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Abstract

The collagen—chitosan complex nanofibers have been prepared here by electrospinning. Intermolecular interactions in electrospun col-
lagen—chitosan complex fibers have been studied by Fourier transform infrared spectroscopy (FT-IR), differential scanning calorimetry
(DSC) and the mechanical measurements of single ultrafine fiber. It was found that the -OH group, the -NH, group and the amide I, II
and III characteristic absorption bands in FT-IR spectra of electrospun collagen and chitosan blends were shifted and modified with the
difference of chitosan content in electrospun fibers. DSC measurements showed the existence of intermolecular interactions enthalpy
between collagen and chitosan of electrospun fibers. The mechanical measurements of single nanofiber showed that intermolecular inter-
actions varied with various chitosan content in electrospun fibers.

The results have shown that intermoleculars interactions exist in electrospun collagen—chitosan complex fibers. These interactions
make collagen and chitosan be miscible at the molecular level. Electrospinning of collagen and chitosan blends may give the possibility
of producing new materials for potential biomedical applications.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

At present, one of focuses studied in biomaterial fields is
how to prepare the mimic extracellular matrices whose
components and structures are analogous to those of the
native extracellular matrices (ECMs). These mimic ECMs
can improve the biocompatibility and functionality of bio-
materials. Because the native ECMs are the complex of
protein and polysaccharide with nanofibrous porous struc-
ture, the complex of protein and polysaccharide, especially,
the collagen and chitosan complex can be used to mimic
the ECMs of native tissues.
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Collagen is the most abundant structural protein found
in the animal body such as in skin, tendon, cartilage and
bone (Cui & Feng, 2004). Owing to a wealth of merits such
as its biological origin, non-immunogenicity, excellent bio-
compatibility and biodegradability, collagen has been
widely used as biomaterial in the pharmaceutical and med-
ical fields as sealants for vascular (Marois et al., 1995), car-
rier for drug delivery (Ky, Liu, Marumoto, Castaneda, &
Slowinska, 2006), dressings for wound healing (Gomathi,
Gopinath, Ahmed, & Jayakumar, 2003) and tissue engi-
neering scaffold (Matthews, Wnek, Simpson, & Bowlin,
2002). Chitosan is only a basic natural polysaccharide
derived from chitin, which is the second natural resource
only inferior to the cellulose. Because of its abundant pro-
duction in nature, excellent biocompatibility, appropriate
biodegradability, excellent physicochemical properties,
and commercial availability at relatively low cost, it has
also been widely used as biomaterials in the pharmaceutical
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and medical fields. (Huang & Jiang, 2006; Huang, Onyeri,
Siewe, Moshfeghian, & Madihally, 2005).

The collagen and chitosan blends have been widely
used as biomaterials in the pharmaceutical and medical
fields recently (Chen, Wang, Chen, Ho, & Sheu, 2006;
Ma et al.,, 2003). They are prepared by cross-linking
(Wang et al., 2003), wet/dry spinning (Hirano, Zhang,
Nakagawa, & Miyata, 2000) and freeze-drying (Lee,
Kim, Chong, & Lee, 2004) and the fabric of blends is
in a macroscopic scale. However, the structure of the
ECMs is at the nanoscale (Silver & Christiansen, 1999).
These native ECMs act as structural elements to hold
and bring cells together in tissues, control the tissue struc-
ture and regulate cell phenotypes (Alberts et al., 1994).
Recently, it has been found that the nanofibrous structure
can improve the regeneration of tissues in vitro including
bone, cartilage, cardiovascular tissue, nerve and bladder
as human cells can attach and organize well around fibers
with diameter smaller than those of the cells (Laurencin,
Ambrosio, Borden, & Cooper, 1999). It can also minimize
scars in tissues (Webster, Waid, McKenzie, Price, & Ejio-
for, 2004). In order to improve the biocompatibility and
functions of biomaterials, it is essential for collagen and
chitosan blends to mimic the nanofibrous structure of
the native ECMs.

