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Abstract: Tissue Engineering is considered a promising route to address existing deficits of autografts
and permanent synthetic prostheses for tendons and ligaments. However, the requirements placed
on the scaffold material are manifold and include mechanical, biological and degradation-related
aspects. In addition, scalable processes and FDA-approved materials should be applied to ensure
the transfer into clinical practice. To accommodate these aspects, this work focuses on the highscale fabrication of high-strength and highly oriented polycaprolactone (PCL) fibers with adjustable
cross-sectional geometry and degradation kinetics applying melt spinning technology. Four different
fiber cross-sections were investigated to account for potential functionalization and cell growth
guidance. Mechanical properties and crystallinity were studied for a 24-week exposure to phosphatebuffered saline (PBS) at 37 ◦ C. PCL fibers were further processed into scaffolds using multistage
circular braiding with three different hierarchical structures. One structure was selected based on
its morphology and scaled up in thickness to match the requirements for a human anterior cruciate
ligament (ACL) replacement. Applying a broad range of draw ratios (up to DR9.25), high-strength
PCL fibers with excellent tensile strength (up to 69 cN/tex) could be readily fabricated. The strength
retention after 24 weeks in PBS at 37 ◦ C was 83–93%. The following braiding procedure did not
affect the scaffolds’ mechanical properties as long as the number of filaments and the braiding
angle remained constant. Up-scaled PCL scaffolds resisted loads of up to 4353.88 ± 37.30 N, whilst
matching the stiffness of the human ACL (111–396 N/mm). In conclusion, this work demonstrates
the fabrication of highly oriented PCL fibers with excellent mechanical properties. The created fibers
represent a promising building block that can be further processed into versatile textile implants for
tissue engineering and regenerative medicine.
Keywords: tissue engineering; ligament; tendon; polycaprolactone; PCL; melt spinning; cross-section
modification; non-circular fibers; circular braiding; ACL
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Injuries of tendons and ligaments are responsible for individual morbidity, work
loss and high costs for the health care system [1,2]. Current treatments include biological
replacements in form of autografts or allografts. These show certain critical deficits, such
as limited tissue availability, donor-site morbidity, tissue rejection and disease transmission.
Alternative synthetic prostheses exhibit insufficient mechanical long-term durability [3].
Tissue Engineering is a promising alternative to combine the short-term advantages of
prosthetic devices while avoiding long-term deficits [4–6]. However, high and yet unmet
requirements are imposed on the material [6–8]. These include mechanical, biological and
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degradation kinetics requirements: controllable degradation, biocompatibility, sufficient
mechanical properties and maintenance during tissue regeneration, biofunctionality and
processability [6,7,9–13].
Previous approaches in tissue engineering can be divided into two categories concerning the materials used: synthetic, degradable polyesters and natural polymers. Degradable
polyesters such as polylactide acid (PLA), polyglycolide acid (PGA) and their copolymer
polylactide-co-glycolide acid (PLGA) are easy, reproducible and available in large quantities and have good primary stability compared to most natural polymers. The acidic
degradation products of PLA, PGA and PLGA can lead to inflammatory reactions, especially in tissues with low vascularization, such as ligaments and tendons [10,14,15]. It
has been reported that implanted polylactid-based materials did not match the necessary mechanical long-term stability [4,16,17]. Natural polymers such as collagen provide
excellent biocompatibility and biofunctionality. The limitations lie in the processability,
batch dependency and mechanical properties (apart from silk). Altman et al. reported
braided silk scaffolds that exhibited mechanical properties similar to those of the human
anterior cruciate ligament (ACL) [9]. However, the major drawbacks, besides the cost of
silk, are the immunogenic sericin proteins, the removal of which significantly alters the
biomechanical properties [18]. Therefore, it is stated that the ideal material has not yet
been found [7,8,19–21]. Due to the shortcomings of existing solutions, poly-ε-caprolactone
(PCL) is considered a promising scaffold material in this study. PCL is also an aliphatic
polyester for which no adverse effects due to acidic degradation products have been reported. It is FDA-approved for use as a co-polymer or coating for degradable surgical
sutures (PCL® ) to improve biocompatibility or reduce the embrittlement of PLLA during
the degradation process [6,22–24]. PCL is used as a material for tissue engineering of
tendons, bone and cartilage in form of nanofibers, foams and 3D printed structures [22].
Existing strategies for tendon and ligament scaffolds are manifold, including numerous
studies on nanofibrous and yarn-based structures [25–32]. Given the high mechanical demands associated with tendons and ligaments, textile structures are considered promising
to replace anisotropic tissues [26,33]. Textile technology offers an approach to the reproducible and scalable fabrication of high-strength, load-efficient 3D-scaffolds with adjustable
and interconnected pores. Textile fabrication methods which are established for decades can
be used based on melt-spun or solution-spun fibers [33–35]. In course of this, yarn-based
tendon and ligament scaffolds have been produced primarily via braiding [11,20,36–41],
