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a b s t r a c t

Collagen, collagen/hyaluronic acid (HA) and collagen/HA/chitosan (CS) sponges loaded with epigallocate-
chin gallate (EGCG), catechin (CAT) and gallic acid (GA) were developed and evaluated as active chronic
wound dressings. Their physico-mechanical properties, biostability, biocompatibility and ability to inhi-
bit in vitro myeloperoxidase (MPO) and collagenase—major enzymes related with the persistent inflam-
mation in chronic wounds—were investigated as a function of the biopolymer composition and the
polyphenolic compound used. The results demonstrated that the molecular weight of HA influences sig-
nificantly the bulk properties of the obtained materials: higher elastic modulus, swelling ability and bio-
stability against collagenase were measured when HA with higher molecular weights (830 and 2000 kDa)
were added to the collagen matrices. The addition of CS and the polyphenols increased further the bio-
stability of the sponges. Preliminary in vitro tests with fibroblasts revealed that the cells were able to
adhere to all sponges. Cell viability was not affected significantly by the addition of the polyphenols;
however, the presence of CS or high molecular weight HA in the sponge composition was associated with
lower cellular viability. Finally, all specimens containing polyphenols efficiently inhibited the MPO
activity. The highest inhibition capacity was observed for EGCG (IC50 = 15 ± 1 lM) and it was coupled
to the highest extent of binding to the biopolymers (>80%) and optimal release profile from the sponges
that allowed for prolonged (up to 3–5 days) effects.

� 2012 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Chronic (non-healing) wounds are characterized by a persistent
inflammation during which numerous mutually causative cellular
events lead to overexpression of proteolytic and neutrophil-de-
rived oxidative enzymes. For example, total matrix metalloprotein-
ases (MMPs) activity, being predominantly collagenases, is up to
30-fold greater in chronic than in acute wound fluids [1], resulting
in a protease/antiprotease imbalance and excessive breakdown of
the extracellular matrix (ECM). The proteolytic damage of the tis-
sue is further promoted by oxidation of the natural protease inhib-
itors with hypochlorous acid (HOCl) generated by the main
neutrophil enzyme, myeloperoxidase (MPO) [2]. It is believed that
bringing the counts of the deleterious chronic wound enzymes
down to the levels found in acute wounds would allow healing
to progress [3]. Several approaches have been proposed and differ-
ent biopolymer-based dressings have been developed in order to
achieve this effect. Among them, collagen—the most abundant
ia Inc. Published by Elsevier Ltd. A

+34 937398225.
).
structural component of the ECM—is largely employed in dressings
to create optimal moist conditions for wound healing and absorb
proteases from wound exudates [4]. In addition, collagen ensures
fibroblasts adhesion and growth, leading to the formation of new
granulation tissue and epithelium at the wound site [5]. Hyalu-
ronic acid (HA), a non-sulfated glycosaminoglycan (GAG), is
another important moisturizing constituent of the ECM. HA macro-
molecules inhibit the expression of some MMPs to a different
extent, depending on their molecular weight [6]. Chitosan (CS),
sharing structural similarities with naturally occurring GAGs, pos-
sesses intrinsic antimicrobial properties and accelerates early
phase wound healing [7]. The assembling of collagen, HA and/or
CS into composite materials has displayed advantages in tissue
regeneration applications over the use of any of these biopolymers
alone [8,9].

Wound dressings, on the other hand, require high stability dur-
ing the extended treatment duration combined with low frequency
of dressing changes as recommendable for chronic wounds treat-
ment. This stability-at-use might be compromised by the intrinsic
susceptibility of the biopolymer components to enzymatic degra-
dation in contact with biological fluids. The application of suitable
ll rights reserved.
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chemical cross-linkers, e.g. N-(3-dimethylaminopropyl)-N0-
ethylcarbodiimide hydrochloride (EDAC), usually applied in com-
bination with N-hydroxysuccinimide (NHS) to form ‘‘zero length’’
bonds between polymers [10], overcomes their enzymatic degra-
dability. Moreover, the multifactorial nature of the chronic wounds
does also require upgrading of the biopolymer platforms with ac-
tive agents to more efficiently interfere at molecular level with
the biochemical events governing the ECM breakdown. The latter
can be achieved by topical application of bioactive molecules, e.g.
enzyme inhibitors.

Natural polyphenolic compounds recently received a great deal
of attention in medicine owing to their antioxidant, antimicrobial,
anti-inflammatory and consequently wound healing promoting
properties [11]. Their ability to complex with proteins and polysac-
charides has been exploited for improving the biopolymers stabil-
ity to enzymatic degradation [12]. Moreover, the propensity of
these compounds to bind proteins presumably accounts for the
fact that polyphenols were able to inhibit virtually every enzyme
tested in vitro [11]. Our previous studies indicated that controlled
inhibition of major chronic wound enzymes could be achieved by
the application of plant polyphenolic extracts [13,14].

