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A B S T R A C T   

Electrospun polycaprolactone nanofibers were enzymatically degraded to evaluate the effect of post-draw pro
cessing and tension on the rate of degradation. Electrospun polycaprolactone (PCL) nanofibers were drawn to 
increasing lengths, then submerged in pseudomonas lipase (PS Lipase) solution for a 7-day period. The degra
dation process and extent of deterioration were evaluated by changes in mass, tensile strength, percent crys
tallinity, molecular weight, and macromolecular chain alignment on day 0, 3, and 7. The rate of degradation was 
dependent on the percent crystallinity of the fiber and the degree of alignment in crystalline and amorphous 
portions of the fiber. Post-drawn PCL fibers maintained mass and tensile strength over 7 days in PS Lipase, while 
undrawn fibers, degraded within 1 day. Pretension in fibers before enzymatic incubation was critical to maintain 
the macromolecular structure and tensile strength over the degradation period. Loss of mass and mechanical 
strength without molecular weight reduction indicated that degradation occured via surface erosion of the 
material over time rather than enzyme penetration and bulk degradation. Measurement of crystallinity and chain 
alignment illustrated the effect of automated track drawing on the progression of crystal growth and chain 
alignment, as well as the changes in macromolecular structure which occurred during the multi-day degradation 
period.   

1. Introduction 

Electrospinning is a manufacturing method which has received 
considerable interest for its ability to produce nanofibers from a range of 
polymers in a relatively simple and inexpensive process [1–3]. Appli
cations for electrospun nanofibers range from textiles to composite 
reinforcement, to tissue engineering [2,4,5]. In many applications, a 
suitable rate of degradation and maintenance of mechanical strength is a 
critical material property [6]. 

Polycaprolactone (PCL) has been studied for a wide range of appli
cations as it is biocompatible, resorbable in the body, and is biode
gradable in the environment. Degradation of PCL primarily occurs 
through hydrolysis of the ester bonds, which is catalyzed by enzymes 
secreted by cells and microorganisms [7–12]. Degradation of polymers 
generally initiates in the polymer amorphous regions and can occur as 
bulk degradation or surface erosion. The degradation path and rate is 
highly dependent on the rate of penetration of degradation media into 

the material [7,13]. It has been observed that even in the absence of 
enzyme or other chemical reactions, surrounding media can deteriorate 
polymers if it can penetrate into the bulk material, disturbing the inte
rior macromolecular structures and initiating hydrolysis [14]. The 
loosely packed structure of the amorphous regions, comprised of 
randomly coiled unaligned chains, are more susceptible to penetration 
compared to densely packed crystalline regions. Thus, in the amorphous 
region, more bonds susceptible to lysis are exposed to any catalyzing 
enzymes present in the surrounding media [8,15,16]. PCL degradation 
by lipase has been shown to vary greatly with sample processing, where 
films degrade at much slower rates than microparticles, and microfiber 
degradation varies with draw ratio [8,9,12,17]. However, there is little 
information on the degradation rate of electrospun PCL nanofibers and 
the effect of draw ratio and tension on this process. It is critical to un
derstand these mechanisms when engineering PCL nanofiber structures 
with load bearing requirements, such as orthopedic implants. 

Previously, post-drawing was used to enhance the tensile strength of 
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electrospun polycaprolactone by aligning and extending polymer chains 
in the nanofiber [18]. The following experiments analyzed the effects of 
post-drawing induced polymer chain alignment on the degradation rate 
of PCL nanofiber bundles. It was hypothesized that an inverse relation 
exists between fiber draw ratio during collection and rate of enzymatic 
degradation (Fig. 1). Drawn fibers, with aligned, extended chains, and 
increased crystallinity will have densely compacted macromolecular 
structures. These structures will prevent enzyme penetration into the 
polymer fiber and limit enzyme cleavage of ester bonds on the fiber 
surface, initially protecting deeper ester bonds within the fiber. Thus, 
post-drawing was expected to reduce fiber degradation rate and improve 
retention of mechanical integrity over time. In comparison, undrawn 
fibers, with unorganized polymer chains and larger amorphous regions; 
will have loosely packed macromolecular structures. These chain for
mations will be susceptible to enzyme penetration allowing degradation 
of ester bonds more readily. The amorphous chain structures will 
degrade at an increased rate and lose mechanical strength more quickly 
over time. Based on the reported long degradation times for bulk PCL in 
the body (6 months – 4 years), we expect that both drawn and undrawn 
fibers will experience minimal loss of mass, crystallinity, and mechani
cal strength, when submerged in PBS with no enzyme to catalyze hy
drolysis [7]. 

