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 Introduction

The unique characteristics of type I collagen make it the
ost investigated natural polymer as drug delivery
bstrate, including dressings for wound healing. Thus,
sides full biodegradability, weak antigenicity and
storability that make it a primary source in the
omedical application [1,2], it interferes in all the stages

of normal healing [3]: haemostasis, formation of granular
tissue [4], fibroblasts proliferation and reepitelization,
provides resistance and integrity to the wound [5]. Being a
protein, it cannot promote by itself the healing process,
serving as substrate for development of bacteria. But
associated with antimicrobials and applied topically, it
functions as delivery system, controlling the wound
infection [6–8]. Moreover, such dressings reduce the levels
of protease, cytokines and free radicals [9].

Increasing in prevalence of microbial resistance to
conventional antibiotics focused the attention upon the
natural antimicrobial [10], especially phytochemicals used
traditionally to treat infected wounds [11]. Many of the

R T I C L E I N F O

icle history:

ceived 14 April 2014

cepted after revision 22 July 2014

ailable online 17 January 2015

ywords:

llagen hydrogels

–IR and UV–CD spectra

tational viscometry

coelasticity

namic rheology

A B S T R A C T

The increasing microbial resistance to conventional antibiotics turned the attention to

phytochemicals used traditionally to treat infected wounds. Some can modulate or modify

bacterial resistance and potentiate their activity. Collagen hydrogels containing all the

combinations between 5, 10 and 15% of tannic acid (TA) and 1.82, 4.55 and 9.09%

chlorhexidine digluconate (CHDG), pH � 4 were prepared. FT–IR spectra showed that

collagen interacts stronger with TA than with CHDG, TA interacts with CHDG at high

concentrations and collagen conformation is not affected, so hydrogels can be used as

valuable biomaterials. The preservation of collagen’s triple-helical conformation was

demonstrated also by the ultraviolet-circular dichroism (UV–CD) spectroscopy. The

hydrogels revealed an overall pseudoplastic rheological behaviour, being easily destroyed

under the action of shear rates higher than about 20 s�1 during rotational viscometry tests.

However, all the hydrogels showed a viscoelastic behaviour with an elastic part that

prevails over the viscous contribution, as shown from oscillatory rheometry results. The

high viscosity at rest assures a good adherence of the hydrogels on wound, while their

elasticity prevents the breakdown of the applied layer.
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econdary metabolites have antibacterial properties, ser-
ing to defend plants from microbial infection [12]. They
an modulate or modify bacterial resistance and potentate

e activity of antibiotics/antiseptics [13,14].
Vegetable tannins are polyphenols occurred in a high

ariety of plants [15]. Tannic acid (gallotannin), TA, the
ain representative of hydrolysable tannins, has antiviral,

ntimicrobial and antibacterial properties (its minimal
hibitory concentration – MIC ranges between 150 and

000 mg/L, depending on the microbial strains) [16–18]. At
e same time, TA exhibits some other beneficial effects:

ntimutagenic and antigenic activity [19] induces apop-
sis in animal tumour cells as resulted from both in vitro

nd in vivo tests [20–22], is implied in hyaluronidase
ystem, has antioxidant action [21] and inhibitory effect on
lostridium histolyticum collagenase activity, preventing
e degradation of extracellular matrix components [23]. It

 the tannin having the highest affinity for collagen
4,25].
Chlorhexidine digluconate (1,10-hexamethylenebis[5-

-chlorophenyl)-biguanid]di-D-gluconate), CHDG, one of
e most used antimicrobials in clinical practice for skin

ntisepsis [26], is potent also against mutant streptococci
7,28]. Its efficacy is reduced by pH decreasing and the

resence of organic matter [29], but can be improved by
hytochemicals, some of them transforming CHDG in vivo
om bacteriostatic into bactericide [11,14,30]. TA might be
ne of the biologically active secondary metabolite able to
crease the antimicrobial activity of CHDG.

The objective of the present paper is the preparation
f 1.1% collagen hydrogels containing all the combina-
ions between 1.82, 4.55 and 9.09% CHDG and 5, 10 and
5% TA and their structural and rheological characteriza-
ion to evaluate the preservation degree of native
onformation of collagen and also to establish whether
hese systems are suitable to be applied topically as
ressings for wound healing and/or for obtaining porous
atrices or films.

. Experimental

.1. Materials

Collagen hydrogel 2.54%, pH 3.21 was provided by the
ational Research-Development Institute for Textiles and
eather, Division Leather and Footwear Research Institute–
RDITL-LFRI, Romania; collagen – as 1% acetic solution –
as prepared in laboratory after its extraction from calf

kin and subsequent purifications; TA was acquired from
igma-Aldrich and CHDG (20% aqueous solution, by
eight) from Fagron (Germany) and were used as received.

 solution of 1M NaOH (analytical grade, Reactivul–
ucharest, Romania) was also used to adjust the final pH of
e collagen-based systems.

.2. Preparation of collagen hydrogels containing TA and

HDG

Three series of 1.1% collagen hydrogels having pH
.8 and compositions inserted in Table 1 were prepared by
dding proper amounts of TA and CHDG solutions under

manual stirring to obtain the desired concentrations as
described elsewhere [31]. To maintain the overall pH of the
systems at 3.8 during collagen-based hydrogels prepara-
tion, a solution of 1 M NaOH was used. A series of collagen
hydrogels containing TA for comparison was also prepared.
All the hydrogels were equilibrated by keeping them at
4 8C for 24 h.

2.3. Structural characterization of collagen

Collagen from hydrogels was characterized by FT–IR
using an ABB MB3000 MID-IR spectrometer equipped with
a DTGS detector and Horizon software. Data were acquired
by ATR technique using a PIKE 45 degree ZnSe trough plate
with volatile cover Horizontal ATR. All the spectra were
corrected for ATR effect and transformed into absorption
ones. Each spectrum is the average of 32 scans, with a
resolution of 4 cm�1.

