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In this paper, physico-chemical, mechanical and antimicrobial properties of hydrogels based on
alginate/N-succinylchitosan blends crosslinked by calcium or zinc ions containing cellulose microfibers
were investigated and discussed. With respect to plain alginate hydrogels, the addition of N-
succinylchitosan significantly improved properties such as swelling degree and stability in saline solution.
The water vapour transmission rate confirmed that all the hydrogels were able to assure a moist wound
environment. Morphological analysis showed a good embedding of fibres within the zinc crosslinked
hydrogels. In addition, zinc-crosslinked hydrogels evidenced antimicrobial activity against two common
skin pathogenic bacteria, Staphylococcus aureus and Escherichia coli. Cytotoxicity assays proved that the
amount of zinc released is slightly over the toxic level. Overall, the characteristics of the zinc-crosslinked
hydrogels showed their potential interest as materials for wound dressing.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Hydrogels based on natural polysaccharides have been largely
investigated in pharmaceutical and medical fields, as tissue engi-
neering (Vlierberghe, Dubruel, & Schacht, 2011), drug delivery
(Boateng, Matthews, Stevens, & Eccleston, 2008), immobilization of
cells and enzymes. The use of hydrogels as wound dressing mate-
rials in the healthcare industry is well documented in literature
(Pudner, 2001; Werner & Grose, 2003) Hydrogels have the func-
tion to absorb the exuding liquids and debris from the wound area.
Additionally, they allow the gaseous exchange to the wound surface
while supplying water molecules to the wound bed, induce bene-
ficial cooling effects in case of burn wounds, avoid trauma or pain
during dressing change, and moreover their transparency allows
the observation of the status of the injured zone. Hydrogels can be
applied as such or as a solid, soft-elastic thin film (sheet) (Peng,
Lin, Wang, & Wu, 2012). Among others, hydrogel based on alginate
(A) find large applications for the treatment of chronic and exuding
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wounds, due to their high absorbency that limit wound secretions,
minimize bacterial contamination and accelerate epithelialization
and healing, once provided that the underlying pathology is treated
(Chan, Whitney, & Neufeld, 2009; Hoffman, 2012; Ovington, 2007).
Due to the high water absorbency, they are not indicated for dry
wounds. Sodium alginate is a water soluble linear polysaccharide
extracted from brown seaweeds. It is a copolymer of 1-4 linked
a-L-guluronate (G) and [3-bD-mannuronate (M) residues in vary-
ing proportions, able to form hydrogels by ionic interaction with
divalent cations, usually CaZ*.

Alginates from different sources are characterized by different
relative amounts and length of regions composed of sequential
G units (G block), sequential M units (M block) and randomly
alternated G and M units (MG block). Calcium crosslinked gels
degrade slowly, and the released calcium ions were shown to
increase the proliferation of fibroblasts (Doyle, Roth, & Smith, 1996;
Lay-Flurrie, 2004), activate the production of factor-o, responsi-
ble of the inflammatory signals accounting for the healing process
(Thomas, Harding, & Moore, 2000), and promote the haemostasis
in the first stage of wound healing (Lansdown, 2002). In addi-
tion, due to sodium-calcium ion exchange, hydrogels are easily
rinsed away with saline irrigations. Alginate dressings are avail-
able in form of freeze-dried porous sheets useful for flat wounds,
or as flexible fibres and gels employed in case of deep lesions.
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Hydrogels obtained by blending alginate with other biopolymers,
such as hyaluronic acid (Na, Oh, Song, & Lee, 2012), collagen
(Donaghue et al., 1998) and chitosan (Pandima Devi et al., 2012)
have been widely investigated. Chitosan draws particular attention
as drug carrier and antibacterial agent, due to intrinsic and unique
biochemical properties (Muzzarelli, 2009). However, the applica-
tion of chitosan is limited owing to its water insolubility at neutral
pH. To overcome this drawback, chitosan has been chemically mod-
ified by substitution of part of amines with various hydrophilic
groups, usually with a negative charge, in order to realize water-
soluble derivates. Among them, N-succinylchitosan (sCH), obtained
by introduction of succinyl groups onto glucosamine units, shows
interesting in vitro and in vivo properties (Yamaguchi, Arai, Itoh,
& Hirano, 1981), although it lacks in antimicrobial activity (Kong,
Chen, Xing, & Park, 2010). Finally, it is worth to highlight that
literature data accounts for several wound dressing biomateri-
als based on synergic cooperation of hydrogels and textile fibres
(Abdelrahman & Newton, 2011; Raghavendretal.,2013). The inclu-
sion of cellulose enhances the durability of the dressings during the
repair process, thus promoting the skin regeneration and ensuring
a suitable balance between flexibility and rigidity (Grace, Chand,
& Bajpai, 2009; Khan, Peh, & Ch’'ng, 2000; Sakchai, Chureerat, &
Srisagul, 2006). A possible disadvantage of fibrous dressings is that
fibres can be released and can stick to the wound, causing pain
during dressing changes.

