied and analyzed for three different porosities of the developed
PCL nonbraided FDs.

Materials and Methods

Design and Fabrication. Bioresorbable PCL FDs were made
using a custom, in-house and patent pending fabrication unit. The
unit consists of a micromotion platform (Newport Corporation,
Irvine, CA) with three degrees-of-freedom (x, y, and z movement),
electromelt needle, temperature sensors, stepper motors with
custom mounting chuck, motor drivers, Arduino control boards,
cooling fan, power supplies, and three-dimensional (3D) printed
rotary arms. The schematic of the fabrication unit is shown in
Fig. 1(a), while Fig. 1(b) shows the actual setup. The unit combines
fused deposition extrusion system with the electromelt spinning
technique to fabricate desired flow diverters. Python and C codes
were written to achieve a specific porosity, diameter, and length for
the PCL flow diverters. The code was uploaded to the hardware
using Arduino IDE and a serial communication terminal from a
windows machine to Newport’s motor control board. The extrusion
rate of medical grade PCL 1.75mm filament, temperature, and
spinning rate of the rotary arm was controlled by an Arduino
controller. The translation motion of the rotary arm was controlled
by the Newport platform motion controller. The porosity and strut
thickness of the flow diverters were adjusted by controlling spinning
rate, translational motion of the rotary arm, extrusion rate, and
electromelt temperature. The PCL flow diverter was fabricated on
the rotary arm, removed, and readied for use and further analysis.

Flow Diverter/Surface Characterization. The quality of the
fabricated PCL FDs, pore sizes, shapes, porosities, pore densities,
and strut thickness was evaluated with visual inspection and under
the scanning electron microscope (SEM) at various magnifications.
SEM images were imported into the image analysis software IMAGEJ
(ImageJ software, NIH), and thresholds were set contrasting the
light-colored PCL and the dark color background. Calculations were
made based on a calibrated pixel analysis. The light and dark areas
are compared in the frame to achieve the measurements for porosity
and pore density. The strut thickness is calculated using the pixels in
a calibrated length reference in the SEM image. Macros allow for
automation for large scale file calculations. Surface roughness and
surface quality were evaluated with atomic force microscopy
(AFM) using a Digital Instruments Veeco Dimension Edge (Bruker
Corporation, Billerica, MA). AFM was in tapping mode. The scan
size area was 2 um X 2 um with a 256 resolution at a speed of 0.5 Hz.
Flow diverters were also loaded into a 0.8 mm diameter delivery
catheter and delivered into a PDMS aneurysm model with an inner
vessel diameter of 3 mm.

Mechanical Testing. Tensile and longitudinal radial compres-
sion of the PCL FDs were conducted using a high precision universal
testing machine (The Uni-Vert, Cellscale Inc., Toronto, ON,
Canada) with a 5N load cell and £0.001 N resolution in room
temperature. The special fixture for tensile test was designed and 3D
fabricated using commercial PLA filament. PCL FDs were confined
vertically to the fixtures using metallic pins as shown in Fig. 1(c).
The distance between the pins was considered as the effective length
of the flow diverters and utilized for the force versus displacement
data analysis. The longitudinal radial compression was conducted
by compressing about 90% of the nominal diameter of the PCL FDs
in the lateral direction of the FDs between flat plates as shown in Fig.
1(d). The speed of displacement was set to 0.5 mm/s, and the data
collection speed was to 15 Hz or 30 data points collection per mm of
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Fig. 1

(a) Schematic of the bioresorbable flow diverter fabrication unit, (b) the actual setup, (c) tensile test

setup where PCL FDs are fixed in the fixture through two pins at the ends of the FDs, and (d) longitudinal
radial compression setup where PCL FD is compressed in the lateral direction between flat plates

displacement. The nominal diameters of the all PCL FDs for the
mechanical testing were 3 mm (*0.2 mm) and lengths were 10 mm
(£0.5mm). For both tensile and longitudinal radial compression
tests, three different samples from each porosities of PCL FDs were
tested for each experiment.