UV–CD spectra of hydrogels were recorded employing a
Jasco J-810 spectropolarimeter using a 0.2-cm path length
square Suprasil cuvette and the following operating
parameters: wavelength range 250–190 nm; scanning
speed 50 nm/min with 0.2-nm pitch and 2-s response
time, room temperature (23 8C), average number of spectra
accumulation 4, slit width 400 mm, continuous feeding of
measuring compartment with high purity nitrogen
(99.9995%) to suppress oxygen absorption.

2.4. Rotational viscometry and dynamic rheological

measurements

Shear rheological behaviour was investigated at
23 � 0.1 8C by use of a rotational viscometer Haake VT
550 equipped with MV1 sensor system for medium viscosity
and RheoWin 4 Thermo Fischer Scientific software for data
acquisition and processing.

Oscillatory measurements were performed at room
temperature (23 8C) using a Micro Fourier Transform
Rheometer MRF 2100, GBC-Australia, working under
squeezing flow, with the operating parameters set as

Table 1

Viscosities at zero shear rate and angular frequency of 1 rad�s�1 for

collagen hydrogels obtained by rotational viscometry and dynamic

rheology measurements, respectively.

CHDG [%] TA [%] h0 [Pas] (h)1 rad�s
–1 [Pas]

0 9.8 19.1

5 13.9 39.8

0 10 21.5 56.1

15 19.2 58.2

5 10.1 41.6

1.82 10 15.2 43.4

15 20.7 52.8

5 15.5 41.0

4.55 10 16.7 81.2

15 11.9 66.7

5 21.2 66.0

9.09 10 14.8 76.9

15 9.1 158.6

CHDG: chlorhexidine digluconate; TA: tannic acid.
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llows: angular frequency 0–1000 rad�s�1, 280 discrete
quencies analysed simultaneously in range by a step of

 s�1, 30 spectra consequently acquired for each sample,
p between the upper and bottom plates 400 mm,
splacement amplitude 0.03 mm to fall into the linear
scoelastic domain. The very small amplitude of pseudor-
dom squeezing motion allows a continuous monitoring

 force transmitted through the viscoelastic sample to the
rce sensor (bottom plate). Storage and loss moduli at
ch individual frequency are obtained by a Fourier
nsform processing.

 Results and discussion

To keep collagen’s advantages in wound healing, its
ecific triple helix conformation has to be preserved [32–
]. This makes the assessment of its conformation the first
p in the preparation of collagen-based biomaterials.
The presence of triple helical conformation in collagen

drogels has been evaluated by the usual methods
plied to collagen: FT–IR [35–38] and UV–CD [39].
The FT–IR spectrum of collagen hydrogel, presented in
. 1, exhibits the band amide I at 1655 cm�1 with a

oulder at 1630 cm�1, amide II at 1556 and 1523 cm�1,

2 wagging at 1454 cm�1, amide III at 1240 and
05 cm�1, and the bands assigned to C-O stretching at
82 and 1041 cm�1, according to the literature data
8,40–46]. The difference between the wavenumbers of

ide I and II bands, indicating the absence of denatured
llagen when the value is lower than 100 cm�1, is

 cm�1, which demonstrates the integrity of the native
ple helical conformation of collagen in the hydrogel.
Fig. 1 shows that the FT–IR spectra of hydrogels

ntaining TA exhibit, on the whole, the same pattern as
e reference does, excepting the band amide II which is
fferent: the intensity of 1528 cm�1 band decreases
ghtly and a shoulder appears at 1545 cm�1. This can be
e to partially removing of water by TA and forming of
w hydrogen bonds with collagen. Therefore, the triple

helix is not affected and cross-linking occurs with
preserving the native collagen structure.

The FT–IR spectra of hydrogels containing 1.82% CHDG
and 5, 10 and 15% TA look very similar to those in Fig. 1 and
not with those containing CHDG [31]. This means that TA-
collagen interaction is stronger than CHDG-collagen one.
The FT–IR spectra of hydrogels containing CHDG also show
a very weak interaction between components and
practically no effect on triple helix conformation
[31]. TA and CHDG cause a slight increase of the intensity
band at 1528 cm�1, assigned to hydrogen bonds forming
between TA and CHDG, and vanishing of the shoulder at
1545 cm�1 with increasing TA concentration. The differ-
ence between the corresponding wavenumbers of amide I
and II bands ranges between 95 and 100 cm�1, with the
highest value for 15% TA system, which means that the
denatured collagen is absent.

The FT–IR spectra of hydrogels containing 4.55% CHDG
and the above amounts of TA exhibit almost the same
pattern of bands as the preceding ones. Thus, the
increasing of CHDG amount does not modify significantly
the interactions within the system collagen-TA-CHDG. An
exception is the band amide I in the hydrogel containing 5%
TA, shifted towards higher wavenumbers by 8 cm�1. This
can be due to the stretching vibration of the peptide
carbonyl group, which is very sensitive to hydrogen
bonding. Also, the increasing of intensity of band at
1528 cm�1 with increasing TA concentration is a little
higher, which support the above assignment of the band
(hydrogen bonds forming between TA and CHDG). The
difference (namide I – namide II) is 103 cm�1, very close to
100 cm�1, which means that the denatured collagen is
practically absent from this series of hydrogels.

The FT–IR spectra of hydrogels with 9.09% CHDG and
the three amounts of TA are more particular and they are
shown in Fig. 2.