Recently, the collagen—chitosan complex nanofibers
have been prepared by electrospinning in our lab (Chen,
Mo, & Qing, 2006, 2007). Electrospinning is to spin the
fibers in nano-scale by electrostatic force (Huang, Zhang,
Kotaki, & Ramakrishna, 2003). In the pharmaceutical
and medical fields, this technique has been used to make
wound dressings (Khil, Cha, Kim, Kim, & Bhattarai,
2003), drug delivery materials (Zeng et al., 2003) and tissue
engineering scaffolds (Jin, Fridrikh, Rutledge, & Kaplan,
2002). So the electrospun collagen—chitosan nanofibers
may represent a potential tissue engineering scaffold and
a promising functional biomaterial such as wound dress-
ings and carrier for drug delivery.

For a blend, an important aspect of the properties is
the miscibility of its components. Miscibility in polymer
blends is assigned to specific interactions between poly-
meric components. The most common interactions in
the blends are hydrogen bond, ionic and dipole, p-elec-
trons and charge-transfer complexes (Sionkowska, Wis-
niewski, Skopinska, Kennedy, & Wess, 2004). Most
polymer blends are immiscible each other due to the
absence of specific interactions, however, chitosan can
form complex with collagen (Mo, 1997; Sionkowska
et al., 2004). The influence of chitosan on physicochem-
ical and biochemical properties of collagen and intermo-
lecular interactions in collagen and chitosan blends have
been studied previously (Domard & Taravel, 1995;
Taravel & Domard, 1993, 1996). It has been shown that
chitosan can modify the biological and mechanical prop-
erties of collagen, moreover, the formation of polyanion—
polycation complex and new hydrogen bonding networks
between collagen and chitosan were observed (Domard &

Taravel, 1995). However, these studies were performed in
macroscopic collagen and chitosan blended casting mem-
brane obtained by casting the solution onto glass plate
and evaporating the solvent. Intermolecular interactions
in electrospun collagen—chitosan nanofibers have not
been reported. From the foregoing, further physical
and structural characterization of the collagen—chitosan
nanofibers is required to develop novel biomaterial prop-
erties that allow a more extensive characterization of the
effect of miscibility at the molecular level. Here, electros-
pinning of collagen—chitosan nanofibers was studied fur-
ther and a single nanofiber was spun and collected
successfully. We used FT-IR, DSC and the mechanical
measurements of a single nanofiber to produce a better
insight into intermolecular interactions of collagen and
chitosan in electrospun nanofibers.

2. Materials and methods
2.1. Materials

Collagen 1 (mol. wt, 0.8-1x 10° Da) was purchased
from Sichuan Ming-rang Bio-Tech Co. Ltd. (China) while
Chitosan (85%, deacetylated, M,,, about 106) was pur-
chased from Ji Nan Haidebei Marine Bioengineering Co.
Ltd. (China). Two kinds of solvents, 1,1,1,3,3,3-hexaflu-
oroisopropanol (HFP) from Fluorochem Ltd. (United
Kingdom) and Trifluoroacetic acid (TFA) from Sinopharm
Chemical Reagent Co., Ltd. (China) were used to dissolve
the collagen, chitosan and their blends.

2.2. Electrospinning

Collagen, chitosan and their blends with various chito-
san content were dissolved in HFP/TFA (v/v, 90/10) at a
concentration of 8% (g/ml). These prepared solutions were
then used in the electrospinning experiments.

The electrospinning experiments were performed at
room temperature. The polymer solution was placed into
a 1 ml syringe with a needle having an inner diameter of
0.46 mm. A clamp connected the high voltage power sup-
plier (which can supply positive voltage from 0 to 30 kV)
(Institute of Beijing High Voltage Technology, China) to
the needle. A piece of aluminum foil glued onto the card-
board with double-side tapes was placed at about
130 mm directly below the needle and acted as grounded
collector. The polymer jets generated from the needle by
the high voltage field formed the ultrafine fibers and fibrous
membrane at the grounded collector. The applied voltage
and feed rate of the solution were fixed at 16 kV and
0.8 ml/h, respectively.

