Additive Manufacturing 48 (2021) 102392

Contents lists available at ScienceDirect z diim =
Additive

MANUFACTURING

Additive Manufacturing

journal homepage: www.elsevier.com/locate/addma

Research paper ' 1)

Check for

Solvent-cast direct-writing as a fabrication strategy for radiopaque stents o

Victor Chausse ", Romain Schieber ?, Yago Raymond ?, Brian Ségry ?, Ramon Sabaté ?,
Kumaran Kolandaivelu “¢, Maria-Pau Ginebra “>¢, Marta Pegueroles *"*

a Biomaterials, Biomechanics and Tissue Engineering Group, Department of Materials Science and Engineering, Universitat Politécnica de Catalunya (UPC),

EEBE, 08019 Barcelona, Spain

b Barcelona Research Center in Multiscale Science and Engineering, Universitat Politécnica de Catalunya (UPC), Eduard Maristanry, 10-14, 08019 Barcelona, Spain
¢ Massachusetts Institute of Technology, Institute for Medical Engineering and Science, Cambridge, MA 02139, United States

d Cardiovascular Division, Brigham and Women’s Hospital and Harvard Medical School, Boston, MA 02115, United States

¢ Institute for Bioengineering of Catalonia (IBEC), 08028 Barcelona, Spain

ARTICLE INFO ABSTRACT

Keywords:

Solvent-cast direct-writing
Bioresorbable stents
Poly-1-lactic acid
Radiopacity

X-Ray imaging

Bioresorbable stents (BRS) potential in treating coronary heart disease is still to be further developed. Current
trends include research with new polymeric materials, the need for thinner struts combined with appropriate
mechanical properties, radiopacity and optimized local drug delivery. This work presents a novel solvent-cast
direct-write (SC-DW) printing system to manufacture BRS onto a rotating cylinder with poly-L-lactic acid (PLLA)
and poly(i-lactic-co-e-caprolactone) (PLCL) inks. Printed stents were characterized in terms of mechanical,
thermal and biological properties with human umbilical vein endothelial cells (HUVECs). Expansion assays
showed that stents withstood pressures of at least 16 atm and the indirect cytotoxicity test indicated that
stents were biocompatible. Polymeric inks were further modified with the addition of 3 radiopaque agents,
namely iodine, triiodobenzoic acid (TIBA) and barium sulfate (BaSO,) to render stents radiopaque. Subsequent
characterization showed a general increase in strut thickness with respect to control PLLA or PLCL stents,
which in turn resulted in higher resistance to compression. Microcomputed tomography was used to assess
stents’ radiopacity, showing that TIBA and BaSO,-containing stents presented high X-ray attenuation values
and maintained their radiopacity after 3 months incubation time.

1. Introduction time in order to reduce late undesirable events [5]. The majority of

BRS are manufactured with polymers, being poly-i-lactic acid (PLLA)

Bioresorbable stents (BRS) are designed to solve current permanent
stents diseases such as restenosis and late stent thrombosis (LST). BRS
should provide a transient support to the vessel allowing it to heal while
the structure slowly degrades until completely resorbed [1].

In BRS clinical studies, although Abbott Vascular’s Absorb BVS has
shown non-inferiority regarding short-term efficacy on post-procedural
angiographic results compared to Xience™, a cobalt-chromium drug
eluting stent (DES) [2], an increase in stent thrombosis rate was re-
ported in a meta-analysis compiling six trials [3]. Follow-up results
after 2 years revealed an increase in major adverse cardiac events [4]
and the Absorb was finally withdrawn from the market. The main chal-
lenge of BRS development is to find a way of fine tuning the mechanical
properties between providing enough vessel support to prevent recoil
in the first months after implantation and minimizing the resorption
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the most used in the field. Despite the potential advantages regarding
the use of BRS, they also present a few limitations, such as the need
for thicker stent struts in order to achieve sufficient radial strength.
Thicker struts might result in more flow disturbance, thus potentially
increasing acute thrombotic events [1]. PLLA mechanical properties
may be tailored when blending it with other polymers such as poly(e-
caprolactone) (PCL) or the copolymer poly(i-lactic-co-e-caprolactone)
(PLCL). In general, the introduction of increasing amounts of caprolac-
tone results in a decrease in Young’s Modulus, a decrease in tensile
strength and an increase in elongation at break [6,7]. Nevertheless,
the optimal polymer combination to obtain stents with thin struts and
enhanced mechanical properties has not yet been elucidated.
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In contrast to metallic stents, which are inherently visible under X-
ray imaging, BRS lack radiopacity. Consequently, most of the current
BRS include radiopaque metallic markers in the device for visibility
under X-ray. Although markers can aid in accurate positioning of the
scaffold, assessment of scaffold expansion and lesion coverage remains
a challenge [1]. Alternatively, radiopaque polymers have been de-
veloped, such as an iodinated tyrosine-derived polymer used for the
Fantom stents by REVA [8]. Iodine has been used as a radiopaque agent
for PCL [9,10], chitosan [11], polymeric nanoparticles [12], electro-
spun PCL/PLLA fibers [13], injectable poly(ethylene glycol)/polyester
thermogel [14,15], a-tocopherol nano-emulsions [16] and degradable
poly(vinyl alcohol) hydrogels [17]. Other strategies involve the use
of 2,3,5-triiodobenzoic acid (TIBA), an organic-solvent soluble, iodine-
based contrast agent, used for PCL modification [18], infused into
poly(p-dioxanone) (PPDO) [19] or melt-blended with PPDO and im-
planted in swine for in vivo evaluation [20]. Alternatively, the use of
barium sulfate has been reported in vivo as a radiopaque agent for PLA
urethral stents in rabbits [21], PLA pancreatic stents in rats [22], and
PLA biliary stents in pigs [23], showing good biocompatibility. Despite
recent advances in radiopaque polymers research, its application to
bioresorbable stents is still under development.