The bands amide I and III preserve both the shape and
position, while amide II, at 1556 cm�1, splits and a new
band appears at 1541 cm�1 starting with 10% TA. As the
. 1. (Colour online). Superposed FT–IR spectra of reference hydrogel (1, collagen only) and of collagen hydrogels containing: 5 (2), 10 (3) and 15% (4) TA.
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tensity of the new band is a little lower than that at
556 cm�1 for the hydrogel containing 10% TA, it becomes
ore intense for 15%. The new band could be assigned to
e interactions of phenolic –OH of TA with secondary

mine groups from chlorhexidine structure, placed on each
art of the hexamethylen bridge [47,48]. But this becomes
vident only when the two components have higher
oncentrations. Moreover, differences could also be found

 the aspect of the CH2 wagging band: it has a weak
houlder at 1470 cm�1 when TA concentration is 10%,
hich increases in intensity for 15%. This could be assigned

 the hydrophobic interactions between hexamethylene
ridges and hydrophobic groups of TA, which intensify
hen the concentration of the two components increases.

he differences (namide I – namide II) range between 95 and
00 cm�1, which practically demonstrates the lack of
enatured collagen even in this hydrogel series. Therefore,
e collagen retains its native conformation in all the

repared hydrogels and it is proper to be used as dressings.
On the other hand, it has been well documented that a

ronounced negative minimum around 200 nm, a weak
ositive maximum at 220–225 nm and a cross point
t which the ellipticity is cancelled) at about 212 nm

re the features of the UV–CD spectrum of native collagen
9–51]. At the same time, the ratio of absolute values of
tensities of positive peak over the negative one, Rpn, is a
easure of the degree of helicity of collagen [52] and

anges between 0.12 and 0.15 for aqueous dilute collagen
olutions (below 0.2%) [53,54]. Partial denaturation of
ollagen results in a red shift of the negative band,
ecreasing in intensity of the positive one and Rpn and a
ed shift of the cross point [35,53].

The UV–CD spectrum of 1.1% collagen hydrogel is
hown in Fig. 3, together with those of hydrogels with TA
oncentrations of 5, 10 and 15%, respectively.

For collagen hydrogel with no TA, this revealed a
egative peak located at 199 nm, a maximum at 225 nm
nd a cross point at 214.8 nm, which generally defines a set
f features peculiar to the native (triple helical) conforma-

Fig. 2. (Colour online). Superposed FT–IR spectra of collagen hydrogels containing 9.09% CHDG and: 5 (1), 10 (2) and 15% (3) TA.

Fig. 4. (Colour online). UV–CD spectra of collagen of specified

Fig. 3. (Colour online). UV–CD spectra of collagen hydrogels: reference (1,

collagen only) and containing 5 (2), 10 (3) and 15% (4) TA.
oncentrations in 0,1 M aqueous acetic acid solutions.
on of collagen. However, Rpn value of 1.24 is much higher c
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an that found in aqueous dilute solutions of collagen
3,54]. Such a result, as it will be seen in the following,
rmally derived from significantly descending in absolute
tensity of the negative peak, was in fact induced by the
gher concentration of collagen in hydrogel.

To establish the dependence of intensities of negative
d positive peaks on collagen concentration, the UV–CD
ectra of collagen in solutions of different concentrations
ere recorded and plotted in Fig. 4. Thus, increasing
llagen concentration has given rise to the following
fects: intensifying the positive peaks while the wave-

gths for peak maxima were preserved; shifting the peak
inima towards higher wavelengths and dramatically
minishing the negative peaks within the collagen
ncentration range 0.16–0.67%; ascending Rpn from

 to 1.9; keeping the cross points at the same wavelength
lue: 214.2 nm. Based on these findings, it has become
ar that such a behaviour observed in CD spectra under

e influence of collagen concentration does not imply
her partial or entire collagen denaturation at all.
At the same time, Fig. 3 shows that the positive peaks in
–CD spectra for the collagen from hydrogels decrease

ith increasing TA concentration whilst the negative peaks
d cross points do not vary regularly in their size and

cation, respectively. The Rpn values decrease, becoming
3, 0.53 and 0.26, respectively, for 5, 10 and 15% TA. All

ese changes seem to outline a process of partial collagen
naturation [35,55]. It could be thought that hydrogels

ith TA contain partially or entirely denatured collagen,
ith a denaturation extent increasing with TA amount.
wever, taking into account the results for concentrated

llagen solutions, on one hand, and the differences
tween the wavenumbers corresponding to the amide I
d II bands for collagen hydrogels, on the other hand, one
n conclude that all the hydrogels are devoid of denatured
llagen. At the same time, it was established that the
nning process does not alter the native collagen
nformation [52].
The UV–CD spectra of hydrogels containing CHDG and

 are shown in Fig. 5a.
When hydrogels contain 1.82% CHDG, important

creases of positive peaks and slight displacement of
ak maxima towards higher wavelengths as TA amount
creases took place (from 229 nm for 5% TA to 231 nm for
% TA and to 233 nm for 15% TA), the peak minima were
ghtly displaced towards lower wavelength (200 nm for

 TA, 199 nm for both 10 and 15% TA), whilst the negative
ak size varied irregularly. Cross points underwent a
ght red shift and Rpn changed from 1.04 to 0.26 and
3 as TA concentration increased from 5 to 10 and 15%,

spectively. This behaviour, by comparison to the results
tained for collagen solutions and collagen-TA hydrogels,

as brought about by the high collagen concentration.
Another factor affecting the UV–CD spectra is the

rbidity of the measured systems. Both collagen solutions
d hydrogels are pretty turbid systems. Their turbidity
nerally increases with collagen concentration and
erefore, a point (wavelength value) at which the light
sorption becomes lower than light scattering may be
ached, which alters the shape of UV–CD spectrum. At the

makes it even more prominent. The most turbid hydrogel
was that containing the highest amounts of both
compounds. Moreover, an incipient phase separation
could be seen, which reduced the sample homogeneity

Fig. 5. (Colour online). UV–CD spectra of collagen hydrogels containing:

(a) 1.82%, (b) 4.55% and (c) 9.09% CHDG at the specified amounts of TA.
d distorted the spectra (Fig. 5).
me time, TA increases the hydrogels turbidity and CHDG an
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A concentration of 4.55% CHDG, Fig. 5b, brought about
e same tendency regarding the variation of both cross

oint and Rpn values on TA concentration. Thus, the cross
oints exhibited a slight red shift while the Rpn values
escended from 0.7 to 0.43 and 0.24 as increasing TA.