Up to now, research about alginate and N-succinylchitosan
based hydrogels has been focused on several topics (Ayala, De
Rosa, Laurienzo, & Malinconico, 2007; Li, Dai, Zhang, Wang, & Wei,
2008) not including wound dressing. In the present work, hydro-
gels based on sodium alginate (A), N-succinyl chitosan (sCH) and/or
cellulose microfibers (F) have been realized and their chemical-
physical properties, mechanical performances and antimicrobial
activity were assessed. Finally, in order to investigate on possible
cytotoxic effects of released zinc ions, in vitro assays using human
mesenchymal stromal cells (MSCs) were reported.

2. Experimental
2.1. Materials

Sodium alginate (A), purchased from Lianyungang Zhongda Sea-
weed Industrial Co. Ltd. (XuGou, Lianyungang, Jiangsu, China),
was characterized by 374+ 1% of G residues. The weight aver-
age molecular weight (My) was 1.2 x 108Da and the number
average molecular weight (My) corresponded to 2.3 x 10° Da. N-
succinylchitosan (sCH), a water soluble chitosan, was supplied
by Fu Zhou Corona Science & Technology Development Co., Ltd.
(FuZhou, FuJian Province, PR China). It showed an average molecu-
lar weight (M) of 3 x 10° Da. The degree of succinylation, defined
as the molar ratio between the N-succinyl groups and the repeat-
ing units of glucosamine, was 0.90. Agar, purchased from Oxoid
Ltd. (Hampshire, UK), was used as culture medium. Pure cellulose
microfibers (F) were kindly provided by the International Paper
Company (Bastrop, Louisiana, USA). These fibres were of 1-4 mm
in length and about 15 um in diameter. Zinc chloride (J.T. Baker,
Avantor Performance Materials, Milan, Italy) and calcium chloride
(Sigma Aldrich, Milan, Italy) were analytical reagent grade and used
as received.

2.2. Film preparation

Films of plain polymers and blends were prepared by casting
from 1% (w/v) aqueous solutions. To prepare blends films, A and
sCH were dissolved separately in freshly distilled water and then
merged. The solutions were, kept few minutes under vacuum to

remove bubbles, then gently poured into a polyester Petri dish
placed under a ventilated hood until complete water evaporation.
Fibrous films (A/F; sCH/F; A/sCH/F) were prepared by dispersing
the cellulose microfibers (25% by wt with respect to the polymers)
in the polymeric solutions through vigorous mechanical stirring for
3h.

2.3. Crosslinking and swelling kinetics

Crosslinking by external gelation was performed by dipping the
films in 150 mL of 1% or 3% (w/v) calcium or zinc chloride water
solutions for 180 min. These two salt concentrations were chosen
as, respectively, the minimum and the maximum concentration in
order to obtain high degree of cross-linking throughout the film.
Before testing, all samples were dried in an oven under vacuum at
60°C for 24 h, and the average thickness was measured by using
a micrometre (Digital Micrometer Mitutoyo IP-65, Japan). At least
five thickness readings from different regions of each film were
taken. In order to follow the swelling kinetics, films were recovered
by filtration, washed one time by dipping in 100 mL of deionised
water for five minutes to remove the excess of salt, withdrawn by
briefly blotting between two filter papers, and then weighed. The
swelling was monitored by measuring the water up-take as a func-
tion of time. Water sorption percentage was determined using the
following empirical equation:

W — Wy
W% = | ——— 100 1
st ( 7 ) X ( )
where Ws: was the water sorption of the films, W; and W; respec-
tively were the weights of the dried and swollen films at different
times. Measurements were performed in triplicate and average
data were used for calculations.

2.4. Stability test

In order to examine the stability of crosslinked films, a test
in normal saline solution (NaCl 0.9%, w/v) was performed. Films
were first dried in an oven at 60°C for 24 h under vacuum, then
weighed and placed in 50 mL of normal saline solution at room
temperature. At set time intervals, the samples were recovered by
filtration, withdrawn by briefly blotting between two filter papers,
dried as previously described, then weighed. Weight loss (AW)was
expressed as percentage using the following equation:

W — W,

Wkh=———
( Wo

) « 100 2)
where W; and W, were the weights at time ¢ and time O, respec-
tively. All measurements were performed in triplicate and average
data were reported.

