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a  b  s  t  r  a  c  t

Electrospun  chitosan  fibers  have  numerous  potential  in  biomedical,  food,  and  pharmaceutical  applica-
tions.  However,  the  mats  formed  are  often  not  chemically  stable  in  a wide  range  of  pHs  unless  crosslinked.
Here,  we  report  on the  use of  glycerol  phosphate  (GP),  tripolyphosphate  (TPP)  and  tannic  acid  (TA)  as  a
new set  of  non-covalent  crosslinkers  for electrospun  chitosan  fibers.  Crosslinking  with  or  without  heat
or base  activation  were  performed  either  prior to (one-step  or activated  one-step)  or  after  (two-step  or
activated  two-step)  electrospinning  with  either  GP  or  TA.  TPP  crosslinking  was  performed  in  two-step
and  activated  two-step.  FESEM,  FTIR  and  UV–vis  transmittance  at 600  nm  were  used  to  determine  fiber
lectrospinning
rosslinking
annic
lycerol phosphate

surface  morphology,  chemical  interactions  and  solubility  in  1  M AA (pH  3),  water  (∼pH 6)  and  1  M NaOH
(pH  13),  respectively.  Crosslinking  of  chitosan  with  GP  and  TA yields  fibers  with  a mean  diameter  range
of  145–334  nm  and  143–5554  nm,  respectively.  TPP  crosslinking  produced  branched  fibers  with  mean
diameters  of  117–462  nm  range.  Two-step  chitosan-TA  did  not  dissolve  in  1 M AA even after  72  h  while
all  chitosan-TPP,  activated  two-step  chitosan-TA  and  two-step  heat  activated  chitosan-GP  fibers  survived
in water  after  72 h.
. Introduction

Chitosan, the linear and partly acetylated (1-4)-2-amino-2-
eoxy-�-d-glucan, is obtained from marine chitin (Muzzarelli,
oudrant et al., 2012). Chitosan possesses unique chemical prop-
rties owing to its cationic charge in solution and ability to
orm covalent or ionic bonds with other chemical species. These
roperties, along with the ease of chemically modifying and
rocessing, remarkably increased the application-based research

n pharmaceutical and biomedical engineering, water treatment
nd membrane systems (Kumar, Muzzarelli, Muzzarelli, Sashiwa,

 Domb, 2004; Muzzarelli, Greco, Busilacchi, Sollazzo, & Gigante,
012; Schiffman & Schauer, 2008).

Fine fibrous mats can be created from chitosan solutions
hrough electrospinning. Electrospinning is a simple, low-cost and
calable method of producing polymer fibers with diameters reach-
ng down to the nanometer scale, creating a mat  with high surface
rea-to-volume ratio. The setup typically consists of three basic
arts: (1) a needle-capped syringe containing the solution that is
laced on an advancement pump; (2) a conductive collector; and (3)
 high voltage power source that connects the needle and the collec-
or. Fiber formation is influenced by solution, electrospinning and
nvironmental parameters (Reneker, Yarin, Zussman, & Xu, 2007).
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When the applied voltage overcomes the polymer solution’s oppos-
ing surface charge, the polymer jets out of the solution, elongates
and whips due to charge instabilities and ultimately gets collected
on the plate (Reneker et al., 2007; Schiffman & Schauer, 2008).
Recently, we spun chitosan in trifluoroacetic acid (TFA), however
the mat  dissolves in neutral (pH 7) to acidic (∼pH 3) conditions
and thus requires crosslinking to improve its chemical stability for
future applications (Schiffman & Schauer, 2007a, 2007b).

Chemically, the chitosan structure consists of d-glucosamine
(deacetylated unit) and N-acetyl-d-glucosamine units. Under
appropriate conditions, chitosan can form bonds with nearby
chemical species due to either its protonated amine groups present
on d-glucosamine or the primary and secondary hydroxyl groups
(OH). One reaction can be the chemical crosslinking of chi-
tosan, which is commonly performed on chitosan-based hydrogels,
microspheres and films for use in various biomedical applications
(Berger et al., 2004). Crosslinking modifies a few chitosan proper-
ties including chemical and mechanical stability (Austero, Donius,
Wegst, & Schauer, 2012; Donius, Kiechel, Schauer, & Wegst, 2013;
Schiffman & Schauer, 2007a, 2007b).  There are a number of known
ionic or covalently-binding chitosan crosslinkers but to date, only
the covalent crosslinkers have been used to crosslink as-spun elec-
trospun chitosan fibers in both one- and two-step method (Austero
et al., 2012; Muzzarelli, 2009; Schiffman & Schauer, 2007a, 2007b).
In this study, we  employed both one-step (OS) and two-step (TS)
methods to expand the library of and demonstrate the chemical
crosslinking techniques available for electrospun chitosan fibers.
The OS method involves the addition of the crosslinker to the

dx.doi.org/10.1016/j.carbpol.2013.02.034
http://www.sciencedirect.com/science/journal/01448617
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olymer solution before electrospinning, while TS is performed
y immersing an as-spun polymer mat  in a crosslinker solution.
chiffman and Schauer (2007a, 2007b) were the first to report on
he difference between the OS and TS crosslinking of electrospun
hitosan-GA on its fiber morphology, diameter and other mat  prop-
rties.