2.3. Scanning electron microscopy analysis
The morphologies of the electrospun fibers and mem-

brane were observed under a scanning electron micro-
scope (SEM) (Quanta FEG 200, FEI Company, The
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Netherlands) at an accelerating voltage of 10 or 15kV.
Prior to scanning under the SEM, the samples were sput-
ter coated for 90 s with gold using a JEOL JFC-1200 fine
coater. Based on the SEM photographs, the diameters of
fibers were analyzed using image visualization software
Adobe Photoshop.

2.4. Fourier transform-infrared spectroscopy analysis

FT-IR studies were carried out on compressed films con-
taining KBr pellets and products using a FT-IR spectro-
photometer (Avatar380, USA). All spectra were recorded
by absorption mode at 2 cm ™! interval and in the wave-
length range of 3800-600 cm ™' wave numbers.

2.5. Differential scanning calorimetry analysis

The thermal properties of the electrospun fibers were
measured by a TA Instruments DSC-822 Differential Scan-
ning Calorimeter (METTLER TOLEDO Company, Swit-
zerland) in a temperature range from 0 °C to 200 °C at a
heating rate of 10 °C/min.

2.6. X-ray diffraction analysis analysis
X-ray diffraction (XRD) analysis was conducted using a

D/Max-2550 PC X-ray diffractometer (Rigaku, Japan)
with Cu K a-radiation.
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2.7. Collection and tensile test of a single ultrafine fiber

A single polymer ultrafine fiber is so weak that any
direct touch on the fibers during manipulation can damage
the fiber. As such, extreme care must be taken in collecting
and testing the tensile specimens in order to avoid any
damage. In this study, the equipment for collecting the
fibers comprises a rectangular aluminum or copper frame
which collects the fibers in the electric field as shown in
Fig. 1.

In electrospinning, the specimens were collected as fol-
lows: a rectangular aluminum or copper frame was placed
60° to the horizontal surface between the spinneret and the
grounded collector. During electrospinning, several strands
of fibers were deposited across the frame as shown in
Fig. 1A. The frame (a) was attached to the aluminum
frame for collection of a single fiber. The double-sided
tapes on the frame allowed the fiber to be adhered to the
frame as shown in Fig. 1C. The frame (a) was then sepa-
rated into the plastic frame (b) and the metal frame (c).
The single fiber on the plastic frame (b) was used to per-
form the tensile test and the single fiber on the metal frame
(c) was used to measure the diameter of the fiber as shown
Fig. 1D.

Collection of fibers and tensile tests were carried out on
the same day to minimize the effects of environment. A
commercial nano tensile testing system (Nano Bionix Sys-
tem, MTS, TN, USA) was used to conduct the tensile test.

Metal frames

(B)

m m : :—Tensﬂetesl

(D)

Fig. 1. Collection of a single fiber. (A) A rectangular aluminum or copper template was used to collect the fibers; (B) collecting tools for a single fiber; (C)

collection of a single fiber; (D) tensile test of a single fiber.
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The test was performed in ambient temperature at 20 °C
and humidity of 65%. The gauge length (10 mm) of the
electrospun single fiber was determined by the gap between
the parallel strips of the plastic frame. The samples were
mounted on the nano tensile tester. The plastic frame was
cut along the discontinuous lines before stretching the fiber
as shown in Fig. 1D. Samples were stretched to failure at a
low strain rate of 1%/s.

3. Results and discussion
3.1. Solvent selection

The biggest challenge for collagen—chitosan electrospin-
ning is to find a suitable solvent. 1,1,1,3,3,3-hexafluoroiso-
propanol (HFP) was successfully used as solvent for
electrospinning of collagen (Matthews et al., 2002). An
attempt was made to dissolve chitosan in HFP, but a gel
was formed and no fiber could be electrospun due to high
viscosity. In the literature, it was reported that chitosan
could be dissolved in trifluoroacetic acid (TFA) by the
amino groups on chitosan forming salts with TFA (Hase-
gawa, Isogai, Onabe, & Usuda, 1992). Hence, TFA was
added to the solution of chitosan in HFP to improve chito-
san solubility. As a result, the viscosity of the solution
decreased significantly and the formed solution was able
to be electrospun into fibers. However, some collagen
would be decomposed if too much TFA was used in the
solution. Hence, a mixture of HFP and TFA with with only
10% TFA content was selected as an appropriate solvent
for electrospinning of chitosan and collagen blends.

