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ABSTRACT: Mechanical characterization of nanofiber
mats is an underexplored area in biomaterial engineering.
In this study, a chitosan—poly(ethylene oxide) copolymer
blend was electrospun and crosslinked with glutaraldehyde
(GA) for various time periods. The tensile and compressive
mechanical integrity of the nanofibers was analyzed with
increasing exposure to vapor crosslinking. Solubility, scan-
ning electron microscopy characterization, Fourier trans-
form infrared, uniaxial tensile tests, and nanoindentation
analyses were used to identify these trends. The mechanical
studies confirmed that the GA vapor crosslinking increased
the stiffness and decreased the ductility of the electrospun

mats. Increased exposure time to crosslinking led to
changes in the mat surface color and resistance to dissolu-
tion. Scanning electron microscopy fiber counts verified that
exposure to GA vapor crosslinking increased the average
fiber diameter. By the use of vapor phase deposition, me-
chanical properties continued to change throughout the
study. The crosslinking exposure time could be chosen to
accommodate in vivo mechanical loading. © 2008 Wiley Peri-
odicals, Inc. ] Appl Polym Sci 109: 968-975, 2008

Key words: biopolymers; crosslinking; fibers; mechanical
properties

INTRODUCTION

Natural polymers are preferred over synthetic poly-
mers for tissue engineering because of their low
immunogenicity, nontoxic degradation, and improved
biocompatibility and bioresorbability." Chitosan, the
N-deacetylated derivative of chitin (at least 60%
deacetylated), is found in the shells of crustaceans
and arthropods and also in fungi and yeast. Basic in
nature, chitosan has applications in wound healing
and tissue repair, drug delivery, antimicrobial resist-
ance, metal-ion adsorption, and cell adhesion.”™® Chi-
tosan is a copolymer of 2-amino-2-deoxy-D-glucopyr-
anose and 2-acetamido-2-deoxy-D-glucopyranose
monomeric units with B-(1-4) glycosidic linkages.
The increased availability of amines combined with
the hydroxyl groups on highly deacetylated versions
of chitosan improves its modification capacity,
allowing for the addition of growth factors and cell
signaling molecules in specific tissue engineering
applications.” Poly(ethylene oxide) (PEO) is a bio-
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compatible, nontoxic, inert polymer that can interact
with chitosan to improve the charge-carrying
capacity of electrospinning blends. PEO also lowers
the viscosity of highly concentrated chitosan solu-
tions,! and a homogeneous, noncovalent polymeric
blend forms upon mixing.

The polymer processing technique of electrospin-
ning has been demonstrated to have potential uses
in tissue eng'neering,s_16 especially for cartilage
regeneration,1 18 because of the high surface area to
volume ratio, interconnectivity, pore void volume,
potential dynamicity, and nanometer dimensions of
the three-dimensional fibers that it produces.'® To
perform a simple electrospinning experiment, one
would need a syringe (or pipette) to store the solu-
tion or blend, a syringe needle, a voltage supply,
and a grounded collector target (Fig. 1). Electrospin-
ning was patented by Formhaals in 1934 (U.S. Pat.
1,975,504) and relies on electrostatic repulsions in
polymer solutions or blends (which are introduced
by an external, applied electric field) to overcome
the surface tension within the blends. The formation
of a Taylor cone at the apex of the syringe needle
signifies the repulsion of electrostatic forces between
the surface tension and the applied electric field
strength. This indicates that the blend is capable of
electrospinning. Once the surface tension is over-
come, the jet undergoes a nonaxisymmetric whip-
ping instability until it is collected on a grounded
target. The target distance and voltage can be modi-
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Figure 1 Schematic of the electrospinning setup.

fied to allow the solvent to evaporate so that only
solidified, submicrometer fibers are collected. The
nanofibrillar, nonwoven, elastomeric mesh has char-
acteristics of the cartilage extracellular matrix (ECM)
environment (i.e., collagen fibrils) that would be suit-
able for cellular attachment and differentiation.”'®

