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a  b  s  t  r  a  c  t

The  neutral  homogeneous  collagen/chondroitin  sulfate  (Col/CS)  blends  were  prepared  when  using
0.25  mol/L  NaCl  to  stabilize  the  blends.  Composition-dependent  Fourier  transform-infrared  (FTIR)  spectra
were analyzed  by  generalized  two-dimensional  (2D)  correlation  spectroscopy  to investigate  the confor-
mational  changes  of  collagen  and  the  specific  interactions  between  collagen  and  CS.  When  adding  CS to
the collagen  solution,  C–H  bending  vibration  of  collagen  varies  firstly,  then  collagen  skeleton,  and  finally
the  specific  interactions  between  collagen  and  CS. The  Col/CS  ratios  influence  the  kinds  of  specific  inter-
eywords:
ollagen
hondroitin sulfate
ydrogen bond
lectrostatic interaction
wo-dimensional infrared correlation
pectroscopy (2D IR)

actions.  Only  hydroxyl  groups  of  CS  interact  with  C O group  of  collagen  owing  to  the  charge  shielding
effect  of  NaCl  when  the  CS  content  is  less  than  50 wt%.  Besides  hydrogen  bond,  the  electrostatic  interac-
tions  between  ionized  carboxyl  group  or sulfate  group  of  CS  and  �-amino  group  of  lysine  or  guanidine
group  of arginine  appear  when  the  CS  content  is more  than  50 wt%.

© 2012 Elsevier Ltd. All rights reserved.
. Introduction

Chondroitin sulfate, which consists of a repeating disaccharide
otif of glucuronic acid and N-acetyl-galactosamine, is a linear,

omplex, sulfated, polydisperse natural polysaccharide belong-
ng to the class of macromolecules known as glycosaminoglycans
GAG) (Lamari and Karamanos, 2006; Maccari, Ferrarini, & Volpi,
010). CS presents in all organisms from worms to humans (not in
lants) and serves multiple important biological roles in particular
s vital structural components of some connective tissues (Lauder,
009). Consequently in order to protect the joint, CS is taken orally

n capsules or tablets as a dietary supplement (Sakai, Otake, Toida,
 Goda, 2007). What’s more, CS is also used in eye drops, cosmet-

cs and medical applications (Cohen, Wolfe, Mai, & Lewis, 2003;
amata, Takahashi, Terajima, & Nishijima, 1995)., Collagen has
hown superior advantages as biomaterials for tissue engineering
s well as coating material for implants. However, the applications
re more or less limited due to its relatively weak mechanical and
hermal properties. In order to improve the corresponding per-
ormance, chemical crosslink or blending with other natural or

ynthetic macromolecule is adopted (Chen, Zhang, Liu, & Li, 2011;
reyman, Yannas, & Gibson, 2001; Kinneberg et al., 2010; Liang,
ienitz, Penick, Welter, Zawodzinski, & Baskaran, 2010; Pieper,

∗ Corresponding author. Tel.: +86 028 85462568; fax: +86 028 85405237.
E-mail address: liguoyings@163.com (G. Li).

144-8617/$ – see front matter ©  2012 Elsevier Ltd. All rights reserved.
oi:10.1016/j.carbpol.2012.03.042
Oosterhof, Dijkstra, Veerkamp, & van Kuppevelt, 1999; Zhang, Wu,
& Li, 2011; Zhong et al., 2005). Among collagen-based copoly-
mers, porous collagen/GAG scaffolds hold great potential for tissue
engineering applications owing to a wealth of merits such as bio-
logical origin, non-immunogenicity, excellent biocompatibility and
biodegradability (Keskin, Tezcaner, Korkusuz, Korkusuz, & Hasirci,
2005; Yannas, Burke, Gordon, Huang, & Rubenstein, 1980). In addi-
tion, the attachment of GAG to collagen facilitates the study of
biocharacteristics of these polysaccharides (Pieper et al., 1999;
Zhong et al., 2005). It is noteworthy that combining CS with collagen
is unique in skin regeneration to reduce scar formation (Freyman
et al., 2001). Moreover, after incorporating CS into a collagen scaf-
fold, the resultant biomaterial has been endowed advantages such
as the enhancement of cell attachment, migration, division and
stiffness of the resultant matrix (Hua, Li, Zhou, & Gao, 2011; van
Susante et al., 2001; Wollenweber et al., 2006).

