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ABSTRACT: In moisture wicking fabrics, fibers with hydrophilic surfaces that are also non-water soluble are desirable. In poly(lactic
acid), PLA, fibers it is expected that the addition of poly(ethylene glycol), PEG, will monotonically increase their wicking rates. In
this paper, phase separation was used to create biocompatible, biodegradable, hydrophilic yet non-water soluble fibers by electrospin-
ning PLA with PEG and PLA-b-PEG copolymers. By tuning the thermoelectric parameters of the apparatus, and the chemical proper-
ties of the dopes, the amount of PEG in the fibers was improved over prior work; concentration increased by 60% (by weight, wt %)
to 16 wt % in the PLA fiber. Instead of the expected increasing wicking rates with PEG concentration, there is a peak at 12 wt %; at
greater concentrations, wicking decreases due to PEG crystallization within the PLA (verified via DSC). At 12 wt % PEG from copoly-
mers, the nanofabric’s wettability increases to 1300% its original weight. © 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 41030.
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INTRODUCTION

The control of submicron pore architecture and surface chemis-
try of smart textiles and filtration membranes is becoming
increasingly important.'™® Water supplies are becoming contami-
nated with cytotoxic drugs used in the treatment of cancer,
potentially resulting in birth defects and immune dysfunction.””
Methods for increasing the detection and capture of these (and
other) biological agents using nanofiber filtration membranes is
critical.'®"” In this paper we have developed a material composi-
tion for electrospinning nonwoven ‘nanofabrics’ (submicron
diameter fibers), with high specific surface areas and controlled
surface wetting.

Previously, nanofiber surface chemistry and wetting has been
altered by adding polymeric and oligomeric materials with vary-
ing miscibilities to PLA (polylactic acid); for example, adding a
less hydrophobic polymer to PLA results in less hydrophobic
fibers.'®*! The origin of the change in surface properties is
polymer phase separation during the electrospinning process to
create a responsive core’> or enriched functional surface on the
fibers.">'®! This technique is important for biologically active
nanofabrics as most biological systems are aqueous, yet fiber-
forming polymers are usually either (i) hydrophobic and non-
water soluble or (ii) hydrophilic and dissolve in water. Thus,

water insoluble yet hydrophilic fibers must be developed for sta-
ble and efficient biointerfaces.

When adding PEG (polyethylene glycol) to PLA in the form of
copolymer PLA-b-PEG, PEG block lengths affect a number of
properties of the resulting electropun fibers including the maxi-
mum PEG loading in the fiber, hydrophilicity, spinnability, and
morphology.'® With the addition of PEG, hydrophilicity of the
fiber increases, and at constant PEG loading the hydrophilicity
increases with the chain length of PEG in the copolymer.'® Pre-
viously, only ~10 wt % PEG from copolymers could be incor-
porated into electrospun fibers.'"® In this study, we use
differential scanning calorimetry (DSC), and water wicking
measurements to determine the optimum proportions and
block lengths of PLA-b-PEG to produce non-water soluble, high
surface area nanofabrics with the maximum hydrophilicity and
ability to absorb water. Ultimately, we were able to increase the
dissolved PEG by 60% (16 wt % PEG) yet, counterintuitively,
we discovered a peak water wicking ability at only 12 wt %.

The electrospinning apparatus used in this research is shown in
Figure 1. During the process of electrospinning, nano- to
micro-scale fibers form on a grounded collector from a dilute
solution via a charged elongating jet and rapid evaporation of
the solvent.” The elongational, electrical, and thermodynamic

Additional Supporting Information may be found in the online version of this article.
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Figure 1. A schematic representation of our electrospinning apparatus.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

forces, as well as solvent evaporation control the ultimate mate-
rial structure of the spun fibers.”> Over the past decade, many
modifications have been made to the basic electrospinning
system to achieve specific structures*® or increase through-
put.”’7° In our work, we use a temperature controlled heating
chamber to house the syringe and a heating gun to keep the
needle tip at the elevated temperature necessary for electrospin-
ning at higher wt %’s PLA-b-PEG.

EXPERIMENTAL

Materials

Needle Deflect point 20 g X 2 in. was purchased from Fisher
Scientific Company. Copolymers PLA(1000)-b-PEG(10000),
PLA(1000)-b-PEG(5000), and PLA(5000)-b-PEG(1000) were
purchased from Advanced Polymer Materials. Polyethylene
glycol(6000) Powder made by Alfa Aesar was bought from
Fisher Scientific. N,N-Dimethylformamide(DMF), anhydrous,

99.8% was purchased from Sigma-Aldrich. PLA 4043D
(MW =153,315 g/mol, PDI=1.81) was purchased from
NatureWorks.