Challenges arise with electrospinning chitosan in
nontoxic, neutral pH solvents. This is a criterion for
tissue engineering applications to minimize the
occurrence of toxic solvent residue on or in the
nanofibers. The cationic nature of chitosan (protona-
tion of the amine residue on C-2) contributes to its
solubility in low-volume-percentage, acidic solvents
(pH < 5.0), including hydrochloric, formic, acetic,
lactic, and citric acids. Even though chitosan can dis-
solve in a low-percentage acid, it has been challeng-
ing to electrospin. Chitosan by itself has been elec-
trospun in 90% acetic acid (ACOH),19 trifluoroacetic
acid, trifluoroacetic acid/methylene chloride, and
poly(vinyl alcohol) solutions.**** It has been
reported that the addition of PEO to chitosan blends
improves the solubility and charge-carrying capacity
in low-volume-percentage AcOH solutions.®> A
higher degree of deacetylation of chitosan increases
its maximum tensile strength because of the higher
crystallinity of the uninterrupted chains of glucosa-
mine units.** Therefore, a highly deacetylated ver-
sion of chitosan, combined with PEO and electro-
spun with a weak acid, would be an improvement
for tissue engineering function over existing chitosan
nanofibers.

Specifically, chitosan nanofibers are candidates for
cartilage tissue engineering applications because of
their morphology and chemical resemblance to natu-
ral ECM. While serving as temporary cell matrices,
polymeric chitosan-PEO nanofibers would transmit
the tensile loads, and the glucosamine chemistry of
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chitosan would shield the compressive stresses; this
is similar to the role of fibrous collagens and glycos-
aminoglycans/proteoglycans in natural ECM.'®?
The mechanical integrity of natural polymers, specif-
ically chitosan, must be improved before implanta-
tion into the body.?** Crosslinking electrospun chi-
tosan fibers would be a viable option.

Chitosan crosslinking agents include glutaralde—
hyde (GA),**®' sulfuric acid,** genipin,® oxidized
glucose,34 hexamethylene 1,6-di(aminocarboxysulfo-
nate),”> and resimene.*® Chitosan readily crosslinks
with hyaluronic acid,”*® genipin,®*’ chondroitin
sulfate,”"** heparin,**** and alginate® to improve
biocompatibility, cell adhesion, and proliferation.

Crosslinking GA with chitosan has been suggested
to improve the mechanical integrity of chitosan,*
through the formation of iminic (C=N) bonds, via
Schiff's base reaction between chitosan and GA.*™*
Figure 2 depicts iminic bond formation from Schiff’s
base reaction. The degree of deacetylation of chito-
san affects the covalent crosslinking activity of GA.*
A highly deacetylated chitosan is favorable for cross-
linking because the free amino groups on carbon 2
of chitosan react with the carbonyl on GA.**

Material properties of nanofibers have recently
become the focus of many studies.'* The literature
reports how rheological properties of chitosan-PEO
blends (surface tension, conductivity, and viscosity)
and the optimization of electric field processing vari-
ables contribute to nanofiber formation."'*° Fourier
transform infrared (FTIR) and differential scanning
calorimetry data have also been presented,” but to
date there has been no mention of mechanical prop-
erty analysis. In our laboratory, the tensile properties
of GA-crosslinked chitosan fibers have been studied,
but only at a single time period of crosslinking.”> No
compression behavior has been ascertained.

Therefore, the aim of this study was to electrospin
a biocompatible, biomimetic scaffold with improved
mechanical properties introduced via vapor phase
deposition crosslinking. To accomplish this, a chito-
san-PEO blend was electrospun and crosslinked
with GA for various time periods to determine
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Figure 2 Schiff’s base reaction forms an imine bond
between chitosan (Chit) and GA.

Journal of Applied Polymer Science DOI 10.1002/app



970

whether the tensile and compressive mechanical
integrity of the nanofibers could be altered with
increasing exposure to vapor crosslinking. Solubility,
scanning electron microscopy (SEM) characterization,
FTIR, uniaxial tensile tests, and mnanoindentation
analyses were used to identify these trends.