Despite the biological advantages of Col/CS scaffolds, the homo-
geneity of the blends and the influence of the Col/CS weight ratio
on the interactions between them are usually ignored. In general,
the Col/CS scaffolds are produced by lyophilizing Col/CS-acetic acid
solutions and the Col/CS weight ratio is usually 91/9 (Keskin et al.,
2005; Kinneberg et al., 2010; Liang et al., 2010). However, there
is no relevant literature to prove whether this ratio is optimum

till now. Moreover, when blending CS with collagen in acetic acid
solution, the Col/CS co-precipitation appears immediately because
of the strong electrostatic interaction between positively charged
collagen and anionic CS, resulting in the heterogeneous Col/CS

dx.doi.org/10.1016/j.carbpol.2012.03.042
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:liguoyings@163.com
dx.doi.org/10.1016/j.carbpol.2012.03.042
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lends. According to the researches that the increase of collagen
oncentration improves the mechanical properties of scaffold obvi-
usly (Liang et al., 2010) and accelerates the collagen self-assembly
Yan et al., 2012), it is inferred that the physicochemical properties
f a solution might correlate with the mechanical and biological
roperties of the resultant biomaterial. What’s more, even for a
ettled scaffold, its physical, chemical and biological properties
ust be optimized for the targeted tissue. Therefore, the mechan-

cal or biological properties of Col/CS scaffolds might be optimized
hrough preparing homogenous Col/CS blends and changing the
ol/CS ratios. Then the focus is firstly placed on how to prepare
omogenous Col/CS blends with various Col/CS ratios. As a result
f charge shielding effect of NaCl, sodium chloride aqueous solution
s finally adopted to stabilize the Col/CS blends for this experiment.
n addition the concentration of NaCl will be judged according to
he miscibility of blends revealed by the viscosity measurement.

The nature of interactions occurring between collagen and CS
ears great physiologic and pathologic importance. However, the
hemical binding of CS to collagen is still not fully understood
nd yet to be explored. It has been accepted that the interaction
etween collagen and CS is usually of electrostatic nature under
hysiological ionic strength and pH value (Gelman and Blackwell,
973; Öbrink and Wasteson, 1971) and strongly dependent on the

onic strength of the medium (Öbrink, Laurent, & Carlsson, 1975).
herefore the electrostatic interaction between them is abolished
hen the ionic strength is up to 0.4 (Öbrink, 1973). However,

s pointed out by Munakata, the interaction between collagen
nd GAG was  not influenced by the presence of Ca2+ and Mg2+

Munakata, Takagaki, Majima, & Endo, 1999). Thus it suggests that
he interactions between collagen and CS involve not only electro-
tatic binding, but also other types of specific interaction such as
ydrogen bond.

2D correlation spectroscopy, which is successful in systemati-
ally extracting the specific nature of spectral intensity variations
nduced by an external perturbation (Noda, 1990, 1993, 2006), has
een applied as an effective tool to study interactions at molecular

evel in various kinds of systems such as polymer blends (Huang,
alkov, Coleman, & Painter, 2003). According to Ren’s work, the

onformational changes and specific interactions in the blends
f atactic polystyrene (PS) and poly (2,6-dimethyl-1,4-phenylene
ther) (PPE) have been analyzed by generalized 2D FT-Raman
orrelation spectroscopy (Ren, Murakami, Nishioka, Nakashima,
oda, & Ozaki, 1999). By spreading spectral peaks over the sec-
nd dimension, the visualization of complex spectra consisting
f many overlapped bands is identified and the spectra resolu-
ion is enhanced. Thus according to Noda’s rules (Noda, 1990,
993, 2006; Ren et al., 1999), the bands of CS can be differenti-
ted from those of collagen in the highly overlapped spectra of
he blends by synchronous correlation analysis of the FTIR spectra.
ynchronous cross-peak ˚[�1,�2] indicates simultaneous or coin-
idental changes of the two bands at �1 and �2 as the function
f external perturbation. The sign of ˚[�1,�2] becomes positive
f the intensities of bands at �1 and �2 are either increasing or
ecreasing together when subjected to the external perturba-
ion. As to the negative sign of ˚[�1,�2], it means one band is
ncreasing while the other is decreasing when subjected to the
xternal perturbation. It is obvious that the band intensities of
ollagen decrease while those of CS increase as Col/CS ratios chang-
ng from 100/0 to 9/91. Therefore the bands could be ascribed
nambiguously to collagen or CS according to the rules as fol-

ows: ˚[�1(collagen),�2(collagen)] > 0, ˚[�1(collagen),�2(CS)] < 0,
[�1(CS),�2(collagen)] < 0 and ˚[�1(CS),�2(CS)] > 0.
An asynchronous cross-peak � [�1,�2] appears only when the
ntensities of two bands at �1 and �2 vary dissimilarly or out of
hase. With respect to the present work, the direct proportional
hanges of band intensities caused by the composition variations
mers 89 (2012) 542– 550 543

in the Col/CS blends alone should not give rise to an asynchronous
cross-peak. Therefore the appearance of � [�1,�2] means the bands
at �1 and �2 are subjected to additional influences induced by
local structural changes or molecular interactions. For example, the
intensity of C O stretching vibration due to collagen and the inten-
sity of O–H stretching vibration assigned to CS are influenced not
only by Col/CS ratios but also by the interaction between them and
then an asynchronous cross-peak between the corresponding two
bands might develop.

