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ABSTRACT: We examine single step reactive electrospinning of poly(vinyl alcohol) (PVA) and a chemical
cross-linking agent, glutaraldehyde (GA), with hydrochloric acid (HCI) as a catalyst to generate water
insoluble PVA nanofibers. Such an approach using a conventional setup with no modification enables the
fibers to cross-link during the electrospinning process, thereby eliminating the need for post-treatment.
Significant changes in the rheological properties occur during in situ cross-linking, which we correlate with
electrospinnability. In particular, we associate changes in dynamic rheological properties to changes in fiber
morphology for two regions: (1) below the critical concentration to electrospin PVA only and (2) above the
critical concentration to electrospin PVA only. In region 1 fiber morphology changes from beaded fibers to
uniform fibers to flat fibers, and in region 2 fiber morphology changes from uniform fibers to flat fibers.
Electrospinning windows to generate uniform fibers for both regions are determined and can be manipulated
by changing the molar ratio of GA to PVA and the volume ratio of HCI to GA. The electrospun fibrous
material generated can be rendered insoluble in water, and the uniform fiber morphology can be maintained
after soaking in water overnight. The reactive electrospinning process also lowers the critical PVA

concentration required for successful electrospinning of the system.

Introduction

Poly(vinyl alcohol) (PVA) is a water-soluble and biocompa-
tible polymer, with excellent chemical and thermal stability.'*
Applications of PVA are limited by its hydrophilicity, but
chemical cross-linking improves its stability in aqueous media.>*
Chemical cross-linking by glutaraldehyde (GA), a dialdehyde,
during which the hydroxyl groups of the PVA and the aldehyde
groups of GA react in the presence of a strong acid, has been well
studied.*”” Membranes of nanofibrous cross-linked PVA are
being studied in filtration and membrane applications. Cross-
linking is advantageous because it renders the nanofibers inso-
luble in all solvents and increases the mechanical properties of the
membranes; insolubility is especially desirable for filtration
applications.> 68

Electrospinning is a simple technique used to generate nano-
fibrous membranes and nanofiber composites.”'® It involves the
application of a high voltage (1—30 kV) to induce the formation
of a liquid jet of polymer solution or melt. As the jet of polymer
solution is stretched and whipped due to electrostatic forces, solid
fibers are collected in a nonwoven mat. The basic electrospinning
setup has three major components: a high-voltage power supply,
a capillary device, and a ground collector. A positive displace-
ment pump forces the polymer out of the capillary. Simulta-
neously, a high-voltage electric field is applied which generates
charges in the pendant drop of the polymer liquid at the nozzle.
With increasing electric field, the droplet takes on a conical shape
(called a Taylor cone), and from its apex a fine liquid jet ejects
toward the collector. The electrified jet undergoes stretching
and whipping, resulting in a long and thin fiber. As the liquid
jet is continuously extended and the solvent evaporates, there
is a significant reduction in the diameter of the jet from seve-
ral hundred micrometers to as low as tens of nanometers.
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Eventually, the charged fiber is deposited onto the grounded
collector plate as a random, nonwoven mat of nanofibers.
Despite the simplicity of the electrospinning setup, the actual
mechanism of nanofiber formation is rather complex. The
electrospinning process is affected by solution properties such
as the type and conformation of the polymer, viscosity, electrical
conductivity, and surface tension as well as operating conditions
such as the applied voltage, the tip to target distance, and the feed
rate of the polymer.”'°

Water-insoluble electrospun PVA membranes are often pro-
duced in a two-step process: first, an aqueous PVA solution is
electrospun to generate nanofibrous membranes, and then the
membranes are cross-linked ex sifu by exposure to GA and a
strong acid in solution with a nonsolvent for PVA such as acetone
or ethanol. Another approach that has been investigated is vapor
phase cross-linking wherein the membranes are exposed to GA
and strong acid vapors.*'"'* While it is desirable to eliminate
post-electrospinning treatment and accelerate the production pro-
cess, very limited work has been done in trying to cross-link PVA
or other nanofibers in a simple one-step process. Recently, single
step formation of cross-linked electrospun nanofibers using the
basic electrospinning setup with PVA cross-linked with maleic
anhydride in the presence of a strong acid and chitosan cross-
linked with glutaraldehyde have been examined.”®*! Changes in
viscosity were not observed in the case of chitosan and glutar-
aldehyde or noted in the case of PVA and maleic anhydride
whereas GA is known to cause significant rheological changes
when added to PVA solutions.?"** The morphology of the elec-
trospun cross-linked material after soaking in an aqueous envir-
onment was also not reported; thus, uncertainty remains regarding
the effect of soaking on fiber morphology. These results taken
together indicate that several issues still remain in understanding
fully a single step cross-linking process with electrospinning.

