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Background: Bioresorbable stents represent a promising approach in cardiovascular interventions compared to
drug-eluting stents. Additive manufacturing, particularly ink deposition, offers customization and versatility.
This study delves into the potential of solvent cast direct-write 3D printing to fabricate cardiovascular stents
using environmentally friendly solvents.

Methodology: Polyvinyl alcohol, a biocompatible synthetic polymer that dissolves in water, was investigated as a
suitable material for stent fabrication. The polymer was deposited on a rotating mandrel and subsequently
crosslinked to establish a pseudostable state. Test specimens and stents were fabricated for characterization of
both the material and stent dynamics.

Results: This outcome is potentially suitable for deployment in the human body environment and adaptable to
various biomedical applications, such as drug delivery patches or implants. The research optimized the fabri-
cation of various stent geometries using polyvinyl alcohol and evaluated the kinetics of the working environment
of these stents. Specifically, the 8-cell diamond stent showed remarkable characteristics, such as a high over-
expansion of more than 0.5 mm, a compression force of 0.02 N and an elastic recovery of 88.85 %, with a strut
thickness of 50.25 pm. Additionally, the study discusses the possibility of sterilizing polyvinyl alcohol with
different methods, ethanol and autoclave were selected.

Conclusions: The results indicate that autoclaving leads to an increase in crystallinity. This yields a decrease in
water absorption and an increase in mechanical properties. These results suggest that polyvinyl alcohol-based
stents fabricated by solvent-cast direct writing are potential candidates for bioresorbable stent design.

1. Introduction technologies offer a simple manufacturing technology, with no addi-

tional post-processing, with high efficiency to adapt to complex geom-

Cardiovascular stents are often implanted during percutaneous cor-
onary interventions, standard procedure for the treatment of cardiac
pathologies [1]. The purpose of cardiovascular stents is to open and
widen clogged arteries. Currently, the gold standard is the drug eluting
stents (DES) [2]. These stents are metallic coated with drug-eluting
polymers. However, a new trend is emerging that seeks the dissolution
of the coronary stent after the artery is healed. These stents are called
bioresorbable stents (BRS) [3]. Typically to date, stent fabrication has
been performed by laser cutting [4]. However, the emergence of addi-
tive manufacturing and the transition to BRS can result in the future of
stents being disrupted by 3D printing. Additive manufacturing
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etries [5]. Furthermore, as personalized medicine is expected to become
more prevalent in the near future, 3D printing could play a crucial role in
the pharmaceutical industry.

Guerra et al. pioneered tubular stent 3D printing using fused depo-
sition modelling (FDM) technology [6]. From here, 3D stent printing has
diversified from stereolithography (SLA), selective laser melting (SLM),
ink deposition, etc [7-9]. FDM has emerged as a reliable and simple
method for fabricating customized BRS stents. However, this technique
depends on the availability of suitable filament materials. Besides, the
current limitation of FDM remains in its resolution capability, as the
thickness required for BRS often exceeds the capacity of the technology.
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This limitation can be mitigated using SLA and SLM additive
manufacturing techniques, which offer resolutions down to 70 pm [10].

Although SLA presents a promising solution, uncertainty remains
regarding whether photosensitive polymers will be approved for car-
diovascular implants due to their questionable biocompatibility. On the
other hand, although SLM offers adequate resolution and desirable
mechanical properties, the selection of suitable materials for biode-
gradable options are limited. Among these technologies, solvent cast
direct writing (SC-DW) ink deposition emerges as a compelling solution,
mainly due to its inherent flexibility in ink customization. The main
requirement is to find a suitable solvent for the polymers to be used.
Therefore, creating a multi-material ink is a simple process if different
materials are miscible in the same solvent. Then, once dissolved in the
ink, it is possible to incorporate radiopaque agents or drugs. This
capability not only serves the controlled release of drugs, but also in-
creases the overall value of the stent [8]. Currently, stents manufactured
by the solvent-cast-direct-writing technique use a copolymer combining
PLLA and PCL. However, in this study the solvent used for polymer
dissolution is chloroform. Despite its elimination by heat treatment, the
search for more biocompatible alternatives is crucial. The use of
chloroform-free solvents not only improves overall biocompatibility, but
also makes the process safer for the operator in charge of stent fabri-
cation. It also reduces the need for additional equipment, as the noxious
gases associated with chloroform are eliminated.

Poly(vinyl alcohol) (PVA) is a water-soluble biomaterial whose sol-
ubility has been studied by different authors. Typically, its solubility
depends on the molecular weight and degree of hydrolysis [11]. How-
ever, long term stability structures can be achieved by increasing the
degree of crystallinity [12]. These crosslinking methods can be carried
out by chemical methods, commonly crosslinked with formaldehyde or
glutaraldehyde [13]. Further, physical methods such as the freeze-thaw
or annealing approach can also be performed [14]. These methods yield
to temporary water-insoluble structures that have been previously
studied for biomedical applications [15]. While polymers such as PLA
which gradually degrade and are absorbed into the body through the
natural pathways, PVA requires chemical modification for use in the
field of biodegradable medical devices. Consequently, researchers have
explored the utilization of chemically modified PVA for fabricating
biodegradable cardiovascular stents [16].