Electrospinning

Electrospinning solutions in this study were made of high
molecular weight PLA with varying weight percentages of PLA-
b-PEG copolymer. All solutions containing PEG and PLA-b-
PEG were made to contain a total of 22 wt % PLA in solution.
Before electrospinning we dissolve the polymeric dopes contain-
ing DMF homogeneously with heat. A voltage supply (Gamma
high Voltage Research) was used to apply 15 kV to the needle
and placed ~10 cm from the needle tip was a grounded collec-
tor. We maintained a solution feed rate of 10 uL/min using a
programmable PHS Ultrasyringe pump (Harvard Apparatus).
During electrospinning the syringe temperature was controlled
by a shielded heating unit®" preheated to 70 = 5°C. A heat gun
(Master Appliances Corp.) was used to keep the needle at
70 £ 5°C and we verified the needle’s temperature using a digi-
tal thermometer (Fisher Scientific Company). A copper plate
was used for collection of wettability samples, while all other
samples were electrospun on to aluminum foil.
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Scanning Electron Microscopy (SEM)

This research uses SEM imaging to confirm that PLA/PLA-b-
PEG nanofibers have the same morphology as PLA fibers. We
sputter coat samples in gold—palladium, prior to imaging them
with a LEICA 440 SEM using a 10 kV accelerating voltage. Uti-
lizing Image]™ software on SEM images, average diameters of
the fibers are determined. For each different fiber spun, we took
25 measurements from two separate images, totaling fifty meas-
urements per sample.

Differential Scanning Calorimetery (DSC)

Using a DSC Q2000, we determined the effects of PEG on the
overall fiber properties. The glass transition, melting, and crys-
tallization temperatures were characterized using a single heat-
ing thermograph at rate of 5°C/min to 190°C. Additionally, we
implemented a cycling heat-cool-heat method for 10 wt % PEG
from PEG(6000), PLA(1000)-PEG(5000), and PLA(1000)-
PEG(10000). Our cycling samples were heated from 5 to 180°C
at a rate of 5°C/min, cooled to 5°C at a rate of 2°C/min, and
re-heated at a rate of 5°C/min to investigate the electrospinning
process’s role in PEG phase separation.

Swell Test

Using a swell test devised in our lab, electrospun samples of
0 wt % PEG and of 10 wt % PEG from PEG(6000), PLA(1000)-
b-PEG(5000), PLA(1000)-b-PEG(1000) were placed in a desicca-
tor for 6-7 days prior to being cut into 1 X 1 cm?. We individu-
ally placed nanofabric samples in DI water, pushed them down
into the water with tweezers, and then allowed them to float to
the top. Each sample was kept in the water for ten minutes.
After which, the 1 X 1 cm® nonwoven samples were re-
measured with a ruler, and let to air dry for a short time before
we proceeded to take SEM images. For determination of the
individual fiber diameters of the nonwoven fabrics after swelling
experiments SEM images were analyzed using Image] ™.

Wettability in Water

Each electrospun sample was cut into 3 X 1.5 cm® fabrics. We
weighed the samples and then put a fishhook through the
nanofabric to ensure the fabric penetrated the meniscus; if a
fishhook was not used the nanofabric would fold under itself
and float on top of the water’s meniscus. Our experimental set
up is shown in the Supporting Information, Figure S1. Wett-
ability testing was done using the KSV Sigma 701 in DI water.
Each sample was run for a ten minute time interval.'®

RESULTS AND DISCUSSION

We spun fibers containing up to 16 wt % PEG from solutions of
PLA with PLA(1000)-b-PEG(5000), PLA(1000)-b-PEG(10000), or
PEG (6000). Additionally, we found that copolymers with much
larger PLA blocks relative to PEG yielded lower peak loadings of
the PEG [e.g., 6 wt % PEG from a PLA(5000)-b-PEG(1000) solu-
tion], thus we focused our studies on the copolymers with larger
PEG to PLA block ratios. In all cases, we determined the maximum
loading for each PEG additive based on our ability to form fibers
from solution using our electrospinning apparatus.

