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In  this  paper  we  propose  polysaccharide  hydrogels  combining  alginate  (ALG)  and  hyaluronan  (HA)  as
biofunctional  platform  for  dermal  wound  repair.  Hydrogels  produced  by internal  gelation  were  homo-
geneous  and  easy  to handle.  Rheological  evaluation  of  gelation  kinetics  of  ALG/HA  mixtures  at  different
ratios  allowed  understanding  the HA  effect  on ALG  cross-linking  process.  Disk-shaped  hydrogels,  at  differ-
ent  ALG/HA  ratio,  were  characterized  for morphology,  homogeneity  and  mechanical  properties.  Results
suggest that,  although  the presence  of  HA does  significantly  slow  down  gelation  kinetics,  the  concen-
tration  of cross-links  reached  at the end of  gelation  is  scarcely  affected.  The  in vitro  activity  of  ALG/HA
dressings  was tested  on  adipose  derived  multipotent  adult stem  cells  (Ad-MSC)  and  an  immortalized
keratinocyte  cell line  (HaCaT).  Hydrogels  did  not  interfere  with  cell  viability  in  both  cells  lines, but  sig-
nificantly  promoted  gap  closure  in  a scratch  assay  at early  (1 day)  and  late (5  days)  stages  as  compared

to  hydrogels  made  of ALG  alone  (p <  0.01  and  0.001  for Ad-MSC  and HaCaT,  respectively).  In vivo  wound
healing  studies,  conducted  on  a  rat  model  of excised  wound  indicated  that after  5  days  ALG/HA  hydrogels
significantly  promoted  wound  closure  as  compared  to ALG  ones  (p <  0.001).  Overall  results  demonstrate
that  the  integration  of HA in a  physically  cross-linked  ALG  hydrogel  can  be a versatile  strategy  to  promote
wound  healing  that  can  be easily  translated  in a clinical  setting.

©  2015  Elsevier  Ltd. All  rights  reserved.
. Introduction

Wound repair is one of the most complex biological processes
onsisting in the activation of numerous intracellular and inter-
ellular pathways able to restore tissue integrity and homeostasis
Gurtner, Werner, Barrandon, & Longaker, 2008). Dressings have
een applied to open wounds for centuries to prevent further injury
nd bacterial invasion, but nowadays their design has evolved
oward multifunctionality to better control potential infections and
o aid the healing process (Queen, Orsted, Sanada, & Sussman,
004). A key property of modern dressings is their ability to retain
nd to create a moist environment around the wound facilitating

ealing. To this purpose a number of new materials have been
eveloped and tested. Amid modern dressings, hydrogels cover

 large segment due to their well-recognized biocompatibility

∗ Corresponding author. Tel.: +39 81 678707; fax: +39 81 678707.
E-mail address: Quaglia@unina.it (F. Quaglia).

ttp://dx.doi.org/10.1016/j.carbpol.2015.05.081
144-8617/© 2015 Elsevier Ltd. All rights reserved.
(Boateng, Matthews, Stevens, & Eccleston, 2008) and the capacity
to absorb the exuding liquids and debris from the wound area. Fur-
thermore, hydrogels are typically soft and elastic above their glass
transition temperature due to their thermodynamic compatibility
with water (Peppas, Huang, Torres-Lugo, Ward, & Zhang, 2000;
Slaughter, Khurshid, Fisher, Khademhosseini, & Peppas, 2009).
Hydrogels are currently employed in several biomedical applica-
tions where they act as a three-dimensional scaffold for tissue
engineering or as a water-controlled platform for drug delivery (Lee
& Mooney, 2012).

