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Abstract

Poly(L-lactic acid) (PLLA) and iron (Fe) are popular bioresorbable material candidates for
biomedical implants. However, PLLA coronary stents are relatively too thick compared
to metallic stents when providing the same mechanical strength, while iron degrades too
slowly. Recent studies show that PLLA coatings can enhance iron’s corrosion rate, and
iron has strong mechanical strength, making PLLA-Fe composites ideal for bioresorbable
implants. Although PLLA coatings on iron samples have been studied, research on em-
bedding iron wires in relatively thick PLLA matrices is limited. Moreover, no studies
have yet explored 3D-printed metal wire-reinforced PLLA monofilaments for biomedical
applications. To address these research gaps and investigate the in vitro degradation profile
of PLLA /Fe wire monofilaments for bioresorbable stents, this study first developed a novel
polymer filament-metal wire coextrusion 3D printer for printing PLLA /Fe wire monofila-
ments. In vitro degradation tests were then conducted on both PLLA /Fe and neat PLLA
monofilaments at 50 °C. Thereafter, characterizations, including mass loss, pH, surface
appearance and morphology, tensile tests, gel permeation chromatography (GPC), and
differential scanning calorimetry (DSC), were performed. Results indicated that the overall
degradation rate of PLLA /Fe monofilaments was higher than that of PLLA counterparts,
while the degradation rate of PLLA matrix was not affected by the embedded iron wire
according to molecular weight analysis. Notably, the Young’s modulus and stiffness of
PLLA monofilaments were significantly improved by the iron wires during the early stages
of degradation, but the reinforcement in tensile strength was negative after immersion
due to the poor embedding quality of the iron wires in the PLLA monofilaments. With
future improvement of the embedding quality of iron wire, the 3D-printed PLLA /Fe wire
composites can have great potential in the development of biomedical devices using the
novel 3D printing method, including most types of stents and bone scaffolds.
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1. Introduction

Presently, coronary artery disease (CAD) is one of the leading causes of morbidity
and mortality in modern society worldwide [1-3]. The use of stents in percutaneous
coronary intervention (PCI), as the gold standard treatment for CADs [4], has progressively
developed over the past 35 years [5,6]. Currently, the employment of the latest drug-eluting
stent (DES) can still result in persistent inflammatory responses and late stent thrombosis
(ST) due to delayed vascular reendothelialization and the permanent presence of the metal
implant [2,7,8]. With the expectation of addressing the complications caused by permanent
implants in vessels, researchers worldwide have focused intensively on the development
of the bioresorbable vascular stent (BVS) [9]. The BVS is made of bioresorbable materials
and is designed to provide short-term mechanical support to reopen the narrowed artery,
gradually resorb, and be excreted by the body after vascular remodeling and recovery [9].

Generally, BVSs can be categorized into two main types based on their building mate-
rials: biodegradable polymers, such as polylactic acid (PLA), polyglycolic acid (PGA), poly-
caprolactone (PCL), and poly(lactic-co-glycolic acid) (PLGA), and biodegradable metals,
including magnesium (Mg), iron (Fe), zinc (Zn), and their respective alloys [9-11]. The first
U.S. Food and Drug Administration (FDA)-approved BVS was the Absorb Bioresorbable
Vascular Scaffold (Absorb™ BVS), released in 2016 [12]. However, it was withdrawn from
the market in 2017 due to an increased rate of late-stage ST and target lesion failure [13-15].
The thick structure (157 um) of the Absorb™ BVS is widely regarded as the primary reason
for these issues [16-18]. This implies that the mechanical strength of the PLLA matrix
needs to be improved to build thinner (around 50-100 pm) BVSs [12,19-21]. Additionally,
some studies have pointed out that the reduced pH in local areas surrounding the stent can
induce inflammatory reactions caused by acidic degradation by-products, which is another
critical concern [15,22-24].

On the other hand, iron-based BVSs have gained increasing interest from researchers
due to their excellent mechanical performance, biocompatibility, and advancements in
iron alloy techniques and surface treatments [14,25,26]. To develop potential iron-based
BVSs, two main concerns must be addressed effectively: the low degradation rate and
the by-products of iron corrosion [27]. Recently, some studies have demonstrated that
incorporating alkaline metals or metal oxides, such as Mg, Zn, Fe, MgO, and ZnO, into
aliphatic polyesters, such as PLA, PGA, PLGA, and Poly(D, L-lactic acid) (PDLLA), can
neutralize acidic degradation by-products and accelerate the degradation process [28-35].
In the field of iron-based PLA coating composites, Zhang et al. elucidated the mechanism
of accelerated degradation in iron-PLA biomaterials [4], while other researchers have
demonstrated the long-term efficacy and safety of bioresorbable iron-PLA composite
stents through continuous in vitro studies [16,36], in vivo studies [14,37], and a clinical
application in human below-the-knee arteries [38]. Meanwhile, Gao et al. [39] demonstrated
the accelerated degradation of nitriding treatment and PDLLA coating on iron-based
composite stents. They also reported a 3-year follow-up of the first-in-human evaluation of
the ultrathin iron bioresorbable scaffold (IBS), with positive and promising outcomes in
2024. However, the complete absorption periods of these promising iron-based aliphatic
polyester composite stents remain longer than the ideal period of 1-2 years [40,41], which
could be attributed to the low percentage of the aliphatic polyester layer. Therefore, it
would be highly interesting to investigate the mechanical and degradation performance
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of iron—-aliphatic polyester composite stents when polymers serve as the dominant matrix.
Moreover, the authors speculate that a lower percentage of iron could reduce the formation
of insoluble iron corrosion by-products, which require a long time for surrounding tissues to
absorb and excrete [26,27]. To make the most of the merits of both PLLA and iron materials,
it is hypothesized that incorporating iron wire into the PLLA matrix can not only enhance
the mechanical performance but also increase the degradation rate of PLLA /Fe composites.

With the development of 3D printing technology, a significantly growing number of
researchers have adopted 3D printers in the field of medical device development over the
past decades [11,42,43]. In the area of material extrusion 3D printing of polymer-based
stents, researchers have demonstrated the feasibility of printing vascular stents using
pristine polymers [44—47], polymer blends [48,49], metallic or bioinorganic nanosheet or
particle-reinforced polymer composites [50-53], and short fiber-reinforced polymer com-
posites [54,55]. However, to the best of our knowledge, no studies have been published to
date in the specific field of metal wire-polymer coextrusion 3D printing for the fabrication
and evaluation of medical implants. While several papers have demonstrated the coex-
trusion 3D printing of continuous metal wire-reinforced polymer composites, their focus
has been limited to simple mechanical test specimens [56-59], block samples for thermal
conductivity studies [60,61], or sensing applications [62-64], primarily using copper or
steel wire. Therefore, it is essential to demonstrate the feasibility of 3D printing continuous
iron wire-reinforced polymer thin monofilaments. This would enable the fabrication of
metal wire-reinforced polymer stents by integrating the novel coextrusion process with
recently developed four-axis material extrusion-based 3D printers [48,49]. Furthermore, the
preliminary evaluation of these 3D-printed monofilaments can provide valuable insights
for the practical and systematic development of metal wire-reinforced polymer stents.

Based on the aforementioned knowledge, this study employed PLLA and iron wire
to develop a PLLA /Fe wire composite for BVSs, with the hypothesis that incorporating
iron wire into PLLA monofilaments would not only enhance the mechanical properties
of PLLA but also accelerate the degradation rate of the composite. Therefore, this study
first developed a novel polymer filament-metal wire coextrusion 3D printer. Thereafter,
PLLA /Fe wire monofilaments were fabricated, while pure PLLA monofilaments printed
under the same parameters served as the control group. Finally, the in vitro degradation
performance of the PLLA /Fe wire composite monofilaments was evaluated to establish a
foundation for future research on PLLA /Fe wire BVSs.