The current study focuses on the development of a sponge-like
material that combines the intrinsic properties of the individual
biopolymers—collagen, hyaluronic acid and chitosan—in a compos-
ite dressing and the optimization of the biopolymer composition of
such dressing for chronic wound treatment. The obtained sponges
were additionally loaded with bioactive polyphenols from Camellia
sinensis to modulate the activity of chronic wound enzymes and
further enhance the biostability of the materials. Tuning of the
physico-mechanical, biological and functional properties of the
composite sponges is discussed as a function of the biopolymer
composition and the used bioactive agent.
2. Materials and methods

2.1. Materials

Collagen type I from bovine skin was kindly supplied by Loh-
mann & Rauscher International GmbH & Co. (Germany). Hyaluronic
acid sodium salts of different molecular weights (Mw; 6830 and
2000 kDa) from Lifecore Biomedical (USA) and ultrapure chitosan
(Mw �50 kDa) from KitoZyme (Belgium) were used for the experi-
ments. Collagenase from Clostridium histolyticum (277.50 U mg�1

solid, one unit liberates peptides from collagen equivalent in ninhy-
drin colour (at 570 nm) to 1.0 lmol of leucine in 5 h at pH 7.4 and
37 �C in the presence of calcium ions), N-(3-[2-Furyl]Acryloyl)-
Leu-Gly-Pro-Ala (FALGPA), green tea polyphenols (epigallocatechin
gallate, catechin and gallic acid), N-(3-dimethylaminopropyl)-
N0-ethylcarbodiimide hydrochloride (EDAC) and N-
hydroxysuccinimide (NHS) were purchased from Sigma–Aldrich.
Highly purified MPO from human leukocytes (1550 U mg�1 solid,
one unit will produce an increase in absorbance at 470 nm of
1.0 min�1 at pH 7.0 and 25 �C, calculated from the initial rate of
reaction using guaiacol substrate) was obtained from Planta Natural
Products (Austria). EnzChek� kit was purchased from Life Technol-
ogies (Spain). All other reagents were of analytical grade purchased
from Sigma–Aldrich and used as received.
2.2. Preparation of biopolymer sponges

All individual biopolymer solutions were prepared at a concen-
tration of 1% (w/v). Collagen and CS were dissolved in 1% acetic
acid, while HAs were dissolved in distilled water. The prepared
solutions were mixed as follows: collagen/hyaluronic acid (CHA)
in 9:1 weight ratio, and collagen/hyaluronic acid/chitosan (CHACS)
in the ratio 4.5:1:4.5. The mixtures were homogenized for 20 min,
poured in Petri dishes with 3 mm thickness and freeze-dried. The
obtained sponges were cross-linked using 96% ethanol containing
EDAC (50 mM)/NHS (10 mM) for 24 h, thoroughly washed with
distilled water and freeze-dried again. CHA specimens were named
after the Mw of the used HA (CHA6, CHA830, CHA2000). The
CHACS specimen was prepared using HA with Mw of 830 kDa.

2.3. Loading of the biopolymer sponges with polyphenols

The cross-linked sponges (10 mg) were loaded with polyphe-
nols (1 ml of 1 mM aqueous solutions of epigallocatechin gallate
(EGCG), catechin (CAT) or gallic acid (GA)) by simple immersion
at 4 �C for 24 h. The impregnation time was chosen according to
the literature to ensure equilibrium loading of the polyphenols
[15]. Thereafter the samples were freeze-dried.

2.4. Characterization of the cross-linked biopolymer sponges

2.4.1. Fourier transform infrared spectroscopy (FTIR)
Infrared spectra of the sponges were recorded using a Perkin El-

mer Spectrum 100 FT-IR spectrometer utilizing the attenuated to-
tal reflectance technique. Spectra were averaged over 75 scans.

2.4.2. Tensile testing
Strip-shaped sponges (30 � 10 � 3 mm) were subjected to

uniaxial tensile testing in a wet state at room temperature using
a universal mechanical testing machine INSTRON 5540. After
removing the excess of phosphate buffer saline (PBS, pH 7.4) by
gentle contact with filter paper, the specimens were stretched at
a cross-head speed of 5 mm min�1 until failure. Five samples were
tested per each experimental group.