Current stent fabrication technologies such as stent braiding or
laser machining [24,25] are continuously making progress to develop
stents addressed to patients with special needs such as small vessel
diameter or diabetes [26,27]. Still, three-dimensional printing (3D
Printing) appears as an alternative when personalized medical solutions
are required [28]. Unique parts are usually costly and time consuming
to produce, but when printers are combined with the 3D imaging
techniques already being used by the health industry, this approach
becomes viable regarding the potential benefits for the patient [29].
Among 3D Printing techniques, nozzle-based deposition is widely used
as a continuous and direct application of the ink through a nozzle to
create a 3D pattern layer-by-layer [30]. The ink may be obtained by
polymer melting, known as fused-deposition modeling (FDM), or by
dissolving the polymer in a solvent and extruding it through pressure-
assisted microsyringes, known as solvent-cast direct-writing (SC-DW).
SC-DW broadens the range of possibilities regarding stent design and
allows for modifications in order to render stents with supplementary
features, such as radiopaque BRS.

Recently, there have been advances regarding BRS fabrication by
means of different additive manufacturing (AM) approaches such as
stereolithography and photopolimerization by exposure to UV light
[31], FDM [32-35] or a combination of FDM and post-print crosslink-
ing to develop a biliary stent with BaSO, coating for X-ray imaging
purposes [36]. However, previous approaches involve the use of high
temperatures, which may induce polymer degradation and prevent the
use of thermally-degradable additives, whereas SC-DW appears as a
more flexible technique in terms of ink design. As a proof of concept,
Schieber et al. [37] fabricated PLLA bioresorbable stents by SC-DW
to assess its feasibility. To the best of our knowledge, a complete
characterization of such type of stents has never been reported.

This work presents a versatile AM fabrication strategy for stents
by using polymeric inks and direct-writing onto a rotating cylinder.
The rheological properties of the PLLA ink in chloroform have been
analyzed, and stents with varying geometries have been printed and
mechanically tested under compression and expansion tests. Stents
were characterized by means of scanning electron microscopy (SEM),
differential scanning calorimetry (DSC), thrombogenicity and cytotox-
icity assays with human umbilical vein endothelial cells (HUVECs).
PLLA and PLCL inks were further modified with the addition of 3
radiopaque agents: (i) iodine, (ii) TIBA and (iii) BaSO,. Radiopaque
stents were characterized by means of SEM, DSC and a degradation
analysis. Stents’ radiopacity was assessed using micro-computed tomog-
raphy imaging and stents’ biocompatibility was evaluated by means of
a cytotoxicity assay with HUVECs.

Additive Manufacturing 48 (2021) 102392

2. Materials and methods
2.1. Chemicals and materials

Medical grade PLLA (Purasorb® PL 65; inherent viscosity IV = 6.5
dl/g, M,,=1675000 g/mol) and PLCL (Purasorb® PLC 9538, 95:5 lactic-
to-caprolactone molar ratio, IV = 3.8 dl/g, M,,=700000 g/mol) were
purchased from Corbion (Netherlands). Iodine (>99.99%), TIBA (2,3,5-
trilodobenzoic acid, 98%), barium sulfate (99.99%) and chloroform
(>99.5%) were obtained from Sigma-Aldrich (USA).

2.2. Polymer-based ink preparation and characterization

Printable ink was prepared by dissolution of PLLA or PLCL pellets
in chloroform at a 10% or 12.5% ratio (w/v), respectively. Polymer
dissolution was ensured by means of a Dual Asymmetric Centrifuge
(SpeedMixer™, AC 150.1 FVZ, FlackTek, Germany). Obtained ink was
introduced in 3cc cartridges (Optimum®, Nordson, USA).

Radiopaque inks consisted of a polymeric solution in chloroform
with the addition of a radiopaque agent. Table 1 summarizes all condi-
tions tested, using two polymers as base (PLLA and PLCL), with iodine,
TIBA or BaSO,, at different concentrations. BaSO, was chosen as a
positive control for radiopacity assessment. As BaSO, is not soluble in
chloroform, prior to mixing in the centrifuge, sonication in CHCl; was
performed in order to break agglomerates and ensure proper dispersion.
Two types of tips (Optimum® SmoothFlow™, Nordson, USA) were used,
with internal diameters of 250 pm or 200 pm. Stents printed with the
latter are labeled with an asterisk (*).

The viscosity of the PLLA and PLCL solutions was evaluated by
means of a capillary flow analysis as described in [38,39]. The study
consisted in placing the ink in a cartridge with a capillary tip (Nordson,
with inner diameter dy;, = 410 pm and length /;;; = 12.7 mm), which
was extruded at different velocities (v = 1 — 60 mm/s) using a compres-
sion setup (Bionix 858 Test System, MTS, USA). The required extrusion
force corresponding to each velocity was recorded after reaching steady
state.

2.3. 3D Printing of stents

Stents were fabricated by means of SC-DW technique. A commercial
FDM 3D printer (BCN 3D+, BCN 3D technologies, Spain) was modified
in order to extrude the polymeric solution in chloroform. The printer’s
y axis was substituted by introducing a rotating mandrel of variable
diameter, thus allowing to print cylindrical monolayer structures.

Stents were designed with a structure composed of rhombic cells us-
ing Computer-Aided Design (CAD) programme Fusion 360™(Autodesk,
USA). Design parameters were stent length (/), stent diameter (d), strut
thickness (), number of peaks (n,) and number of revolutions (n,). The
parameters n, and n, determine mesh density, therefore influencing
mechanical properties.

Fig. 1 shows the design scheme of a stent with n, peaks. The
xy plane represents the unfolded cylinder surface, where the x axis
corresponds to the longitudinal axis and the y axis unfolds in the
rotation direction. Ay stands for the advance in the y axis for a single
trajectory in the x axis with length /, and can be calculated from the
number of peaks, the number of revolutions and the stent diameter as

Ay =n.nd + zd 1
2np

where the first term accounts for the number of revolutions of the
rotating cylinder for a single trajectory in the x axis, parametrized by
n,., and the second one for the incremental distance due to the number
of peaks, parametrized by #,. The angle 6 can be calculated as

0 = arctan <%> 2)
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Table 1
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Overview of inks preparation regarding base polymer, polymer to chloroform ratio, radiopaque agent and its concentration, and printer nozzle diameter. Inks

labeled with an asterisk (*) were printed with 200 pm nozzle.

