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ABSTRACT: Electrospinning (ES) is a versatile process mode for
creating fibrous materials with various structures that have broad
applications ranging from regenerative medicine to tissue
engineering and surgical mesh implants. The recent commercial-
ization of this technology for implant use has driven the use of
resorbable electrospun products. Resorbable electrospun meshes
offer great promise as temporary implants that can utilize the layer
upon layer method of additive manufacturing to incorporate
porosity as a function of process parameters into a scaffold
structure. The interconnected porosity and feature size known to
ES have previously been observed to hold great potential for simulating the natural cellular environment of soft tissue. This
microstructure, proper degradation kinetics, and mechanical properties combine to provide the design basis for artificial tissue
structures that could aid in not only wound healing but also true tissue engineering and regenerative medicine. While current
advancement in the field is understood to be limited by material properties, the importance of optimizing mechanical properties with
currently available materials should not be overlooked. This work investigated the process parameter effects and interactions that
control the structure−property relationship for a range of medical-grade aliphatic polyester materials with a range of intrinsic
properties. An ε-caprolactone homopolymer (PCL), L-lactide homopolymer (PLLA), and Lactoflex, a copolymer with intermediate
properties relative to the homopolymers, were characterized before, during, and after the additive manufacturing process. The
interacting effects of process parameters, distance to collector, and dispensing rate were shown to produce variable-density,
nonwoven scaffold structures. The resorbable mesh scaffolds of PLLA, PCL, and Lactoflex demonstrated a broad range of
mechanical properties (approximately 1−10 MPa ultimate tensile strength and 5−390 MPa tensile modulus). Postprocessing of
scaffolds demonstrated removal of solvents and preservation of micrometer-sized features. Resorbable polymers and electrospinning
can produce scaffold materials with excellent features and offer tremendous potential in the field of implantable resorbable devices.

■ INTRODUCTION
The production and use of resorbable medical devices has
increased along with the international market for medical
devices that is approaching half a trillion US dollars.1 This
surge in a desire to avoid long-term risks and follow up
procedures has resulted in the replacement of current implants
that are not degradable, as well as the development of scaffolds
previously not possible. The new possibilities, afforded by
additive manufacturing techniques, have propelled the
potentials in tissue engineering and regenerative medicine
(TERM), allowing for targeted replacement options that offer
equivalent, or improved, functional tissue for both acute and
chronic needs.2

The distinction between healing by repair and regeneration
is founded in a scaffold structure that supports and promotes
the reformation of ideal cellular arrangements throughout the
healing cycle. The final phase of a scaffold that promotes
healthy tissue is for the scaffold to degrade and resorb, allowing
the tissue structure to support itself. The term structure is
inclusive and composed of, but not limited to, the polymer
chain component(s), morphology (residual contaminants,

crystallinity, etc.), fiber shape(s), fiber surface features, and,
most pertinent to this paper, the fiber arrangement that results
in an interconnected pore network (scaffold structure). Within
the controls of this study, the modulated structure was
quantified by the density of the samples. The need for material
resorption has provided a unique opportunity for bioresorbable
polymers that already have an established history in medical
devices. Understanding of the currently available materials, the
process optimization potentials, and the ideal tissue scaffold
specifications would provide a pathway to advanced therapies
that are fully successful from all perspectives.3−5

Aliphatic polyester materials, which make up a family of
bioresorbable polymers, degrade by hydrolysis into molecules
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already established as metabolites. Potential aliphatic poly-
esters for use as scaffold materials include poly(lactide) (PLA)
and poly(caprolactone) (PCL).6−10 PLA, and especially the
semicrystalline isomer (L-lactide, PLLA), is regularly used in
medical device applications. PCL is well represented in many
applications where longer degradation times would be allowed
or desired.11,12 PCL is established as a low-melting-point
material that is readily soluble in many solvents used in
ES.1,13−15

PLLA has also been utilized historically by blending it with
modifiers or copolymerizing it with other resorbable
monomers to create a more elastic polymer.16−18 Standard
ratios for PLLA and PCL copolymers are in the ranges of 30%
ε-caprolactone and 70% L-lactide.19−22 These copolymers have
provided intermediate property materials for medical device
development, where applications required optimized softness
and strength. PLA, PCL, and their copolymers are resorbable
polymers adaptable to processing via several modes of AM
including, but not limited to, material extrusion (MEX),
electrospinning (ES), and to a lesser extent powder bed fusion
(PBF).23−26 MEX includes processes previously referred to as
fused filament fabrication (FFF), fused deposition modeling
(FDM), and other thermal/chemical means of providing
material through an orifice. PBF encompasses selective laser
sintering (SLS). This compatibility with absorbable polymers
uniquely positions AM processing modes for the design of
temporary scaffolds.27