In this study, we undertake a systematic approach to deve-
lop and examine an in situ process to electrospin cross-linked
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nanofibers using a simple setup without reverting to any mod-
ifications. We seek to examine the role of rheology as well as the
cross-linking reaction in establishing a window for electrospinn-
ability, the effect of cross-linking on final fiber morphology, and
whether cross-linking can be exploited to obtain defect-free fibers
at entanglement concentrations lower than that typically re-
quired.”*** Our work builds on the rheology background of
our group™ *® and on the cross-linking work that has been
undertaken thus far in the literature on electrospun nanofibers.

Several single step processes for cross-linking electrospun nano-
fibrous membranes have been reported, eliminating post-electro-
spinning treatment and accelerating the production process.
However, these studies have typically required changes in setup
design. In situ photo-cross-linking of polymer fibers during electro-
spinning by incorporating a source of ultraviolet light into the basic
electrospinning setup has been reported.”** However, this ap-
proach is limited to electrospinnable, photocurable materials and
requires a specialized electrospinning setup. A coaxial reactive
cross-linking setup, in which the polymer to be cross-linked is in a
core syringe and the chemical cross-linking agent is in the shell with
an electrospinnable polymer, has also been developed.®' This
methodology, though, requires a second step in which the electro-
spinnable polymer shell is selectively removed after electrospin-
ning.>! Using the basic electrospinning setup, chemical cross-linkers
have been incorporated into the electrospinning solution but require
post-electrospinning treatment to activate the reaction.*'*

In situ cross-linking has also been reported as part of a sol—gel
electrospinning process used to generate gelatin and siloxane
hybrid nanofibers.* The process required aging at 37 °C for
10—30 h prior to electrospinning.® The hybrid fibers do not
dissolve when immersed in an aqueous environment, but the fiber
morphology is not maintained. Sol—gel electrospinning using
PVA to form inorganic—organic composite material has been
previously described, but in the context of producing inorganic
nanofibrous materials such as silica, hydroxyapatite, CeO,, etc.,
following a calcination step.™* ™

We report a single step process to produce cross-linked PVA
nanofibrous membranes using a basic electrospinning setup by
incorporating GA and a strong acid (HCI) into the electrospinn-
ing solution immediately before processing. The effects of the
cross-linking reaction on the rheological properties of the PVA/
H,O/GA/HCI solution were monitored in parallel with the
electrospinning process. Viscosity, elastic modulus, and viscous
modulus of the solutions increase as a function of time; however,
the values of such parameters are specific for a given solution as
they depend on the concentration of the components. Although
solution viscosity can be used to predict morphology of electro-
spun material,”*4° changes in the viscosity were not a con-
venient parameter to monitor the in situ cross-linking process
because they are affected by PVA, GA, and HCI concentrations.
Changes in the phase angle 0, a measure of the ratio of the viscous
modulus to the elastic modulus, were not dependent on the
concentration of the components; it decreased from ~90° and
~10° universally during cross-linking. Furthermore, the phase
angle was a universal parameter that correlated with changes in
the morphology of electrospun material. While monitoring
changes in the phase angle in parallel with the electrospinning
process, we were able to identify appropriate electrospinning
windows for PVA/H,O/GA/HClI solutions to generate bead-free
fibers. The range of the electrospinning windows was determined
and could be manipulated by varying the GA and HCI concen-
trations. Fiber morphology after exposing the electrospun in situ
cross-linked fibers to aqueous media was also examined.

Experimental Section

Materials. PVA (average molecular weight 127000 g/mol,
88% hydrolyzed) and hydrochloric acid (37% purity) were
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Scheme 1. PVA and GA Cross-Linking Mechanism’
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obtained from Aldrich. Glutaraldehyde (50% aq) was received
from Acros. All materials were used as received.