Radiopacity Coating and X-Ray Visibility Analysis. Pre-
washed square PCL tiles of 7 x 7mm were fully coated with
varying concentrations of BaSO, and Bi,03 in PCL for evaluating
the visibility under X-ray or angiographic imaging. The radiopacity
coating pastes were made at four different compositions as 0.3 g/mL,
0.2 g/mL, 0.15 g/mL, and 0.1 g/mL by combining the appropriate
amounts of BaSO, or Bi,O3 with 0.5 g PCL in 5 mL of acetone for
30 min using a sonicator probe. The PCL tiles were then coated by
dipping into the appropriate mixture and tapped once against a glass
slide to remove excess coating. After drying completely, X-ray
images were obtained by using a handheld X-ray machine (DX3000,
DEXCOWIN, Geumcheon-gu, Korea) with an exposure time of
1.35s at a 15 cm distance from the sample. The X-ray images were
analyzed for the peak intensity using IMAGEJ software. The highest
peak intensity paste was used to coat the PCL FDs with three
longitudinal stripes with BaSO,4 and Bi,03. The coated PCL FDs’
visibility under X-ray was verified and reported.

Statistical Analysis. All experiments and measurements were
conducted at least three times for statistical analysis and
reproducibility of the experiments. The error was expressed in
terms of one standard deviation (= 1¢) in the relevant results unless
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it is mentioned otherwise. The statistical significance was measured
using student 7 test with a p-value of 0.05 for all analysis.

Results and Discussion

Flow Diverter Characterization. Polycaprolactone flow divert-
ers were designed and fabricated using in-house fabrication unit
with three different porosities — 50%, 60%, and 70% for this study as
shown with 8 x magnification in Fig. 2(a). The porosities are varied
by adjusting translational motion and spinning rate of the rotary arm.
The pores are usually in diamond shapes, and pore sizes are varied
based on the overall porosities of the FDs. The typical pore areas and
the strut thickness of the all three porosities are shown in
Figs. 2(b)-2(d). The average pore areas, pore densities, and strut
thicknesses are shown in Fig. 3(@). The overall pore sizes increase as
the porosities increase. They average pore areas for the 50%,
60%, and 70% porosity FDs are (0.055 %= 0.0056) mmz,
(0. 0605 * 0.0065) mm?, and (0.0712 = 0.012) mm?, respectively.
The strut thickness of the FDs decreases as the porosities increased.
In other words, the strut size decreases as the material coverage
decreases. Unlike braided FDs, the porosities are dependent on the
strut thickness. The average strut thickness for 50% porous FDs is
(74.12 £ 6.63) um while strut thicknesses are (63.07 £ 1.26) um
and (56.82 = 2.09) um for 60% and 70% porous FDs, respectively.
Compared with the bioresorbable coronary stents, the strut thickness
of our PCL FDs is much lower. The average strut thickness of the
fully bioresorbable coronary stents are 150 um or more [25,26].
Hence, in terms of the strut thicknesses, all three porosities of the
developed PCL FDs are better compared to the existing coronary
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Fig.2 (a)Fabricated bioresorbable nonbraided PCL flow diverters of 50%, 60%, and 70% porosities with 8 x
magnification; SEM images with typical strut and pore sizes for (b) 50% porous, (¢) 60% porous, and (d) 70%

porous PCL flow diverters

bioresorbable stents. The thicker strut makes the device stiffer and
creates issues in maneuverability and difficulty in the deployment
[26]. The smaller thickness of the strut reduces the risk of blood
clotting and other complications [26].

The pore densities were also estimated from the SEM images for
various FD samples and analyzed for each of the porosities. It is
interesting to note that pore densities were found roughly (9 £ 1)
pores/mm? for all three porosities. Figure 3(a) shows the details of
the pore densities for all three PCL FD porosities. In conventional
braided metallic FDs, the porosities and pore densities are mainly
dependent on the number of the microwires and how densely they
are braided. Variations in wire diameters, pore densities, and pore
areas in the same FDs are not possible. Hence, the controllable
parameters in braided FDs are limited. In contrast, the developed
nonbraided PCL FDs can have variable porosities, strut thickness,
and pore sizes within the same FDs. The occlusion of the blood
vessel side branch covered by the FD is a growing concern [27].
Targeted variation in porosities and pore areas can ensure the proper
circulation in the side branch. Under visual inspection and SEM
images, it confirmed the permanent fusing of the strut in the pores.
However, we observed that the quality and strength of the fusion
among the strut depends on the cooling rate and extrusion
temperature (not shown here). The summary of the flow diverter
properties for the developed PCL flow diverters with 50%, 60%, and
70% porosities is shown in Table 1. The surface roughness and
overall quality of the strut were also studied under AFM and shown
in Figs. 3(b)-3(d). The surface roughness is about one order higher
than the typical glass slide. The typical glass slide roughness value is
about 1 nm [28]. The root-mean-square (RMS) roughness value of
our PCL FDs was found to be 14.45 nm. The low surface roughness