2.5. Water vapour transmission rate (WVTR)

Water vapour transmission rate (WVTR) was measured accord-
ing to the ASTM E96 wet method (ASTM, 1993), using a CEAST metal
cup with a 706.5 x 10~ m?2 exposed area. Cups were placed in an
environmental chamber set at a temperature of 25 °C and a relative
humidity of 50%; each sample was first equilibrated for 48 h before
measurements, then weighed every 24 h for 5 days. WVTR values
were expressed in g (hm?)~! and determined with graphic analysis
method following the equation:

AG

WVTR:tXA (3)

where AG was the weight change (g), t was the time during which
G occurred (h), A was the test area cup (m?2) and AG/t was the slope
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of strains line (gh~1). Data are the mean of three measurements for
each sample.

2.6. Mechanical properties

Tensile tests were performed by means of a dynamometer
model 5564, Instron (Canton, USA) equipped with a 1 kN load cell.
The measurements were performed on dumbbell-shaped films; the
width and the length of specimens were respectively 5 and 44 mm,
while the thickness of each film was measured at five random
points using a micrometre and the result was expressed as the aver-
age value. For the test, only films with thickness deviation less than
10% from the mean value were used. Prior to testing, the films were
conditioned in an environmental chamber at 25 °C and 50% relative
humidity (RH) for 24 h. The tests were performed at 23 +2°C and
45 + 5% RH, at a clamp separation rate of 2mm min~—!. The reported
data are the average values of six measurements.

2.7. Scanning electron microscopy (SEM)

Morphological analysis of film surfaces was performed by means
of scanning electron microscopy (SEM) (Quanta 200 FEG, 338 FEI,
Eindhoven, The Netherlands). Samples were fixed onto aluminium
stubs through carbon adhesive disks and observed in high vac-
uum mode using a secondary electron detector and an accelerating
voltage of 20.0kV.

The samples were observed at room temperature and at
an internal water vapour pressure of 66.66 Pa. Before observa-
tion, samples surfaces were coated with a homogeneous layer
(18 +0.2 nm) of Au-Pd alloy using a coating device (MED 020, Bal-
Tec AG, Tucson, AZ, USA).

2.8. Antibacterial activity

Antibacterial activity was evaluated against the pathogenic
gram-positive strain Staphylococcus aureus (DSM 1104) and
the gram-negative Escherichia coli (DSM 8579), purchased from
Deutsche Samlug von Mikroorganismen und Zellkulturen GmbH
(DSMZ, Germany). The bacteria were respectively grown in Trypti-
case Soy Broth (TSB) and Luria-Bertani broth (LB) medium (Oxoid
Ltd., UK), for 18 h at 37°C, to obtain isolated colonies. The ASTM
standard test method E2149-01 (ASTM, 2001) was used to deter-
mine antimicrobial activity of immobilized antimicrobial agents
under dynamic contact condition.

The bacterial concentration was determined by measuring the
optical density at 600 nm (ODggg) by means of a spectrophotome-
ter. After growth and harvesting, the bacterial cells were washed
with Ringer Solution (RS), a sterile buffer saline solution, composed
of 0.150 g of potassium chloride, 2.25 g of sodium chloride, 0.05 g of
sodium bicarbonate and 0.12 g of calcium chloride hexahydrated,
per litre of solution. The bacterial cells were diluted in RS up to
an absorbance of 0.250+0.01, corresponding to a concentration
of approximately 1.5-3.0 x 108 colony-forming units per millilitre
(CFUmL-1). A second dilution was carried out to obtain assays
inoculums of about 106 CFUmL"!.

Zinc crosslinked hydrogel specimens (1 cm x 2 cm), were put in
conical flasks and sterilized by autoclaving. 10 mL of the working
bacterial suspension were added to the samples and placed on a
wrist-action shaker, at room temperature. Working bacterial solu-
tions with A-Ca hydrogel were used as negative controls. After fixed
contact times, 1 min (ty), and 24 h (tz4), 100 L of the bacterial
suspensions were spread on solid medium in Petri dishes and incu-
bated at 37 °C for 24 h. The average colony count of duplicate plates
was used to calculate the CFUmL™!. Inoculum assay was used as
control. All experiments were performed in triplicate and average

data were used for calculations. The percentage reduction can be
calculated using the following formula:

L 1 B—-A
Reduction % (CFU mL~1) = (T « 100 (4)
where A=CFUmL"! for the corning flask containing the sample
after specified contact time and B= CFUmL~! at “O h” contact time.