Furthermore, as PVA offers a nonlinear stress-strain profile remark-
ably similar to that of porcine arteries it has been widely used in the
cardiovascular field [17]. On the premise of this property, other research
groups attempted to fabricate cardiovascular stents by braiding PVA
yarns. They concluded positive fibroblast proliferation at 72h [18].
Further studies were conducted using the PVA stents embedded subcu-
taneously within in vivo trials. The study suggested that PVA stents were
non-toxic and biocompatible since after 28 days, the shape was main-
tained, indicating a good biological response [16].

In this regard PVA could be a promising candidate for stent
manufacturing, since if a high level of crystallinity is achieved, it offers
an ultimate tensile stress twice as high as compared to PLA [19]. This
factor could be crucial because a key drawback of BRS is the low me-
chanical properties of the polymers used. This means that it can sustain a
stress twice as high as the most used polymer for the manufacture of
commercial BRS. In addition, the Young’s modulus (E) can be increased
by repeated temperature cycling. For example, freezing at —20 °C fol-
lowed by thawing at 23 °C [17]. Moreover, as PVA is a polymer which is
subject to hydrolysis within the body, thus it could be used for drug
delivery purposes. Drug release assays with PVA films have been per-
formed and it has been found that drug release can be controlled through
the degree of crosslinking of the polymer [20].

This study represents a significant advance in the field by intro-
ducing a novel approach to address the challenges associated with stent
fabrication using the SC-DW technique with an aqueous PVA solution
printed on a tubular surface. Therefore, deionized water was used as an
alternative to harmful solvents. The main objective was to provide a
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viable alternative to cytotoxic solvents, such as chloroform, in stent
fabrication with this method. The research systematically tuned SC-DW
technology to enable 3D printing of PVA, with potential implications for
drug delivery and providing opacity in stent applications, without the
use of toxic solvents. In addition, this study evaluated the mechanical
and degradation properties of PVA fabricated using the proposed
method. The investigation included an optimization of the printing pa-
rameters which was used to print various stent geometries. Subse-
quently, an analysis of the expansion and compressive strength of the
printed stents was conducted. Finally, to ensure practical applicability,
various sterilization methods were employed. Then, to determine the
characteristics of the different sterilization methods, the material was
tested by dynamic mechanical analysis (DMA), its crystallinity was
evaluated by differential scanning calorimetry (DSC) and a degradation
test was performed.

2. Materials and methods
2.1. 3D printing system

The printing system used was based on the 3D axis printing tech-
nology with a rotating mandrel presented in previous studies [6]. Spe-
cifically, in this study the printing head was replaced by a 1 mL Luer-Lok
Tip syringe (BD, USA). The ink was ejected from the syringe through a
mechanical piston that controlled the volume inside the reservoir, Fig. 1.
The ink was extruded through a precision G21 gauge needle (Nordson
EFF, USA) which had an inner diameter of 0.51 mm. The fabrication of
the stents was conducted at 25 °C during the whole process.

2.2. Preparation of the ink

PVA powder (Sigma Aldrich, USA) was mixed with miliQ water at a
ratio of 28 % (w/v). It was left at 135 °C overnight under stirring. It was
stored at room temperature and preheated to 50 °C thus facilitating its
introduction into the printing syringe. Further details of the PVA
employed can be found in Table 1.

2.3. Parameterization of the parameters with dimensional features

A two-parameter factorial design of experiments with 4 levels was
used to parameterize the printing parameters with the dimension of the
printed lines (N = 3). The selected manufacturing parameters were the
printing speed d (PS: 100-400 mm/min) and the flow rate at which the
material is extruded (FR: 100-200 %). The analyzed parameters were
detailed in Table 2.

A 40-mm line of the parameter combinations indicated in Table 2
were printed. The width of the lines was calculated with a Micromar
40EWV micrometer (Mahr, Germany) at 3 points (distal, proximal and
middle). The mean of these data was declared as the line width score.
Then, the mean values were used to create a regression model (Matlab,
USA).

2.4. Stent geometry

The stent model selected for the study was a diamond-shaped closed
cell stent, Fig. 2-d. Three different stent designs were designed, main-
taining the geometry while modifying the cell density, Fig. 2 a-c. Pa-
rameters to achieve a 0.51 mm strut width (Sw), corresponding to the
inner diameter of the G21 tip, were calculated using the model obtained.
The parameters of P = 450 mm/min and Fg = 2 pL/mm were selected.
Additionally, Table 3 shows the detailed parameters of inner diameter
(I), number of cells (N¢), Sw, hinge width (Hy), cell width (Cy), cell
length (Cy) and the cell area (Cp).
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Fig. 1. a) Conceptual machine configuration. b) PVA stent printed with a G21 tip.

Table 1
Material properties.