OS method is advantageous as it allows better mixing of the
olymer with the crosslinker before fiber formation and depending
n the crosslinker reaction, may  reduce the crosslinked fiber-
rocessing step. A disadvantage however is that some crosslinkers

ike GA may  readily crosslink chitosan at room temperature and
n acidic conditions (i.e. the spinning solvent pH). This results in
he solution forming a gel before fibers are formed, which adds an
dditional step to constantly replenish the solution with a newly
ixed batch in order to get high fiber yields. The OS method also

ossesses a challenge if the addition of the crosslinker dramatically
odifies the electrospinning solution properties, requiring adjust-
ent in the electrospinning parameters. In contrast, TS crosslinking

s advantageous as it allows ease in making the fibers before the
rosslinking steps. Electrospinning parameters do not have to be
djusted however there is a need for this additional step after fiber
ormation.

Additionally, we introduce here heat or base activation for either
S or TS technique. A few crosslinkers, like HDACS (Austero et al.,
012), require either activation to fully crosslink. Similarly, some
f the non-covalent crosslinkers used here require heat (60 ◦C) or
ase to fully crosslink.

In this paper, the aim is to investigate the use of glycerol phos-
hate (GP), tripolyphosphate (TPP) and tannic acid (TA) as a new
et of stimulus-responsive crosslinkers for electrospun chitosan
bers. Previously spun chitosan crosslinked in either OS or TS
pproach yielded fibers with various fiber morphologies (Schiffman

 Schauer, 2007a, 2007b).  In this study, OS, activated OS, TS and
ctivated TS methods of crosslinking of fibers and its influence in
ber morphology are also investigated.

Unlike our previously reported crosslinkers that form covalent
onds with chitosan (Austero et al., 2012), the crosslinkers GP, TPP
nd TA used here form ionic or hydrophobic interactions. Both GP,
ommercially sold as a sodium salt (Na2C3H7O6P), and the colorless
norganic sodium salt of TPP (Na5P3O4) are phosphate-containing
ompounds that form networks by the electrostatic interactions
f the negatively charged phosphate groups with the positively
harged groups of the chitosan chains.

GP (pKa (25 ◦C) 6.26) (Fukada & Takahashi, 1998) is a thermosensi-
ive crosslinker of chitosan hydrogels (Chenite, Buschmann, Wang,
haput, & Kandani, 2001; Ruel-Gariepy, Chenite, Chaput, Guirguis,

 Leroux, 2000) and films (Faikrua, Jeenapongsa, Sila-asna, &
iyoch, 2009).

Like GP, TPP is a common chitosan hydrogel crosslinker (Du, Niu,
u, Xu, & Fan, 2009; Lopez-Leon, Carvalho, Seijo, Ortega-Vinuesa,

 Bastos-Gonzalez, 2005; Shu & Zhu, 2001) owing to its highly
harged phosphate groups (P3O4

5−). Other than electrostatic inter-
ctions, hydrophobic interactions and interchain hydrogen bonds
Brack, Tirmizi, & Risen, 1997; Ruel-Gariepy et al., 2000; Shu, Zhu,

 Song, 2001) have also been reported to influence the crosslinked
hitosan networks.

TA (pKa 2.2–3.2) (Shutava, Prouty, Kommireddy, & Lvov, 2005)
s a type of tannin, a naturally occurring plant polyphenol. It
s a large glucose-containing molecule (1.85 × 1.65 × 1.01 nm3)
Madhan, Dhathathreyan, Subramanian, & Ramasami, 2003) that
s esterified with phenols (gallic acid). Often reported as C76H52O46
hat corresponds to decagalloyl glucose, commercial TA is actually
 mixture of polygalloyl glucose and polygalloyl quinic acid esters
hat has varying number of galloyl units, depending on its source.
annins are known in nature to bind and precipitate polysaccha-
ides (Charlton et al., 2002; Osawa & Walsh, 1993; Van Buren &
te Polymers 95 (2013) 123– 133

Robinson, 1969). To date, the use of TA with chitosan has only been
reported for films, microcapsules (Devi & Maji, 2009; Shutava et al.,
2005; Shutava & Lvov, 2006) and adsorbent beads (An & Dultz,
2007; Chang & Juang, 2004). Although not yet fully understood,
the possible binding mechanisms of TA to amine-containing poly-
mers were considered to be due to the formation of hydrophobic
or hydrogen bonds (Barry, Finkelstein, & Ross, 1984) or complexes
(Van Buren & Robinson, 1969) that are influenced by temperature
or pH (Charlton et al., 2002; Shutava et al., 2005).

