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ABSTRACT: A vital characteristic of a nanofibrous scaffold for
regenerative medicine is its ability to degrade in vivo at the same
rate that a damaged tissue regenerates, while maintaining its
mechanical properties for structural support. This work explores
the degradation kinetics and mechanical properties of extruded
nanofibers fabricated through blending two commonly utilized
polyesters, poly(lactic acid) and poly(ε-caprolactone). Morpho-
logical effects are correlated to degradation rates of extruded
nanofibers and reveal that morphology was coupled both to the
blend composition and the multilayer coextrusion processing
technique. Furthermore, the correlation of the resulting mechanical
properties provides improved insights into the structure−property
dynamics between hydrolysis and residual mechanical properties
for semicrystalline polymers to better predict scaffold performance.
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■ INTRODUCTION

Nanofibers have been broadly researched and implemented in
a variety of applications in the biomedical community, such as
tissue engineering,1 drug delivery,2 and wound healing.3 The
explosion of research involving nanofiber-based scaffolds
results from a structure that inherently mimics the extracellular
matrix and a geometry that provides a high surface area to
volume ratio.4,5 When used for tissue engineering, their highly
porous nature leads to a high influx of nutrients and yields
improved cell growth and proliferation when compared to
fibers of larger dimensions.6 To facilitate the healing process,
the scaffold properties must be tuned toward specific tissues.
First, the bulk mechanical properties of the scaffolds must
match that of the native tissue.7 Mechanical properties of
tissues can range from 10 kPa in muscle tissue to 1 MPa in
cartilage to 10 GPa in bone.8 Additionally, the degradation rate
of a scaffold needs to match the regeneration rate of the
targeted tissue, and the polymeric scaffold must maintain
mechanical properties until sufficient regrowth occurs.7

Moreover, because the regeneration rate in vivo varies widely,
where stomach cells renew in 2−9 days, epidermis cells require
10−30 days, and osteoblasts require ∼6 months, tunable
degradation rates are also needed.9

To match these varying regeneration rates, aliphatic
polyesters are viewed as appealing materials due to their
range of degradation kinetics.10 Furthermore, blending multi-
ple polyesters with different properties can yield materials that
can be tuned.11 In vivo, polyesters are susceptible to passive

hydrolysis and enzymatic hydrolysis, which are both a two-step
bulk erosion process (Figure 1).12−14 (1) Aqueous media
diffuse throughout the bulk of a material, and this rate is
dependent on material properties such as molecular weight,
crystallinity, phase separation, processing, and surface area.
Consequently, manipulation of these properties has been
explored to influence the overall degradation rate.15 (2) Chain
scission events occur at the labile ester linkages. These two
steps in hydrolysis will first change the bulk mechanical
properties, and once chain scission events occur on a large
scale, weight loss can be measured. The final step of hydrolysis,
weight loss, is often accompanied by a significant reduction in
mechanical properties. To influence the rate of diffusion and
chain scission, crystallinity and phase separation, both
contributing factors in chain mobility, have been manipulated
to tune the degradation rate. For example, an in vitro
degradation study of polyester−peptide copolymers revealed
that a high crystalline content played a more important role in
the degradation rate relative to the hydrophobic content.16

Additionally, Gaona et al. examined a blend of poly(lactic acid)
(PLA) and poly(ε-caprolactone) (PCL) in vitro that phase
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separated, whereby the phase domain size was dictated by the
formulation.17 One formulation exhibited domain sizes that
allowed both components of the blend to degrade at equal
rates such that the initial blend composition was maintained,
even though PLA typically degrades much more rapidly than
PCL. It was found that the consistent blend composition
allowed for sustained mechanics throughout the degradation
process.
It is these two polyesters, PLA and PCL, that are the subject

of intense study for biodegradable scaffolds because these
semicrystalline polymers can easily be manipulated to fit
precise specifications for a multitude of applications.18,19 PLA
has been deemed an excellent option to form the base of a
biodegradable device due to the strong mechanical properties
often observed, the potential for sourcing from a renewable
feedstock, and the rapid degradation rate, where a naturally
occurring metabolite is the byproduct.20,21 However, PLA
[glass transition temperature (Tg) of 60 °C] often is too brittle
for certain applications.21,22 Unlike glassy PLA, PCL has a
flexible backbone that yields a low Tg (−60 °C) and high
extensibility/toughness. However, the backbone structure of
PCL lends the material to be highly hydrophobic, with a slow
degradation rate.23 Because of these opposing characteristics,
many previous works have blended PLA and PCL as
components of a fibrous scaffold such that the bulk material
properties can be easily manipulated.21,24−27

Laboratory-scale nanofibers are often processed via electro-
spinning for use in biomedical applications. Electrospinning
has a broad and historical usage because it utilizes a simplistic
setup and has a minimal expense.28 However, it is a solvent-
based method that can be dramatically impacted by environ-
mental influences such as temperature and humidity and has a
low manufacturing throughput.2 Consequently, other nano-
fiber fabrication methods have been sought. Previously, we
have demonstrated the tunability of utilizing a scalable and
melt-based fiber fabrication method, multilayer coextru-
sion.6,29−33 This processing method coextrudes two (or
more) immiscible polymers such that a composite tape is
produced, in which nanofibers are embedded in a sacrificial
matrix (Figure 2).29 Because multilayer coextrusion is a melt-
based process, no solvent is required, batch-to-batch variability

is reduced, and the high throughput allows for the production
of multiple kilograms per hour. Additionally, because this
process fabricates rectangular fibers, a higher surface area to
volume ratio is achieved when compared to cylindrical fibers.6

These unique fibers have been covalently modified with
biologically active molecules,6,32,33 mechanically enhanced via
post extrusion drawing,30 and fabricated from several polyester
blends.29

In our most recent multilayer coextrusion demonstration, we
blended PLA and PCL to fabricate fibers with mechanical
properties that could be tuned.29 During this investigation of
nonwoven fibers, we found that the blending process had
distinct consequences on the crystalline region in both the
PLA and PCL components. These outcomes were due to the
blend morphologies inducing chain confinement into small
domains within the nanofibers. Subsequently, the crystallinity

Figure 1. Schematic diagram of the hydrolytic degradation of polyester nanofibers. (1) Diffusion of the media into the bulk material is the initial
step and the rate-limiting step. Several characteristics dictate the diffusion time, such as chain mobility, thickness, surface area, hydrophobicity, and
molecular weight. Chain mobility is affected by confinement effects as well as crystalline content. The crystallite size also plays a role because larger
crystallites restrict mobility. (2) Random chain scission events occur at the labile ester linkage in the backbone. The mechanical properties change
once the chain scission events occur due to reductions in the molecular weight and/or changes in the crystalline region. Measurable weight loss is
the last event to occur in hydrolysis and is typically an indicator of large-scale chain scission events.