Ink Polymer Polymer to chloroform ratio [% w/V] Radiopaque agent Concentration [wt.%] Nozzle diameter [pm]
PLLA PLLA 10 - - 250
PLLA,, PLLA 10 Todine 1 250
PLLAg, PLLA 10 Iodine 5 250
PLLA, ¢, PLLA 10 Iodine 10 250
PLLA;OL PLLA 10 Iodine 20 200
PLLA gpas0, PLLA 10 BaSO, 10 250
PLLA g1ipa PLLA 10 TIBA 10 250
PLCL PLCL 12.5 - - 250
PLCLyggss0, PLCL 12.5 BaSO, 10 250
PLLA o, PLCL 125 BaSO, 20 200
PLCL, PLCL 12.5 TIBA 20 200

'20TIBA

n,

Fig. 1. Design scheme of a stent with n, peaks and printing setup. The design in the plane xy was printed as a monolayer onto the rotating cylinder’s surface.

Stent length was set to 30 mm, n, was set to 1, stent diameter
was determined by the mandrel diameter (3 or 5 mm) and stents were
printed with 5, 7, 10, 15 and 20 peaks (labeled as 5p, 7p, 10p, 15p
and 20p, respectively). Alternative geometries with varying », and n,
values were also obtained. Stents were printed at a velocity of 4 mm/s.
Radiopaque stents were fabricated with a fixed design of n, = 1, n, = 10
and 3 mm in diameter. Stents underwent a thermal treatment (TT)
after production at 80 °C for 12 h, thus ensuring complete chloroform
evaporation [37].

2.4. Stents characterization

2.4.1. Microscopy

Stents were visually examined under optical microscopes Olympus
SZX16 and BX51 (Olympus, Japan) and strut thickness was measured
using AnalySIS Docu (Olympus, Japan). Results in strut thickness are
given as mean + standard deviation. PLLA stents were coated with
platinum-palladium (80:20) and examined under SEM (JEOL JSM-
7001F, Jeol, Japan) at 2 kV acceleration voltage. Radiopaque stents
were coated with carbon and examined using Phenom XL (Phenom-
World, USA) at an operating voltage between 5 and 15 kV.

2.4.2. Differential scanning calorimetry (DSC)

PLLA pellets and stents with and without TT were analyzed by
means of a DSC assay (DSC2920, TA instruments, USA). Under a
controlled nitrogen atmosphere, samples were heated from room tem-
perature to 250 °C at a rate of 10 °C/min, and maintained at the final
temperature for 1 min. From the obtained heat scans, by measuring the
area of the melting peak and crystallization peak (if present), one can
calculate the crystallinity as

AH,, + AH,

Xc(%) =
¢ AHD X Xpyja

x 100 3)

where y, is the percentage of the polymer in crystalline form, 4H,,
is the fusion enthalpy of the polymer, AH, is its crystallization enthalpy,
Xpyia is the fraction of PLLA in the sample (in mass) and AH? is the
theoretical fusion enthalpy of a 100% crystalline PLLA sample, namely
93 J/g [40]. For PLCL stents, crystallinity was calculated with the
assumption that lactide units were the only ones to crystallize [7].

2.4.3. Mechanical tests

Radial strength of printed stents was assessed by means of a com-
pression resistance parallel plate test performed with a rheometer
(Discovery HR-2, TA instruments, USA). Stents with 3 mm in diameter
and n, = 5, 7, 10, 15 and 20 were tested, before and after undergoing
thermal treatment. Stents were compressed up to 50% reduction in
diameter between two flat plates, with the upper plate advancing
towards the lower one at 1 mm/min, according to ISO 25539-2 [41].
Radial force was measured and normalized by the respective stent
length and given in N/mm. Stent elastic recovery was calculated as the
ratio between final and initial diameter, in percentage.

Stents were crimped onto a balloon with 3 mm in nominal diameter
(MSI HH100/200, Machine Solutions Inc., USA) and deployed into a
silicone tube with 3.17 mm in diameter, which corresponds to the
average diameter of the aortic artery [42]. Stents’ expansion behavior
and average breaking pressure were evaluated using mounted stents
onto a balloon filled with blue-stained water, in order to facilitate the
visualization of broken struts. The balloon was inflated at a rate of
1 atm per 20 s up to 16 atm, which corresponded to the balloon’s
rated burst pressure (RBP). The pressure at which strut fracture or
detachment became visible was noted.

2.4.4. Ex vivo flow setup to evaluate thrombogenicity

To evaluate stent thrombosis with donors’ human blood a mod-
ified Chandler loop was used, where motor-controlled rotors accel-
erate blood-filled silicone loops generating pulsatile flow simulating
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coronary-like hemodynamics (peak flow, 200 mL/min) at 37 °C [43,
44]. To model wall injury, loop segments were made reactive through
a 24-hour incubation with 10% bovine type I collagen solution (Beckton
Dickinson, USA) and subsequently rinsed with PBS, pH 7.4. The reac-
tive site was composed of three concentric silicone tubes of 3.17 mm,
6.37 mm, and 9.52 mm to generate higher pressure at the place where
the stent was deployed (Fig. A.1). The non-reactive part of the loop was
loaded with a solution of 2.5% (w/v) bovine serum albumin (Beckton
Dickinson, USA) 1-hour prior to the assay and subsequently rinsed with
PBS. 3D printed PLLA stents (labeled as PLLA, printed with 250 pm
diameter nozzle, and PLLA", printed with 200 pm diameter nozzle), and
a commercial polymeric stent Absorb GT1 stent (Abbott Vascular, USA)
were crimped into a 3.0 mm diameter balloon (Abbott Vascular, USA)
and balloon expanded up to 16 atm into the reactive segments. Blood
was collected from two human healthy donors in 10% acid-citrate-
dextrose solution (85 mM trisodium citrate, 69 mM citric acid, 111 mM
glucose; pH 4.6). Before use, blood was repleted with a 100 mM
CaCl,/75 mM MgCl, solution with 62.5 L calcium/magnesium solu-
tion per 1 mL blood. Loops were filled, rotor mounted, and run for
4 min to allow in-stent thrombus formation. Free blood was emptied,
and reactive segments were isolated and flushed with 120 mL Ty-
rode solution supplemented with HEPES buffer and magnesium (0.01
mol/L HEPES, 0.75 mM MgCl,). After visual assessment, stented seg-
ments were excised and filled with 1% Triton-X solution for 20 min.
Equivolume lysates were collected and lactate dehydrogenase (LDH)
and hemoglobin (HEM) levels were determined to provide a quantita-
tive measure of total cell/red-cell reflecting thrombogenicity (Cyto-Tox
96 Non-Radioactive Cytotoxicity Assay, Promega Corp; Hemoglobin
Colorimetric Detection Kit, Invitrogen, USA) [43,44].