2. Materials and Methods
2.1. Materials

PLLA filament was obtained from 3D4MAKERS (Haarlem, The Netherlands). More
specific properties of this filament are listed in Table 1 according to its Technical Data Sheet
(TDS). Before being fed into the FME printer, the filament was dried at 40 °C overnight and
stored in a vacuum-sealed package. Pure iron spooled wire (purity: 99.5%, length: 2000 m)
was purchased from Goodfellow Cambridge Ltd. (Cambridgeshire, UK). The main infor-
mation of the iron wire is provided in Table 1 as well. The reagents for simulated body
fluid (SBF) preparation are listed in Table 2 including NaCl, NaHCO3, KCl, K,HPO,4-3H,0,
MgCl,-6H,0, 1M HCI, CaCl,, NaySOy, and Tris((CH,OH)3;CNHy). All materials were used
as received.

2.2. A Novel Filament—Metal Wire Coextrusion 3D Printer
A novel filament-metal wire coextrusion 3D printer was developed by modifying

a desktop open-source 2-in-1-out single-nozzle 3D printer (Geeetech A10M, Shenzhen
Getech Technology Co., Ltd., Shenzhen, China) (Figure 1b). The modification involved
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integrating a thin metal wire conduit positioned within the upper section of the nozzle’s
interior, with its central axis aligned to the nozzle’s axis as shown in Figure 1a. This design
facilitated the synchronized extrusion of the thin metal wire with the polymer filament,
enabling in-nozzle impregnation during the extrusion process. The specific size of the
dispensing stainless needle adopted was G22 (Shenzhen Hongyun Dispensing Accessories
Co., Ltd., Shenzhen, China), with an outer diameter (OD) of 0.7 mm, an inner diameter
(ID) of 0.4 mm, and a total length of 62 mm. A schematic diagram illustrating the working
principle of the novel 3D printer is shown in Figure 1.

Table 1. Properties of PLLA filaments (3D4Makers) and iron wire (Goodfellow).

Property PLLA Iron Wire Unit
Diameter 1.75 0.065 mm
Density 1.24 7.87 g/cm?
Melt temperature 175 1535 °C
Nozzle temperature (recommended) 180-220 - °C
Tensile strength at break 50 180-210 MPa
Tensile elongation at break <5% -
Young’s modulus 3.5 2114 GPa
Flexural modulus 3.35 - GPa
Charpy impact strength 21 - k] /m?

Table 2. Regents for preparing 1000 mL SBF (PH 7.4).

Order Reagent Amount Supplier
1 NaCl (>99.5%) 7.99% g Sigma-Aldrich (Taufkirchen,
Germany)
5 NaHCOj; (>99.5%) 0350 g Slgma-Alélnch (Taufkirchen,
ermany)
3 KC1 (>99.0%) 0.224 gt Honeywell (Seelze, Germany)
4 K,HPO,-3H,0 (>99.0%) 0228 ¢ Sigma-Aldrich

(Taufkirchen, Germany)
Sigma-Aldrich

5 MgCly-6H,0 (>99.0%) 0.305¢g (Taufkirchen, Germany)
6 1.0 M-HC1 39 mL TCI (Zwijndrecht, Belgium)
Sigma-Aldrich
7 CaCly 0.278 8 (Taufkirchen, Germany)
o Sigma-Aldrich
8 Na;504 (299.0%) 0.071 g (Taufkirchen, Germany)
9 (CH,OH)3;CNH; (>99.0%) 6.057 g TCI (Zwijndrecht, Belgium)
10 1.0 M-HCl: adjusting pH to 7.4 0-5mL TCI (Zwijndrecht, Belgium)
PLLA filament TA\
Fe wire e ]
/’
(a) |
N )l
& Steel )
needle )
Dl
Hot end )
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Figure 1. Schematic diagram of the filament-metal wire coextrusion head (a), demonstration of
PLLA /Fe wire filament printing (b), S-path for monofilament printing (c), printed PLLA monofila-
ments (d), printed PLLA /Fe wire monofilaments (e).
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2.3. Specimen Preparation

In this study, a total of 150 monofilaments were obtained from 15 S-path specimens
printed using the novel 3D printer for both pure PLLA and PLLA /Fe wire samples. The
iron wire used for the 3D printing of PLLA /Fe wire monofilaments had a diameter of
0.065 mm. The dimensions of 3D-printed monofilaments were measured using Image]
software (version 1.51j8) based on their microscope images. The results indicated that
the cross-sectional dimensions of neat PLLA and PLLA /Fe wire monofilaments were
292.40 £ 13.06 x 617.38 & 23.53 um? and 310.30 & 36.77 x 650.96 + 10.80 um?, respec-
tively, as shown in Table 3. All monofilaments were kept approximately 120 mm in length
for tensile tests. Both PLLA /Fe wire and pure PLLA monofilaments were divided into
10 groups, with each group containing at least 10 samples for in vitro degradation and other
tests. The G-code was generated by modifying the G-code of a similar geometry using the
EasyPrint3D (v1.0.17) slicer. The same printing parameters (Table 4) and G-code were used
for printing both pure PLLA and PLLA /Fe wire composite specimens. The direct printing
path model of the S-path specimen is shown in Figure 1c, and the monofilaments are shown
in Figure 1d,e. Samples for other tests, such as mass change, morphology imaging, GPC,
DSC, and FTIR, were obtained from untested or tested specimens from tensile tests. In the
final averaging of the test results, any outliers were excluded [65].

Table 3. The compositions of PLLA and PLLA /Fe wire monofilaments.

PLLA/Fe Wire Monofilament Pure PLLA Monofilament
Composition PLLA Iron wire PLLA
Dimensions (pum) 310.30 £ 36.77 x 650.96 & 10.80 J65.28 + 0.41 292.40 £+ 13.06 x 617.38 £+ 23.53

Table 4. The 3D printing parameters for the fabrication of PLLA and PLLA /Fe wire monofilaments.

Parameters Value Unit
Nozzle diameter 0.6 mm
Layer height 0.3 mm
Extrusion head temperature 200 °C
Bed temperature 60 °C
Cooling fan speed 100 Yo
Filling pattern Line
Fill angle (X axis) +0 °
Filling density 100 Yo
Print speed on slicer 1.2 mm/s

2.4. In Vitro-Accelerated Degradation
2.4.1. Simulated Body Fluid (SBF) Preparation

To ensure the ion concentrations of the prepared SBF matched those in human blood
plasma, the following substances (Table 4) were added to 850 mL of deionized water and
stirred to prepare 1000 mL of SBE, following the method of Kokubo et al.: NaCl, NaHCO3,
KCI, KzHPO4'3H20, MgC126H20, M HCL CaClz, Nast4, and TI'lS((CHzOH)3CNH2),
sequentially, according to Kokubo et al. [66]. During preparation, each reagent was fully
dissolved before adding the next. The solution was titrated with 1 M HCl until the pH
reached 7.25, with the temperature maintained at 36.5 °C using a water bath. Finally, the
solution was transferred to a 1000 mL volumetric flask, and deionized water was added
at 20 °C to adjust the solution to the required volume [67]. The prepared solution was
transferred to a plastic bottle and stored in a refrigerator at 4-10 °C. The stored SBF solution
was discarded if precipitation occurred.
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2.4.2. Immersion Test

