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a  b  s  t  r  a  c  t

The  interaction  between  collagen  and a natural  derived  cross-linker  alginate  dialdehyde  (ADA)  was  inves-
tigated.  Fourier  transform  infrared  (FTIR)  spectroscopy  and  the circular  dichroism  (CD)  measurements
indicate  that  the  structure  integrity  of  collagen  is still maintained  after  the ADA  treatment,  while  the  dif-
ferential  scanning  calorimetry  (DSC)  study  suggests  that  ADA  could  promote  collagen–ADA  membrane’s
thermostability  compared  to  pure  collagen.  And  the  atomic  force  microscopy  (AFM)  of  cross-linked  colla-
eywords:
ollagen
lginate dialdehyde
odification

ytocompatibility

gen reveals  a denser  network  structure.  Besides,  the  water  contact  angle  test  indicates  that  the  hydrophilic
property  of  collagen–ADA  membrane  is  promoted,  which  is favorable  for cell’s  attachment  and  prolifer-
ation.  Meanwhile,  the  cytocompatibility  results  imply  that  not  only  no  extra  cytotoxicity  is introduced
into  the  collagen–ADA  membrane  after  ADA  treatment,  but also  collagen–ADA  membrane  facilitates  cell’s
proliferation  when  the  content  of  ADA  is less  than 20%.  In conclusion,  our study  reveals  that  ADA  stabilizes
collagen  as  a cross-linker  and  preserves  its triple  helical  structure.
. Introduction

Collagen is the most abundant protein in mammals, which
lays an important role in the formation of tissues and organs,
nd influences cell expression in many cases (Hu, Liu, Dan, Dan,

 Gu, 2013; Hu, Liu, Dan, Dan, Gu, & Yu, 2013; Tian, Chen, Ding,
 Li, 2012; Zhang, Liu, & Li, 2009; Zuyderhoff & Dupont-Gillain,
012). Nowadays, collagen has been explored extensively, in the
ield of biomedical materials, such as sponges, membranes, gels
nd so on (Lungu et al., 2013; Motte & Kaufman, 2013; O’Brien,
augh, Murphy, McKiernan, & Altenbuchner, 2011; Shepherd
t al., 2013; Sundararaghavan, Monteiro, Firestein, & Shreiber,
009), due to its superior biological properties (Motte & Kaufman,
013; Safandowska & Pietrucha, 2013; Tian et al., 2012). How-
ver, reconstructed collagen-based scaffolds usually suffer from
oor physicochemical properties (mechanical strength, thermosta-
ility, wettability, resistance to enzyme and so on), which limit

heir application accordingly. Hence, suitable chemical or physical

odifications are necessary to enhance collagen-based scaffolds’
orresponding physicochemical properties. Generally, various
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synthetic cross-linkers, such as glutaraldehyde (GA), hexamethy-
lene-1,6-diaminocarboxysulphonate (HDACS), formaldehyde and
carbodiimide (EDC) (Nagai et al., 2010; Powell & Drexler, 2011)
have been widely used for the cross-linking of collagen-based
scaffolds. Although it has been well reported that these synthetic
cross-linkers exhibit superior performance in promoting collagen-
based scaffold’s corresponding physicochemical properties, the
potential cytotoxic effect of these synthetic cross-linkers should
not be ignored (Fratzl, 2008, chap. 12; He et al., 2011). Thus, it
is necessary to develop naturally occurring cross-linkers for the
modification of collagen-based scaffolds.

Alginate (ALG), ubiquitously found in brown algae, is a kind
of anionic polysaccharide material, of which the typical structure
is a block copolymer composed of two  different repeating units,
(1,4)-linked �-d-mannuronic acid (M)  and �-l-guluronic acid (G)
monomers (Fan et al., 2013). Due to its superior biocompatibility,
ALG has gained recent interest in the field of wound care and tis-
sue engineering (Chang, Lee, Wu,  Yang, & Chien, 2012; Shalumon
et al., 2011; Wang et al., 2010). Note that, ALG could be oxidized by
periodate and form multiple functional aldehyde groups, which is
commonly called alginate dialdehyde (ADA), and this active group
could react with the free amino groups in the same way as glu-
taraldehyde (Xu et al., 2013). Since there are a large amount of free

amino groups within collagen molecules, we  hypothesis that colla-
gen could be cross-linked by ADA to some extent as is illustrated in
Scheme 1. Meanwhile, the effect of ADA on the microstructure of
collagen, i.e. from triple helixes to fibrils, remains largely unknown.