A new paradigm in medical, material, and tissue engineering
research has followed an idea that appropriate mimicry of the
target tissue would not only result in reduced time required for
healing but also offer a regenerative approach that results in
less contracture and scarring.28,29 As the scaffold degrades or is
resorbed, the new tissue would provide the functionality of the
original tissue by regenerating the morphology of healthy
tissue.20,28,29 AM methodologies, such as ES, are proven to be
well-suited to using aliphatic polyesters to make absorbable
scaffolds with optimizable porosity and, due to the range of
resorbable polymers available, the mechanical properties and
degradation rates are widely varied.30−34

Electrospinning (ES) was established as a fiber formation
process that could be used with a wide range of medical-grade
materials.5 Despite the desire to produce tissue-like scaffolds
with the large range of material options, ES is challenged as a
viable manufacturing method.35−37 Lack of stability and
clinical risks of surgical complications related to unproven
technologies have caused a hesitation to transition the standard
of care to ES products. Engineering an ES product requires
monitoring and control of a seemingly countless amount of
input parameters and critical quality control characteristics. ES
parameters are not limited to the voltage, distance to collector,
and dispensing rate but also include the solution properties,
equipment properties, and even environmental properties, such
as air flow rate and humidity. All of the parameters are critical
to optimizing production processes and also have strong
interactions with each other that must be accounted for to
produce a controlled product. Solution properties are impacted
by the polymer molecular weight, polydispersity, and
concentration. The electrical properties of the polymer and
solvent(s) also play a critical role in the process requirements.
The combination, and harmony, of this overwhelming list of
effective process parameters has been used to create successful
devices that mimic natural structures and improve patient
outcomes.38−40

While the material properties of a resorbable material would
be selected during the early design phase of device develop-
ment, these materials are historically plagued by sensitivity to
process impacts on their properties.3,41−44 Thus, combining an
ES layer upon layer manufacturing with resorbable materials
such as aliphatic polyesters has proven to be a tortuous path
but also a novel opportunity to optimize and modulate
properties with a wide range of critical input parameters
available. However, the resulting properties of the final implant
can be significantly different from what the clinician intended.
Therefore, material selection must be done with processing
parameters in mind. Many bioresorbable materials have been
electrospun into scaffold structures and are established in
clinical medical devices.45,46 Electrospinning PLLA, PCL, and
copolymers of these has been shown to be a safe and effective
method of producing improved devices.11,47 Despite this
success, additional understanding is still required for continued
translation of optimized devices to the clinic.
In this work, electrospinning of medical -grade polymers,

PLLA, PCL, and a copolymer (Lactoflex), from hexafluor-
oisopropyl alcohol (HFIP) was performed using a targeted
range of process parameter combinations to create modulated
structures that exhibited a range of mechanical properties.
Preliminary work is documented in the Supporting Informa-
tion, including how to define parameter boundaries for
electrospinning equipment and extensive statistical analysis.
The screening investigated the parameter effects and
interactions with the scaffold structures and properties. The
orthogonal experiments and nonlinear regression of the
multivariable data set resulted in a set of process parameters
applicable for all three materials to modify the scaffold
structures and create three overlapping mechanical property
ranges. The parameter interaction of the solution dispensing
rate with the dispensing distance to a rotating collector
resulted in a large range of random nonwoven densities.
Relatively high dispensing rates were combined with low
collection distances into a parameter setting that resulted in
“high” density samples. Relatively low dispensing rates and
longer collection distances resulted in lower density samples.
The conclusions were general trends of how the parameters
impact the resulting fiber arrangement. Different equipment
could require alternate settings to recreate the results, but the
trend was concluded to be valid. The samples and structures
were physically and mechanically characterized to allow a
comparison of both the materials and the ES parameter effects.
Within material groups, density was observed to correlate with
mechanical properties, and the parameter control allowed
property control. Softer (ε-caprolactone) and stiffer (L-lactide)
homopolymer materials, previously known to the field of AM
and ES, were compared. The impacts of the process parameter
manipulation were also shown with an intermediate copolymer
material, Lactoflex. The goal of this work was to use a subset of
medical-grade materials and control a minimized number of
critical process parameters to produce a maximized, optimiz-
able, and predictable mechanical property range.