2. Methods and materials 

2.1. Electrospinning 

Electrospinning was completed using a solution of 18 % wt./vol. PCL 
(Mn 80,000 Sigma Aldrich) in 3:1 dichloromethane (DCM) and dime
thylformamide (DMF). In all samples, electrospinning was completed 
using a voltage of 10 kV, applied to a 21-gauge needle positioned 10 cm 
above the automated tracks. The polymer solution was loaded into a 
5 ml polypropylene syringe, with the syringe pump (New Era Pump 
Systems) set to 1 ml/hr. Electrospinning was completed at ambient 
temperatures (25 ◦C), with the relative humidity maintained between 
45 % and 55 %. 

Samples of electrospun fibers were collected under 5 different con
ditions while maintaining solution and spinning parameters described 
above. Undrawn, randomly aligned fibers were collected onto a flat 
plate with no further processing. Aligned fiber samples were collected 
using an automated-track system in order to collect fibers at increasing 
draw ratios (Fig. 1) (DR = LengthFinal/LengthInitial) [18]. Fibers were 
deposited across the parallel tracks with a gap of 6 cm and collected 
without post-drawing at DR1; or post-drawn up to a max of 24 cm at 

DR4. Track speed was adjusted to draw each at a linear extension rate of 
1 mm/s for all draw ratios. 

After collection, sheets of fibers were cut into strips, rolled into 
bundles, and the mass, fiber diameter, molecular weight, and mechan
ical strength were evaluated at day 0, 3, and 7 (D0, D3, D7). Mass loss 
data was collected by weighing a unique sample at days 0, 3, and 7. 
Mechanical strength and molecular weight tests are sacrificial and 
cannot be tested further, requiring a unique replicate sample for eval
uation at each time point. All fiber samples were tied to 3D printed 
frames using a surgeon’s square knot, submerged in solution, then 
retrieved and tested. Day 0 samples were submerged for 5 min so that 
testing conditions were similar to samples removed on day 3 and day 7. 
The frame ensured samples had the same gauge length (2 cm) and 
allowed fiber bundles to be tied in tension. One end of a fiber bundle was 
first secured to a frame post using a surgical knot [19]. The bundle was 
pulled taught by hand with the minimum tension required to ensure 
there was no slack in the sample when tied to the second frame post 
using the same method (Supplemental Fig. 1). 

In addition, the effect of pretension on strength retention and 
enzyme penetration during degradation was observed. To pretension 
samples, the fiber bundles were tied to a frame with a sliding fixture 
attached by a screw on one end. After the samples were secured by a 
surgeon knot, as above, a weight was tied to the sliding fixture to tension 
the bundle (Supplemental Fig. 1). Samples were preloaded to 7 % and 
15 % of the average load per linear density (N/(mg/cm)) at failure, 
measured on D0. The exact weight applied changed slightly based on the 
weight of the sample. Values of 7 % and 15 % load at failure were 
selected based on the load applied in ACL surgery clinical practice [20]. 
After 5 min under load, the screw was tightened to immobilize the fibers 
in place, maintaining tension after the weight was removed and 
throughout the degradation period. Samples of each draw ratio (DR1, 2, 
3, 4) were prepared in this manner and submerged in lipase solution for 
7 days. After observing that pretension had the greatest effect on DR1 
strength, samples of DR1 fibers (n = 3) were pretensioned to a moderate 
(7 % max load) and overload (15 % max load) before submersion in both 
PBS and lipase solutions [20]. 

2.2. Enzymatic degradation 

Samples were submerged in degradation solutions of phosphate 
buffered saline (PBS) or PBS containing 0.12 mg/ml pseudomonas lipase 
(PS Lipase, Sigma Aldrich) at 37 ◦C up to 7 days. PS lipase and con
centration were chosen based on a review of published literature illus
trating the enzyme’s ability to catalyze hydrolysis of PCL ester bonds as 

Fig. 1. (Left). Automated-tracks facilitate continuous collection and post-drawing of individual PCL nanofibers. (Right) As the fibers are post-drawn, the diameter 
decreases as polymer chains align to the axis and compact together. Undrawn fibers with unaligned chains possess larger spaces between chains allowing enzyme to 
more readily penetrate compared to drawn fibers with aligned polymer chains, compacted together. 
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well as a preliminary test of different lipase concentrations [11,12]. In 
the preliminary test 0.05 mg/ml caused little to no degradation; in 
comparison, at concentrations of 0.5 mg/ml, all fiber samples degraded 
at a rate which prevented sample retrieval for analysis (Supplemental 
Fig. 2). Samples were removed from solution for analysis after 3 days 
(D3) and 7 days (D7). After removal from solution, samples were washed 
for 10 min using deionized water in an ultrasonic bath followed by a 
rinse under a stream a deionized water. This process was completed 3 
times to remove active enzyme and dissolved salts from samples before 
testing. After cleaning, samples used for determining changes in mass 
loss, crystallinity, morphology, and molecular weight were dried under 
vacuum for 24 h. before analysis. Fiber bundles used for tensile tests 
were kept submerged in deionized water after cleaning, to prevent stress 
concentrations caused by shrinking after drying. 