2.5. Characterization of the manufactured stents

The feasibility of the fabricated stents was evaluated both in terms of

Material Melting Molecular weight Young Modulus their dimensional properties and their expansion and compression dy-
density temperature (Mw) (E) namic behavior.
1,19 g/cm3 200 °C 89000-98000 Da 707.9 MPa
2.5.1. Dimensional features
The dimensional characteristics of the fabricated stents (Sy, Hy and
Table 2
Two-parameter factorial design levels.
Levels 1 2 3 4 Table 3
Theoretical stent model parameters.
Ps (mm/min) 100 200 300 400
Fg (pL/mm) 5 6 7 8 lo Ne  Sw Hw Cw Gy Ca
5 mm 17 0.51 mm 1.02 mm 9.60 mm 3 mm 15.85 mm?
5 mm 38 0.51 mm 1.02 mm 7.00 mm 2.77 mm 11.22 mm?
5 mm 48 0.51 mm 1.02 mm 6 mm 2.20 mm 8.14 mm?
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Fig. 2. a-c) Complete stent geometry shape design for the fabrication. d) Stent cell geometry.
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Cp) were analyzed. A ZEISS discovery v12 stereo microscope coupled to
the Invenio 20EIIl microscope digital camera (5 megapixels) was used.
Matlab was employed to process the images and collect the data. Two
images were taken from the different replicates (N = 5).

2.5.2. Expansion test

A tool was designed that progressively increased the diameter of the
stent to see the expansion capacity of the stents. The tool started at the
stent manufacturing diameter (5 mm) and gradually increased, 0,5 mm
for each step. All stents (N = 5) were inserted on the proximal side and
by a rotary motion were moved to the upper diameters. These were
expanded to the step prior to the rupture. The stent was then removed
and after 300 s the recoil was measured at 30 and 300 s with a Micromar
40EWV micrometer (Mahr, Germany).

2.5.3. Compression test

A compression resistance parallel plate test was performed in order
to measure stents’ radial strength, following the methodology
commonly employed by other research groups in the field (Fig. 3) [7,8,
21]. Stents were compressed using a Discovery HR-2 rheometer equip-
ped with a load cell of 50 N (TA instruments, USA) with the upper plate
advancing towards the lower plate at 1 mm/min following ISO 25539-2
(N =5) [22]. At 50 % reduction in diameter, radial force was noted and
determined as the axial force.

2.6. Characterization of the material after sterilization

Test specimens were manufactured by extruding the material
through the tip by the same procedure as during printing. The test
specimens for the degradation tests consisted of circular samples of 10
mm diameter by 0,5 mm thickness. As for DMA test specimens, they
were made rectangular (20 x 5 x 0,5 mm).

These samples were sterilized by different methods.

- Following the laboratory sterilization protocol previously reported in
other studies, samples were subjected to overnight sterilization in
ethanol, followed by an additional 30 min of ultraviolet exposure
[23]. The test specimens were sterilized by immersing the material in
absolute ethanol (Panreact, Spain) for 24h. Ethanol removal was
performed through aspiration followed by two rinses with PBS
(Gibco, USA).

Standard autoclaving procedures were followed, autoclaving for 15
min at 121 °C in humidity 90 % and 30 min at dry temperature. The
autoclaving method was evaluated by analyzing the effects of one
and two autoclaving cycles.

Fig. 3. Compression test assay for Stent evaluation.
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2.6.1. DMA

A Mettler Toledo DMA/SDTA 861 equipped with dual cantilever
tools was used to perform the DMA analysis. The test was run with a
preload of 1 N and a frequency of 1 Hz. The samples were heated from
0 to 230 °C at 5 °C/min in an air atmosphere (N = 2).

The thermal properties of the obtained specimens were assessed by
means of differential scanning calorimetry using a TA Instruments DSC
Q2000 in order to evaluate the influence of the sterilization process on
the crystallinity. Scans were run from 30 to 305 °C at a heating rate of
10 °C/min. The test was performed in an inert atmosphere with a ni-
trogen flow rate of 50 ml/min.

The degree of crystallinity (X¢) of PVA was calculated by the equa-
tion described by Hassan and Peppas, which is as follows [11]:

AH,
Xe= "~ x 1 Eq. 1
c (AHO)X 00 q

Where AH,, is the melting heat of the PVA sample and AHj is the melting
heat of fully crystalline PVA. The heat, required for melting of fully
crystalline PVA, is 138.60 J/g [24].

2.6.2. In vitro degradation test

To analyze the water absorption and short-term degradation of the
manufactured stents, an in vitro assay in PBS was performed. The two
different sterilization methods described above were used to evaluate
the effect of the weight loss (W) and water absorption (W) on the
sterilization of the material.

Circular test specimens of 10 mm of diameter and 0,5 mm of thick-
ness were fabricated with 28 % (w/v) PVA solution by the solvent cast
method. Evaporation of water was conducted at 37 °C for 24 h. Then, the
test specimens were sterilized. Samples were weighed with a Sartorius
ED224S analytical balance (Sartorius, Germany), and transferred to 24-
well non-adherent cell culture plates (Sarstedt, Germany). 2 mL of PBS
was added to each well and kept in incubator for 1 h, 4 h, 1 day, 4 days
and 7 days.