The asynchronous spectrum also offers complementary infor-
mation to the synchronous spectrum and the sign of � [�1,�2] gives
information about the sequential order of changes at �1 and �2.
According to Noda, if the signs of ˚[�1,�2] and � [�1,�2] are the
same, �1 varies prior to �2 and it implies that �1 changes at lower CS
content compared to �2 in the present work. If the signs of ˚[�1,�2]
and � [�1,�2] are opposite, �1 varies after �2 and it suggests that �1
changes at higher CS content than �2 (Noda, 1989, 2006).

In the present work, FTIR and generalized 2D IR correlation
analysis were applied to study the conformational changes of col-
lagen and the molecular interactions between collagen and CS in
homogeneous blends. In addition, the composition-dependent FTIR
spectra were analyzed by 2D correlation analysis to investigate the
kinds of interactions in the presence of different amount of CS.

2. Experimental

Collagen was extracted in our laboratory from calf skins by
pepsin digestion according to the previously described method
(Zhang, Li, & Shi, 2006). After dialyzing against 0.1 mol/L acetic
acid for three days, the acidic collagen solution was lyophilized
by a freeze dryer (Labconco Freeze Dryer FreeZone 6 Liter, USA)
at −40 ◦C for two days. Chondroitin sulfate (from bovine cartilage)
was  purchased from Yibao Biotech Ltd. (Shandong, China) and had
average molecular weights of 20KDa. Both the freeze-dried collagen
and chondroitin sulfate were stored at 4 ◦C until required.

2.1. Preparations of blends

The NaCl aqueous solution at pH 7.4 with a concentration of
0.25 mol/L was  initially prepared in the present work. Then CS
was  dissolved in it to obtain a solution with a concentration of
5 mg/mL. During the dissolving process of collagen in 0.25 mol/L
NaCl, 0.5 mol/L NaOH was dripped into the solution to adjust the
pH value remaining ∼7.4 and the final concentration was 5 mg/mL.
Before blending with CS, the collagen solution was  degassed by cen-
trifugation at 15,000 × g for 10 min  and dialyzed against 0.25 mol/L
NaCl for three days. The Col/CS blends were produced by mixing
suitable volumes of collagen and CS aqueous solution and stored
overnight at 4 ◦C after stirring for 6 h. The final weight ratios of
Col/CS blends with pH 7.21–7.28 were as follows: 100/0, 91/9,
80/20, 70/30, 50/50, 30/70, 20/80 and 9/91. All manipulations were
carried out on ice.

2.2. Viscometry of the Col/CS blends

Viscosity measurements of collagen, CS and Col/CS blend solu-
tions were conducted in 0.25 mol/L NaCl at (25.0 ± 0.01) ◦C, using
a wsn-1 Ubbelohde-type capillary viscometer. The initial solutions
for the measurements were prepared by diluting the stock solutions
described in Section 2.1 with 0.25 mol/L NaCl and the concentra-
tion was  0.2 mg/mL when the CS content is less than 50 wt% and
0.5 mg/mL  when the CS content is more than 50 wt%, respectively.

Various dilutions to yield four lower concentrations required dur-
ing the viscosity measurements were carried out in the bulb of the
viscometer. Measurements started after an equilibration time of
20 min. The efflux time of each solution was the average of five
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Table 1
Viscometric data for binary blends containing collagen and CS.

Blend ratio (wt%) Col/CS [�]i
m (mL/g) [�]exp

m (mL/g) Miscibility

91/9 698.37 514.01 Miscible
80/20 617.21 467.44 Miscible
50/50 394.04 307.63 Miscible

As to CS, the bands at 1377 and 1416 cm represent C O
and C–O stretching vibration of ionized carboxyl group, respec-
tively, and the bands at 1066 and 1127 cm−1 represent C–O
stretching vibration of hydroxyl groups. It is noteworthy that the
44 H. Tian et al. / Carbohydra

easurements and the difference of each result was confined to less
han 0.2 s. For calculation of miscibility, the procedures are listed in
he literature (Garcı�a, Melad, Gómez, Figueruelo, & Campos, 1999;
iang and Han, 1998) and the mainly used equations are shown as
ollows:

[�]sp,m

CCol + CCS
= [�]exp

m + bm(CCol + CCS) (1)

here [�]sp,m is the specific viscosity of the blends, CCol and CCS are
he concentrations of collagen and CS in the blends respectively,
�]exp

m is the intrinsic viscosity of the blends determined experi-
entally and bm is the viscometric interaction parameter.

�]i
m = [�]ColωCol + [�]CSωCS (2)

here [�]i
m is the ideal intrinsic viscosity of the blends, [�]Col and

�]CS are the intrinsic viscosities of collagen and CS respectively,
nd ωCol andωCS are the weight fraction of collagen and CS in the
lends respectively.

The criterion for compatibility in the blends is based on the com-
arison between [�]exp

m and [�]i
m. If [�]exp

m represents a smaller value
han [�]i

m, the blends are compatible, considering the existence of
ttractive interaction. On the other hand, if [�]exp

m shows a larger
alue than [�]i

m, the blends are incompatible.