■ MATERIALS AND METHODS
Medical-Grade Polymers and High-Purity Solvent.

Caproprene 100M (PCL), Lactoflex 7415, and Lactoprene
100M (PLLA) were synthesized by ring opening polymer-
ization, ground into a polymer chip, and provided by Poly-
Med, Inc. Caproprene is a homopolymer of ε-caprolactone,
and lactoprene is a homopolymer of L-lactide. Lactoflex is a
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copolymer of ε-caprolactone, L-lactide, and trimethylene
carbonate (TMC). Each medical-grade material was charac-
terized to verify conversion to the polymer by residual
quantification, inherent viscosity, and thermal melting analysis.
Hexafluoroisopropanol (HFIP) solvent was sourced from
Apollo Scientific.
Preparation of Polymer Solutions. Polymer granules

were dissolved with HFIP in glass bottles on rollers for 40−80
h. Dissolution occurred within a fume hood. Nominal
concentrations were determined by viscosity-targeting inter-
polations. Solution viscosity determinations were made using a
RheoSense MicroVisc instrument at 25 °C and 100 s−1. The
resulting solutions (400−600 Pa·s) were transferred from the
glass bottles to sterile syringes and subsequently used for
electrospinning.
The Electrospinning Enclosure. A custom enclosure was

utilized to execute the ES runs. The enclosure housed a
traversing needle bed, a rotating collector (drum), and
programmable syringe pumps. Four needles in parallel were
used to generate the samples in this work. The enclosure
utilized a multineedle array that allowed up to 8 needles in use
at a time. The aluminum-based array utilized set-screws to
secure the 20-gauge blunt-end needles and ensure repeatable
electrical connections to each. The needle array was electrically
connected to a direct current high voltage source (Matsusada
Precision), and the rotating collector drum was electrically
connected to the ground of the system. Prior to ES, the needle
to drum distance (NTDD) was user-determined and
maintained visually. The enclosure was operated at 15−35
kV within an ISO class VII cleanroom maintained at 6 Pa
positive pressure, 50−65% RH, and 21 °C.
Electrospinning Parameters. Solution viscosity, needle

and collector rates of motion, and voltage settings were
optimized via Plackett−Burman screening and full factorial
analysis of the parameter effects. Settings were required for
each material to generate successful samples at three (3)
separate densities. Optimization included mechanical testing,
dimensional analysis, visual inspection of fibers and scaffold,
and basis weight targeting. By targeting the mass of material
collected relative to the collection area, it was ensured that the
scaffold samples would be sufficiently sized for removal from
the collector and could be loaded repeatably into the tensile
analysis fixture. It was understood that the specific settings
used would relate to the custom equipment and enclosure used
for electrospinning. The scientific and engineering goal was to
establish which parameter(s) and direction(s) had effect(s)
that could be modulated to control properties and perform-
ance.
Non-Woven Scaffold Basis Weight (AD, Areal Den-

sity). The electrospun scaffold was cut into 51 mm × 102 mm
samples in both the machine and countermachine directions.
An engineering scale with 0.1 mm resolution was used to verify
the dimensions prior to observing the mass at 0.1 mg with a
Mettler Toledo (Columbus, OH) digital balance. An Ames
comparator with a 25 mm pressure foot and no added mass
was used to measure the thickness of the scaffolds. NIST
traceable calibrations and standards ensured the accuracy of
the measurements.
Thermal Analysis. Differential scanning calorimetry was

performed with a PerkinElmer 6000 autosampler (Waltham,
MA). Two stage cooling allowed observations of the lower
PCL transitions. Heat rates were set to ramp up 10 °C/min
until the thermal events for 5−6 mg samples concluded to

allow visually selected heat of fusion (J/g) and peak melting
temperature (°C) determinations within the Pyris software.
Molecular Weight Analysis. Size exclusion chromatog-

raphy (SEC) was used to determine molecular weights (MWs)
and polydispersity (PD) relative to polystyrene calibration
standards with a Waters Breeze system (Milford, MA). The
system was equipped with a refractive index detector (model
515) and several gel permeation chromatography (GPC)
columns (Sytragel HR 0.5, 2, 4, and 6) in series. Using a 1 mL/
min flow rate of the methylene chloride (DCM) mobile phase,
samples with a concentration of 4 mg/mL (n = 3) were
analyzed using user-defined integration of the resulting
chromatograms within the Breeze software.
Confirmation of Material Compatibility via Cytotox-