EXPERIMENTAL
Materials

All compounds were used as received. Ninety per-
cent deacetylated pharmaceutical-grade chitosan was
obtained from the Naval Research Laboratory
(Washington, DC). PEO [weight-average molecular
weight (M) = 600 kDa], GA (50 wt % solution in
water), sodium hydroxide (NaOH; solid), and AcOH
(99.7%; American Chemical Society reagent) were
purchased from Sigma-Aldrich (St. Louis, MO). All
solutions were used at room temperature; solutions
containing water used deionized and distilled water.

Blend preparation

A 4% (w/v) chitosan-PEO blend (100 mL) with a
mass ratio of 1 : 1 was prepared by the addition of
2 g of chitosan with 2 g of PEO to 96 mL of a 2%
AcOH solution (pH = 2.63). Magnetic stirring mixed
the blend at room temperature overnight; the blend
was stored at 9°C.

Electrospinning

The electrospinning apparatus is depicted in Figure
1. Constant stirring with a magnetic stirring bar
brought the blend to room temperature before elec-
trospinning. The blend was pipetted into a 5.75" bor-
osilicate glass Pasteur pipette (Fisher Scientific, Pitts-
burgh, PA) and attached to a ring stand. A Gamma
High Voltage ES series power supply (Gamma High
Voltage Research, Inc.,, Ormond Beach, FL) applied
20 kV of positive charge via an alligator clip to a
copper wire, which was inserted into the open end
of the pipette. The collector consisted of an alumi-
num plate covered with release cloth attached to an
aluminum plate with double-sided electric tape.
Release cloth was used on the target to easily
remove the nanofiber mats. The power supply
applied negative charge to the aluminum plate via a
second alligator clip. The needle-to-collector distance
was 15 cm. Temperature and relative humidity read-
ings of the electrospinning chamber were monitored
for each sample with a thermohygrometer (Fisher
Scientific). A painter lamp and dehumidifier, placed
inside the chamber, improved ambient conditions.
Throughout the electrospinning process, tempera-
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tures ranged from 29 to 33°C, and the relative hu-
midity ranged from 18 to 38%.

Crosslinking

Nanofiber mats of various sizes were placed on two
empty vapor containers with base dimensions of
12.7 cm X 10.7 cm and 12.2 cm X 8.5 cm at room
temperature in a ventilated hood. The nanofibers
were not removed from the release cloth. Five milli-
liters of room-temperature 50% GA was pipetted
into the base of each container and evenly dispersed.
GA crosslinked with the nanofibers through vapor
deposition as the GA vaporized to the top of the
container, where the samples were located. Nano-
fiber mats were crosslinked for 0 min (control), 10
min, 30 min, 1 h, 2 h, 5 h, 10 h, 15 h, and 20 h. The
crosslinked nanofiber mats were stored in plastic
bags in a desiccator.

Solubility

Nanofiber mats (1 ¢cm?) crosslinked for 0 min, 30
min, 2 h, and 10 h were tested for their solubilities
in 60 mm X 15 mm Falcon tissue culture dishes
(Becton Dickinson Labware, Bedford, MA). The
dishes contained 10 mL of a 1M NaOH solution, 1M
AcOH solution, or neutral deionized and distilled
water. The solubility behavior of the samples was
observed at 15 min and 72 h. One sample was tested
under each condition.

SEM

One control mat and one 10-h crosslinking mat were
purged with argon and sputter-coated with platinum
for 30 s with a Denton Vacuum Desk II sputtering
machine (Morrestown, NJ). Samples were viewed
with a Zeiss Supra 50/VP field emission scanning
electron microscope.

FTIR

For each crosslinking time point, three measure-
ments were taken in the diffused reflectance mode
of a Digilab Excalibur series UMA 600 IR micro-
scopy spectrometer (Canton, MA). One respective
spectrum from each crosslinking time point was ana-
lyzed. All spectra were taken in the spectral range of
4000-500 cm ! by an accumulation of 256 scans with
a resolution of 2 cm ™! and, depending on the sam-
ple, various degrees of sensitivity.