Alginates (ALGs) are linear blocks copolymers composed of
1-4-linked �-d-mannuronic acid (M)  and �-l-guluronic acid (G)
forming G- or M-blocks, or alternating M and G sequences of
different length. Due to their biocompatibility and bioresorption
properties, ALGs have been widely used in regenerative medicine

(Slaughter et al., 2009) and successfully applied to treat a wide
variety of secreting lesions. Indeed, their high water absorption
limits wound secretions and minimizes bacterial contamination
(Gilchrist & Martin, 1983). Furthermore, ALG dressings maintain

dx.doi.org/10.1016/j.carbpol.2015.05.081
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
http://crossmark.crossref.org/dialog/?doi=10.1016/j.carbpol.2015.05.081&domain=pdf
mailto:Quaglia@unina.it
dx.doi.org/10.1016/j.carbpol.2015.05.081
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 physiologically moist microenvironment that promotes healing
nd formation of granulation tissue. ALGs can be rinsed away from
ound bed with saline irrigation, so that the removal of the dress-

ng does not alter the neo-formed granulation tissue and is virtually
ainless. Another important aspect of ALG dressing is related to
anagement of wound exudate, allowing significant limitation of
aceration phenomena at wound periphery. ALG dressings can be

esigned to absorb large volumes of exudate, whilst continuing to
rovide a moist wound environment. ALG-based absorbent wound
ressing may  be used on multiple wound types, including but not

imited to diabetic wounds, venous wounds, pressure ulcers, cavity
ounds, and some bleeding wounds.

A well-established key requirement to apply hydrogels in the
iomedical field consists in a full control of material properties.
ovalent crosslinking is an elective way to stabilize three dimen-
ional polymer networks for a variety of applications. However,
hemical crosslinking reagents can show severe toxicity resulting
n limited application in the biomedical field. Ionically cross-linked
LG hydrogels are produced taking advantage of their propensity

o coordinate several divalent cations such as Ca2+, Ba2+, Sr2+, Zn2+,
u2+, Cd2+, and Co2+ (Morch, Donati, Strand, & Skjak-Braek, 2006).
ivalent cations allow ionic interactions between G-rich regions of
djacent polymer chains resulting in the formation of a bulk struc-
ure in a shape of an ‘egg-box’ (Braccini & Perez, 2001; Grant, Morris,
ees, Smith, & Thom, 1973). Addition of soluble calcium salts to
n ALG solution has been largely applied to produce ALG hydro-
els although rapid and inadequately controlled gelation process
eads to formation of hydrogels with scarce structural homogene-
ty and poor mechanical properties (Kuo & Ma,  2008; Skjåk-Bræk,
rasdalen, & Smidsrød, 1989). To overcome this drawback, internal
elation of ALG through CaCO3–GDL (d-glucono-�-lactone) sys-
em providing slow release of calcium ions has been proposed as

 versatile and straightforward strategy to obtain homogenously
ross-linked hydrogels. The kinetics of ALG gelation process has
een studied extensively (Draget, Ostgaard, & Smidsrod, 1990;
raget, Ostgaard, & Smidsrod, 1989; Draget et al., 1993) and the
nal properties of the hydrogels proved to be affected by the M/G
atio, alginate concentration, and particle size of the calcium salts.

Hyaluronan (HA) is a nonsulfated, linear glycosaminoglycan,
onsisting in repeating units of (�,1-4)-d-glucuronic acid and (�,1-
)-N-acetyl-d-glucosamine. High molecular weight HA (>100 kDa)

s present in most living tissues and in large amounts in the
kin (dermis and epidermis), brain and central nervous system
Toole, 2004) constituting the most relevant structural element
f extracellular matrix. HA role as regulator of tissue hydrody-
amics, comprising cell dynamics, inflammation and tissue repair
as strongly emerged in the last few years pointing at its appli-
ation in several pathological situations (Petrey & de la Motte,
014). In the early stages of wound healing, HA provides a tempo-
ary support facilitating transport of nutrients and waste products
hile increasing keratinocyte migration and proliferation (Dicker

t al., 2014). Due to its affinity with water, correct wound hydra-
ion is nonetheless ensured. Exogenous HA was found to accelerate
kin wound healing in rats (Foschi et al., 1990), hamsters (King,
ickerson, & Proctor, 1991) and also diabetic foot ulcers, i.e. the
ost difficult lesions to treat among chronic wound (Frenkel, 2012;
oigt & Driver, 2012). Furthermore, HA and its related low molec-
lar weight products modulate the expression of fibroblast genes

nvolved in remodeling and repair of extracellular matrix (David-
aoudi et al., 2008) and play a role in the control of angiogenesis
West, Hampson, Arnold, & Kumar, 1985). HA may  also protect
ranulation tissue from the deleterious effects of oxygen free radi-

al due to its scavenging activity (Trabucchi et al., 2002).