2.3. Mass loss 

A balance (Mettler Toledo) with a precision of 0.01 mg was used to 
weigh samples before and after degradation. Each sample was weighed 
at D0 before submersion and after removal on D3 or D7 after drying 
under vacuum for 24hrs. For each sample type, the entire set was 
weighed three times in rotation to minimize weighing errors. The per
centage of mass loss was determined by comparing the final mass 
(mFinal) after a degradation period with the initial mass (mInitial) recor
ded at collection. Percent mass loss was calculated as: % Mass Loss =

((mInitial − mFinal)/mInitial) × 100. After weights were recorded, dried 
samples were used to determine changes in morphology, percent crys
tallinity, and molecular weight at D3 or D7. 

2.4. Morphology 

A portion of the dried sample was cut and further prepared for im
aging. A Scanning Electron Microscope (SEM, Phenom Pure) was used to 
capture images of the fibers before and after submersion in degradation 
media. At each time point, 3 images were taken at magnification 800 ×

and 8000 × (n = 6 total) to view gross bundle morphology as well as 
individual fiber diameter. Photos were analyzed using Image J software. 
Images taken at D0 were used to measure initial fiber diameter, surface 
texture and morphology. 

2.5. Molecular weight 

Gel permeation chromatography (GPC) was used to determine 
changes in the polymer weight average molecular weight (MWw) of the 
samples during the degradation period. Before analysis, samples were 
washed using the same method outlined in 6.2.2. The washed PCL 
samples were prepared in HPLC-grade Tetrahydrofuran (THF, Fisher 
Scientific) at 1 mg/ml before filtration through 0.45 mm PTFE mem
branes. Filtered samples (30 ml) were injected for separation (Alliance 
e2695 module, Waters Corporation, Milford, MA) using THF isocratic 
carrier at 1 ml/min. Separation occurred across two columns (HSPgel 
RT MB-L 3 mm, MW100–10,000 followed by HSPgel HT MB-H 5 mm, 
MW5K-10 M) prior to refractive index detection (2414 RI detector, 
Waters Corporation, Milford, MA). MWw was calculated against a 12- 
point polystyrene standard calibration. Samples are assessed at D0, D3 
and D7 after exposure to PBS and enzyme solutions. 

Observations of the molecular weight were used to determine if the 
fibers degrade via surface erosion or bulk degradation. Surface erosion 
occurs when degradation media’s inability to penetrate the polymer 
results in degradation at the surface alone [7]. During this process, bond 
scission occurs and chain fragments diffuse into the supernatant and do 
not appear in GPC analysis. Conversely, bulk degradation would occur if 
the degradation media can penetrate that polymer bulk and cause hy
drolysis throughout the materials volume, and results in reduction of 
molecular weight over time. 

2.6. Mechanical strength 

Fiber bundles were tested in uniaxial tension at a strain rate of 
5 mm/min using a Shimadzu EZ-SX with a 100 Newton load cell on day 
0, 3, and 7. The strain rate was chosen to avoid brittle behavior caused 
by high rates of strain, while completing the test in under 30 s as pre
scribed by ASTM standards for polymer fiber tensile tests [21]. Fiber 
bundles were removed from 3D printed frames without untying by 
carefully sliding the loop off its supporting post. An S-hook was then 
carefully threaded through the previously tied loops. S-hooks were used 
to prevent stress concentrations from clamps. 

At D0 fiber bundles were soaked in PBS for 5 min at 37̊C and sub
sequently washed as described in Section 2.2. At D3 and D7 samples 
exposed to PBS and PS Lipase were removed, washed as described in 
Section 2.2, and tested without drying. Samples for mechanical testing 
are destroyed by testing and cannot be returned to the degradation 
media. Remnants of tensile tested specimens were retrieved and dried to 
measure mass loss and then molecular weight. 

Ultimate tensile strength was calculated from the maximum recor
ded load divided by the bundle cross sectional area. Young’s modulus 
was calculated from the linear portion in the initial slope of the stress- 
strain curves. Strain was calculated as the total change in length at 
failure divided by initial length (20 mm). The specific strength was 
calculated as the recorded load (N) divided by the linear density of the 
sample (kg/m). The cross-sectional area was calculated as the linear 
density divided by the known bulk density (1.145 g/cm3). The axial 
stiffness was calculated as the force (N) divided by the displacement (m) 
of the nanofiber bundle at 10 % strain. 

