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Cross-Linking Chitosan Nanofibers
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In the present study, we have electrospun various grades of chitosan and cross-linked them using a novel method
involving glutaraldehyde (GA) vapor, utilizing a Schiff base imine functionality. Chemical, structural, and
mechanical analyses have been conducted by Fourier transform infrared spectroscopy (FTIR), scanning electron
microscopy (SEM), and Kawabata microtensile testing, respectively. Additionally, the solubilities of the as-spun
and cross-linked chitosan mats have been evaluated;solubility was greatly improved after cross-linking. SEM
images displayed evidence that unfiltered low, medium, and high molecular weight chitosans, as well as practical-
grade chitosan, can be electrospun into nanofibrous mats. The as-spun medium molecular weight chitosan nanofibers
have a Young's modulus of 1540 40.0 MPa and display a pseudo-yield point that arose due to the transition
from the pulling of a fibrous mat with high cohesive strength to the sliding and elongation of fibers. As-spun
mats were highly soluble in acidic and aqueous solutions. After cross-linking, the medium molecular weight
fibers increased in diameter by an average of 161 nm, have a decreased Young's modulus #f4%6.81Pa,

and were insoluble in basic, acidic, and aqueous solutions. Though the extent to which GA penetrates into the
chitosan fibers is currently unknown, it is evident that the cross-linking resulted in increased brittleness, a color
change, and the restriction of fiber sliding that resulted in the loss of a pseudo-yield point.

Introduction Resimené? N,N-disuccinimidyl suberat&? epichlorohydrint*
gepinini® and hexamethylene 1,6-di(aminocarboxysulfortE).
Chitin is a nitrogen-rich polysaccharide derived from crus- Glutaraldehyde (GA) has also been demonstrated to cross-link
taceans, mollusks, insects, and fungi; it is the second mostchitosad®2! through a number of proposed mechanisms. The
abundant organic material (produced by biosynthesis) after first is by Michael-type adducts with terminal aldehydes, which
cellulose! It is a high molecular weight (MW) linear polymer  |ead to the formation of carbonyl groups (Scheme 1, righ3.
composed ofN-acetylo-glucosamine N-acetyl-2-amino-2-  The second main cross-linking method, Schiff base formation,
deoxyo-glucopyranose) units linked b-o-(1 — 4) bonds. leads to imine-type functionality (Scheme 1, 1éR)In our
Chitosan is the N-deacetylated derivative of chitin; however, experiments, we utilize GA vapor to cross-link chitosan fibers

the deacetylation process is rarely complete. A sharp nomen-anq gpserve Schiff base formation as reported previously in the
clature difference between chitin and chitosan based on the|jieraturels.23.24

degree of N-deacetylation has never been precisely defined;
commercial chitosan typically is85% deacetylatetiDefining
the molecular weight of chitosan, or any naturally occurring
polysaccharide, has historically been difficult. This is true for
chitosan in particular because its backbone of€14)-3-p-
glucosamine residues is randomly acetylated. Additionally, due
to purification challenges, all natural polymers experience batch-
to-batch variatio. Therefore, chitosan is a general term
applying to many deacetylated chitins having a variety of optical
characteristics, crystallinity, degree of acetylation, impurity
content, and molecular weights.

As a natural polymer, chitosan intrinsically exhibits enticing

Electrospinning creates nonwoven fiber mats, with larger
specific surface areas and smaller pores than conventional
methods of fiber production, by utilizing electrostatic forces to
create fibers; conventional methods such as melt spinning, dry
spinning, and wet spinning rely on mechanical forces to produce
fibers25 In the electrospinning process, a polymer solution is
advanced through a syringe with a needle on the end to form a
Taylor cone (a conically shaped volume of fluid). A voltage
drop is created between the needle and colle€tovhen the
electrostatic force is able to overcome the surface tension force,
and a thin jet will form and thin out over the course of three

properties such as biocompatibility, biodegradability, and aque- St2ges: jet initiation and extension in a straight line, whipping
ous adsorption capabilities. These properties make chitosan ar"Stability, and jet solidification and fiber collectiGhElectro-
ideal polymer for a wide variety of fields and industrial SPun nanofibers have potential uses in a variety of industries
applications including textilespphthalmology: paper coatingé, ~ Such as medicine, packaging, agriculture, and automotive, with
medicals~7 agricultural® and food®1° However, processing  SPecific applications including air filtration, protective clothing,
chitosan can be challenging due to its tendency to coagulateSubstitutes for agricultural pesticides, and nanocompoZites.
with proteins at high pH, its insolubility in most solvent systems ~ Most of the previous research involving the electrospinning
including water, and its high solution viscosity. Chitosan is of chitosan has focused on using weak acetic acid solutions or
known to be soluble in dilute organic acldsuch as acetic,  creating matrix polymer fibers consisting of chitosan and another
formic, succinic, lactic, and malic acids. polymer, such as poly(ethylene oxide) (PE®)! Min et al 32