Nanoindentation

One mat from each crosslinking time period
(removed from release cloth) was tested on an MTS
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Nano Indenter XP (Eden Prairie, MN) according to
the XP basic hardness, modulus, tip calibration, and
displacement control modified method. Modulus
and hardness data were analyzed with Testworks4
in the XP basic method. Testing was conducted at
room temperature. A 13.5-um-radius spherical tip
was used because the tested samples were polymers
(softer materials), and elastic properties were primar-
ily targeted. Surface roughness error was minimized.
All samples were tested in a batch mode. Silica was
used as a standard for calibration purposes before
testing. Testworks4 fixed Poisson’s ratio at 0.180. Af-
ter averaging of the thickness of the fiber mats (no
release cloth) with a caliper, which was found to be
30-50 pm, a 200 nm/s displacement rate was
selected to a maximum tip depth limit of 1000 nm.
The tip was held at a peak holding time of 1 s. The
tip indented each sample only once. The time to
load and unload was kept at 5 s. Each test was taken
to 99% of unloading. Twenty indents of four random
five by one arrays, spaced 10 pm apart, were taken
per sample.

Uniaxial tensile testing

An Instron 4442 mechanical tester (Norwood, MA)
was used to measure the applied load versus the
nanofiber mat extension to calculate stress—strain
curves for three samples (5-mm width X 20-mm
length) from each respective crosslinking time pe-
riod. A 5 N load cell was used to test the samples at
a rate of 0.05 mm/s to 10% strain to mimic in vivo
cell-mediated contraction. Each sample was weighed
and then mounted in tensile grips, which were cov-
ered with a layer of sandpaper to ensure a good
grip during the test. The gauge length was set to 10
mm. The testing was conducted at room tempera-
ture. All raw data acquired from the tensile test sam-
ples were normalized by consideration of each sam-
ple’s unique areal density.

Tensile data were normalized because the mats
had different weights and thicknesses. GA is in-
cluded in the normalized data, but the density of
GA is ignored because the amount of GA deposition
is unknown. Any change in mechanical behavior
was assumed to have been contributed by the GA
vapor deposition.

The mechanical optimization study assumed heter-
ogeneous vapor deposition crosslinking due to the
anisotropic physical appearance of the crosslinked
mats and a random orientation of nanofibers. It was
also assumed that the fiber samples were created
under the same ambient conditions (29-33°C), and
the mechanical analysis was a bulk property analysis
of the fibers. The mechanical properties of single
nanofibers were not studied. The authors hypothe-
size that vapor deposition crosslinking increases the
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stiffness and decreases the ductility of the nanofiber
mats.

RESULTS AND DISCUSSION
Solubility

Solubility is a qualitative indicator of structural and
chemical changes in a modified material. The control
samples, with zero exposure to vapor deposition
crosslinking, fully dissolved in all three solvents:
acidic, basic, and neutral. This behavior was
observed at both time points, 15 min and 72 h. The
samples exposed to vapor deposition crosslinking,
however, were resistant to dissolution, having an
increased ability to absorb liquid. The crosslinked
samples also turned slightly brown in color as
opposed to the white color of the control fibers.
Increased exposure time to GA deposition darkened
the color of the mats. The crosslinked samples exhib-
ited the same behavior in all three solvents at both
time points.

SEM

A nanofiber mat not exposed to GA vapor deposi-
tion was compared to a nanofiber mat under expo-
sure to vapor deposition for 10 h to determine
whether there was a change in the average nanofiber
diameter size. An object is considered to have nano-
dimensions if one length scale of the object is less
than 100 nm. SEM images of two samples, magnified
at 60,000%, are depicted in Figure 3. The scale bar in
the images represents 800 nm. The images illustrate
dense networks of nonwoven fibers. Fifty fiber diam-
eters were counted in each sample to determine the
average fiber diameter. The control sample had an
average fiber diameter of 41.38 * 9.14 nm. The mat
crosslinked for 10 h had an average fiber diameter of

Average Average
Diameter Diameter
(mmn)y St. Dev. (nm) St. Dev.
41.38| (+-)9.14 48.84 | (H-)10.86
“n=50 *n=50

Figure 3 SEM images of noncrosslinked and crosslinked
nanofiber mats. The images were taken at a magnification
of 60,000X. Scale bars in the images represent 800 nm.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 4 Comparison of FTIR spectra of nanofiber mats.