2. Experimental

2.1. Reagents

Medium molecular weight chitosan (77% DD, MW = 190–
310 kDa), trifluoroacetic acid (TFA, 99% ReagentPlus), glycerol-2-
phosphate sodium dihydrate (GP), sodium tripolyphosphate (TPP)
and tannic acid (TA) were used as received from Sigma Aldrich, MO,
USA. Sodium hydroxide (NaOH), ethanol (200 Proof) and acetic acid
(AA) from Sigma–Aldrich, MO,  USA were also used for neutraliza-
tion or solubility testing. All aqueous solutions were prepared with
doubly distilled water.

2.2. Preparation of chitosan solutions

Solutions were prepared by mixing 3.7 wt.% chitosan in 99% TFA.
The solutions were mixed for about 24 h at room temperature on
an Arma Rotator A-1 (Bethesda, MD,  USA). The electrospinning and
crosslinking procedures were a modification of our previous work
(Austero et al., 2012; Schiffman & Schauer, 2007b). All mats that
were spun from chitosan solutions without additional crosslinkers
were called as-spun mats.

2.3. Crosslinking methods

GP and TA were allowed to react with chitosan in four processing
methods: (1) OS; (2) activated OS; (3) TS; and (4) activated TS while
TPP utilized only TS and activated TS methods. For all methods of
crosslinking, the polymer:crosslinker ratio was 3:1 (wt%) for GP
(Faikrua et al., 2009), 4:1 (wt.%) for TPP (Shu & Zhu, 2000) and 1:1.4
(wt.%) for TA (Devi & Maji, 2009), except as indicated.

2.3.1. One-step (OS)
For this method, the crosslinker was added to the chitosan solu-

tion about 2 min  prior to electrospinning.

2.3.2. Activated one-step
This was  a modified version of the OS approach. Here, after

spinning, the OS mats were either heat- or base-activated. Heat
or base activation were carried out by exposing the mats to
60 ◦C in a convection oven for 24 h or in a gas vapor chamber
(110 mm × 80 mm × 50 mm;  VWR  Scientific Products, Bridgeport,
NJ) with 10 mL 1 M NaOH for 24 h at ambient conditions, respec-
tively.

2.3.3. Two-step (TS)
The TS method was performed by the fabrication of as-spun

mats followed by the immersion of the mats into the crosslinker
solution. The as-spun mats were initially neutralized with freshly
prepared 5 wt.% NaOH in ethanol for 1 h, washed with water until

the wash solution is pH 7. Then, the mats were immersed into the
aqueous crosslinker solution for 5 h at ambient conditions. After-
wards, the mats were rinsed with water until the wash solution
was pH 7.



M.A. Kiechel, C.L. Schauer / Carbohydrate Polymers 95 (2013) 123– 133 125

) trip

2

O
a
t
w
t

2

m
U
C

s
h
d
a
N
t
e

2

a
a

Fig. 1. Chemical structure of: (A) glycerol phosphate (GP); (B

.3.4. Activated two-step
This method is a hybrid and modified version of both activated

S and TS crosslinking methods, in that after immersion of the
s-spun chitosan mat  into the crosslinker, the mats were exposed
o heat- or base-activation. Activation and immersion procedures
ere the same as that of the activated OS and TS methods, respec-

ively.

.4. Viscosity, pH and conductivity of solutions

Viscosity of all the solutions used for electrospinning were
easured based on the ASTM D446 standard method using an
bbelohde glass capillary viscometer (Cannon Instrument Co., State
ollege, PA).

Conductivity and pH of all the solutions were likewise mea-
ured prior to electrospinning. For the conductivity measurements
owever, the solutions were made with 1% TFA to prevent probe
amage. An Oakton CON 5110 conductimeter (Vernon Hills, IL) and

 universal range (pH 0-14) indicator sticks (J.T. Baker, Deventer,
etherlands) were utilized, respectively. All measurements were

aken under ambient temperature (25◦ ± 4 ◦C) and three runs for
ach solution type.

.5. Electrospinning of solutions
The chitosan or chitosan-crosslinker solution was  loaded into
 10 mL  syringe (Becton Dickinson & Co., Franklin Lakes, NJ, USA)
nd a 21-gauge Precision Glide needle (Becton Dickinson & Co.,
olyphosphate (TPP); and (C) tannic acid (TA) (l + m + n = 0–7).

Franklin Lakes, NJ, USA) was attached. The syringe was  placed on an
advancement pump (Harvard Apparatus, Plymouth Meeting, PA)
set at 0.5 mL/h flow rate and a distance of 10 cm from the col-
lecting plate, which is a 90 mm  × 90 mm copper plate wrapped
with aluminum foil. A high voltage supply (Gamma High Voltage
Research Inc., Ormond Beach, FL, USA) connects the needle (positive
electrode) and the plate. A 15 kV applied voltage was used as the
solution was advanced with the set flow rate. The setup was  run at
23–25 ◦C and 30–35% RH. For comparison, chitosan solutions were
spun (as-spun) as controls. All mats were carefully peeled off from
the foil collector before any immersion or activation procedure was
performed.