Unexpectedly, we found that the highest PEG concentrations in
the spinning dope (16 wt %) did not result in the spun fabric’s
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maximum ability to absorb the most water. Instead, there is a
peak concentration at ~12 wt % PEG from copolymers that
results in the nanofabric’s highest water absorbancy. We deter-
mined the properties of our spun fibers using: (i) SEM for
architecture, (ii) DSC for block phase separation, (iii) swelling
tests for water solubility, and (iv) water wicking for surface
hydrophilicity.

SEM and Fiber Diameter Analysis

SEM images comparing 0 wt % PEG and the highest loadings
of 16 wt % from PLA(1000)-b-PEG(5000) and PLA(1000)-b-
PEG(10000) are shown in Figure 2(A—C). Fibers containing no
PEG have a smooth and uniform morphology with no beading
and larger fiber diameter (1.16 um = 0.22) than any fibers con-
taining PEG in this study. PEG loadings of up to 16 wt % from
PEG(6000), PLA(1000)-b-PEG(5000), and  PLA(1000)-b-
PEG(10000) also resulted in a smooth and uniform morphol-
ogy. With the addition of all copolymers and homopolymers of
PEG, the fibers become significantly smaller in diameter ranging
from 0.35 pm *+ 0.09 to 0.93 um = 0.26. Decreasing the viscos-
ity, polymer concentration, and surface tension of the spinning
solution result in a decreased fiber diameter.**

We measured the diameters of all our electrospun fibers (Fig-
ure 3). PLA(1000)-b-PEG(10000) decreases the least in fiber
diameter at all compositions and does not show the same
increase at 16 wt % that PEG(6000) and PLA(1000)-b-
PEG(5000) fibers exhibit. The larger PLA(1000)-b-PEG(10000)
fiber diameter is the result of both the greater chain entangle-
ments inherent of larger molecular weight polymers and PEG
crystals formed by PLA(1000)-b-PEG(10000) that do not occur
with PEG(6000) or PLA(1000)-b-PEG(5000). We further
address PEG crystallization in the DSC thermal analysis
section.

In blends of PLA and PEG, PEG has been shown to plasticize
the melt; when added to PLA, it lowered the melt viscosity by
increasing the free volume.” This property was evident in the
fibers containing as little as 5 wt % PEG, as their diameters
were decreased significantly relative to pure PLA fibers (Figure
3). At 16 wt % PEG, however, the fiber diameter increased for
PEG(6000) and PLA(1000)-b-PEG(5000) due to an increase in
viscosity of the polymer solution and phase separated PEG crys-
tal formation within the electrospun fibers.

DSC Thermal Analysis (Copolymer Miscibility)

To determine the limits of miscibility between PEG and PLA
within the nanofibers, we used DSC thermographs to identify
phase transitions in both the PEG and PLA components. We
observe the plasticizing effect and crystallization aiding ability™*
of PEG at all PEG loading levels and with both PEG homopol-
ymer and copolymer, lowering the glass transition temperature
(Ty) and cold crystallization temperature (T,) relative to 0 wt %
PEG fibers (Supporting Information Figure S2). The decrease in
both T, and T, with the addition of PEG to PLA has been previ-
ously documented in films and molded blends.*®

The PLA melting onset ranged from 145 to 148°C, indicating
the melting of the less ordered o’ crystalline phase and showed
no trend with PEG or copolymer content. The melting endo-
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Figure 2. Comparison of SEM images (A) 0 wt % PEG. (B) 16 wt % PEG

from PLA(1000)-b-PEG(5000). (C) 16 wt % PEG from PLA(1000)-b-
PEG(10000).

therm of homopolymer PEG was present for all loadings of
PEG(6000), whereas for PLA-b-PEG copolymers, melting tem-
peratures for PEG did not consistently appear until 12 wt %
PEG (Supporting Information Figure S3).

For some samples of PLA(1000)-b-PEG(5000) and PLA(1000)-
b-PEG(10000) at 10 wt % PEG loading, we observed a melting
temperature for PEG, indicating that 10 wt % is the onset of
phase separation. Although this onset was established, wettabil-
ity testing was required to determine if PEG phase separated
within the fiber or to the fiber surface.
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Figure 3. Comparison of average diameters.