The Wy rate was evaluated with equation (2):

w, — W,
Wi% =—"—"44100 Eq. 2
Wy
The Wy, percentage was estimated using equation (3):
W% =100 — ( Wo=Wa, 100) Eq. 3
Wo

Wx and Wy, were evaluated by weighing the samples on a weighting
scale (Mettler Toledo Sartorius 2 MP Scale, USA), considering the
sample’s original weight after the sterilization process (Wy), weight of
the wet sample (Wy), and residual weight after degradation once it had
been completely dried (Wy) in an oven for 10 h at 75 °C.

3. Results

The PVA was optimized and successfully printed on a tubular
printing surface using the SC-DW additive manufacturing approach.
Then, based on the parameters found, the stents were effectively fabri-
cated and subjected to several tests. Finally, the material was sterilized
and evaluated for characterization of PVA inks printed at 28 % (w/v).

3.1. Optimization of the PVA printing ink for manufacturing

A linear regression model was calculated to fit the experimental data
of the line width to the printing parameters with the function fitlm
provided by Matlab. The t-statistic was calculated as the ratio of the
coefficient estimate to its standard error. The p-value associated with
each t-statistic evaluated the probability of observing a t-statistic as
extreme as the one calculated, assuming the null hypothesis that the
predictor had no effect. Parameters not influencing morphological
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characteristics were removed from the model (p < 0.05). A linear model
with interactions and quadratic coefficients was estimated. Each of the
measured parameters (Ps and Fg) had a significant effect on the pa-
rameters analyzed, according to the following equations:

Line width (Ps, Fr) =0.82 — 0.0009 x Ps + 0.05 x Fg Eq. 4

Fig. 4 shows the experimental data listed in Table 2. Additionally, it
depicts the interpolation of the model to obtain the parameters needed
to achieve a line thickness consistent with the inner diameter of the tip
used (0.51 mm). Thus, the parameters obtained from the model to satisfy
the desired dimensions were 450 mm/min of Pg and 2 pL/mm in Fg.
These parameters were selected for stent fabrication throughout this
study.

3.2. Stent fabrication and dimensional assessment

Table 4 summarizes the morphological data of the fabricated stents
obtained from the ZEISS discovery stereo microscope. The cardiovas-
cular stents were grouped according to their N¢. The results were pre-
sented as mean values + standard deviations. Cardiovascular stents with
a N¢ of 6 presented a mean Sy of 0,47 mm, very close to the modeled
value (0.51 mm). However, the Hy of the stents was more than 3 times
this value (1,67 mm). In addition, Cy and C;, values were 8,64 mm and
1,56 mm, respectively, being much lower than the expected theoretical
target. By increasing the number of cells to 8, it was observed that Sy
was 0,62 mm and Hy 2,68 mm, which represented a significant increase
compared to N¢ of 6. Consequently, Cy and Cy, values decreased to 4,30
mm and 0,80 mm, respectively. Further increasing the cell size to 10
resulted in slightly higher Sy compared to the 8-cell N¢. Sy was
measured at 0,64 mm, indicating a slight increase. Hy showed a similar
trend. Cyw and Cj values decreased to 3,13 mm and 0,75 mm,
respectively.

Fig. 5 illustrates how the thickness expressed in the table can be
reflected in the stent struts. It could be observed that in the straight
trajectories the struts were thinner. However, in the curves they become
thicker.

3.3. Stent dynamics - expansion and compression
The compression force values presented in Fig. 6 represent the

amount of force applied to each group of PVA stents with different N¢
during the compression test. The data show that the 6-cell stents
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Fig. 4. Fitted Response Plot of the Regression Model. Red markers represent
the experimental data, plotted according to the experimental model. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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Table 4
Stent dimensional parameters characterization with mean and standard devia-
tion (N = 5).

Iy Nc¢ Sw (mm) Hy (mm) Cw (mm) Cp, (mm) Ca (mm?)

(mm)

5 17 0,47 + 1,67 + 8,65 + 1,57 + 7,60 +
0,09 0,11 0,18 0,20 0,50

5 38 0,62+ 2,68 + 4,30 + 0,80 + 4,63 +
0,08 0,32 0,39 0,13 0,28

5 48 0,64 + 3,26 + 3,14 + 0,75 + 3,21 +
0,07 0,36 0,31 0,11 0,26

experienced a lower compressive force of 0.0073 N, while the 6-cell
dual-layer stent group and the 8-cell stent group both experienced a
compressive force of almost 3 times higher, 0.019 and 0.02 N, respec-
tively. The 10-cell stents experienced a slightly lower compressive force,
0.016 N.

The plastic strain values represented in Fig. 6 represent the amount
of permanent deformation that occurred in each group of stents during
the compression test, expressed as a percentage of the original di-
mensions. These values yield insights into the relative plasticity, or the
ability of the stents in each group to undergo permanent deformation
when they were subjected to compressive forces. The group of 6-cell
stents with two layers was the one that exhibited the best results, pre-
senting a recovery of 88.85 % of its original diameter. On the other hand,
the values were lower although similar for the 8- and 10-cell stents
where the stent recovered only 78.8 % and 79.1 % of its original
diameter, respectively. Finally, the 6-cell stents presented a recovery of
the original diameter of only 65.8 %.