2.6. Field emission scanning electron microscopy (FESEM)

Fiber morphologies of the electrospun samples were observed
under Zeiss Supra 50VP FESEM (Carl Zeiss NTS, LLC, North Amer-
ica) after coating the samples with platinum/palladium for 30 s
and 40 mA using Denton Vacuum Desk II (Denton Vacuum, LLC,
Moorestown, NJ, USA), depositing approximately a 5 nm thick coat-
ing. Mean fiber diameters (N = 50) were measured using the ImageJ
software (version 1.41o, National Institute of Health, USA). Fiber
branching and web-like morphologies were also noted.
2.7. Fourier transform infrared microscopy (FTIR)

Infrared spectra of all fibers and bulks were recorded using FTIR
(Varian Excalibur FTS-3000, Varian, Inc., Palo Alto, CA) with the
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ig. 2. Properties of chitosan-based solutions used for electrospinning: (A) relative 

H.

ttenuated total reflectance (ATR) mode. All runs were done with
 spectral range of 4000–500 cm−1 by accumulation of 64 scans at

 cm−1 resolution.

.8. Solubility test

Stability of the fiber mat  samples was performed under acidic,
eutral and basic solutions. Solubility test previously described
y Austero et al. (2012) was modified and utilized to determine
he stability of the fiber mats. Samples (0.5 mm × 0.5 mm)  sam-
les were cut from each mat  and submerged in separate solutions
ach containing 20 mL  solutions of 1 M AA (pH 3), distilled water
pH 7) and 1 M NaOH (pH 13) in square disposable Petri dishes
100 mm × 100 mm x 15 mm with 13 mm grid; Simport Plastics, QC,
anada). Mats were tested after 15 min  and 72 h immersion under
mbient conditions.

Mat  dissolution was monitored by measuring the solution
ransmittance at 600 nm (T600) using a spectrometer (USB2000

iniature Fiber Optic Spectrometer, Ocean Optics, Inc., Dunedin,
L). All measurements were in triplicates. Values were normalized
sing 1 M AA, water and 1 M NaOH as reference solutions rather
han the reference-crosslinker solutions (i.e. 1 M AA + GP). More-
ver, all mats were visually observed (VO). Mats with T600 ≥ 90
nd VO = 100 indicate “not dissolved”; T600 ≥ 90 and VO = 0 indi-

ate “fully dissolved”; while those with 50 ≤ T600 ≤ 90 and VO = 100
ndicate “partially dissolved”. Micrographs of the surface morphol-
gy of the mats that survived 72 h immersion in 1 M AA or water
ere taken using the FESEM.
ity; (B) relative viscosity at various electrospinning times; (C) conductivity; and (D)

2.9. Statistical analysis

All statistical analysis were performed on fiber diameters using
StatPlus:Mac LE.2009 (Build 5.8.0.0, AnalystSoft Inc.) with p-level
≤0.05 as significant.

3. Results and discussion

All prepared chitosan, chitosan-GP and chitosan-TA solutions
were electrospinnable. After 24 h mixing, chitosan-TFA solutions
typically appear clear dark yellow to dark orange. The addition of
GP (Fig. 1) to the chitosan-TFA solution did not contribute any color
change while the addition of TA (Fig. 1) resulted to an opaque light
yellow solution with grainy particles, most likely the TA molecules
aggregating due to increased hydrophobic interactions at this low
pH (Shutava et al., 2005). Fig. 2 displays the properties of the elec-
trospinning solution. The increase in the relative viscosity of the
chitosan-GP can be attributed to the chitosan chain conformation
changing in the presence of the salt (Wyatt, Gunther, & Liberatore,
2011). Moreover, with the addition of GP (pKa 6.26) and TA (pKa

2.2–3.2), pH was observed to increase to 3 and 2, respectively. How-
ever, the spinning solution was not observed to gel even after 5 h
of spinning. This is likely attributed to the crosslinkers remaining

mostly uncharged at this low pH.

With TPP (Fig. 1) addition, the chitosan-TFA solution imme-
diately (<1 min) formed a clear yellow gel that could not be
electrospun. For this reason, TPP was  only used for the TS
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ig. 3. FESEM micrographs of electrospun chitosan fiber mats: (A) chitosan-GP; (B)
nd  (F) TS chitosan-GP-base.

rosslinking of the chitosan fiber mats. The extensive and imme-
iate crosslinking is likely due to the high charge density of TPP,
aving up to five negative charges per molecule as compared to GP
ith only one negative charge (Shu & Zhu, 2002a).  Adjusting the

PP:chitosan ratio (i.e. reducing the concentration of TPP) or using
lends of crosslinkers (Shu & Zhu, 2002a)  have been proposed to
ither delay full crosslinking or keep the chitosan-TPP solution
artially crosslinked to prevent immediate gelation and keep the
olution electrospinnable.