The in vitro-accelerated degradation tests were performed according to ISO 13781:2017 [68].
Before immersion in SBE, monofilaments were sterilized using 70% isopropyl alcohol for 3 min
and rinsed three times with deionized water. The samples were then dried in a vacuum oven
(Salvislab VC20, Rotkreuz, Switzerland) at 45 °C for 24 h before measuring the initial mass
(Mp) of each monofilament. To prevent curling during accelerated degradation [69], each
monofilament was secured to a polypropylene (PP) tube (diameter: 4 mm) by inserting it
into three distributed holes, as shown in Figure 2a,b. Each group of monofilaments (n = 10)
was vertically placed in a test tube (50 mL) with a stopper to prevent SBF evaporation [70].
It should be noted that both PLLA /Fe and PLLA samples for week 12, immersed in the last
right tubes (Figure 2c,d), were not bound by a PP tube, and the samples were too curled to
be separated and tested on a tensile tester. Fifty milliliters of prepared SBF (pH: 7.2-7.4) was
transferred to each tube, ensuring the ratio of SBF solution to surface area and sample weight
exceeded 50:1 mL/cm? and 30:1 mL/g, respectively, following ISO 13781 [71-74]. Specifically,
the mean initial mass sums of PLLA /Fe and PLLA samples in each degradation tube were
356.60 £ 15.09 mg and 338.40 + 4.95 mg, as shown in Table 5, with SBF solution-to-mass ratios
of 140.20 and 147.75 mL/g, respectively. The sample tubes were placed in a circular orbit
shaker incubator (New Brunswick Innova 4000, Hampton, VA, USA) at 50 °C for temperature-
accelerated degradation, with an orbital shaking speed of 80 RPM to simulate the average
adult heart rate [70]. The elevated temperature of 50 °C was chosen because it is below the
glass transition temperature (Tg) of the samples, ensuring a reliable accelerated degradation
mechanism [71,75,76]. Previous studies indicate that the in vitro degradation rate of PLLA
at 50 °C is approximately four times faster than at the normal physiological temperature
of 37 °C [71,74,77].

Table 5. The initial mass sum and mean of PLLA /Fe wire and PLLA monofilaments for each group.

Initial Mass Sum of the Monofilament Group in Each Degradation Tube (mg)

Groups Week_1 Week_2 Week_3 Week_4 Week_5 Week_6 Week_8 Week_10 Week_12 Mean + SD
PLLA/Fe 327.88 378.86 363.7 349.13 364.74 343.11 355.79 357.59 368.62 356.60 &+ 15.09
PLLA 333.18 341.44 339.33 340.86 345.52 336.56 336.98 342.36 329.39 338.40 +4.95

Figure 2. Monofilaments bound in PP tubes, immersed in testing tubes, degraded 6 weeks, and
under testing were shown in figures (a,c,e,g) for PLLA, and figures (b,d,fh) for PLLA /Fe composite
samples, respectively.

The specimen tubes were placed in the shaker incubator for 1, 2, 3, 4, 5, 6, 8, 10, and
12 weeks. For clarity, each group of pure PLLA and continuous iron wire-reinforced PLLA
composite monofilaments was denoted as PLLA_0, PLLA_1 to PLLA_12, and PLLA /Fe_0,
PLLA/Fe_1 to PLLA /Fe_12 for immersion weeks 0 to 12, respectively. The SBF solution
was replaced with fresh SBF weekly, and pH values were measured using a pH meter
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(JENWAY 3520, Dunmow, UK) before replacement. All sample tubes were collected at the
end of week 12.

2.4.3. Iron Ion Concentration Measurement

An iron test kit (0.01-0.2 mg/L, MQuant) purchased from Sigma-Aldrich was used
to measure the iron released in the degradation solutions. All iron ions were reduced to
iron (II) ions by adding the Fe reagents from the colorimetric kit; therefore, this test kit
measured the total iron content in the degradation solution released from the samples. The
measurements were conducted on the degradation solutions of the PLLA /Fe samples at
the final collection time point (week 12). According to the testing guide, 100 uL of each
degradation solution was first transferred to sample tube B before being diluted to 20 mL
(200x). Thereafter, five drops of Fe reagents were added to sample tube B to initiate the
reduction and colorimetric reactions, forming a red-violet complex. Meanwhile, control
tube A was filled with 20 mL of distilled water. After a three-minute reaction, the iron
concentration was determined by visually comparing the color of the measurement solution
with the color fields on a standard color card. This kit allows precise analysis due to its fine
color gradation. The initial results were multiplied by 200 following the dilution procedure.

2.5. Tensile Test

To account for the wet environment in the SBF solution, the collected samples were
directly subjected to uniaxial tensile testing using a Lloyd LRX universal tester (Lloyd
Instruments Ltd., Bognor Regis, UK) equipped with a 50 N load cell and rubber-faced
grips. The tests were conducted at a fixed loading speed of 1 mm/min under laboratory
environmental conditions (temperature: 20 & 2 °C, relative humidity: 50 4+ 5%) and a
gauge length of 50 mm under ASTM D3822/D3822M-14 [78]. Test data were recorded using
Nexygen™ (v 4.2) software [79]. At least three replicates from each group were tested, and
the thickness and width of each specimen were measured using a digital vernier caliper
prior to testing. Data, including stress at maximum load, percentage strain at maximum
load, stiffness, and Young’s modulus, were recorded and statistically analyzed using SPSS
Statistics (IBM version 28).

2.6. Mass Loss Percentage

After tensile testing, the samples were ultrasonically cleaned in deionized water for
10 min, rinsed twice with deionized water, and dried sequentially using filter papers to
absorb excess water. The samples were then dried in a vacuum oven at 45 °C for 24 h. The
weight (M) of each monofilament after degradation was measured using a Sartorius scale
(MC 210 P) with a resolution of 107> g [80], excluding defective samples. The mass loss
percentage of each monofilament was calculated using Equation (1) [70,81]:

Mass loss (%) = (Mg — M1)/My x 100% (1)

where My is the initial mass of the monofilament before degradation, and M; is the dried
mass of the monofilament after degradation.

2.7. Gel Permeation Chromatography (GPC) Test

The number-average molecular weight (M), weight-average molecular weight (M),
peak molecular weight (M), and molar mass dispersity (Dy = My /My [82]) of all PLLA
and PLLA /Fe wire composite monofilament groups were determined using a gel perme-
ation chromatography (GPC) system (1260 Infinity II, Agilent Technologies, Santa Clara, CA,
USA) [83]. To prepare PLLA /Fe wire composite samples for GPC testing, approximately
150 mg of degraded PLLA /Fe wire sample from each group was completely dissolved
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in 4 mL HFIP (1,1,1,3,3,3-hexafluoro-2-propanol) solvent. The solution was then transferred
to glass Petri dishes using a syringe with a 13 mm PTEFE filter (0.20 um) to obtain purified
PLLA samples. The sample solution in the Petri dishes was placed in a chemical fume
hood until the solvent evaporated completely and then was dried in a vacuum oven at
45 °C for 24 h. Ten milligrams of dried PLLA samples from each group were weighed for
GPC testing.

After the preparation of all GPC samples, each PLLA sample was completely dis-
solved in 10 mL THF (tetrahydrofuran) at a concentration of 1 mg/mL. The solutions were
transferred into GPC vials using a syringe with a 0.20 um needle filter [31]. GPC analysis
was performed on each sample category using a 100 pL injection volume at a flow rate of
1 mL/min with a refractive index (RI) detector at 40 °C using a TSKgel GMHpr-M column.
Results data were analyzed using Agilent GPC/SEC software (A.02.02) to calculate the
average My, Mp, My, and Dy for each sample category [83].