In terms of expandability, Fig. 7 presents the expansion results ob-
tained for the different stent geometries at each time interval. The
measurements were presented as mean values. It could be observed that
stent expansion varies according to the geometry chosen for the fabri-
cation of the stent. It could be observed that the maximum expansion
was reached by the 6-cell stent with a maximum diameter of 11,5 mm,
while the 8- and 10-cell stents reached maximum diameters of 5,87 mm
and 5,51 mm, respectively. After 30 s, the 6-cell stent had a diameter of
10,15 mm, representing a decrease of 11,74 % of the maximum diam-
eter. On the other hand, the 8-cell stent and the 10-cell stent, presented a
lower recoil in percentage, being less than 2 % in both cases.

Five minutes after expansion, the 6-cell stent showed a diameter of
9,63 mm, thus lowering the maximum expanded diameter a reduction of
16,26 %. On the other hand, the diameter of the 8-cell stent stabilized
with an average diameter of 5,8 mm and the 10-cell stent maintained a
diameter of 5,26 mm.

3.4. Sterilization-induced crystallization

Samples were made from the 28 % (w/v) PVA solution for the DSC
test. Dehydration of the samples in an oven at 37 °C formed the PVA
hydrogels. These were sterilized with ethanol or 121 autoclave cycles
(1-2) to assess the sterilization response. Once sterilized, their thermal
behavior was evaluated with DSC, Fig. 8.

Fig. 8 depicts the heat flow over the temperature interval from 20 to
250 °C. Two main events were observed. From ~85 °C onwards a
thermal effect associated with the evaporation of moisture and possible
residual water that might have been retained in the sample. Then a
pronounced endothermic process associated with the melting of the
material. It was integrated with respect to time for the calculation of the
enthalpy of the melting process. With this parameter, as indicated by Eq.
(1), the crystallinity was calculated, Table 5. It was observed that the
crystallinity of the samples increased with the autoclaving process,
being the 2 autoclaving cycles the process with a higher crystallinity as a
final result.
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a)

Fig. 5. Stent geometries. (a) Six-cell design, (b) Eight-cell design (c) Ten-cell design. These stents images were utilized to extract the data presented in Table 4, which
characterizes their dimensional parameters.
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Fig. 6. Stents characterization at the compression test. a) Compression force at 50 % deformation for PVA stents with the different geometries and thickness. b)
Elastic recovery shown by stents.
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Table 5
Crystallization and glass transition temperature (Tg) calculations.
Crystallization (%) Ty (°C)
1 Cycle 40.27 52.35
2 Cycle 41.33 53.24
EtOH 38.67 52.22

3.5. DMA

Fig. 9 shows the results of the DMA test. It could be observed that the
autoclave sterilization showed higher values of the storage modulus (E')
between 25 °C and 60 °C than those sterilized by the ethanol method.
These values were 14.3 % higher when the samples were sterilized with
1 autoclave cycle. However, it could be observed that this value further
increased when a second cycle was added to the PVA test specimens with
an increase of 7.65 %. However, as the temperature increased, the
values of E' between the groups depicted similar behavior above 55 °C,
tending to become lower as the temperature increased.

The values for the glass transition temperature (Tg) were calculated
from the maximum peak of tan delta. It could be observed that the
autoclaving cycles increased this value by 1.02 °C, compared to the 2
cycles autoclaving method and the ethanol-sterilized test specimens. In
the case of 1 cycle of autoclave, T, is found at a point between the two
previous conditions.

3.6. PBS degradation and absorption kinetics

The circular solvent-cast PVA test specimens were immersed after
their respective sterilization methods, ethanol immersion and auto-
claving at 121 °C. Fig. 10-a shows that the PBS absorbance described the
same profile for both conditions, a sharp PBS absorbance during the first
hours. An abnormal peak was observed at 4 h for the EtOH sterilized
conditions. This anomaly may be attributed to the method used, which
encounters challenges in effectively removing surface water when
weighing the wet sample. This was followed by saturation of the PBS
absorbed at a value of 165,9 % and 64,5 % on average with ethanol and
autoclaving respectively. Despite the similar behavior, it could be
appreciated that the ethanol sterilized test specimens presented a higher
PBS absorption, almost 3 times superior at 4 h from the beginning of the
test and approximately twice as high during the saturation stage.

PVA has a partially crystalline and partially amorphous composition.
The weight loss curve shows weight loss values reaching 11,1 % in the
case of EtOH sterilization and 6,8 % in the case of autoclave sterilization

6000
1 cycle
5000 2 cycle
o EtOH
o
= 4000 |
2]
2
3 3000
(@]
€
0 2000
o
9
» 10001
0r ‘

20 40 60 80 100 120 140
Temperature (°C)

Fig. 9. DMA analysis, mean values and standard deviation of the storage
modulus throughout the duration of the DMA test (N = 2).
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at 4 days. Approximately half of the total weight lost was found in the
first 4 h of the experiment. Then, both conditions had a tendency to
reduce weight until the 4th day. At this time, a saturation of the
degradation was observed, and it even seemed to increase, which was
probably due to the variability between experiments.