2.4.5. Micro-computed tomography imaging

Stents were scanned in a micro-CT scanner (Skyscan 1272, Bruker,
USA). Scans were taken with the following parameters: X-ray tube
voltage of 65 kV; anode current of 153 mA; 1 mm Al filter; spatial
resolution of pixel size 13 pm; 0.6° rotation step over 180° and scan
average n = 3. The reconstruction software NRecon (Skyscan, version
1.7.0.4) was used to transform raw micro-CT data into tomographic
images in 3D in 8-bit BMP format, with gray level ranging from 0 to
255. Subsequent analysis was performed using CTAn software (Skyscan,
version 1.16.9) by segmentation and thresholding to differentiate the
sample from the background. Radiopacity was expressed as X-ray atten-
uation in Houndsfield Units (HU), calculated as the average HU value
for each voxel within the sample. HU values were calibrated against a
water sample.

2.4.6. Degradation analysis

Among all printed stents, 5 of them were selected to undergo a
degradation test: PLLA;;, PLLAs,, PLLA;q,, PLLAjgrps and
PLLA;(paso, - Stents were placed in 20 mL of PBS, and were incubated
at 37 °C for 3 months. Afterwards, stents were air dried and stored in a
desiccator until further analysis. Radial strength and stents’ radiopacity
were measured and compared to non-degraded stents.

2.4.7. Cytotoxicity test

The effect of the thermal treatment on PLLA stents was evaluated
by means of an indirect cytotoxicity assay following ISO 10993-5 and
ISO 10993-12 [45,46] via lactate dehydrogenase (LDH) quantification
(Cytotoxicity Detection Kit PLUS, Roche Diagnostic GmbH, Germany).
Radiopaque stents’ cytotoxicity was assessed via colorimetric Presto
Blue (PB) assay (PrestoBlue HS Cell Viability, Invitrogen, Life Technolo-
gies). Stents were UV-sterilized, HUVECs were purchased at PromoCell
(Germany) and all the experiments were conducted at passages 8 to
10. To calculate cell viability, LDH quantification was performed on a
MicroPlate Reader (Synergy HTX multi-mode microplate reader, BioTek
Instruments, USA) in absorbance mode, whereas PB was quantified in
fluorescence mode.
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2.5. Statistical analysis

Each assay condition was tested in triplicate unless stated otherwise
and all data are represented as mean values + standard deviation
(SD). Non-parametric Mann-Whitney U-test were used to determine
statistically significant differences (p-value < 0.05 between the different
groups) and 95% confidence interval (95% CI). Statistical analysis was

performed using Minitab software (Minitab Inc., USA).
3. Results
3.1. PLLA ink preparation and characterization

PLLA dissolution in chloroform rendered a transparent, gel-like
ink with high viscosity, which was further characterized by means of
capillary flow analysis (Fig. 2). The value for n was determined as the
slope of the log-log plot of t,, versus yyew, and found to be 0.2991, as
shown in Fig. 2a. The coefficient of determination (R) was very close
to 1, therefore ensuring the suitability of the Rabinowitch—-Mooney
correction in order to account for Non-Newtonian effects [38]. Figs. 2b
and 2c present shear stress and viscosity versus shear rate, respectively.
A shear-thinning behavior can be observed in the investigated range
of printing speeds, as the viscosity decreases for increasing shear rate
(Fig. 2d).

3.2. PLLA stents production and characterization

Stents were successfully manufactured onto a rotating cylinder with
varying n, and n, values, as shown in Fig. 3. Mean strut thickness was
found to be 131 + 9 pm among 3-mm in diameter stents. Struts’ area
coverage ranged from 16% for 5p stents up to 57% for 20p samples, as
shown in Fig. A.2a.

SEM allowed for stents’ surface analysis, showing that printed fila-
ments were not completely cylindrical. Filaments were deposited onto
the mandrel as solvent evaporation occurred, and therefore they pre-
sented a flattened contact face as an unavoidable characteristic of
the SC-DW fabrication method. Junctions between two overlapping
filaments were welded as shown in Fig. 4a and Fig. 4b, thus ensuring
a strong union through extensive contact surface. In contrast to the
inner flattened face, stents’ outer face presented micropores due to fast
solvent evaporation after PLLA filament extrusion (Fig. 4c). A cross-
section cut showed no inner porosity (Fig. 4d). Chloroform evaporation
resulted in material retraction and surface micropore formation as an
inherent feature of the fabrication process. No relevant morphological
differences were found when comparing stents before and after ther-
mal treatment, as micropore size and orientation were found to be
unaltered.

Stents crystallinity percentage was evaluated by means of DSC (Fig.
A.3). PLLA pellets were analyzed as received and found to present a
crystallinity of 56.0% + 5.2%. As expected, a considerable percentage
of crystallinity was lost during the conformation process, down to
21.2% =+ 1.0% for as-printed stents. Subsequent thermal treatment
resulted in a slight crystallinity increase, up to 27.3% + 1.6%.

Compression tests performed with 3-mm in diameter stents showed
a clear difference in mechanical properties among stents (Fig. 5a). For
each stent condition, there was a significant increase in resistance to
compression force for thermally-treated stents compared to non-treated
ones. Moreover, the force needed to compress stents increased with
the mesh density, ranging from 0.02 N/mm for thermally-treated stents
with n, = 5 up to 0.16 N/mm for thermally-treated stents with n, = 20.
Using initial and final diameter, elastic recovery was computed, and
found to be around 90% for untreated stents, and around 95% for
treated ones, as shown in Fig. 5b. No significant trend was found as the
mesh density increased. Stents deployment into silicone tubes showed
a good attachment to the inner part of the mock vessel. From n, = 5 to

P
n, = 20, upon balloon deflation and removal, deployed stents remained
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Fig. 3.