The collagen-TA hydrogels with the maximum amount
f CHDG, Fig. 5c, displayed a similar bias only for Rpn
alues (0.47, 0.27 and 0.11 as TA increased). Instead, a
onspicuous behaviour that needs further investigations
as observed as regards peak and cross point displace-
ent. Therefore, the peak maxima showed a red shift and
e peak minima a blue shift, while the cross points were

isplaced towards lower wavelengths.
Again, based on the results evidenced in studying

ollagen solutions (Rpn decreases as collagen concentra-
on and overall turbidity increase) and the FT–IR data on
ollagen-TA and collagen-TA-CHDG hydrogels, we believe

at the simultaneous presence of both components (TA
nd CHDG) into the collagen hydrogels does not alter
ractically the native collagen structure at least for the
oncentration ranges investigated and hereby the hydro-
els can be used as biomaterials. The distortions of CD
pectra were induced by the high collagen concentration
nd the tendency of incipient phase separation which
creased turbidity of hydrogels, both of them progres-

ively intensifying as concentrations of components
crease.

Rheology, as an experimental approach in studying
he relationship between structure and flow properties
f a material and also between the magnitude of a strain
nd the force that actuates it, allows the proper
esigning and/or formulation of materials, predicts the
ay of applying onto a proper substrate and the complex

ehaviour a material undergoes during its processing.
he most important properties of a hydrogel are the flow
nd gel properties that can be adequately provided by
he rotational-transient test and dynamic rheology,
espectively.

Rotational viscometry applied to collagen hydrogels
as performed at low shear rates, ġ , to prevent the

estroying of gel structure. The rheograms of the reference
ydrogel of those containing TA and 4.55% CHDG and TA
re plotted in Fig. 6a and b.

All the rheograms in Fig. 6a and b show common
haracteristics: an overall pseudoplastic behaviour that
eems to exhibit two distinct regions of ideal plastic
ehaviour - one at low shear rates and the other one at
hear rates exceeding 20 s�1; yield stresses almost zero Pa;
el structure affected by a shear rate of ca. 10 s�1.

The cross-linking effect of TA on the collagen hydrogels
 visible in Fig. 6a: the rheograms of hydrogels with 5 and
0% TA are placed above the reference one over the entire
ange of shear rates. Instead, the curve for the hydrogel
ontaining 15% TA is almost superposed on that with 10%
A, especially at shear rates higher than about 10 s�1. This
an signify that a content of 10% TA is high enough to cross-
nk the collagen from hydrogel and the excess may be
etrimental, producing an incipient phase separation.

The rheograms corresponding to the collagen hydrogels
ontaining 1.82% CHDG and TA (not graphically shown)

values of shear stresses are lower. This can be due to the
interaction of TA with CHDG, which form associates by
hydrogen bonding, reducing therefore the amount of TA
implied in collagen cross-linking. When CHDG amount is
4.55%, the placement of rheograms (Fig. 6b) is pretty
different: that of hydrogel containing 15% TA lies the
lowest position, close to that for 5%, especially at shear
rates higher than 20 s�1, while that of hydrogel with 10% is
the uppermost curve. At the same time the last hydrogel is
the most resistant to shearing, proving that this is the best
CHDG-TA combination to cross-link the collagen into the
hydrogel. For the collagen hydrogels containing 9.09%
CHDG and various amounts of TA (results not shown), the
rheograms for 5 and 10% TA are located pretty close and a
bit above that of the reference, whilst that for 15% TA is
placed upper, due to the higher amount of TA remained for
cross-linking after interaction with CHDG.

The measure of cross-linking and gel destruction as a
function of TA content is reflected by the dependences of
apparent viscosities, h, on shear rates, from which the
viscosities at zero shear rate, ho, were obtained. They were

Fig. 6. (Colour online). Rheograms of collagen hydrogels: (a) containing

TA 0% (squares), 5% (circles), 10% (triangles) and 15% (stars); (b) with

4.55% CHDG and TA concentration of 5% (circles), 10% (triangles) and 15%

(stars).
etermined by linearization within the shear rates range
ave the same shapes as those displayed in Fig. 6a, but the d
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10 s�1, in which the gel structure is practically
affected, and is shown in Fig. 7 for the hydrogels
ntaining 4.55% CHDG and TA.
As can be seen, each dependency consists of two

stinct straight lines regions crossing at ca. 10 s�1. This
rticular value of shear rate corresponds to the onset of
e collagen gel destruction. The same behaviour and
lue of critical shear rate are valid for all the other
llagen hydrogels. The zero shear rate viscosities esti-
ated from the linear h�ġ dependencies in a logarithmic
ale, based on the shear rates values less than 10 s�1, are
ven in Table 1.

The results show an increase of zero shear rate
scosities with increasing TA amount in the absence of

DG, excepting the hydrogel with 15% TA. In this case, the
gher amount of TA exceeds that required for cross-
king, that hereby causes an incipient phase separation.

 the presence of 1.82% CHDG, zero shear rate viscosity
creases with TA amounts, but the values are lower than
ose of the corresponding hydrogels containing no CHDG.
is is most likely due to the consumption of a part of TA by

teraction with CHDG that may lead to reducing of
drogel cross-linking. However, the ascending tendency

 zero shear rate viscosity values as a function of TA
ntent was kept even for the hydrogel containing 15% TA.
is is the evidence that the total amount of TA (implied
th in interaction with CHDG and cross-linking the
drogel) is appropriately distributed between the two
pes of interactions, so that only the hydrogel cross-
king occurs, not phase separation at all. When the
ount of CHDG is 4.55%, the hydrogel containing 10% TA,

e most resistant to shearing, has the highest zero shear
te viscosity. Increasing CHDG concentration at 9.09%, the
ro shear rate viscosities of collagen hydrogels decrease
ith TA amount, which demonstrate that not only TA plays

 important role in hydrogel cross-linking, but also CHDG.
 the other hand, TA-CHDG interactions, depending on

eir ratio and CHDG amount, may induce a lower viscosity
 the collagen hydrogels. Thus, rotational viscometry
ethod suggests forming of associates between TA and
DG, especially when both components had high

ncentrations and non-homogeneities (as a result of

Measurement of storage, G’, and loss, G‘‘, moduli at low
deformation amplitude, to fall into the linear viscoelastic
domain, allowed the determination of elastic and viscous
contribution to the hydrogels viscoelasticity. Change in
storage and loss moduli on angular frequency, v, for
chlorhexidine-free collagen hydrogels with different
amounts of tannic acid, on one hand, and for collagen-
TA hydrogels having the same content of 4.55% CHDG, on
the other hand, is displayed in Fig. 8.