2.8. Surface and Cross-Sectional Surface Morphology

A digital optical microscope (Nikon Shuttle Pix P-400R, Nikon Corporation, Tokyo,
Japan) was used to observe the surface appearance, morphology, and transparency of
monofilaments at different degradation periods at magnifications of 120x to 200x [69].

To observe the effect of long-term degradation on iron wire-reinforced PLLA composite
samples, micrographs of the surfaces and fractured cross-sectional surfaces of representative
monofilaments were obtained using a Mira scanning electron microscope (SEM) (Tescan
Mira 3, Oxford Instruments, Cambridge, UK) equipped with energy dispersive X-ray
spectroscopy (EDS). The specimens were coated with a thin conductive gold layer using
a Baltec SCD 005 sputter coater (BAL-TEC GmbH, Schalksmiihle, Germany) at 0.13 mbar
vacuum [84]. SEM images were acquired at magnifications of 150 x and 250 using an
acceleration voltage of 10.0 kV.

2.9. Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) tests were performed using a Perkin Elmer
Pyris 6 DSC (PerkinElmer, Inc., Norwalk, CT, USA) instrument to determine the thermal
properties of in vitro-degraded PLLA and PLLA /Fe wire composite samples. A nitrogen
gas flow rate of 30 mL/min was used to prevent oxidation. Samples (7-10 mg) were placed
in non-perforated aluminum pans, which were crimped before testing. An empty crimped
aluminum pan was used as the reference cell. The samples were first heated from 20 °C to
200 °C at a rate of 10 °C/min and held for 3 min. They were then cooled down to 20 °C at
a rate of 10 °C/min and held for 3 min. A second heating scan was performed from 20 °C
to 200 °C at a rate of 5 °C/min and held for 3 min. Finally, the samples were rapidly cooled
down to 20 °C at a cooling rate of 50 °C/min. The glass transition temperature (Tg), cold
crystallization temperature (T¢.), melting temperature (Tr), enthalpy of melting (AHp),
and enthalpy of crystallization (AH.) of each sample were analyzed based on ISO standard
11357-2 2020 [85]. The Ty values were determined using the half-height method, while the
Tm and T values were identified based on their corresponding peak temperatures. The
degrees of crystallinity (X.) of PLLA samples were calculated using Equation (2):

Xe (%) = (AHm — AHeo)/(w x AHm?) x 100% 2)

where AHy, (J/g) and AHc (J/g) are the melting enthalpy and cold crystallization en-
thalpy of tested PLLA samples, respectively; AHp (J/g) is the melting enthalpy of com-
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pletely crystalline PLLA (93.7 J/g) [70]; and w is the weight fraction of PLLA in the
PLLA /Fe composites [84,86,87].

w = (pp X (Sp — Sg))/(pp X (Sp — SE) + pF X Sg) 3)

where pp, and pg are the densities of pure PLLA (1.24 g/ cm?) and iron wire (7.87 g/ cm?), re-
spectively, and Sp and S are the cross-sectional areas of PLLA monofilament (1.8 x 1073 ecm?)
and Fe wire (3.32 x 10—° cmz), respectively. Therefore, the w of PLLA in PLLA /Fe wire
monofilament was 89.35% in this study.

2.10. Statistical Analysis

Statistical analyses were performed on the results using an independent-samples
t-Tests to determine differences between PLLA and PLLA /Fe composite samples, while
one-way analysis of variance (ANOVA) with a Tukey post-hoc test was used to determine
the differences among different groups of the same type of samples [88]. Differences
were considered significant at p < 0.05, p < 0.01, and p < 0.001, denoted as “*’, ***’, or ***,
respectively [89]. SPSS (IBM version 29) software for Windows was used to perform these
statistical analyses [80]. Data from mass loss and tensile tests collected in this study were
expressed as mean =+ standard deviation. A sample size of at least 3 was used for both
tensile test and mass loss results.

3. Results and Discussion

3.1. Mass Change and Acceleration Mechanism of PLLA Matrix
3.1.1. Mass Change

As shown in Figure 3a, the mass loss of both 3D-printed PLLA /Fe wire and PLLA
monofilaments increased gradually over the weeks of in vitro degradation. Overall, the
mass losses of PLLA /Fe wire monofilaments were greater than those of PLLA samples over
the same degradation periods, with significant differences observed in weeks 2 and 3. This
suggests that the degradation rate of PLLA /Fe wire monofilaments was higher than that of
PLLA monofilaments. Notably, at week 12, the mass loss percentage of the PLLA /Fe wire
sample reached 17.56%, which was 3.8 times higher than that of the PLLA monofilament
(4.63%). This accelerated degradation can be attributed to the enhanced corrosion of the
iron wire in the local acidic regions of the degrading PLLA matrix, as some studies have
indicated that iron corrosion can be accelerated by the acidic by-products of polymer hy-
drolysis [3,14,16,90-92]. Additionally, the pure PLLA samples exhibited a mass increase at
the first collection point (week 1), while all other groups experienced mass losses. It should
be noted that the mass changes for samples from weeks 8 and 10 were excluded due to
some debris or fragment losses during cleaning and tensile testing operations. In contrast,
the week 12 samples showed minimal debris loss because they were cleaned as a whole
and did not undergo tensile testing prior to mass loss evaluation due to their curled state.
Therefore, the mass losses for the week 12 samples were the average mass values of their
entire individual groups. Remarkably, the mass loss percentages of both PLLA /Fe wire and
PLLA monofilaments were below 2.5% during the first 6 weeks, equivalent to 6 months at
body temperature (37 °C), with no significant differences between the sample categories,
which is well in line with the previous studies (<3%) on PLLA monofilaments [93,94].
However, mass losses increased significantly in the later stages. These mass loss trends
are consistent with findings from other recent studies [70,71,95,96]. Generally, the hydrol-
ysis of PLLA begins in the amorphous regions, and mass loss occurs as short chains or
monomers of PLLA molecules diffuse into the degradation solution [97]. In the early stages
of degradation in this study, the diffusion of short chains or monomers was limited due
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to the integrity of the PLLA microstructure and the high proportion of crystalline regions,
as revealed by DSC results [70]. In the later stages, significant voids formed due to the
degradation of amorphous regions, and more hydrolysis occurred in the crystalline regions,
which constituted the main phase of the immersed samples. Consequently, mass losses
became more pronounced from weeks 8 to 12.
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Figure 3. Mass changes (a) of in vitro-degraded PLLA /Fe wire and PLLA monofilaments, and the pH
values (b) and iron ion concentrations of in vitro degradation solutions at the final sample collection
time (week 12). Significant differences (p < 0.05) are denoted with an asterisk (*), while any two
columns from one of the same material categories marked with at least one same lowercase letter
(a, b, or c) indicate no significant difference.