braid-twisting [37,42–44], knitting [45–47], weaving [13,48–50] and embroidery [15,51,52].
For PCL in melt-spun form, however, there have been few reports in which it was used
as a scaffold material for tendons or ligaments [53]. This is mainly due to the very slow
degradation rate of PCL. However, in cases where long-term mechanical properties are
required (e.g., tendon and ligament scaffolds), the slow degradation rate can be advantageous. For example, Sahoo et al. examined a knitted PLGA scaffold during hydrolytic
degradation. The scaffold lost about 88% of its strength after 14 days [17]. Lam et al.
studied the material degradation of PCL extensively and report that PCL can maintain its
mechanical properties in vivo for more than 6 months [54]. Leroux et al. have performed
a long-term in vitro degradation study of PCL fibers for 120 weeks, detecting only minor
changes in the pH value and molecular weight during the initial 6 months [55]. In many
cases, PCL is characterized by insufficient tensile strength and excessive elongation (such as
23 MPa and >700%, respectively) [24,56–58]. This, however, refers to unoriented PCL fibers.
Mochuzuki et al. show that melt-spun PCL fibers can be produced with an excellent tensile
strength of up to 7.15 g/den (~63 cN/tex; 769 MPa) at a 20.9% elongation [59,60]. In 2019,
Leroux et al. reported the use of knotted PCL monofilament bundles for the replacement of
rat ACL, indicating that PCL is a promising material for ligament tissue engineering with
regard to tissue anchoring and inflammation, especially when it is improved with a surface
functionalization [61]. However, to our knowledge there has been no study on mechanically
potent PCL scaffolds for the human ACL yet. For this reason, the present study focusses
on the mechanical evaluation and the potential for upscaling of PCL-based scaffolds with
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2.2. Braiding
Three-layered braids were fabricated from nF = 96 (number of filaments) previously
produced PCL monofilaments using a circular braiding machine (Steeger GmbH & Co.
KG, Wuppertal, Germany–Type HS80/48). Within the braiding process, the filamenttension FT was set to ~1 N using fine-wire bobbins (three deflection rollers) by Steeger.
A process braiding angle of αB = 13◦ was used for all braided structures. The rotation
speed was set to 30 rpm. Three different braided structures were initially fabricated.
“Sandwich A” was produced by overbraiding. The first layer was manufactured with the
machine fully equipped with 48 filaments. The second and third layer had 24 filaments.
“Braided Braid” is composed of four braided strands, each containing 24 filaments. In
a second step, a braid is formed out of the four strands. The structure “Combination”
consists of four braided strands with twelve filaments each. These were then braided
and in a third step overbraided with 48 filaments. One of the structures (Sandwich A)
was selected for an upscaling to human ACL dimensions. In the meantime, braided
ligaments consisting of nF = 192, 288 and 384 filaments were produced by adding layers of
48 filaments, respectively.
2.3. Mechanical Characterization
The yarn count was determined according to DIN EN 13392. Uniaxial tensile tests for
fibers were performed in accordance with DIN EN ISO 2062. The braids were fixated at
the ends with resin (Araldite® 2011, Huntsman, The woodlands, TX, USA) and carton to
prevent slipping during tensile tests. The resin hardened 24 h at room temperature. Uniaxial
tensile tests were then conducted in accordance with NF S 94-167-2 using a universal tensile
testing device (Z100, ZwickRoell, Ulm, Germany). The geometry of the braided structures
was measured manually using a digital caliper while the sample was preloaded with 2 N.
The diameter was measured for each specimen at two positions in an orthogonal direction,
respectively, to calculate the cross-sectional area.
2.4. Microscopic Analysis
The fiber cross-sections were investigated optically using a microscope (DM4000M,
Leica Camera AG, Wetzlar, Germany). The “reference diameter” was calculated for all fiber
morphologies based on the cross-sectional area, which was converted to the diameter of
a perfectly circular cross-section. The cross-sectional area was derived from microscopic
images using the software ImageJ. Prior to the scanning electron microscopy (SEM), the
samples were coated with a thin layer of gold using a sputter coater. SEM was conducted
using the secondary electron mode (JEOL JSM 6400; JEOL Ltd., Tokyo, Japan).
2.5. Differential Scanning Calorimetry (DSC)
Differential scanning calorimetry was performed under N2 using a heat flux system
(DSC 1, Mettler Toledo, Greifswald, Germany). The heating rate was 10 K/min. Crystallinity was calculated with the measured enthalpy of the first heating in reference to the
enthalpy of entirely crystalline PCL (136 J/g). [58]
2.6. Wide-Angle X-ray Diffraction (WAXD)
The influence of the draw ratio on the orientation of the orthorhombic PCL crystallites
in the fiber samples was investigated by WAXD experiments which are performed on the
undrawn fiber (DR = 1.0) as well as on fibers produced with draw ratios (DR) of DR = 5.58
and DR = 7.5. For the determination of the Hermans orientation factors, the azimuthal data
of the strongest equatorial (200) reflection were analyzed for each sample. The measurements were carried out at the Institute of Crystallography of RWTH Aachen University on a
STOE IPDS-II single crystal diffractometer from STOE & Cie. GmbH, Darmstadt, Germany,
which is equipped with an image plate for digital readout. Molybdenum Kα-radiation with
an X-ray wavelength of λ = 0.71073 Å was chosen for the experiments. The sample-detector
distance was set to 200 mm, leading to a maximum observable 2Θmax -angle of 2Θmax = 40◦ ,