2.9. Atomic absorption spectrometry (AAS)

In order to follow the kinetics of zinc release, film samples
(1 cm x 2cm) were immersed in 10 mL of RS. The amount of zinc
released in solution after 20, 40, 60, 1440 (24 h) and 2880 min (48 h)
was determined by AAS. For the determination of total zinc content,
samples were kept in RS at 60 °C for 48 h on a wrist-action shaker
to allow complete dissolution. All the solutions were centrifuged
and filtered on paper before analysis, The AAS measurements were
performed using a Perkin Elmer Analyst 800 instrument (Norwalk,
CT) and AS 90 plus flame autosampler. All the data were recorded
and processed by WinLab32 software. A stock zinc solution in 2.5%
HNO3 was used for standard calibration curve. The zinc content was
calculated with the following equation:

A C
Total zinc content (mg L™1) = (W) x (g) (5)
std

where Agymple is the sample absorbance, Aqq is the absorbance of
standard solution, Cgq (mgL~1) is the concentration of standard
solution, and b/a is the dilution factor. All measurements were per-
formed in triplicate and average data were considered.

2.10. Cell viability tests

Mesenchymal stromal cells (MSCs) were obtained from sam-
ples of human bone marrow harvested from healthy donors, after
informed consent was provided. MSCs cultures were initiated as
described previously (Oliva et al., 2005).

MSCs were seeded in 24-well plates at a density of 50,000/well
and treated with increasing concentrations of ZnCl, from 0 (con-
trol) to a maximum of 400 WM. The assay was performed in
quadruplicate. After 24 h cell vitality was assessed by PrestoBlue
test. This reagent is a cell permeable resazurin-based solution that,
when added to cells, is modified by the reducing environment of
the viable cells becoming fluorescent. Cells were washed with phos-
phate buffered saline (PBS) and incubated with 0.5 mL of PrestoBlue
10% solution for 10 min at 37 °C. At the end of this time, the liquid
was collected and the cell layer washed once with 0.5 mL of PBS.
The fluorescence of the mixture was measured at 560/590 nm flu-
orescence excitation/emission (Perkin Elmer LS55 Luminescence
Spectrometer) and expressed as Relative Fluorescence Units (RFU).

3. Results and discussion
3.1. Crosslinking and swelling kinetics

The external gelation method, consisting in dipping a film or
dropping a solution of alginate into a solution of crosslinker, is
commonly used to obtain suitable model of wound dressing mate-
rials (Goh, Heng, & Chan, 2012). Fig. 1a and b, respectively shows
the swelling kinetics of films and fibrous films during crosslinking,
either in calcium or in zinc chloride solutions, at two different salt
concentrations, namely 1% and 3% (w/v).

Looking at Fig. 1a and b, some outcomes are worthy of consid-
erations. The first noticeable evidence concerns the syneresis of all
the samples occurring during swelling. Syneresis is a macroscopic
phenomenon characterized by a volume reduction of the gels with
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Fig. 1. Water sorption percentage (Wy %) as a function of time (min) of films (a) and fibrous films (b) crosslinked in calcium and zinc chloride solution at 1% and 3% (w/v).

the concomitant release of water (Davidovich-Pinhas & Bianco-
Peled, 2010). Some authors (Draget, Oestgaard, & Smidsroed, 1990)
found that syneresis was strongly related to the amount of calcium
ions within the gel. Indeed, in case of an excess of calcium ions
syneresis is remarkable. Syneresis degree was also correlated to
molecular weight and mobility of the segments between consec-
utive crosslinked points. Low molecular weight segments formed
a more rigid structure, which prevented shrinkage of the gel, thus
leading to a low degree of syneresis; on the contrary, longer and
more flexible segments allowed rapid relaxation, further facilitat-
ing the shrinkage, i.e., high degree of syneresis (Draget et al., 2001).
Accordingly, alginate films showed a strong syneresis with either
Zn%* or Ca2* at 1%, whereas syneresis was less pronounced at 3%.
Moreover, a slower swelling rate at 1% was also observed, as the
plateau was achieved after 60 min, against only 30 min in the case
of 3%. Syneresis therefore provides information about equilibrium

properties of the gel in terms of how fast and how much the junction
zones are reorganized.

The swelling degree of all films strongly depended on the
cations concentration. In particular, the water up-take resulted
lower at higher concentration. This effect was particularly remark-
able for blends, where the swelling was halved going from 1% to
3%.