The amine of chitosan can be used to cross-link the polymer created chitosan nanofibers by first electrospinning chitin
by use of a variety of cross-linkers, including diisocyanates, nanofibers with 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) as the
solvent, followed by deacetylation of the as-spun chitin fibers
* Corresponding author: e-mail cschauer@cbis.ece.drexel.edu. with NaOH at various temperatures. Ohkawa et3ahave
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Scheme 1. Glutaraldehyde Cross-Links Chitosan either by a Schiff Base Imine Functionality (left) and/or by Michael-type Adducts with
Terminal Aldehydes (right)
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compared electrospun chitosan/poly(vinyl alcohol) (PVA) to transform infrared spectroscopy (FTIR), and microtensile testing,
purified chitosan10/trifluoroacetic acid. They observed bead- and their solubility was evaluated.
free electrospun fibers by adding an organic solvent, dichloro-
methane.

In this paper, randomly oriented fiber mats composed of
continuous, bead-free fibers were electrospun from chitosan
dissolved in trifluoroacetic acid (TFA). Four varieties of chitosan

including low, medium, ar!d_ hlgh molecular_welght and prqc_tlcal Glutaraldehyde (GA), 97% pure sodium hydroxide (NaOH), 99ZS.
grade were spun. No purification of the chitosan nor additional \o;4ent_grade acetic acid, ReagentPlus 99% trifluoroacetic acid (TFA),
polymers or solvents were used. Since the as-spun fibersyng medium MW and practical-grade chitosan were purchased from
dissolved in water, cross-linking the chitosan fibers is an integral sigma-Aldrich (St Louis, MO). Room-temperature ultrapure water
step toward developing devices such as filters that would require (millipore QPAK system) was used to make the solubility test solutions.
a biodegradable, antimicrobial, porous nanofibrous mat that  soution Preparation. Four different 2.7% (w/v) chitosan/TFA
would be insoluble in water. Hence, a novel cross-linking sejutions were prepared with low (70 000), medium1@0 006
method was identified utilizing vapor-phase GA. The viscosities 310 000), and high molecular weight (MW) (500 GZ00 000) as well

of the chitosan/TFA solutions were measured and fiber mats as practical-grade~190 006->375 000) chitosan. Solutions were
were electrospun. Some of the electrospun fibers were thenmixed for at least 24 h on an Arma-Rotator A-1 (Bethesda, MD).
cross-linked with GA in a vapor chamber. The resultant GA  Electrospinning. The experimental electrospinning schematic is
cross-linked and the original as-spun nanofibrous mats weredisplayed in Figure 1. Aftea 5 mL Luer-Lok Tip syringe (Becton
analyzed by scanning electron microscopy (SEM), Fourier Dickinson & Co, Franklin Lakes, NJ) was repeatedly rinsed with Tlabbv

Materials and Methods

All compounds were used as received. Low and high molecular
weight (MW) chitosan were purchased from Fluka (Switzerland).
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remained in the solution for 72 h. The solubility and integrity of the
mats over the time elapsed was visually inspected.

Uniaxial Tensile Tests.A tabletop uniaxial testing machine (Kawa-
bata KES-G1 microtensile tester) was utilized to compare some
mechanical properties of electrospun fibrous mats before and after cross-
linking. Six fibrous mats (5.0 cnx 0.5 cm) were cut from medium
MW chitosan electrospun mats. Three of the samples were cross-linked
with GA vapor. All samples were mounted in C-shaped holders that
were cut prior to the application of a strain rate of 0.02 $he testing
was conducted at room temperature (23). Young’'s modulus
(megapascals), ultimate break strain, and ultimate tensile strength
(megapascals) were calculated from the microtensile testing data as
previously calculated by Laft.All raw data acquired from the tensile
test samples were normalized by accounting for the individual area