4. Discussion

In this study, the fabrication of 28 % (w/v) PVA cardiovascular stents
extruded by the SC-DW technique was evaluated, in terms of dimen-
sional resolution, compression and expansion. In addition, the possi-
bility of sterilizing the extruded PVA by various methods was evaluated
in order to assess the effect on its mechanical properties, degradation
kinetics and Wy, and lastly, on its crystallinity structure.

4.1. Stent properties and perspectives

Studies on PVA stents have investigated a spectrum of sizes, ranging
from 3 mm to 18 mm [21,25]. However, cardiovascular stents typically
range in diameter from 2.5 to 4 mm, while peripheral stents, designed
for the treatment of cardiovascular disease, can reach up to 7 mm. To
ensure versatility and scalability for cardiovascular and peripheral ap-
plications, stents with a diameter of 5 mm were manufactured in this
study. The stents were printed with previously optimized parameters on
a tubular surface with a single deposition layer to obtain a Sy of 0,51
mm. Remarkably, this parameter yielded accurate results for the 6-cell
stents, Sw of 0,47 + 0.09 mm. However, when analyzing the Hyy re-
sults, it was observed that this value was higher than the predicted one.
This deviation could be attributed to the extrusion of a viscous solution
during the printing process on the curve trajectories. The material tends
to fuse when the strut spacing is deposited too close, which is especially
prevalent in the case of the hinges. Therefore, the initial optimization
was performed for straight lines and resulted in several alterations when
handling curved trajectories. This pattern was more evident in the case
of stents manufactured with 8- and 10-cell geometry. In this case the Sy
and Hy parameters were larger than in the 6-cell case, since curved
trajectories were more frequent in these stents. For this reason, their
value might be increased.

The stents have a mean thickness of 50,25 pm. This thickness is
comparable to high-precision stents manufactured with SLA additive
manufacturing strategies [10]. High SW thickness has been shown to
cause turbulent flow in small arteries. Thus, being one of the main
causes of stent restenosis in polymeric stents [26]. Therefore, although
Sw values are usually designed above this in commercial stents, their
thickness is of great value. For instance, stents manufactured with FDM,
which is another material deposition technology, have values in the
range of 200 pum, depending on the manufacturing parameters [27].
Then, as the stents manufactured in this study had thinner thickness
than those manufactured through comparable methods in the literature,
they exhibit significantly lower compression values. For example, when
contrasting stents fabricated through SC-DW but using PLLA, notable
differences become apparent [28]. In addition, the stent manufactured
with polydiolcitrate polymer and fabricated by SLA presented up to 10
times higher compressive strength, comparing the highest results among
the studies [7]. Furthermore, PVA stents manufactured through tradi-
tional methods such as braiding presented values two orders of magni-
tude lower than stents fabricated by PVA in this study [18]. However, it
is important to note that in all cases the involved stents were thicker,
nearly 3 times in each scenario. To further investigate the relationship
between thickness and compressive strength, the effect of layering on
stent performance is discussed.

The 6-cell stent geometry was studied, which is the one with
significantly less material, approximately half of the weight of the 10-
cell stents. It was observed that the compressive strength increased
almost threefold in the case of 6-cell stents with 2 layers, thus double of
thickness. These findings suggest that the impact of thickness on
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Fig. 10. Degradation Test Data at Time Points: 1 h, 4 h, 1 day, 4 days, and 7 days. A) Water absorption, Eq. (2). B) Weight loss, Eq. (3).

compressive strength is not directly proportional but rather follows an
exponential trend. Increasing the thickness enhances the material con-
sistency and subsequently improves the compressive strength, yielding
notable mechanical properties to the compression. The results showed
that stents with 8- and 10-cell geometries had higher compressive
strength than 6-cell geometries. Hence, it is plausible to assume that the
growth pattern with the addition of the 2nd layer observed in 6-cell
would be reproduced by the 8- and 10-cell geometries, leading to
values similar to those presented by similar studies using the SC-DW
technology [8]. This observation underlines the importance of the
stent geometry in determining its mechanical properties and highlights
the potential for further optimization.

Furthermore, it is also important to note the importance of printing
on a tubular surface. This prevents stent fabrication from being affected
by adhesion of subsequent layers, especially when the stent is subjected
to compression. In processes such as FDM, SLA or SLM fabrication or
other layering techniques, adjacent layers form small grooves [21,29,
30]. The adhesion between these layers induces a staircase effect,
causing stress concentration within the grooves. Subsequently, during
compression testing, this stress concentration results in the appearance
of tiny cracks, which ultimately lead to fracture of the stent support
struts and a consequent decrease in mechanical properties [21]. For this
reason, a more efficient way to add material and thickness to SC-DW
stents, while avoiding layering, would be to increase the concentration
of PVA in the solution.