.3. FTIR measurements

The samples for FTIR measurements were produced by
yophilizing the stock solutions mentioned in Section 2.1 at −40 ◦C
or two days and stored in a silica gel desiccator for five days
efore testing to reduce the influence of water. The samples were
riturated with potassium bromide (KBr) in the ratio of 1:100
mg/mg) and prepared as pellets. The FTIR spectra were recorded
t a resolution of 4 cm−1 at room temperature using a Nicolet iS10
pectrometer (Thermo Fisher Scientific, USA) and 32 scans were
erformed for each spectrum.

.4. 2D FTIR correlation analysis

The series of perturbation-dependent spectra were obtained by
arying compositions of the blends of collagen and CS. To investi-
ate the interactions in detail by 2D correlation analysis, the FTIR
pectra had been divided into two sets: set A of low CS content
nd set B of high CS content. Set A contained five spectra: those
f Col/CS = 100/0, 91/9, 80/20 and 70/30 wt%. Set B contained five
pectra: those of Col/CS = 50/50, 30/70, 20/80 and 9/91 wt%.

Before 2D correlation analysis, the spectra were subjected to
lightly 5-point smoothing and baseline correction by Omnic 8. The
alculation of the generalized 2D correlation spectra was based on
he software 2D Pocha (developed by Daisuke Adachi, Kwansei-
akuin University, Japan). Visualization of the 2D IR correlation
ontour maps was performed with the use of Origin 7.5 software,
here the regions with solid and dashed lines indicated positive

nd negative correlation intensities, respectively.

. Results and discussion

.1. Miscibility of the Col/CS blends

Miscibility of the components in polymer blends is an impor-
ant aspect of the properties and assigned to specific interactions
etween polymeric components. One kind of the most com-

on  interactions in the blends is hydrogen bond (Sionkowska,
isniewski, Skopinska, Kennedy, & Wess, 2004). The viscometric

ata for binary blends containing collagen and CS are shown in
able 1.
20/80 170.86 80.02 Miscible
9/91 89.70 36.91 Miscible

According to the results in Table 1, [�]exp
m exhibits smaller value

than [�]i
m, suggesting the miscibility of the blends and the occur-

rence of attractive interaction. It means that the concentration of
NaCl is enough to prepare homogeneous blends as a result of the
charge shielding effect of NaCl. The specific interactions between
collagen and CS in neutral blends with different amount of CS will
be discussed in the following sections.

3.2. IR spectra of Col/CS blends

Fig. 1 shows the IR spectra of pure collagen, pure CS and
Col/CS blended samples. As shown in Table 2, the assignments
of absorption peaks associated with major functional groups of
collagen are based upon Sionkowska’s, Wisniewski’s and Chen’s
works (Chen, Mo,  He, & Wang, 2008; Sionkowska et al., 2004;
Wisniewski, Sionkowska, Kaczmarek, Lazare, Tokarev, & Belin,
2007); the assignments of absorption bands of CS are based on the
Sadtler standard IR spectra handbook (Bio-Rad Laboratories, Inc.
U.S.) and the reports written by Maruyama, Toida, Imanari, Yu, &
Linhardt (1998) and Zheng, Guan, & Huang (2008).

The IR spectrum of type I collagen is dominated by the con-
tributions arising from vibrations of the amide groups and the
characteristic bands at 1660, 1548 and 1239 cm−1 represent the
amide I, II and III bands of collagen, respectively. The amide I
band of collagen arises predominantly from amide C O stretching
vibrations and the amide II band arises from amide N–H bending
vibration and C–N stretching vibration. Compared with the amide I
and II absorption, the source of amide III peak at 1239 cm−1 seems
to be more complex, consisting of components from C–N stretching
and N–H in plane bending from amide linkages, as well as absorp-
tions assigned to wagging vibrations of CH2 groups from the glycine
backbone and proline side-chains (Sionkowska et al., 2004).

−1
Fig. 1. FTIR spectra for (a) collagen, (i) CS and Col/CS blends at ratios of (b) 91/9, (c)
80/20, (d) 70/30, (e) 50/50, (f) 30/70, (g) 20/80 and (h) 9/91.
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Table 2
Assignments of the bands in the FTIR spectra of collagen and CS.