111006-4 / Vol. 145, NOVEMBER 2023

facilitates easier loading and unloading from the catheter delivery
system into the aneurysm site [29]. The nanometer scale surface
roughness has low friction and easier for delivery [29]. In addition,
studies showed that nanometer scale surface roughness in
endovascular stents promote endothelization, endothelial and
smooth muscle cell adhesion, proliferation, and migration [30].
The nanoscale surface roughness of the coronary stents reduces in-
stent stenosis, micromovement of the implant, and late thrombosis
[30]. On the other hand, extremely smooth surfaces, such as a glass-
like surface of a stent, may cause sliding, micromotion, and
dislocations. Dislocation of stents causes severe clinical conse-
quences and require surgical interventions [31,32]. However, higher
surface roughness of stents or implants can cause injuries and
penetrations on the vascular wall and can lead to the necrosis [33].
Therefore, nanometer scales surface roughness in the developed
PCL FDs can have positive impact on the aneurysm treatment.

Tensile Testing of Polycaprolactone Flow Diverters. The
results of the tensile test of the PCL flow FDs were shown in
Fig. 4. The tensile strength was evaluated based on the ASTM
F2942-19 standard for balloon-expandable and self-expanding
metallic stents using uni-axial tensile test. The alignment of the
specimen PCL FDs at two ends were constantly monitored and
checked for each of the tensile test. The misalignment and off-axis
tensile test could provide overestimation or underestimation of the
tensile test results [34,35]. The misalignment can also alter the
failure modes, i.e., tensile failure or shear failure depending on the
degree of the misalignments [36]. The tensile force vs percentage of
longitudinal elongation is shown in the Figs. 4(a)—4(c) for the 50%,

Transactions of the ASME
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Fig. 3 PCL FD properties and surface characterization (a) strut thickness, pore sizes, and pore densities.
The error bars are shown as = 1¢ standard deviation except for the pore areas, where error bars are shown for
1 standard mean error (SEM), (b) optical image showing atomic force microscopy (AFM) probe tip position
on a PCL strut on the flow diverter with 40 x magnification, (c) AFM 3D surface topography of strut surface,
and (d) variation of surface roughness along the scanning line. The RMS value of surface roughness is

14.45nm.

60%, and 70% porosities of the FDs, respectively. The percentage
elongation was calculated by dividing the displacement value with
effective length (J,/EL). The overall elongation nature is pretty
similar for the all three porosities. However, the required force
decreases as material content decreases with the increase of
porosities. The load increment was calculated by dividing tensile
force with displacement (P,/d,) over each data points and plotted
against the percentage of elongation as shown in Figs. 4(a)—4(c).
The best fit curve on the load increment over the elongation can be
divided into three stages as demonstrated in the figure. The stage one
suggests elastic deformation due to relatively rapid load increment.
The stage two indicates the transition from bending to stretching of
the struts and strut joints, where struts are connected and formed
junctions. The stage three can be interpreted as a typical necking
behavior before the failure point and after the ultimate strength or
maximum tensile loading point of the network structure. This is
interesting to note that the behavior of the PCL flow diverters fairly
resembles the typical behavior of the ductile metallic stents [37],

Table 1 Flow diverter physical properties of three different PCL
FDs

PCL Strut Pore densitzy Pore

FD type size (um) (pores/mm”~) area (mm?)
50% Porosities 74.12 = 6.63 845+ 1.42 0.055 = 0.0056
60% Porosities 63.07 = 1.26 9.26 = 1.30 0. 0605 = 0.0065
70% Porosities 56.82 +2.09 9.85 +0.75 0.0712 = 0.012

Journal of Biomechanical Engineering

though the fundamental mechanism is different. The majority of the
pattern in all three stages are similar in PCL FDs with 50% and 60%
porosity samples. The load increment drops below the yield point
initially before increasing and a relatively short necking during the
third stage. However, this is not the case in the results of 70%
porosity PCL FD samples suggesting, nonlinearity in structural
mechanical properties with larger porosities.