3.1.2. Mechanism of Accelerated Degradation of Iron by PLLA Matrix

In recent years, several scientific studies have revealed the acceleration mechanism of
PLA on iron bioresorbable materials [16,27,34,36,37,98]. As reported by Qi et al. [16], iron
corrosion is primarily accelerated by the PLA matrix through lower local pH sites at the
interface between the metal and polymer and the formation of a passive layer on the bare
iron surface. The related acceleration mechanisms are explained below:

In the in vitro SBF degradation environment, pure Fe corrodes through the following
reactions (4) and (5) [16]:

Anodic reaction: Fe — Fe* + 2e~ 4)

Cathodic reaction: O, + 2H,O + 4e~ — 4OH™ (5)

Subsequently, Fe?* reacts with hydroxide ions to form ferrous hydroxide (Fe(OH),).
However, this corrosion product can further convert into ferric hydroxide (Fe(OH)s3) on
the bare iron wire and the surrounding PLLA surface, even under weakly alkaline or
low-oxygen conditions. These corrosion products may then combine with ions (CO32~,
Cl—,and SO42’) from the SBF solution to form green rust on the iron wire and surrounding
PLLA surface [98], as observed in Figure 4. At later stages, this green rust converts into a
black, insoluble compound, similar to the by-products attached to the samples, especially
in the 12-week samples. Relevant reactions include [98]:

Fe?* + 20H~ — Fe(OH), (6)

Fe(OH), + OH™ — Fe(OH); + e~ @)
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Figure 4. Optical images of outer surfaces of PLLA /Fe wire and PLLA monofilaments: (a~h) and
(a’-h’) for PLLA /Fe wire and pure PLLA samples of weeks 0, 1, 2, 4, 6, 8, 10, and 12, respectively.

In an aqueous environment, PLLA undergoes hydrolytic degradation. The polyester
chains break down into carboxyl-terminated and hydroxyl-terminated chains as water
molecules diffuse into the PLLA matrix during degradation, as shown in the following
reaction (8) [34]:

Poly;-COO-Poly, + H,O — Poly;—~COOH + Poly,~OH ®)

Among the degradation products, the carboxyl end groups exhibit acidic properties,
contributing to locally reduced pH sites around the sample surface [98]. Under these acidic
conditions, iron corrosion by-products such as ferrous and ferric hydroxide can dissolve
into iron ions in the SBF solution, which further prevents the formation of passive layers
on the iron surface. This allows more of the iron wire to remain exposed to both oxygen
and the acidic environment, which promotes the degradation rate of iron.

3.2. PH and Iron Ion Concentration

The pH of the degradation solutions for both PLLA /Fe wire and PLLA monofilaments
showed a slightly decreasing trend over the 12-week degradation period, with all pH values
remaining between 7.29 and 7.36. This is consistent with the pH results of PLLA stents
immersed in PBS at 50 °C for 4 months, as reported in a 2023 study [99]. In contrast, some
in vitro degradation studies on PLLA samples have shown a more pronounced decrease
in pH during degradation [22,81,100,101]. At most time points, the PLLA /Fe degradation
solution showed similar PH values to those of PLLA samples. The relatively minor pH
variations and similarities observed in this study could be due to the high sample-to-SBF
ratio, combined with the buffering capacity of tris(hydroxymethyl)aminomethane present
in the SBF [34]. Only at three testing points (weeks 3, 4, and 12) were the pH values of
the PLLA /Fe degradation solutions slightly higher than those of neat PLLA solutions, as
shown in Figure 3b. This could indicate that the corrosion of the iron wire in the PLLA
matrix exerted a certain degree of neutralizing effect on the acidic by-products of PLLA
degradation, such as lactic acid. This neutralizing interaction between the degradation by-
products of bioresorbable metals and aliphatic polyesters like PLA has been demonstrated
in several recent studies [29-35]. The alkaline by-products of iron wire corrosion, including
Fe(OH), and Fe(OH)s, may help mitigate inflammatory reactions as reported in some
studies [3,27,34,102] caused by the acidic degradation products of PLLA [22,93].
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For the iron ion concentration of the PLLA /Fe degradation solutions, it can be seen
that the trend of released iron ions is consistent with that of the pH values. When the
pH is higher than the average value, the iron ion concentration is lower at the 3-week
degradation point. Conversely, a higher iron ion concentration corresponds to a lower pH
value at the testing point of week 10. This observation is reasonable, considering that most
of the corroded iron by-products exhibit low solubility in mildly alkaline SBF and tend to
adhere to the surface of the iron wire and the surrounding PLLA matrix [27]. This can be
confirmed by the surface images of the PLLA /Fe samples shown in Figure 4. When the pH
is lower, more iron ions can be released into the degradation solution, whereas higher pH
values suppress iron ion release [16,37]. Another possible reason for the mild variation in
iron ion concentration throughout the degradation period is the high sample-to-SBF ratio,
as discussed in the pH results.

3.3. GPC Analysis

The average molecular weights of polymeric materials are crucial chemical properties
that determine their physical performance, including mechanical properties (strength,
modulus, stiffness, strain, etc.), thermal properties (melting temperature, glass transition
temperature, crystallinity degree, etc.), appearance (cracks, transparency, etc.), viscosity,
and more [65,103]. The comparison of molecular weights (including My, My, My, and
Dy\) between PLLA/Fe wire and PLLA monofilaments is presented in Figure 5. The
average molecular weights of degraded PLLA samples from both types of monofilaments
gradually decreased over the degradation period. Specifically, the PLLA filament samples
showed reductions from 69.12 to 6.69 kDa in M,,, 17.43 to 2.30 kDa in M;, and 50.73
to 3.07 kDa in M. Meanwhile, the PLLA /Fe filament samples decreased from 64.05 to
8.42 kDa in Mw, 16.16 to 2.33 kDa in Mn, and 50.44 to 3.04 kDa in M;,. By week 12, the
average molecular weights of both types of monofilaments were nearly identical, with
reductions of approximately 85-90% for My, and My, and 94% for M, by week 12, equivalent
to 12 months at body temperature (37 °C). These reductions in molecular weights are
consistent with findings (Myw: 92% and Mp: 93%) from a previous study conducted at
37 °C for 12 months [70]. Notably, there were no significant differences (all p > 0.05) in My,
My, and M;, values between the PLLA and PLLA /Fe samples at all degradation weeks
according to t-Test statistic results, as shown in Table 6, which suggests that the embedded
iron wire did not accelerate the degradation rate of PLLA samples by the end of the in vitro
degradation period at 50 °C.

In addition, the polymer dispersity (Py) values of PLLA filaments exhibited mild
decreases from 4.58 to 2.97, and PLLA /Fe counterparts exhibited relatively stable values.
No significant differences were found within both sample groups, and there were no
significant differences among the two types of samples at the same degradation point, as
shown in Figure 5d and Table 6.

Table 6. The t-test p values for the molecular weight comparisons between degraded PLLA and
PLLA /Fe filaments.

Week 0 Week 2 Week 4 Week 6 Week 8 Week 12

Mw 0.71 0.10 0.68 0.39 0.36 0.18
M, 0.86 0.96 0.89 0.49 0.75 0.93
M, 0.98 0.58 0.29 0.33 0.55 0.84

DPwum 0.61 0.74 0.73 0.76 0.36 0.38
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Figure 5. GPC results of 3D-printed and in vitro-degraded PLLA /Fe and PLLA monofilaments:
(a) weight-average molecular weight, (b) number-average molecular weight, (c) peak molecular
weight, and (d) dispersity. Any two columns from one of the same material categories marked with
at least one same lowercase letter (a, b, ¢, d, or e) indicate no significant difference (p < 0.05).