Davidovich-Pinhas and Bianco-Peled (2010), underlined that,
in the case of high concentration of cations (>3%), the sudden an
abrupt crosslinking of alginate chains on the surface forms a thick
layer which acts as a barrier and, in turn, reduces the swelling.
Moreover, the diffusion rate of ions through the films decreases and
the formation of junction zones in the inner core of the hydrogel
is prevented. Therefore the relation between swelling and concen-
tration of crosslinking agent is evident (Kong, Lee, & Mooney, 2003;
Omidian, Rocca, & Park, 2006). As a matter of fact, we investigated
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also 2% solutions (data not reported) and no relevant differences
were found with respect to 3%.

Crosslinking mechanism of sodium alginate has been largely
investigated in the case of calcium ions. As calcium ions bind fun-
damentally to G residues, the process involves preferentially G
blocks of the alginate according to “egg-box” model (Grant, Morris,
Rees, Smith, & Thom, 1973; Stokke et al., 2000). As concerning the
crosslinking mechanism with zinc ions, some authors reported that
zinc and calcium cations bind different sites of alginate; in partic-
ular, while calcium ions involve only the G blocks, the zinc ions
are less selective, providing a more extensive three-dimensional
network (Aslani, & Kennedy, 1996a). Pillay and Fassihi (2005) elu-
cidated the different crosslinking mechanism of zinc and calcium
ions on the basis of their different crystal structures and coordi-
nation numbers. In the case of Zn2*, the peculiar crystal structure,
together with the smaller atomic volume and ionic radius, results
in a limited impedance to zinc diffusion into the polymeric pock-
ets and in a higher cation content inside the polymeric binding
sites. The authors underlined that the higher content of zinc ions
inhibits water molecules to permeate into the polymeric network,
reducing the swelling. For this reason, zinc crosslinked alginate
hydrogels are commonly used in controlled drug release systems
to reduce the rate of release of encapsulated drugs (Chan, Jin, &
Heng, 2002; Jay & Saltzman, 2009). Nevertheless, Fig. 1a evidenced
that, in plain alginate, Zn2* induced a swelling degree higher than
CaZ*, and this trend was even more pronounced at 1%. This out-
come can be explained considering that swelling occurred during
the crosslinking. As previously described by Russo, Malinconico,
and Santagata (2007), sodium alginate films, when dipped in water
solutions of calcium chloride, swell and at the same time crosslink;
for this reason, the conformations of the swelled films are stabilized
by the concurrently forming junction zones between macromolec-
ular chains, in this way providing the absorption and the holding
of some water inside the polymeric network. This hypothesis was
confirmed by the increase of thickness, measured after drying, of
crosslinked films with respect to the initial ones. It followed that a
higher number of crosslinking points resulted in higher swelling.
We really found a similar increase of the thickness in all films and
fibrous films upon crosslinking, after just 10 min of dipping, with
either calcium or zinc chloride solutions; according with the results
of Russo et al. (2007) this thickness increase was followed by a
fairly regular trend during which the samples preserved their stable
conformations (data not shown). We can conclude that the more
extensive crosslinking area in the case of zinc, due to its lack of
selectivity, was responsible of the higher swelling degree.

In the blends, the factors which affected the extent and unifor-
mity of crosslinking were the relative binding affinity as well as
the binding selectivity of the cations towards alginate. As shown,
the overall water percentage up-take was almost twice than that
of plain alginate in the case of crosslinking with 1% solutions for
both calcium and zinc, while no significant differences were found
with 3% solutions. The effect of the addition of sCH was partic-
ularly evident in the blends crosslinked with zinc, that showed
decreased syneresis, higher values of swelling and faster equi-
librium achievement with respect to neat alginate. A and sCH,
being two polysaccharides, are miscible. The molecular miscibility
between the blends components was supported by the evalua-
tion of glass transition temperatures of neat polymers and their
blends; the presence, in the blends, of a single Tg, whose value
lies between those of the pure polymers, was plainly indicative of
molecular miscibility (Hyun-Jung, Kyung-Soo, & Seung-Taik, 2004,
see Table S1 in Supplementary data). In particular, A and sCH form a
semi-interpenetrating polymer network, in which sCH is physically
entrapped in the alginate three-dimensional structure at a molecu-
lar level. As a matter of fact, Nobile, Pirozzi, Somma, Gomez d’Ayala,
and Laurienzo (2008) and Gomez d’Ayala, De Rosa, Laurienzo,

and Malinconico (2007) showed that sCH can be involved in the
crosslinking through the succinyl groups. Moreover, since the high
succinylation degree of sCH (90%), it is plausible to hypothesize
that the number of free amine groups available to the formation of
polyelectrolyte complex with A is negligible. As a consequence of
all these considerations, we may hypothesize that at 3% a partial
cross-linking of sCH occurs, so the swelling behaviour of the gel is
similar to that of plain A, while at 1% the presence of un-crosslinked
sCH chains renders the network looser, so the gel swells more.