.1. Crosslinking chitosan fiber with GP

FESEM micrographs (Fig. 3) revealed smooth and ribbon-like
S chitosan-GP fibers with a mean fiber diameter of 259 ± 136 nm.
his is a 95% increase in diameter from the as-spun chitosan
133 ± 53 nm)  (Fig. 5). The increase in fiber diameter after OS
rosslinking correlates with the data reported by Schiffman and
chauer (2007b) for the OS chitosan-GA. This increase in diameter
an be attributed to the increased attractive forces between chi-
osan and GP, limiting jet elongation due to charge repulsion during

ber formation. Interestingly, even though an ionic crosslinker
i.e. one that can impart charges that can affect fiber formation
uring electrospinning) was added to our chitosan-TFA solution

nstead of the neutral, covalent crosslinker GA, the electrospinning
san-GP-60 ◦C; (C) chitosan-GP-base; (D) TS chitosan-GP; (E) TS chitosan-GP-60 ◦C;

parameters we used to fabricate the OS chitosan-GP was similar
to what Schiffman and Schauer (2007b) had utilized.

Activation of the OS mats was performed to achieve chemical
crosslinking of GP or TA with chitosan. High pH and increased tem-
perature activation of previously studied chitosan crosslinkers have
been observed to affect chitosan fiber diameters (Austero et al.,
2012).

Due to the thermosensitivity of OS chitosan-GP mat, acti-
vation was performed by increased heat (60 ◦C, 24 h) (Cheng
et al., 2010; Ruel-Gariepy et al., 2000, 2004; Ruel-Gariepy, Leclair,
Hildgen, Gupta, & Leroux, 2002; Ruel-Gariepy & Leroux, 2006).
After activation, the mean fiber diameter of the TS chitosan-GP-
60 ◦C (145 ± 70 nm)  (Fig. 3) decreased by 44% as a result of the
possible removal of moisture on the mat  plus the formation of
more crosslinks. It is also important to note that the fibers have
become highly branched and more web-like, indicating a possible
increase in chain-to-chain interactions due to increased crosslinks
between chitosan and GP (Filion, Lavertu, & Buschmann, 2007;
Lavertu, Filion, & Buschmann, 2008). Increased fiber–fiber contact
points due to covalent-crosslinking and activation of electrospun

chitosan fibers have been reported to improve mechanical prop-
erties (Donius et al., 2013). Preliminary mechanical testing of
the OS chitosan-GP (unbranched, individual) and TS chitosan-GP-
60 ◦C (web) mats revealed higher tensile properties for the more
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Fig. 4. FTIR spectra of bulk crosslinker or electrospun chitosan fiber mats: Left: (A) bulk GP; (B) chitosan; (C) chitosan-GP; (D) chitosan-GP-60 ◦C; (E) chitosan-GP-base;
(F)  TS chitosan-GP; (G) TS chitosan-GP-60 ◦C; (H) TS chitosan-GP-base; (I) bulk TA; (J) chitosan-TA; (K) chitosan-TA-60 ◦C, L) chitosan-TA-base; (M)  TS chitosan-TA; (N) TS
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tively. The increase in the diameter of as-spun chitosan mat  after
TS crosslinking was  expected and in agreement to previous stud-
ies (Schiffman & Schauer, 2007a).  The fiber diameter increase for
the TS chitosan-GP from as-spun chitosan is not as large as the

Fig. 5. FTIR spectra and FESEM micrographs of bulk TPP or electrospun chitosan
hitosan-TA-60 ◦C; and (O) TS chitosan-TA-base. Dashed vertical line (a) 1670 cm
haracteristic peaks of chitosan: (b) 1650 cm−1, (c) 1560 cm−1, (d) 1155 cm−1, (f) 10

ranched mat. Tensile moduli were determined to be 52 MPa  and
9 MPa  while tensile strengths were 39 MPa  and 66 MPa  for OS
hitosan-GP and TS chitosan-GP-60 ◦C, respectively.

Chitosan can crosslink with GP via the heat-induced transfer
f protons from the protonated amine group of chitosan to the
hosphate group of GP (Filion et al., 2007; Lavertu et al., 2008).
y increasing the chitosan solution temperature from 5 to 85 ◦C,
he apparent ionization constant (pKap) of chitosan decreases sig-
ificantly by 0.023 pKa units/◦C, allowing the protonated amine
roups to release its protons (Filion et al., 2007; Lavertu et al.,
008). Since the pKa of GP is temperature-independent and close
o that of the pKap of chitosan, it acts as a proton acceptor
Filion et al., 2007; Lavertu et al., 2008) forming these crosslinks.
he formation of deprotonated amine groups is also proposed to
educe chain repulsion facilitating the precipitation or gelation of
hitosan.

Interestingly, the base activation of TS chitosan-GP-base (Fig. 3)
id not change the fiber morphology and only resulted to

 minimal 4% increase in fiber diameter as compared to OS
hitosan-GP, most likely due to uptake of moisture. In addition,
ven at a low concentration, the basic condition might have
eutralized the still protonated amine groups of chitosan result-

ng to changes in the chain-to-chain repulsion (Lavertu et al.,
008).

To remove residual TFA that is present on the as-spun chitosan
ber, a neutralization step was performed. Neutralized as-spun
hitosan mats are preferred not just for TS crosslinking but for post-
rocessing techniques because this step ensures that more amine
roups are available for subsequent reactions. Residual TFA ions on
he mats are also undesirable for biocompatibility and safety rea-
ons. The washing step was done to simply remove residual base
nd salts that may  have formed due to neutralization of the mats

ith NaOH/ethanol.