In terms of elastic recovery, it also revealed promising results when a
second layer was added. Stents with two layers showed a significant
increase in the elastic recovery of 88,85 %, which represents a 35,04 %
increase compared to single-layer stents. This suggests that layering
significantly influences the ability of the stent to recover its original
shape after deployment. The results for the other conditions were lower
than 80 %. Assuming an increase in elastic recovery similar than the one
observed in the 6 cells stents, a substantial improvement could be ex-
pected, possibly leading to an elastic recovery approaching to 100 %.

Additionally, the capacity of over-expansion was analyzed. Cardio-
vascular stents are designed with the ability to recover their original
diameter after crimping during an angioplasty. This is a crucial factor as
it ensures a correct placement. However, cardiovascular stents are also
intended to be designed so that they can over-expand by at least 0.5 mm
of their original diameter to achieve optimal placement [31]. This factor
was studied with the fabricated PVA stents. Specifically, 6-cell stents
demonstrated a maximum expansion of 130 %. However, the value
decreased by approximately 16.26 % after 5 min from the beginning of
the test. The 10-cell stents expanded 0.51 mm, but the recoil was
significantly greater. Consequently, the overexpansion capacity was

lower than expected for a commercial stent. This observation highlights
the potential difficulties in maintaining stable expansion with 6-cell and
10-cell stents, which could impact their performance and efficacy in
real-world applications. In contrast, the 8-cell stents showed an expan-
sion of 0.87 mm, with practically a negligible recoil at 5 min, resulting in
a mean expansion value of 0.8 mm. This behavior suggests that the 8-cell
stents effectively retained their expanded state, indicating possible ad-
vantages in maintaining proper positioning and vessel support.

4.2. PVA as a potential material for cardiovascular implants

In the biomedical engineering field PVA has become a leading and
extensively used polymer due to its mechanical properties. Its versatility
has made PVA a candidate with good perspectives for the development
of a wide range of biomedical applications, due to its properties such as
hydrophobicity, biocompatibility and the ability to adapt its mechanical
properties to suit specific applications [32]. In particular, PVA can be
customized to exhibit very specific properties, such as anisotropy, which
shows promising potential for cardiovascular applications [33]. In this
direction previous studies have studied the fabrication of PVA stents
manufactured by conventional methods, such as braiding or molding in
the form of tubes that were then cut into stents [25]. However, the
present study presents an innovative approach that to the best of the
author’s knowledge is the first reported case of a PVA stents fabricated
through tubular SC-DW technology.

Since the final product derived from the initial PVA solution can
result in different properties depending on the fabrication process,
various tests were conducted to assess their impact on the PVA hydrogels
manufactured. Specifically, the objective was to evaluate the possibility
of controlling the crystallinity of PVA by means of the sterilization
process. PVA specimens were prepared by extrusion using SC-DW and
subsequently subjected to sterilization. Two sterilization methods were
used: autoclaving and ethanol sterilization. After sterilization, the
crystallinity of the PVA material was analyzed by DSC. It was found that
a substantial increase in crystallinity was observed when the PVA ma-
terial was autoclaved compared to the ethanol sterilization alternative.
This observation aligns with existing literature, which indicates that
heating of PVA leads to a gradual loss of water, resulting in a reduction
of hydrogen bonds with water molecules. As a consequence, the material
undergoes crystallization during the cooling process [34]. Therefore, the
control of the temperature during sterilization appeared as a key factor
in modulating the crystallinity of PVA. In addition, the increase in
crystallinity is attributed to the ability to control other properties. The
diminishing of W, capacity, for instance, holds significant implications
for the fabrication of stents [11]. A lower water absorption rate is highly
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advantageous in stent applications, as it contributes to the preservation
of the mechanical properties of the stent in aqueous environments.

This study hypothesized that the crystallization of PVA hydrogels
could be increased with several autoclaving cycles in the same way as
occurs with freeze-thaw cycles [35]. The results confirmed the initial
hypothesis that multiple autoclaving cycles can indeed increase the
crystallinity of PVA. As shown in Fig. 9, the E’ increased with each
autoclaving iteration, indicating an increase in crystallinity. In addition,
a significant reduction in WA was observed, as reported in Fig. 10-a.
These results indicate the advantageous effect of autoclave sterilization
in the fabrication of stents, showing an increase in PVA crystallinity
attributable to this sterilization method, in contrast to ethanol
sterilization.

It is noteworthy that in the first iteration of autoclaving the PVA’s
crystallinity increased by 4,13 % relative to its original state. The sub-
sequent addition of a second autoclaving cycle led to an additional 2.63
% increase in crystallinity over the state reached after the first cycle.
This shows that, although autoclaving cycles seem to promote crystal-
linity, the relationship between the number of cycles and crystallinity
does not show a linear growth pattern. While a maximum crystallinity
value of 41,33 % was achieved in this study, it is important to
acknowledge that PVA can potentially reach a nominal crystallinity
value of up to 48,61 % [36]. This implies the feasibility of further
increasing the crystallinity by approximately 7 % through additional
autoclave cycles, which can effectively improve the mechanical prop-
erties of the material while reducing Wx. Nevertheless, the W, property
provided by PVA has been previously employed as a property for
self-expandable stents in biliary interventions [25]. While it may not be
a primary consideration for cardiovascular stents due to the trade-off
between mechanical properties and Wy capacity. It might be relevant
to explore this attribute to other stent types, as it may present a valuable
solution for specific stenting applications.