3.4. DSC Analysis

The DSC results from two heating scans are presented in Figures 6 and 7, illustrating
the thermal behaviors of both original extruded and in vitro-degraded PLLA /Fe and PLLA
monofilament samples. As shown in Figure 6a—d, the heat flow curves of PLLA /Fe and
PLLA samples demonstrated similar trends in typical thermal properties. Notably, T
peaks were absent in the in vitro-degraded samples but were prominent in the original
printed samples. This is also observed in DSC curves of PLLA monofilaments degraded
at 60 °C in Shi et al.’s study [93]. The absence of T, peaks in both types of degraded
samples indicates that both samples immersed in SBF at 50 °C underwent significant
recrystallization during their degradation periods. As shown in Figure 6e,f, a remarkable
finding was that the crystallinity (Xc) of both samples increased sharply to around 75% by
week 2 and then gradually rose to around 95% by week 8, with slight decreases observed
after week 8. This significant increase in X, for semi-crystalline polymers is known as
degradation-induced recrystallization and is also observed in the X, results (10% to 37%) of
Zhao's study [70]. The sharp initial increase is attributed to the formation of new crystals,
as molecular chains in amorphous regions have higher mobility at 50 °C than at room
temperature [104]. The subsequent gradual increase is due to the realignment of shorter
polymer chains produced by chain scission during degradation [77]. The decrease in X
at the later stages is caused by chain breaks in the crystalline regions of PLLA samples
following the hydrolysis of a large proportion of amorphous phases, as reported in relevant
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studies [77,99]. The X, of the original PLLA /Fe wire samples (7.88%) was higher than that
of the PLLA counterparts (2.24%), likely due to the nucleating effect of the embedded iron
wire and the residual heat from the iron wire after coextrusion. The rapid and significant
increase in X, for both samples is also attributed to the degradation test temperature (50 °C),
as observed in previous studies [105]. While X, increases have also been reported in other
in vitro degradation studies at 37 °C, the effect of the elevated degradation temperature of
50 °C on the performance of biodegradable medical devices warrants further investigation.
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Figure 6. The first heating scan curves of PLLA /Fe wire (a,b) and PLLA (c,d) monofilaments, along
with their corresponding Tg and Tm (e) and Xc (f) results.
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Figure 7. The second heating scan curves of PLLA /Fe wire (a) and PLLA (c) monofilaments, along
with their corresponding Tg and Tec (b) and Ty and X, (d) results.

Generally, the Tg of PLLA decreases with its molecular weight. In this study, the Tg
(around 60 °C) of both samples increased until week 4 and then gradually decreased to
57.41 °C (PLLA/Fe_12) and 50.31 °C (PLLA_12) by week 12. This trend, also observed in
Moetazedian et al.’s study [104], can be explained by the dominant effect of increasing X.
in the first 4 weeks, followed by the dominant effect of molecular weight reduction [77].
Furthermore, the Ty, values of both samples decreased gradually during the first 6 weeks
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and reached 164.16 °C (PLLA/Fe_12) and 163.45 °C (PLLA_12) by week 12, consistent
with their trends in molecular weights and mass losses. The compensation effect of the
significant increase in X also influenced the slower reductions in Ty, at the early stages.
Despite similar trends, the PLLA /Fe samples exhibited slightly higher Ty, values than the
PLLA samples, as shown in Figure 6e.

In the second heating scan, after eliminating thermal history effects, the thermal
properties of both sample types exhibited more uniform gradient changes, as shown in
Figure 7b,d. A notable difference from the first heating scan was the presence of T.. peaks
in the DSC curves of the degraded samples (Figure 7a,c), which is typical behavior for
PLA samples without the influence of elevated temperature (50 °C) degradation. The key
thermal properties, including Tg, Tec, and Tr,, of both samples in the second heating scan
showed consistent and gradual decreases over the degradation period, aligning closely
with their trend of reduced molecular weights. Additionally, these properties exhibited
relatively strong decreases between weeks 10 and 12, suggesting slightly faster degradation
rates in the later stages. In terms of comparison, the Tg values of PLLA /Fe samples were
slightly higher than those of PLLA filaments, while the PLLA samples showed marginally
higher T values in the first 8 weeks. Regarding X., the PLLA /Fe samples exhibited higher
Xc values than the PLLA filaments during the first 6 weeks of degradation, with both
types showing gradual increases in X, over the degradation weeks. This trend was also
reported in Chausse et al.’s study (X._PLLA: 27.2-51.5%) [99]. Furthermore, there was
little difference in T, values between the two sample types from week 0 to 6, likely due to
the combined effects of the relatively higher molecular weights of PLLA samples and the
higher X. values of PLLA /Fe samples [97]. The slight difference in T, values between the
two types of PLLA samples at week 12 was primarily due to the difference in X, values, as
their molecular weights were nearly identical by that point.

Generally, the degree of crystallinity plays an important role in the degradation rate
and mechanical properties of semi-crystalline polymers [106], with higher X, values associ-
ated with a lower hydrolysis degradation rate and better mechanical performance [103].
The unexpectedly high crystallinity degrees of both samples after immersion could have
exerted an impediment effect on their mass losses until the late stage, as indicated by the
mass change results discussed above. Moreover, an increase in X, for semi-crystalline
polymers typically results in a higher Young’s modulus, stiffness, and strength [77,97]. The
relevant discussion is provided in the tensile test section of this study.

3.5. Sample Appearance and Morphology

The optical appearances and SEM images of the original and degraded PLLA /Fe and
PLLA monofilaments are presented in Figures 4 and 8. Both initial printed PLLA /Fe and
PLLA monofilaments had a transparent, glassy appearance, but the transparency of both
degraded samples gradually decreased over the degradation weeks. Similar appearance
changes have been reported in recent studies [70,104]. Notably, both samples became
noticeably opaque after 1 week of degradation, consistent with the increases in X, val-
ues during degradation discussed earlier. Additionally, the PLLA /Fe samples appeared
slightly more opaque than the corresponding PLLA samples, aligning with the slightly
higher X values of PLLA /Fe samples in the first 6 weeks, as shown in Figure 4f. Despite
the differences in transparency, samples from week 0 to week 8 exhibited similar microstruc-
tures, with smooth surfaces and no visible voids or pits, consistent with findings from
existing studies [70,94]. However, cracks or similar crack-like features can be seen in both
optical images (Figure 4h,h’) and SEM images (Figure 8f,f',1,I') of both week_12 samples,
indicating significant destructive degradation. This observation aligns with the mass losses
observed in the later stages. Cracks were also visible in the appearance images of the week



Processes 2025, 13, 2621

16 of 27

8 samples, and tensile tests could not be performed on either type of sample degraded
for more than 6 months due to their fragility. These cracks are likely caused by the severe
hydrolysis of amorphous regions between crystalline regions [99]. On the other hand, the
iron wire embedded in the PLLA filament exhibited random corrosion during the first
week of immersion, with more intensive corrosion occurring over subsequent weeks, as
evidenced by the increasing presence of corrosion by-products containing Ca/P or passive

layers around the iron wire (Figures 4b—h and 8b—f).

Figure 8. SEM images: the outer surface (a—f) and cross-sectional (g-1) surface appearances of
PLLA/Fe samples, and the outer surface (a’—f’) and cross-sectional surface (g’-1’) appearances
of PLLA samples for weeks 0, 2, 4, 6, 8, and 12, respectively. The scale bars in all images
represent 200 pm.

Notably, the iron wires were not fully encapsulated by the PLLA matrix in all PLLA /Fe
samples, despite being centrally positioned within the filaments, as observed in the cross-
sectional images (Figure 8g-1). This unexpected embedding condition has also been re-
ported in recent studies involving copper- or steel-embedded polymer specimens for
applications such as mechanical testing, thermal conductivity enhancement, and sens-
ing [56,61,107]. The mechanism underlying the poor top coverage of the PLLA matrix can
be illustrated by the 3D schematic in Figure 9. During the PLLA /Fe coextrusion process, the
iron wire is displaced from the nozzle’s central axis (yellow dashed centerline in Figure 9b)
and drawn toward the nozzle wall due to the drag force (F, as shown in Figure 9b) exerted
by the previously extruded PLLA /Fe monofilament. Specifically, the portion of the iron
wire in contact with the nozzle wall is not encapsulated by the PLLA melt due to the
frictional interaction between the wire and the nozzle wall. Additionally, the iron wire
may act as a splitting tool on the top surface of the extruded PLLA melt, as illustrated in
Figure 9c.