dx.doi.org/10.1016/j.carbpol.2013.11.050
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
http://crossmark.crossref.org/dialog/?doi=10.1016/j.carbpol.2013.11.050&domain=pdf
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Scheme 1. Schematic diagram showing the possible inte

hus, it is meaningful to further investigate the interaction between
ollagen and ADA in this work.

In this context, we have investigated the structure of type I
ollagen molecules and microfibrils in the presence of ADA by
ourier transform infrared (FTIR) spectroscopy, circular dichroism
CD), differential scanning calorimetry (DSC), scanning electron

icrograph (SEM), atomic force microscopy (AFM) and contact
ngle analyzer. Furthermore, the cytocompatibility of collagen
embranes after cross-linking by ADA has been also detected by

sing methyltetrazolium (MTT) in accordance with international
tandards (ISO10993-5). And the morphologies of cells seeded
n the collagen membranes before and after cross-linking are
btained by confocal laser scanning microscopy (CLSM). Our aim is
o further explore collagen–ADA interactions and understand the
tructure–property relations of ADA modified collagen membranes.

. Materials and methods

.1. Materials

The acid soluble collagen used in this study was  self-prepared
rom porcine skin according to our previous report (Hu, Liu, Dan,
an, & Gu, 2013; Hu, Liu, Dan, Dan, Gu, & Yu, 2013). The alginate
ialdehyde (ADA) (the value of oxidation degree is 47.96 ± 2.67%
pproximately) was prepared according to our previously reported
ethod (Xu et al., 2013). Other agents were used as received.

.2. Preparation of membranes

Since the relatively limited solubility of collagen in weak acids,
 mg/mL  aqueous collagen solution was prepared by using 0.5 M
cetic acid (HAc) as solvent. Subsequently, alginate dialdehyde

ADA) solution with the concentration of 0.1–1 mg/mL  was  incor-
orated into the collagen solutions under magnetic stirring. And the
nal content of ADA to collagen was 0%, 2%, 6%, 10% and 20%, respec-
ively. After the deaeration process under mild ultrasonic (40 kHz,
ns between collagen molecule and alginate dialdehyde.

120 W)  for 3 min  (He et al., 2011), the collagen–ADA membranes
with thickness around 0.05 mm were obtained by casting the solu-
tion on a polytetrafluoroethylene (PTFE) plate with a diameter of
10 cm under 0.05 vacuum at 25 ◦C for 3 days. Specimens were stored
in a refrigerated desiccator prior to use.

2.3. FTIR spectra measurements

Fourier transform infrared (FTIR) spectra were obtained from
tablets containing 2 mg  of collagen–ADA specimens in approx-
imately 100 mg  of potassium bromide (KBr) with an FTIR
spectrophotometer (Spectrum One, PerkinElmer, Inc., Waltham,
MA). The FTIR spectra were recorded in the range of 4000–400 cm−1

and at a resolution of 4 cm−1. The spectra plots represented the
average of 32 scans. All measurements were carried out in a dry
atmosphere at room temperature (Hu, Liu, Dan, Dan, & Gu, 2013;
Hu, Liu, Dan, Dan, Gu, & Yu, 2013).