3.2. Morphologies of a single ultrafine fiber and membrane

Fig. 2a showed a SEM micrograph of a single electro-
spun collagen—chitosan fiber and Fig. 2b showed a SEM
micrograph of electrospun collagen—chitosan complex
fibrous membrane with chitosan content of 50% in the elec-
trospun fibers. The fiber diameters in the membrane range
from nanometer to micrometer size, but the single fiber col-
lected here is about one or several micrometers in diameter.

A thinner single fibers is difficulty to be collected because
they may be broken during collection.

3.3. Study of Fourier transform infrared spectroscopy

The interactions between electrospun collagen and
chitosan have been confirmed by FT-IR spectra of colla-
gen, chitosan, and their blends. FT-IR is a very powerful
technique to detect the intermolecular interactions between
two polymers. Besides new created functional group by
chemical reaction between polymers, the intermolecular
interactions through hydrogen bonding can also be charac-
terized by FT-IR, because the specific interactions affects
the local electron density and the corresponding frequency
shift can be observed (Kaminska & Sionkowska, 1996).

3.2.1. Effect of solvent on collagen and chitosan

The bought raw collagen and its casting membrane from
collagen solution in HFP/TFA (v/v, 90/10) were measured
by FT-IR and given their FT-IR spectra as in Fig. 3.

Collagen has the characteristic absorption bands at
1660, 1550 and 1240 cm™!, which represent the amide I,
IT and III bands of collagen. Amide I absorption arises pre-
dominantly from protein amide C=O0 stretching vibrations,
amide IT absorption arise from amide N-H bending vibra-
tions and C-N stretching vibrations (60% and 40% contri-
bution to the peak, respectively), and the amide III peak is
complex, consisting of the components from C-N stretch-
ing and N-H in plane bending from amide linkages, as well
as the absorptions arising from wagging vibrations from
CH, groups in the glycine backbone and proline side-
chains (Sionkowska et al., 2004). Amide III peak has an
absorption at 1240 cm™', with two other smaller peaks at
1340 and 1160 cm™~'. The characteristic absorption band
at 1400 cm ' is caused by COO~ group.

The spectra of collagen casting membrane from its
HFP/TFA solution are quite similar to those of raw colla-
gen as shown in Fig. 3. But the amide I, II and III bands
were transferred from 1660, 1550 and 1240 cm™! of raw
collagen to 1640, 1540 and 1290 cm™!, respectively. The
characteristic absorption band of COO™ was also trans-

Fig. 2. SEM micrographs of electrospun collagen—chitosan single fiber and membrane with chitosan content of 50%. (a) A single fiber; (b) membrane.
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Fig. 3. FT-IR spectra of collagen. (a) raw collagen; (b) collagen casting
membrane.

ferred to 1390 cm~'. This implied that hydrogen bonds
may be formed between collagen and the solvent.

Fig. 4 shows the FT-IR spectra of raw chitosan and its
casting membrane from its HFP/TFA solution. In Fig. 4a,
the characteristic absorption bands at 1660, 1600 and
1260 cm ™! represent the amide I band, amide N-H group
bending vibration and amide IIT band, respectively. The
characteristic absorption bands at 1660 cm~' and
1600 cm ™! overlap each other, moreover, no amide II band
can be seen and the characteristic absorption peak of amide
IIT band at 1260 is weak in intensity. All these suggest that
chitosan is a partially deacetylated product. The FT-IR
spectra of chitosan casting membrane shown in Fig. 4b
reveal slightly difference with those of raw chitosan. The
amide I absorption margin with characteristic absorption
band of amide N-H group and shown a wide absorption
at 1610 cm~'. The characteristic absorption peak of amide

T%
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Fig. 4. FT-IR spectra of chitosan. (a) raw chitosan; (b) chitosan casting
membrane.