Fig. 1b reports the swelling kinetics of fibrous films. A slight
decrease of swelling degree and syneresis was detected, since the
strong intermolecular interaction between polymers and fibres,
induced both a reduction of the water sorption content and a
decreasing of the de-swelling process (Karaaslan, Tshabalala, &
Buschle-Diller, 2012). For this reason the swelling plateau, follow-
ing the squeezing out of water after syneresis, was achieved faster.
The addition of fibres could be so considered useful for both reduc-
ing undesirable syneresis and inhibiting the film shrinkage.

3.2. Stability test

Stability test of crosslinked films was performed in normal saline
solution, as biological wound fluids cannot be adequately simulated
by any standard medium, and wound pH depends on bacterial col-
onization. The weight loss in normal saline solution is generally
considered as an index of instability of crosslinked films. In pres-
ence of univalent ions, as sodium, the divalent/monovalent ions
exchange causes the hydrogel collapse with consequent release of
un-crosslinked polymers in solution, with decrease of weight (Goh,
Heng, & Chan, 2012). On the basis of swelling behaviour reported
above, only films crosslinked with 1% Ca%*or Zn%*solution were
tested, and 120 min was set as overall crosslinking time.

In Fig. 2a and b the weight loss percentage (AW%) of films and
fibrous films as a function of dipping time is reported.

The stability test showed that A-Ca and A-Zn samples behave
in a similar way up to 180 min, evidencing 10% weight loss within
60 min, and fairly 20% within 180 min (Fig. 2a). After 1440 min, A-Zn
lost around 40% weight, while A-Ca was stable.

As concerning the blends, while A/sCH-Zn film evidenced a sta-
bility very close to neat A-Zn during the 180 min, A/sCH-Ca film
underwent more than 50% weight loss just after 60 min. This could
be explained considering that the zinc ions, able to crosslink G as
well as M and MG blocks, gave rise to a more complex network, in
which the sCH chains were tightly entrapped; in addition, as pre-
viously mentioned (Pillay & Fassihi, 2005), the crosslinking with
zinc, involving a greater number of ions, markedly delayed the
sodium-zinc exchange rate. On the contrary, the high specificity
of calcium towards G block implied a reduced number of ions and,
as a consequence, a fast failing of the network was caused, with the
hasty release of free chains. Nevertheless, at longer time A/sCH-Zn
showed a drop in stability, resulting to be better indicated for short
term dressings.

The addition of fibre (Fig. 2b) did not induce significant changes
in A/F-Ca, A/F-Zn and A/sCH/F-Ca samples, while a slight improve-
ment was found in the case of A/sCH/F-Zn blend. Furthermore,
fibrous films showed a better physical stability at visual inspection.

3.3. Water vapour transmission rate (WVTR)

WVTRvalues of all samples are reported in Table 1. A film of plain
sCH was also tested as a comparison. In agreement with Peppas
(1987), the employment of hydrogels in wound dressing requires
both the control of biological fluids loss from the wound site due
to exudation and the maintenance of a moist environment over the
wound bed, useful to enhance the regeneration of damaged epithe-
lium. Bruin, Jonkman, Meijer, and Permings (1990) and EI Salmawi
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Fig. 2. Weight loss percentage (AW %) as a function of time (min) of films (a) and fibrous films (b) in saline solution.

Table 1

Water vapour transmission rate (WVTR), Young modulus (E), strain at break (o), elongation at break (¢) of films and fibrous films.
Sample WVTR [g(hm?)~ '] +3% Mechanical properties

E (MPa)4+10% o (MPa)+10% &(%)+5%

A 42.65 3470 56.5 7.42
A[F 36.19 3628 58.9 2.95
sCH 45.01 1597 37.7 12.9
sCH/F 41.99 1678 43.5 12.2
A/sCH 43.93 2435 48.2 15.8
A[sCH[F 40.48 2514 47.7 14.4
A-Ca 39.70 3968 57.3 5.19
A[F-Ca 43.50 4123 60.2 4,58
A/sCH-Ca 37.30 2561 45.9 6.78
A/sCH/F Ca 35.20 2607 50.4 4.49
A-Zn 43.97 3526 48.1 7.23
A[F-Zn 42.13 3798 50.3 7.19
A/sCH-Zn 39.49 3014 53.1 8.32

A/sCH/F -Zn 35.67 3161 55.8 638
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(2007) showed that, in order to avoid possible occlusive effects of
wound coverings, WVTR must be higher than 33 [g(hm?2)~!]; on
the other hand, values over 53 [g(hm?2)~!] supply arapid exudation
and evaporation of skin liquid, thus providing a detrimental drying
effect of wound site. As a matter of fact, Table 1 shows that all sam-
ples ranged in a suitable interval of WVTR values, thus resulting
potential candidates as wound dressing materials.