2.5. Extent of collagenase adsorption and biostability of the biopolymer
matrices

Collagenase binding onto the cross-linked sponges was studied
in 50 mM PBS (pH 7.4, 40 mM CaCl2) containing 2 lg ml�1 collage-
nase incubated for 24 h at 37 �C. Thereafter, the supernatants were
collected and analysed for the remaining collagenase activity using
EnzChek�. Briefly, the remaining in the supernatants collagenase
was left to cleave a gelatin–fluorescein conjugate in darkness at
room temperature for 6 h, after which the fluorescence was mea-
sured (495/515 nm) using a microplate reader Infinite M200, Tecan
(Austria). The results are expressed as the percentage of collage-
nase binding onto the materials (n = 5), inversely proportional to
the enzymatic activity in the supernatant.

Biodegradation tests were carried out in vitro by incubation of
the sponges in 50 mM Tris–HCl (pH 7.4, with 40 mM CaCl2) con-
taining 10 or 60 lg ml�1 collagenase at 37 �C for 24 h. After com-
plete hydrolysis of the supernatants in 6 N HCl for 24 h at 90 �C
and neutralization with 6 N NaOH, the hydroxyproline (Hyp) con-
tent was determined using the method previously described by
Reddy and Enwemeka [16]. The calculation was based on the
assumption that collagen contains �14% Hyp [17]. Five samples
were tested per each experimental group.

2.6. Polyphenols binding onto the biopolymer sponges and release
studies

Polyphenols uptake by the sponges was estimated by compari-
son of the total phenol content in solution before and after
incubation with sponges (n = 3) using the Folin–Ciocalteu spectro-
photometric method [18]. The calibration curves were prepared
using different concentrations of polyphenols. The experiments
for the cumulative release of polyphenols were started by
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immersing 5 mg of specimens in 500 ll dH2O. At defined time peri-
ods the sponges were transferred into the same amount of fresh
dH2O. The total phenol content for three samples per each experi-
mental group was determined as described above.

2.7. Swelling behaviour of the biopolymer dressings

Specimens with and without polyphenols were evaluated for
their ability to absorb physiological fluid [19]. The sponges were
first weighed (Wi) and then immersed in PBS pH 7.4 for 24 h. The
swollen samples were withdrawn and weighed again without drip-
ping (Ws). Their capacity to absorb physiological fluid was defined
as the ratio between the retained fluid (Ws �Wi) and the dry
weight of the sample (Wi). Five samples of each specimen were
evaluated for swelling.

2.8. Enzymes inhibition assays

Inhibition of collagenase activity by the polyphenols used in the
study was determined using FALGPA as a substrate [20]. Collage-
nase (5 lg ml�1) hydrolysis of FALGPA (1 mM) incubated with dif-
ferent concentrations of polyphenols for 1 h in 50 mM Tricine
(pH 7.5, 100 mM CaCl2 and 400 mM NaCl) was monitored at
345 nm during 5 min.

The inhibitory effect of the polyphenols on MPO activity was
measured using guaiacol as a substrate. Different polyphenol con-
centrations were incubated for 1 h with MPO (0.60 U) and guaiacol
(167 mM) buffered with 500 ll of 50 mM PBS pH 6.6 at 37 �C.
Thereafter, 270 ll aliquots were placed in a 96-well microplate
and the enzymatic reaction was started by adding 30 ll of
10 mM H2O2. The change in absorbance at 470 nm was monitored
and the activity determined by the rate of absorbance increase per
min. The capacity of the polyphenols to inhibit enzyme activities
are expressed as the concentrations required for the inhibition of
50% enzymatic activities (IC50, n = 3).

The inhibitory effect of the polyphenols released from the bio-
polymer sponges on MPO activity was determined after specimens
(2 mg) incubation with the enzyme (0.60 U). After different incu-
bation times the enzymatic activity was determined as described
above and expressed as a percentage of enzyme inhibition com-
pared to the control (sponges without polyphenols). All measure-
ments were carried out in triplicate.

2.9. Cell viability, morphology and distribution

The sponges were sterilized by ethylene oxide and hydrated in
PBS for 1 h before seeding with L929 human fibroblast-like cell line
(European Collection of Cell Cultures, UK) at 100,000 cells/sponge
concentration in Dulbecco’s modified Eagle’s medium (DMEM; Sig-
ma–Aldrich, USA) supplemented with 10% of fetal bovine serum
(FBS; Biochrom AG, Germany) and 1% antibiotic/antimycotic
(Gibco, USA). Cells were cultured for 1, 2 and 3 days at 37 �C under
a humidified atmosphere of 5% CO2.

Cell viability for each culturing time was determined by CellTit-
er 96 Aqueous One Solution Cell Proliferation Assay (Promega,
USA). The absorbance was measured at 490 nm using a microplate
reader (Synergie HT, Bio-Tek, USA). Three samples of each speci-
men were characterized per time point.