Figure 2. Schematic diagram of melt coextrusion. An overview of the
process of multilayer coextrusion to fabricate a composite tape where
a sacrificial polymer (purple) forms a matrix around nanofibers
(green). This extrusion method comprised four major steps. Here,
two immiscible polymers are fed into the extruder and vertically
stacked such that their flows are adjacent to one another (step I).
Then, these stacked melts pass through a series of vertical multipliers
(step II). After step II, a skinning layer is applied to the top and
bottom (step III). The melt then passes through a series of horizontal
multiplication steps (step IV). Finally, the composite tape is passed
through a die and the extrudate is collected.
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in both components was depressed, and the mean size of
individual crystallites was also influenced. PCL acted as a
nucleation site for PLA, leading to the formation of larger PLA
crystallites with increasing PCL content. However, because
PLA has a higher crystallization temperature than PCL, the
mobility of PCL was restricted after PLA crystallization. As a
result, increased amounts of PLA caused a decrease in the
mean crystallite size in the PCL component.
The spatial separation of the PLA and PCL components

induced by the multilayer coextrusion process dictated the
crystallization behavior of the fiber blends. We hypothesized
that the diffusion rate of extruded PLA/PCL blended fibers in
surrounding media would also be influenced, likely impacting
the degradation rate relative to known fiber fabrication
methods. Here, a continuum of PLA/PCL blended fibers,
along with control PLA and PCL fibers, was examined during a
four weeklong in vitro hydrolytic degradation study. While
many in vitro and in vivo studies focus on properties such as the
weight loss and the dispersity of polymer chains, this work
focused on the impact of morphology, imparted by phase
separation and processing, on the degradation rate as it
pertains to nonwoven fiber mats acting as a functional material
(i.e., suitable mechanical properties). In this study, we
systematically discuss and highlight which aspects had the
most significant contribution to the degradation profile of
PLA/PCL nonwoven fibers. These findings not only further
the technological impact of multilayer coextruded fibers but
also add to the understanding of manipulating and predicting
mechanical properties of biomedical nanofibers throughout the
lifetime of their use.

■ EXPERIMENTAL SECTION
Composite Tape Fabrication. To fabricate the polyester/

poly(ethylene oxide) (PEO) composite tapes, two different polyesters
and two grades of PEO were obtained. PCL was acquired from The
Perstorp Group (CAPA 6800, 87 kg/mol), and Nature Works
provided PLA (INGEO BIOPOLYMER 2003D, 155 kg/mol).34 To
fabricate the polyester blends, PLA and PCL were mixed into three
different formulations of 75 PLA/25 PCL, 50 PLA/50 PCL, and 25
PLA/75 PCL by weight percent (wt %). The blend formulations were
fed into a corotating twin-screw extruder (W & P 25k-30) that had a
screw length to diameter ratio of 28.5 and was set to 160 °C. The
blended filaments were then pelletized. The PEO matrix component
of the composite tape was then compounded. The PEO formulation
was comprised of two PEO powders (100 and 200 kg/mol), mixed at
a weight ratio of 70:30 (POLYOX WSRN-10:POLYOX WSN-80),
and this mixture was melt blended and pelletized under the same
conditions as the PLA/PCL formulations. This PEO blending step
was critical to ensure that the viscosity of PEO matched that of the
PLA/PCL component during the multilayer coextrusion process.35

Additionally, prior to each extrusion step, materials were dried under
vacuum for 48 h at 40 °C.
The multilayer coextruder was outfitted with 16 vertical multipliers,

an additional hopper that allows for a 33% by volume skin layer of the
PEO matrix, and 4 horizontal multipliers. The materials were again
dried for 48 h at 40 °C under vacuum and then fed into the multilayer
coextruder. The temperature was set to 200 °C so that each
component had a matching viscosity. Additionally, the extruders that
fed in the PEO and PLA/PCL pellets were set to a 1:1 pump ratio,
and the polymer melts were forced through a 1 inch tape die. An
equilibration period of 25 min was allowed before the materials were
collected to ensure that a uniform pressure was achieved. Here, the
systems formed a continuous composite tape such that 1024
individual, rectangular, PLA/PCL fiber domains were embedded in
a PEO matrix. Once the tapes were ejected through the die, they were

collected onto a chilled steel roller rotating at 30 rotations per minute
(rpm). The tapes were subsequently placed onto a conveyer belt.

Fiber Isolation. To isolate the fibers, a three-step wash-
delamination-wash process was implemented. This procedure has
previously been optimized such that a minimum of 89.9% of the PLA/
PCL weight content was achieved.29 During this process, the PEO
matrix was dissolved, and the PLA/PCL nonwoven fiber mats were
left unchanged. Proton nuclear magnetic resonance (1H NMR, 600
MHz) spectroscopy was used to ensure that PEO removal was
successful. In preparation for 1H NMR, PLA/PCL nonwoven fiber
mats were dissolved in deuterated chloroform (CDCl3). The relative
weight fraction of the PLA/PCL component was calculated using
single, isolated peaks characteristic of PEO (3.7 ppm), PLA (5.1
ppm), and PCL (4.1 ppm) (eq S11).

In Vitro Degradation. To probe the in vitro degradation profile of
bioresorbable PLA/PCL nonwoven fiber mats, a hydrolytic
degradation experiment that mimicked in vivo conditions was
conducted. During this degradation study, the PLA/PCL fibers
were exposed to physiological conditions for a duration of four weeks.
The mats were placed into 20 mL scintillation vials and were fully
immersed in PBS solution (Fisher Scientific) with a pH of 7.4. The
degradation vessels were then placed in an oven that was set to 37 °C.
The buffer solution was replaced each week, and the degradation
periods of interest were one, two, three, and four weeks. At each point
of interest, the nonwoven PLA/PCL fiber mats were removed from
the vials, washed thoroughly with methanol, and left to dry overnight.
Once dry, the fibers were tested for fiber integrity, weight loss, blend
composition, crystallinity size/amount, and mechanical analysis.