The average maximum tensile forces registered were
(1.06 £0.036) N, (0.93 = 0.007) N, and (0.65 = 0.014) N for PCL
FDs with 50%, 60%, and 70% porosities, respectively. The
reduction of the average maximum tensile force between PCL
FDs with 50% and 60% porosities was 12% or 0.13 N. However, this
was as much as 30%, or 0.28 N, between 60% and 70% porosities
samples. This may be attributed to the structural variation of the FDs
in different porosities and strut architectures. The architectural
distortion and structural irregularity of the tows in a braided tube had
great impact on its mechanical strength and properties [38,39]. The
porosities of the PCL FDs in this report are not just the material
contents, and they are also dependent on the strut diameters and
junction area sizes as described in the Flow Diverter Characteriza-
tion section. The local deformation, stress concentration, architec-
tural defects, and failure nature can be quantified and explained by
digital image correlation (DIC) analysis [40]. The authors acknowl-
edge the limitation of our current study as it lacks the information of
local and dynamic failure behavior of struts and their joints during
mechanical testing. However, the presented analysis provides an
overall idea of the mechanical and physical properties of the
developed PCL bioresorbable flow diverters. Unlike braided FDs,
the bioresorbable strut is not sliding on each other. The longitudinal
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Fig.4 Tensile test result analysis of PCL nonbraided flow diverters with (a) 50%, (b) 60%, and (c) 70% porosities.
(d) Tensile test comparison between each porosity. The error bars are shown as =16 standard deviation.

flexibility was also estimated since it is important for loading and
unloading in the catheter delivery system, especially for the
nonbraided flow diverters. The overall longitudinal mechanical
flexibility was calculated using the following equation:

Pimax - EL
Mechancial Flexibility,, g = — o

(€]

5t,max

where Py max 1s the maximum tensile force, EL is the effective length
of the FDs between the pins, and 0;max is the maximum displace-
ment. The longitudinal mechanical flexibility was found to be
(0.24 £0.010) N-mm/mm, (0.21 =0.003) N-mm/mm, and
(0.15=0.011) N-mm/mm for 50%, 60%, and 70% porous PCL
FDs, respectively, as shown in Fig. 4(d). The more the material’s
content, i.e., less porous, the more force was required to elongate the
FDs, and the less mechanical flexibility.

Radial Compression of Polycaprolactone Flow Diverters. The
longitudinal radial compression results for the PCL FDs are shown
inFig. 5. The PCL FDs were compressed about 90% of their original
diameter in the lateral direction of the FDs. The percentage lateral
compressions of the FDs’ inner diameter are plotted against the
longitudinal radial force per unit length along with the retraction
cycles in Figs. 5(a)-5(c) for the PCL FDs with 50%, 60%, and 70%
porosities, respectively. During the longitudinal compression
between flat plates, the PCL FDs formed noncircular cross section
and returned to the circular cross section after complete release. The
blood vessels are not necessarily uniform. Hence, the average radial
force per unit length provides an overall idea about exerted force on

111006-6 / Vol. 145, NOVEMBER 2023

the FDs. The percentage lateral compression (DCyp) was obtained
using the following equation:

_ OR
DCID_d—Z-TW 2)

where O R is the longitudinal radial deformation collected as data
points during the longitudinal radial compression test, d is the
outside diameter, and Ty is the wall thickness of the PCL FDs. The
radial load increment became sharply stiff when the lateral
compression reached to 50% of its diameter. It showed that the
applied radial forces increase as the compression progressed in all
porosities. However, higher radial forces are needed to achieve the
same compression with higher material contents. In other words, the
higher porosities FDs require less force per unit length for the same
amount of radial compression. The average maximum radial force
per unit length is (101.81 = 6.12) mN/mm, (73.58 = 3.83) mN/mm,
and (31.42 £1.92) mN/mm for about 90% compression to the
original diameter of the PCL FDs with 50%, 60% and 70%
porosities, respectively. It is also noted that during the retraction
cycle, the PCL FDs produce noticeable resistance to the radial
compression up to 80% of its original diameter. The normalized
radial strength was calculated by normalizing the radial displace-
ment with the FD diameter using the following equation:

7PLR'd

F, = 3)

OLR

The normalized radial strength is plotted against the radial
compression force for each porosity and shown in Figs. 5(a)-5(c).
The slope of the radial strength over the radial force decreases as

Transactions of the ASME
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error bars are shown as *1¢ standard deviation.