The morphology of the cells cultured in contact with the
sponges was observed by scanning electron microscopy (SEM).
The samples were washed twice with PBS, fixed with 2.5% glutar-
aldehyde for 1 h at 4 �C and washed again with PBS prior to dehy-
dration in a graded series of ethanol. Finally, the sponges were
dried using hexamethyldisilazane, coated with gold (sputter coater
model SC502, Fisons Instruments, UK) and analysed by SEM (model
S360, Leica, Cambridge, UK) at 15 kV. Longitudinal sections were
observed to evaluate distribution of cells throughout the sponge.

2.10. Statistical analysis

The results are presented as mean values ± standard deviation
(SD) when they followed a normal distribution. In this case, statis-
tical analysis (Graph Pad Prism Software 5.04 for Windows, USA)
by a one-way analysis of variance (ANOVA) followed by a post
hoc Tukey test was performed to test the differences among the
samples. The data are presented as box plots when they did not fol-
low a normal distribution (Shapiro–Wilk test). The Mann–Whitney
test was applied in this case in order to determine the statistical
significance of the observed differences. Throughout the discus-
sion, the differences were considered significant if P < 0.01.
3. Results and discussion

3.1. Characterization of the biopolymer matrices

3.1.1. FTIR analysis
EDAC-mediated cross-linking can undergo two distinct path-

ways depending on the available functional groups in polymers:
either formation of amide linkages by activation of carboxylic moi-
eties to react with free amines, or an acid anhydride formation
from two carboxyl groups and further reaction with hydroxyl
groups to yield ester bonds, may occur [21]. Both pathways are
likely to be followed for CHAs and CHACS to form inter- and in-
tra-molecular cross-links between the biopolymers (e.g. some
examples of intermolecular cross-linking are shown in Scheme 1).

After collagen treatment with EDAC, an increase in the intensity
of the amide I (C@O stretching at 1630 cm�1) and amide II (N–H
bending at 1543 cm�1) bands was observed (Fig. 1A, b). These sig-
nals together with the less intensive symmetric stretching band of
carboxylate salts at 1399 cm�1 and the ester band with higher
intensity at 1079 cm�1 confirmed the covalent cross-linking of
the biopolymer. The intensity of the ester band became more pro-
nounced in the spectra of the cross-linked CHA sponges, for sim-
plicity represented only with CHA830 spectrum (Fig. 1A, c). This
indicated a higher esterification yield for these samples compared
to collagen alone. In addition, the changes were more pronounced
in CHA sponges containing higher Mw HA compared to CHA6
(Fig. 1B). The latter observation could be explained with the higher
number of carboxylic groups in a single molecule that increases the
probability of acid anhydride formation mediated by EDAC and
thus subsequent ester bonding. On the other hand, the increased
involvement of the carboxyl groups in these specimens to form
acid anhydrides led to the lower extent of amide cross-linking,
confirmed by the lower intensities of the amide I and amide II
bands compared to CHA6. Finally, with the addition of chitosan
to CHA830 sponge, a pronounced peak attributed to the mixed
stretching and bending vibrations of the C–O–C bond (1150–
970 cm�1) appeared and overlapped the ester peak (Fig. 1A, d).
The FTIR spectrum of CHACS hybrid sponge is rather complicated
and shows overlapping effects of all three biopolymers after
cross-linking.

3.1.2. Mechanical properties of the sponges
The results from uniaxial tensile tests performed on the

cross-linked biopolymer sponges showed an increase in both the
material elastic modulus and failure strain for CHA and CHACS
specimens compared to the pure collagen sponge (Fig. 2). Although
amongst CHAs the modulus did not differ significantly, its values
were higher for CHA830 and CHA2000 compared to CHA6
(Fig. 2A). The elasticity of the composite matrices further increased



Scheme 1. Cross-linking of the biopolymers with EDAC.

Fig. 1. Representative (A) FTIR spectra of (a) collagen, and EDAC cross-linked, (b) collagen, (c) CHA830, (d) CHACS; (B) normalized spectra of CHA6 (dotted line), CHA830
(dashed line), CHA2000 (solid line).
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with the addition of chitosan. Similarly, CHA specimens with high-
er Mw and CHACS displayed significant (P < 0.001) increase in the
strain at break, while those of CHA6 were not considerably differ-
ent from the cross-linked collagen (Fig. 2B).

Unlike collagen in biological tissues, the materials prepared
from collagen extracts normally possess low tensile strength.
Cross-linking is widely used to improve the elastic modulus of
polymer materials, although this negatively affects their stretch-
ability. To overcome this problem for biomaterials in close contact
with body tissues, hydrophilic in nature polymers could be used in
combination with cross-linking, resulting in increased water reten-
tion capacity and energy storage of the matrices, and consequently,
higher stretchability and tensile strength [22]. This study confirms
that the addition of polysaccharides, such as chitosan and high
molecular weight hyaluronic acid, into collagen-based matrices,
in combination with chemical cross-linking, is an efficient strategy
to improve both elastic modulus and material stretchability.