2.4. Cross-link density

As is illustrated in our previous reports (Hu, Liu, Dan, Dan, & Gu,
2013; Hu, Liu, Dan, Dan, Gu, & Yu, 2013; Xu, Li, Yu, Gu, & Zhang,
2012), the amount of free amino groups, after heating with ninhy-
drin (NHN), is proportional to the optical absorbance of the solution.
Hence the ninhydrin assay was  used to detect the free-amino group
content of collagen–ADA membranes. And the cross-linking density
was calculated as the following equation:

Cross − link density(%)  = [(NH2 before) − (NH2 after)]
(NH2 before)

× 100 (1)
where NH2 before is the amount of free amino groups in the collagen
membrane before cross-linking and NH2 after is the amount of free
amino groups in the sample after cross-linking (Hu, Liu, Dan, Dan,
& Gu, 2013; Hu, Liu, Dan, Dan, Gu, & Yu, 2013).
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.5. CD analysis

Collagen solutions (100 �g/mL) with varied content of alginate
ialdehyde (ADA) were prepared in a sodium acetate buffer (1 mM,
H 4.0). The final contents of ADA (by dry weight) were 0%, 10%
nd 20%, respectively. All the solutions were kept at 4 ◦C overnight
nd equilibrated at room temperature for 1 h before testing. The
D measurement was performed on a J-810 CD spectropolarimeter
Jasco, J-810, Japan) in a wavelength range from 190 to 260 nm at
5 ◦C. The molar ellipticity was recorded at a speed of 20 nm/min
nd each sample was scanned 3 times.

.6. DSC measurements

The differential scanning calorimetry (DSC) analysis was  con-
ucted on Netzsch DSC 200 PC in the temperature ranged from
5 to 180 ◦C. Approximately, 3 ± 0.1 mg  collagen–ADA specimens
ere loaded in a DSC aluminum pan while an empty aluminum
an was used as the reference. Then the aluminum pan was placed

n a Netzsch DSC operating with the Netzsch Proteus analysis soft-
are with a scanning rate of 5 ◦C min−1 in a N2 flow of 60 mL  min−1

Hu, Liu, Dan, Dan, & Gu, 2013; Hu, Liu, Dan, Dan, Gu, & Yu, 2013).
hermal denaturation was recorded as the typical peak and two
haracteristic temperatures were measured corresponding to the
eak (temperature of maximum power absorption during denatur-
tion) and onset (temperature at which the tangent to the initial
ower versus temperature line crosses the baseline) temperature
Zeugolis et al., 2008). Besides the calorimetric enthalpy change
�H) was also calculated.

.7. SEM/AFM observations

A scanning electron microscopy (SEM, Hitachi S3000N, Hitachi,
td., Japan) was applied to observe the collagen–ADA membranes’
orphology both before and after cross-linking qualitatively (Chen,

an, Yuan, Zhang, & Fan, 2011; Hu, Liu, Dan, Dan, & Gu, 2013;
u, Liu, Dan, Dan, Gu, & Yu, 2013). All the specimens were sput-

er coated with aurum and imaged at accelerating voltage of 5 kV.
eanwhile, the atomic force microscopy (AFM) was used to eval-

ate the topographic change of collagen fibrils by introducing
lginate dialdehyde (ADA). Briefly, collagen was firstly dissolved in
.5 M acetic acid (HAc) with the concentration of 20 �g/mL. Then,
ifferent content of ADA (0%, 2%, 6%, 10%, 20%) was  added into
he collagen solutions, respectively. After a period of 12 h reac-
ion, 20 �L of the mixture solution was carefully dropped onto

 fresh mica substrate and dried overnight at room temperature
21 ± 1 ◦C). After that, the mica substrate was observed by atomic
orce microscope (AFM, SHIMADZU, SPM-9600, Japan) at room
emperature in tapping mode.

.8. Water contact angle tests

The hydrophilicity of the membrane was tested with a goniome-
er (dataphysics OCA-H200, Germany) by measuring the surface
ater contact angle (WCA) at room temperature (21 ± 1 ◦C) (Dettre

nd Johnson, 1965). In brief, 5 �L per drop of distilled water was
arefully deposited onto the surface of the membrane, angles were
easured on five different regions of each surface and averaged.