icity. Each material was tested as an electrospun scaffold (n =
3) by a third-party service according to ISO 10993-5 Biological
Evaluation of Medical Devices Part 5; tests were done for in
vitro cytotoxicity. Using a ratio of 0.2 g/mL, extractions were
performed at 37 °C for 24 h so each seeded cell culture plate
could be used with unmodified extract fluid. After 48 ± 3 h of
incubation at 37 ± 1 °C, intracytoplasmic granules and cell
lysis were quantified and combined into a single 0−4 score,
with 0 representing the lowest toxicity result relative to a
positive and negative control.41

Tensile Mechanics. Mechanical properties were quantified
by tensile extension to failure with an MTS Criterion Model 43
test frame (Eden Prairie, MN). A 500 N load cell ensured that
the 0.4 N/1% accuracy was sufficient for the study’s
observations. Advantage Pneumatic Action grips (Eden Prairie,
MN) and smooth rubber face plates (as described in ASTM
D5034) were used to clamp each sample with a pressure of 0.2
MPa and then strain at 100 mm/min from a gauge length of
38.1 mm (see Figure 1).48 Five (5) tests to failure were

performed for each test group, and the TestWorks software
provided stress and modulus calculations based on the
previously described dimensional observations.
Gas Chromatography. Two types of gas chromatography

were used for this study. They both utilized PerkinElmer
Clarus 580 GC instruments with DB 624 columns and heat
ramp methods to facilitate the separation of the component
analytes. For residual monomer analysis, the polymer was
dissolved in HFIP prior to the manual injection into the GC
inlet. The observed chromatograph was compared to external
calibration curves generated with prepared monomer standards

Figure 1. Medium density electrospun during tensile testing at
maximum strain: (a) caproprene, (b) Lactoflex, and (c) lactoprene
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in HFIP. This method was found capable of achieving
quantification limits for each monomer relating to less than
0.1% weight/weight monomer in polymer. Residual HFIP was
determined by multiple headspace extraction using a
PerkinElmer TurboMatrix GC inlet attachment. Four extrac-
tions were sufficient to determine a total solvent content
calculation as compared to external calibration with prepared
HFIP standards in water. This method was found capable of
achieving an HFIP quantification limit relating to less than 100
ppm solvent in polymer.49

Scanning Electron Microscopy (SEM). Micrograph
images were obtained using a Hitachi 3400 SEM calibrated
to a 10 mm working distance. Platinum-coated samples were
imaged at 2000× and 200× using 15 kV with 125 μA emission
current and 40 μA probe current set to the 10 mm working
distance. Note: due to the thin nature of the samples, the
actual working distance could be up to 11 mm to maintain
image focus. To remove user error and bias, software was
trained and programmed to identify the fibers in the focal
plane of an SEM image and to measure the fiber diameter
relative to the scale provided in the image by the SEM
software. Automated analysis of the images was performed
using Clemex Vision PE software with a custom-programmed
Clemex.ai program for segmentation of the fiber micrographs.
Statistical Analysis. MiniTab version 18.1 (State College,

PA) was used to perform one-way analysis of variance
(ANOVA) on all data sets collected with α = 0.05 to
determine significant differences with either Tukey or Games−
Howell methods (based on equal variance F-test results). The
two-sample t test was used to generate P-values. The design of
experiment (DOE) methods were also used to perform
orthogonal screening of process variables (see the Supporting
Information). The error bars depicted indicate a single
standard deviation above and below an average of five
replicates. Additional statistical analysis was performed with
MiniTab to design, model and predict critical parameters when
preparing the study.