Fiber Integrity. To investigate the fiber architecture or integrity,
nonwoven PLA/PCL fiber mats were imaged via SEM (Jeol JSM-
7400F). Prior to fiber submersion as well as at each time point, the
nonwoven fibers were mounted on a sample stage that was sputter-
coated with a thin layer of Au/Pd. SEM was then conducted at an
accelerating voltage of 3 kV.

Weight Loss. Three nonwoven samples of each fiber type were
weighed prior to the in vitro degradation process. The samples had
dimensions of 5 mm by 10 mm and weighed ∼15 mg. After each
week, the samples were removed from the PBS solution and
generously washed with methanol and distilled water. The nonwoven
PLA/PCL fibers were then allowed to dry overnight, and the
following day, each sample was weighed. The percent (%) weight loss
(eq 1) was calculated using the following equation

=
−

*
W W

W
weight loss (%)

( )
100i x

i (1)

where Wi is the weight prior to the fiber submersion and Wx is the
weight of the dried fibers at the specified time points.9 After
determining Wx, the dried fibers were returned to the buffer media.
Additionally, blended PLA/PCL samples with measurable weight loss
were characterized further by 1H NMR to determine the weight
fraction of PLA within the blended nonwoven fiber systems (eq S16).

Crystallinity. Two characterization methods were utilized to
examine the crystalline domains of the PLA/PCL nonwoven fibers:
dynamic scanning calorimetry (DSC, TA Discovery Series) and wide-
angle X-ray scattering (WAXS, Xenocs Xeuss 2.0). DSC was
conducted in triplicate to characterize the relative amount of
crystalline versus amorphous regions; WAXS was utilized to quantify
the mean crystallite size. For DSC studies, each sample set was tested
in sealed, hermetic pans where a blank pan was used as a reference, all
under a nitrogen atmosphere. The samples were initially cooled and
held at 0 °C for 3 min and then heated to 200 °C at a rate of 10 °C/
min. Then, the PLA/PCL nonwoven fiber mats were cooled back
down to 0 °C at a rate of 10 °C/min. The enthalpy of melting was
then measured using TA Instrument software, Trios.

WAXS was carried out to probe the mean crystallite size using
Xenocs Xeuss 2.0. The detector was a charge-coupled device with a
pixel resolution of 486 × 619 (1 pixel0.172 cm). X-rays were
generated at 50 kV at a wavelength of 1.542 Å. The mounted PLA/
PCL mats were exposed to the X-ray source for 15 min, where the
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sample-to-detector distance was set to 800 cm. The instrument was
calibrated with silver behenate, and all spectra were corrected for
background noise. To obtain intensity as a function of the scattering
vector, q, azimuthal averaging was performed. The peaks were then
processed via Origin 8.1, where they were fit using a Lorentzian
function. Individual WAXS peaks were fit to determine the full width
at half-maximum (FWHM) to calculate the mean crystallite size (Lhkl)
(eq 2) using the Scherrer formula36

λ
θ

=L
K

B coshkl
hkl hkl (2)

where Lhkl was correlated to a shape factor (K, typically 0.89 for
polymers) the wavelength (λ), FWHM (Bhkl), and the Bragg angle (θ)
for the reflection of interest.
Tensile Testing. The porosity of the PLA/PCL nonwoven fibers

was found by calculating the void fraction (eq S19), and the cross-
sectional area was corrected according to the measured porosity. The
nonwoven fibers of similar length (∼15 mm) were loaded between
Teflon clamps of a Zwick/Roell mechanical testing instrument.
Tensile testing was performed at room temperature at a rate of 50%
min−1. A minimum of five samples per PLA/PCL blend type were
tested. Using Origin 8.1, the stress and strain at the yield point were
determined, and the modulus was calculated by applying a linear fit at
2% strain.

■ RESULTS
Microscale Degradation Fiber Integrity and Morphol-

ogy. Prior to the in vitro degradation process, composite tapes,
where PLA/PCL fibers were encased in a PEO matrix, were
extruded via multilayer coextrusion, with results consistent
with those previously reported.29 During this process, three

blends were formulated (75/25, 50/50, and 25/75 PLA/PCL).
These blends and two controls (PLA and PCL) were used as
the fibrous component of the composite tape, and PEO formed
the sacrificial matrix. The tapes for each system were collected,
and the PLA/PCL fibers were isolated and delaminated from
the matrix to form nonwoven fiber mats (Figure S1). The
polyester weight content was 89.9% or greater, as confirmed by
1H NMR (Figure S2). Additionally, the fiber mats were imaged
via SEM to determine individual fiber dimensions prior to the
degradation study (Figure 3a). Each PLA/PCL system was
calculated to be ∼300 nm in width and ∼200 nm in thickness
(Figure S3, Table S4). In a recent publication, we detailed the
morphologies of these blended nanofiber systems using
selective solvent etching in tandem with SEM.29 The
depictions shown in Figure 3b are scaled to represent these
microstructural features and are useful for the interpretation of
the degradation results. Distinct morphologies were observed
within each of the three PLA/PCL blends: small droplets (∼50
nm) of PCL were encased in a PLA matrix in the 75 PLA/25
PCL blend, a co-continuous morphology was observed in the
50 PLA/50 PCL blend, and large droplets (∼100 nm) of PLA
were dispersed in a PCL matrix in the 25 PLA/75 PCL blend.
After the fibers were characterized, the PLA/PCL nonwoven
fibers were placed in aqueous conditions that were meant to
mimic physiological conditions. Here, fibers were submerged
in PBS (pH 7.4) at 37 °C. After one, two, three, and four
weeks, the PLA/PCL fiber mats were removed from the
solution and thoroughly washed with methanol. The washed
and dried mats were first imaged via SEM to understand the

Figure 3. Morphology of blended fibers during degradation. (a) SEM micrographs obtained at 10,000× magnification with a scale bar of 1 μm of
PLA/PCL nonwoven fiber mats at weeks zero, one, two, three, and four. Initially, fibers were calculated to be ∼300 nm in width and 200 nm in
thickness. The change in the fiber architecture was analyzed for each PLA/PCL fiber system through the duration of the degradation study. (b)
Previously reported morphology of each PLA/PCL nonwoven fiber blend depicted in a single schematic. Moving from top to bottom, the PCL
content is increased. The 75 PLA/25 PCL blends were found to have small PCL droplets in a PLA matrix, the 50 PLA/50 PCL blends were
observed to be co-continuous, and the 25 PLA/75 PCL blends were made up of large PLA droplets in a PCL matrix.