Electrospinning. Aqueous PVA solutions were prepared by
stirring mixtures of PVA and deionized water at 60 °C until they
were homogeneous. The polymer solution, GA, and HCI were
combined in appropriate proportions at room temperature and
stirred briefly; a portion of the solution was electrospun and
another portion tested rheologically immediately after prepara-
tion. The addition of the final component (HCI) was assumed to
initiate the cross-linking reaction (Scheme 1).

To electrospin, ~1 mL of the PVA/H,O/GA/HCI solution
was loaded into a syringe fitted with a stainless steel needle
(0.508 mm i.d.) and attached to a power supply (Gamma High
Voltage Research, D-ES-30PN/M692). A flow rate of 0.5 mL/h,
collecting distance of 15 cm between the tip of the needle and the
ground collector plate covered with foil, and applied voltage of
10—22 kV were used. To monitor the fiber morphology during
the electrospinning process, we conducted rheology on the
electrospinning solution and measured the phase angle (J) as a
function of time. We divided the range of ¢ (between 90 and 10)
atselected intervals of d (e.g., 75,45, etc.) and examined the fiber
structure at the end of the interval by collecting the fibers on foil
until a given 0 and then changing the foil. Since SEM analysis is
limited to the surface, we assumed that the fibers observed
corresponded to the ¢ value at the end of the interval although
there were fibers lying beneath that were collected over a range
of 0 values. The procedure was repeated for each sample to
ensure reproducibility.

In order to determine whether the electrospun material had
been cross-linked, small sections of the electrospun mat were cut
out at various times and soaked in deionized water at room
temperature overnight. Samples were removed from the water
and dried at ambient conditions for several hours before further
analysis.

Rheological Measurements. The zero-shear viscosity of pure
PVA solutions was measured at 25 °C using a TA Instruments
AR-G2 rheometer using a 40 mm diameter, 2° cone and plate
geometry. Dynamic oscillatory shear experiments were also
performed on selected samples as a function of time at 25 °C
using the same rheometer and configuration, but with a solvent
trap. A frequency of 10 rad/s and a stress of 1 Pa were used for all
experiments because it was within the linear viscoelastic region
of the solutions. Measurements of the elastic (G’) and viscous
(G") modulus along with loss tangent tan 6 (= G”/G’), in which
d corresponds to the phase shift, were taken every 30—60 s for up
to 8 h.

Sample Characterization. To examine the fiber morphology,
samples, as spun and after soaking, were sputter-coated with a
~10 nm layer gold and analyzed with a scanning electron
microscope (SEM, FEI XL-30) at 5 kV. The average fiber size
and standard deviation were determined by measuring the
diameter of 100 fibers using ImagelJ software.

Thermal properties of the nanofibrous mats were exa-
mined with differential scanning calorimetry (DSC) with TA
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Instruments model DSCQ2000. Samples were heated from —20
to 235 °C at a rate of 10 °C/min under nitrogen. The glass
transition temperature was determined from the inflection point
of the specific heat capacity of the second scan as has been
previously reported.*'*> Glass transition temperatures were
measured in triplicate.

Infrared spectra (400—4000 cm ') of native PVA and cross-
linked samples were measured with a Nicolet 6700 FTIR
spectroscope (Thermo Electron Corp.). The absorbance peaks
for the hydroxyl (—OH) group at 3315 cm ™' and the peak at
1097 cm™ ', attributed to —COC groups, were normalized. The
ratio of the peak heights (—COC/—OH) were compared for
native PVA and cross-linked PVA samples.*

Results and Discussion

Effect of Polymer Concentration. We begin by investigat-
ing the correlation of native PVA solution dynamics with the
resulting morphology of the electrospun material (Figures 1
and 2, left column). Figure 1 shows the normalized zero shear
viscosity of PVA solutions as a function of polymer concen-
tration. Solution viscosity, a measure of polymer entangle-
ment, can be used to predict the morphology of electrospun
material.>>**** Common fiber morphologies, i.e., beaded
fibers and uniform fibers, have been correlated with different
polymer concentration regions.”* For our system, below
2wt % PVA, we find that 7, ~ ¢'? (where Nsp 1s the specific
viscosity and cis the PVA concentration), consistent with the
theoretical prediction for semidilute, nonentangled solutions
of a neutral polymer in a good solvent.**** Above 3 wt %
PVA, 13%) ~ 8, characteristic of semidilute entangled solu-
tions.**** The entanglement concentration is 2.5 wt % PVA,
as indicated by the change in slope in the 7y, vs ¢ plot
(Figure 1).*° As shown in Figure 2 (left column), semidilute
nonentangled solutions (region I) produce nonuniform
beaded fibrous materials; semidilute, entangled solutions
produce beaded fibers with increased uniformity when qua-
litatively compared to region I (region II); concentrations
above 6 wt % PVA (critical concentration) produce uniform
fibers (region III). The critical concentration to spin PVA
only is 6.0 wt %, which is 2.5 times greater than the
entanglement molecular weight of 2.5 wt % (Figure 1) and
agrees well with previous studies.?*