In relation to Wi, the stability of PVA in the body has been of interest
in biomedical research in the past. Previous studies with fluorescent PVA
in mice have demonstrated its remarkable stability, as no traces of PVA
were detected in urine or feces [37]. Furthermore, similar to other
biocompatible polymers such as PLA, PVA has a relatively low toxicity,
whether administered orally or intravenously to the body. After degra-
dation, it is eliminated by biliary excretion [37]. Additionally, very few
bioaccumulation and limited adverse effects have been reported, mak-
ing it ideal for biomedical applications [38].

The results of this study corroborate the idea that PVA is stable in
aqueous solutions, such as PBS, since as illustrated in Fig. 10-b, auto-
claved and ethanol-sterilized hydrogels showed an initial drop of 6,8 %
and 11,1 %, respectively. However, subsequently, a flat pattern was
observed indicating that the hydrogel no longer degraded over time. It is
worth mentioning that, although the value of the last point is higher
than that of the previous ones, due to the flat nature of the pattern,
occasionally higher points are expected due to the variability of the
experiment. However, it should be noted that the value is lower than the
initial weight. Furthermore, the variability found is lower than 2.8 %
and 1.3 % of the weight loss for autoclave and EtOH respectively, which
is not a significant value, considering that the overall weight loss is 11.1
% for EtOH and 6.8 % for autoclave. The degradation of PVA involves its
dissolution in PBS. PVA solubility is affected by factors such as tem-
perature, crystallization rate and the degree of hydrolysis. Studies
showed that at temperatures of 40 °C for a PVA of hydrolysis grade
similar to the one employed in this study, the solubility in water is 5 %
[11]. Therefore, this Wy, in the first hours should be attributed to rapid
dissolution. Furthermore, the lower crystallinity degree in the
ethanol-sterilized hydrogels suggests the existence of larger amorphous
regions, possibly explaining a higher dissolution of PVA by this group.
Hydrophilic groups in the amorphous regions interact with water mol-
ecules, breaking intramolecular hydrogen bonds and accelerating
dissolution in the early stages. Our findings are in agreement with Lin
et al. which registered a 16 % Wy, at 15 days by degrading pure PVA in
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PBS at 37 °C [16]. In addition, leaching of low molecular weight com-
ponents, plasticizers, or residual solvents, depending on the PVA
formulation or processing methods, should also be taken into account, as
it could accentuate this rapid Wy, observed in the early stages of the
experiment.

Regarding the mechanical properties, this study reveals remarkable
findings, particularly for the use of PVA for the manufacture of stents.
The reported E' values for ethanol sterilized PVA hydrogels were found
to be similar than those typically observed for materials commonly used
for the manufacture of commercial stents. Furthermore, when the me-
chanical properties of the PVA were increased with 2 autoclaving cycles,
it depicted E' values comparable to sisal fiber reinforced PLA on the
surface [39]. This observation is significant since commercial stents on
the market are commonly composed of PLLA. The comparable me-
chanical properties observed between autoclaved PVA and PLLA suggest
that PVA is a promising candidate for stent fabrication, providing a
viable alternative to traditional PLLA-based stents. Furthermore, the use
of autoclaved PVA eliminates the need to remove ethanol, which could
present cytotoxic risks if not removed completely, thus eliminating this
compound from the manufacturing process. Moreover, PVA exhibits a
greater ability to withstand higher temperatures compared to PLLA.
Therefore, all the mentioned properties added to this enhanced thermal
resilience of PVA further highlights its potential suitability for stent
fabrication.

5. Conclusions

This study successfully fabricated PVA stents using SC-DW with
different geometries. The optimized printing parameters yielded medi-
cal devices with promising dimensional resolution, particularly for
straight trajectories. The stents underwent expansion and compression
tests, demonstrating favorable stenting kinetics and good over-
expansion ability. While the compression performance did not reach
excellence, the results were encouraging. In addition, the material was
subjected to degradation, crystallinity and mechanical performance
tests that demonstrated that there is potential for further improvement
of PVA stents. Improving the degree of crystallization by autoclaving
improves mechanical properties and decreases water absorption.
Therefore, it can be concluded that, for the manufacture of cardiovas-
cular stents, autoclaving produces better results, while simplifying the
process by eliminating the need to use ethanol. Finally, the fabricated
stents exhibited thinner struts compared to other stents presented in the
literature and commercial models. The study has demonstrated that the
addition of an extra layer, improved all the stent outcomes. These
findings suggest that PVA stents have significant potential for ad-
vancements in this medical device technology, thus making the PVA a
good candidate to further investigate for the stenting application.
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