density of each sample tested.
4 mL of 2.7% (w/v) chitosan solution was loaded into the syringe and y P

a Precision Glide 21-gauge needle (Becton Dickinson & Co, Franklin
Lakes, NJ) was attached. By use of an alligator clip, the positive Results and Discussion
electrode of a high-voltage supply (Gamma High Voltage Research
Inc., Ormond Beach, FL) was directly connected to the needle. The  Viscometry. Using the appropriate molecular weight polymer
syringe was then placed on an advancement pump (Harvard Apparatusconjoined with idealizing the viscosity of the polymer solution
Plymouth Meeting, PA), which was at a fixed distance of 6.4 cm from js an imperative step toward electrospinning. Normally, the
the negative electrode that was clipped to a copper plate wrapped inhigher of two molecular weight polymers dissolved in a solvent
aluminum foil. Approximately 26 kV was then applied between the - il result in higher viscosity’® While the viscosity of the four
positive and the negative anodes as the solution was advanced at &hitosan/TFA solutions varied, they all were found to success-
rate of 1.2 mL/h. The temperature (degrees Celsius) and percentyy yielq fibers. The viscosity (Table 1) of the low and medium
humldlty in the laboratory durl_ng elect_rospl_nnlng were monitored by MW chitosan solutions was found to be 168 and 1116 cP,
a digital thermohygrometer (Fisher Scientific, Pittsburgh, PA). respectively. The high MW and the practical-grade chitosan
Viscometry. The viscosities of the chitosan/TFA solutions that were were determined to have the same viscosity: 308 cP. Al
S.ucceSSfu”y electrospun were determined on a Brookfield digital solutions tested were 2.7% (w/v), which were created and tested
;lsco_meter,_ model HTBD (Stoughton, MA), with the SC4-27 link in triplicate during the same testing session over which lab
cgr?ghnc%e?jp:;drlsoﬁt?:;%;;;Ll?rz E;?) All viscosity experiments were temperature and ambient humidity remained constant. Since
Com g The oy s s vee pces i 145 (1958 Vs e ) el contant, 15 uncer i e
cm x 7.62 cmx 5.08 cm vapor chamber cientific Products, ; L : .
Bridgeport, NJ) containing 4 mL of GA liquid. The GA liquid vaporized elevated viscosity in comparison to the other squtlons_, tested.
when it warmed to room temperature (Z3) and was allowed to cross- f(\)i:gtt%dblg tjrllg‘)/l:-lf—llith?(;gcr)Théhrf’lepd?L(;r?nl\tA\?\/eiﬁﬁgslztr?%:;las
link the fibers for at least 24 h. ~
Scanning Electron Microscope.Images of the electrospun fiber ~ fOr the others. The source of the chitin from which the chitosan
mats were obtained before and after cross-linking with a Zeiss Supra has been derived from remains unknown for all bulk chitosan
50/VP field emission scanning electron microscope (FESEM). Some Processed. We speculate that this variability was due to the
imaging of as-spun chitosan fiber mats that exhibited branching was intrinsic differences including the multitude of chain entangle-
conducted by use of a FEI/Phillips XL30 field emission environmental ments and conformations within the chitosan. Since all four
scanning electron microscope (FEESEM). A Denton vacuum desk Il solutions successfully yielded electrospun nanofibers, these data
sputtering machine was utilized to coat the samples for 40 s with have been included as insight as to what the appropriate viscosity
platinum. Average fiber diameter of the as-spun and cross-linked for electrospinning chitosan/TFA systems is.
chitosan mats were obtained by use of the FESEM, by measuring 50  Scanning Electron Microscopy.All chitosan/TFA solutions
random fibers for each chitosan solution electrospun. Additional images produced fine, cylindrical, continuous, and randomly oriented
after the mechan'ical te_sting was comple_te_d were taken of both _the as-fipers. Figure 2 displays SEM micrographs of the various as-
spun and cross-linked fibers close to their incident break face with the spun electrospun chitosan fibers including low MW (top left),
FESEN_" medium MW (top right), high MW (bottom left), and practical
Fourier Transform Infrared Spectroscopy. Infrared spectra for  gra4e (hottom right). Average fiber diameter size was deter-
the electrospun chitosan fiber mats before and after cross-linking were jined by averaging the diameter of 50 random fibers; the
measured on an attenuated reflectance Fourier transform (Exca”bursmallest and largest diameter measurement were included in
FTS-3000) spectrometer. Transmission mode with KBr pellets was this average. Average fiber diameter (Table 1) increased as the
utilized for all raw bulk chitosan samples. All spectra were taken in MW increaséd for the low, medium, and high MW chitosan
the spectral range of 406®00 cm* by accumulation of 64 scans and were found to be 74 ,28 774 ’29 and 108+ 42 nm
and with a resolution of 4 cmi. . : ! ) . !
Solubility. Decreased solubility of the chitosan nanofibers due to respectively. While the MW of prgctlcal-grade .Chltosan. was
cross-linking with vapor GA was tested by subjecting as-spun and cross- g?en;teg;%tjre] f:gmﬂt]ha; F?:a(;[:i](e:al[EJESAZrT;h:\{lOV:aangﬂi?;ﬁ I::)de;f]e