2.7. Percent crystallinity and orientation morphology 

The absorption spectra of PCL fibers of each draw ratio were 
measured at D0, D3, and D7 (n = 5) using polarized and unpolarized 
Fourier-transform infrared spectroscopy (FTIR) (Thermo, iS50 Nicolet). 
In unpolarized spectra, the carbonyl vibration band at 1727 cm-1 was 
resolved into crystalline (1725 cm-1) and amorphous (1736 cm-1) re
gions as described by He et al. [22]. The absorption intensities of these 
regions were used to calculate percent crystallinity as: XC = Ac/(Ac 
+ γAa) where Ac was the crystalline region intensity, Aa was the amor
phous region intensity, and γ was the absorption coefficient for PCL 
(γ = 1.46). 

A polarizing filter was used to control the vibrational direction of the 
FTIR beam contacting the sample. The direction of polarization was 
defined as parallel (A║) when the beam vibration direction was the same 
as the fiber axis and perpendicular (A┴) when it was normal to the fiber 
axis. Polarized spectra were used to evaluate polymer chain alignment to 
the fiber axis by calculating dichroic ratio of the peaks at 1293 cm-1 and 
1157 cm-1. Because these peaks are both associated with the C-C and C- 
O bond of the PCL backbone chain in the crystalline (1293 cm-1) and 
amorphous (1157 cm-1) phases; the ratio of the parallel (A║) and 
perpendicular(A┴) absorption peaks describes the alignment of the 
polymer chain to the fiber axis [23–25]. Dichroic ratios > 1 indicate an 
anisotropic material with chain orientation favoring the fiber axis, while 
value < 1 indicate anisotropic structure with backbone favoring align
ment normal to the fiber axis. Dichroic ratios of 1 indicate an isotropic 
material with even distribution of chains parallel and perpendicular to 
the axis. 

3. Results and discussion 

3.1. Electrospinning 

The system produced aligned arrays of nanofibers stretched from 6 
up to 24 cm during collection (4x initial length). Fibers were collected 
across the initial gap of the automated tracks and stretched to a final 
length at the collection tray (Fig. 1). The geometry of the tracksand the 
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draw ratio of the fibers can be adjusted; which allows the drawing of 
thousands of individual fibers per minute to a predetermined draw ratio. 
As the fibers are drawn to their final length, they are sheared from the 
tracks by a stationary collection tray located between the tracks [18]. 
The fibers adhere to the collection tray at opposite ends , maintaining 
tension in the sample post-collection. The design of the automated tracks 
successfully integrates electrospinning with the post-drawing process 
utilized in conventional fiber manufacture. The major highlights of this 
design are the ability to spin and post-draw individual fibers before 
collection into a mesh, simultaneously processing of thousands of fibers 
in a continuous automated process. 

3.2. Morphology 

The effect of draw ratio during fiber spinning and collection on PCL 
fiber morphology was evaluated using SEM images. Supplemental Fig. 3 
shows that the automated-track system produced aligned arrays of 
smooth fibers with uniform diameters upon spinning and drawing. The 
average fiber diameter of undrawn fibers was 716 nm and reduced to 
509 nm at a draw ratio of 4 (Supplemental Fig. 3). The reduction of fiber 
diameter from DR1 to DR2, closely follows the reduction predicted by 
the conservation of volume equation (L1 * π * r1

2 = L2 * π * r2
2). The 

measured diameter of DR3 and DR4 are 120 nm and 151 nm larger than 
predicted by conservation of volume. Larger than predicted diameters 
may be caused by partial relaxation of the fibers to pre-drawing di
mensions when tension was removed during preparation for imaging 
[26]. This occurs because the low glass transition temperature (Tg) of 
PCL (− 60 ◦C) allows chain motion at ambient temperature (25 ◦C). In 
higher draw ratio samples, extended chains have a greater distance 
available to retract, which could cause a more pronounced effect. 
Necking was not observed in SEM images of the drawn fibers. 

3.3. Mass loss 

Over a seven-day period, samples were removed from degradation 
solution, washed, dried, and weighed to evaluate mass loss during 
exposure to solutions of PBS and PS lipase. In PBS, all samples retained 
greater than 95 % of their total weight over seven days (Supplemental 
Table 1). These changes of less than 5 % mass are possibly due to 
changes in humidity effecting the scale on the day of weighing. Under 
exposure to 0.12 mg/ml enzyme solution, undrawn, randomly aligned 
(RND) and undrawn aligned fibers (DR1) degraded completely by day 2 
and were impossible to retrieve for testing. All drawn fibers (DR2, DR3, 
DR4) survived enzymatic degradation over the 7-day period (Supple
mental Table 1). At D3 all DR2, DR3, and DR4 samples lost approxi
mately 17 % of their total weight. At D7 mass loss was the lowest in DR2 
(− 25 %), highest in DR3 (− 35 %), and mid-range in DR4 (− 29 %). 
Despite lower draw ratio and lower total crystallinity, DR2 retained the 
most mass. This was contrary to results seen in melt spun microfibers, 
which were drawn to increasing ratios while maintaining the same final 
diameter between samples. In that study, total crystallinity consistently 
increased with draw ratio and degradation rate consistently slowed as 
draw ratio and crystallinity was increased [8]. Comparing the results 
between these studies indicates that degradation rate is dependent on 
the alignment and compaction of the amorphous and crystalline regions 
as well as the total crystallinity. In the presented work, greater mass loss 
in DR4 (− 29 %) compared to DR2 (− 25 %) possibly occurs as a result 
of higher extension of amorphous chains and increased surface area to 
volume ratio in the smaller diameter DR4 fibers. Although drawing 
forms densely packed crystal and amorphous regions, it also results in 
higher extension of amorphous chains at the fiber surface. Highly 
extended chains will result in increased exposure of ester bonds at the 
fiber surface. 