ACS Applied Polymer Materials pubs.acs.org/acsapm Article

https://doi.org/10.1021/acsapm.1c00454
ACS Appl. Polym. Mater. 2021, 3, 3878−3890

3881

https://pubs.acs.org/doi/suppl/10.1021/acsapm.1c00454/suppl_file/ap1c00454_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsapm.1c00454/suppl_file/ap1c00454_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsapm.1c00454/suppl_file/ap1c00454_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsapm.1c00454/suppl_file/ap1c00454_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsapm.1c00454?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.1c00454?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.1c00454?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.1c00454?fig=fig3&ref=pdf
pubs.acs.org/acsapm?ref=pdf
https://doi.org/10.1021/acsapm.1c00454?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


hydrolytic effects on the fibrous architecture. The collected
micrographs indicated that the fiber integrity and fiber size
varied during the four weeklong study. For example, the
control PLA fiber mats were observed to lose the integrity of
their fibrous architecture after the first week, and the control
PCL fibers were able to maintain their fibrous shape
throughout the entire study. However, the PCL fibers were
noticeably swollen, which is commonly observed in PCL
systems.37,38 Similar to the PLA control system, the 75 PLA/
25 PCL nonwoven fibers lost nearly all fibrous morphology
after week one. A minimal fraction of the system resembled
fibers until the week two time point, and thereafter, the fiber
integrity was completely lost. Once PCL composed half of the
fibrous system, the 50 PLA/50 PCL nonwoven fibers
maintained a fibrous architecture. While they remained fibrous
in overall shape, surface roughening was apparent after the
week one time point, indicating that the 50 PLA/50 PCL fiber
mats were not as uniform in size, shape, or appearance.
Similarly, the 25 PLA/75 PCL system also maintained a
fibrous architecture for the entirety of the study, but the 25
PLA/75 PCL fibers experienced limited erosion of the smooth
surface. These findings indicated that the physical effect on the
microstructure of the nonwoven PLA/PCL fibers was heavily
influenced by the composition of the blend. Because PCL is
highly hydrophobic, it has been known to act as a hydrophobic
“shield” when blended with a more hydrophilic material.39

This “shield” can delay the diffusion of the media into the bulk
and increase the longevity of the material properties.
Consequently, when blends were formulated with at least 50
wt % PCL, properties, such as the fiber architecture, were
maintained.
Macroscale DegradationWeight Loss and Blend

Composition. Once the microscale and morphological effects
were confirmed, large-scale chain scission events were detected
through weight loss calculations for the PLA/PCL nonwoven
fiber mats throughout the four weeklong study (Figures S2−
S6, 4a). Furthermore, 1H NMR was utilized to determine the
composition of the blends to determine which component was
the source of the weight loss (Tables S2−S4, Figure 4b). These
values are represented as a relative percentage to demonstrate
how degradation kinetics impacted each polymer within the
blend. An important fact is that weight loss is the final step a
material experiences during hydrolysis. Consequently, when
weight loss was detected, it was assumed that media had
previously diffused throughout the bulk of the material and
successfully initiated large-scale chain scission events. During

this study, PLA mats immediately and steadily exhibited weight
loss, and a final loss of 64.9% ± 5.6 wt % was measured. In
contrast, the control PCL nonwoven fibers were measured to
have almost no weight loss for the duration of the experiment
(0.29% ± 0.29 wt % at week four). Because PCL is more
hydrophobic, it was anticipated that the trends in weight loss
for the blended PLA/PCL nonwoven fibers would primarily
depend on the blend composition. Correspondingly, the 75
PLA/25 PCL system initially appeared to follow the same
trend as the control PLA nonwoven fibers. Here, an initial
weight loss was measured at the week one time point, and
continual weight loss was observed, where a total weight loss of
65.4% ± 6.4 was measured. While the 75 PLA/25 PCL fibers
appeared to follow the same trend as the control nanofibers,
the relative PLA wt % measured at each time point suggested
that the 75 PLA/25 PCL blended system degraded differently
than the PLA control. Interestingly, the relative PLA wt % was
consistent throughout the four weeks. The blend composition
data suggested that both the PLA and the PCL components
experienced large-scale chain scission events. If only the PLA
component contributed to weight loss, the relative PLA wt %
would have decreased. The consistency of the composition of
the 75 PLA/25 PCL system is significant because the control
PCL system had no weight loss until the final week, where less
than 0.3% weight loss was recorded. Because the 75 PLA/25
PCL system had a total weight loss of 65.4%, and 25% of the
total was lost within the PCL component, it can be calculated
that ∼16 wt % of the PCL component was lost during the four
weeklong study. This PCL weight loss varies greatly from the
negligible weight loss observed in the control PCL system.
This variance is likely due to the phase-separated morphology
of the system. Specifically, the domain size of the PCL droplets
may have allowed the two components of the blend to degrade
at a consistent rate, which is only possible when PCL domain
sizes are submicrometer.17 In addition, the 50 PLA/50 PCL
nonwoven fibers initially followed the expected composition-
based weight loss trend, where weight loss was delayed,
compared to the 75 PLA/25 PCL blend. The total weight loss
(45.9% ± 13.6) of the 50 PLA/50 PCL system was less than
that of the 75 PLA/25 PCL system. The delay in weight loss
from week one to week two is attributed to the increase in the
PCL content with PCL functioning as a hydrophobic shield
and decreasing the diffusion rate of the aqueous media. The
initial weight loss time point included a decrease in relative
weight % of PLA. However, at the following time point (week
three), the increase in weight loss was measured along with an