48.84 * 10.86 nm. Standard deviations are high
because the electrostatic process of “pulling” on the
blend and the instability of the whipping jet produce
randomly sized fibers. The data indicate that vapor
deposition crosslinking slightly increases the average
diameter size. Previously, GA crosslinking studies
have been performed on chitosan nanofibers. Accord-
ing to Schiffman and Schauer,?? chitosan nanofibers
were crosslinked via GA vapor deposition for at
least 24 h. The authors reported an average fiber di-
ameter increase of 26.9% for high-M,, chitosan and
increases as high as 423% for low-M,, chitosan.

FTIR

In the copolymer chitosan-PEO blend, it is hypothe-
sized that intermolecular hydrogen bonding occurs
between the primary hydroxyl groups of chitosan
and either the protonated hydroxyl end groups on
PEO or the oxygen in the C—O—C PEO chain. It is
also possible that water is hydrogen-bound to the
primary hydroxyl groups of chitosan and to the oxy-
gen in the C—O—C PEO chain.

FTIR spectra of a control mat and mats crosslinked
for 1, 5, 10, and 20 h are displayed in Figure 4. Sev-
eral chemical groups of chitosan (O—H, C—H, and
C—OH stretches) and peaks for PEO are also dis-
played. Theoretically, as vapor deposition exposure
lengthens, the carbon-to-nitrogen ratio should
increase as the amine-to-imine bond ratio decreases.
These assumptions are verified by the FTIR spectra.
The C—H peak at 2877 cm ' widens as the vapor
deposition exposure lengthens. The literature reports
an imine bond (C=N) from the Schiff base reaction
between chitosan and GA in FTIR spectra at 1620-
1660 cm ™ '.*® Figure 4 indicates that as vapor expo-
sure increases, peak areas from 1653 to 1664 cm '
increase as well. Because the crosslinking reaction
was primarily a Schiff base reaction, carbonyl groups
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were not observed in the FTIR spectra at 1720-1730
cm ™}, which would indicate Michael adduct cross-

Uniaxial tensile testing

The specific stress [c (g/tex)] of the fibers was calcu-
lated with the following equation:

o(g/tex) = [F(converted N)/w(mm)]/5(g/m?)

where 1 N is equal to 101.971 gram-force units, N is
the applied load (N) reported from the Instron 442
software, F is the gram-force (applied load in new-
tons converted to gram-force units), w is the sample
width (5 mm), and 38 is the areal density (mass of
the sample divided by the sample area; the sample
area was 20 mm X 5 mm).

o (g/tex) was converted to the stress [c (MPa)] by

o(MPa) = 9.8 X o(g/tex) X p(g/cm?)

where p is the density of the nanofiber mat [0.5 X
1.13 g/cm® (PEO) + 0.5 X 1.562 g/cm® (chitosan);
taken from the Polymer Handbook].>> The electrospun
mat was assumed to be half-composed of pharma-
ceutical-grade chitosan and half-composed of PEO.