As concerning the un-crosslinked samples, it is meaningful to
underline that sCH showed the higher WVTR, also when blended
with sodium alginate (A/sCH). This outcome was probably due
to the presence of bulky succinyl groups in sCH sample, able to
decrease the macromolecular entanglements, favouring the water
permeation throughout the films surface (Na, Wang, Wang, & Mao,
2013). Both plain A and blended films showed lowest WVTR values
upon crosslinking. According to literature (Crank & Parker, 1968),
this is a consequence of the formation of the junction zones, respon-
sible of hindrance to water diffusion. It is worthwhile to underline
that A-Zn sample evidenced higher WVTR values with respect to the
other crosslinked samples. This outcome was attributed once again
to the lack of selectivity of Zn?* with respect to Ca2*, that entailed
less tight and stiff junction zones, resulting in a more flexible net-
work. Fibrous films generally showed a reduction in WVTR, even
if the values were still comprised in the optimal range. Cellulose
microfibers strongly interact with A and sCH, probably providing
a partial occlusive effect, not detrimental for the applicative pur-
poses.

3.4. Mechanical properties

Mechanical properties of the films and fibrous films were sum-
marized in Table 1. Young modulus (E) specifies the stiffness or
rigidity of the film, strain at break (o) indicates the tensile strength
of the film to resist breaking and elongation at break (&) describes
the flexibility or extensibility of the films (Wu & McGinity, 2000).
The analysis of the results indicated that, as expected, the addi-
tion of cellulose fibres induced a slight increase of Young modulus
and stress at break values in all the tested samples, due to the for-
mation of tightly hydrogen bonded networks between fibres and
matrices, as previously underlined in the paper and confirmed also
by Scanning Electron Microscopy analysis (see later). In addition,
crosslinked films generally showed higher values of Young modu-
lus if compared to the ones found in un-crosslinked samples, in this
way resulting more rigid and less flexible (lower elongation at break
percentage). Nevertheless, A/sCH based films showed an improved
extensibility with respect to the plain polymers as evidenced by
their higher percentage of elongation at break, even if crosslinked
samples were considered. Moreover, the samples crosslinked with
zincions are more flexible if compared to calcium crosslinked films,
as evidenced by the higher strain at break values, confirming that
overall networks junctions are less tight in the case of zinc.

3.5. Scanning electron microscopy (SEM)

SEM analysis was performed on the surfaces of fibrous films,
to evidence dispersion and adhesion of fibres within polymeric
matrices.

A picture of a cellulose microfiber (F) is reported in Fig. 3a. The
fibre showed a smooth surface and homogeneous diameter size.
The surface morphology of A/F, sCH/F, A/sCH/F samples was shown
in Fig. 3b-e.

It is worthy to underline that the cellulose microfibers were well
dispersed in both the polymeric matrices, providing the formation
of a sort of fibrous texture. In particular, in A/F sample (Fig. 3b), the
fibres were not perfectly covered by the polymer, while, in sCH/F
sample (Fig. 3¢), were homogeneously spread and well embedded
into the sCH matrix, suggesting a stronger interaction.

Table 2
Effect of zinc on MSCs viability as a function of concentration.

Zn (nM) RFU 4+ SD Cell viability (%)
0 44 + 1 100.0
12.5 43 +2 97.7
25.0 44 £1 100.0
50.0 43 £1 97.7
100 40 + 2 90.9
200 30+2 68.2
300 10 +1 22.7
400 4+1 9.1

Upon crosslinking, a shrinkage of the surface was noticed, while
no relevant differences were found between A/F-Ca and A/F-Zn
films (micrographs not shown).

The adhesion of fibres to polymers worsened in A/sCH/F film
with respect to the neat polymers (Fig. 3d and e), while upon cross-
linking the fibres appeared well covered, and some differences
arose between Ca and Zn crosslinked samples (Fig. 4a-d).