Collagen CS

Frequency (cm−1) Assignment Frequency (cm−1) Assignment

3350 N–H stretching vibration, coupled with hydrogen bonding 3424 N–H stretching + O–H stretching vibrations
3080  C–H stretching vibration 2926 C–H stretching vibration
2958 –CH2 asymmetric stretching 1628 C O stretching vibration
1660 C O stretching + C–N stretching + N–H bending vibrations 1560 N–H bending vibration
1548 N–H bending + C–N stretching vibrations 1416 C–O stretching vibrations
1453  CH3 asymmetric bending vibration 1377 C O symmetric bending vibration
1404  C–H deformation 1310 C–O bending vibrations
1338 CH3 wagging of proline 1239 S O stretching vibration
1239 C–N stretching + in-plane N–H bending + CH3–C stretching vibrations 1127 C–O stretching vibrations
1164 CH2 wagging 1066 C–O stretching vibrations
1082 Skeletal C–C–C asymmetric stretching vibration 928 Pyranose ring asymmetric stretching vibration
1030  In-plane C–H deformation 856 –O–SO stretching + –C–O–S stretching vibrations

c
s
a
2

t
i
g
a
c
a
1
t
p
o
C
t
w
i
o
c
w
a

3

t
1
(
i
T
p
t
F
a
c
a
w
a
c
a
m
w
5

r
w

972 C–O  stretching 

haracteristic absorption peaks of CS include not only C O and O–H
tretching vibration, but also S O stretching vibration located at
bout 1239 cm−1 (Garnjanagoonchorn, Wongekalak, & Engkagul,
007).

According to the IR spectra of collagen and CS, some positions of
heir absorption bands are very close to each other and as a result
t is difficult to ascribe bands in the spectra of the blends to colla-
en or CS. Nevertheless small changes are revealed in the spectra
s a result of the variation of Col/CS ratios. The amide I band of
ollagen shifts from 1660, 1651 to 1640 cm−1 and the intensity of
mide II band decreases as well with Col/CS ratios changing from
00/0, 50/50 to 20/80. As the amide I band of collagen is sensitive
o the change of secondary structure, the distinct shifts of the band
ositions in the Col/CS blends suggest the conformational change
f collagen and the existence of interactions between collagen and
S. However, the IR spectra can provide no further information and
hen 2D correlation analysis is required. Meanwhile more attention
as paid to the spectrum range between 1750 cm−1 and 980 cm−1

n the following discussion in view of the main absorption bands
f both collagen and CS. In addition in order to facilitate the 2D
orrelation analysis, the range between 1750 cm−1 and 980 cm−1

as divided into three parts: 1750–1480 cm−1, 1480–1280 cm−1

nd 1280–980 cm−1.

.3. 2D correlation FTIR spectra of Col/CS blends

The 2D synchronous and asynchronous FTIR correlation spec-
ra of set A and set B in the range of 1750–1480 cm−1 and
280–980 cm−1 are depicted in Fig. 2. In the synchronous plots
Fig. 2A and C), the auto-peak located at 1528 cm−1 is due to the
ntensity reduction of amide II band of collagen, as seen in Fig. 1.
herefore according to the rules described above, the positive cross-
eaks at (1690, 1528) and (1614, 1528) in Fig. 2A indicates that
he bands at 1690 and 1614 cm−1 are due to collagen in set A. In
ig. 2C the positive cross-peak at (1690, 1528) implies that the band
t 1690 cm−1 is also ascribed to collagen, however, the negative
ross-peak at (1614, 1528) suggests that the band at 1614 cm−1 is
ssigned to CS in set B. Comparing Fig. 2B with Fig. 2D, it is note-
orthy that there are strong negative asynchronous cross-peaks

t (1690, 1528) and (1614, 1528) in Fig. 2B, while in Fig. 2D the
ross-peak at (1690, 1528) disappears and the positive cross-peak
t (1614, 1528) also remains. It supposes that the C O group of CS
ight replace that of collagen to form molecular hydrogen bond
ith amino group of collagen when the content of CS is more than
0 wt%.
The synchronous 2D FTIR spectrum in the 1280–850 cm−1

ange (Fig. 2E and G) shows a strong auto-peak at 1050 cm−1

hich obviously arises from CS. Furthermore, this assignment is
3

726 –O–SO3 stretching + –C–O–S stretching vibrations

confirmed by the negative correlation peaks at (1690, 1050) and
(1528, 1050) in the synchronous plots between 1750–1480 cm−1

and 1280–850 cm−1 ranges (shown in Fig. 3A and C). Then the neg-
ative synchronous cross-peaks at (1239, 1050) and (1200, 1050) in
Fig. 2E indicate that the bands at 1239 and 1200 cm−1 are assigned
to amide III band of collagen in set A, however, the positive cross-
peaks at (1239, 1050) and (1260, 1050) in Fig. 2G indicate that the
bands at 1239 and 1260 cm−1 are due to the S O stretching vibra-
tion in the sulfate group of CS in set B. The negative synchronous
cross-peaks at (1239, 1127) and (1200, 1127) in Fig. 2E and the
positive synchronous cross-peaks at (1239, 1127) and (1200, 1127)
in Fig. 2G suggest that the band at 1127 cm−1 is also derived from
CS. Therefore it can draw a preliminary conclusion that the sul-
fate group of CS does not interact with cationic residues of collagen
via electrostatic interaction in set A and the specific kind of inter-
action will be discussed later. As to set B, although the bands at
1239 and 1200 cm−1 have been ascribed to CS, the specific electro-
static interaction between collagen and CS can not be ascertained
accordingly.