The strain (¢) was calculated with the following
equation:

e = [x(s) X k(mm/s)]/l(mm)

where x is the time value reported from the Instron
442 software, k is the extension rate (0.05 mm/s),
and [ is the gauge length of the sample (10 mm).
Tensile testing quantifies the overall fiber intercon-
nectivity strength of the fiber mat. A graph of repre-
sentative stress—strain curves from each time point is
depicted in Figure 5. The tensile elastic modulus for

—a— () minutes
o 10 minuies
30 minuies
1 hour
= 2 hOUrs
—a— 5 hOurs
—a— 10 hours
- 15 hours
—a— 20 hours

Stress | MPa)

Sirain

Figure 5 Stress—strain curves taken to 10% strain at an
extension rate of 0.05 mm/s. [Color figure can be viewed
in the online issue, which is available at www.interscience.
wiley.com.]
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TABLE I
Elastic Modulus Averages from Uniaxial Tensile Tests
Average tensile Standard

Time elastic modulus (MPa) deviation (*)

0 min 1.32 0.389
10 min 0.135 0.029
30 min 0.368 0.009

1h 1.51 0.718

2h 1.82 0.715

5h 0.747 0.891
10 h 2.79 0.826
15h 2.57 1.12
20 h 2.13 0.05

three samples from each crosslinking time point was
found by calculation of the slope of the linear part of
the stress—strain curve, and the results are displayed
in Table I. The results indicate that the tensile elastic
modulus reached a maximum after 10 h of GA
vapor deposition, reaching as high as 2.787 MPa. Ini-
tially, after 10 min of crosslinking, there was a struc-
tural weakening of the fiber mat, as the tensile elas-
tic modulus fell from 1.3162 (control value at 0 h) to
0.1348 MPa. This may have been caused by initial
solvent exchange within the fiber mat, initial insta-
bilities arising from decreased crystallinity after low
degrees of crosslinking,*” and the initial destabilizing
presence of the rigid iminic bond over the more flex-
ible chitosan amine. The addition of imines leads to
a decrease in the primary amine content and an
overall increase in carbon and hydrogen.*” This may
affect the intramolecular electrostatic repulsions and
the slightly expanded coil conformation of the chito-
san chain.”!

As the vapor deposition time increases, there is a
stiffening of the chitosan chain due to the formation
of iminic bonds with GA. The weak, self-associated
network of chitosan is replaced by a covalent net-
work, and the mat becomes brittle as the crosslink-
ing density increases.”’ The tensile elastic modulus
surpasses the control modulus after 1 h of crosslink-
ing. At 5 h, there is a critical drop in the tensile elas-
tic modulus to 0.75 MPa. Two independently pre-
pared batches, with a sample size of n = 3 per batch,
displayed this same drop in the tensile elastic modu-
lus. This negative occurrence is negated because
there is a continued increase in the tensile elastic
modulus except at 5 h of crosslinking, and the
tensile elastic modulus reaches its highest point at
10 h. There is no significant difference in the sample
weight between all samples tested. The authors theo-
rize that there is a drop in the tensile elastic modu-
lus at 5 h because of the increase in vapor deposition
on the fibers from 0 min to 5 h. As vapor deposition
increases, the fiber samples become more like an
amorphous elastomer, and a glass-to-rubber transi-
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tion may occur. Because of polymer chain entangle-
ment, the chitosan chains may have restricted mobil-
ity. After 10 h, the network reaches its strongest
point, and greater amounts of vapor deposition
decrease the tensile elastic modulus slightly. It is
noted that all tensile elastic modulus values after 10
h of crosslinking are still higher than all other values
before 10 h of crosslinking.

Nanoindentation

Nanoindentation quantifies bulk polymer behavior
in the compression mode and is commonly referred
to as depth-sensing indentation. It determines the
modes of deformation of a material, which are plas-
tic (permanent) and elastic (reversible). Nanoinden-
tation measures load directly and displacement indi-
rectly to calculate the compressive elastic modulus
and hardness. Hardness is the calculated ratio of the
maximum load and the residual indentation area of
the tip (based on the contact displacement and the
shape of the tip); hardness changes as a function of
penetration depth in the sample. Hardness is the
pressure at which a material plastically deforms. The
compressive elastic modulus is measured at the be-
ginning of the indenter unloading. Nanoindentation
is less destructive than tensile testing, has a loading
resolution less than 50 nN, and a spatial resolution
less than 0.1 nm.