Microfibers were still clearly visible on the surface in A/sCH/F-
Casample, while resulted highly incorporated within the polymeric
network in A/sCH/F-Zn sample. This features is very appealing for
clinical applications, as the fibres, being well covered by the hydro-
gels, should not neither stick to the wound bed or be absorbed
by infected tissue, and thus should be easily removed by rinsing
with physiological solution. As a result, the dressing change will be
effortless, overcoming the drawbacks of common fibrous dressing.

3.6. Antibacterial activity

The antimicrobial effect against E. coli and S. aureus of the various
zinc-crosslinked samples after 24 h contact time are reported in
Fig. 5a and b, respectively. Calcium alginate hydrogel is reported as
a control.

The reference concentration of bacteria is 5.5 and
6.0x 105CFUmL-! for E. coli and S. aureus, respectively. The
logarithmic reductions, after 24 h, are about of 2-3 orders of mag-
nitude for E. coli and of about 2 orders for S. aureus, corresponding
to a reduction upon to 99% CFU.

3.7. Atomic absorption spectrometry (AAS)

In Fig. 6 the kinetics release of zinc ions as a function of time is
reported.

It is evident that all samples released more than 50% (w/v) of
zinc within 20 min; moreover it must be emphasized that, after
60 min, fairly the totality of zinc content was found in solution,
thus confirming that the ionic exchange was fast.

This outcome could play a key role in the formulation of antimi-
crobial wound dressing to be used on acute and chronic highly
exuding wounds, where continuous wound cleansing treatments
are requested in order both to inhibit the topical colonization of
bacteria strains and to enhance the wound healing process (Flores&
Kingsley, 2007; Kingsley, 2001). In these cases, a sustained and
rapid release of zinc ions is desirable.

3.8. Cytotoxicity tests

In order to assess if the amount of zinc released from the
hydrogels may cause toxic effects, toxicity of zinc at different con-
centrations was tested on MSC cells that are multipotent cells able
to differentiate into a variety of phenotypes. After 24 h cell vitality
was assessed by PrestoBlue test (Table 2).

From the obtained results it clearly appeared that up to 100 uM
no cytotoxicity was evident, whereas cell viability was drastically
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Fig. 3. SEM micrographs of cellulose microfiber F (a), A/F (b) and sCH/F (c) A/sCH/F un-crosslinked surface (d and e).

Fig. 4. SEM micrograph of A/sCH/F-Ca (a and b) and A/sCH/F-Zn (c and d) surfaces.
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reduced at 70%, 23% and 10% of the control at 200, 300 and 400 .M,
respectively.

The concentration of zinc released from the hydrogels in RS
solution, as measured by AAS (see previous paragraph), reached
a maximum of 8 mgL~!, which corresponds to 122 M. At these
concentrations a slight cytotoxic effect is elicited. Nevertheless, it
is important to consider that the kinetics release of zinc depends
on the surrounding medium, and that its local concentration could
result to be lower in case of highly exuding lesions.

4. Conclusions

In this paper, hydrogels based on alginate and N-
succinylchitosan blends, as such or containing microcellulose
fibres, were prepared, crosslinked by either calcium or zinc ions
and characterized, with the aim to explore on their potentiality in
wound dressing. The presence of N-succinylchitosan considerably
improved the properties of plain alginate hydrogels, by decreasing
syneresis, enhancing swelling degree and improving water per-
meation, thus preserving a moist environment on the wound bed.
Moreover, all these properties were enhanced when crosslinking
was performed with zinc ions. The addition of cellulose microfibers
provided only a slight decrease of swelling degree and WVTR val-
ues. SEM analysis showed a better embedding of fibres within the
polymeric matrices in the case of hydrogels containing sCH, useful
to prevent sticking of the fibres to wound bed and thus supporting
the dressing change. Furthermore, the zinc-crosslinked hydrogels
showed antibacterial activity against two common skin pathogens,
S. aureus and E. coli, evidencing a reduction upon to 99% of bacteria
colony-forming units after 24 hours of contact time. Cytotoxicity
assays on MSCs cells allowed to establish that the amount of zinc
released is slightly over the toxic level.

On the basis of experimental results, A/sCH/F-Zn resulted to
be the formulation that better matched the various properties,
as it showed high swelling associated to low shrinkage, good
water vapour transmission rate, short-term stability in physiologi-
cal medium, better flexibility, excellent fibres embedding, fast zinc
release and sustained antibacterial activity. Nevertheless, to be pro-
posed for wound dressing it is necessary to deeply investigate on
the zinc release kinetics in the wound surrounding medium, and to
establish if the concentration of zinc released could really cause a
damage to the lesion.
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