IIT band at 1260 is increased in intensity. A new character-
istic absorption peak appears at 1400 cm ™', which repre-
sent the —COO™ band. This means that amine salts can
be formed between chitosan and TFA. Hasegawa had
reported that TFA can form salts with the amino groups
of chitosan (Hasegawa et al., 1992). The formation of salt
destroys the strong interaction between the chitosan mole-
cules. Comparing with raw chitosan, one of characteristic
absorption peaks representing C-O-C bands at
1160 cm ™! disappears. All these imply that new hydrogen
bonds or interactions can be formed between chitosan
and HFP/TFA mixtures.

3.2.2. FT-IR spectra of electrospun collagen—chitosan
complex nanofibers

The FT-IR spectra of electrospun collagen depict char-
acteristic absorption bands at 1640, 1540 and 1250 cm ™',
which represent the amide I, II and III bands of collagen.
Another peak is also seen at 1330 cm™' near the amide
IIT characteristic absorption band as shown in Fig. 5a.
Comparing with raw collagen and collagen casting mem-
brane, only small modifications can be seen in the IR spec-
trum of electrospun collagen.

Comparing with raw chitosan and dissolved chitosan,
electrospun chitosan displays new characteristic absorption
bands at 1680 and 1540 cm ™' which represent the amide I,
IT characteristic absorption bands, respectively. The amide
III band disappears and only another peak is seen at
1320 cm ™! as shown in Fig. 5e. The amide I absorption
band and the amide II absorption band suggest that electric
charge in electrospinning can facilitate the reaction
between —NH, of chitosan and -COOH of TFA partially.
The disappearance of the amide III band at 1250 means
that new intermolecular interactions can be formed itself
or between chitosan and HFP/THF mixtures in
electrospinning.

T%
%

M/WN
3200 2400 1600 800

Wavenumbers (cm™)

Fig. 5. FT-IR spectra of electrospun collagen—chitosan complex nanof-
ibers with different chitosan content. (a) 0%; (b) 20%; (c) 50%; (d) 80%; (e)
100%.
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FT-IR spectra corresponding to electrospun collagen—
chitosan complex nanofibers are also shown in Fig. 5.
These spectra are quite similar each other owing to their
same main functional groups, nevertheless various small
modifications are revealed in the spectra with the change
of chitosan content. Electrospun collagen, chitosan and
their blends display characteristic absorption bands
between 3400 cm ™' and 3450 cm ™', which represent the —
OH group and the -NH, group in free as well as in amide
form (i.e., N-H stretching from CO-NH portion) in colla-
gen and chitosan. The position of characteristic absorption
bands between 3400 and 3450 cm™' in blends are shifted
with various chitosan content in electrospun collagen—
chitosan nanofibers as shown in Table 1.

With chitosan content increasing from 0%, 20%, 50%,
80% to 100%, of electrospun blends, the amide I character-
istic absorption bands shift from 1640 to 1680 cm~'. The
intensity of amide II peak at 1550 cm ™! vary with chitosan
content, but it is not in proportion to chitosan content and
it is especially week at chitosan content of 20%. That means
the amide N-H bending vibrations and C-N stretching
vibrations are prohibited, which may be caused by new
formed hydrogen bonds between collagen and chitosan.
Moreover, the amide III characteristic absorption peak is
seen at 1260 cm ™' with another peak at 1320 cm ™" at chito-
san content of 20% and only leave one absorption peak at
1320 cm ™' when chitosan content increased to 50% and
80% in the electrospun fibers.