.9. Cell culture and analysis

The cytocompatibility of collagen–ADA membranes were

ssessed in vitro using L929 fibroblasts with the method of colori-
etric assay, as was described in our previous work (Hu, Liu, Dan,
an, & Gu, 2013; Hu, Liu, Dan, Dan, Gu, & Yu, 2013; Qiu, Zhao, Wan,
hao, & Chen, 2006). In brief, the collagen–ADA membranes were
ers 102 (2014) 324– 332

firstly cut into small pieces (1 cm × 1 cm)  and sterilized by ethylene
oxide vapor. Then specimens were placed into 24-well culture plate
and cultured with cells with the concentration of 1 × 104 cells/well
in Dulbecco’s modified Eagle medium (DMEM) supplemented with
1% (v/v) antibiotic solution at 37 ◦C for 1, 3 and 5 days. And the
medium was changed every two days. At each time point, 20 �L 3-
(4,5-dimethylthiazol-2yl)-2,5-diphenyltetrazoliumbromide (MTT)
was added into the culture plate and cultured at 37 ◦C for 4 h
to form formazan crystals. Subsequently, 1.5 mL  dimethylsulfox-
ide was  added into the culture to dissolve the formazan crystals
with stirring at room temperature. Then the optical density (OD)
at 492 nm was  measured with a microplate reader (Model 550,
Bio Rad Corp. USA). The values were expressed as mean ± standard
deviation (n = 5).

Meanwhile, confocal laser scanning microscopy (CLSM) was
applied to further characterize the cell’s growth on collagen–ADA
membranes (Shalumon et al., 2011). Briefly, the cells were seeded
into 24-well culture plates at a density of 2.5 × 104 cells/well,
together with collagen–ADA membranes for 3 day. Then the sam-
ples were washed slightly with phosphate buffer solution (PBS,
pH 7.4) and fixed by 4% paraformaldehyde in PBS for 30 min at
room temperature. At the second step, the samples were per-
meabilized with PBS containing Triton X-100 for 10 min at 4 ◦C.
After that, the samples were stained with 1 �g/mL 4,6-diamidino-
2-phenylindole (DAPI) in PBS for 10 min  at 4 ◦C. Subsequently, the
samples were washed twice and mounted under glass coverslips
using glycerol/PBS. Finally, the fluorescent images were observed
using a confocal laser scanning microscope (Leica TCS SP II, Leica).

2.10. Statistical analysis

Statistical analysis was performed using one-way analysis of
variance (ANOVA) on SPSS 10.0. Corresponding P-values less than
0.05 were considered significant.

3. Results and discussion

3.1. FTIR analysis

Fourier transform infrared (FTIR) spectra were applied to inves-
tigate the structure of collagen in the presence of ADA considering
that the FTIR spectra of protein molecules can be correlated directly
to their backbone conformation (Song et al., 2012). Fig. 1 shows the
spectra of pure collagen and collagen–ADA complex. As is reported
in the literatures (Andrews, Murali, Muralidharan, Madhulata, &
Jayakumar, 2003), pure collagen with intact triple helix conforma-
tion can be characterized by its feature amide bands in IR spectra.
The amide A and B bands are mainly associated with the stretch-
ing vibrations of N H groups, which are centered at 3350 cm−1

and 3082 cm−1, respectively (Hu et al., 2013a,b). The amide I band
at 1650 cm−1 is assigned to the stretching vibrations of peptide
C O groups, while the amide II band at 1550 cm−1 is dominantly
attributed to the N H bending vibrations coupled to C N stretching
vibrations. Besides the amide III band at 1240 cm−1 mainly arises
from the C N stretching, N H bending vibrations and wagging
vibrations of CH2 groups in the glycine backbone and proline side
chains (Andrews et al., 2003; He et al., 2011). Fig. 1 suggests that the
backbone of collagen in the presence of ADA does not change along
with the increasing of ADA content, because the positions of main
amide bands still maintain, especially the amide I band correlated to
the helix structure of collagen (Andrews et al., 2003). Just the amide

A and B bands become sharper and shifted to higher wavenumber,
correlated to the broken of hydrogen bands in the side chains of col-
lagen (Balakrishnan, Mohanty, Umashankar, & Jayakrishnan, 2005;
He et al., 2011; Tian et al., 2012). Some researchers also reported
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Fig. 1. FTIR spectra of collagen–ADA membranes with different ADA contents (A)
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%, (B) 2%, (C) 6%, (D) 10% and (E) 20%. FTIR absorption ratios of AIII/A1450 for
ollagen–ADA membranes (A, B, C, D and E) are 1.00, 0.99, 0.99, 0.98 and 0.98,
espectively.

hat protein could react with ADA between NH2 and aldehyde group
o form stable Schiff’s base, where the corresponding hydrogen
ands are replaced (Xu et al., 2012).