PVA solutions from the three concentration regimes were
subjected to cross-linking during the electrospinning process
by adding GA and HCI, and the fiber morphologies obtained
are examined in Figure 2 (right column). The solutions in
region I transition from nonuniform beaded fibrous materi-
als to beaded fibers with increased uniformity. Interestingly,
solutions in region II transition from beaded fibers with
increased uniformity to uniform fibers, some with flattened
morphology. Finally, solutions in region III transition from
uniform fibers to flattened fibers, some as large as a few
micrometers in diameter.

In situ cross-linking thus causes significant changes in fiber
morphology. The transitions from beaded fibers to uniform
fibers to flat fibers indicate increased effective molecular
entanglement and molecular weight due to the presence of
GA. Flat PVA fibers have been previously observed and
attributed to high molecular weights.*> Koski et al. specu-
lated that at high molecular weights relatively wet fibers are
flattened on impact when deposited due to reduced solvent
evaporation and increased viscosity. Increased viscosity and
increased effective molecular weights may indicate intermo-
lecular cross-linking at the concentrations of PVA and GA
used, which are higher than previously used to prepare
intramolecular cross-linked water-insoluble gels.” Because
of the apparent increase in molecular entanglement, semidi-
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Figure 1. Rheological solution properties of PVA: a log—log plot of
specific viscosity vs concentration for PVA solutions.

lute entangled PVA solutions (e.g., 4% PVA sample in
Figure 1 and Figure 2, left) that typically form beaded fibers
can now produce relatively uniform fibers during in situ
cross-linking, thus lowering the critical PVA concentration
required for uniform fiber formation.

Time-Dependent Rheology and Electrospinnability. The
transformation in fiber morphology with time, following
the addition of HCI and GA, suggests that significant
rheological changes in the precursor solution occur during
electrospinning. To examine this issue, dynamic rheological
properties of the PVA/H,O/GA/HCI solutions were mon-
itored as a function of time in parallel with the electrospinn-
ing process. Figure 3 shows the complex viscosity, viscous
modulus, and elastic modulus for a typical solution under-
going in situ cross-linking in the rheometer. We find that
PVA with either GA or HCI alone exhibits no time-depen-
dent behavior. However, PVA samples containing both GA
and HCI undergo substantial change in rheological behavior
with time; the systems start out with G’ < G’ and then
become more elastic where G' > G”. Please note that we did
not monitor changes in the frequency spectrum with time
using the multiwave technique because it was difficult to find
a meaningful frequency—strain combination in the linear
regime, and our focus had not been establishing the gel
point.>>#*~% The latter is an interesting issue in terms of
its relation to electrospinning with in situ cross-linking and
will be the subject of a future endeavor.

The viscoelastic changes observed in Figure 3 together
with the changes in fiber morphology observed between as
spun PVA fibers with and without the addition of GA and
HCI (Figure 2) suggest that there are specific windows of
time during in situ cross-linking in which region Il and region
IIT solutions (cf. Figure 2) can successfully electrospin to
produce uniform fibers. Measuring the dynamic rheological
properties simultaneously with electrospinning, we related
the electrospinning window to rheological properties. We
use the phase angle (0) as an indicator of the electrospinning
windows for two representative polymer concentrations
in the two regimes (Figure 4). As the in situ cross-linking
progresses, 0 falls from ~90° to ~10°, indicating a change
from a Newtonian solution to a viscoelastic material. The
shape of the delta curve (shown with data arbitrarily from
7 wt % PVA) is found to be universal for all samples. For a
given PVA concentration, production of uniform fibers
occurs over a constant range of delta values (“electro-
spinning window”) that is independent of the concentration
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Figure 2. SEM micrographs of PVA and in situ cross-linked PVA from regions I, I1, and I1I: 2 wt % PVA, 550:1 mol:mol ratio GA:HCI; 4 wt % PVA,
90:1 mol:mol ratio of GA:HCI; 8 wt % PVA, 90:1 mol:mol ratio of GA:HCI.
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Figure 3. Time-dependent rheology of PVA/GA/HCI solutions measured at a frequency of 10 rad/s and stress of 1 Pa. (a) Complex viscosity (7*), (b)
viscous (G'') and elastic (G") moduli, and (c) phase angle (0) as functions of time during in situ cross-linking, shown for a representative sample (7 wt %