Figure 4. Degradation kinetics. (a) Weight loss of each PLA/PCL nonwoven fiber system tracked over a four weeklong study to understand the
macroscopic changes in each fiber system that resulted from hydrolysis. (b) Relative wt % of PLA evaluated to calculate the blend composition
throughout the degradation study when measurable weight loss was observed.
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increase in relative wt % of PLA. We interpret this to mean that
PCL was the component primarily affected by the large-scale
chain scission events. The increase in PCL degradation time,
compared to the control, is likely due to the blending of PCL
with a more hydrophilic polymer, such as PLA, that allowed for
more rapid diffusion of the aqueous media.39 However, an
increase in PLA wt % was not observed at the final time point.
Similarly, the 25 PLA/75 PCL nonwoven fiber system was
found to have a complex timeline for the large-scale chain
scission events. Again, the increase in the PCL component
further delayed the initial weight loss time point to week three.
Additionally, the initial weight loss time point also had a
decrease in relative wt % of PLA. However, at the final time
point, there was an increase in relative wt % of PLA. As with
the 50 PLA/50 PCL system, this increase is likely due to the
addition of the more hydrophilic PLA component, which
increased the diffusion rate of the media.39

Crystalline Fraction and Crystallite Size. The character-
istics of the crystalline region significantly impact the rate of
degradation and are dependent on the manufacturing
method.40,41 After probing the hydrolytic effects on the
macrostructure of the PLA/PCL nonwoven fibers, the
crystalline regions were examined to determine which
component of the blends was affected by hydrolysis
throughout the time course of the study (PLA, PCL,
crystalline, or amorphous). Initially, DSC was utilized to
examine the changes in percent crystallinity to determine if the
ratio of crystalline to amorphous fraction changes after each
time point (Figures 5, S4). Here, samples were run in triplicate
at a heating rate of 10 °C/min. Because thermal history was
dictated by the multilayer coextrusion process, the first heating
cycle was utilized for characterization. The melting enthalpy
was then measured using Trios software by integrating the
melting transition. In the control PLA system, a rapid decrease
in crystallinity was measured until there was no melting
enthalpy that was not correlated to cold crystallization
observed at the week three time point. However, a melting
enthalpy was observed during the final time point. The
disappearance and re-emergence of the endothermic phase
transition indicates that hydrolysis could occur in the
crystalline region to completely erode the crystalline phase.
At the week four time point, recrystallization is assumed to
have occurred. Many studies regarding polyester crystallization,
primarily using PLA, highlight that an increase in the
crystallinity measured through DSC during hydrolysis is a
result of the recrystallization of small chain fragments.17 Using
this framework, we conclude that a similar mechanism is
responsible for the thermal behavior of the control PLA fibers.

In contrast to the PLA control, very little change in the
crystallinity was measured in the control PCL fiber system.
The consistency in the crystallinity indicates that the same
energy is required to melt the crystalline region throughout the
duration of the study, meaning little crystallinity was lost or
gained due to hydrolysis. Additionally, it is likely that the
amorphous regions also were relatively unaffected because the
melting enthalpy did not significantly increase.42

While the controls demonstrated uncomplicated trends
(rapid loss of PLA crystallinity and consistent crystallinity in
PCL), the blended PLA/PCL nonwoven fibers exhibited a
more dynamic degradation progression. To understand the
complexities thoroughly within the blended PLA/PCL non-
woven fibers, the crystallinity of both the PLA and PCL
components was calculated separately. When examining
macroscopic hydrolysis changes, the 75 PLA/25 PCL non-
woven system closely mimicked the control PLA system.
However, differences emerge after the effects within the
crystalline domain were observed. For example, while a slight
decrease in percent crystallinity in the PLA component of the
75 PLA/25 PCL system was measured for the initial three
weeks, the downward trend is much less severe than the loss
observed in the control PLA system. Yet, the two systems are
similar in that there is an increase in PLA crystallinity at the
final time point. Considering the PCL component of the 75
PLA/25 PCL system, while an initial decrease in the melting
enthalpy was measured at two consecutive time points, a final
decrease was observed at week four. This final time point was
comparable to the initial percent crystallinity of PCL.
Intriguingly, when the PCL content of the blend was increased
to 50 PLA/50 PCL, a similar PCL trend is observed, where an
initial decrease is followed by an increase, and the final
crystallinity is equivalent to the initial value measured.
However, the 50 PLA/50 PCL system displays a different
PLA trend. Here, a steady decrease in the percent crystallinity
in the PLA component was measured for the entirety of the
study. Increasing the PCL content to 25 PLA/75 PCL
produced another unique trend for the enthalpy in the PLA
component. Here, the crystallinity of PLA was relatively
consistent throughout the study. Additionally, similar trend
behavior of the PCL component was observed, where the 25
PLA/75 PCL system exhibited an initial decrease, followed by
two weeks of increase. The initial decrease in both components
suggested that degradation occurred in the crystalline fraction
and the subsequent increase indicated degradation in the
amorphous content.
A noteworthy phenomenon in each PLA/PCL nonwoven

fiber system was that almost every component was measured to

Figure 5. Crystallinity (%). The melting enthalpy, as measured via DSC, of both the PLA and PCL components was tracked throughout the study
to examine the effects of hydrolysis in the crystalline region (PLA: solid line and PCL: dashed line).
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have an initial decrease in percent crystallinity. These
reductions are important because, for typical semicrystalline
polyester materials undergoing hydrolysis, increases in the
melting enthalpy are expected as diffusion into the less tightly
packed amorphous regions is expected to be more rapid than
diffusion into the crystalline regions.43 As a result, chain
scission events occur initially in the amorphous region, and the
ratio of crystalline to amorphous content is increased; thus,
comparatively, higher energy is required to melt the
crystallites.42 However, there are factors that could explain
the initial decrease in crystallinity: (1) The PLA component,
which is less hydrophobic than PCL, contains a higher
concentration of labile ester linkages. Additionally, nanofibers
are highly porous, allowing for more rapid diffusion into the
bulk; it is likely that the week one time point was too late to
measure the initial effects of hydrolysis for PLA.12 (2)
Semicrystalline polymers are known to have rigid amorphous
regions that can affect the rate of diffusion into the amorphous
regions.12,44,45 Within these rigid regions, the amorphous
content does not have typical mobility because it is either
constrained due to the material being highly crystalline or
phase confinement factors (i.e., immiscible blend morpholo-
gies). As measured in our previous work with extruded PLA/
PCL nonwoven fibers, control PCL fibers were measured to
have a crystalline fraction of 46% ± 2.29 Consequently, the
highly crystalline nature of the PCL fibers confined the
amorphous content such that it served as a rigid amorphous
region. Additionally, because the semicrystalline polymer
chains experienced confinement effects due to processing
conditions forcing the PLA/PCL melts into a nanofiber
architecture as well as the spatial separation between the PLA/
PCL components, it is likely that the blended nonwoven
systems also experienced a rigid amorphous region phenom-
enon.45 The rigid amorphous region has previously been
observed to cause the crystalline region to degrade before the
amorphous fraction in a PCL system.12 A rigid amorphous
fraction in a PLA system was also observed in an immiscible
blend of PLA/poly(hydroxybutyrate).46 Sajkiewicz et al.
determined in vivo that the presence of a rigid amorphous
fraction caused hydrolysis to occur initially in the crystalline
region of PCL, rather than in the amorphous fraction.12