Meanwhile, since the absorbance peak at 1235 cm−1 is affected
y changes in the triple helical structure of collagen and can there-
ore be used to quantify the denaturation of a collagen sample
O’Brien, Haugh, & Jaasma, 2009), the absorption ratios of Amide
II to 1450 cm−1, denoted as AIII/A1450 are also considered as a

easurement of preservation of integrity of collagen–ADA mem-
ranes. Note that the ratio of the denatured collagen, gelatin is

ust about 0.6 according to the reports (Andrews et al., 2003; Hu
t al., 2013a,b). The result of AIII/A1450 indicates that the triple
elix conformation is not destructed by ADA, since the value of the
atios just decrease slightly from 1.0 for pure collagen to 0.98 for
ollagen–ADA membranes at most. It is acceptable that the integrity
f collagen is the foundation for maintaining its superior biologi-
al properties. Here ADA acts as a cross-linker to firm collagen’s
riple structure but without destroying the backbone of collagen

olecules, as is illustrated in Scheme 1.

.2. CD analysis
To further determine whether the structure integrity of colla-
en in the presence of ADA was destroyed or not, circular dichroism
CD) measurements of collagen–ADA solutions with certain content

Fig. 2. CD spectra of the collagen solutions with diffe
Fig. 3. DSC curves of collagen–ADA membranes with different ADA contents (a) 0%,
(b) 2%, (c) 6%, (d) 10% and (e) 20%.

were performed, as is shown in Fig. 2. Generally, the pure colla-
gen exhibits two typical spectra in the range of 190–260 nm (the
negative band is at ∼198 nm and the positive band is at ∼221 nm,
respectively) (Fratzl, 2008; Hu, Liu, Dan, Dan, & Gu, 2013; Hu,
Liu, Dan, Dan, Gu, & Yu, 2013). When the structure integrity or
triple helix of collagen is completely destroyed, the spectrum at
∼198 nm in CD measurement will shift into lower wavelength, and
the spectrum at ∼221 nm will disappear, which indicates the char-
acteristics of a collagen triple helix. Further, partially denatured
collagen exhibits a spectrum with lower intensity, especially at
∼221 nm,  as well as a lower value of Rpn, the ratio of the positive
peak intensity to the negative peak intensity (He et al., 2012). On
the contrary, the increase of Rpn indicates the aggregation of colla-
gen molecules. Fig. 2 shows the changes of spectra of collagen–ADA
solutions along with the content of ADA. The addition of ADA  did not
alter the CD spectra of collagen solutions significantly, indicating
the interactions between collagen and ADA may  occur dominantly
on the approachable collagen molecular surface, and hence the
backbone structure of collagen triple helix was  still maintained
after cross-linking. At a very high content of ADA (20%), the value
of Rpn exhibits a slightly negligible increase (from 0.14 to 0.15)
suggesting the aggregation of collagen molecules. As is described
before, the aldehyde group within ADA could react with the amino
group in collagen side chains to form more stable Schiff’s base,
whereas the collagen fibrillar could aggregate as is shown in Fig. 2,

thus inducing the slightly increasing of Rpn value. Hence, we  would
like to draw the conclusion that the most maintained triple helix
structure implies that ADA at certain content does not destroy the
structure integrity of collagen, but stabilizes the collagen molecules

rent ADA contents (a) 0%, (b) 10% and (c) 20%.
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Fig. 4. SEM images of collagen–ADA membranes with di

y more stable bonds, which coincide with those reports for col-
agen molecules modified with aldehydes (Kim, Yaszemski, & Lu,
009).