3D-printed PLLA stents. (a) Stents with 3 mm in diameter. From left to right, with n, = 5, 7, 10, 15 and 20. (b) Stents with 5 mm in diameter. From left to right, with

n, =5, 7,10, 15 and 20. (c) Other stent geometries achievable with the experimental setup, with different n, and n, values. Scale bar corresponds to 5 mm.

attached inside the tube and showed no sign of collapse. Expansion
assays showed that stents were able to sustain up to 16 atm (RBP)
without any signs of strut breakage (Fig. A.4).

The indirect cytotoxicity test revealed that printed PLLA stents were
not cytotoxic for HUVECs. On the one hand, non thermally-treated
stents presented a living cell percentage of around 90% for all dilutions,
as shown in Fig. A.5. On the other hand, thermally-treated stents
exhibited percentages close to or above 100%, therefore indicating that
cell growth was similar using complete medium or with pure extract.
Considering that the standard indicates that a sample is considered to
be toxic for living cell percentages lower than 70% [45], these results
manifest the non-toxicity behavior of PLLA SC-DW stents.

The thrombogenicity of printed stents was evaluated using an ex
vivo flow setup. Tested PLLA stents presented a mean strut thickness
of 131 + 9 pm, whereas PLLA" showed 83 + 12 um. In Fig. 6a, the
analysis of LDH/HEM for each donor’s blood was done to find the
relationship between the total amount of adhered cells and the amount
of red blood cells involved in clotting processes. Visual differences were
observed between the different stents, observing higher red blood cells
attachment for PLLA and the commercial stent compared to PLLA”
(Fig. 6b). The LDH/HEM ratio quantifies the total number of cells

(LDH) vs. the total hemoglobin (HEM) which is directly related to the
number of red blood cells involved in the coagulation process. A lower
value of LDH/HEM indicates that the proportion of red blood cells to
the total number of cell is high and thus, a higher thrombogenicity.
Stents with thinner struts were less prone to thrombogenicity, whereas
thicker strut stents and the commercial stent showed higher throm-
bogenicity. Differences among conditions were statistically significant.
The LDH/HEM ratio showed similar tendencies independently of the
tested patient blood.

3.3. Radiopaque stents production and characterization

Mixing of PLLA pellets, chloroform and radiopaque agent resulted
in homogeneous inks with the proper rheological properties. Iodine-
containing inks presented a pink color, which increased in inten-
sity with increasing iodine concentration. On the other hand, TIBA-
containing inks were pearl white, whereas BaSO,-containing inks were
chalk-white, with no visual agglomerates after sonication. BaSO, size
distribution was found to be from 0.75 to 2 pm, with a mean particle
size of 1.5 pm. For PLCL-based inks, a higher polymer to solvent
ratio was needed in order to match the viscosity shown by the PLLA
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Fig. 4. (a) PLLA stent SEM image of the junction between filaments and (b) detail of weld line. (c) Stent SEM images of the micropores distribution and (d) stent cross-section.
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Table 2
Stents’ strut thickness and crystallinity.

Stent Strut thickness [pm] Crystallinity [%]
PLLA 132.2 + 7.1 27.3 + 1.6
PLLA,;, 205.3 + 15.2 24.0 + 1.4
PLLAg; 212.6 + 10.3 25.2 + 4.4
PLLA,q 245.3 + 14.1 35.3 + 4.3
PLLA; 124.6 + 5.0 45.3 + 9.4
PLLA; 0,50, 208.0 + 4.1 26.7 + 1.3
PLLA g1sa 215.2 + 5.6 31.0 + 3.3
PLCL 134.0 + 5.3 21.2 + 0.8
PLCL1 05aso 200.8 + 20.0 22.1 + 0.6
PLCL;OM(L 178.1 + 3.1 21.5 + 0.7
PLCL, 161.3 + 6.6 26.7 + 1.4

ink. Fig. 2 shows the rheological characterization of PLCL ink. When
compared to PLLA ink, a very similar shear-thinning behavior can be
observed, although displaying reduced viscosity.

Radiopaque bioresorbable stents were satisfactorily fabricated
through SC-DW. Fig. 7 shows three pictures of the 3D printing process
for (a) a iodine-containing PLLA stent, (b) a BaSO,-containing PLCL
stent and (c) a TIBA-containing PLCL stent.

An overview of all printed conditions can be seen in Fig. A.6.
Iodine-containing stents showed a brownish color as the chloroform
evaporated. Subsequent thermal treatment resulted in a significant
color change. Stents with TIBA and BaSO, showed no change in color
after undergoing TT. Strut thickness for radiopaque stents resulted in
an increase with respect to PLLA stents. The addition of iodine, TIBA
or BaSO, led to thicker struts, around 200 pm. The effect was especially
manifest for the case of PLLA ¢y, , with up to 250 pm. The use of a 200 pm
diameter nozzle instead of the one with 250 pm allowed for a significant
reduction in strut thickness, with 124.6 y for PLLA} 178.1 pum for

201,
PLCL;OBaso4 and 161.3 pm for PLCL;OTIB A 35 shown in Table 2.

Stents were further characterized with SEM. Iodine-containing
stents presented a slightly wave-like surface, as one can see in Fig. 8.
Stents with BaSO, showed a homogeneous dispersion of microparti-
cles throughout the filaments and TIBA-containing stents displayed
formation of TIBA crystals following the printing direction subsequent
to chloroform evaporation. Among all printed radiopaque stents, only
PLLA;O12 became brittle and showed numerous fractured struts after
undergoing TT.

DSC analysis showed that the highest crystallinity was found for
PLLA;OIz samples, up to 45.3% (Table 2 and Fig. A.3). PLLA;gpag0,
stents presented the same crystallinity as bare PLLA stents, around
27%, whereas PLLAyr;pa Showed a higher crystallinity, around 31%.
For PLCL-based stents, the addition of 10 wt% or 20 wt% BaSO,
resulted in no change in crystallinity. Finally, as for the PLLA case,
PLCL;OTIB , exhibited a remarkable higher crystallinity with respect to
BaSO, addition.