3.2. Extent of collagenase adsorption and biostability of the biopolymer
sponges

In acute wounds the collagenases contribute to the controlled
reconstruction of the damaged skin during wound closure and
remodelling. In chronic wounds, however, their elevated levels



Fig. 2. (A) Linear elastic (Young’s) modulus and (B) failure strain for the cross-linked, hydrated (PBS, pH 7.4) biopolymer composite sponges. Statistical differences are related
to collagen and represented as ⁄⁄P < 0.01 and ⁄⁄⁄P < 0.001.
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cause uncontrolled breakdown of the newly formed ECM and im-
pair the healing process. It is therefore crucial to maintain the
activity of the collagenases during the tissue reconstruction but
interfere with their pathophysiologically persistent activation.
One of the strategies for chronic wound treatment is based on
the removal of these enzymes from the wound exudates by en-
zyme adsorption onto the dressing material [23]. Therefore, in this
study the extent of collagenase binding onto the developed colla-
gen-based sponges was evaluated in vitro.

Although in many cases collagenase adsorption onto collage-
nous substrates occurs within 1 h, the process is much slower on
dense (e.g. cross-linked) matrices [24]. Therefore, to assure equilib-
rium binding the biopolymer sponges were incubated for 24 h with
the enzyme in concentration not causing degradation of the mate-
rials (results not shown), and the activity of the supernatants were
further determined. All enzymatic solutions incubated with the
sponges displayed lower activities compared to the control, mean-
ing that collagenase was adsorbed on all specimens (Fig. 3A). As ex-
pected, the extent of binding decreased with the decrease of the
substrate (collagen) content in the sponges. The protein adsorption
on the cross-linked collagen was 52%, while the addition of HA to
the blends led to 38% protein adsorption on CHA6, 22% on both
CHA830 and CHA2000, and only 9% on CHACS sponges.

Despite that the extent of collagenase adsorption differed be-
tween the experimental groups, an in vitro test for material biosta-
bility revealed similar (>95%) resistance to collagenase (10 lg ml�1)
degradation for all cross-linked biopolymer sponges (Fig. 3B).
Fig. 3. (A) Binding extent of collagenase onto the cross-linked collagen-based matrices an
bars) collagenase from the cross-linked collagen-based matrices. Statistical differences a
However, using higher enzyme concentration (60 lg ml�1) made
it possible to distinguish between the enzymatic sensitivity of dif-
ferent experimental groups, the results being in agreement with
the enzymatic adsorption tests. More than 30% of the protein was
digested from the pure collagen sponge, whereas the biostability
of the sponges significantly increased after addition of HA and CS
(P < 0.01 for CHA6, P < 0.001 for CHA830, CHA2000 and CHACS).
Also, it is worth mentioning that even when higher enzyme concen-
tration was used, all sponges could preserve their structural integ-
rity during incubation—an important property of a dressing
material that allows for its easy removal from the wound site.

It is known that the susceptibility of insoluble substrates, e.g.
biopolymer matrices, to enzymatic transformations is inversely
proportional to the cross-linking degree of the material. Higher
cross-linking density of the substrate results in reduced surface
area [14,25], lower accessibility of the enzyme to the binding sites
and consecutively limited enzymatic adsorption and efficiency
[26]. Thus, the inclusion of more cross-linking points (amino and
carboxylic groups) by the addition of HA and CS to the collagen-
based sponge resulted in improved biostability of the materials,
but limited collagenase adsorption.

3.3. Swelling of the cross-linked biopolymer sponges

The ability of the dressing materials to absorb physiological flu-
ids proved to be an important index for the assessment of their
efficacy. The most important parameters influencing the swelling
d (B) collagen proteolysis by 10 lg ml�1 (light grey bars) and 60 lg ml�1 (dark grey
re related to collagen and represented as ⁄⁄P < 0.01 and ⁄⁄⁄P < 0.001.



Fig. 4. Swelling of the cross-linked biopolymer matrices after 24 h incubation in
PBS (pH 7.4). Statistical differences are related to collagen and represented as
⁄⁄P < 0.01 and ⁄⁄⁄P < 0.001.

Fig. 5. Fibroblast viability after 3 days of culture in contact with the biopolymer
sponges. Statistical differences are represented as ⁄P < 0.05, ⁄⁄P < 0.01 and
⁄⁄⁄P < 0.001, in grey or black, if related to collagen or CHA6, respectively.