linked medium MW chitosan mats to basic, acidic, and aqueous . ) .
solutions. Six 15-mrpetri dishes (Becton Dickinson, Franklin Lakes, Smallest average diameter size of 520 nm. An explanation

NJ), each containing 30 mL of solution, were utilized: three to test fOr this is currently unclear. It is possible that the practical-
the as-spun fiber mats and three for the cross-linked fiber mats. Basic grade chitosan contains foreign contaminants that are interacting
solution wa 1 M NaOH, acidic solution ve1 M acetic acid, and differently than the other chitosans. To define the range of
aqueous solution was ultrapure water. Two samples, 2.54« ch7 diameters observed, the smallest and largest diameters measured
cm cross-linked or as-spun fibrous mats were placed into each solution.for the various electrospun fibers are quoted. The smallest and
After 15 min, if possible, one of the mats was removed, while the other largest fiber diameters measured were 37 and 170 nm foréB\QI/

Figure 1. Experimental electrospinning setup.
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Table 1. Properties of Various Chitosans

low MW chitosan medium MW chitosan high MW chitosan practical-grade chitosan
molecular weight 70K ~190—310K 500—700K 190—>375K
percent deacetylation (%) 74 83 72 75
viscosity (cP) 168 1116 308 308
avg as-spun fiber diameter (nm) 74 + 28 77 + 29 108 + 42 58 + 20
avg cross-linked fiber diameter (nm) 387 + 183 172+ 75 137 + 59 261 + 160
diameter incr. due to cross-linking (%) 423 123 26.9 350

Figure 2. SEM images of electrospun chitosan fibers: low MW with Figure 4. SEM image of GA cross-linked electrospun chitosan
1 um marker (top left), medium MW with 1 um marker (top right), fibers: low MW with 1 um marker (top left), medium MW with 1 um
high MW with 1 um marker (bottom left), and practical grade with marker (top right), high MW with 1.3 um marker (bottom left), and
500 nm marker (bottom right). Images were taken on the FESEM. practical grade with 3 um marker (bottom right). Images were taken

on the FESEM.