The poor embedding quality resulted in premature corrosion of the iron wire, sig-
nificantly weakening its reinforcement effect during the early stages (weeks 1-6) and
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potentially exerting a negative impact on the mechanical strength of the PLLA /Fe wire
monofilaments. Therefore, to ensure optimal reinforcement, the embedding and coverage
quality of the iron wire within the PLLA matrix should be improved [56]. Improvement
strategies can be derived from the underlying mechanism of poor iron wire coverage. One
effective approach is to keep the iron wire aligned with the nozzle centerline by optimiz-
ing the nozzle design, for example, by incorporating a dedicated wire-guiding channel.
Another method involves reducing the splitting effect of the iron wire and enhancing the
adhesion of the PLLA melt to its surface through surface treatments such as micro-arc oxi-
dation (MAO), sandblasting, acid etching, or the application of silane coupling agents [108].
Additionally, employing a secondary, smaller extrusion outlet along with the main nozzle
outlet is recommended to address the poor surface coverage defect. Last but not least, a
stronger yet thinner biodegradable metal wire should be used as the reinforcing element,
as thinner wires are more easily encapsulated by the polymer matrix.

PLLA filament

(a) (b)

= Fe wire
‘Q ' Steel F
needle
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L] \
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monofilament o g

‘ ® %
/,! Monofilament
Nozzle

Figure 9. 3D diagram of PLLA /Fe coextrusion head (a) and iron embedding: front view (b) and top
view (c).

Regarding the interfacial stability of PLLA /Fe wire monofilaments during the degra-
dation period, it can be observed that the interface between PLLA and the iron wire did not
exhibit signs of a loosening trend throughout the degradation period, as the interfacial gaps
between the two materials did not increase over time, according to the PLLA /Fe sample
images in Figure 8g-1. Notably, the interfaces between PLLA and Fe wire in the samples
at weeks 6, 8, and 12 appeared smaller and more compact. Therefore, the coextrusion
3D-printed PLLA /Fe wire monofilaments demonstrated good interfacial stability during
the in vitro degradation. Finally, it is worth noting that the circular cross-sections of the 3D-
printed monofilaments can not only reduce the blood flow interface within vessels but also
promote the recovery of normal endothelial function due to the absence of sharp transition
corners compared to traditional stent filaments with rectangular cross-sections [2,109].

3.6. Tensile Properties

Before analyzing the tensile properties of the monofilaments, it should be noted
that both PLLA and PLLA /Fe wire composite monofilaments degraded for more than
6 weeks (equivalently 6 months at 37 °C) were too fragile to be mounted in the grips
without breaking. Similar fragility has been reported in previous studies for monofilaments
prepared by melt spinning after 8 months of degradation at 37 °C [70,74,77,95]. The fragility
of long-term degraded samples is attributed to the severe hydrolysis of PLLA chains in
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amorphous regions, leading to weak bonding between crystalline regions [99,110], as
indicated by the morphological observations discussed above.

The average Young’s modulus, stiffness, tensile strength, and strain at maximum
load of 3D-printed and degraded PLLA/Fe and PLLA monofilaments are shown in
Figures 10 and 11. The embedding of iron wire effectively improved the Young’s modulus
and stiffness of PLLA monofilaments in the early stages (up to 4 weeks), which is beneficial
for preventing stent recoil after implantation [5,26,111,112]. Significant differences were
observed in weeks 0, 1, 2, and 4, highlighting the remarkable reinforcement effect of the
iron wire. The maximum improvements due to the embedded iron wire were 52.16% for
Young’s modulus, 60.92% for stiffness, and 3.30% for tensile strength in the initial (week 0)
samples. However, from week 5 onward, the PLLA monofilaments exhibited higher mod-
ulus and stiffness than the PLLA /Fe samples, likely due to severe localized corrosion at
random positions on the embedded iron wire. Interestingly, the PLLA /Fe samples showed
gradual decreases in the Young’s modulus and stiffness over the degradation weeks, while
the PLLA samples exhibited slight declines in the first two weeks and higher values from
weeks 3 to 6. This trend aligns with the results of PLLA samples in previous studies [77,94].
The gradual decline in the PLLA /Fe samples is attributed to the loss of reinforcement
from the iron wire, indicating that the embedded iron wire played a dominant role in
the modulus and stiffness properties of the PLLA /Fe wire monofilaments. Meanwhile,
unexpected variations in the modulus and stiffness values of PLLA monofilaments have
also been reported in previous PLLA degradation studies [77,103,113-116]. Abaei et al. [97]
suggested that changes in both crystallinity and molecular weights should be considered
together to explain the elastic behavior of PLLA during degradation. At the early stages, the
modulus and stiffness losses caused by molecular weight reduction were counterbalanced
by increases in crystallinity, while the increases from weeks 3 to 6 were due to rising X¢
values and the loss of elasticity caused by the gradual disappearance of amorphous regions

of the PLLA monofilaments.
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Figure 10. Mechanical properties of in vitro-degraded PLLA /Fe wire and PLLA monofilaments:
(a) Young’s modulus, (b) stiffness, (c) tensile strength, and (d) tensile strain. Significant differences are
denoted with asterisks: **’ for p < 0.05, ** for p < 0.01, and “****’ for p < 0.0001. Any two columns from
one of the same material categories marked with at least one same lowercase letter (a, b, ¢, d, or e)
indicate no significant difference (p < 0.05).
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Figure 11. Representative stress—strain curves of tensile tests for monofilaments from week 0
to 6 (a-g).

One of the most evident conclusions is that both types of monofilaments exhibited
gradual decreases in tensile strength and strain over the degradation weeks, consistent with
the results of Weir et al. [71]. In contrast, a previous study has reported a smaller reduction
(approximately 60%) in the tensile strength of PLLA samples over a degradation period of
six months [70]. The gradual decrease in tensile strain for both sample types, as reported by
Moetazedian et al. [104], can be explained by the increasing X. values of both samples [97].
While the original printed PLLA /Fe wire monofilaments showed improved tensile strength
compared to the PLLA samples, the tensile strengths of the degraded PLLA samples were
higher than those of the PLLA /Fe counterparts. This suggests that the embedded iron
wire negatively affected the tensile strength of the PLLA filaments during degradation,
likely due to incomplete coverage of the iron wire by the polymer matrix, which led to
severe and random corrosion. Therefore, improving the embedding quality of the iron
wire within the PLLA matrix during 3D printing is essential to preventing early-stage
corrosion and maintaining the reinforcement effect during the implantation period. If the
iron wire is well-centered and fully covered by the PLLA matrix, the thicker PLLA outer
layer can protect the iron wire from severe corrosion in the early stages, as demonstrated
by Qi et al. [36,98]. This would ensure sufficient Young’s modulus, stiffness, and tensile
strength to meet the radial force requirements of arterial stents during the early stages of
implantation. Notably, the PLLA samples exhibited higher strain values than the PLLA /Fe
counterparts, as evident in the tensile stress—strain curves shown in Figure 11a—g. The
lower average tensile strain of the PLLA /Fe monofilaments indicates that the embedded
iron wire improved the modulus but reduced ductility.