PVA, 90:1 mol:mol ratio of GA:HCI, 10:1 vol:vol ratio GA:HCI).

of GA or HCI. That is to say, while the time required to reach
the critical window and the time span of the electrospinning
window changes as functions of GA and HCI concentra-
tions, the values of O that result in an electrospinnable
solution remain constant and are a convenient parameter
to monitor electrospinnability. For ¢ > electrospinning
window, electrospinning results in beaded fibers, while 6 <
the critical window produces flattened fibers.

For example, by comparing the changes in precursor
solution rheology to fiber morphology for the region II
solution (PVA = 4 wt %), we see that as ¢ falls from 90°
to 45°, the number of bead defects decreases. Beaded fibers

give way to fibers when 0 is ~25° and then to flattened fibers
as 0 drops further to 10°. A conservative estimate for the
electrospinning window for region II solutions is for 45 > 6
> 25. For a region I1I solution (8 wt % PVA), the uniform
fibers transition to large flattened fibers as ¢ falls to 75°; thus,
a conservative estimate of the electrospinning window for
these solutions is 0 > 85°. In defining an electrospinning
window, we examine the fiber morphology at a set of
intervals of 0; from this we obtain a range of § values over
which high-quality (defect-free) fibers are produced. We
allude to this range of J values as electrospinning window
and use it as a rough guide to predict electrospinnability of a
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Figure 4. Electrospinning window shown in term of ¢ (arrows) for two
PVA solutions. The shape of the 0 curve, from an arbitrary sample, was
found to be universal; values of 0 are used to predict electrospinnability
for a given PVA concentration independent of GA and HCl concentra-
tions. The time ranges of the electrospinning window based on the
values of ¢ are also shown; however, the time at which the delta values
occur are not the same for the two samples.

region II or region III solution, based on the concentration
relative to the entanglement concentration.

It is worthwhile to mention that the window to electrospin
region II solutions occurs below ¢ values of 45°. Because a
0 = 45° can be used as a rough estimate of the gel point of
a solution, in certain cases in situ cross-linking is similar to
sol—gel electrospinning.**>* Interestingly, in the case of
in situ cross-linking of PVA through the addition of GA
and HCI to the precursor solution produces uniform fibers
from solutions of PVA at 1—1.5 times the entanglement
concentration, thus lowering the critical electrospinning
concentration by 2—2.5-fold. Because lower concentrations
of in situ cross-linked PVA compared to native PVA can
form uniform fibers, smaller PVA fibers can be produced,
leading to increased specific surface area.

Effects of Cross-Linker (GA) and Catalyst (HCI). Because
the kinetics of the cross-linking reaction is known to be a
function of polymer, cross-linker, and catalyst concentra-
tions,” we manipulated the time range of the electrospinning
windows by varying the cross-linker (GA) as well as the
catalyst (HCI) concentrations for a constant PVA concen-
tration (region III). By changing the mole to mole ratio of
GA to PVA from 54:1 to 181:1, while holding the volume to
volume ratio of HCI to GA constant (1:10), the window
for region III could be varied from 92 to 9.5 min (Figure 5a).
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Figure 5. Manipulation of the electrospinning window: log—log plots
of the range of the electrospinning window vs GA concentration and
HCI concentration for solutions above the critical concentration
required to electrospin PVA only (region III).

By changing the volume to volume ratio of HCI to GA from
0.04 to 0.2 while holding the mole to mole ratio of GA to
PVA constant (90:1), the electrospinning window for region
IIT solution ranged between 210 and 17 min (Figure 5b).
Note that the 6 range is same for all cases as it set by the
polymer concentration.