In the present study, we propose an ALG/HA hydrogel with
nhanced wound healing activity potentially useful as platform
or wound dressing. Internal gelation technique was used for
olymers 131 (2015) 407–414

cross-linking ALG/HA solutions at different HA ratio, and the result-
ing disk-shaped hydrogels were fully characterized. The gelation
dynamics was monitored through rheological measurements to
evaluate the influence of HA on the cross-linking process. Biocom-
patibility and wound healing potential of ALG/HA were evaluated
on different cell lines. Human adipose-derived mesenchymal stem
cells (AdMSCs), a multipotent non-hematopoietic stem cell line,
was selected due to overwhelming interest in cell therapy and tis-
sue engineering (Kocaoemer, Kern, Kluter, & Bieback, 2007). Then,
the migration of AdMSCs and human keratinocytes (HaCaT) in a
scratch assay, a well-known systems modeling very closely the
repairing process during re-epithelialization (Gurtner et al., 2008;
Singer & Clark, 1999) was assessed. Finally, in vivo wound healing
activity has been evaluated in a rat model of excised wound.

2. Materials and methods

2.1. Materials

Sodium alginate (ALG) (from Macrocystis Pyrifera, medium
viscosity, 360 cps at 25 ◦C) was  purchased from Farmalabor
(Italy). Hyaluronan (HA) sodium salt from Streptococcus equi
(1.5–1.8 × 106 Da), calcium carbonate, calcium chloride dihydrate,
sodium chloride, potassium chloride, sodium phosphate dibasic, d-
glucono-�-lactone (GDL) and all reagents used for sulforhodamine
assay were obtained from Sigma–Aldrich (St. Louis, MO). Ethanol
was purchased from Carlo Erba (Italy). Media, sera, and antibi-
otics for cell cultures were from Lonza (Lonza Group Ltd, Basel,
Switzerland). Distilled water was used throughout this study.

2.2. ALG/HA hydrogel preparation

ALG hydrogels were prepared according the method of Kuo and
Ma  (2001). Briefly, ALG (1% w/v) was  dissolved in deionized water
and mixed with calcium carbonate to form a 30 mM suspension. A
freshly prepared 64 mM GDL solution in water was then added to
the suspension and vortex-mixed to initiate gelation. HA (10% or
20% of ALG weight) was  dissolved directly in the ALG solution to
give 10% (ALG/HA10) and a 20% (ALG/HA20) w/w hydrogels. Solu-
tions were cast in 96-well culture plate (50 �L) or in 24-well culture
plate (1 mL)  to form circular disks either 2 mm in thickness and
5 mm in diameter or 5 mm in thickness and 15 mm in diameter,
respectively. The well plates were capped, sealed with Parafilm®,
and gelled on a horizontal surface at room temperature for 24 h.
After gelation the ALG disks were washed with water and stored at
4 ◦C.

2.3. Hydrogel characterization

The bulk morphology of the ALG/HA hydrogels was  analyzed
through scanning electron microscopy (SEM). First the hydrogels
were frozen overnight at −20 ◦C, and lyophilized at 0.01 atm in a
Modulyo apparatus (Edwards, UK). Then the samples were stuck
on a metal stub and coated with gold under vacuum for 90–120 s.
Images were obtained using Quanta 200 FEG (FEI, USA).

Gelation time and viscoelastic properties of gels were measured
using a strain-controlled rotational rheometer (ARES, Rheometric
Scientific Inc., USA) equipped with a dual-range force rebalance
transducer (2KFRT). Measurements were performed using 25 mm
parallel plates geometry and maintaining the samples at 22 ◦C.