branching, which might be attributed to the nonuniformity of
the raw material; it is known that practical-grade chitosan may
contain foreign matter. This nonuniformity leads to branching
because as the polymer solution is advanced, the electrostatic
repulsion forces overcome the surface tension at the tip of the
needle in some locations (where foreign matter is located). As
_ previously noted, the competition between these two forces is
Figure 3. SEM images displaying branched morphology of electro- a dehca_‘te bal.ance t.hat must be maintained to guarantee the
spun mats composed of low MW chitosan with 2 um marker (left) production of ideal fibers.
and practical-grade chitosan with 2 um marker (right). Images were An alternative reason why this branching might have occurred
taken on the FEESEM. is due to the environment in which the fibers were electrospun
instead of the bulk chitosan being at fault. While all chitosan
MW, 31 and 174 nm for medium MW, 45 and 226 nm for high fibers were created at approximately the same temperature (20
MW, and 28 and 120 nm for practical-grade chitosan. These 25 °C), there was a large discrepancy in the percent humidity
diameter measurements also include the required sputter-coatethat was measured. The fibers that exhibit branching (Figure
layer of platinum (approximately-510 nm) that is applied prior ~ 3) were created in the 225% humidity range while the fibers
to viewing the fiber diameters. that did not exhibit this morphology (Figure 2) were spun when
In our experiment, as evident in Figure 3, branching the humidity was twice as high, 4@15% humidity. It is possible
sometimes occurred in the low MW (left image) and the that branching did not occur when the humidity level was
practical-grade (right image) chitosan mats. (The split fiber that elevated because solvent evaporation, due to the excess moisture
is apparent in the low MW SEM image is a result of beam levels in the air, occurred at a slower rate. In the future, creating
burning; the original fiber was continuous.) In order for ideal an atmosphere within the electrospinning apparatus that will
nonbranched fibers to be electrospun, an appropriate level ofhold both the temperature and humidity constant will be further
competition between electrical forces and surface tension mustinvestigated.
be maintained. Alterations from this state can result from  To cross-link the as-spun chitosan fiber mats, they were
elongations of the jet or evaporation of solvent, which can cause placed in a vapor chamber with GA vapor. Figure 4 displays
jet splitting?® that consequently results in the branching of fibers. SEM images of GA-cross-linked electrospun chitosan fibers
Previously, Zhao et & attributed this phenomena, which they from low (top left), medium (top right), and high MW (bottom
observed in their lower MW samples to the presence of left), as well as practical-grade (bottom right) chitosan. From
nonuniformly dispersed charges and molecular weight. Our all of the SEM images, it is evident that after cross-linking the
finding parallels that of Zhao et al.: the low MW fibers exhibited fiber mats retain their integrity as long, randomly oriented,
some branching, which was possibly due to the intrinsically low cylindrical fibers. However, from the SEM images whether the
MW of the bulk chitosan. Practical-grade chitosan resulted in GA vapor has coated or penetrated into the fibers is unclee{D(t/

Lot 1) i— Ny ac A —— J
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Figure 5. Box plots displaying the diameter size distribution of fiber
diameters for the various electrospun chitosans: from left to right,
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Figure 6. FTIR spectra of cross-linked electrospun medium MW

chitosan fibers (top), electrospun medium MW chitosan fibers (middle),
and bulk sample of medium MW chitosan (bottom).

square inside the box is the mean data point, the line inside the box
is the median data location, the whiskers display the upper inner and
lower inner fence values.Above and below the whiskers: (+) max/
min data point; (x) first/99th percentile.

range. Data points that lie outside the fence values are considered
outliers. Outliers and individual data points were not plotted

) ) L . o . on the provided graph. Since the as-spun fibers are next to their
is not known if cross-linking is occurring within individual fibers  ~5ss-linked counterparts, it is apparent that most of the data

and/or iflit is occurring between adjacent '_touching fibers. FTIR points for the vaporcross-linked fibers are greater than their
results discussed later reveal the mechanism by which the CrosSys.spun chitosan nanofibers.

linking occurred, while mechanical testing, also discussed later,

revealed that cross-linking might be fusing the fibers together were taken of the bulk chitosan samples and of the electrospun

and causing the mechanical changes associated with this. Still, .o poeo ™ g o cross-linking with GA. Figure 6 displays
none of the aforementioned analyses reveal how deep the cross;

linker penetrated into the fibers. Future planned studies utilizing the spectra of the medium MW chitosan in bulk, electrospun

atomic force microscopy (AFM) along various parts of the fiber fiber form, and cross-linked electrospun fiber form. By use of
mat such as along the length of individual fibers, at fibi#oer a combination of the OH stretching band at 3450 &namide

intersections, and perpendicular to a fiber diameter will be more | bands at 1655 and 1630 cfj amide Il band at 1560 crd,
revealing ’ perp C—H stretching band at 2877 cth the bridge oxygen stretching
Again, it is important to note that the cross-linked low MW band at 1160 cm, and the €O stretching bands at 1070 and

and practical-grade chitosan fiber mats in these images Were1030 cm?, the percent deacetylation can be determiffed.
< unpin the Iogwer humidity ranae. which could attes? 10 the Current literature provides seven different peak ratios (1560/
P . y range, 1070, 1560/1030, 1630/2878, 16551630/2878, 1550/2878,
presence of branching. A few white spots that are observed in

the image of the medium MW chitosan fibers are most likely 1655/3450, and 1655/2867) that have been investigated to

the result of an agalomeration of GA and are not electrospra eddetermine the percent deacetylation of chitosan. Additionally,
99 . . Prayedpoberts and co-workets and Miya and co-workef8 each
droplets of polymer. Average fiber diameters for the cross-linked

chitosan fibers for the low, medium, and high MW and practical- utilized their own alternative methods of baseline correction used
grade chitosan were found to be 387183, 172+ 75, 137+ for peak height analysis. Generally, the greatest source of error