When we change the HCI concentration only while hold-
ing all other concentrations constant by changing the volume
to volume ratio of HCI:GA while holding the mole to mole
ratio of the GA:PVA constant, the range of the electrospinn-
ing window is inversely proportional to the square of the HCI
concentration (Figure 5b). However, when the mole to mole
ratio of GA:PVA is varied while holding the volume to
volume ratio of HCl:GA constant, both concentrations of
GA and HCI are changing. In the case where the catalyst
(HCI) and the cross-linker (GA) concentrations are both
changing (Figure 5a), we observe that the scaling of the
electrospinning window remains approximately the same
(—2) as the case where only the HCIl concentration was
changed. These data imply that the range of the electrospin-
ning window has little dependence on GA concentration but
changes with the square of the HCI concentration. The result
is similar to previous studies that examined the kinetics of
the cross-linking reaction between GA and PVA using
H,SO, as a catalyst in a solution cast film where Kim et al.
report a first-order dependence on H,SO,4 concentration.
The authors also report a first-order dependence on GA
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Figure 6. SEM micrographs and fiber size distributions of PVA, in situ cross-linked PVA, and in situ cross-linked PVA, soaked in water (7 wt % PVA,
90:1 mol:mol ratio GA:HCI, 10:1 vol:vol ratio GA:HCI determined by measuring 100 fibers).

concentration, whereas we see an approximate zero-order
dependence when using the range of the electrospinning

window as a measure of reaction kinetics.’

indicates that the in situ cross-linking reaction is done with
a large excess of GA; therefore, the reaction kinetics are not
strong functions of GA concentration at the levels used.
Although there is some arbitrariness in the choice of d, our
results show that for a chosen window the time range can be

manipulated using the kinetics.

Effect of Soaking on Fiber Morphology. Maintaining the
fiber morphology is important for applications where high
surface area-to-mass ratios are considered advantageous. In
specific cases, we were able to successfully cross-link PVA
during the electrospinning process, as the fiber morphology
could be maintained after soaking in water. This is illustrated
for a sample containing 7 wt % PVA in Figure 6. The average
fiber diameter is not affected by in situ cross-linking PVA
(254 £ 68 nm) compared to native PVA (233 + 29 nm).
Further, the size is not significantly affected by soaking in
water (228 £+ 66 nm). We speculate that the in situ cross-
linked fibers show a wider distribution, indicated by the
increased standard deviation, due to the constantly chang-
ing viscosity of the electrospinning sample. The in situ cross-
linked PVA also had a glass transition temperature of 85.3 +
0.9 °C (average of three measurements + standard devia-
tion), higher than electrospun samples of PVA only with a
glass transition temperature of 70.2 4+ 0.5 °C (data not shown
but included as Supporting Information). The change in
glass transition temperature is comparable to previous re-
ports for cross-linked PVA.*' FTIR analyses of the cross-

We observed that the morphology after soaking was
affected by the GA and HCI concentrations in the electro-
spinning solution. Examining 7 wt % PVA solutions (region
I1T), there were critical GA and HCl concentrations required
to maintain fiber morphology after soaking in water. SEM
images of 7 wt % PVA with a 10:1 volume of GA to volume
of HCI, with various concentrations of GA before and after
soaking are shown in Figure 7. Below a mole of GA to mole
of PVA ratio of 27:1, all electrospun material dissolves when
soaked in water. Between a ratio of 36:1 and 90:1, the PVA is
cross-linked, but the fibers fuse when soaked in water and the
fiber morphology is not maintained. At a ratio of 90:1, the
fiber morphology is maintained after soaking in water, but
above a ratio of 90:1 some swelling occurs.

SEM images of 7 wt % PVA with a 90:1 mole GA to mole
PVA ratio, with various concentrations of HCI before and
after soaking, are shown in Figure 8. Below a volume GA to
volume of HCl ratio of 50:1, the PVA was not affected by the
addition of GA within the time frame examined and was not
cross-linked, and thus the electrospun material dissolved
when soaked in water. Above a ratio of 25:1 but below
10:1, the PVA cross-linked but the fiber morphology was not
maintained after soaking in water. With a ratio of 10:1, the
PVA was successfully cross-linked and the fiber morphology
was maintained after soaking in water. While the PVA cross-
linked with ratios above 10:1, the fibers swelled significantly
when soaked in water.