Fibers 2022, 10, x FOR PEER REVIEW

Fibers 2022, 10, 23

5 of 22

5 of 21

denum Kα-radiation with an X-ray wavelength of λ = 0.71073 Å was chosen for the experiments. The sample-detector distance was set to 200 mm, leading to a maximum observable 2Θmax-angle of 2Θmax = 40°, and the measurement time for the fiber samples was Δt =
and the measurement time for the fiber samples was ∆t = 45 min. The design of the sample
45 min. The design of the sample holder and the principle of the fiber structure analysis
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have been previously reported (see [65,66] and the references therein).
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Compared with other thermoplastic polymers, the degree of necking is strongly pronounced for PCL. At draw ratios above 9.25, filament breakage occurred at least once each
15 min, and the rations were thus defined as unstable. The effect of the draw ratio (varied
stepwise from 1 to 9.25) on the tensile strength as well as the elongation at break was investigated. As expected, the tensile strength continuously increased from 8.97 (±0.67) cN/tex
at DR1 to 69.22 (±1.92) cN/tex at DR9.25, while the elongation at break asymptotically
decreased from 986.33 (±147.09) % to 26.56 (±2.19) %, respectively (Figure 3b). Both effects
are mainly attributed to the macromolecular orientation towards the direction of load
induced in the drawing process.
The degree of orientation of undrawn fibers in contrast to fibers drawn 5.83 and
7.5 times, respectively, was investigated using WAXD. Meanwhile, an increase of the
Hermans orientation factor from 0.35 for the undrawn fiber to 0.88 and 0.86 was observed
for PCL_DR5.83 and PCL_DR7.5, respectively. Similar observations were made with regard
to the crystallinity of the fibers. Increasing the draw ratio from 1 (undrawn) to 5.83 resulted
in an increase of the crystallinity from 52.54 (±2.15) % to 60.82 (±1.86) % (Figure 3d).
This phenomenon is called strain-induced crystallization. Between DR5.83 and DR7.5
(60.53 ± 1.01%) the measured crystallinity remained mostly constant before increasing
again to 64.31 (±0.18) % at DR9.25.
3.2. Mechanical Fiber Characterization after Exposure to PBS at 37 ◦ C
Besides the pure mechanical characterization of the PCL fibers, the retention of strength
and elongation after different durations of exposure to PBS at 37 ◦ C was analyzed. With respect to the application as a scaffold material, different fiber morphologies were investigated.
Fibers with modified cross-sections (Figure 4) were fabricated using different spinnerets in order to investigate potential surface-related effects on the development of the
mechanical properties during a potential hydrolytic degradation induced by PBS exposure
at 37 ◦ C within 24 weeks. An overview of the fiber material used in the degradation study
is displayed in Table 1.
Table 1. Overview of fibers used for exposure to PBS at 37 ◦ C.
Sample

Shape

Yarn
Structure

DR

Yarn Count
[dtex]

Ref. Diameter
[µm]

Max. Load
[cN]