The gel-like state is clearly revealed by the prevalence
of the elastic part over the viscous one of the viscoelasticity
of all these systems. Accordingly, the storage moduli are
about two times higher than the loss ones. Generally, such
a viscoelastic behaviour of a certain system beyond its gel
point, where G’ > G’’ and the difference G’-G’’, becomes
higher as strength gel increases, is well-known both for
physically [56–58] and chemically cross-linked gels
[59,60]. At the same time, the overall viscoelasticity of a
system may be also easily described by considering the
quantity called loss tangent, defined as the ratio between
loss and storage moduli [61–63]. Therefore, when a
material exhibits a predominant viscous part of its
viscoelasticity, the loss tangent exceeds unity. On the
other hand, for a material in a gel-like state, depending on
the gel strength, the loss tangent becomes less than unity.
Based on this standpoint, the collagen hydrogels devoid of

Fig. 8. (Colour online). Evolution of G’ and G’’ moduli as a function of

angular frequency for the inset collagen hydrogels.

. 7. (Colour online). Dependences of h on ġ for collagen hydrogels with

5% CHDG and: 5 (circles), 10 (triangles) and 15% TA (stars).
DG exhibit an increasing gel-like character as TA
cipient phase separations) were observed. CH
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ontent ascends (the corresponding loss tangents having
ss than unity values obey a decreasing variation with TA

mount), even though the maximum rigidity (expressed by
e G’ value) was reached by the sample with 10% TA
ig. 8a). All this behaviour can be viewed as an enhancing

lasticity effect of TA on hydrogels viscoelasticity by a
ross-linking process occurring between TA and collagen
ia hydrogen bonding. However, as TA content is large
nough (15%, for example), incipient heterogeneities

caused by TA led to an average rigidity (based on the
G’ values) somewhat lower, but with a highest gel strength
of the phase-separated domains of the system (based upon
the lowest loss tangent value). On the other hand, taking
into account the hydrogels containing 4.55% CHDG and
various amounts of TA (Fig. 8b), a net effect of rigidity
enhancing of the systems induced by the presence of CHDG
could be noticed, most likely due to its possible role played
in further physical cross-linking of collagen. This is in

ig. 9. (Colour online). Overall structural characteristics of the components in the studied collagen-based hydrogels: (a) revealing the galloyl residues

ostly implied in hydrogen bonding of TA; (b) a possible cross-linking mechanism involving two hydroxyl groups of TA and a =NH peptidic group and –NH2
de group belonging to two different collagen molecules; (c) particular cationic form of chlorhexidine in aqueous medium.
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cordance to the higher G’ values compared to those
tained for the corresponding CHDG-free collagen
drogels. Nevertheless, on the basis of loss tangent
riation, the gel-like behaviour of these systems slightly
minished as TA content increased. Increasing the CHDG
ntent to 9.09%, the collagen hydrogels exhibited an
hancing gel-like behaviour as shown by diminishing the

ss tangent values, even though the systems displayed a
ght phase separation at TA content of 10 and 15%,
spectively (results not graphically shown). At the same

e, the overall rigidity of these collagen hydrogels,
pressed by G’ values, followed the same tendency as the
l strength did when TA increased. Such a particular
ature of evolution of these collagen-TA-CHDG systems
directly confirms significant interactions between TA
d CHDG that, at high components concentrations, may

ve rise to insoluble aggregates and in turn to phase
parations throughout the system. On the other hand, a
etty similar behaviour was observed in the case of TA-
llagen hydrogels with 1.82% CHDG: the gel strength
came higher as TA content increased from 5 to 15%
ased on the loss tangent evolution), whereas the gel
idity (considering variation of G’ on TA content) obeyed

e order G’TA=10%< G’TA=5%< G’TA=15% that needs supple-
entary investigations to clarify the effects simulta-
ously exerted by these two components onto collagen
drogel consistency as a function of their different
ntent at constant concentration of collagen.
An important quantity obtained from dynamic rheo-

etry and that describes quite well the gel consistency is
namic viscosity (h*). The lower the angular frequency,
e closer dynamic viscosity to the constant value
affected by the oscillatory strain will result. Accordingly,
e values of dynamic viscosities determined at the
gular frequency of 1 rad�s�1 (0.16 Hz), (h)1 rad�s

�1, by
e linear fitting of the h*–v dependences (in log-log
ots), are listed in column 4 of Table 1. These viscosities
ve higher values compared to those obtained for the
parent viscosities since very small oscillatory strains,
like the shearing ones, do not destroy the gel structure.
ey vary with TA and CHDG concentrations in the same

shion as those obtained from rotational viscometry data
, excepting the hydrogels containing 9.09% CHDG. In this
se, the dynamic viscosities taken at 1 rad�s�1 increase
ith TA concentration, because the gel structure is not
fected by the deformation regime and both TA and CHDG
ntribute to collagen cross-linking, especially by hydro-
n bonding.
The foregoing experimental data together with the

rresponding behaviours so observed allow us to outline a
plified interaction mechanism especially between the

 and collagen in hydrogel state. Therefore, due to
olecular structure that consists of a pentagalloylglucose
re esterified at every p-hydroxyl group by an additional
olecule of gallic acid (Fig. 9a), tannic acid may act as a
llagen cross-linker by hydrogen bonding [64–66] and
drophobic interactions [65–67]. The high affinity of TA

 interact with collagen via hydrogen bonding originates
pecially from the fifteen hydroxyl groups belonging to
e five galloyl residues located into the outer shell of the