■ RESULTS
Electrospinning parameters were screened for critical impact
on density and subsequent mechanical properties of the
resulting nonwoven scaffold using caproprene, lactoflex, and
Lactoprene materials (see Supporting Information Figures
S15−S19). The solution dispensing rate parameter had an
inverse effect and an interaction with the collection distance
parameter, and combined they allowed a maximized effect
range for density and corresponding mechanical properties.
The use of a “high” dispensing rate with a shorter distance to
the collector was deemed the high-density setting. Thus, the
“low” dispensing rate and further collection distance were the
low-density setting, with median values of each being referred
to as the medium density setting. The matrix of three materials
and three density settings (Figure 2a) resulted in nine (9)
unique parameter combinations for scaffold production by
electrospinning (ES). Each sample was characterized to allow
observations of the material and parameter effects on the
scaffold structure and mechanical properties.
Solution Preparation, Parameter Selection, and Fiber

Formation. The prepared polymer solutions in HFIP were
analyzed to determine concentration versus viscosity curves
(see Supporting Information Figure S1. The solutions from
each viscosity data point were then dispensed from a syringe
through the charged ES needle to visually scope the

spinnability for each solution type and viscosity. This
prescreening was performed by inspecting microscope slides
held in front of the collector. The usable ranges of each process
parameter relative to the other parameters, such as distance to
collector, voltage, and solution flow rate, were observed with
visual confirmation of the fiber-covered slides. This resulted in
the maximums and minimums provided for the statistical
screening (see Supporting Information Tables S1 and S2). The
feasible fiber formation ranges were needed to screen process
parameters utilized for scaffold sheet formation such as
traversing rate, collector spinning rate, number of needles in
the charged array, and total mass of polymer dispensed (see
Supporting Information Figures S2−S13). Screening parame-
ters within the observed feasible ranges resulted in the most
critical and modular parameters with respect to the tensile
mechanics to be selected for this study (see Supporting
Information Figures S14−S19).
Electrospinning Scaffold Parts. The process parameters

were screened via the Plackett−Burman design of experiment
methodology to determine the most impactful parameter(s)
for mechanical property control with the minimum possible
number of scaffold sheets. Analysis of tensile mechanics and
dimensional parameters of the initial screening sheets of the
scaffold led to a need for slightly more information about the
main effects observed for the process, the needle-to-drum
distance (NTDD), and pump flow rate parameters. Adding
center point runs for these parameters created a pseudofull
factorial study matrix for what was found to be the critical
parameters that affected the tensile mechanics, especially the
modulus of the scaffold sheets, by controlling the scaffold
density and porous structure. Spinning parameters were
selected to optimize for the ranged inputs to result in
structural variation observed and quantified as the scaffold
densities (see Figure 2). Based on the initial screening results,
the study focused on two critical parameters for controlling the
effective density of the electrospun scaffolds: (1) the solution
dispensed flow rate per needle and (2) the proximity of the
grounded collector to the high voltage charged needles
(NTDD).
All three of the groups in Figure 2b had statistically

significant low, medium, and high densities observed that
overlapped with the other material ranges. The use of a longer
distance for the fibers to self-repel with a slower dispensing rate
in Figure 2a produced a loftier, more porous scaffold versus the
higher fiber packing density when dispensing higher flow rates
more proximal to the collector. The trend held when an
intermediate setting for each parameter was used.
Visual inspection included the unaided eye as well as SEM

imaging at both 200× and 2000× magnification. Dimensional
properties of thickness (±0.002 mm) and mass (±0.0001 g)

Figure 2. Defining the ES Scaffolds. (a.) The parameter selections.
(b.) The low- (black), medium- (gray) and high-density (light gray)
samples. (N = 5, error bars represent a single standard deviation).
Statistically significant groups are indicated above the data (α = 0.05,
*P < 0.01).
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confirmed low-, medium-, and high-density scaffolds were
produced for each material. The density measurements in
Figure 2b confirmed the target low-, medium-, and high-
density scaffolds were produced as hypothesized per the
screening matrix results.
To ensure that the scaffolds best represented the density

control for each material, the solvent content was measured by
multiple headspace extraction gas chromatography. The use of
this methodology prevented the need for matrix matching
across the multiple materials and constructs.49 It was observed
that caproprene scaffolds did not contain any detectable
residual solvent after standard reduced pressure storage, which
protects the material from ambient moisture-driven degrada-
tion. Lactoflex and lactoprene, however, were observed to
retain as much as 10% HFIP by weight until being dried by
reduced pressure overnight at a temperature of 70 °C. This
temperature aligned with the onset of glass transition by DSC
(Table 1). The drying was sufficient to ensure that both
materials no longer contained detectable residual solvent.
Thermal analysis of the materials aided in the selection of

the drying temperature. Additional thermal analysis was
performed to begin the investigation of the processing effects
on the materials. Table 1 contains the materials’ glass
transitions and melt temperatures as polymer chip and as
dried electrospun scaffolds, in addition to molecular weight
(MW) and polydispersity (PD) data.
Table 1 also includes the relative molecular weight by SEC