After immersion into the GP solution, the TS chitosan-GP
at  retained its fibrous structure with a mean fiber diameter of

16 ± 66 nm (Fig. 3) which is a 62% increase and 17% decrease
responds to the C O of the residual TFA. Black solid vertical lines or box (e) are
−1, (g) 1028 cm−1; and (i) 890 cm−1. Characteristic GP peak is at (h) 950 cm−1.

when compared to as-spun chitosan and chitosan-GP mat, respec-
fiber mats: (A) bulk TPP; (B) chitosan; (C) TS chitosan-TPP; (D) TS chitosan-TPP-
60 ◦C; and (E) TS chitosan-TPP-base. Black vertical line (a) 1670 cm−1, corresponds
to  the C O of the residual TFA. Black solid vertical lines and box (e) correspond to
the characteristic peaks of chitosan: (b) 1650 cm−1, (c) 1560 cm−1, (d) 1155 cm−1,
(f)  1060 cm−1, (g) 1028 cm−1, and (i) 890 cm−1.
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Fig. 6. FESEM micrographs of electrospun chitosan fiber mats: (A) chitosan-TA; (B) chitosan-TA-60 ◦C; (C) chitosan-TA-base; (D) TS chitosan-TA; (E) TS chitosan-TA-60 ◦C;
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nd  (F) TS chitosan-TA-base.

5% increase for the OS chitosan-GP. We  suggest that due to the
ncreased free amine and protonation of GP from sodium salt to
H groups now in the neutralized as-spun mat  chain (i.e. amines
uring OS chitosan-GP are still protonated), the attractive interac-
ions with the negatively charged GP in solution might have been
educed while the chain-to-chain hydrophobic attraction increased
Filion et al., 2007; Lavertu et al., 2008), resulting to smaller fiber
iameters.

In Schiffman and Schauer’s (2007a) previous work, activa-
ion after the TS crosslinking was not employed since GA readily
rosslinks chitosan at acidic and ambient conditions. In our case,
t was logical to perform an activation step after the TS method
o provide optimum crosslinking conditions for GP or TA, apart
rom being able to compare the different post-processing and
rosslinking methods. Like in OS chitosan-GP, activation of the
S chitosan-GP-60 ◦C mats resulted to a decrease in fiber diam-
ters and may  be attributed to the possible removal of moisture
n the mat  with the formation of more crosslinks. Branching and
ormation of more web-like fiber morphology was also noted, indi-
ating a possible slight increase in chain-to-chain interactions due
o increased crosslinks between chitosan and GP (Filion et al., 2007;

avertu et al., 2008). On the other hand, the TS chitosan-GP-base
ad increased diameters but this may  be due to absorbed moisture
nd not crosslinks, as will be explained later on in this paper under
he FTIR and solubility test results.
3.1.1. FTIR of electrospun chitosan-GP fiber mats
To confirm the chemical crosslinking of GP,  TPP or TA with

chitosan, FTIR was performed (Figs. 4 and 5). As controls, FTIR spec-
tra of the bulk reagents (chitosan, GP, TPP and TA) and as-spun
mats were also taken. Both bulk and as-spun chitosan have the
characteristic FTIR peaks: 3500–3200 cm−1 (NH, OH), 2850 cm−1

(CH), 1650 cm−1 (C O of amide I), 1560 cm−1 (1◦ NH of amide II),
1450–1370 cm−1 (CH), 1155 cm−1 (COC), 1060 and 1028 cm−1 (CO)
and 890 cm−1 (1◦ NH wag). Due to the broad OH stretch, the 1◦

amine peaks (3400–3500 cm−1) were not distinct however the NH
wag of the bulk chitosan indicates that amines are present.

The bulk GP spectrum displays characteristic peaks as well:
1050–1100 cm−1 (P O) and 950 cm−1 (OH) (Boskey, Camacho,
Mendelsohn, Doty, & Binderman, 1992). All the OS (chitosan-GP)
and activated OS (chitosan-GP-60 ◦C and chitosan-GP-base) spec-
tra of show characteristic chitosan and GP peaks however since the
mats were not neutralized, the 1◦ amines are likely still protonated
and did not show as NH2 peaks in the spectra. This is confirmed by
the strong peak at 1670 cm−1 and 1201 cm−1 (not highlighted), also
present in the as-spun chitosan, which corresponds to the C O and
C O respectively, of residual TFA and the loss of the NH2 stretch

and wag  peaks for the electrospun mats. It should be noted that
for the chitosan-GP-60 ◦C, although the NH2 stretch peaks are not
as pronounced due to the presence of the residual TFA, a slight
increase in the NH2 wag  peak was observed with a shift and loss of
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Fig. 7. Electrospun chitosan-based mat  solubility

he phosphate peaks, indicating the heat-induced transfer of pro-
ons from the protonated amines to GP (Filion et al., 2007; Lavertu
t al., 2008).