PLA/PEG compression and injection molding blends were inves-
tigated by Sungsanit et al. who determined phase separation
after 10 wt % PEG, as evidenced by the observation of the PEG
Tm in DSC scans.’® In our case, PEG homopolymer formed a
separate phase with a measurable melting point at loadings as
low as 5 wt % PEG. This data provides the first evidence that
the electrospinning processing method, including rapid elonga-
tion of the spinning jet, solvent evaporation and an electrical
charge at the fiber surface increases the tendency towards phase
separation in this system. When PEG was added as PLA-b-PEG
copolymer, a separate PEG phase was not measurable at PEG
loadings less than 10 wt %, confirming that the block copoly-
mer structure improves compatibility between materials in the
fiber.

The melting temperature for PEG varies the most with increas-
ing wt % PEG from PLA(1000)-b-PEG(10000) (Supporting
Information Figure S3). The melting temperature of PEG from
PLA(1000)-b-PEG(10000) shows a gradual increase with
increasing wt % PEG; however, differing melting temperatures
have been observed with different number of chain folds within
the crystalline structure of PEG and it affects the ability of PEG
to unfold upon heating.®® The rise in melting temperature of
PEG shown by PLA(1000)-b-PEG(10000) can thus be attributed
to chain unfolding occurring with increasing wt % PEG.

In a study by Gines et al., melting enthalpies increased with
increasing molecular weight of PEG up to 6000, and then
decreased with further molecular weight increase.*’ In this
study, the highest molecular weight PEG from PLA(1000)-b-
PEG(10000) maintains a relatively low enthalpy with increas-
ing wt % PEG whereas when the molecular weight of PEG is
6000 or less as in the case for PEG(6000) and PLA(1000)-b-
PEG(5000) enthalpy increases with increasing wt % PEG. By
calculating AH =0 we were able to determine the point when
PEG crystals first form. PLA(1000)-b-PEG(10000) have crystals
forming at the lowest PEG concentration, 2.9 wt %, while
PEG(6000) and PLA(1000)-b-PEG(5000) have crystals forming
at 5.7 and 10.5 wt % PEG, respectively (Supporting Informa-
tion Figure S4). Therefore, the larger diameters observed in
SEM for PLA(1000)-b-PEG(10000) can be attributed to: (i)
the formation of PEG crystals at this lower wt % PEG, (ii) the
ability of PEG(10000) to display three folded crystals, and (iii)
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the longer chains of PEG(10000) resulting in greater chain
entanglements.

DSC cycling heat-cool-heat thermographs were taken for 0 wt
% PEG fibers and 12 wt % PEG from PEG(6000), PLA(1000)-
b-PEG(5000), and PLA(1000)-b-PEG(10000) fibers. On first
heating [Figure 4(A)], a PEG melting endotherm is present for
fibers containing copolymer PLA-b-PEG or homopolymer PEG.
The PEG melt, however, is no longer visible upon reheating,
providing evidence that the electrospinning process drives phase
separation of PEG. PLA crystallization occurred on cooling for
all fibers containing PLA-b-PEG or PEG, while the 0 wt % PEG
fibers did not show any crystallization upon cooling. During the
re-heating [Figure 4(B)], we only observed the Tc peak for the
0 wt % PEG fibers, and it shifts to higher temperatures. Also,
during the re-heating two distinct melting peaks for PLA,
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Figure 4. (A) DSC 1st heating scan. (B) DSC scan after the fibers have

been cooled and re-heated (2nd heating). The DSC results have been
shifted for clarity of graphs.
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domains within the fiber become more prevelant than PEG at the fiber surface.

representative of the two crystal forms, o and o, are

observed.**? Therefore addition of PEG both increases chain
mobility and promotes PLA crystallization.

Swelling Comparisons

Overall fabric dimensions of fabrics containing 0 and 10 wt %
PEG did not change in our swelling experiments. Although the
nonwoven fabrics containing PLA-b-PEG maintained their
dimensions, the individual fibers within the fabrics swelled and
retained their swollen diameters even after re-drying for SEM
imaging. No other differences in the fiber morphology were
apparent. SEM images of nanofabric control samples and post
DI water contacted samples are shown in Supporting Informa-
tion Figure S5. 10 wt % PEG(6000), 10 wt % PEG from
PLA(1000)-b-PEG(5000), and 10 wt % PEG from PLA(1000)-b-
PEG(10000) all had a diameter increase after the swell test of
51, 49, and 18%, respectively. The 0 wt % PEG fibers showed a
decrease in diameter of 18%. PLA electrospun fiber diameter
has been previously observed to shrink when exposed to water
due to its hydrophobic nature.>** Our results indicate that the
PLA-b-PEG fibers are insoluble in water.
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Wettability