Elongation at
Max. Load [%]

ROMO_5.58

Round

Monofilament

5.58

428.97

~222

1530.56

94.55

ROMU_5.58

Round

Multifilament

5.58

469.14

~76

1559.17

100.24

SFMO_5.58

Snowflake

Monofilament

5.58

452.33

~236

1624.93

88.33

SFMU_5.58

Snowflake

Multifilament

5.58

480.70

~87

1588.70

95.10

At specific times (t1 = 4 weeks, t2 = 8 weeks, t3 = 12 weeks and t4 = 24 weeks), the
fibers were extracted from the PBS solution, and testing was performed on the dried fibers
at a standard atmosphere for textile testing.
The different fiber morphologies are abbreviated as listed in Table 2. The development
of the maximal force Fmax and the elongation at break is illustrated in Figure 5. The outcome
of the experiments reveals that a large portion of the initial maximal force is maintained
during exposure to PBS. However, a distinct relation of surface morphology to the strength
retention of the fibers was not observed. In contrast to other degradable synthetic polymers,
which showed a certain embrittlement during the degradation process, no pronounced
reduction of the elongation at break was measured for the PCL fibers.
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at 37 ◦ C.as listed in Table 2. The development of the maximal force Fmax and the elongation at break is illustrated in Figure 5. The
Full Name reveals that a large portion of the
Abbreviation
outcome of the experiments
initial maximal force is
maintained during
exposure
to
PBS.
However,
a
distinct
relation
of surface morphology
Round monofilament
(ROMO)
to the strength
retention
of
the
fibers
was
not
observed.
In
contrast
to other degradable
Snowflake monofilament
(SFMO)
synthetic polymers, which showed a certain embrittlement during the degradation proRound multifilament
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cess, no pronounced reduction of the elongation at break was measured for the PCL fibers.
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Table 2. Fiber morphologies used for PBS exposure at 37 °C.

(SFMU)

To summarize,
successfully fabricated. The
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Namewith modified cross-sections were
Abbreviation
retention of
the
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mechanical
properties
during
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exposure
at 37 ◦ C was observed
Round monofilament
(ROMO)
to be largely independent of the specific surface area.
Snowflake monofilament
(SFMO)
Round multifilament
(ROMU)
Snowflake multifilament
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To summarize, fibers with modified cross-sections were successfully fabricated. The
retention of the fibers’ mechanical properties during PBS exposure at 37 °C was observed
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to be largely independent of the specific surface area.
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Potential changes in crystallinity during PBS exposure were investigated using DSC
(Figure 6). For all fiber morphologies, an increase in crystallinity was observed, as expected
(see discussion). Initially, SFMU, ROMU and SFMO exhibited a relatively homogeneous
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7). of the braids, the following force-elongation behavior was
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observed. A section of lower stiffness was followed by a linear section, which was in
turn followed by a plateau prior to the failure of the sample. This force-elongation behavior was attributed to a combination of structural elongation in which the fibers were
oriented towards the strain axis before a linear elastic material elongation of the fibers
occurred, followed by a plastic material elongation. All braids showed very reproducible
loads at failure. For the first braid structure (Sandwich A), the maximum load at failure
was FF = 852.8 N (±18.79 N). In the Braided Braid structure, the first filaments broke at
FF = 850 N, and the maximum tensile force was in average FF = 864.23 N (±11.09 N).
The maximum tensile force of the third braided structure (Combination) was in average
FF = 855.77 N (±12.49 N). Compared to the individual fibers, the standard deviations of the
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maximum load at failure were rather small, which can be attributed to a homogenization
of the load distribution by fiber–fiber friction within the structure.
In summary, we observed that the maximum load of failure did not differ significantly
for all braided structures (p > 0.05). All of these structures consisted of the same number
of filaments and the same braiding angle, leading to the conclusion that the distribution
of these filaments on the different layers was hardly affecting the overall load bearing of
the braid within the investigated boundaries. The compactness and consequently porosity
as well as tensile strength of the braid, however, are significantly determined by the layer
design. These braids were elliptical in shape. Hence, the equation for ellipses was used
to calculate the cross-section. Table 3 summarizes the load at failure, the ultimate tensile
strength (UTS) and the cross-sections based on diameter measurements of each structure
preloaded with 2 N. Due to limitations in the accuracy of the cross-section measurement,
the UTS results have to be treated with caution. Nevertheless, in order to provide a rough
classification of the results, the tendencies are shown below. All structures feature the
appropriate tensile strength to be used as a human tendon or ligament implant (toughest
ligament/tendon: Achilles tendon; ~71–86 N/mm2 [27,67]). The produced braids in this
Fibers 2022, 10, x FOR PEER REVIEW study show a yet insufficient maximum load (primary stability), though also at
11much
of 22
2
smaller cross-sections of ~7.5–9.5 mm , leaving room for up-scaling.