To remove the residual TFA and prepare the as-spun mats for
S and activated TS crosslinking, the neutralization step was per-
ormed. Spectra of the neutralized as-spun and all the TS and
ctivated TS mats displayed a loss of the TFA peaks and an increase
n the NH2 wag peak, indicating the deprotonation of the amine
roups.

.2. Crosslinking chitosan fiber with TPP

FESEM micrographs of all chitosan-TPP mats are displayed in
ig. 5. For TPP, only the TS and activated TS methods were employed
ince TPP crosslinks at a shorter period of time than GP after mixing
ith chitosan-TFA. Moreover, unlike GP, chitosan-TPP interaction

s not heat activated. For this paper, we added heat activation and
ase activation after TS chitosan-TPP to determine if these condi-
ions enhance crosslinking. This immediate crosslinking, attributed
o the strong phosphate groups of TPP forming ionic bonds with the
mine groups of chitosan, poses a challenge when trying to elec-

rospin in OS as it clogs the syringe and needle when the solution
ully gels and turns yellow.

In contrast to the fiber diameter trend of the TS chitosan-GP
ats, the TS chitosan-TPP mats have an opposite trend, with the
 AA and water after 15 min and 72 h immersion.

TS chitosan-TPP-60 ◦C having the largest diameter at 462 ± 198 nm
(247% larger than as-spun chitosan) (Fig. 5), most likely due to
faster chitosan-TPP interaction at higher temperatures. Unlike
TS chitosan-GP, the TS chitosan-TPP yielded smaller fibers (12%
smaller than as-spun chitosan) after immersing into the TPP solu-
tion. As for the base-exposed mat, the fiber diameter slightly
increased compared to as-spun chitosan (by 79%) and TS chitosan-
TPP (by 103%). We  suggest that apart from the crosslinking, the
moisture and presence of base influenced the diameter increase
and poor chemical stability in acidic medium (Fig. 7). Chitosan-
TPP-based materials (i.e. beads) are known to be pH responsive (i.e.
swells at various pHs), however the sensitivity of these depends
on the concentration of TPP and chitosan, crosslinking time (Shu
& Zhu, 2002a, 2002b, 2002c)  and the degree of deacetylation of
chitosan.

3.2.1. FTIR of electrospun chitosan-TPP fibers
The FTIR spectra of TS chitosan-TPP fiber mats are shown in

Fig. 5. Characteristic TPP peaks were observed for the bulk TPP.
The loss of the residual TFA peak of the spun mats was  also notice-
able in the spectra. In acidic conditions (∼pH 3), the phosphoric

groups of TPP are highly involved in the crosslinking with the
amine group of chitosan. This was indicated in the spectra as an
increase in the height, broadening and shifting to lower wavenum-
bers (1100–1200 cm−1) for the phosphate groups.
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ig. 8. (a) FESEM micrographs of electrospun mats after 72 h solubility test.1 M AA
D)  TS chitosan-TA-base; (E) TS chitosan-GP-60 ◦C; (F) TS chitosan-TPP-base; (G) TS
rosslinked mat  compositions with corresponding water solubility after 72 h, fiber 

.3. Crosslinking chitosan fiber with TA

FESEM micrographs of all chitosan-TA mats are displayed in
ig. 6. Like the OS GP-containing mats, the fiber diameters of the
S TA mats have the same trend. Chitosan-TA mat  yielded a non-
niform, smooth and ribbon-like to round fibers having smaller
ean fiber diameters of 143 ± 85 nm,  only an 8% increase in diam-

ter from the as-spun chitosan mat  control (133 ± 53 nm)  (Fig. 5).
n comparison to the mean fiber diameter of as-spun chitosan, the
hitosan-TA-60 ◦C was 45% higher. As will be explained later in this
aper under the FTIR section for TA and supported by chemical sta-
ility data, these changes in chitosan fiber diameters may  not be
ue to chemical crosslinking interactions with TA but by the effects
f moisture in the fibers.

As expected, diameter of the TS chitosan-TA mat  was 114% larger
han as-spun chitosan. Interestingly, the web-like TS chitosan-TA-
0 ◦C fiber mat  had even larger fiber diameters at 6 ± 5 �m while the
S chitosan-TA-base fibers are smaller at 241 ± 174 nm (81% higher
han as-spun chitosan) (Fig. 6). This trend is opposite to what was
bserved with the TS GP-containing mats but in agreement to the
S chitosan-TPP mats.