and residual monomer by GC observations. Thermal property
measurements were aligned with expectations for these
materials. Processing results in lower melting temperatures,
and the fiber enthalpy of melting is consistently observed to be
lower than that of the polymer chip with or without heated
drying. This is likely related to the ring-opening synthesis used
to produce the polymer chip materials. While the molecular
weight change did not suggest gross degradation of the
material, an interesting effect of ES was noted. There was a
decrease in the residual monomer detected and a correlated
increase in glass transition temperatures. Removal of low-
molecular-weight components was also observed to potentially
result in a higher reported molecular weight polymer.
However, the monomer content of the chip was not observed
to impact fiber formation during the process. Residual content,
such as monomer and solvent, and degradation were
considered factors in the potential cytotoxicity of the scaffold
samples. The results of the cytotoxicity analysis were used to
generate Table 2.
All three materials were scored the same as the negative

control, confirming the materials were not cytotoxic. This
provided the confidence in the scaffold samples to continue
with the physical characterization.

Dimensions of Electrospun Scaffold Samples. Scan-
ning electron microscopy (SEM) micrographs were analyzed
via Clemex Vision PE and Clemex.ai software to determine the
fiber diameters and pore sizes. Clemex.ai was able to segment
the top fiber layer, fiber edges, and pores in the SEM
micrographs and allowed Vision PE to automate the
measurement process. The average diameters of the fibers in
each image were formed into histograms and tabulated (Table
3 and Table 4). A table of fiber analysis figures was produced
instead of presenting a large number of figures, and this
method was found more conducive to making the desired
comparisons.
The fiber diameter distributions in Table 3 included 3000−

8000 diameter measurements per sample, allowing observa-
tions of the impact of the low, medium, and high combinations
of critical parameter settings (distance to collector and flow
rate) on the fiber diameter. The three fiber size populations
were observed to be statistically different with 95% confidence
for each material using a one-way ANOVA Tukey test. A
general trend of increasing fiber size was observed down each
column in Table 3 and was associated with the increase in
density. Literature reports showed that the increased fiber
diameter was a result of either reducing the distance to the
grounded collector or dispensing the solution faster.50 The
trend was only observed in Lactoflex and lactoprene. The
caproprene scaffold images indicated the opposite trend, but a
review of the fiber size data (left column of Table 3) revealed a
bimodal distribution that could account for trend deviations.
The 2000× micrograph was assessed to confirm this finding.
The goal of this study was to relate the structure of the
scaffold, as quantified by the density, to the potential for
mechanical property control and not to produce monodisperse
fiber structures. Representative micrographs of the samples
used for the analysis were found and arranged for all nine (9)
samples in Table 4.
The ultrathin fibers that would result in the bimodal

distribution were obvious in the 2000× micrographs of the left
column of Table 4. All nine (9) micrographs visually confirmed
the range of scaffold structures that were produced.
Tensile Mechanics. The mechanical properties of each

scaffold group were quantified by constant-strain rate tensile
analysis to observe the comparative effect of varying-process-
parameter-determined structural modulation. By measuring the

Table 1. Thermal and Molecular Analysis Results (N = 3 ± SD)

glass transition
(±1 °C)

melting temperature
(±1 °C)

enthalpy of melting
(±2 J/g)

number-average MW
(kg/mol) PD

residual monomer
content (wt %)

caproprene
100M

polymer chip −62.5 57.9 69.7 97 ± 0.6 1.5 0.11 ± 0.01
electrospun
scaffold

−62.0 57.1 55.0 102 ± 1.3 1.5 0.01 ± 0.00

Lactoflex
7415

polymer chip 23.5 172.7 50.0 172 ± 4.3 1.8 0.51 ± 0.03
electrospun
scaffold

33.4 159.5 20.5 193 ± 12.9 2.0 0.04 ± 0.00

lactoprene
100M

polymer chip 74.4 188.3 83.2 132 ± 0.6 1.4 0.06 ± 0.00
electrospun
scaffold

71.2 177.2 41.3 131 ± 5.0 1.4 0.02 ± 0.01

Table 2. Electrospun Scaffold Cytotoxicity Results

material sample negative control positive control

caproprene 100M 0 0 4
Lactoflex 7415 0 0 4
lactoprene 100M 0 0 4
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load required to strain the scaffold samples to failure, the
ultimate tensile strength (UTS) and Young’s tensile modulus
were determined relative to the overall dimensions of the test
sample within the Testworks software (see Figure 3a and b,
respectively).48