59, and 261+ 160 nm, respectively (Table 1). The smallest when calculating percent deacetylation via FTIR is from bulk

: . o . o
and largest fiber diameters measured were 80 and 725 nm forwater, which can provide up to 1% error even in well-dried

low MW, 76 and 353 nm for medium MW, 23 and 365 nm for samples. . .
high MW, and 26 and 596 nm for practical-grade chitosan. With the work of Shigemasa et #as a foundation, the 1560/

Generally, the smaller as-spun fibers experienced a higher1070 peak ratio was used to determine thg percent deacetylation
increase in average diameter upon cross-linking. This could of the bulk chitosan samples. On the basis of the FTIR spectra
possibly be a result of their higher ratio of surface area to of the bulk chitosan materials, the low MW chitosan was 74%,
volume. Additionally, as the GA cross-links the chitosan as the medium MW was 83%, the high MW was 72%, and the

illustrated in Scheme 1, spreading of the molecules occurs.  Practical grade was 75% deacetylated.

Figure 5 displays a box plot of the fiber size distributions ~ The FTIR spectra of the as-spun and cross-linked chitosan
for both the as-spun and cross-linked electrospun chitosan fibersfiber samples were evaluated by attenuated reflectance FTIR;
The box outline is the standard error, the square inside the boxthe whole fibers were analyzed directly. Of importance for the
is the mean data point, the line inside the box is the median spectra of the as-spun chitosan fibers was the presence of
data location, and the whiskers display the upper inner and lowertrifluoroacetic acid that was used to electrospin the chitosan;
inner fence values. Above and below the whiskersndicates ~ the peak at 1750 ¢ indicated the presence of a carboxylic
the max/min data point and indicates the first/99th percentile ~ acid.

(these values appear to overlap in the figure). The upper inner As a result of the cross-linking reaction, significant changes
fence whisker extends to the 75th percentile plus 1.5 times theare observed in the FTIR spectra of the as-spun versus the cross-
interquartile range, while the lower inner fence value extends linked electrospun fibers. The FTIR spectra of cross-linked
down to the 25th percentile minus 1.5 times the interquartile chitosan fibers displayed a distinct change in the carbonyl-aEB%

Fourier Transform Infrared Spectroscopy. FTIR spectra



Cross-Linking Chitosan Nanofibers Biomacromolecules, Vol. 8, No. 2, 2007 599

5. i3

05 -

05 -

Stress (MPa)
Sress (MPa)

044

o T T T T 1 1] T T T T T T T T T T T Y
0.10 o oz 043 on 0.15 00w 009t 0.098 o098 0.100 0.0

Strain Strain
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Table 2. Mechanical Property Data of Electrospun As-Spun and

region. The primary amine peak decreased when the chitosanCross_Linked Medium MW Chitosan

fibers were cross-linked, while a new peak for=N imine

appeared. According to the literature, the=l8 peak can be as-spun fibers _ cross-linked fibers
anywhere from 1620 to 1660 crh?! This appeared as a strong ~ Young'’s modulus (MPa) 154.9 +40.0 150.8 +43.6
split peak at 1650 cnt. The peak at 1560 cm (shown by break strain 0.12+0.03  0.10 £ (8.49 x 1079)

asterisks in Figure 6) disappeared in the cross-linked chitosanultimate tensile strength (MPa) ~ 4.07 - 0.80  1.19 £ 0.0041
fibers due to the loss of the free amines, indicating that the
fiber mats exhibited a Schiff base imine functionality that was
also reported by Tual et &. in their chitosan/GA film
experiment. Our experiments exhibited the same color change
that Tual observed; namely, our mats became yellow upon cross-
linking (as-spun mats were white). Finally, to confirm that
Michael-type cross-linking did not occur, we note that no