Comparing the pretensioned and untensioned DR1 samples which 
both possess the same initial crystallinity; only the pretensioned sample 
survived the 7-day degradation period. Survival of the pretension 

sample indicates that pretension acted as a secondary drawing stage 
which further increases alignment and compaction of polymer chains, 
reducing enzymatic penetration. It is likely that the tension and elevated 
temperature (37 ◦C) also promotes new crystal formation during the 
degradation period, which would compete with the removal of crystals 
by hydrolysis of polymer ester bonds. 

3.4. Molecular weight 

GPC shows no large difference in molecular weight between samples 
at D0, or D7 when exposed to PBS or Lipase (Supplemental Fig. 4). The 
loss of mass and mechanical strength over time without reduction in 
molecular weight indicates that degradation proceeds through surface 
erosion of the polymer fiber. Degradation via surface erosion occurs by 
hydrolysis of bonds in the polymer backbones at the surface of the 
material by the enzyme. During this process, bond scission occurs and 
chain fragments diffuse into the supernatant and would not appear in 
GPC analysis. In the case of bulk scission, the degraded polymer chains 
would remain trapped in the bulk and would therefore appear in GPC. 
This agrees with the established pathways of polymers surface erosion, 
and results reported for PCL in bulk, films, and fibers [7,27]. 

3.5. Mechanical strength 

Day 0: The automated track drawing process increased tensile 
strength with increasing draw ratio at D0. Ultimate tensile strength 
increased by 7.6 times from DR1 to DR4 (Fig. 2). This increase in 
strength was similar to trends in tensile strength reported for PCL 
microfibers [8,28,29]. In a similar fashion, Young’s modulus increased a 
total of 7.4 times from DR1 to DR4. In DR4 fiber bundles, the average 
ultimate tensile strength and Young’s modulus were 663 MPa, 1.16 GPa, 
respectively. For all aligned fibers (DR1, DR2, DR3, DR4), samples failed 
at a strain of approximately 

∑
= 1 (Supplemental Table 2). Failure at 

the same elongation between samples indicates load transfer between 
the fibers, compared to fiber bundles without load transfer which fail at 
a range of elongations at break [30]. The tensile properties of RND fibers 
were 7 times lower than DR1 and break elongation occurred at 
approximately 3 times the initial length. At D0, group to group com
parisons of mechanical properties and crystallinity using Mann-Whitney 
analysis had p < 0.05 when highlighted in green in Supplemental 
Table 3. 

Day 3 and 7: All aligned fiber samples submerged in PBS retained 
90 % or more of their initial tensile strength properties (Fig. 2). On D7, 
the ultimate strength and Young’s modulus of DR1 increased by 1.4 ×

and 1.9 ×, respectively. DR4 fibers experienced a similar increase of 
1.2 ×, and 1.4 × in ultimate tensile strength and Young’s modulus at D7 
(Fig. 2). In contrast, random and undrawn aligned fibers in PS lipase 
degraded fully and were impossible to mechanically test by D3. All 
drawn samples survived the degradation period, with reductions in 
tensile strength. At D7 the ultimate tensile strength had decreased by: 
DR2 = − 75 %, DR3 = − 73 %, and DR4 = − 83 % (Fig. 3). The 
reduction in Young’s modulus at D7 was: DR2 = − 11 %, 
DR3 = − 63 %, and DR4 = − 29 % (Fig. 3). In Mann-Whitney group to 
group comparisons of mechanical properties and crystallinity at D0 and 
D7 had p < 0.05 when highlighted in green in Supplemental Table 4. 