Fig. 3A and B presents the 2D correlation spectrum of set A
between the ranges 1750–1480 cm−1 and 1280–980 cm−1. The
six negative synchronous and asynchronous cross-peaks at (1690,
1127), (1690, 1050), (1614, 1127), (1614, 1050), (1528, 1127) and
(1528, 1050) are thought to reflect the specific interaction between
collagen and CS in set A. In addition, the positive synchronous cross-
peaks at (1690, 1200), (1690, 1239), (1528, 1200) and (1528, 1239)
confirm the bands at 1200 and 1239 cm−1 are due to collagen again.
Therefore it means that in set A only the hydroxyl groups of CS inter-
act with the C O groups of collagen via hydrogen bonding because
the bands at 1050 and 1127 cm−1 represent C–O stretching vibra-
tion of the C–OH groups and the sulfate group of CS is not involved
in the interaction between collagen and CS in set A.

Fig. 3C and D shows the 2D correlation spectrum of set B
between the ranges 1750–1480 cm−1 and 1280–980 cm−1. It is
noteworthy that besides the four asynchronous negative cross-
peaks at (1690, 1127), (1690, 1050), (1528, 1127) and (1528, 1050)
also shown in Fig. 3A and B, there appear another four asynchronous
negative cross-peaks at (1690, 1239), (1690, 1260), (1528, 1239)
and (1528, 1260), respectively. The negative synchronous cross-
peaks at (1690, 1260), (1690, 1239), (1528, 1260) and (1528, 1239)
indicate the bands at 1260 and 1239 cm−1 are ascribed to the
S O stretching vibration of sulfate group of CS in set B. Here, the
asynchronous cross-peaks are thought to reflect the specific elec-
trostatic interactions between cationic residues of collagen and

sulfate group of CS.

According to Table 2, the C–O stretching vibration and C O
symmetric stretching vibration of ionized carboxyl group of CS
locate at 1416 cm−1 and 1377 cm−1, respectively, and the vibration
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ig. 2. Synchronous (A, C, E, G) and asynchronous (B, D, F, H) 2D correlation spectra in
rom  the spectra of set A and C, D, G, H were constructed from set B.

ntensity of C–O and C O stretching must be influenced by electro-
tatic interaction between ionized carboxyl group of CS and cationic
esidues of collagen. Thus the 2D correlation analysis between the
ange 1750–1480 cm−1 and 1480–1280 cm−1 (shown in Fig. 4) can
e used to judge if this kind of electrostatic interaction occurs or
ot. The variation order between two bands of set A is listed in
able 3 and that of set B is listed in Table 4.
As shown in Fig. 4A, all the positive synchronous cross-peaks
ndicate that the bands at 1454, 1400 and 1336 cm−1 are due to
ollagen and the bands ascribed to the vibration of ionized carboxyl
roup of CS do not develop cross-peaks with cationic groups of
gion: (A–D) 1750–1480 cm−1, and (E–H) 1280–980 cm−1. A, B, E, F were constructed

collagen in Fig. 4B. It means the electrostatic interaction between
ionized carboxyl group of CS and cationic residues of collagen is
also absent in set A.

Based on the results shown in Figs. 2–4 and
Table 3, the variation order of bands in set A is as fol-
lows: 1454 cm−1 > 1239 cm−1 > 1528 cm−1 > 1614 cm−1 >
1690 cm−1 > 1050 cm−1 > 1127 cm−1, in which the later one

prefers to occur at higher CS content than the former one. In other
words, C–H bending vibration of collagen at 1454 cm−1 changes
firstly at lowest CS content when blending CS with collagen. The
variation of collagen backbone takes place subsequently because
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As shown in Fig. 4C, the negative synchronous cross-peaks at
(1690, 1416), (1690, 1377), (1528, 1416) and (1528, 1377) sug-
gest the bands at 1416 and 1377 cm−1 are assigned to CS and
the corresponding negative asynchronous cross-peaks imply the

range 1750–1480 cm−1 vs. 1480–1280 cm−1, A and B constructed from the spectra
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Table  3
Synchronous, asynchronous 2D correlation intensities and the order of intensity variations between two bands in Set A.