In addition, the tensile strength of the virgin PLLA /Fe wire monofilaments at week 0
(57.33 £ 6.12 MPa) was significantly lower than the benchmark value for vascular stents
(~300 MPa), as reported in previous studies [117,118]. One of the primary reasons for
this low strength is the use of relatively weak and low-cost materials, PLLA (~50 MPa)
and iron wire (180-210 MPa), in this early-stage study. In contrast, the tensile strength of
stent-grade-oriented PLLA typically ranges from 100 to 150 MPa, and the iron wire used
here also shows lower tensile strength compared to the iron materials commonly employed
in conventional iron alloy stents [119]. Therefore, one of the strategies to improve the
mechanical performance is to adopt higher-strength PLLA filaments and biodegradable
metallic alloy wires. The second approach is to improve the embedding quality of the iron
wire within the PLLA matrix, as this directly affects the mechanical performance of the
printed PLLA /Fe monofilaments. Improvement measures include the use of higher-quality
3D printers, dedicated nozzle design, and a second small extrusion outlet to improve
the embedding quality of iron wire, as discussed in the section above. Thirdly, surface
treatments like Micro-Arc Oxidation (MAO), sandblasting, acid etching, silane coupling
agents, etc., can be applied to the iron wire surface to enhance the interface adhesion
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strength between the PLLA matrix and iron wire significantly [108]. Therefore, there is great
improvement space for the mechanical performance of printed metallic wire-reinforced
PLLA monofilaments in future studies.

Although the tensile strength improvement was not significant, the embedded iron
and its corrosion by-products (e.g., iron oxides) can enhance the radiopacity of PLLA
monofilaments for stents [19,120-122]. Radiopacity is a critical feature for ideal stents, as
the low density of PLLA makes it insufficient for medical imaging techniques such as CT
and MRI [3,9,123].

4. Conclusions

The current work is the first study to report the in vitro-accelerated degradation
profile of continuous iron wire-reinforced PLLA monofilaments fabricated using a novel
3D printer for the development of bioresorbable vascular stents. The PLLA/Fe wire
composite is expected to be a promising biodegradable material for stent applications, as
this polymer—-metal composite could potentially combine the accelerating effect of PLLA
hydrolysis on iron corrosion with the excellent mechanical strength of the iron component.
Based on the 12-week in vitro dynamic degradation study at 50 °C, several promising and
notable conclusions were obtained, as follows:

Firstly, this work demonstrated the feasibility of fabricating continuous iron wire-
reinforced PLLA monofilaments using a novel 3D printer, which was modified from an
open-source 3D printer at a low cost. Secondly, while previous studies confirmed that the
in vitro degradation of iron can be accelerated by aliphatic polyesters such as PLA, PLGA,
and PGA, this study revealed that the embedding of iron wire did not accelerate or reduce
the degradation rate of the PLLA matrix in SBF solution at 50 °C, as the molecular weights
of neat PLLA monofilaments (My: 6.2 kDa, Mp: 2.73 kDa, and My: 3.2 kDa) were similar
to those of PLLA/Fe wire monofilament samples (My: 6.9 kDa, My: 2.73 kDa, and Mp:
3.3 kDa) at week 12, the final degradation week. Notably, the overall degradation rate of
PLLA /Fe wire monofilaments was accelerated compared to that of PLLA monofilaments
since the mass loss percentage of the PLLA /Fe wire sample reached 17.56%, which was
3.8 times higher than that of the PLLA monofilament (4.63%) at week 12. Thirdly, PLLA
samples from both degraded PLLA /Fe wire and neat PLLA monofilaments exhibited
similar values and trends in both the first and second heating scans. Furthermore, both
samples showed sharp increases (from 7.88% and 2.24% at week 0 to 76.77% and 74.48%
at week 1 for PLLA /Fe and neat PLLA, respectively) in X. after one week of degradation
and increasing drop rates in Tr, in the first heating scan. Meanwhile, all thermal properties
exhibited gradual decreases in Tg, Tcc, and Tr, and gradual increases in X with the gradual
decreases in molecular weights in the second heating scan. Notably, the Young’s modulus
and stiffness of the PLLA /Fe wire monofilaments were significantly improved by the
incorporation of iron wire prior to the fourth week of degradation, with Young’s modulus
values of 4.45 GPa and 3.40 GPa, and stiffness values of 15.47 N/mm and 13.45 N/mm,
for PLLA /Fe wire samples at weeks 0 and 3, respectively. In contrast, the PLLA samples
exhibited Young’s modulus values of 2.93 GPa and 2.76 GPa, and stiffness values of
9.61 N/mm and 9.17 N/mm, at the corresponding time points. However, the reinforcement
effect of the iron wire on tensile strength became negative after immersion due to severe
random localized corrosion at the early stage, caused by the poor embedding quality of the
iron wire in the PLLA matrix.

Overall, this is the first study to demonstrate the feasibility of fabricating continuous
iron wire-reinforced PLLA monofilaments using a custom-built polymer filament-metal
wire coextrusion 3D printer. This lays the foundation for further development of metal
wire-reinforced polymer vascular stents by integrating the novel coextrusion process with a
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rotating mandrel-assisted 3D printing technique. Moreover, the 3D-printed PLLA /Fe wire
monofilaments exhibited better performance in Young’s modulus and stiffness, and a higher
overall degradation rate compared to neat PLLA counterparts, indicating the reinforcement
of the embedded iron wire. Improved performance and deeper insights are expected
if the embedding quality of the iron wire within the PLLA matrix can be improved in
future studies. Finally, this early-stage prototype study presents a promising and practical
approach for developing continuous metal wire-reinforced polymer composites for a range
of biomedical applications, including esophageal stents, tracheal stents, and bone scaffolds,
among others.

5. Limitations and Future Work

This study has provided valuable insights into the in vitro-accelerated degradation
profile of 3D-printed continuous iron wire-reinforced PLLA monofilaments for vascular
stent development. However, several limitations need to be addressed in future research.
Firstly, the thermally accelerated degradation period should be extended from 3 months to
one year or more to fully understand the degradation behavior of PLLA /Fe samples at later
stages until complete absorption, since the samples at week 12 were still far from complete
degradation. Additionally, monitoring the iron ion concentration in the degradation
solution over time would provide more direct data on the corrosion rate of the iron wire,
offering a clearer picture of its degradation kinetics. Furthermore, the embedding quality of
the iron wire within the PLLA monofilaments needs to be improved to ensure uniform and
complete coverage, which is critical for obtaining more valuable and reproducible results
for the development of bioresorbable PLLA /Fe wire composite stents.

To advance this research, future work should focus on several areas, as indicated
below. First, the embedding quality of the continuous iron wire in the PLLA matrix
during 3D printing should be enhanced, potentially by optimizing the polymer-metal
coextrusion head. This would help prevent random corrosion of the iron wire at early
degradation stages, maintaining enough iron reinforcement for the vascular remodeling at
early stages. Second, the 3D printing process should be optimized to fabricate PLLA /Fe
wire monofilaments with a thickness of between 100 and 150 um, which is critical for
the development of vascular stents. Achieving this would require careful optimization
of printing parameters and the novel polymer filament-metal wire coextrusion head.
Addressing these limitations and recommendations will contribute to the development
of bioresorbable PLLA /Fe composite stents based on 3D printing technology. Last but
not least, with the improvement of this novel process, further studies can be extended to
other promising applications, including bone scaffolds and 3D printing of shape memory
materials, among others.
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