Table 2 Mechanical properties of three different PCL FDs

60% porosities 70% porosities

Test types 50% porosities
Maximum tensile force (N) 1.06 = 0.036
Mechanical flexibility (N-mm/mm) 0.24 +0.010
Radial stiffness (mN/mmz) 34.01 =2.02

0.93 =0.007 0.65*+0.014
0.21 =0.003 0.15+0.011
24.57 £0.85 10.85 = 1.08

porosity increases. However, the radial strength of the developed
PCL FDs is dependent on both the material content and the strut
sizes. The maximum radial stiffness per unit length of the FDs was
derived from the following equation:

. L PLr
Maximum radial stiffness = ———

“

L- 5LR,max

where PR, max 1S the maximum radial force, dpr max 1S the maxium
radial deformation, and the L is the length of the FD. The maximum
radial stiffness per unit lenﬁgth of the PCL FDs was found to be
(34.01 £2.02) mN/mm?, (24.57 =0.85) mN/mm?2, and
(10.85 = 1.08) mN/mm? for FDs with 50%, 60%, and 70%
porosities, respectively. The differences in maximum radial stiff-
ness are partially due to the reduction in strut thickness and the
reduction of material content in higher porosities of the FDs. The
optimum ranges of radial strength and stiffness are important for the
successful application of endovascular devices such as stents and
flow diverters. Poor radial strength and stiffness of endovascular

Journal of Biomechanical Engineering

devices result in poor wall opposition [41]. On the other hand,
excessive radial strength and stiffness reduce the flexibility of the
device and causes injuries in the vessels [41]. The radial
compression results in our devices are comparable to nonbraided
endovascular stents reported in the literature [42]. For the ease of
reference, the summary of the mechanical characteristics of the
developed PCL flow diverters with 50%, 60%, and 70% porosities
are shown in Table 2.

Deployability of Polycaprolactone Flow Diverters. The ease of
deployability of the developed PCL FDs was studied using various
sizes of medical catheters and PDMS aneurysm model as shown in
Fig. 6. Unlike braided metallic wired based FDs, the struts in our
developed PCL FD are fused together. However, the developed PCL
FDs are still very flexible as shown in Fig. 6(a). Blood vessels are
usually not straight, so the higher bending flexibility is desirable for
flow diverters. The developed 3.5 mm nominal diameter PCL FDs
were loaded as small as 0.80mm inner diameter catheter tube
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Fig.6 (a) Bending flexibility demonstration of the PCL FDS, (b) 3.5 mm nominal diameter PCL FD is loaded into a
0.8 mm inner diameter tubing and 4 Fr mock carrier catheter, (¢) deploying form the delivery tube with a half-way
deployed PCL FDs from 0.8 mm tubing, and (d) Deployed into a 3 mm inner diameter PDMS aneurysm model

without altering the structural integrity. The PCL FDs loaded tubes
were demonstrated to run in the mock 4 Fr endovascular carrier
catheters (1 Fr.=0.33 mm). The PCL FD loaded tube in the mock
4 Fr. catheter is shown in Fig. 6(b). Like in an endovascular surgery,
the loaded PCL FD was deployed from the 0.8 mm tube using a
flexible stainless-steel pushrod. A half-deployed PCL FDs from the
0.8 mm tube is shown in Fig. 6(c). Upon the delivery from the
catheter, the PCL FDs return to about 80% of their original diameter.
After deployment from the delivery tube, the strut quality and
structural integrity were inspected visually and with SEM. No
significant structural damage or tearing of the struts was observed.
However, pore sizes and porosities increased about 10 to 15% (not
shown) due to stretching during the manual loading process into the
catheter tubes. A deployed PCL FD in a transparent PDMS
aneurysm model with 3 mm vessel size is shown in Fig. 6(d).