To confirm recrystallization and measure the mean
crystallite size (Lhkl) of the PLA and PCL domains, we
employed WAXS to characterize the degraded PLA/PCL
fibers.17,47,48 WAXS was utilized to obtain the Lhkl of the two
isolated crystal reflections, (110)/(200) and (110), that
correspond to PLA and PCL, respectively (Figures 6 and
S5).28 Additionally, these two reflections were the most

dominant crystal reflections for the respective polyesters. To
obtain Lhkl, the 1D WAXS patterns were fit with a Lorentzian
fit, and the FWHM values calculated for the two crystal
reflections were substituted into eq 2. It was expected that the
Lhkl values would decrease throughout the hydrolytic process
due to chain scission events occurring and erode the crystalline
domains.12 During the early time points, this trend was
observed within the control PLA and PCL nonwoven systems.
Initially, in the PLA control, the (110)/(200) reflection was
observed to form crystallites of 35.3 Å prior to the degradation.
After the initial time point, the (110)/(200) reflection was not
present. However, the (110)/(200) reflection re-emerged at
the final time point, week four, and it was calculated to be 20.9
Å. This re-emergence suggested that small PLA chain
fragments recrystallized between week three and week four.
Furthermore, an endothermic phase transition was observed in
DSC for the control PLA system during week two. This
melting transition is likely caused by other crystal reflections,
not the (110)/(200) reflection, but these reflections occur at a
similar q as PCL-specific reflections (Figure S6). We only
focused on the (110)/(200) reflection for PLA as it is the only
PLA reflection that is isolated from the PCL crystal reflections.
While PLA has been cited as undergoing recrystallization in the
literature, PCL is not reported to exhibit this phenomenon.17

A 47.5 Å crystallite was initially calculated for the control
PCL (110) crystal reflection. While the crystallite size generally
decreased over the first three weeks, a noticeable increase from
week three to week four (18.9 to 29.2 Å) was measured in the
PCL control. This increase in size could be an indication of
fragmented PCL chains experiencing recrystallization. How-
ever, it is more likely that the experimental conditions led to
annealing of the control PCL system due to exposure to an
environment well above the Tg for several weeks and aqueous
media induced a plasticization effect.49,50

Within the blends, an interesting trend of the mean
crystallite size emerged. While it was initially believed that
the smallest crystallites would be the first to be degraded, other
factors such as morphological confinement played a larger role
in the degradation process. While the 75 PLA/25 PCL
nonwoven fiber system was found to have the smallest initial
PLA mean crystallite (11.5 Å), there was no change after the
initial week. However, the 50 PLA/50 PCL (32 Å) and the 25
PLA/75 PLA (39 Å) nonwoven fiber mats displayed larger
initial PLA crystallites, and both mats experienced a reduction
in size (32−8 Å and 39−19 Å, respectively). The reduction in
the PLA mean crystallite size was likely due to the previously
measured, larger PLA crystallites restricting mobility in an
amorphous domain. Consequently, the restricted mobility

Figure 6. Crystallite sizes for fibers during degradation. WAXS was conducted to confirm recrystallization and to track the mean crystallite sizes for
two reflections (110)/(200) and (110) that correspond to PLA and PCL, respectively.

ACS Applied Polymer Materials pubs.acs.org/acsapm Article

https://doi.org/10.1021/acsapm.1c00454
ACS Appl. Polym. Mater. 2021, 3, 3878−3890

3884

https://pubs.acs.org/doi/suppl/10.1021/acsapm.1c00454/suppl_file/ap1c00454_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsapm.1c00454/suppl_file/ap1c00454_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsapm.1c00454?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.1c00454?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.1c00454?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.1c00454?fig=fig6&ref=pdf
pubs.acs.org/acsapm?ref=pdf
https://doi.org/10.1021/acsapm.1c00454?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


allowed for a more rapid erosion of the PLA crystallites (i.e.,
rigid amorphous fraction effect). For all three systems, the
(110)/(200) reflection was not apparent at week two, but the
reflection was observed to reappear at the following time point
(week three) in each of the systems. This reappearance
indicated that the systems containing PLA were able to
recrystallize. In the final week, the (110)/(200) reflection was
no longer apparent in the 75 PLA/25 system, implying that the
recrystallized region was readily degraded. However, in the
other two fiber blends, 50 PLA/50 PCL and 25 PLA/75 PLA,
not only was the (110)/(200) reflection apparent, the PLA
crystallite size was found to increase from 19 to 30 Å in the 50
PLA/50 PCL system and from 24 to 35 Å in the 25 PLA/75
PCL system. The preservation and growth of the crystalline
regions were likely due to additional small chain fragments
recrystallizing, and the larger PCL component blends were able
to delay the erosion time.
Unlike the PLA component, the PCL fraction in the blends

maintained more stable crystallite sizes in each of the PLA/
PCL fibers, where PCL crystallites were measured to decrease

gradually throughout the study. Still, some subtle deviations
were observed. For example, at the week two time point, the
PCL mean crystallite size was observed to increase in the
systems 75 PLA/25 PCL from 26 to 31 Å, 50 PLA/25 PCL
from 34 to 42 Å, and 75 PLA/25 PCL from 25 to 34 Å. In all
blended fiber systems, PCL is typically restricted by the PLA
component due to morphological constraints. However, at
week two, the (110)/(200) reflection was not detected.
Therefore, it is reasonable to conclude that the disappearance
of the dominant PLA crystallite afforded the PCL component
more mobility and led to annealing.49