A comparison of our nonwoven nanofabric’s measured wettabil-
ity and a schematic diagram depicting PEG phase separation
(with increasing concentrations of PEG from copolymers) to
the fiber surface is shown in Figure 5. The wettability of the
fabrics depends on three factors: fiber diameter, interfiber pore
size, and fiber surface chemistry.'® For nonwoven fabrics with
identical chemistry, a decrease in diameter corresponds to a
decrease in pore size, which increases its capillary action.® Fab-
rics made from similar or larger diameter fibers that have
greater wettability than fabrics made from smaller diameter
ones most likely have an excess of PEG on the fiber surface that
enhances wicking even for a reduced pore size.'"® The change in
wettability cannot be attributed simply to changes in fiber
diameters since fibers with statistically equivalent diameters and
the same overall PEG loading vary greatly in water wicking. At
12-14 wt % PEG loading, the addition of PEG(6000) results in
no improvement in wettability while addition 12 wt % PEG
from PLA(1000)-b-PEG(5000) and 12-14 wt % PLA(1000)-b-
PEG(10000) results in a 1300% increase in water uptake.

J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.41030
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Competition between PEG phase separation to the fiber surface
and to the crystalline phase within the fiber is evidenced by our
wettability measurements. Once the crystalline phase of PEG
begins to form within the fiber, as determined by DSC measure-
ments, PEG is no longer available at the fiber surface to aid in
water wicking. Adding homopolymer PEG does not result in a
large increase in wettability due to the phase separated crystal
formation of PEG that is measurable at 5 wt % PEG(6000)
loading within the fiber. Significant wettability is not seen with
PLA(5000)-b-PEG(1000) as high enough loadings of PEG were
never spinnable with this copolymer. At 5 wt % PEG, the wett-
ability of samples produced with PEG(6000), PLA(5000)-b-
PEG(1000) and PLA(1000)-b-PEG(5000) are identical. Using
the combination of DSC and water wicking measurements we
were able to establish that after 12 wt % PEG from the
PLA(1000)-b-PEG(5000) and PLA(1000)-b-PEG(10000) is
exceeded, crystalline domains within the fiber are favored over
PEG separation to its surface. 12 wt % PEG from PLA(1000)-b-
PEG(5000) 12-14 wt % PEG from PLA(1000)-b-
PEG(10000) are statistically similar in water uptake and can
absorb up to 1300% their original weight.

and

CONCLUSIONS

Our incorporation of PEG into PLA dopes during electrospin-
ning resulted in the formation of fine, uniform, hydrophilic, yet
non-water soluble nanofibers. Loadings up to 16 wt % PEG
into the PLA fibers was facilitated by the addition of a con-
trolled heating system to the electrospinning apparatus. Main-
taining a short block length of the PLA component of the
copolymer also allowed for incorporation of higher loadings of
PLA-b-PEG. With our additions of PLA-b-PEG, fiber diameter
significantly decreased compared to the control PLA fibers.

We confirm PEG acts as a plasticizing agent and decreases the
Tg and increases the PLA crystallinity within the nanofibers. As
the PEG block length increases from 5000 to 10000, PEG chain
entanglements became viable. Thus, nanofibers containing
PLA(1000)-b-PEG(10000) were larger in diameter than nanofib-
ers formed with lower molecular weight PEG homo and copoly-
mers, and DSC melting behavior was consistent with increased
folding as the PLA(1000)-b-PEG(10000) loading
increased.

chain

We determined that PEG phase separation to the fiber surface
resulted in improved wettability. By addition of PEG as a
copolymer, as opposed to homopolymer, the onset of PEG crys-
tallization within the fibers is delayed to higher overall PEG
loadings; however, once PEG crystalline domains formed
(greater than 12 wt % PEG from copolymer), wettability of the
nanofabrics decreased despite the higher overall PEG loadings.
At their maximum wettability, PLA-b-PEG nanofabrics are non-
water soluble and absorb 1300% their weight in water.

For viability as a commercial membrane, our multicomponent
materials must be adaptable to scaled-up processing. Several dif-
ferent methods have been employed for scaling up single solu-
tion electrospinning such as multiplexing to spin numerous jets
from multiple needles, and producing multiple jets directly
from the surface of a polymer solution without needles.”~°
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Because this work used a single spinning solution, the scale-up
using these methods should be viable. The scalability of produc-
tion and ability to functionalize these hydrophilic and non-
water soluble fibers should allow for their use in the capture
and detection of specific targets in aqueous systems.
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