Figure 7. Multi-stage circular braiding process for scaffold production based on a three-layer design.
Figure 7. Multi-stage circular braiding process for scaffold production based on a three-layer design.

During the tensile test of the braids, the following force-elongation behavior was observed. A section of lower stiffness was followed by a linear section, which was in turn
followed by a plateau prior to the failure of the sample. This force-elongation behavior
was attributed to a combination of structural elongation in which the fibers were oriented
towards the strain axis before a linear elastic material elongation of the fibers occurred,
followed by a plastic material elongation. All braids showed very reproducible loads at
failure. For the first braid structure (Sandwich A), the maximum load at failure was FF =
852.8 N (±18.79 N). In the Braided Braid structure, the first filaments broke at FF = 850 N,
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Table 3. Comparison of different layer designs.
Layer Design
(n = 3)

Load at Failure
[N]

Diameter D1
[mm]

Diameter D2
[mm]

Cross-Section A
[mm2 ]

UTS
[MPa]

Sandwich A

852.8 ± 18.79

4.50 ± 0.55

2.70 ± 0.26

9.47 ± 0.30

90.03 ± 4.80

Braided Braid

864.23 ± 11.09

5.29 ± 0.75

2.07 ± 0.40

8.57 ± 1.66

99.88 ± 20.77

Combination

855.77 ± 12.49

4.12 ± 0.86

2.33 ± 0.25

7.53 ± 1.81

114.84 ± 29.04

3.4. Upscaling towards Human ACL Scaffolds
In the further course of the study, the Sandwich A layer design was selected due to its high
uniformity and scaled-up towards human ACL requirements. In order to achieve a higher load
resilience, the number of filaments in the braid was doubled (2 × 96 filaments = 192 filaments),
tripled (288 filaments) and quadrupled (384 filaments). The samples were abbreviated as
A-96f, A-192f, A-288f as well as A-384f. The results of the follow-up tensile test (displayed in
Table 4 and Figure 9) showed very low standard deviations and a nearly linear relation between the number of filaments and the resulting tensile force. A-192f exhibited a maximum
load of Fmax = 2067.38 N (±32 N) and an elongation at break of ε = 71.45% (±2%). After
the force increases to the maximum at ε = 32%, it remains on a plateau until approximately
ε = 60%. For A-288f, a maximum force Fmax = 3191.03 (±60 N) was measured at ε = 30%,
which remained constant until approximately ε = 60%. The highest maximum load was
measured for A-384f (Fmax = 4353.88 N (±37.3 N)), which was reached at about ε = 40%.
Table 4. Mechanical upscaling. Summary of the mechanical characteristic for varying numbers of
filaments used.
Sample (n = 3)

No. of Layers

Load at Failure
[N]

Diameter D1
[mm]

Diameter D2
[mm]

Cross-Section
A [mm2 ]

UTS
[MPa]