Mechanical properties of radiopaque stents were evaluated by
means of compression and expansion tests. Fig. 9a presents the force-
strain curves for all printed stents. PLLA, PLLA;;,, PLLA;, and
PLLA;gria Showed a resistance to 50% compression in diameter be-
tween 1.5 and 2 N; PLLA; opas0, » PLCI: and PLCI—'lOBaSO . between*2 and
2.5 N; PLLA;, above 3 N and PLLA2012, PLCLZOBaso4 and PLCL, 10
below 1 N. The latter 3 conditions were printed with a lower diameter
nozzle (200 pm instead of 250 pm). Besides, PLLA; grjpa and PLLA;opas0,
showed a discontinuous profile, and the latter presented the highest
resistance to compression at low deformation. Fig. 9b displays the
normalized force at 50% diameter compression (left axis) as well as the
computed elastic recovery (right axis). Clearly, stents printed with the
smaller diameter nozzle resulted in poorer resistance to compression,
whereas it increased with the addition of a radiopaque agent. Elastic
recovery was very similar for all cases and found to be around or
above 95%. Regarding expansion assays, deployment of radiopaque
stents into silicone tubes displayed close attachment to the inner part
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of the tube. Both PLLA- and PLCL-based radiopaque stents remained
attached upon balloon removal, except from PLLA;OIZ, which cracked
as pressure increased. Unrestricted expansion assays revealed issues for
some conditions. PLLAy , PLLA 0,50, and PLLAorps stents displayed
strut detachment at certain junctions upon balloon inflation. All other
conditions showed that stents were able to sustain at least 16 atm (RBP)
without strut breakage (Fig. A.7).

Stents were micro-CT scanned in order to evaluate their radiopacity.
Fig. 10a presents the resulting reconstruction for all stents. Qualita-
tively, iodine-containing stents do not seem to appear more highlighted
than PLLA or PLCL control stents. On the other hand, there are clear
differences among the others, being BaSO,- and TIBA-containing stents
the ones with a better visibility. These differences are quantified in
Fig. 10b, where X-ray attenuation for each stent is shown in HU values.
TIBA appears as the most radiopaque agent, with about 2000 HU for
PLLAyripa and around 3000 HU for PLCL;OTIB , when doubling its
content. BaSO, also renders significant radiopacity, around 1600 HU
for PLLA{gpas0, and PLCL;ggas0,, and up to 2500 HU for PLCL;OBasm.
Finally, iodine-containing stents show no change in X-ray attenuation
with respect to PLLA or PLCL stents, with —250 HU.

Incubated stents in PBS for 3 months at 37 °C were further charac-
terized by means of a compression test and a micro-CT scan. Fig. 11a
shows the normalized force at 50% compression. In general, no change
in mechanical properties was found after 3 months incubation, except
for PLLAyrga, Showing a decrease from 0.096 N/mm to 0.65 N/mm.
Regarding elastic recovery, values ranged from 92% for PLLA;yrpa
to 96% for PLLAg, and PLLA;gp,g0,- No statistically significant dif-
ferences were found with respect to the elastic recovery shown by
non-incubated stents. Analysis of microCT scans demonstrated no sig-
nificant change in X-ray attenuation compared to non-incubated stents,
as shown in Fig. 11b. Iodine-containing stents kept around—250 HU,
whereas PLLA;gp,50, and PLLA;ygs showed similar X-ray attenuation
values with respect to non-incubated stents.

Cytotoxicity of 3D-printed radiopaque stents was evaluated via an
indirect cytotoxicity assay (Fig. 12). On the one hand, cell viability
resulted above 70% for iodine-containing stents, as well as for stents
printed with BaSO,, which showed cell viability to be around 80%, for
all dilutions. On the other hand, cell viability decreased to around 40%
for TIBA-containing stents with pure extract. The effect of the dilutions
(1/2 and 1/10) resulted in cell viability close to 100% for PLLA;yrpa and
around 70% for PLCL;OTIB A

4. Discussion

The use of biodegradable polymers as a suitable material for cardio-
vascular stents has been a recurring idea in the treatment of coronary
heart disease. Major advances in this technology have been achieved
in the last decade, but still more research is needed to overcome some
of the limitations shown by BRS. Here we present a versatile approach
for BRS fabrication which circumvents the need of high temperatures,
associated to FDM processes as previously shown in the literature [32—
35]. SC-DW represents a step forward as it allows for a broad versatility
with regards to ink composition and patient-specific customization,
both in terms of stent design and functionalization.

PLLA dissolution in chloroform resulted in a viscous, printable poly-
meric solution. At a printing speed of 4 mm/s, the apparent viscosity
has been calculated to be 207 Pa-s. In comparison to other printable
ink studies, the extrusion applied pressure range is slightly lower, but
the overall rheology of our chloroform-based ink is similar to the one
reported in [47], which was based on dichloromethane.

Strut coverage area was measured for 3-mm in diameter stents,
showing a range from 16% for 5p stents up to 57% for 20p samples.
In comparison to commercial stents, the Absorb presents a surface area
coverage of 27% at rated burst pressure, which decreases to 22% for
the Magnitude stent [48]. Regarding strut thickness, it was measured
to be around 130 pm, which is lower than the strut thickness presented
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Fig. 7. 3D printing of a radiopaque stent with (a) iodine, (b) BaSO, and (c) TIBA. (a) was printed with a 250 um diameter nozzle, whereas for (b) and (c) a 200 pm diameter

nozzle was used.

Fig. 8. SEM images of printed stents. Iodine-containing stents present wave-like surface, with PLLA.