The effective molecular weight of PVA increases due to
changes in the effective polymer entanglement arising from
intermolecular cross-linking during the electrospinning pro-

This result

linked sample (data not shown but included as Supportln% cess, leading to larger fibers with flattened morphology.

Information) shows a decrease in absorbance at ~3315cm

relative to the absorbance at ~1097 cm ™' due to the cross-
linking reaction in which the hydroxyl groups react with
aldehyde groups to form ether linkages.*** The ratio of the
"'to the absor-

peak height of the absorbance at ~1097 cm™

bance at ~3315 cm ™' for the cross-linked sample is ~17%
higher than the native PVA sample, further evidence of the in

situ cross-linking reaction.

However, flattened fibers do not appear to cross-link con-
sistently, which suggests there may be an upper limit to the
fiber size and molecular weight that can be cross-linked
in situ. Above the critical GA and HCI concentration, the
onset of the flattened fiber morphology due to the increase in
entanglement, and thus polymer molecular weight occurs
quickly relative to the time it takes to sufficiently cross-link
the electrospun fibers. The resulting fibers thus lose their
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Figure 7. SEM micrographs of in situ cross-linked PVA with varying
GA concentration before and after soaking in water.
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Figure 8. SEM micrographs of in situ cross-linked PVA with varying
GA concentration before and after soaking in water.

morphology when exposed to water. However, at the critical
GA and HCI concentrations, in the range of the electrospin-
ning window, there is a fine balance between increasing
molecular weight and entanglement of PVA and sufficient
cross-linking to maintain fiber morphology.
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Figure 9. SEM micrographs of (A) 4 wt % PVA (region II),
(B) in situ cross-linked 4 wt % PVA when 0 was 25, (C) 4 wt % PVA
with a mole PVA to mole GA ratio of 90:1 in situ cross-linked and
soaked, and (D)4 wt % PVA with a mole to mole PVA to mole GA ratio
of 180:1 in situ cross-linked and soaked.

Electrospun fibers from region II were also examined
before and after soaking (Figure 9) and a mole PVA to mole
GA ratio of 90:1 was not sufficient to successfully cross-link
the PVA so that the fiber morphology was maintained in
water. With higher concentration of GA, the fiber morphol-
ogy after soaking could be improved but not maintained as
the fibers swell significantly after soaking in water (Figure 9).
It appears that in the time it takes to electrospin the GA
present in region II solutions cross-linked in situ is only
sufficient to increase entanglement to eliminate beads and
allow for production of uniform fibers. However, the GA
present is not sufficient to successfully cross-link those fibers
such that the fiber morphology is maintained after soaking in
water.

Because lower concentrations of in situ cross-linked
PVA compared to PVA can form uniform fibers, smaller
PVA fibers can be produced. For example, 7 wt % pure PVA
(region IIT) has an average fiber diameter of 233 4+ 29 nm,
whereas 4 wt % pure PVA (region II) forms beaded fibers.
When 4 wt % PVA is cross-linked in situ, at the end of the
electrospinning window, the average fiber diameter is 178 +
29 nm. The 25% reduction in fiber diameter increases specific
surface area by 33%. The smaller in situ cross-linked 4 wt %
PVA would have to be further cross-linked in a post-electro-
spinning step to maintain fiber morphology when soaked in
water.

Conclusions

We have incorporated a chemical cross-linker and catalyst to
PVA solutions to perform in situ cross-linking of nanofibers with
a basic electrospinning setup. The cross-linking reaction causes
significant changes in solution rheology and fiber morphology.
As the solution viscosity increases, molecular entanglement
increases as fibers can transition from beaded fibers to uniform
fibers to flat fibers. The window for obtaining uniform fibers was
identified by simultaneously measuring dynamic rheological
properties and electrospinning, and the range of the window
could be manipulated by varying the molar ratio of PVA to GA
and the volume ratio of GA to HCI. The transition from beaded
fibers to uniform fibers lowers the critical PVA concentration
required to electrospin from 2 to 2.5 times the entanglement
concentration for PVA solutions to ~1—1.5 times the entangle-
ment concentration for PVA/H,O/GA/HCI solutions. In situ
cross-linking also yields insoluble fibers whose morphology can
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be maintained after soaking in water. Critical GA and HCI
concentrations were observed for cross-linking and maintaining
fiber morphology.
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