No.  ̊ � Assignment Ordera

1 ˚(1690,1614) > 0 � (1690,1614) < 0 (COL, COL) 1690 after 1614 cm−1

2 ˚(1690,1528) > 0 � (1690,1528) < 0 (COL, COL) 1690 after 1528 cm−1

3 ˚(1614,1528) > 0 � (1614,1528) < 0 (COL, COL) 1614 after 1528 cm−1

4 ˚(1239,1050) < 0 � (1239,1050) < 0 (COL, CS) 1239 before 1050 cm−1

5 ˚(1200,1050) < 0 � (1206,1050) < 0 (COL, CS) 1200 before 1050 cm−1

6 ˚(1239,1127) < 0 � (1239,1127) < 0 (COL, CS) 1239 before 1127 cm−1

7 ˚(1200,1127) < 0 � (1206,1127) < 0 (COL, CS) 1200 before 1127 cm−1

8 ˚(1690,1127) < 0 � (1690,1127) < 0 (COL, CS) 1690 before 1127 cm−1

9 ˚(1690,1050) < 0 � (1690,1050) < 0 (COL, CS) 1690 before 1050 cm−1

10 ˚(1528,1127) < 0 � (1528,1127) < 0 (COL, CS) 1528 before 1127 cm−1

11 ˚(1528,1050) < 0 � (1528,1050) < 0 (COL, CS) 1528 before 1050 cm−1

12 ˚(1690,1239) > 0 � (1690,1239) < 0 (COL, COL) 1690 after 1239 cm−1

13 ˚(1614,1239) > 0 � (1614,1239) < 0 (COL, COL) 1614 after 1239 cm−1

14 ˚(1528,1239) > 0 � (1528,1239) < 0 (COL, COL) 1528 after 1239 cm−1

15 ˚(1690,1454) > 0 � (1690,1454) < 0 (COL, COL) 1690 after 1454 cm−1

16 ˚(1690,1400) > 0 � (1690,1400) < 0 (COL, COL) 1690 after 1400 cm−1

17 ˚(1528,1454) > 0 � (1528,1454) < 0 (COL, COL) 1528 after 1454 cm−1

18 ˚(1528,1400) > 0 � (1528,1400) < 0 (COL, COL) 1528 after 1400 cm−1

19 ˚(1454,1200) > 0 � (1454,1200) < 0 (COL, COL) 1454 after 1200 cm−1

20 ˚(1454,1239) > 0 � (1454,1239) < 0 (COL, COL) 1454 after 1239 cm−1

21 ˚(1454,1127) < 0 � (1454,1127) < 0 (COL, CS) 1454 before1127 cm−1

) < 0 

r (low

i
c
T
f
w
h
t
c
t

T
S

22 ˚(1454,1050) < 0 � (1454,1050

a v1 after (before) v2 means the intensity change of the band at v1 occurs at highe

onized carboxyl group of CS interacts with cationic residues of
ollagen through electrostatic interaction in set B. According to
able 4, the variation order of bands of CS in set B is listed as
ollows: 1050 cm−1 > 1127 cm−1 > 1239 cm−1 > 1416 cm−1. In other
ords, CS interacts with collagen through hydrogen bond between
ydroxyl group of CS and C O group of collagen firstly, then

he electrostatic interaction between sulfate group of CS and
ationic residues of collagen, and finally the electrostatic interac-
ion between carboxyl group of CS and cationic residues of collagen.

able 4
ynchronous, asynchronous 2D correlation intensities and the order of intensity variation

No.  ̊ � 

1 ˚(1690,1614) < 0 � (1690,1614) < 0 

2 ˚(1614,1528) < 0 � (1614,1528) > 0 

3 ˚(1260,1050) > 0 � (1260,1050) < 0 

4 ˚(1260,1127) > 0 � (1260,1127) < 0
5 ˚(1690,1239) < 0 � (1690,1239) < 0 

6 ˚(1690,1260) < 0 � (1690,1260) < 0 

7 ˚(1690,1127) < 0 � (1690,1127) < 0 

8 ˚(1690,1050) < 0 � (1690,1050) < 0 

9 ˚(1614,1239) > 0 � (1690,1239) < 0 

10 ˚(1614,1260) > 0 � (1690,1260) < 0 

11 ˚(1614,1127) > 0 � (1690,1127) < 0 

12 ˚(1614,1050) > 0 � (1690,1050) < 0 

13 ˚(1528,1239) < 0 � (1528,1239) < 0 

14 ˚(1528,1260) < 0 � (1528,1260) < 0 

15 ˚(1528,1127) < 0 � (1528,1127) < 0 

16 ˚(1528,1050) < 0 � (1528,1050) < 0 

17 ˚(1690,1416) < 0 � (1690,1416) < 0 

18 ˚(1690,1377) < 0 � (1690,1377) < 0 

19 ˚(1614,1454) < 0 � (1614,1454) > 0 

20 ˚(1614,1416) > 0 � (1614,1416) > 0 

21 ˚(1614,1377) > 0 � (1614,1377) > 0 

22 ˚(1528,1416) < 0 � (1528,1416) < 0 

23 ˚(1528,1377) < 0 � (1528,1377) < 0 

24 ˚(1454,1260) < 0 � (1454,1260) < 0 

25 ˚(1454,1239) < 0 � (1454,1239) < 0 

26 ˚(1454,1127) < 0 � (1454,1127) < 0 

27 ˚(1454,1050) < 0 � (1454,1050) < 0 

28 ˚(1416,1239) > 0 � (1416,1239) < 0 

29 ˚(1416,1127) > 0 � (1416,1127) < 0 

30 ˚(1416,1050) > 0 � (1416,1050) < 0 

31 ˚(1454,1416) < 0 � (1454,1416) < 0 

32 ˚(1454,1377) < 0 � (1454,1377) < 0 

a v1 after (before) v2 means the intensity change of the band at v1 occurs at higher (low
(COL, CS) 1454 before1050 cm−1

er) CS contents than that at v2.