PLLA;0Baso,

Lo, Decoming brittle after thermal treatment. Stents with BaSO, show dispersion

of microparticles and TIBA-containing stents show TIBA crystals in the printing direction. Scale bar corresponds to 100 pm.

by the Absorb, DESolve, Fortitude, Acute, Magmaris, Xinsorb, Art Pure,
Ideal or ReZolve stents, all of them equal or greater than 150 pm [49].
The current tendency is to shift towards thinner struts in order to
minimize blood turbulence which may lead to thrombotic events. In
consequence, more recent designs aim at 125 pm such as the Fantom,
or even below 100 pm as the Magnitude or the Falcon [50]. In SC-DW,
strut thickness can be further reduced by using thinner micronozzles.
The use of a 200 pm diameter nozzle instead of the one with 250 pm
allows for a significant reduction in strut thickness for PLLA stents, from
130 pm down to 80 pm. For radiopaque stents, for instance, PLCL;opaso,
presented a strut thickness around 200 pm, whereas when using a
200 pm diameter nozzle instead, strut thickness was reduced to 175 pm
for PLCLy oy oo, -

DSC analysis of as-printed stents showed crystallinity percentage
to be around 24%. Posterior thermal treatment above PLLA’s glass-
transition temperature induced higher crystallinity, close to 30%. Other
fabrication techniques such as FDM also render polymeric parts with
a low degree of crystallinity, below 5% [51,52]. Crystallinity consti-
tutes a key factor in semicrystalline materials such as PLLA, as it is
closely correlated to its mechanical performance. Therefore, subsequent
annealing processes are widely applied in order to increase the fraction

of ordered phase, which in turn impacts the mechanical properties and
the biodegradation kinetics [52-55].

As for the mechanical properties, compression tests with printed
stents showed the importance of performing a thermal treatment after
fabrication in order to increase by about 70% the resistance to com-
pression at 50% deformation. As expected, mesh density also influenced
resistance to compression, as the increase in n, correlated with higher
resistance, up to 0.16 N/mm for thermally-treated stents with n, = 20.
Fig. A.2b shows the correlation between resistance to compression
at 50% deformation with area coverage. Lee et al. [33] performed
a parallel plate compression test on the Absorb BVS at a velocity
of 10 mm/min, obtaining a radial force of 2.14 + 0.03 N at 50%
diameter reduction. In comparison, 10p stents presented a radial force
of 1.25 + 0.16 N, 15p of 2.19 + 0.41 N and 20p of 3.26 + 0.36 N.
Although the test parameters were not exactly the same, these results
show that the mechanical properties of SC-DW 15p and 20p stents are
similar or superior to those shown by a commercial polymeric stent
such as the Absorb BVS.

Regarding elastic recovery rate, the effect of TT is clearly seen, as
it increases from 90% up to 95%. Therefore, thermally-treated stents
are able to maintain the greatest part of their initial shape after being
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compressed up to 50% deformation with respect to their original diam-
eter. These results are in accordance with the analysis carried out by
Zhao et al. in [56], where poly(p-dioxanone) braided stents were tested.
Elastic recovery rate was found to be between 86% and 92%, and
increased after performing an annealing treatment. Long-term elastic
recovery may be studied under cyclic loading assays [57]. Stent’s elas-
ticity is a key factor in stent design, as stents must accompany arteries
contraction and expansion in order to keep blood flowing [58]. As for
the expansion tests, deployment of stents resulted in a good attachment
to the silicone artery and showed no signs of collapse. Regardless of
the number of peaks, stents were able to withstand pressures up to 16
atm with no signs of strut breakage or detachment among struts, which
corresponded to a stent inner radius of 3.26 mm.

In vitro indirect cytotoxicity test with HUVECs indicated that PLLA
printed stents were not cytotoxic. Although traces of chloroform may
have an impact for non-treated stents, results showed a percentage
of living cells well above 80%. This percentage is even higher for
thermally-treated stents and equal to or greater than 100%. These
results demonstrate the feasibility of the SC-DW approach, even using
organic solvents such as chloroform.

As expected, strut thickness had an influence on the thrombo-
genicity response of studied stents: the thicker the struts, the more
thrombogenicity was detected on PLLA stents. The amount of material
in contact with the bloodstream was a crucial parameter to control and
thus, thinner struts were better. Kolandaivelu et al. showed that 162 pm-
strut DES were 1.5-fold more thrombogenic than otherwise identical
stents with 81 pm struts [59]. Moreover, in the same study, thick-strut
stents implanted in porcine coronary arteries presented more thrombus
and fibrin deposition than thin-strut stents at 3 days after implantation,
with approximately 60% more thrombus formation [59]. A finite ele-
ment analysis study of the effect of different stent strut thickness with

ISR demonstrated that thinner strut stent resulted in lower stresses in
the vessel wall, which is hypothesized to be responsible for the lower
restenosis outcome [60]. Finally, the presence of pores distributed on
the outer part of the stent did not show to have an impact on stent
thrombosis.

The promising results on PLLA stents regarding mechanical and
biological properties, together with the versatility of the SC-DW ap-
proach, allowed for its modification to render stents radiopaque, with
BaSO, as a positive control for radiopacity. By mixing radiopaque
agents into the polymeric solution in chloroform, printable inks with
very similar rheological properties to the original ink were obtained.
Thermal treatment for iodine-containing stents resulted in a sharp color
change, from brownish to pale white. We attribute this variation to
the evaporation of iodine molecules, as physical entrapment between
PLLA chains may not be enough to avoid their release in gas form due
to sublimation. On the other hand, TIBA and BaSO,-containing stents
showed no visual alteration after undergoing TT.

Optical microscopy analysis showed a substantial increase in strut
thickness with respect to PLLA or PLCL stents when adding a ra-
diopaque agent and printed with the same nozzle. This increase may be
associated to the physical presence of iodine, TIBA or BaSO, micropar-
ticles, which hamper the optimal folding for polymeric chains. Strut
thickness could be reduced by using a thinner extrusion micronozzle of
200 pm, thus achieving thicknesses comparable to those of commercial
stents, as previously discussed. PLLA;OIZ stents’ brittleness arose most
probably from iodine evaporation, as it accounted for 20 wt%, which
left a fragile structure with thin struts. This effect may be the case
as well for other iodine-containing stents, although the higher strut
thickness and the lower iodine content might have concealed it. Wave-
like surface found for iodine-containing stents is most probably due to
extrusion instabilities, as the flux was not as constant as for the original
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PLLA ink. BaSO, microparticles rendered a rough surface, whereas
TIBA crystals formed along the printing direction.