respectively. The initial steep slope of the curves corresponds
to the nanofibers’ intrinsically high cohesive forces due to the
large number of fiber-to-fiber contacts; therefore, the nanofi-
brous mats have a high resistance to deformation.
A pseudo-yield point is present in the as-spun fibers stress
. o . strain plot as evident by the second portion of the increasin
identifiable carbonyl groups appear in the 1720°30 cnm* IR slope tgat increases at ayreduced rate.pHence, areduced incre%se
spectra. _ _ in modulus is observed, which corresponds to fiber alignment
Solubility. The as-spun and the cross-linked medium MW 00 the tensile pull axis. As the once randomly aligned fibers
chitosan fibers were immersed in acetic acid, water, and NaOH gre peing aligned, there is an increase in the allowable stresses
solutions. When the as-spun fibers were subjected to acetic acidnj the break strain and ultimate tensile strength are achieved;
solution, they appeared to disintegrate instantaneously: the flbersthey average (Table 2) 0.12 0.03 and 4.07+ 0.80 MPa,
dissolved and neither the mat nor individual fibers remained. respectively, for the as-spun medium MW chitosan fibers.
The as-spun fiber mats dispersed instantly in the ultrapure water; The graph of the cross-linked medium MW fibers does not
there was no form retention. Upon looking very carefully in  gisplay the same pseudo-yield point but features a distinct
the water, cloudy white specks could be seen. Therefore, perhapsnaximum where the break occurred during tensile pulling. This
some agglomeration of nanofibers remained since an opaquegss might be indicative that the individual fibers have become
white color was visible with the unaided eye. It is certain that |gckeqd together and therefore cannot slip past each other as
the mat instantly broke apart upon interacting with water and gemonstrated by the as-spun fibrous mats. The cross-linked
could not be recovered. When subjected to the NaOH solution, medium MW fibers have a lower average break strain (Table
the as-spun chitosan fiber mats survived. They remained whitez) of 0.10+ (8.49x 1075) and additionally a decreased ultimate
and a rectangular shape for both the 15 min and the 72 h testiangile strength of 1.19 0.0041 MPa in comparison with the
The cross-linked chitosan fiber mats behaved in a different as-spun fibers. No mechanical data have been reported on
manner from the as-spun mats; they survived the acetic acid,electrospun chitosan or chitosan/polymer nanofibers or nanofi-
ultrapure water, and NaOH solutions for 15 min. Additionally, brous mats. Mechanical properties of chitosan fibers created
after 72 h the fiber mats looked the same; their rectangular Shaquy traditional techniques such as wet-spinning have been
and yellow color were retained. After the cross-linked chitosan evaluated#4142Knaul et al?! mechanically tested wet-spun
fiber mats were removed from the solutions, visual inspection chitosan fibers with various concentrations of GA cross-linker.
implies that their shape and rigidity remained unaltered. They found that modulus, break, and tenacity decreased while
Mechanical Testing. The mechanical properties of both the brittleness increased after a particular amount of cross-linking
as-spun and cross-linked randomly oriented chitosan fibrous agent was employed. Thus, they proposed that the dialdehyde
mats were determined on a Kawabata microtensile tester; thedegrades the molecular structure at high concentrations of GA
findings were supported by the subsequently provided SEM or that stress concentrations might form within the fibers. In
images. Figure 7 displays a typical stressrain plot for both our next set of experiments we plan on evaluating the time
the as-spun (Figure 7, left) and cross-linked (Figure 7, right) dependences that cross-linking with GA vapor has on chitosan
electrospun medium MW chitosan fibers. The average Young’s nanofibers.
modulus (tensile elastic modulus) of the chitosan mats were The previously described distinct difference in the elasticity
determined from the slope of the linear elastic region of the of the as-spun versus cross-linked fibers can be supported by
stress-strain curve and averaged among the samples. Thethe SEM images (Figure 8). These images were taken in close
Young’s modulus (Table 2) of the as-spun and cross-linked proximity to the failure point of the fiber mats so that changes
fibers was found to be 1544 40.0 and 150.8t 43.6 MPa, in individual fiber morphology could be observed. Figure 8 (EJBV
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77 + 29, 108+ 42, and 58+ 20 nm. Therefore, on average
the low and medium MW as well as the practical-grade
electrospun chitosan fibers were truly in the nano regime.

The most accurate method of calculating the percent deacety-
lation of bulk chitosan utilizing FTIR spectra was by using the
1560/1070 peak ratio. By use of this peak ratio, it was
determined that the bulk low MW chitosan was 74%, medium
MW chitosan was 83%, high MW chitosan was 72%, and
practical-grade chitosan was 75% deacetylated. FTIR confirmed
that cross-linking the chitosan fibers with GA occurred, as
evident by the shift in the ratio of peaks from 1650 to 1560
cmtin the carbonyl-amide region, indicating that Schiff base
imine functionality occurred.