Both the sulfate and carboxyl groups of CS might interact via
electrostatic interactions with cationic residues of collagen because
they are ionized at neutral pH (Gelman and Blackwell, 1973).
However, the electrostatic interaction between polyelectrolyte of
opposite charge depends on the strength of the alkaline or the
acidic sites they bear and their charge density (Denuziere, Ferrier,

& Domard, 1996). In addition the net charge of collagen is small
because this selected pH value is close to the isoelectric point of
collagen and in the presence of NaCl at the concentration of 0.25 M

s between two bands in Set B.

Assignment Ordera

(COL, CS) 1690 before 1614 cm−1

(COL, CS) 1614 after 1528 cm−1

(CS, CS) 1260 after 1050 cm−1

(CS, CS) 1239 after 1127 cm−1

(COL, CS) 1690 before 1239 cm−1

(COL, CS) 1690 before 1260 cm−1

(COL, CS) 1690 before 1127 cm−1

(COL, CS) 1690 before 1050 cm−1

(CS, CS) 1614 after 1239 cm−1

(CS, CS) 1614 after 1260 cm−1

(CS, CS) 1614 after 1127 cm−1

(CS, CS) 1614 after 1050 cm−1

(COL, CS) 1528 before 1239 cm−1

(COL, CS) 1528 before 1260 cm−1

(COL, CS) 1528 before 1127 cm−1

(COL, CS) 1528 before 1050 cm−1

(COL, CS) 1690 before 1416 cm−1

(COL, CS) 1690 before 1377 cm−1

(CS, COL) 1616 after 1454 cm−1

(CS, CS) 1616 before 1416 cm−1

(CS, CS) 1616 before 1377 cm−1

(COL, CS) 1528 before 1416 cm−1

(COL, CS) 1528 before 1377 cm−1

(COL, CS) 1454 before 1260 cm−1

(COL, CS) 1454 before 1239 cm−1

(COL, CS) 1454 before1127 cm−1

(COL, CS) 1454 before1050 cm−1

(CS, CS) 1416 after 1239 cm−1

(CS, CS) 1416 after 1127 cm−1

(CS, CS) 1416 after 1050 cm−1

(COL,CS) 1454 before1416 cm−1

(COL, CS) 1454 before1377 cm−1

er) CS contents than that at v2.



te Poly

t
f
a
e
b
o
i
r
l
a
e
t
w
e

4

l
f
m
b
o
i
i
c
u
t
fi
t
d
g
g
i
d
o
r
p
p
p

A

F

R

C

C

C

D

F

G

G

G

H. Tian et al. / Carbohydra

he net charge of both collagen and CS is partly screened. There-
ore in set A the ionized sulfate group or carboxyl group of CS in

 relatively few amount does not interact with collagen through
lectrostatic bond and only the hydroxyl group of CS form hydrogen
ond with C O group of collagen. However, the net negative charge
f CS increases with adding the amount of CS and the electrostatic
nteraction between sulfate or carboxyl group of CS and cationic
esidues of collagen appears as a result. It is known that arginine,
ysine and histidine have positive charge in neutral medium among
ll amino acids contained in calf skin collagen. Considering the iso-
lectric point of arginine, lysine and histidine, then it is supposed
hat the sulfate or carboxyl group of CS is more likely to interact
ith �-amino group of lysine or guanidine group of arginine via

lectrostatic interaction in the present work.

. Conclusion

The bands at 1690, 1614, 1528 and 1239 cm−1 assigned to col-
agen and those at 1628, 1416, 1239, 1127 and 1050 cm−1 derived
rom CS are indicative of conformational changes of collagen and

olecular interactions between collagen and CS in the Col/CS
lends. By virtue of 2D correlation analysis, only hydroxyl group
f CS interact with C O group of collagen through hydrogen bond
n set A owing to the charge shielding effect of NaCl. With increas-
ng the amount of CS in set B, electrostatic interactions between
ollagen and CS appear and the C O group of CS might form molec-
lar hydrogen bond with amino group of collagen. When adding CS
o the collagen solution, C-H bending vibration of collagen varies
rstly, then the collagen skeleton, and finally the specific interac-
ions between collagen and CS. In particular the hydrogen bond
evelops at the lowest content of CS, subsequently ionized sulfate
roup of CS interacts with �-amino group of lysine or guanidine
roup of arginine, and finally the electrostatic interaction between
onized carboxyl group of CS and �-amino group of lysine or guani-
ine group of arginine develops. It is considerable that the change
f interactions between collagen and CS as a result of various Col/CS
atios could be connected with the physical, chemical or biological
roperties of the complex. Therefore further study will examine the
hysicochemical and biological properties of the Col/CS scaffolds
roduced in a wide range of Col/CS ratio.
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