The interactions between collagen and chitosan may
occur by hydrogen bonds formation. The —-OH groups
and —-NH, groups in collagen are capable of forming
hydrogen bonds with -OH and —NH, groups in chitosan.
Moreover, the —C=0 groups and -NH, groups in collagen
may also form hydrogen bonds with —-OH and -NH,
groups in chitosan. Additionally, ionic bonds may be
formed between collagen and chitosan. These molecules
are capable of forming complex with oppositely charged
ionic polymers, especially the cationic polysaccharide
chitosan and anionic -COOH group in collagen. These
interactions may form polyanionic—polycationic complex
(Sionkowska et al., 2004). But the evidence of FT-IR spec-
tra here can not indicate the formation of new polyanionic—
polycationic complex between collagen and chitosan obvi-
ously, owing to their same main functional groups.

3.4. Thermal properties

Fig. 6 shows the DSC thermograms of collagen, chito-
san and their blends. The characteristic endothermic peaks

Table 1
The position of -OH group and the -NH group characteristic absorption
bands of electrospun collagen—chitosan fibers with different chitosan
content

Chitosan content (%) 0 20 50 80 100
Absorption band position (cm™') 3423 3434 3412 3424 3423
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Fig. 6. DSC thermograms of electrospun collagen—chitosan complex
nanofibers with different chitosan content. (a) 100%; (b) 80%; (c) 50%; (d)
20% (e) 0%.

in Fig. 6 have often been termed as dehydration tempera-
ture (7p) due to the water bonded to collagen and chitosan
molecules. The DSC data are listed in the Table 2. Tp for
collagen and chitosan blends is lower than T, for the single
component. The enthalpy AHp, for the blend is also lower
than the enthalpy for single component. The facts confirm
the existence of interactions between collagen and chitosan.
For single components, the enthalpy characterizes interac-
tions between collagen—collagen, collagen—H,O, chitosan—
chitosan and chitosan-H,O. In the blends, these interac-
tions are replaced by interactions between collagen and
chitosan partly. It can be drawn a conclusion that the for-
mation of hydrogen bonds between two different macro-
molecules competes with the formation of hydrogen
bonds between molecules of the same polymer (Sion-
kowska, 2003).

3.5. Mechanical properties

All the electrospun collagen—chitosan fibers shown the
brittle mechanical behavior except the one with chitosan
content of 20%, which gives about 30 times longer elonga-
tion at break comparing with other electrospun collagen—
chitosan fibers with different chitosan content. Moreover,
the average tensile strength and the Young’s modulus of
fibers increase greatly and reach a maximum at chitosan
content of 50% in the blends. That means some intermolec-
ular interactions exist in the blends.

Table 2
Thermal properties of electrospun collagen—chitosan complex fibers with
different chitosan content

Chitosan content (%) 0 20 50 80 100
Tp (°C) 82.35 75.20 79.49 82.16 82.95
AHp (J/g) 2189 182.9 188.0 192.0 217.3




416

The average ultimate tensile strength, the average ulti-
mate tensile elongation and the average Young’s modulus
of the single electrospun collagen—chitosan nanofibers with
various chitosan content were tested and summarized in
Table 3. Fig. 7 characters the relations between the average
ultimate tensile elongation and chitosan content while
Fig. 8 characters the relations between the average ultimate
tensile strength and chitosan content. As the single fiber
collection is very difficulty for the chitosan content higher
than 80%, the mechanical properties tested here are limited
to 80% chitosan content only.

In collagen, the main structure of polypeptide is com-
posed of the helix of o chains and extended B chains of
peptides. The helix of o chain can be transformed into
extended B chain when they are drawn in humidity (Wang
& Sun, 1982). Type I collagen fibrils are composed of two
oy chains and one o, chain and intense hydrogen bonds
and Van der Waals forces exist among these peptide
chains. Type I collagen fiber should have appropriate ten-
sile elongation owing to helix o chains, but intense inter-
actions in three o chains of peptides can prevent helix o
chains stretching. So the tensile elongation of collagen
fiber is low as shown Fig. 7. With a small amount of
chitosan added in the collagen, such as 20%, the intermo-
lecular interactions between collagen and chitosan can
weaken the hydrogen bonds and the interactions in the
three chains of peptides in collagen, which can result in
the chains of peptides stretching more facilely. So the ten-
sile elongation of collagen—chitosan fiber is increased
greatly. When chitosan content is increased further to
40% and 50% in the electrospun fibers, the average tensile
elongation of single collage—chitosan complex fibers
decrease obviously, while the average tensile strength
and the Young’s modulus of fibers increase greatly and
reach a maximum as shown in Fig. 8 and Table 3. The
reason can be due to the intense intermolecular interac-
tions or some physical property change such as crystalin-
ity or molecular chains orientation in the collagen—
chitosan complex fibers.