Regarding DSC curves analysis, the addition of iodine did not result
in a change in crystallinity for 1 or 5 wt% iodine, but higher iodine
contents resulted in a crystallinity increase, especially for PLLA;OIZ.
Crystallinity was also higher for PLLAgpga than for PLLA;gp,g0,s
possibly due to the physical constraints shown by BaSO, microparticles.
PLCL stents crystallinity remained fairly constant for PLCLyog,s0, and
PLCL;OBaSO4, with the exception of PLCL;OTIB A which showed a sub-
stantial increase. Although crystallinity plays a role in the mechanical
properties, crush resistance tests showed that the main contribution
to compression force was strut thickness. One can clearly distinguish
from the compression curves between stents printed with a 250 pm or
a 200 pm micronozzle. Therefore, there is a clear correlation between
compression force and strut thickness, which in this case is proportional
to surface area coverage, given that the stent design is constant (n, =
10). PLLA;;, presents the highest normalized force, above 0.13 N/mm,
and the highest strut thickness, close to 250 pm.

BaSO, addition resulted in a significant reinforcement of PLLA,
as previously reported [61,62], although at the expense of a dis-
continuous profile during compression testing. Visual inspection of
compressed stents evidenced no strut fracture, although some junctions
presented detached struts. This behavior was similar for PLLA;yrpa-
In contrast, PLCL-based stents compression curves were smooth and
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presented no such behavior. PLCL was chosen as an alternative to PLLA
for its well-described additional flexibility given by the caprolactone
monomers, while keeping the same overall stiffness. In fact, PLCL stents
show a higher force at 50% compression (0.105 + 0.017 N/mm vs.
0.063 + 0.008 N/mm for PLLA) with comparable strut thickness.

Expansion assays confirmed that the discontinuous profile found
for PLLA;opaso, and PLLAjorgs Was due to partial strut detachment
rather than fracture. Unrestricted assays showed that junctions at both
ends of the stent separated with increasing pressure, but central junc-
tions remained linked. We attribute this spatial pattern to the SC-DW
fabrication process. Upon extrusion, filaments are deposited onto the
rotating mandrel and start to solidify as chloroform evaporates. If the
filament underneath is too dry, welding between filaments is not strong
enough. Therefore, chloroform evaporation is a key process parameter
in order to render stents with fused unions between struts. This could
be achieved by controlling the atmosphere in which stents are manufac-
tured. All other stents showed no strut fracture or detachment up to 16
atm, which corroborated the close relationship between compression
and expansion tests in terms of mechanical properties.

As previously discussed, the presence of iodine entrapped in the
stents after heat treatment is probably very low due to its evaporation.
This claim is supported by X-ray imaging evidence, as there is no
difference in terms of X-ray attenuation for iodine-containing stents
with respect to PLLA and PLCL controls. In contrast, iodine atoms
bonded in TIBA result in a significant increase in X-ray attenuation,
as well as barium atoms for BaSO,-containing stents. Degradation of a
selected group of radiopaque PLLA-based stents showed no changes in
X-ray attenuation after 3 months incubation, therefore ensuring X-ray
visibility in the mid-term. Finally, compression tests of degraded stents
showed no changes in terms of mechanical properties with respect
to fresh stents, with the exception of PLLA;yrpa, Which showed a
significant decrease in compression force. This may be linked to the
particular orientation of TIBA crystals along the filament, which may
accelerate PLLA degradation following TIBA dissolution.

Concerning cytotoxicity assays, the addition of iodine or BaSO,
did not result in a cytotoxic effect to cells. Previous studies have
investigated iodine’s antibacterial effect [9,13,63,641, showing antibac-
terial properties and biocompatibility both in vitro and in vivo. Regard-
ing BaSO,, in vivo studies showed good biocompatibility of BaSO,-
containing PLA urethral, pancreatic and biliary stents [21-23], where
BaSO, microparticles would be excreted through the gastrointestinal
tract. TIBA-containing stents showed a certain degree of cytotoxicity
for pure extract, although subsequent dilutions attenuated such effect.
This outcome may result as a consequence of the chosen sterilization
method, which was UV radiation. It has been reported that TIBA
presents photodegradation under exposure to UV radiation [65,66],
which may result in the appearance of toxic species. In order to
confirm this, a new cytotoxicity assay was performed using ethanol
soaking as an alternative sterilization method. In this case, cell viability
was found to be over 70% for pure extract and subsequent dilutions
for the PLCL;OTIBA (87.6 + 12.5 % for pure extract, 76.6 + 10.6 %
for dilution 1/2 and 83.8 + 5.8 % for dilution 1/10). This result is in
accordance with TIBA’s reported biocompatibility in literature [19],
where exposure of the different extract concentrations of the TIBA-
infused sutures had no effect on Hela cells. Therefore, TIBA’s cytotoxic
effect is attributed to the photodegradation induced by UV radiation,
which may be circumvented by using alternative sterilization methods.

5. Conclusions

In this work we have developed a novel, versatile SC-DW printing
system onto a rotating mandrel to manufacture bioresorbable stents.
Chloroform-based PLLA ink presented the required shear-thinning be-
havior for extrusion through a micronozzle. A variety of designs with
different mesh patterns and densities were successfully fabricated and
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characterized, with encouraging results regarding mechanical and bi-
ological properties. The versatility of the SC-DW approach allowed
for ink modification in order to obtain radiopaque polymeric stents.
MicroCT analysis evidenced increased X-ray attenuation for TIBA- and
BaSO,-containing stents with respect to control PLLA or PLCL stents,
showing maintained radiopacity after 3 months incubation time.

This preliminary study constitutes a promising starting point in
regards of the SC-DW technique’s potential for BRS fabrication. The
versatility of the approach allows for patient-specific customization in
terms of material and printing design in order to achieve sufficient
mechanical support with suitable degradation rate. Furthermore, stents
with supplementary features may be obtained, such as radiopaque BRS.
Future perspectives include the addition of antiproliferative drug into
the stents and monitor its release, or surface functionalization with
peptides in order to enhance endothelial cell adhesion.
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