Figure 3 a and b allowed the effect of density and scaffold
structure on the mechanical strength and stiffness to be
observed. The data in Figure 3 were combined to form an
Ashby plot (Figure 4), exposing the process−structure−
property relationship between ES process parameters, the
structural density of the produced scaffold, and the resulting
mechanical properties.
An approximately linear trend was observed as expected

based on a previous AM parameter investigation.41 The images
in Figure 1 are representative of the deformation for each
material group prior to the subsequent failure and UTS
observation. Caproprene scaffolds were weaker, softer, and
more elastic than the other two materials, as expected based on
bulk material properties well-known to the homopolymer PCL.
Similarly, the lactoprene scaffolds were stronger, stiffer, and
more brittle than the other two materials, as expected for
PLLA. However, both homopolymers were significantly weaker
and softer than properties known for the bulk materials. The
mechanical properties for low-, medium-, and high-density
samples were found to be statistically different by one-way
ANOVA Tukey test with 95% confidence for each material.
The range of mechanical properties for Lactoflex at low,
medium, and high density was observed to span from the PCL
range to the PLLA range, as expected for the intermediate

copolymer material. Each material was observed to follow the
trend of increasing properties with increased density due to the
ES process parameter control. The rate of densification and
modulation of properties were not equivalent for each material.
Stiffer materials proved more sensitive to the parameter range
utilized for this study.

■ DISCUSSION
This study investigated the use of electrospinning (ES) porous
scaffold structures with medical-grade aliphatic polyesters.
Bioresorbable polymers, including those in this study, provide
a unique option to clinicians where long-term risks and follow-
up explantation can be significantly reduced to as low as zero.51

These materials were used with electrospinning (ES) to make
bioresorbable scaffold structures. The control of critical
process parameters resulted in control of the scaffold structural
density and, subsequently, control of the scaffold stiffness. The
ability to target any stiffness in a biologically relevant property
range was shown with only a few materials. This would suggest
that more appropriate and targeted scaffolding could be
manufactured to mimic biological tissue and potentially
improve outcomes for patients in terms of tissue function
and healing time through a deeper investigation into currently
available medical-grade materials.
Many assume and have concluded that additive manufactur-

ing (AM), especially ES, is a not a viable mode of
manufacturing.30,50,52 If the mechanical properties of bio-
resorbable polymers, especially aliphatic polyesters, were better
understood, optimized, and considered in relation to

Table 3. Fiber Diameter Distributions for Electrospun Scaffolds
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processing parameters, those assumptions could be challenged.
The stiffness of bulk poly L-lactide (PLLA) in terms of the
tensile modulus (2.8−3.6 GPa) has been associated with the
biological material properties of both the trabecular bone and
the low end of cortical bone (0.76−10 GPa and 3.3−20 GPa,
respectively).53 This has also been confirmed clinically in
maxillofacial applications such as bone screws and scaffolds,
especially with ceramic-based additives such as tricalcium
phosphate (TCP).54,55 While the stiffest sample produced for
this study, PLLA “high” density, was 389 MPa and would not
be ideal for bone without further modification, electrospinning
of the medical materials based on PLA and PCL was shown to
produce materials exhibiting tensile modulus values relating
well to soft tissue such as skin (0.3−140 MPa) and collagen

Table 4. Micrographs for Electrospun Samples

Figure 3. Electrospun scaffold mechanics versus low- (black),
medium- (gray), and high-density (light gray) samples. (a) Young’s
tensile modulus and (b) ultimate tensile strength (UTS) (N = 5, error
bars are one standard deviation). Statistically significant groups are
indicated above the data (α = 0.05, *P < 0.01, **P < 0.02).
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(70−110 MPa).56−59 Due to the relatively large property range
for skin, the parameter-controlled potential observed in this
study should be critical to the optimization of scaffolds for soft
tissue. The sensitivity of the structure and properties of AM
and ES scaffolds to process parameters further bolsters the
regulatory requirements for the full characterization of medical
devices and AM devices. This includes but is not limited to the
residual content quantifications, thermal and molecular
properties, and material identity confirmations.60,61