< Cross-linking with GA vapor made the medium MW chitosan
Figure 8. SEM images of electrospun chitosan fibers after mechan- fiber mats insoluble in NaOH, acetic acid, and ultrapure water

ical testing close to their breaking point: overall alignment of as-spun solutions for at least 72 h. Upon removal of the fibrous mats
medium MW chitosan fibers with 3 um marker (upper left); overall from these solutions, their color as well as their rectangular

structure of cross-linked medium MW chitosan fibers with 1.3 um e
marker (lower left); close-up of as-spun medium MW chitosan fibers shapg \A_Ias ma!mame.d' o ) )
with 500 nm marker (right). Images were taken on the FESEM. Uniaxial tensile testing indicated that once chitosan fiber mats

are cross-linked with GA, they lose some of their elastic

) ) ) ) ~ properties and become more brittle. All tested mechanical

left) displays an image of as-spun fibers after mechanical testing properties were found to decrease after cross-linking. The
that contains both aligned fibers and a multitude of cracks or yvoung's modulus of the cross-linked fiber mats was found to
locations where extensions occurred on the fibers prior to their pe 4.1 MPa lower, the average break strain was found to be
ultimately breaking. The zoomed-in image, Figure 8 (right), 0,02 lower, and the ultimate tensile strength was determined to

displays cracks that propagated perpendicular to the long axishe 2 88 MPa lower than those of the as-spun nanofiber mats.
of the fiber. This phenomenon shows the elastic nature of the The decreasing slope prior to the ultimate failure of the as-

?hs-spun fllbekrsd IQe Iow;er Ietft_lmggtre] n F|g(;1re |8 e’?“'ti"z ;T)at spun fiber mats indicates that these fibers experienced a reduced
€ cross-inked fiber mats retained teir randomly onented ber 0 ase of mechanical properties prior to their breaking point.

composition and experienced a mult|t_ude of.broken fibers prior This can be attested to the lessening influence of cohesive forces
to their ultimate break. Cross-linked fibers did not demonstrate (from the fiberfiber contacts) and replacement with fiber

alignment or elongatio_n prior to their failure; it can be concluded alignment and pulling. Additionally, the SEM images confirm

that they act less elastically than the as-spun chitosan nanoﬁbersthat the as-spun fibers developed cracks perpendicular to the
length of the fibers that allowed the fibers to elongate.
Conclusion Alternatively, the cross-linked fibers did not experience a slow

degradation of properties but rather a quick break, as supported

Fibrous mats were successfully electrospun from low, me- by the SEM images of sharply broken fibers. The cross-linker
dium, and high molecular weight as well as practical-grade effectively locked the chitosan fibers together, thus prohibiting
chitosan. The high MW and practical-grade chitosan solutions fiber slippage and causing the loss of the pseudo-yield point.
were experimentally found to have the same viscosity: 308 cP. In conclusion, we have electrospun bead-free, continuous,
The low and medium MW chitosan/TFA solutions were found randomly oriented nanofibrous mats from various molecular
to have viscosities of 168 and 1116 cP, respectively. As noted, weights (low, medium, and high) and a practical grade of
there was found to be only a minimal correlation between chitosan. Questions remain as to whether the GA vapor is
viscosity and fiber diameter; these data have been included topenetrating fully into the chitosan fibers, coating individual
provide insight concerning the required viscosity to electrospin fibers, or concentrating at fibefiber contacts during the cross-
chitosan/TFA successfully rather than supplying information |inking process. Based upon the differences in solubility and
about general electrospinning parameters, fiber production, ormechanical properties, as supported by the SEM images of the
relationship to mechanical properties. as-spun versus cross-linked chitosan fiber mats, our next

All chitosans were capable of being electrospun into fiber research initiative is to determine the optimal exposure time of
mats without exhibiting any branching. Occasionally, the low the chitosan fiber mats to the GA vapor. We believe that the
MW and practical-grade chitosan fibers displayed branching; current exposure time of the mats to the GA vapor is longer
it is unclear at this time whether this is due to the bulk material, than ideal and that by decreasing and optimizing this time factor
percent humidity, or both of these conditions. We plan to we will find an increase in mechanical properties, while retaining
investigate fully the role of humidity when electrospinning our the decreased solubility.
chitosan/TFA solutions to answer this question.
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