A. Francesko et al. / Acta Biomaterialia 9 (2013) 5216–5225 5221
of the biopolymer constructs are the hydrophilicity of its constitu-
ents and the extent of cross-linking in the matrix [27]. However,
owing to the diverse and dynamic nature of all chronic wounds,
there is no general recommendation for the fluid uptake capacity
of the corresponding dressings as long as the material maintains
its form and stability after swelling to be easily removed from
the wound site. In this study the addition of HA of different Mw
to collagen altered differently the swelling of the CHA systems
without causing a significant volume expansion of the specimens
(Fig. 4). While CHA6 did not differ from the cross-linked collagen
in swelling, the addition of HA with higher molecular weights re-
sulted in a significant increase in fluid uptake (P < 0.01 and
P < 0.001 for CHA830 and CHA2000, respectively). The presence
of HA in collagen-based sponges is expected from one side to in-
crease the swelling due to the high hydrophilicity of this polymer,
but from another, to increase the cross-linking density of the sys-
tem and affect negatively the swelling [19]. Although the results
from the biostability test and collagenase binding studies indicated
higher cross-linking densities in the specimens prepared with HA
of higher Mw, the latter retained more fluid compared to CHA6.
The high affinity of HA for physiological fluids originates from
the high density of negative charges that bind a cloud of cations,
most notably Na+ (here from PBS), which are osmotically active
and promote swelling [28]. In order to estimate the anionic charac-
ter of HA used in the study, the f-potentials of HA solutions were
determined (Nano-ZS, Malvern, UK). These values for HAs of 6,
830 and 2000 kDa were �5.3 ± 1.2, �17.1 ± 2.2 and �16.6 ± 1.1
respectively. Thus, it can be hypothesized that HA with higher
Mw would retain more fluid compared to HA of low Mw and, in
spite of its densely cross-linked structure, would enhance the
hydrophilic properties of the CHA system. The addition of CS to
CHA830 decreased the swelling capacity of the specimen due to
further cross-linking reactions with the amino groups from CS [29].

3.4. In vitro evaluation of cell viability and morphology

Although fibroblasts were metabolically active on all biopoly-
mer matrices over the studied period (72 h), some differences were
observed among the experimental groups (Fig. 5). The results
clearly demonstrated the effect of the HA molecular weight on
the cells’ viability: while there was no significant difference in via-
bility after adding low molecular weight HA (6 kDa), the values
were significantly (P < 0.001) lower for the sponges containing
longer HA chains (CHA830, CHA2000 and CHACS). Moreover, the
cells cultured in contact with the collagen, CHA6 and CHACS
sponges showed progressive increase in their metabolic activity
during the whole period of culture (Sup. Fig. 1). However, the addi-
tion of HA with higher molecular weight (CHA830 and CHA2000)
resulted in an increase in the metabolic activity only during the
first 48 h, which then was maintained or decreased. The reduced
cell viability in the specimens containing longer HA chains can
be assigned to their increased hydrophilicity related with reduced
fibroblast cell growth [30]. On the other hand, this study confirms
that different molecular weights of HA can be used to tune cell dif-
ferentiation [31] and rule different cell responses [32].

The SEM analysis supported the results obtained by MTS assay:
after 24 h of culture, adherent cells could be observed on all cross-
linked sponges, being able to migrate inside the specimens and col-
onize the interiors (Sup. Fig. 2). At the end of the culture period, the
amount of cells visible in the SEM images further increased (Fig. 6),
confirming the relation between cell proliferation and their meta-
bolic activity. It is also worth noting the different morphology of
the cells cultured for 72 h on different specimens: when cultured
on collagen sponge, fibroblasts show typical spindle morphology,
establishing several contacts with neighbouring cells. More elon-
gated cells are visible on CHA6 and CHA830, while round cells,
indicating a poor attachment to the surface of the sponge, are ob-
served for CHA2000 and CHACS. The amount of cells detected in
CHACS sponges is remarkably lower when compared to the other
specimens, due to the presence of chitosan in the formulation, re-
lated with the poor cell adhesion in our previous studies [33,34].

Finally, although no histological assay was carried out, the
matrices with different composition are expected to provoke dif-
ferent tissue reactions. Whereas chitosan will most likely induce
multinucleated giant cell formation [35], collagen will induce a
mononuclear cellular tissue response including anti-inflammatory
macrophages and low vascularization rates [36]. However, the lat-
ter does not mean that the collagen-based materials will not inte-
grate well with the targeted tissue, but rather that the rapid
transmembrane vascularization will not occur. With such response
the clinical complications associated with the retrieval of the
material after guided tissue regeneration is avoided.
3.5. In vitro assessments of the sponge-like dressings loaded with
polyphenols

The multifactorial nature of all chronic wounds, characterized
by prolonged inflammation and deleterious concentrations of oxi-
dative and proteolytic enzymes, emphasizes the necessity for