The potential for process parameter optimization of output
mechanical properties could result in the understanding
required to further implement bioresorbable materials such
as aliphatic polyesters into standard-of-care medical devices
that exceed current expectations for wound care and other
tissue engineering and regenerative medicine (TERM)
applications. This potential has been both reported and
refuted in more current literature, suggesting the nuance and
difficulty involved in the ideal execution of TERM require-
ments. Many have reported ES-produced scaffolds as
interesting due to the structural similarities to the extracellular
matrix but ultimately without proven usefulness. The proposed
solution has been that new material options would advance the
use of ES as a production method. However, extensive
investigation into process parameters and their interactions as
control opportunities, not limitations, could offer the desired
advancement. The skeptical conclusions likely compared AM
production methods at the current level of understanding to
the nearly ancient methods of molding and subtractive
manufacturing. Milling and molding have proven themselves
capable of mass production of optimized products. This was
not achieved without a great deal of investigation and
understanding gained over the long life span of these
techniques. While those processes do have parameters that
impact structure and resulting properties, they do not allow the
novel designs, especially internal porosity control, that position
AM to produce designs that were previously not possible
without layer upon layer construction.
Using ES parameters and interactions such as the proximal

distance to the collector combined with the solution
dispensing speed, an extensive range of properties was
observed, which was much less limited by the number of
materials provided than previously understood. Full character-
ization of the thermal and molecular properties of the materials
throughout the processing steps allowed for the observation

that degradation was not a concern for the ES mode of
production with aliphatic polyesters. The cytotoxicity risk of all
three materials used to produce scaffold samples was
minimized by including this analysis in the characterization
of the study samples. This new understanding of ES and these
materials has revealed a potential for new frontiers, with
currently available materials providing the necessary properties
for successful TERM device development.
Future work with PCL, PLLA, and copolymers of the like

should continue to investigate process impacts on the
mechanical properties of AM scaffolds so that a fuller
understanding can be applied to device design and
optimization toward target properties. Post-processing steps
such as heat treatment and sterilization have been shown to
have dramatic effects on initial properties as well as strength
retention through the degradation cycle. Sterilization techni-
ques such as radiation treatments with γ-rays have been used to
significantly decrease the time required for degradation, but
treatments with electron beam radiation would be recom-
mended for less effect on the scaffold while further under-
standing is accrued.62,63 An alternative to the highly criticized
ethylene oxide (EO) treatments should also be investigated
and is recommended. EO has a well-established history of
minimal effect on products but poses other risks that are no
longer readily acceptable for newly developed products and
devices.64,65

ES was used to implement the control of process parameters,
resulting in scaffolds with a range of densities and
corresponding range of strengths and stiffnesses. With this
understanding, precise control and optimization of scaffold
mechanics could be developed into new device designs using a
range of currently available medical-grade materials.

■ CONCLUSIONS
It was concluded that a novel scaffold device with targeted and
optimized mechanical properties was feasible when applying a
new understanding of electrospinning (ES) process parameter
interactions and effects with currently available medical-grade
materials. This biomimicry potential for wound healing
applications and soft tissue repair was previously imagined
for ES with a new material that is not currently available. ES
parameter control of scaffold density and the resulting impact
on mechanics using poly ε-caprolactone (PCL), an inter-
mediate property copolymer (Lactoflex 7415), and poly L-
lactide (PLLA) were evaluated to establish a feasible range of
biomimetic mechanical properties. An even larger range of
mechanics and biomimicry may also be feasible by including
other materials, copolymers, additives, and/or biochemicals
into the ES solution prior to electrospinning the scaffold.
These would need to be evaluated as early as possible in the
development process due to the initial process parameter
tuning required for ES fiber formation. The ability to control
and produce a range of properties with a single material was
proven with three materials to result in a fully encompassing
range of opportunities for property targeting. This control of
scaffold properties could be further investigated for other
materials as well as with other process parameters, such as
post-processing steps. Sterilization effects on scaffold proper-
ties could have significant consequences that must be taken
into account when designing a carefully targeted device
property.
Electrospinning (ES) has been introduced as another mode

of additive manufacturing (AM) for the three materials that

Figure 4. Ashby plot of tensile modulus vs tensile strength indicating
the range of tensile mechanics observed for caproprene (blue),
Lactoflex (red), and lactoprene (green) electrospun samples.
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further expands the mechanical property targeting opportu-
nities available for producing tissue scaffold structures with
lactoprene 100M, Lactoflex 7415, and caproprene 100M.
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