All DR1 samples pretensioned before submersion in PBS or PS lipase 
increased in ultimate tensile strength and Young’s modulus by D7. When 
pretensioned to 7 % (of the average load per linear density at failure) 
and submerged in PBS, DR1 showed an increase in ultimate tensile 
strength (3.8 ×) and Young’s modulus (3.2 ×) (Fig. 4). Samples pre
tensioned to 15 % (of the average load per linear density at failure) in 
PBS increased ultimate tensile strength and Young’s modulus by 3.1 ×

and 4.5 ×, respectively (Fig. 4). When submerged in PS lipase and 
pretensioned to 7 % max load, the sample ultimate tensile strength 
(2.2 ×) and Young’s modulus (2.3x) increased over time, despite the 
presence of enzyme. Samples loaded to 15 % max load and submerged in 
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enzyme solution increased in ultimate tensile strength (1.1 ×) and 
Young’s modulus (1.9 ×) as well. When pretensioned to 7 % and sub
merged in PBS for 7 days, DR1 samples can achieve approximately 50 % 
the ultimate tensile strength and Young’s modulus of DR4 at D0. The 
pretensioned DR1 samples were capable of retaining mass for 7 days and 

increased in tensile strength compared to untensioned DR1 samples 
which degraded in 2 days and were not possible to mechanically test. 
These two qualities together indicate that the pretension process acts as 
a secondary draw stage. This continues to increase chain alignment and 
compaction, thereby increasing tensile strength and preventing enzyme 

Fig. 2. A.) Changes in ultimate tensile strength, B.) Young’s modulus, and C.) mass loss of electrospun PCL nanofibers; collected on a flat plat (RND), and post-drawn 
to a draw ratio (DR) of 1, 2, 3, 4, over seven days in PBS. 

Fig. 3. A.) Change in ultimate tensile strength, B.) Young’s modulus and C.) mass loss of electrospun PCL nanofiber post-drawn to a draw ratio (DR) of 2, 3, and 4, 
over seven days in PS Lipase. 
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penetration. Group to group comparisons of mechanical properties and 
crystallinity at D0 and D7 of pretensioned samples using Mann-Whitney 
analysis had p < 0.05 when highlighted in green in Supplemental 
Table 5. 

3.6. Percent crystallinity and chain alignment 

At day 0, 3, and 7 PCL nanofiber crystallinity was calculated by FTIR 
and curve fitting techniques to resolve the carbonyl band of the spectra 
into crystalline and amorphous peaks. The Dichroic ratio of the peaks 
1157 cm-1 and 1293 cm-1 (C-C & C-O stretching) in aligned fiber bundles 
was evaluated to determine alignment of the amorphous and crystalline 
polymer chains to the fiber axis, respectively. Because the IR beam was 
focused on multiple fibers in the bundle, it was not possible to determine 

the Dichroic ratio of fibers in a randomly aligned mesh. 
Day 0: RND and DR1 fiber bundles displayed an initial percent 

crystallinity of 69 % and 74 %, respectively (Fig. 5A). This was high in 
comparison to values reported for PCL undrawn electrospun fiber, un
drawn melt fiber, and drawn melt spun fiber crystallinity (40–63 %) [9, 
31,32]. [23,32]. Total crystallinity initially decreases as draw increases, 
lowering to 60 % at DR2, and 49 % at DR3. As draw increases to DR4, 
crystallinity increased to 71 %. The dichroic ratio of the amorphous 
peak (1157 cm-1) was greater than 1 for all aligned fiber samples, 
indicating preferential alignment of amorphous chains parallel to the 
fiber axis. The dichroic ratio of the crystalline peak was greater than 1 
for DR2 and DR4, indicating parallel alignment. DR1 and DR3 have 
ratios of less than one, indicating perpendicular alignment of the crys
talline region to the fiber axis. Both the amorphous and crystalline 

Fig. 4. A.) Ultimate tensile strength, B.) Young’s modulus, and C.) mass loss of aligned, undrawn (DR1) electrospun PCL nanofibers pretensioned to 7 % and 15 % 
their maximum load, submerged in PBS and PS Lipase over 7 days. 

Fig. 5. (A) Changes in percent crystallinity and (B) Dichroic Ratio of the crystalline and amorphous regions with draw ratio at Day 0. C.) Proposed diagram of 
crystallinity and chain alignment with draw ratio. 
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dichroic ratio show a similar pattern of values close to 1 at DR1, greater 
than 1 at DR2, decrease in dichroic ratio at DR3, followed by a second 
increase at DR4 to values greater than one (Fig. 5B). 

Comparing the changes in percent crystallinity with the changes in 
amorphous and crystalline dichroic ratio as draw ratio increases illus
trates that crystallization during electrospinning and drawing occurs in 
stages (Fig. 5C). In the first stage, polymer fibers crystallize as spun from 
the solution, with low chain alignment parallel to the axis of the fiber 
(DR1). During the initial stages of drawing (DR2, DR3) crystals estab
lished in undrawn fibers are removed and amorphous chain are aligned. 
Finally, at DR4, recrystallization of aligned chains occurs, restoring 
crystallinity to approximately 70 %. 