.3. DSC measurement

Fig. 3 provides the thermal stability of collagen in the presence
f alginate dialdehyde (ADA). When collagen–ADA membrane is
eated, the helix-coil transition takes place, during which the triple
elix melts and progressively dissociates into the three randomly
oiled peptide �-chains (gelatin) (Zeugolis et al., 2008). Note that
he endothermic peak is associated with the transformation from
riple helical to random coil of collagen. It can be observed that
he collagen–ADA membrane in the presence of ADA shows higher
enaturation temperature (Td) along with the increasing content
f ADA to collagen. And the Td is promoted by 20 ◦C approximately,
hen the content of ADA increases from 0% to 20%. Meanwhile, it is
orthy to note that the calorimetric enthalpy (�H) of the transition

enotes the energy required for the destruction of the hydrogen
onds, amido bonds and Van der Waals forces which preserve the
ollagen triple helixes. As is shown in the supplementary informa-
ion (Table S1), the value of �H  for collagen–ADA membrane at the
t ADA contents (a) 0%, (b) 2%, (c) 6%, (d) 10% and (e) 20%.

ADA content of 20% reaches up to 1493.5 J/g, which is much higher
than that for collagen–ADA membrane at the ADA content of 0%
(about 787.4 J/g). The possible reason may  be that ADA  could react
with the amino group (NH2) of collagen side chains, as is revealed in
the supplement data (Table S2), which could further form more sta-
ble Schiff’s base as mentioned above. More to the point, the reaction
is predominantly occurred between the �-amino groups of lysine
or hydroxylysine side groups of collagen and the available aldehyde
(Balakrishnan et al., 2005). Besides, in this work, excessive content
of ADA (20%) did not result in an apparently shift to higher tem-
perature. When the content of ADA increased from 10% to 20%, the
Td and �H  of corresponding collagen–ADA membranes were only
promoted by 2.3 ◦C and 100.8 J/g, approximately. Here, it should be
noticed that the improvement in Td is favorable for maintaining the
structure integrity of collagen which is crucial for the fabrication of
collagen-based products (Fratzl, 2008).

3.4. SEM analysis
Considering that miscibility in a polymer membrane is crucial
to specific interactions between the polymeric components (Dan
et al., 2007), collagen–ADA membranes were observed by SEM
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Fig. 5. AFM images of collagen on mica substrate in the presence of ADA. The contents of ADA are (a) 0%, (b) 2%, (c) 6%, (d) 10% and (e) 20%, respectively. (The scale bar is
500nm).
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Fig. 4). The structure present homogeneous macrostructures char-
cterized by a relatively rough surface, whereas no apparent phase
eparation was detected (Silva et al., 2012), indicating the good mis-
ibility between the two components (collagen and ADA). Also, the
icro-roughness of collagen–ADA membrane at 20% of the cross-
inker was observed to be promoted to some extent, which may  be
ssociated with the drastic interaction between collagen and ADA.
nd this phenomenon was in consistent with that of AFM images

o a certain degree.
3.5. AFM analysis

To further explore the aggregation of collagen molecule in the
presence of alginate dialdehyde (ADA), the corresponding morpho-
logical changes were observed by atomic force morphology (AFM).

Fig. 5(a) shows the typical fibrillar structure of type I collagen, many
curved molecules or microfibrils lie on the mica substrate and over-
lap with one another, which is similar to the previous report (Li,
Mu,  Cai, & Lin, 2009). The similar aggregation of collagen at 2%, 6%,
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0% and 20% ADA was also observed, indicating that the presence
f ADA does not destroy the packing structure of native collagen
bril. However, it is worthy to note that the collagen molecular or
brillar seems to be crowded more intensively and exhibits meshy
brous network topographies in Fig. 5(b–e) owing to the cross-

inking effect induced by ADA, supporting the result of DSC analysis
nd the schematic illustration (Scheme 1).