Homogeneity of the ALG hydrogels was evaluated by measuring
the dry/wet weight ratio. Gels were cut perpendicular to the cylin-

der axis into 4 slices with approximately the same thickness. Each
slice was  weighted, dried at 45 ◦C for 48 h and weighted again.

Cross-linking degree of the ALG hydrogels was evaluated by
soaking the hydrogel disk in 15 mL  of a 1, 3 or 5 mM calcium
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hloride solution at 37 ◦C under gentle shaking. The external
edium was replaced every day. At scheduled time, the speci-
ens were withdrawn, quickly blotted twice on a filter paper and
eighted. The swelling ratio W/W0 was calculated from the ratio

etween wet weight at designated time (W)  and initial wet weight
W0).

.4. Cell lines

Mesenchymal Stem Cells (Ad-MSCs) were isolated from human
dipose tissue biopsies as previously described (D’Esposito et al.,
012). Cells were cultured at 37 ◦C with Dulbecco’s modified Eagle’s
edium (DMEM) and Ham’s F12 (1:1) with 10% Fetal Bovine Serum

FBS), 2 mM glutamine, 100 IU/mL penicillin, and 100 IU/ml strep-
omycin. Cultures were maintained in humidified atmosphere of
5% air and 5% CO2 at 37 ◦C.

Immortalized keratinocyte cell line HaCaT (CRL2309) was
btained from American Type Culture Collection (Manassas, VA,
SA). HaCaT were cultured in DMEM containing 10% FBS, peni-
illin/streptomycin (10,000 U/mL), l-glutamine (2 mM)  and placed
n a humidified incubator under of 95% air and 5% CO2 at 37 ◦C. Cells

ere passaged at confluence using a solution of 0.5% trypsin and
.2% EDTA.

.5. In vitro toxicity and scratch assay on Ad-MSCs and HaCaT

Ad-MSC viability was  assessed using 24-transwell culture sys-
em (0.4-�m pore polycarbonate membranes) (Costar, Cambridge,

A). Cells were loaded at 50,000 cells per insert in the lower cham-
er. The following day, the hydrogels were added to the upper
hamber in complete medium. Upon 24 h, sulforhodamine assay
as used to evaluate their viability (Chiba, Kawakami, & Tohyama,

998). Briefly, the upper chamber was removed and the cells were
xed with 50% trichloroacetic acid for at least 2 h at 4 ◦C. Then, cells
ere washed 5 times with distilled and de-ionized water. After

ir-drying, cells were stained for 30 min  with 0.4% sulforhodamine
issolved in 1% acetic acid. Unbound dye was  removed by five
ashes with 1% acetic acid. After air-drying, 10 mM Tris solution

pH 7.5) was added to dissolve the protein-bound dye. Cell survival
as assessed by optical density (OD) determination at 510 nm using

 microplate reader.
For the in vitro scratch assay, Ad-MSCs were seeded into 6-well

icroplates and grown in complete medium to a confluent mono-
ayer. Analogously, HaCaT cells (50,000 cells/well) were seeded into
2-well plates in DMEM supplemented with 10% FBS and allowed
o adhere for 24 h. Cell monolayers were carefully scratched with a
terile pipette tip, washed twice with phosphate buffer saline (PBS)
nd incubated at 37 ◦C with a medium containing 1% FBS (for HaCaT
ells) or 0.25% BSA (for Ad-MSCs) with or without the hydrogels.
eference points near the scratch were marked to guarantee the
ame area of image acquisition. Images of wound gap were taken
t different time points by a digital camera coupled to the micro-
cope and percentage of closure was calculated with IMAGE J (NIH,
SA). These experiments were repeated at least three times.