A-96f

1

852.8 ± 18.79

4.50 ± 0.55

2.70 ± 0.26

9.47 ± 0.30

90.03 ± 4.80

A-192f

2

2067.38 ± 32.00

5.91 ± 0.41

4.04 ± 0.10

18.77 ± 1.59

110.14 ± 11.02

A-288f

3

3191.03 ± 60.00

9.00 ± 0.93

4.62 ± 0.95

32.30 ± 5.46

98.78 ± 18.57

A-384f

4

4353.88 ± 37.30

12.90 ± 1.87

5.35 ± 1.93

53.32 ± 16.80

81.64 ± 26.42

An important aspect of the mechanical suitability of an ACL scaffold is whether the
stiffness of the scaffold can be adjusted to match the behavior of the native ACL. A stiffness
that is too low would result in a loss of stability and the risk of arthritis, while an excessive
stiffness may result in stress shielding [12]. The stiffness can be calculated from the slope
of the linear region of the load-elongation curves. Since the stiffness is defined as force
per elongation in the context of tissue-engineered ligaments, it is dependent on the gauge
length of the sample. Following NF S 94-167-2, a gauge length of 100 mm was used for the
tensile tests. The native ACL, however, has an approximate length of 31–38 mm [6,69].
Therefore, we calculated the equivalent stiffness for a sample length of 35 mm under
the assumption that the stress–strain behavior is independent of the sample length. A
potential size effect is therefore neglected. The results are displayed in Figure 10.
The calculated stiffness values of the samples A-192f, A-288f and A-384f are all within
the range of the native ACL and show a nearly linear behavior with respect to the number
of filaments.
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studies report a sufficient long-term stability during degradation [51,54,55]. The potential in
issue of acidic degradation products of PLA, however, can be particularly problematic in
bradytrophic tissue through inflammation, on the one hand, and the risk of autocatalytic
degradation and a consecutive strength loss, on the other hand. For PCL, no signs of internal catalysis were observed [22]. Leroux et al. monitored the pH value of PCL fiber
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bradytrophic tissue through inflammation, on the one hand, and the risk of autocatalytic
degradation and a consecutive strength loss, on the other hand. For PCL, no signs of
internal catalysis were observed [22]. Leroux et al. monitored the pH value of PCL fiber
bundles for 120 weeks, detecting no release of acidic species. [55]
Besides the degradation products, Fuoco et al. report a tendency of PLA to embrittlement and drastic strength loss already after 7 weeks of in vitro degradation in PBS at
37 ◦ C. [16] In contrast to that, we did not observe a mentionable reduction of the elongation
at break during PBS exposure at 37 ◦ C for 24 weeks for PCL in the present study. Embrittlement is disadvantageous, in particular, since matching the stiffness of the scaffold with the
native ACL is of huge importance for the mechanical performance.
Compared to PLA, PCL might provide higher elasticity initially as well as during
degradation, which is crucial for the application as a ligament scaffold. Furthermore, a
high tensile strength at relatively low stiffness can be achieved with PCL with the same
scaffold structure. Aiming for the stiffness of the native human ACL which is documented
between 111–396 N/mm [6,63], a higher overall breaking load can be realized with PCL,
since more fibers can be used before the adequate stiffness is exceeded. PCL has been
extensively investigated in the scope of tendon and ligament tissue engineering in the form
of nanofibrous scaffolds [27–32,35]. For high-load applications, such as the human ACL,
the rotator cuff or the Achilles tendon, a lack of scalability towards application-related
strength is limiting the transferability of nanofibrous scaffolds for high-load applications.
Compared with nanofibrous constructs, however, melt-spun PCL was scarcely investigated
as a scaffold material for the human ACL. Leroux et al. have achieved promising biological
and mechanical results using knotted melt-spun PCL fiber bundles consisting only of
20 fibers [55,61]. However, mechanical and processual feasibility is still due for a human
ACL-sized scaffold.
For a complex application such as an ACL scaffold, the investigation should be
conducted on the fiber level as well as on the scaffold level itself, which is to some extent
intertwined, since the scaffold’s properties are strongly influenced by the properties of
the fibers used. On the fiber level, a sufficient tensile strength should be achieved to
match the scaffold’s primary stability with the demands of the native tissue (approximately
2000 N), while at the same time exhibiting sufficient porosity for cell ingrowth. Through
the orientation of macromolecules induced by drawing, the tensile strength of PCL fibers
was increased up to ~ 69 cN/tex. Meanwhile, a tendency to strain-induced crystallization
was observed. The tensile properties of the actual fibers used in ACL scaffolds are rarely
reported. Fibers produced from PLA, PLCL or PDS used for a textile-based, degradable
ACL scaffold by Hahn et al. exhibited 36.12 cN/tex (PLA, 155 dtex), 35 cN/tex (PLCL,
100 dtex), 42.22 cN/tex (PLCL, 180 dtex), 30.56 cN/tex (PDS, 180 dtex) and 47 cN/tex (PDS,
100 dtex) [15,51,52]. The PLAGA multifilaments that Cooper et al. used to produce 3Dbraided scaffolds showed 41.52 cN/tex (57.78 dtex) [40]. In comparison to the literature, the
highly oriented PCL fibers developed in this work exhibit excellent mechanical properties
and superior tensile strength.
Besides the primary stability of the fiber, its strength retention is of great importance