At DR1 fibers are highly crystalline, but the amorphous dichroic ratio 
favors parallel alignment while the crystalline favors perpendicular 
alignment to the axis. These opposing alignments indicate more disorder 
in macromolecular structure. At DR2, decrease in crystallinity with in
crease in both the crystalline and amorphous dichroic ratio illustrate the 
unfolding of lamella and realignment of amorphous chains and crys
talline regions with draw. At DR3, the percent crystallinity continues to 
decrease, and the amorphous and crystalline dichroic ratio decreases to 
1.8 and 0.4, respectively; indicating that crystalline structure has been 
further deformed. Finally, at DR4 the crystallinity increases to 71% and 
both dichroic ratios increase to values greater than 1. This appears to 
follow the accepted model of polymer crystal deformation, where initial 
crystal structures dislocate in the direction of applied strain, until 
amorphous chains are pulled out and aligned in the direction of draw. 
Chains continue to align under strain and recrystallize between 
extended chains in a fibrillar structure in the same manner as conven
tional drawing [33–35]. 

Crystal dislocation of PCL electrospun nanofiber during post- 
drawing likely occurs by screw dislocations in the lamellar [36]. PCL 
crystals grown from melts and solutions have been observed to form 
spherulitic structures, initiated by screw dislocations in the initial 
crystal lattice, and post-drawing will likely increase this effect in the 
structure of the crystal lattice (Fig. 6A) [8,37–39]. After the initial screw 
dislocation, lamellar structures continue to propagate off of the newly 
formed terrace in either direction resulting in the lamellar shapes 
sketched in Fig. 6B. These screw dislocations in the crystal lattice are 
likely the result of irregularly located carbonyl groups creating twist in 
the individual crystals, which would compound with nucleation [40]. As 
the crystal continues to nucleate, the crystal lattice branches, forming a 
hedrite (Fig. 6C) [41]. This process of crystal formation was further 
supported by observance of spherulites in PCL microfibers (Fig. 6E) [8]. 
In another study, AFM distinguished disordered lamellar structure in 
undrawn electrospun fibers, which appears to resemble the hedrite 

structures which form during initial formation of PCL spherulites 
(Fig. 6D, F) [42,43]. Although full spherulites may not form in the 
confined space of electrospun nanofibers, this evidence suggests crystal 
nucleation would initiate in the same manner. Therefore, hedrite 
structures with splayed crystal lattices likely form in the undrawn 
electrospun fiber and cause the lower dichroic ratios of the crystalline 
and amorphous regions (Fig. 5). In this case, as fibers are drawn, this 
screw dislocation of the crystal structure was likely encouraged, and 
able to proceed from any point in the crystal lattice where diverging 
crystalline arms occur. This would also explain the low strength, low 
chain orientation and high permeability of DR1 fibers. 

Day 3 and Day 7: In PBS, fibers with high initial crystallinity, (DR1, 
DR4) lost crystallinity over time (Fig. 7A). A similar but opposite affect 
was observed for samples with lower initial crystallinity (DR2, 3). This 
effect has been seen for conventional fiber spinning, where stress 
applied to fibers during drawing and tensioning at crystallization tem
peratures can remove crystal structures if crystallinity was already high 
[44]. The dichroic ratios of the amorphous and crystalline regions of 
most samples were greater than 1 at D0 (favoring chain alignment 
parallel to the fiber axis) and decreased to values less than one at D7, 
which indicated a reduction in chain alignment parallel to the fiber axis 
and an increase in alignment perpendicular to the fiber axis (Fig. 7B). 
The dichroic ratio of the amorphous region (1157 cm-1) of DR1 fluctu
ated over the incubation period, it first decreased at D3, then increased 
at D7, but remained below 1 indicating perpendicular chain alignment. 
The dichroic ratio of the amorphous region (1157 cm-1) of DR2 
continually decreased from 3.4 at D0 to 1.0 at D7, indicating a loss of 
anisotropic chain structure. The dichroic ratio of the crystalline region 
(1293 cm-1) of DR3 did not change on D3, and increased on D7 but 
remained below 1, indicating perpendicular chain alignment. These 
fluctuations in both crystallinity and chain alignment illustrate that at 
the prescribed degradation conditions (37̊C, submerged) polymer chains 
are mobile despite high draw ratios and residual tension after tying to a 
3D printed frame. 

On D3, DR1 fibers in PBS increased in ultimate tensile strength by 
172 %, while samples collected at different draw ratios did not change. 
This occurs despite the fact that prolonged exposure to liquid often re
duces mechanical strength due to swelling as the surrounding media 
penetrates the material. It is possible that as the PBS penetrates the fiber, 
the hydrophobic nature of PCL causes the polymer chains to pack 
together rather than force them apart. The experiment temperature of 
37 ◦C would allow the chains to recrystallize while the surrounding 
media forced the mobile chains together. This would result in a more 
densely packed crystalline structure at D3 than D0 and cause an increase 
in tensile strength despite a loss of chain alignment. 