 structure and, on the other hand, the collagen

functional groups like –COOH, –NH2, –OH or –NHCO-.
Accordingly, in Fig. 9b, a simplified mechanism of collagen
cross-linking induced by the hydrogen bonding ability of
TA is schematically depicted. At the same time, based on
the peculiar structure with a large number of aromatic
rings, TA exhibits a high hydrophobicity. Thus, there are
experimental data that generally indicate a two-step
process in collagen cross-linking by tannins: firstly, the
tannin is adsorbed onto collagen fibres hydrophobically
and, eventually, combines with collagen fibres by multi-
hydrogen bonding [68]. Anyway, the overall effect of TA
action onto collagen at either molecular or intermolecular
level not only preserves the native structure of collagen,
but also enhances it. Even though a general interaction
mechanism that implies collagen, TA and CHDG is not
an easy task at all, it is plausible that CHDG as a dication in
aqueous environment (Fig. 9c) mainly interacts with the
neighbouring components through both ion-dipole and
hydrogen bond attractive forces, on one hand, and
hydrophobic forces due to its hexamethylene bridge, on
the other hand. As experimentally observed, all these types
of forces occur without any detrimental effect on the
native structure of collagen.

On the basis of structural and rheological properties, we
believe that such collagen-based hydrogels are suitable to
be applied topically and to be transformed into porous
matrices or films.

4. Conclusions

FT–IR spectra of collagen hydrogels containing TA and
CHDG showed that the used combinations of the two
components did not alter the triple helix conformations of
collagen.

At maximum amount of CHDG, its interaction with TA
induced some changes in FT–IR spectra: splitting of amide
II band and arising of a new band at 1541 cm�1 assigned to
hydrogen bonding between OH phenolic groups of TA and
amine groups of CHDG, on one hand, and a shoulder on the
CH2 wagging band at 1470 cm�1 which was assigned to the
interaction between TA and hexamethylene groups of
CHDG by hydrophobic forces, that increased with TA
concentration.

UV–CD spectra of the hydrogels also demonstrated the
native triple helical conformation of the collagen. At the
same time, the flattening of the peaks was due to the high
concentration of collagen and incipient phase separation
which produces the turbidity of hydrogels.

The hydrogels exhibited an overall pseudoplastic
behaviour. However, all the hydrogels were easily
destroyed under the action of shear rates higher than
about 20 s�1 (in rotational viscometry tests), but displayed
a prevalence of elasticity against viscous part in their
viscoelastic properties.

The collagen-based systems were viscous enough to
remain on the wound and quite elastic to be used on the
regions in which the movement can otherwise produce
the breaking of the applied layer of hydrogel. Therefore,
the studied hydrogels based on non-denatured collagen
could qualify as wound dressings, especially in the case of
skin injuries.
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1] D. Şulea, M.V. Ghica, M. Micutz, M.G. Albu, L. Brazdaru, T. Staicu, M. Leca,

L. Popa, Rev. Roum. Chim. 55 (2010) 543.
2] C.A. Fleck, R. Simman, J. Am. Col. Certif. Wound Spec. 2 (2010) 50.
3] K.J. Payne, A. Veis, Biopolymers 27 (1998) 1749.

[34] N.P. Camacho, P. West, P.A. Torzilli, R. Mendelsohn, Biopolymers 62
(2001) 1.

[35] D. Jenness, C. Sprecher, W.C. Johnson Jr., Biopolymers 15 (1976) 513.
[36] J.H. Muyonga, C.G.B. Cole, K.G. Duodu, Food. Chem. 86 (2004) 325.
[37] C. Petibois, G. Gouspillou, K. Wehbe, J.-P. Delage, G. Deleris, Anal.

Bioanal. Chem. 386 (2006) 1961.
[38] E. Goormaghtigh, J.M. Ruysschaert, V. Raussens, Biophys. J. 90 (2006)

2946.
[39] V. Crupi, D. De Domenico, S. Interdonato, D. Majolino, G. Maisano,

P. Migliardo, V. Venuti, J. Mol. Struct. 115 (2001) 563–564.
[40] K.Z. Liu, I.M. Dixon, H.H. Mantsch, Cardiovasc. Pathol. 81 (1999) 41.
[41] M.J. Li, H.S. Hsu, R.C. Liang, S.Y. Lin, Ultrastruct. Pathol. 263 (2002) 65.
[42] D.L. Wetzel, G.R. Post, R.A. Loddler, Vib. Spectrosc. 38 (2005) 53.
[43] X. Bi, G. Li, S.B. Doty, N.P. Camacho, Osteoarthr. Catil. 13 (2005) 1050.
[44] B. Madhan, V. Subramanian, J.R. Rao, B.U. Nair, T. Ramasami, Int. J. Biol.

Macromol. 37 (2005) 47.
[45] N.F. Mohd Nasir, M.G. Raha, N.A. Kadri, S.I. Sahidan, M. Rampado, C.A.

Azlan, Am. J. Biochem. Biotechnol. 2 (2006) 175.
[46] C. Palpandi, P. Ramasamy, T. Rajinikanth, S. Vairamani, A. Shanmugam,

Am-Euras. J. Sci. Res. 5 (2010) 23.
[47] A. Albert, E.P. Serjeant, Ionization constants of acids and bases,

Methuen & Co. Ltd., London, 1962.
[48] C.G. Jones, Periodontology 2000 (15) (1997) 55.
[49] R. Usha, T. Ramasami, Thermochim. Acta. 409 (2004) 201.
[50] Z. Zhang, G. Li, B. B Shi, J. Soc. Leather. Tech. Chem. 90 (2006) 23.
[51] Z. Zhang, W. Liu, D. Li, G. Li, Biosci. Biotechnol. Biochem. 71 (2007) 2057.
[52] E.M. Brown, R.L. Dudley, A.R. Elsetinow, J. Am. Leather Chem. Assoc. 92

(1997) 225.
[53] Y. Feng, G. Melacini, J.P. Taulane, M. Goodman, J. Am. Chem. Soc. 118

(1996) 10351.
[54] R. Gayatri, A.K. Sharma, R. Rajaram, T. Ramasami, Biochem. Biophys.