Radiopacity Coating and X-Ray Visibility of Polycaprolac-
tone Flow Diverters. Figure 7 shows the radiopacity coating and X-
ray visibility studies with the BaSO,4 and Bi,O3. The results were
recorded as average peak intensity in arbitrary units (a.u.). All results
are reported with one standard deviation of error. For the BaSO,
samples, the average peak intensities were 112.27 =5.06 a.u.,
86.25 = 4.86 a.u., 65.73 £ 8.31 a.u., and 39.58 = 8.75 a.u. for the
0.3 g/mL, 0.2 g/mL, 0.15 g/mL, and .1 g/mL concentrations, respec-
tively. The average peak intensities for Bi,O; were found to be
124.82 = 1.19 a.u., 95.16 £ 12.422 a.u., 77.86 +2.67 a.u., and
49.94 £ 0.22 a.u. in order of most to least concentrated samples. For
both materials, higher concentration was correlated to higher
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radiopacity. Overall, Bi,O; series had a higher average peak
intensity than the BaSO, series. There was a significant difference in
peak intensity between the 0.15 g/mL samples (p-value 0.0376). The
0.3 g/mL, 0.2 g/mL, and 0.1 g/mL concentration samples showed no
significant difference between the BaSO, and Bi,0; coatings.
Placing flow diverters safely in the correct location to treat
aneurysms requires them to be detectable by imaging procedures.
Barium sulfate is considered a cost-effective and relatively safe
compound currently used for imaging the gastrointestinal tract, and
in dental devices [43,44]. Other investigations on the cytotoxicity of
BaSO, have found it to be relatively low-toxic, and possibly even
promote adhesion of HUVEC cells [20,45]. Bi,O3 has also been
used to achieve radiopacity in dental devices, and BiO3 nano-
particles have been used as a contrast agent for imaging procedures
[46]. However, it has also been shown that the cytotoxic effect of
Bi,05; on HUVEC cells is dependent on concentration [47]. All the
radiopaque coating solutions dried quickly, often forming a film on
the surface of the coating solution between sample applications.
This caused both powders to have a tendency toward clumping,
though it appeared slightly more present with the BaSO, samples.
While applying the coatings, it was observed that the .15 g/mL and
.1 g/mL samples required more constant mixing for the radiopaque
powder to stay evenly dispersed through the PCL-acetone solution.
Compared to the higher concentration samples, more of the powder
appeared to have settled by the time excess application solution
dried. This resulted in a piece of material that was patchy in
appearance. Additionally, the 0.15 g/mL Bi,Oj3 solution tended to
dry unevenly compared to other samples. Generally, the Bi,O3
coatings showed a slightly higher peak intensity than the BaSO,
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in a model vessel. The error bars are shown as =16 standard deviation.

samples, which is consistent with other findings [48,49]. Overall, the
difference in application between the two radiopaque coatings was
negligible for the higher concentrations.

Conclusions

This report presents a novel, nonbraided polycaprolactone (PCL)
bioresorbable flow diverter for the potential endovascular treatment
of aneurysms. PCL is a U.S. FDA approved biomaterials for
biomedical applications in human body. To the best of our
knowledge, we are the first group who attempted to use PCL in
developing nonbraided flow diverters. The physical and mechanical
characterizations of PCL FDs with three different porosities are
demonstrated. Our in-house fabrication unit is capable of making
PCL FDs with various strut thicknesses, pore sizes, pore densities,
and porosities. The surface roughness was found to be in nanometer
scale ranges that are acceptable and some cases desirable for
implants. The tensile and radial compression results are satisfactory
and comparable with the nonbraided coronary stents. The bending
flexibility, loading, and delivery capability into the desired site using
conventional flow diverter delivery catheter system was demon-
strated. The visibility under angiographic image of PCL FDs was
demonstrated by using two different radiopaque coatings in X-ray
images. The overall engineering analysis shows promising results
for a potential use of bioresorbable PCL flow diverters for aneurysm
treatment. However, further investigation and analysis are needed
for the efficacies of PCL FD using animal model and in vitro
hemocompatibility, degradation characteristics, and possible design
optimization.
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Nomenclature

d = the outside diameter of the PCL FDs
DCip = the percentage diametral compression
EL = the effective length of the FDs between the pins
F, = the normalized radial strength
P/ max = the maximum tensile force
Tw = the wall thickness of the PCL FDs
Ormax = the maximum displacement
JLr = the longitudinal radial deformation of the PCL FDs
PR, max = the maximum radial force
OLR.max = the maximum radial deformation
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