.3.1. FTIR of electrospun chitosan-TA fibers
FTIR spectra (Fig. 4) of the TA bulk powder, as-spun chitosan

at  and TA-containing mats were taken. The presence of numer-
us hydroxyl, benzene rings and carbonyl functional groups on
he TA structure lead to the numerous peaks in the spectra. These
eaks are characteristic of TA. Crosslinking chitosan with TA most

ikely does not involve covalent bonding but is instead a result of
ultiple weak hydrogen bonds. Previous studies have reportedly

sed TA to crosslink chitosan microparticles (Aelenei, Popa, Novac,

isa, & Balaita, 2009). It is also important to note that naturally,
ulk chitosan contains tannins that are not fully removed dur-

ng the processing of chitosan from chitin material of crustaceans.
his may  result to possible difficulty in trying to deconvolute the
d water (B–H): (A) TS chitosan-TA; (B) TS chitosan-TA; (C) TS chitosan-TPP-60 ◦C;
an-TPP; and (H) TS chitosan-TA-60 ◦C. (b) Summary of the various electrospun and
ters and fiber mat  morphology.

individual contributions of chitosan or TA functional groups in the
spectrum.

The presence of residual TFA on the OS chitosan-TA mats was
also observed. Also, other than the changes around the C O C
peaks for the chitosan-TA, chitosan-TA-60 ◦C and chitosan-TA-base,
the spectra did not indicate any possible crosslinking interaction.
The broadening and shift to a lower wavenumber for these peaks
indicate possible H-bonding. The changes in fiber diameters associ-
ated with the addition of TA and activation conditions are possibly
due to water loss by heating (i.e. decrease in diameter) or neu-
tralization of the tannic acid (i.e. increase in diameter) for the
chitosan-TA-60 ◦C and chitosan-TA-base, respectively.

Unlike the OS TA mats, the spectra of the TS and activated TS TA
mats showed some changes in the peak locations and heights. In
addition to characteristic chitosan and TA peaks, the shift to lower
wavenumber and increase in peak height of the 1650 cm−1 peak
of chitosan is assigned to the symmetrical deformations of NH+

3 as
a result of protonation of the primary amine group in the pres-
ence of COO− of TA. The acidity of the solution and the presence
of protonated amine groups may  have resulted to the hydrolysis
of TA leading to the formation of carboxylic group-containing gal-
lic dimers (Aelenei et al., 2009). The broad single band at around
1330 cm−1 was observed for all three TS mats. The COC bonding
vibrations also broadened and shifted to lower wavenumber. The
1647 cm−1 band of TA was displaced to 1727 cm−1 and a formation
of a weak 1461 cm−1 peak, assigned to the COO−) were observed.
These changes in the spectra indicate the strong ionic interactions
between the carboxyl groups of TA and the amine groups of chi-
tosan (Aelenei et al., 2009), leading to the very large increase in
fiber diameters and improved chemical stability as compared to
the OS mats.
3.4. Solubility of electrospun fiber mats

Fig. 7 shows the solubility of all electrospun mats in 1 M AA (pH
3), water (pH 6) and 1 M NaOH (pH 13) while Fig. 8A displays the
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epresentative FESEM images of the fibers post 72 h solubility test
n either 1 M AA or water. FTIR and the stability data correlated
nd confirmed the full and partial crosslinking of the various mats.
nowing that chitosan is insoluble only at high pH due to amine
roups being deprotonated, mat  insolubility at neutral to acidic
onditions would indicate partial to full crosslinking. Solubility
ests indicated that after 72 h at pH 3, TS chitosan-TA did not
issolve, suggesting full crosslinking. At close to neutral pH, TS
hitosan-TPP-60 ◦C, TS chitosan-TA-base, TS chitosan-GP-60 ◦C,
S chitosan-TPP-base, TS chitosan-TPP and TS chitosan-TA-60 ◦C
ats survived 72 h.

.5. Mat  composition, fiber structure and solubility property

Fig. 8B summarizes the various electrospun and crosslinked
at compositions, solubility in water and fiber mat  morphol-

gy. The OS or TS approach to crosslinking of electrospun
hitosan fibers with GP, TPP and TA influenced the fiber sur-
ace morphologies and the chemical interactions or solubility
n aqueous solutions of pH 3–6. The OS or activated OS pro-
ess created mostly unbranched, individual fibers that partially
issolve in pH 3–6, indicating only partial crosslinking due
o the presence of residual trifluoroacetate ions from the sol-
ent. In contrast, the TS or activated TS approach created more
ranched to web-like fibrous mats with most not dissolving in
ater.

This wide range of stabilities in addition to the various fiber
orphology and diameters produced by varying the crosslinking

echnique, mat  compositions and crosslinker type is promising for
arious applications such as filtration, tissue engineering and drug
elivery systems.

. Conclusion

Taken as a whole, chitosan crosslinked with GP, TPP or TA using
our various methods exhibits a wide range of fiber morphology
nd fiber diameter characteristics. Chitosan-GP-60 ◦C, TS chitosan-
A and TS chitosan-TA-60 ◦C demonstrated stable and uniformly
brous mat. As for TPP and TA, the TS method was  observed to
roduce smaller and more chemically stable fibers than the OS
ethod.
This paper enhances the number of potential electrospun chi-

osan crosslinkers from purely covalent to ionic versions leading
o designed properties depending on the required application.
o date, these are the first reported electrospinning of GP-, TPP-
r TA-crosslinked chitosan fiber mats. Future studies are geared
oward determining the mechanical stability of the fiber mats
nd exploring their use as filter membranes or tissue engineering
caffolds.
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