Res. Commun. 283 (2001) 229.
[55] D.H.A. Correa, C.H.I. Ramos, Afr. J. Biochem. Res. 3 (2009) 164.
[56] F. Chambon, Z.S. Petrovic, W.J. MacKnight, H.H. Winter, Macromole-

cules 19 (1986) 2146.
[57] S.H. Sperling, Introduction to physical polymer science, John Wiley &

Sons, Inc., New Jersey, 2006, p. 476.
[58] A.M. Grillet, N.B. Wyatt, L.M. Gloe, in: J. de Vincente (Ed.), Rheology,

InTech, Rijeka, Croatia, 2012, p. 65.
[59] G. Forgacs, S.A. Newman, B. Hinner, Ch.W. Maier, E. Sackmann, Biophys.

J. 84 (2003) 1272.
[60] G. Lai, Y. Li, G. Li, Int. J. Biol. Macromol. 42 (2008) 285.
[61] K. Walters, Rheometry, Chapman and Hall, London, 1975, p. 28.
[62] A.Y. Mulkin, Rheology fundamentals, ChemTec Publishing, Toronto-

Scarborough, 1994, p. 256.
[63] J.W. Goodwin, R.W. Hughes, Rheology for chemists. An introduction,

2nd ed., RSC Publishing, Cambridge, 2008, p. 102.
[64] B. Madhan, P. Thanikaivelan, V. Subramanian, J. Raghava Roa, B.U. Nair,

T. Ramasami, Chem. Phys. Lett. 346 (2001) 334.
[65] B. Madhan, A. Dhathathreyan, V. Subramanian, T. Ramasami, Proc.

Indian Acad. Sci. 115 (2003) 751.
[66] P. Velmuragan, E.R.A. Singam, R.R. Jonnalagadda, V. Subramanian,

Biopolymers 101 (2013) 471.
[67] C.A.P. Cass, K.J.L. Burg, J. Biomater. Sci. Polym. Ed. 23 (2012) 281.
[68] B. Shi, X.Q. He, E. Haslam, J. Am. Leather Chem. Assoc. 89 (4) (1994) 98.