for the regeneration of the slow healing tissue [15].
A potential means to facilitate the biological features of a scaffold on the fiber level
could be the fiber morphology. For instance, earlier we reported the reduction of the
scar tissue formation of sutures based on snowflake-shaped monofilaments compared to
controls with a round cross-sectional morphology in an in vivo study [71].
In the present study, we compared four different fiber morphologies, all of which
exhibit profoundly different specific surface areas, with respect to the mechanical properties
and strength retention during exposure to PBS at 37 ◦ C.
The average strength retention after 24 weeks in PBS (listed with increasing specific
surface area) were: 88% (monofil, round), 83% (monofil, snowflake), 93% (multifil, round),
84% (multifil, snowflake). Interestingly, the results indicate no clear effect of the specific
surface area (mediated through different fiber morphologies) on the strength loss. However,
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snowflake-shaped fibers did in fact show a higher strength loss compared to their round
counterparts. It has to be investigated in future studies whether the degradation behavior
can be tailored using respective fiber morphologies.
The presented results on mechanical stability are generally in alignment with previously conducted long-term in vitro hydrolytic studies. Lam et al. even report a slight
increase in tensile strength during the degradation in PBS at 37 ◦ C for 6 months [54]. For
embroidered ACL scaffolds made of PLA fibers, Hahn et al. observed a strength retention
of approximately 82% after 24 weeks of hydrolytic degradation in PBS at 37 ◦ C [51]. Leroux
et al. investigated the degradation rate on PCL fiber bundles for 120 weeks in buffer saline.
The development of the ultimate stress of a non-grafted PCL bundle at 37 ◦ C indicates a
reduction from ~320 MPa to ~245 MPa after 12 weeks of degradation, followed by another
increase to ~310 MPa after 24 weeks [55].
The in vitro and in vivo degradation behavior of PCL has been intensively studied
by Woodruff, Hutmacher et al. [22]. The degradation of PCL occurs in two stages. The
first is the non-enzymatic hydrolytic degradation through chain cleavage. When the molecular weight is low enough (approximately 3000 Da), an intracellular degradation with
the involvement of macrophages and giant cells was reported. [22] Hydrolytic degradation, which is dominant in the first stage, can occur either mainly via surface erosion or
bulk degradation.
Whether surface erosion or bulk degradation is predominant is dependent on the
water diffusion rate relative to the degradation rate and the thickness of the sample.
According to Burkersroda et al. a material-specific critical length Lcrit exists, above which
the predominant degradation type is surface erosion in contrast to bulk degradation. The
Lcrit for PCL is approximately 13 mm [72]. For example, Chen et al. investigated the in vitro
degradation behavior of PCL in the shape of microparticles compared to a film made of
PCL, finding no obvious effect on the degradation rate [73]. Leroux et al. report similar
results in a long-term in vitro degradation study of round PCL monofilament bundles in
comparison with PCL films, also indicating PCL bulk hydrolysis. Hence, the degradation
rate is also expected to be largely independent of the shape of the fiber (<1 mm). Our
results are in alignment with this. Consequently, the fiber morphology can be utilized
to add functionality in terms of cell growth guidance or to trigger surface-related effects
without compromising on the mechanical strength retention.
Even though the potential of non-circular fibers can be immense, very few respective
studies exist for PCL. Park et al. investigated the influence of three different fiber crosssections (circular, triangular, cruciform) on the mechanical properties, the mass loss during
degradation and the cell proliferation of PCL monofilaments [74]. Since the production
process involved no means to induce macromolecular orientation, the tensile strength of the
resulting fibers was quite low (approximately 12–14 MPa). Therein, circular fibers showed
a slightly higher tensile strength compared with the triangular and cruciform fibers. This
concurs with the investigation of Babaarslan et al. and our results [75]. Regarding the
degradation behavior, Park et al. observed a clear increase in mass loss for the cruciform
fibers (75% after 20 days) in comparison with the circular fibers (20%), indicating a clear
relationship of the specific surface area on the degradation rate (surface erosion). However,
the degradation study was performed using an accelerated setup involving NaOH, with
no guarantee that the general degradation kinetic is not changed by the acceleration.
During the exposure to PBS at 37 ◦ C, an increase of crystallinity was measured for all
fiber morphologies. This effect can be explained by different degradation rates for amorphous and crystalline regions in semi-crystalline polymers, such as PCL. The amorphous
regions degrade faster than the crystalline regions, resulting in an increase of the relative
portion of crystalline regions, and hence of the crystallinity [54,55,76–78]. Another explanation was given by Lam et al., describing a potential recrystallization due to the increased
mobility of the polymer chains mediated by the 37 ◦ C compared to room temperature [54].