Mechanical Properties. After an examination of the
hydrolytic effects on the macro- and microstructures of the
PLA/PCL nonwoven fibers, the mechanical properties were
investigated (Figure S7). Based on the measured values and
structural characteristics observed, the effect of morphology
(chain mobility and crystallinity) and blend composition on
the ability of each system to maintain robust mechanics during
hydrolytic degradation was explored. Similar to our previous
mechanical analysis, the initial mechanical properties were

Figure 7. Mechanical properties prior to degradation. Values measured by tensile testing (a) Young’s modulus, (b) strain-at-yield, and (c) yield
stress. (d) Relative crystallite size and amount schematically drawn to visualize the structural differences between each system. In these schematics,
the size and fraction of crystallites (depicted as blocks) were normalized to WAXS and DSC data to generate a realistic depiction of the
microstructure (75/25 = 75 PLA/25 PCL, 50/50 = 50 PLA/50PCL, and 25/75 = 25 PLA/75 PCL).
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reported, and structure−property connections were high-
lighted.27,51 Initially, the control PLA fibers were strong with
little extensibility (modulus of 62 MPa, yield stress of 1.5 MPa,
and strain-at-yield of 4.1%) (Figure 7a−c). The strength of the
control PLA system was likely influenced by the large
crystallites, as well as the high melting enthalpy (Figure
7d).52 The control PCL fibers had similar mechanical
properties, where the modulus was 53 MPa (Figure 7a),
yield stress was 4.6 MPa (Figure 7c), and strain-at-yield was
13% (Figure 7b). While PCL is typically seen as a rubbery-
elastic-like material, the control PCL nonwoven fibers were
found to have significant crystallinity and large crystallite sizes
(Figure 7d), which led to a high modulus and yield stress.51

Overall, the PLA/PCL blended fibers were measured to have
poorer mechanical properties than expected due to unfavorable
morphological constraints and reduced crystallinity (Figure
7d).53,54 Still, informative structure−property relationships
were observed. In the 75 PLA/25 PCL system, the PLA matrix
was found to have drastically smaller PCL crystallites,
compared to the other nonwoven fibers, and a low melting
enthalpy for the PCL component was measured (Figure 7d).
These aspects of the 75 PLA/25 PCL nonwoven fibers likely

played a role in the low modulus (6.2 MPa) (Figure 7a), low
strain-at-yield (3.9%) (Figure 7b), and low yield stress (0.2
MPa) (Figure 7c) measured. Interestingly, the 50 PLA/50
PCL system exhibited the highest mechanical properties
compared to the other blend formulations (Figure 7a−c).
Because the 50 PLA/50 PCL fibers exhibited a co-continuous
morphology, the PCL and PLA domains were less restricted.
While the PLA enthalpy of melting was lower than that of the
75 PLA/25 PCL blend, the PLA individual crystallites were
much larger (Figure 7d). Additionally, a higher melting
enthalpy in the PCL component was measured. Increasing
the PCL component (25 PLA/75 PCL) led to mechanical
properties that were similar to the 50 PLA/50 PCL system
(Figure 7a−c). While the PCL melting enthalpy was higher in
the 25 PLA/75 PCL system than in the 50 PLA/50 PCL
system (Figure 7d), which is typically associated with a
stronger material, the 25 PLA/75 PCL nonwoven fibers did
not have enhanced mechanics. Here, morphology played a key
role due to higher chain mobility under an applied force for co-
continuous morphologies compared to droplet-in-matrix
microstructures.27

Figure 8. Mechanical properties at weeks one and two. Week one: mechanical properties one week after degradation. Values were measured by
tensile testing (a) Young’s modulus, (b) strain-at-yield, and (c) yield stress. (d) Relative crystallite size and amount for the control PLA, control
PCL, 75 PLA/25 PCL, 50 PLA/50 PCL, and 25 PLA/75 PCL schematically drawn to visualize the structural differences between each system. In
these schematics, the size and fraction of crystallites (depicted as blocks) were normalized to WAXS and DSC data to generate a realistic depiction
of the microstructure. Week two: mechanical properties two weeks after degradation. Values were measured by tensile testing (e) Young’s modulus,
(f) strain-at-yield, and (g) yield stress. (h) Relative crystallite size and amount for the control PLA, control PCL, 75 PLA/25 PCL, 50 PLA/50
PCL, and 25 PLA/75 PCL schematically drawn to visualize the structural differences between each system. In these schematics, the size and
fraction of crystallites (depicted as blocks) were normalized to WAXS and DSC data to generate a realistic depiction of the microstructure (75/25
= 75 PLA/25 PCL, 50/50 = 50 PLA/50PCL, and 25/75 = 25 PLA/75 PCL).
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Once the nonwoven fibers were subjected to physiological
conditions, drastic shifts in mechanical properties were
observed (Figure 8a−c). After week one, the control PLA
nonwoven fibers exhibited a decrease in each reported
property likely due to the loss of the (110)/(200) crystal
reflection, decrease in melt enthalpy (Figure 8d), and loss in
mass. In contrast, only a slight change in the PCL crystallite
size (Figure 8d) was observed in the control PCL system, and
no significant change in mechanical properties was measured.
More similar to the control PLA, the 75 PLA/25 PCL
nonwoven fibers exhibited a decrease in each property but to a
lesser extent than the reduced mechanical properties exhibited
by the control (Figure 8a−c). The loss in melting enthalpy for
both components of the blend as well as weight loss led to
structural changes and did not allow for the initial properties to
be maintained (Figure 7a−c). Even when the PCL content was
increased to 50 PLA/50 PCL, structural changes were still
found. The melting enthalpy was reduced in both components,
and the PLA crystallites were significantly smaller (Figure 8d).
Because of these changes in the crystalline region, the yield
stress (Figure 8c) and strain-at-yield (Figure 8b) decreased.
Once the PCL content was further increased to 25 PLA/75
PCL, the only structural change observed was a decrease in the