Fig. 6. Morphology of the fibroblasts cultured for 3 days onto cross-linked collagen (A, B), CHA6 (C, D), CHA830 (E, F), CHA2000 (G, H), CHACS (I, J). Scale bars correspond to
100 lm (left-side images) and 10 lm (right-side images).
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investigation of dressing materials with the ability to actively mod-
ulate the wound environment at molecular level and stimulate the
healing. To this end, the cross-linked biopolymer sponges were
impregnated with bioactive molecules, e.g. plant polyphenols,
and evaluated in vitro as chronic wound dressings. Due to the large
number of experimental groups, for simplicity only the results for
polyphenol-loaded collagen, CHA830 and CHACS specimens are
given.
3.5.1. Cytotoxicity evaluation (MTS) of the polyphenols-loaded sponges
As antiproliferative effect of tea polyphenols for both cancer

and normal cells has been previously reported [37], in this study
the cytotoxicity of the obtained matrices before and after loading
them with the polyphenols were compared. Generally, the loading
of the sponges with polyphenols in the concentration used (1 mM)
did not induce a significant difference in the cytotoxicity of the
matrices; the only significantly lower metabolic activities



Fig. 7. Effect of polyphenols on fibroblast viability after 3 days in culture. Statistical
differences are represented as ⁄P < 0.05, ⁄⁄P < 0.01 and ⁄⁄⁄P < 0.001, in black, light
grey or dark grey, if related to collagen, CHA830 or CHACS, respectively.

Table 1
IC50 values for MPO and collagenase inhibition by polyphenols.

Polyphenol compound IC50 collagenase (lM) IC50 MPO (lM)

EGCG 92 ± 8 15 ± 1
CAT 152 ± 11 21 ± 2
GA 298 ± 23 29 ± 1
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(P < 0.01) were found for the cells cultured on the GA-loaded com-
posite sponges (Fig. 7). Thus, the overall results for the biocompat-
ibility demonstrated that the composition of the biopolymer-based
material can have a stronger influence on cell viability than func-
tional polyphenolic compounds per se.
3.5.2. In vitro stability-at-use and swelling of the dressings
The treatment of cross-linked biopolymer sponges with plant

polyphenols had a different effect on the biostability of the sponges
against collagenase (60 lg ml�1) degradation depending on the
compound used (Fig. 8A). Specimens loaded with EGCG displayed
the lowest degradation (less than 5%) regardless of their biopoly-
mer composition. Although not as efficient as EGCG, CAT also
brought about a significant increase in the dressing resistances to
enzymatic degradation. In this case, the values for collagen degra-
dation obtained for experimental groups with different biopolymer
composition followed the same trend as in the case of dressings
without polyphenols. Treatment with GA did not affect the mate-
rial’s biostability, which is in good agreement with literature
[38]. This result in combination with cytotoxicity inducing effects,
though rather low, makes GA the least appropriate polyphenolic
compound used in this study for functionalization of the biopoly-
mer sponges.
Fig. 8. (A) Collagen proteolysis in cross-linked biopolymers matrices without and loaded
onto cross-linked specimens: collagen (white bars), CHA830 (grey bars) and CHACS (blac
loaded specimens are represented as ⁄⁄P < 0.01 and ⁄⁄⁄P < 0.001, in light grey, dark grey
Some phenolic compounds exert a well-known improvement in
the stability of protein/polysaccharide matrices towards enzymatic
degradation through phenols–biopolymers interactions [12,39]
and enzyme inhibition [11]. The extent of biostability improve-
ment is proportional to the number of phenol moieties in the poly-
phenolic compound [15]. Thus, the highest potential of EGCG to
stabilize biopolymer sponges could be related to its high number
of phenolic groups able to react with the biopolymers (Fig. 8B),
and its highest potential for collagenase inhibition (Table 1).
Although GA binds stronger to the sponges compared to CAT, the
higher potential of CAT to inhibit collagenase still provided im-
proved biostability of the materials. In conclusion, EGCG and CAT
were found to effectively inhibit the proteolytic degradation of col-
lagen, and thus have potential to partially compensate the loss of
material biostability.

On the other hand, loading of the biopolymer matrices with
polyphenols did not cause changes in the swelling behaviour of
any experimental group (results not shown). Their concentration
used in this study (1 mM) was probably too low to influence the
swelling capacity of the cross-linked sponges.