.6. In vivo wound healing studies

A full-thickness excision wound model was  used to moni-
or wound closure. Male Wistar albino rats weighing 300–350 g
Harlan, Italy) were housed singly in Plexiglas cage for one week
t temperature of 22 ± 1◦ C, with alternate cycle of 12 h of light
nd 12 h of dark. All animals received food and water ad libitum

hroughout the experimental period. All manipulations were per-
ormed using aseptic techniques. This study was  carried out in strict
ccordance with the Institutional Guidelines and complied with the
talian D.L. no. 116 of January 27, 1992 of Ministero della Salute
olymers 131 (2015) 407–414 409

and associated guidelines in the European Communities Council
Directive of November 24, 1986 (86/609/ECC).

All the animals were anesthetized with ketamine hydrochloride
(100 mg/kg body weight) and xylazine (5 mg/kg) by intraperitoneal
administration, and the dorsal hair was  shaved using a shaving
machine. The dorsal region was  chosen to avoid animal access to
their own  wound and animals were housed one per box to pre-
vent cross-access to the lesions. The surgical area was disinfected
with Betadine R 10%. A full-thickness wound with a diameter of
2.5 cm was  excised from the back of the rats using sterile scis-
sors at the depth of loose subcutaneous tissues. Hemostasis was
obtained by direct pressure using sterile gauze. Before hydrogel
application the wound was  moistened with 300 �L of saline. Ani-
mals (n = 6) were divided into two groups and wounds were treated
with a single application of hydrogels (ALG, ALG/HA20). Wound site
was finally closed with non-occlusive TegadermTM (3M, USA). At
days 0, 1, 5 wound size was  measured using Image J software (NIH,
USA). The rate of wound closure that represents the percentage of
wound reduction from the original wound size was  calculated using
the following formula: [wound area day 0 − wound area (day 1 or
5)]/wound area day 0 × 100. Values are expressed as percentage of
the healed wounds ± SD.

2.7. Statistical analysis

Error bars represent mean ± SD of biological replicates. Sta-
tistical comparisons were made by one-way ANOVA followed by
Bonferroni’s test for multiple comparisons. *p < 0.05; **p  < 0.01; ***,

###p < 0.001. p > 0.05 was considered not statistically significant.

3. Results and discussion

3.1. Internal gelation of ALG and ALG/HA hydrogels

One of the aims of this study was to formulate compact hydro-
gels able to remain intact after gelation and with sufficient strength
to be easily positioned on the wound bed during the dressing
change.

Although cross-linking of ALG via divalent cations is a simple
strategy to produce hydrogels, their stiffness strongly depends on
G/M ratio. In particular, structural integrity and mechanical prop-
erties are highly related to crosslink of G-blocks that form more
highly ordered regions when ionically interacting with divalent
cations (Smidsrød & Skjåk-Bræk, 1990). In general hydrogel stiff-
ness varies in the order MG  < MM < GG while elasticity follows an
opposite trend. The M/G  ratio and the number of repeated G and
M units in a single segment can thereby affect the gelation process
and, in turn, hydrogel physical structure (strength and porosity).

M/G  ratio of the raw ALG employed in this study as evaluated
by 1H NMR  was  1.54 (Supplementary material S1), a value in line
with those previously reported for ALG produced by Macrocystis
pyrifera (Moe, Draget, Skjåk-Bræk, & Smidsrød, 1995). While not
fully indicated to give hydrogels with suitable mechanical proper-
ties, we attempted to control ALG gelation rate, also in the presence
of HA chains, to obtain hydrogels fulfilling requirements of a wound
dressing (Draget et al., 1990).

As a first step of the study, we tried to evaluate if the addition of
HA could modify gelation properties of ALG, which is an important
variable in hydrogel formulation. Previous studies have shown that
a fast gelation can lead to a poorly homogeneous gel structure (Kuo
& Ma,  2001). To determine the liquid-to-solid transition point (i.e.,

the so called “critical gel” state) samples were subjected to a contin-
uous series of frequency sweeps (in the range 0.03–100 rad/s) and
the gel time was  determined rheologically as the instant where G′

and G′′ are parallel to each other or equivalently where the loss
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Fig. 1. Rheological characterization of gelation process. (A) Viscoelastic moduli as
a  function of frequency for ALG/HA20 at different times after beginning of inter-
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directly depends from the calcium concentration in the medium.
al  gelation process. (B) Gelation time and initial viscosity of ALG/HA solutions at
ifferent HA concentration.