Several studies address the design of braided scaffolds for the ACL based on biodegradable fibers [11,37,38,40,41,79–81]. In our study, multilayer circular braiding was used to
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fabricate ACL scaffolds. For the resulting structures, no significant effect of the layer design
on the mechanical behavior could be observed, as long as the filament number and braiding
angle were kept constant. The standard deviations for all samples were very low, indicating
a high uniformity of the textile structure.
Using a FEM simulation, Laurent et al. showed that the number of layers increases
both the stiffness and the yield load of multilayer PLCL braids [11]. These observations
are in line with the experimental results of our multilayer PCL braids. The PCL braids
showed linear scalability with the increase of the number of layers with respect to the
maximum load and stiffness. In agreement with Laurent et al., a low braiding angle of 13◦
was chosen in the present study to achieve the mechanical behavior of the braided scaffold
comparable to the native ACL. The influence of the scaffold parameters “number of layers”
and braiding angle on the porosity of the PCL braids still needs to be considered.
Freeman et al. studied various designs based on braided, twisted, and braided-twisted
fibers [37]. Comparable to the braided-braid design of the PCL braids, the scaffold was
produced in two stages. Freeman’s study showed a significant influence on the modulus as
well as the toe region due to the twisting of the fibers and subsequent braiding. Concerning
the PCL multilayer braids, there was no significant difference in load at failure, stiffness
and elongation at break due to the braiding of the pre-braids. Whether there is a change in
the proportion of the toe region requires further investigations. Currently, surgical cruciate
ligament replacement uses a drilled tunnel in the bone of 7–9 mm, corresponding to a
cross-sectional area of 38.49–63.62 mm2 [82]. The human ACL was reported to have a
cross-sectional area of 57.5 ± 16.2 mm2 [33,62]. Comparing the mechanically up-scaled
scaffolds with these dimensions, each presented braided scaffold of design Sandwich A
can be used with the existing surgical method.
5. Conclusions
PCL fibers were produced via melt spinning. The influence of the draw ratio on the
mechanical properties and the macromolecular orientation as well as the crystallinity of
the fibers were investigated. In course of this, highly oriented PCL monofilaments were
fabricated, with a strength of up to 69 cN/tex. Moreover, PCL fibers in four different morphologies (round/snowflake-shaped as monofilaments/multifilaments) were fabricated
using respective spinnerets. During a 24-week exposure to PBS at 37 ◦ C, snowflake-shaped
fibers exhibited a slightly faster strength loss compared with their round counterparts
but—since multifilaments did not show an accelerated strength loss in comparison with
monofilaments—this cannot be attributed to the surface area itself. All fibers showed high
strength retention as well as the maintenance of elongation at break as opposed to potential
embrittlement. Round monofilaments were further processed into three-layered circular
braids. The effect of layer design on the mechanical properties of the braids was analyzed.
It became apparent that the breaking load of all textile scaffolds was significantly lower than
the sum of the individual fibers’ breaking load. The standard deviations also decreased
significantly from fiber to textile, indicating that the load was evenly distributed throughout
the textile, leading to highly reproducible results for the scaffolds. Three braided structures
consisting of the same number of filaments and produced with a uniform braiding angle of
13◦ were compared. In terms of the load at failure, no significant difference was observed.
The layer design itself appeared not to be of tremendous importance regarding the load
of failure.
In a second step, the braided structure (Sandwich A) was up-scaled to investigate
whether the necessary primary stability of a human ACL could be achieved with PCL fibers.
In the meantime, braids consisting of 96, 192, 288 and 384 monofilaments have been compared, resulting in a load at failure of 893.1 N (±3 N), 2067.38 N (±32 N), 3191.03 (±60 N)
and 4353.88 N (±37.3 N), respectively. The nearly linear relation between the number of
fibers and the load at failure allows for great scalability of the braided PCL scaffold to
match the necessary primary stability of different tissues as well as to account for individual
aspects. With the general suitability in terms of primary stability and processability given,

Fibers 2022, 10, 23

18 of 21

future studies will focus on biologization and long-term stability-related aspects as well as
application-specific testing.
In summary, the presented study highlights the strengths and diversity of melt-spun
fibers for use in the field of ligament tissue engineering. Further processing utilizing
textile production technologies, e.g., braiding, provides the material with a wide variety of
application options. In particular, the observed high scalability and precise adjustability of
the mechanical and morphological properties while providing sufficient strength retention
make the fiber material as well as the textile processing a promising platform technology. In
addition to ligaments and tendons, we therefore see enormous potential for extending this
technology in the future to other load-bearing tissues, such as muscle, cartilage or bone.
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