3.5.3. Myeloperoxidase inhibition and durability of the inhibition effect
As a part of the immune response, MPO plays a major role in

many diseases by catalysing the formation of the potent antimicro-
bial oxidant HOCl from Cl- in the presence of H2O2. However, the
persistent activity of the MPO–H2O2 system during prolonged
inflammation, such as in chronic wounds, and the consequent
HOCl accumulation at the wound site, may adversely affect the tis-
sue regeneration [40]. It is therefore essential that the chronic
wound treatment includes controlled MPO inhibition, which may
also contribute to the control of the proteolytic activity [41]. Plant
polyphenols exert their beneficial effect acting as both MPO inhib-
itors and MPO substrates, thereby deviating the enzyme from its
catalytic cycle of HOCl generation [13].

Since the inhibition of the MPO activity by biopolymer plat-
forms loaded with an active agent is related to its release profile
with polyphenols by 60 lg ml�1 collagenase, and (B) extent of polyphenols binding
k bars). Statistical differences in the biostability of the non-treated and polyphenols
and black if related to collagen, CHA830 and CHACS, respectively.



Fig. 9. Time-course inhibition of MPO by polyphenols: (A) EGCG, (B) CAT and (C) GA released from the cross-linked collagen (solid line), CHA830 (dotted line) and CHACS
(dashed line). The inset graphs show the polyphenol release patterns from the corresponding biopolymer composite matrices.
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[14], the MPO inhibition caused by the released polyphenols was
investigated in vitro. In order to simulate the chronic inflamma-
tion, i.e. continuous influx of neutrophil derived MPO to the wound
site, at each reading point the incubation solutions were replaced
with new solutions containing the fresh enzyme. Thus, the MPO
inhibition in each reading point corresponds only to the effect of
the polyphenols released between the two reading points. The
durability of such effect was evaluated up to 6 days.

Although CAT reduces stronger than GA the MPO activity (Table
1), the lowest extent of CAT binding on the materials (Fig. 8B)
might have led to the least efficient initial MPO inhibition with
CAT-loaded dressings (Fig. 9). Moreover, except for CAT-loaded col-
lagen, all GA- and CAT-loaded dressings inhibited MPO only up to
6 h despite that their release continued after this point (Fig. 9 B and
C). The possible reasons for such short period of efficiency could
be: (i) a large part of the active agent was released within the first
few hours as in the case of CAT-loaded sponges (Fig. 9B inset), and
(ii) the initial burst release was followed by a slow release of phen-
olics, apparently insufficient to achieve an inhibitory effect as in
the case of GA-loaded sponges (Fig. 9C inset). On the other hand,
the pattern for EGCG was of initial burst release followed by a suf-
ficient for MPO inhibition sustained release (Fig. 9A inset). The
highest inhibitory potential of EGCG-loaded systems was also sup-
ported by the high binding affinity of EGCG onto the biopolymer
sponges (Fig. 8B). The EGCG released from CHACS sponge main-
tained the MPO inhibitory capacity up to 3 days, whereas when re-
leased from CHA830 and collagen alone the effect was prolonged
up to 4 and 5 days, respectively (Fig. 9A). Strong complexation of
polyphenols with chitosan at neutral pH was possibly the reason
for the slowest release pattern from CHACS sponge [39].

4. Conclusions

An efficient chronic wound treatment approach requires the
application of stable-at-use hydrophilic dressing platforms with
good mechanical performance augmented with active functions
to control the inflammation-related enzymatic activities at the
wound site. In this study freeze-dried biopolymer composite
sponges were produced from collagen, collagen/HA and collagen/
HA/CS and further stabilized by cross-linking with EDAC through
amide- and ester-bond formation, whereas the functionalization
was carried out by impregnating them with natural polyphenols.
The physico-mechanical properties of the biocomposite matrices
were easily adjustable by altering their composition, i.e. through
the formation of additional cross-links after collagen blending with
HA and CS. The composite sponges also exhibited improved biosta-
bility compared to the collagen one. Whereas all specimens with or
without polyphenols were able to retain more than 17-fold of their
own weight of physiological fluid without deformation, improved
swelling was achieved only by the addition of HA with higher
Mw. The in vitro assessments of fibroblast behaviour indicated that
although cells are able to adhere to all sponges, they were ad-
versely affected by the presence of HA macromolecules and CS.
Moreover, the addition of polyphenols to blended sponges affects
cells to a lesser extent than the composition of the material itself.
Finally, the specimens impregnated with polyphenols efficiently
inhibited the collagenase and MPO activities in vitro. The duration
of the MPO inhibition effect could be tuned by the biopolymer
composition of the materials and proper selection of the polyphe-
nolic compound. The possibility to control the activities of major
wound enzymes during prolonged periods makes these active
composite dressings potentially useful in chronic wound treat-
ment. Given the aggregate results for the material’s bulk proper-
ties, cytotoxicity and capacity for the enzyme inhibition, the
EGCG-loaded CHA composition containing higher Mw hyaluronic
acid showed the highest potential for the targeted application.
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