hase angle is frequency independent (Chambon et al., 1987). The
ime-evolution of viscoelastic moduli for the ALG/HA20 system is
eported in Fig. 1A (ALG solution containing a different amount of
A showed similar behaviors and consequently the corresponding
ata are not shown). Inspection of Fig. 1A informs us that for times
horter than 3 min  the sample shows a liquid-like behavior with a
iscous modulus (G′′) higher than the elastic component (G′) and a
trong dependency upon frequency. At 7 min, the relaxation spec-
rum of the sample showed a critical gel behavior with a power-law
ynamics and G′ and G′′ parallel to one another. At this condition the
aterial behaves not as a liquid (as its spectrum results in an infinite

hear viscosity) and not yet as a solid (as its equilibrium modulus is
ull). At times longer than 7 min  (see for instance the curves refer-
ing to 21 min  in Fig. 1A), the system showed a solid-like behavior
ith the elastic modulus much higher than the viscous component

nd a scarcely pronounced dependency upon frequency.
Gelation times, measured with the method of Chambon and

inter (1987) described above, were plotted as a function of HA
ontent in Fig. 1B; on the same figure the initial viscosity of the
olutions was also plotted as a function of HA content. Both gelation
ime and initial viscosity of solutions show a monotonic increasing
ehavior as a function of HA content, the two phenomena being
learly correlated. Indeed, the ALG gelation process is controlled

y the mobility of G-blocks and calcium ions that interact to from
ross-links and give rise to an “egg box” structure. In this view
n increased viscosity of the initial solution results in a decreased
olymers 131 (2015) 407–414

ALG chains and calcium ions mobility, due to slower diffusion, and,
consequently, in a longer gelation time.

At the end of the gelation process, the resulting hydrogels had
elastic shear moduli (G′) of about 1 kPa, viscous shear moduli (G′′)
about one order of magnitude smaller, and for both a weak fre-
quency dependency. Furthermore, while viscoelastic properties of
initial solution and gelation time do strongly depend upon HA con-
tent (with higher contents corresponding to more elastic systems),
after the gelation has completed all the systems have similar behav-
ior and similar moduli. Compressive tests performed in quasi-static
conditions (data not shown) confirmed these findings with all sam-
ples showing similar (strain-hardening) behavior, stress at 10%
deformation ranging between 200 and 300 Pa and compression
moduli in the order of few kPa (Nunamaker, Otto, & Kipke, 2011;
Zhang et al., 2008). These observations suggest that, although the
presence of HA does significantly slow down gelation kinetics,
the concentration of cross-links reached at the end of gelation is
scarcely affected by HA.

Uniform and transparent ALG hydrogels were obtained at cal-
cium carbonate/GDL molar ratio of 2 (Fig. 2A), which guarantees
also that pH of the final hydrogel is close to neutrality (Draget
et al., 1989). SEM of ALG/HA hydrogels after freeze drying (Fig. 2B)
showed randomly distributed interconnected pores in the size
range 50–150 �m.  The investigated hydrogels showed sufficient
strength to be handled, cut or packed without experiencing any
difficulty.

3.2. Hydrogel homogeneity

Amid the large number of factors affecting ALG gelation time
(Alexander, Murphy, Gallagher, Farrell, & Taggart, 2012), concen-
tration of calcium carbonate in the polymer solution is of utmost
importance since it controls availability of soluble calcium ions
available for crosslinking. On the other hand, calcium carbonate is
dispersed in a polymer solution and can progressively accumulate
at the bottom of recipient giving non-homogeneous cross-linking.
Structural uniformity is crucial for biomedical applications not
only from a drug delivery point of view to achieve uniform dis-
tribution of the drug in the matrix, but especially to get adequate
material properties. To evaluate the homogeneity of hydrogels
made with CaCO3–GDL, cylindrical gels with varying compositions
were prepared, sliced along the vertical axis and dry/wet ratio
evaluated. Comparable homogeneity profiles of ALG gels at dif-
ferent HA concentrations indicated that the presence of HA did
not affect gel homogeneity in the concentration range studied
(Fig. 3).