http://refhub.elsevier.com/S1631-0748(14)00191-X/sbref0005
http://refhub.elsevier.com/S1631-0748(14)00191-X/sbref0010
http://refhub.elsevier.com/S1631-0748(14)00191-X/sbref0010
http://refhub.elsevier.com/S1631-0748(14)00191-X/sbref0015
http://refhub.elsevier.com/S1631-0748(14)00191-X/sbref0015
http://refhub.elsevier.com/S1631-0748(14)00191-X/sbref0015
http://refhub.elsevier.com/S1631-0748(14)00191-X/sbref0015
http://refhub.elsevier.com/S1631-0748(14)00191-X/sbref0020
http://refhub.elsevier.com/S1631-0748(14)00191-X/sbref0020
http://refhub.elsevier.com/S1631-0748(14)00191-X/sbref0025
http://refhub.elsevier.com/S1631-0748(14)00191-X/sbref0025
http://refhub.elsevier.com/S1631-0748(14)00191-X/sbref0025
http://refhub.elsevier.com/S1631-0748(14)00191-X/sbref0025
http://refhub.elsevier.com/S1631-0748(14)00191-X/sbref0030
http://refhub.elsevier.com/S1631-0748(14)00191-X/sbref0035
http://refhub.elsevier.com/S1631-0748(14)00191-X/sbref0035
http://refhub.elsevier.com/S1631-0748(14)00191-X/sbref0040
http://refhub.elsevier.com/S1631-0748(14)00191-X/sbref0040
http://refhub.elsevier.com/S1631-0748(14)00191-X/sbref0045
http://refhub.elsevier.com/S1631-0748(14)00191-X/sbref0045
http://refhub.elsevier.com/S1631-0748(14)00191-X/sbref0050
http://refhub.elsevier.com/S1631-0748(14)00191-X/sbref0055
http://refhub.elsevier.com/S1631-0748(14)00191-X/sbref0055
http://refhub.elsevier.com/S1631-0748(14)00191-X/sbref0060
http://refhub.elsevier.com/S1631-0748(14)00191-X/sbref0065
http://refhub.elsevier.com/S1631-0748(14)00191-X/sbref0070
http://refhub.elsevier.com/S1631-0748(14)00191-X/sbref0070
http://refhub.elsevier.com/S1631-0748(14)00191-X/sbref0070
http://refhub.elsevier.com/S1631-0748(14)00191-X/sbref0075
http://refhub.elsevier.com/S1631-0748(14)00191-X/sbref0075
http://refhub.elsevier.com/S1631-0748(14)00191-X/sbref0080
http://refhub.elsevier.com/S1631-0748(14)00191-X/sbref0080
http://refhub.elsevier.com/S1631-0748(14)00191-X/sbref0085
http://refhub.elsevier.com/S1631-0748(14)00191-X/sbref0085
http://refhub.elsevier.com/S1631-0748(14)00191-X/sbref0090
http://refhub.elsevier.com/S1631-0748(14)00191-X/sbref0095
http://refhub.elsevier.com/S1631-0748(14)00191-X/sbref0100
http://refhub.elsevier.com/S1631-0748(14)00191-X/sbref0105
http://refhub.elsevier.com/S1631-0748(14)00191-X/sbref0110
http://refhub.elsevier.com/S1631-0748(14)00191-X/sbref0110
http://refhub.elsevier.com/S1631-0748(14)00191-X/sbref0115
http://refhub.elsevier.com/S1631-0748(14)00191-X/sbref0115
http://refhub.elsevier.com/S1631-0748(14)00191-X/sbref0120
http://refhub.elsevier.com/S1631-0748(14)00191-X/sbref0120
http://refhub.elsevier.com/S1631-0748(14)00191-X/sbref0125
http://refhub.elsevier.com/S1631-0748(14)00191-X/sbref0130
http://refhub.elsevier.com/S1631-0748(14)00191-X/sbref0130
http://refhub.elsevier.com/S1631-0748(14)00191-X/sbref0135
http://refhub.elsevier.com/S1631-0748(14)00191-X/sbref0140
http://refhub.elsevier.com/S1631-0748(14)00191-X/sbref0145
http://refhub.elsevier.com/S1631-0748(14)00191-X/sbref0150
http://refhub.elsevier.com/S1631-0748(14)00191-X/sbref0150
http://refhub.elsevier.com/S1631-0748(14)00191-X/sbref0155
http://refhub.elsevier.com/S1631-0748(14)00191-X/sbref0155
http://refhub.elsevier.com/S1631-0748(14)00191-X/sbref0155
http://refhub.elsevier.com/S1631-0748(14)00191-X/sbref0160
http://refhub.elsevier.com/S1631-0748(14)00191-X/sbref0165
http://refhub.elsevier.com/S1631-0748(14)00191-X/sbref0170
http://refhub.elsevier.com/S1631-0748(14)00191-X/sbref0170
http://refhub.elsevier.com/S1631-0748(14)00191-X/sbref0175
http://refhub.elsevier.com/S1631-0748(14)00191-X/sbref0180
http://refhub.elsevier.com/S1631-0748(14)00191-X/sbref0185
http://refhub.elsevier.com/S1631-0748(14)00191-X/sbref0185
http://refhub.elsevier.com/S1631-0748(14)00191-X/sbref0190
http://refhub.elsevier.com/S1631-0748(14)00191-X/sbref0190
http://refhub.elsevier.com/S1631-0748(14)00191-X/sbref0195
http://refhub.elsevier.com/S1631-0748(14)00191-X/sbref0195
http://refhub.elsevier.com/S1631-0748(14)00191-X/sbref0200
http://refhub.elsevier.com/S1631-0748(14)00191-X/sbref0205
http://refhub.elsevier.com/S1631-0748(14)00191-X/sbref0210
http://refhub.elsevier.com/S1631-0748(14)00191-X/sbref0215
http://refhub.elsevier.com/S1631-0748(14)00191-X/sbref0220
http://refhub.elsevier.com/S1631-0748(14)00191-X/sbref0220
http://refhub.elsevier.com/S1631-0748(14)00191-X/sbref0225
http://refhub.elsevier.com/S1631-0748(14)00191-X/sbref0225
http://refhub.elsevier.com/S1631-0748(14)00191-X/sbref0230
http://refhub.elsevier.com/S1631-0748(14)00191-X/sbref0230
http://refhub.elsevier.com/S1631-0748(14)00191-X/sbref0235
http://refhub.elsevier.com/S1631-0748(14)00191-X/sbref0235
http://refhub.elsevier.com/S1631-0748(14)00191-X/sbref0240
http://refhub.elsevier.com/S1631-0748(14)00191-X/sbref0245
http://refhub.elsevier.com/S1631-0748(14)00191-X/sbref0250
http://refhub.elsevier.com/S1631-0748(14)00191-X/sbref0255
http://refhub.elsevier.com/S1631-0748(14)00191-X/sbref0260
http://refhub.elsevier.com/S1631-0748(14)00191-X/sbref0260
http://refhub.elsevier.com/S1631-0748(14)00191-X/sbref0265
http://refhub.elsevier.com/S1631-0748(14)00191-X/sbref0265
http://refhub.elsevier.com/S1631-0748(14)00191-X/sbref0270
http://refhub.elsevier.com/S1631-0748(14)00191-X/sbref0270
http://refhub.elsevier.com/S1631-0748(14)00191-X/sbref0275
http://refhub.elsevier.com/S1631-0748(14)00191-X/sbref0280
http://refhub.elsevier.com/S1631-0748(14)00191-X/sbref0280
http://refhub.elsevier.com/S1631-0748(14)00191-X/sbref0285
http://refhub.elsevier.com/S1631-0748(14)00191-X/sbref0285
http://refhub.elsevier.com/S1631-0748(14)00191-X/sbref0285
http://refhub.elsevier.com/S1631-0748(14)00191-X/sbref0290
http://refhub.elsevier.com/S1631-0748(14)00191-X/sbref0290
http://refhub.elsevier.com/S1631-0748(14)00191-X/sbref0290
http://refhub.elsevier.com/S1631-0748(14)00191-X/sbref0295
http://refhub.elsevier.com/S1631-0748(14)00191-X/sbref0295
http://refhub.elsevier.com/S1631-0748(14)00191-X/sbref0300
http://refhub.elsevier.com/S1631-0748(14)00191-X/sbref0305
http://refhub.elsevier.com/S1631-0748(14)00191-X/sbref0305
http://refhub.elsevier.com/S1631-0748(14)00191-X/sbref0310
http://refhub.elsevier.com/S1631-0748(14)00191-X/sbref0310
http://refhub.elsevier.com/S1631-0748(14)00191-X/sbref0310
http://refhub.elsevier.com/S1631-0748(14)00191-X/sbref0315
http://refhub.elsevier.com/S1631-0748(14)00191-X/sbref0315
http://refhub.elsevier.com/S1631-0748(14)00191-X/sbref0315
http://refhub.elsevier.com/S1631-0748(14)00191-X/sbref0320
http://refhub.elsevier.com/S1631-0748(14)00191-X/sbref0320
http://refhub.elsevier.com/S1631-0748(14)00191-X/sbref0325
http://refhub.elsevier.com/S1631-0748(14)00191-X/sbref0325
http://refhub.elsevier.com/S1631-0748(14)00191-X/sbref0330
http://refhub.elsevier.com/S1631-0748(14)00191-X/sbref0330
http://refhub.elsevier.com/S1631-0748(14)00191-X/sbref0335
http://refhub.elsevier.com/S1631-0748(14)00191-X/sbref0340

	Structural and rheological properties of collagen hydrogels containing tannic acid and chlorhexidine digluconate intended ...
	1 Introduction
	2 Experimental
	2.1 Materials
	2.2 Preparation of collagen hydrogels containing TA and CHDG
	2.3 Structural characterization of collagen
	2.4 Rotational viscometry and dynamic rheological measurements

	3 Results and discussion
	4 Conclusions
	References