.6. Water contact angle tests

To explore the correlation between the microstructure of
DA cross-linked collagen and its surface property, water con-

act angles (WCA) on collagen–ADA membranes are given in
ig. 6 as a function of the ADA content. As is reported in
he literatures (Dettre and Johnson, 1965; Fratzl, 2008; He
t al., 2011), the value of WCA  of scaffolds could reflect the
ydrophobic-hydrophilic properties of scaffolds toward given liq-
id. Generally, a high value of WCA  means more hydrophobic,
hereas a low value of WCA  always indicates more hydrophilic.

t is obvious that the value of WCA  decreases along with the
ncreasing of ADA content, from ∼90◦ for pure collagen mem-
rane to ∼70◦ for collagen–ADA membrane at the 20% cross-linker,
espectively. The possible reason could be divided into two
arts. On one hand, alginate dialdehyde, the derivative of algi-
ate, has been performed the procedure of depolymerization of
lginate to some degree, which is associated with the perio-

ate oxidation to cleave the vicinal glycols in polysaccharides
o form their dialdehyde derivatives. Then, the solubility of
lginate dialdehyde (ADA) in water was found to be increas-
ng after oxidation (Balakrishnan et al., 2005). Hence, the

ig. 7. (1) Proliferation of L929 fibroblasts cultured on the membranes (n = 5; asterisk (a–
he  control group at different time period). (2) Nuclear staining images by DAPI using L9
0%  and (c) 20%.
Fig. 6. Water contact angle (WCA) of collagen–ADA membranes. The symbols
denote experimental points and solid line just serves to guide the eye.

value of WCA  of collagen–ADA membranes was decreased by
introduction of ADA, which means the hydrophilic of collagen–ADA
membrane is promoted accordingly. On the other hand, the reac-
tion between collagen and ADA is associated with the two groups

(the �-amino groups and available aldehyde) as mentioned above.
Meanwhile, a certain amount of hydroxyl groups within ADA is
brought into collagen side chains, which may  further improve the
hydrophilic of collagen–ADA membranes. Besides, it is worthy to

c) denotes the difference attained a statistically significant difference compared to
29 fibroblasts on collagen–ADA membranes with different ADA content (a) 0%, (b)
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ote that suitable hydrophilic property of collagen-based scaf-
olds is favorable for cell’s migration, attachment and proliferation
Fratzl, 2008).

.7. Cytocompatibility analysis

Since the biocompatibility of scaffolds is crucial for the appli-
ations in tissue engineering, to reconfirm the non-toxicity of
ollagen–ADA membranes, a preliminary cytotoxicity evaluation
sing human fibroblasts (L929) was performed in vitro. Fig. 7 illus-
rates the effect of varying contents of ADA on the proliferation of
929 fibroblasts. Neither the collagen–ADA membranes nor their
xtracts induced any morphological changes to the cells confirming
heir non-toxic nature compared to control groups (Fig. 7). Fur-
her, quantitative assessment of the cytotoxicity by MTT  assay of
broblasts after contact with the membranes all showed higher
ptical density than that of control groups at different time inter-
als (1d, 3d and 5d). On one hand, collagen is favorable to fibroblasts
ue to its specific biological properties, that is why  the pure colla-
en membrane group showed higher optical density than control
roup. On the other hand, as was demonstrated in our previous
ork (Xu et al., 2012), ADA at certain content could promote the
broblasts’ proliferation and growth to some extent. Moreover, it is
orthy to note that the optical density of collagen–ADA membrane
ecreased slightly when the content of ADA is larger than 10%. The
ossible reason may  be that excessive unreacted ADA with free
ldehyde group could react with proteins or polysaccharides on
nd inside the fibroblasts (Xu et al., 2012, 2013), hence it is impor-
ant to clear away excessive ADA after the cross-linking process.
owever, collagen–ADA complex with certain ADA contents did
ot induce any extra cytotoxicity into this kind of scaffold.

. Conclusion

In summary, we demonstrate the feasibility of ADA as a novel
atural derived cross-linker in the fixation of collagen. Espe-
ially, this work focuses on the structure integrity of collagen
efore and after cross-linking process. The results suggest that the

ntroduction of ADA could promote collagen-based scaffold’s ther-
ostability and hydrophilic property, which is favorable in the

eld of tissue engineering. Note that the ADA treatment does not
estroy the triple helix conformation of collagen but result in the
ggregation of collagen molecules. Meanwhile, the cytocompati-
ility studies imply that collagen–ADA membrane could improve
ell’s proliferation at a certain content of ADA, compared to the pure
ollagen group. Taken as a whole, these results may  pave the way
or developing new cross-linkers for collagen biomaterials.
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