3.3. Cross-linking degree

The swelling behavior of ALG hydrogels is a function of crosslink
density, ALG concentration and ALG chemical composition (Kuo &
Ma,  2008). During the internal gelation, calcium ions are released
directly inside the ALG solution and, for this reason, their diffu-
sion in the solution is essential to control cross-linking degree
and in turn swelling. To determine whether hydrogels composition
affected cross-linking degree, the effect of calcium chloride addi-
tion on equilibrium swelling (7 days) of different hydrogels was
investigated (Fig. 4).

It was  found that, independently of the presence of HA, all
hydrogels gave a similar swelling behavior with a shrinking that
The W/W0 ratio was  similar for all the formulation, in agreement
with mechanical data, suggesting that the presence of HA had a
minimal influence on the crosslinking degree.
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Fig. 2. ALG/HA20 hydrogel after completion of internal gelation
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Since HA exerts profound effects on MSC  residing in HA-rich

microenvironments that maintain cells in a quiescent state, HA
ig. 3. Homogeneity of ALG hydrogels prepared with different HA content. Slices
ere numbered 1–4, from top to bottom and dry (Wd) to wet (Ww) weight ratio
easured.

.4. Biological evaluation of ALG and ALG/HA hydrogels
In order to evaluate the in vitro toxicity of hydrogels, Ad-MSCs
reviously isolated from subcutaneous adipose tissue biopsies
D’Esposito et al., 2012) were tested. Indeed, in vitro predictive

ig. 4. Equilibrium swelling of ALG hydrogels immersed for 7 days in water con-
aining different amounts of calcium chloride. Data are reports as ratio between
et  weight at designated time (W)  and initial wet  weight (W0).
 process (A) and after freeze drying (B). Scale bar = 1 mm.

toxicological assays based on human stem cells and their deriva-
tives offer significant advantages over animal models largely due
to improved relevance and greater versatility. The use of human
stem cell systems might dramatically increase the ability to predict
toxic responses in humans while decreasing the need for extensive
toxicity tests in animals (Liu, Deng, Liu, Gong, & Deng, 2013). Ad-
MSCs viability was  investigated using a transwell system where the
upper chamber contained the hydrogels, while the lower chamber
was loaded with a cell suspension in DMEM F12 (1:1) 10% FBS. Sul-
forhodamine assay revealed that Ad-MSC viability in the presence
of ALG and ALG/HA hydrogels was  comparable to that achieved in
complete medium (Fig. 5) indicating that combination of ALG and
HA neither represents a toxic environment for Ad-MSCs nor induces
cell proliferation.

The excellent biocompatibility of hydrogels encouraged us to
investigate whether ALG and ALG/HA hydrogels could affect cell
motility in an in vitro scratch assay. On the basis of mechanical
properties and toxicity data, ALG/HA20 (highest HA content) was
0
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Fig. 5. Effect of ALG and ALG/HA hydrogels on Ad-MSCs viability. ALG or ALG/HA
hydrogels (ALG/HA10 – ALG/HA20) have been added in the upper chamber of the
transwell in DMEM F12 (1:1) 10% FBS. Upon 24 h, cell viability has been determined.
The  results have been reported as percentage of viable cells compared with cells
incubated in DMEM F12 (1:1) 10% FBS in the absence of hydrogels (considered as
100% viable cells). Bars represent the mean ± SD of triplicate determination in three
independent experiments.