A graph of nanoindentation load/displacement
curves is depicted in Figure 6. The compressive elas-
tic modulus and hardness values from each cross-
linking time point are depicted in Table II. The MTS
Nano Indenter Testworks4 software uses stored in-
formation about the tip’s geometry and mechanical
properties and a user-defined Poisson’s ratio as
inputs for modulus and hardness calculations. Load

] Mirnte s
— .'11|r]_|1,esi
e 3] MRS |
1 howr
2 hours
w5 hours

Load sn S am ple (m™ )

w10 hours |

0 o0 400 GO0 800

1000 1200
Displace ment (nmj
Figure 6 Nanoindentation load/displacement curves.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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TABLE II
Elastic Modulus Averages from Nanoindentation Tests
Average
compressive
elastic modulus Standard Hardness

Time (MPa) deviation (*) (MPa)

0 min 9.46 69.9 5
10 min 84.2 106.3 6
30 min 98.6 92.7 6

1h 141.2 314 7

2h 55.8 14.3 8

5h 372 6.5 5
10 h 35.6 13.1 5

is measured as a function of contact displacement,
and modulus and hardness are then calculated from
data generated by the load/displacement curves.
The curves represent average values for each cross-
linking time point. The indent tip was held for only
1 s to not promote creep and a viscoelastic response
from the polymer. If, however, there had been a
viscoelastic response in any way, this would have
affected the contact displacement of the tip as the tip
unloaded from the sample; this may explain the
large standard deviations observed in Table II. Over-
all, the compressive elastic moduli were much
greater than the GA crosslinked tensile elastic mod-
uli. A higher compressive elastic modulus would be
useful in cartilage regeneration applications because
of the high-impact loads withstood by the articular
cartilage in knees or hips.”” The compressive elastic
modulus decreased only slightly from the control
group to 10 min of crosslinking. The negative trend
then shifted, and the compressive elastic modulus
increased until there was a maximum compressive
elastic modulus of 141 MPa after 1 h of GA vapor
deposition. Average hardness values reached a maxi-
mum of 8 MPa after 2 h and leveled off at 5 MPa
after 10 h of crosslinking. After 10 h, the fiber mats
were too brittle to withstand compressive loading.
Because engineered articular cartilage should have a
compressive elastic modulus exceeding 1 MPa in
compression, the 2-h sample could be used as a car-
tilage replacement.”

The shapes of the nanoindentation load/displace-
ment curves are very similar, indicating similar struc-
tural behavior. The areas under the curves are very
different, however, correlating to the differences in
sample strength and sample resistance to unloading.
As the indenter penetrates the top, less dense layers
of the fiber mat (due to surface charge repulsion of
the individual fibers after electrospinning), nanofibers
realign and act together to be stronger as the density
of the fiber layers increase at deeper depths. Intercon-
necting pore sizes are smaller in deeper layers. Top,
less dense nanofiber layers would be ideal for cellular
movement and contraction.

Journal of Applied Polymer Science DOI 10.1002/app
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CONCLUSIONS

This study has verified that structural properties of
the nanofiber mats change after GA vapor deposition
crosslinking, becoming more brittle and less ductile.
The polymer nanofibers are affected, losing crystal-
linity during the process of crosslinking. As reported
in the literature, reduced crystallinity due to cross-
linking may lead to an increase in the availability of
chelating groups, increased hydrophilicity, and
adsorption capacity for metal cations.”® Low-volume
exposure to GA vapor deposition may find useful
applications in the areas of chelation, hydrophiliza-
tion, and metal-cation adsorption. Other studies,
involving films, have verified that GA solution cross-
linking decreases the extensibility and increases the
stress at break for gelatin films.”* Future studies will
quantify the degree of crosslinking and changes in
the C/N ratio as the ratio of amine to imine bonds
decreases. To minimize the range of standard devia-
tions, a more homogeneous method of crosslinking
needs to be developed. The crosslinking time can be
chosen according to the desired mechanical proper-
ties of nanofiber mats, depending on which types of
in vivo loading will occur in the environment of the
scaffold.
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