PLA mean crystallite size (Figure 8d), but the mechanical
properties were unaffected by this change. This connection
suggested that the size of the crystallites in the minor stages of
a blend plays a limited role in overall bulk mechanics.
The degradation studies continued to the two week time

point, and important mechanical changes were observed. The
control PLA nonwoven fibers were not feasible for mechanical
testing because they were no longer structurally viable.
Complete loss of mechanical strength occurred after only
20% weight loss. In contrast, only a shift in elasticity, where a
lower modulus (Figure 8e) and yield stress (Figure 8g), but
higher strain-at-yield (Figure 8f) was measured for the PCL
control. This increase in the elastic behavior is likely the result
of a decrease in the mean crystallite size (Figure 8h). The
decrease in the crystallite size may have allowed for more chain
mobility and generated a more elastic mechanical response
behavior. Similar to an observation from week one, the 75
PLA/25 PCL nonwoven fiber properties were unchanged even
though an increase in the PCL mean crystallite size and
enthalpy of melting was observed (Figure 8h). Again, these
results suggested that the crystallinity of the minor component
of a blend has limited influence on both properties. Moreover,
while additional weight loss occurred, the relative blend

Figure 9. Mechanical properties at three and four weeks of degradation. Week three: mechanical properties three weeks after degradation. Values
were measured by tensile testing (a) Young’s modulus, (b) strain-at-yield, and (c) yield stress. (d) Relative crystallite size and amount for the
control PLA, control PCL, 75 PLA/25 PCL, 50 PLA/50 PCL, and 25 PLA/75 PCL schematically drawn to visualize the structural differences
between each system. Week four: mechanical properties four weeks after degradation. Values were measured by tensile testing (e) Young’s
modulus, (f) strain-at-yield, and (g) yield stress. (h) Relative crystallite size and amount for the control PLA, control PCL, 75 PLA/25 PCL, 50
PLA/50 PCL, and 25 PLA/75 PCL schematically drawn to visualize the structural differences between each system. In these schematics, the size
and fraction of crystallites (depicted as blocks) were normalized to WAXS and DSC data to generate a realistic depiction of the microstructure (75/
25 = 75 PLA/25 PCL, 50/50 = 50 PLA/50PCL, 25/75 = 25 PLA/75 PCL).
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composition remained consistent, allowing for mechanical
properties to remain stable. However, in the 50 PLA/50 PCL
blend system, there is no minor fraction, so either component
undergoing hydrolysis would impact the fiber mechanics. In
fact, the 50 PLA/50 PCL system exhibits an increase in the
strain-at-yield when erosion of both crystalline phases was
measured (Figure 8h), and the blend composition shifted from
50 PLA/50 PCL to 35 PLA/65 PCL. Similarly, the same
mechanical changes are observed in the 25 PLA/75 PCL
system. Interestingly, the only measured structural change was
the disappearance of the (110)/(200) crystal reflection and an
increase in the PCL mean crystallite size (Figure 8h). While it
was previously proposed that the size or amount of minor
component crystallinity had little influence on overall
mechanics, the disappearance of the PLA-specific reflection
yielded a more elastic fiber system. This influence on
mechanics by might suggest that the crystallinity of the
minor component is able to play a role in bulk mechanics when
a drastic change occurs, such as a loss in the dominant
reflection.
By week three, the only testable control (control PCL

nonwoven fibers) exhibited no significant mechanical changes
even though the PCL crystallite size was further reduced
(Figure 9a−d). Surprisingly, the 75 PLA/25 PCL system did
not follow the control PLA trend of catastrophic mechanical
failure due to structural changes. The longevity of the 75 PLA/
25 PCL mechanics was quite intriguing given that the
nonwoven fibers had suffered a 60% weight loss by week
three; we attributed this stability to the consistent blend
composition. The 75 PLA/25 PCL system was measured to
have a modulus increase that was attributed to the re-
emergence of the crystallites associated with the (110)/(200)
reflection (Figure 9d). Similarly, the reflection also re-emerged
in both the 50 PLA/50 PCL and 25 PLA/75 PCL nonwoven
systems (Figure 9d), and an increase in yield stress was
measured (Figure 9c). However, the high strain-at-yield values
that were measured the previous week in both systems were
dramatically reduced (Figure 9b). This loss in elasticity was
also attributed to the recrystallization of PLA (Figure 9d).
At the final time point, control PCL nonwoven fibers were

measured to have an increase in crystallite size (Figure 9h), as
well as a slight weight loss. The combination of large
crystallites and large-scale hydrolysis in the control PCL
system affected each measured mechanical property. While an
increase in the modulus (Figure 9e) and strain-at-yield (Figure
9f) were measured, a decrease in the yield stress was also
observed (Figure 9g). It is likely that the larger crystallites
improved the modulus, but large-scale chain scission events
forced the control PCL nonwoven fibers to be more elastic
(Figure 9h). Again, the 75 PLA/25 PCL fibers were tested and
were found to have a higher modulus (Figure 9e) and yield
stress (Figure 9g) than the previous week. This strength
increase was likely due to the increase in the melting enthalpy
of the PLA component (Figure 9h). A modulus increase was
also observed in the other PLA/PCL blended nonwoven fibers.
In the 50 PLA/50 PCL system, an increase in PCL heat of
fusion was speculated as the source for the increase in the
modulus (Figure 9h). However, the cause of the increase in the
modulus (Figure 9e) within the 25 PLA/75 PCL system was
not due to an increase in the melting enthalpy. Instead, it was
likely the result of the blend composition shift from 10 PLA/
90 PCL to 25 PLA/75PCL, which was indicated by 1H NMR
(Figure 4b).

■ CONCLUSIONS
In bioresorbable fiber scaffolds, it is essential to utilize a
material with an appropriate degradation profile and that the
material maintains mechanical integrity throughout its lifetime.
In this work, we demonstrated that the blend composition of
coextruded nanofibers greatly impacted the fiber degradation
kinetics and mechanical properties over the course of
degradation. Furthermore, the properties found in the
degradation study are closely coupled to the morphology of
the blended nanofibers. For instance, the blended material that
demonstrated the most consistent mechanical properties was
75 PLA/25 PCL, which also had the smallest PLA and PCL
crystallites. The small crystallite size enhanced the mobility in
the amorphous region, leading to the expected degradation
profile of the amorphous fraction. By contrast, larger crystallite
sizes led to restricted mobility in the amorphous region,
leading to early degradation of the crystalline fraction, thus
decreasing the mechanical properties over the course of the
study. Understanding the hydrolytic effects on coextruded,
rectangular fibers further extends the technological impact of
multilayer coextrusion in the biomedical field because
processing directly impacts morphology and consequently
mechanical properties and degradation kinetics.
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