Fig. 6. (A) Changes in crystallinity and (B) chain alignment in the amorphous and crystalline regions of fiber collected at increasing draw ratio (DR), 1,2, 3, 4; 
submerged in PBS over 7 days. 
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When submerged in PS Lipase, DR2 and DR3 samples exhibit an 
increase in crystallinity over 7 days; at the same time, the alignment in 
the amorphous and crystalline regions fluctuates (Fig. 8A–B). In DR4, 
crystallinity was retained and similar changes to alignment are 
observed. The changes in alignment and loss of mass indicates that 
increased crystallinity results from a combination of lost amorphous 
chains from degradation by the lipase, as well as recrystallization. 

DR1 pretension samples maintain percent crystallinity and dichroic 
ratios of the amorphous and crystalline regions over the 7-day degra
dation period (Fig. 9). The ability to maintain percent crystallinity 

combined with increased tensile strength and mass retention shows 
pretension likely acts as a secondary, continuous drawing phase. In this 
case, holding the tension over the degradation period improves chain 
alignment to the fiber axis, compacts chains together as diameter was 
reduced, and sets the chain structure in place similar to an annealing 
process [14,26]. 

This secondary stage continues to align chains to the fiber’s axis 
(load direction), increasing strength after the initial draw during elec
trospinning and collection. The elevated temperature during degrada
tion (37 ◦C), occurs above the glass transition temperature (− 60 ◦C) 

Fig. 7. Diagram of initiation of spherulite growth. A.) Diagram of screw dislocation of the initial lamella and propagation of crystal on newly formed terrace. B.) 
Diagram of crystal structure from flat-on (top-down view), and edge-on (side view). C.) Formation of spherulite from axialite to hedrite, to sheaf like structure to full 
spherulite in the edge on view [36,41]. Reproduced with permissions. Evidence for spherulitic growth in PCL prepared in different forms (D) initial progression of 
spherulite growth in PCL melt, hedrite, to sheaf formation (E) spherulite structures observed in undrawn PCL melt spun microfibers, (F) Hedrite structures in un
drawn PCL electrospun fibers [8,42,43], reproduced with permissions. 

Fig. 8. (A) Changes in crystallinity and (B) chain alignment in the amorphous and crystalline regions of fiber collected at increasing draw ratio (DR), 1,2, 3, 4; 
submerged in PS Lipase over 7 days. 
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increasing the ability of polymer chains to dislocate and rearrange in the 
direction of the applied pretension. Furthermore, because the process 
takes place below the melt-temperature (60 ◦C), crystal structures 
formed during initial drawing are not lost due to melting. Finally, 
because the process takes place within the PCL melt crystallization range 
(34–44 ◦C), new crystals form and align along the fiber axis in the di
rection of the pretension [38]. The formation of new crystals competes 
with the enzymatic degradation of crystals, resulting in the retention of 
70 % crystallinity and a 2.2–3.8 × increase in ultimate tensile strength 
despite mass loss over the 7-day period. 

In summary, collection and drawing cause initial polymer chain 
alignment and crystallinity in nanofiber samples. The elevated temper
ature during degradation increases chain mobility and without tension 
may result in a loss of chain alignment to the fiber axis, increase 
isotropic chain formation and increase spacing between amorphous 
chains, allowing faster penetration of enzyme and hydrolysis of polymer 
ester bonds. When fixation or pretension was applied, chains mobilized 
by increased temperature continue to align with the direction of the load 
applied along the fiber axis, resisting chain relaxation to isotropic 
structures. Because the tension was maintained for the duration of the 
degradation period at an elevated temperature, the polymer chains are 
able to form new crystals and align along the fiber axis. This illustrates 
the critical importance of pretensioning or appropriately annealing a 
material in order improve and retain macromolecular structure and by 
extension, increase and maintain tensile strength [26,44]. 

4. Conclusions 

The automated track design successfully demonstrated the simulta
neous collection and drawing of electrospun nanofibers in a continuous 
manufacturing process. Mechanical testing revealed that the tensile 
strength and Young’s modulus increased systematically with draw. The 
ultimate tensile strength and Young’s modulus are comparable or 
exceed that of other PCL microfibers and electrospun nanofibers in 
literature. End fixation and pretensioning fibers in order to keep the 
material in continuous tension during enzyme exposure was critical to 
retaining electrospun fiber material properties. Maintaining tension 
during enzyme exposure facilitates improving polymer chain alignment 
to the fiber axis, tensile strength, and crystallinity after collection. As a 
result, the degradation rate of the fibers is reduced. 

Comparing mechanical strength, crystallinity, and chain orientation 
at D0 shows that tensile strength was highly dependent on chain 
alignment to the axis and can potentially be increased independent of 
fiber crystallinity (DR3). Meshes and bundles composed of fibers drawn 
to different ratios would likely be able to provide strong tensile strength 
and controllable degradation rate. The data presented showed that rate 
of degradation was highly dependent on both crystallinity and 

macromolecular orientation, which can be modified by automated track 
drawing. 
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