The X-ray diffraction analyses are shown in Fig. 9. The
raw chitosan shows two peaks at around 9.5°and 19.5°n
Fig. 9A as curve b. The two peaks are related to two differ-
ent types of crystals: crystal (1) and crystal (2) (Samuels,
1981). In the case of the raw collagen, one reflection at
around 7.5° and a broad band at around 20.5°are observed
in Fig. 9A as curve a. After electrospinning, the collagen,
chitosan and their complex fibers show typical amorphous
broad peak at around 20.5° that means both collagen and
chitosan molecular chains can not crystallized during elec-
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Fig. 7. Relations between averaged ultimate tensile elongation of fibers
and chitosan content.
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Fig. 8. Relations between averaged ultimate tensile strength of fibers and
chitosan content.

trospinning and give similar amorphous structure in
nanofibers.

So the mechanical properties difference of electrospun
collagen—chitosan fibers is mainly caused by the compo-
nent change and intermolecular interactions. So the
stronger ultimate strength and Young’s modulus of colla-
gen—chitosan nanofiber at chitosan content of 40-60% is

Table 3

Tensile properties of electrospun collagen—chitosan complex single fibers with different chitosan content

Chitosan content (%) 0 20 40 50 60 80

Average ultimate elongation (%) 26+ 14 46.0 £23 1.24+04 1.3+0.8 1.34+0.7 0.44+0.04
Average ultimate strength (MPa) 237+5.38 21.7+19.3 62.8+14.1 61.8 +26.0 47.0 £19.1 10.5+8.0
Average Young’s module (MPa) 1371 £ 225 1611 + 793 5966 + 2137 6801 + 3256 4159 + 1195 3601 + 485
Average diameter of fibers (um) 7.8+£5.0 44+1.2 6.8 +£12.1 5.6+4.0 34+0.8 9.1+ 14 (n=3)
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Fig. 9. X-ray diffraction patterns. (A) raw materials: (a) collagen; (b) chitosan. (B) electrospun nanofibers with different chitosan content (a) 100%; (b)

80%; (c) 50%; (d) 20%; (e) 0%.

caused by the intense intermolecular interactions between
collagen and chitosan. Moreover, the ionic bonds may be
formed between collagen and chitosan besides hydrogen
bonds. The interactions may also form polyanionic—poly-
cationic complex, which result in the excellent tensile
strength and Young’s modulus of fibers. But intense
molecular interactions in collagen and chitosan complex
fibers may restrain the deformation of collagen mole-
cules. All these result in the poor tensile elongation of
single collage—chitosan complex fibers.

When chitosan content increased to 80% in the complex
nanofibers, the mechanical properties show a more brittle
mechanical behavior.

4. Conclusion

The collagen—chitosan complex nanofibers were pre-
pared here by electrospinning. FT-IR, DSC and the
mechanical measurements of single nanofiber results
pointed out interactions in electrospun collagen—chitosan
complex fibers. Collagen may form different types of
hydrogen bonds with chitosan: between carbonyl group,
hydroxyl group, amino group of collagen and hydroxyl
group, amino group, carbonyl group of chitosan. The for-
mation of hydrogen bonds between two different macro-
molecules competes with the formation of hydrogen
bonds between molecules of the same polymer. Addition-
ally, ionic bonds may be formed between collagen and
chitosan, especially when chitosan content is near collagen
content in electrospun fibers. From these results we can
conclude that electrospun collagen and chitosan are misci-
ble at the molecular level and that electrospinning of the
collagen and chitosan blends may give the possibility of
producing new materials for potential biomedical
applications.
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