412 O. Catanzano et al. / Carbohydrate Polymers 131 (2015) 407–414

0

20

40

60

80

100

120

DMEM F12-
0.25% BSA

DMEM F12
10% FBS

ALG ALG/ HA20

%
 o

rig
in

al
 g

ap
 d

is
ta

nc
e

***

*

**

Fig. 6. Effect of ALG and ALG/HA20 hydrogels on Ad-MSCs motility. Confluent mono-
layers of Ad-MSCs have been scratched, washed twice with PBS and incubated at
37 ◦C in the presence of ALG or ALG/HA (ALG/HA20) hydrogels in DMEM F12 (1:1)
0.25% BSA. The results are reported as percentage of gap distance at 24 h compared
with time 0. Bars represent the mean ± SD of triplicate determination in three inde-
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Fig. 7. Effect of ALG and ALG/HA20 hydrogels on HaCaT motility. Confluent mono-
layers of HaCaT have been scratched, washed twice with PBS and incubated at 37 ◦C
in  the presence of ALG or ALG/HA20 hydrogels in DMEM with 1% FBS. The results
have been reported as percentage of gap distance at day 1 and day 5 compared with
the  time 0. Data are shown as mean ± SEM of triplicate determination in three inde-

low serum concentration in order to reduce cell proliferation. As

F
a
r

endent experiments. Statistically significant differences respect to cells in DMEM
12  (1:1) 0.25% BSA (*p < 0.05; **p  < 0.01; ***p < 0.001).

ole on migration of stem cell populations is expected to be critical
or the preparation of tissue regeneration and for the recruitment
f MSC  into wound sites (Zhu et al., 2006). Furthermore, recent
vidences point at Ad-MSCs as a promising cell-based treatment
ption to meet the challenges of impaired skin wound healing such
s diabetic foot ulcers (Hassan, Greiser, & Wang, 2014). Ad-MSCs
ere scratched and incubated with ALG and ALG/HA20 hydrogels

or 24 h in medium without serum supplementation (DMEM F12
0.25% BSA). As shown in Fig. 6, serum induced an almost complete
lling of gap. Even in absence of serum, ALG/HA20 hydrogel signif-

cantly promoted gap closure as compared to serum-free medium

p < 0.01, respectively).

The same experiment was replicated using confluent mono-
ayers of HaCaT which provide a reliable in vitro model of

ig. 8. Effects of ALG hydrogels on healing process in a rat model of excised wound. A full
nd  left open. Wounds were treated with hydrogels (ALG, ALG/HA20) and closed with 

eported. *p < 0.05; ***p < 0.001 vs. ALG hydrogel.
pendent experiments. ***p < 0.001, and *p < 0.05 vs. DMEM with 1% FBS; ###p < 0.001
vs.  ALG.

re-epithelialization phase in wound healing (Raja Sivamani et al.,
2007). In analogy to Ad-MSC, hydrogels did not interfere with
HaCaT cell viability (data not shown). Confluent monolayers of
HaCaT were scratched and incubated with ALG and ALG/HA hydro-
gels in medium with 1% FBS. Images were taken at 0, day 1 and day 5
after scratch. As shown in Fig. 7, ALG and ALG/HA20 hydrogels sig-
nificantly promoted reduction of gap distance at day 1 as compared
to medium with 1% FBS while ALG hydrogel did not. This effect
was more significant at day 5 (p < 0.001) and most likely due to
increased cell motility, since the experiments were carried out with
reviewed recently, current evidences suggest HA/CD44-mediated
activation of different signaling pathways leads to the regula-
tion of keratinocyte activities and following epidermal functions

-thickness wound was excised from the back of the rats (n = 6) using sterile scissors
TegadermTM. (A) Wound area restriction on day 1 and 5 as compared to day 0 is
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Bourguignon, 2014). Thus, the improved migration of HaCaT
an be reasonably attributed to HA binding to the cell surface
eceptor CD44, which controls migration of keratinocyte col-
ecting at the wound edge in the wound site (Chen & Abatangelo,
999).

These data support the hypothesis that ALG/HA hydrogels could
otentiate re-epithalization of the wounded site by stimulation of
d-MSC and HaCaT motility and may  have a potential interest in

issue engineering procedures.
Since data obtained from scratch assay cannot mimic  the com-

lexity of events that occur during the wound healing process,
n vitro data were corroborated on the full excision wound model
n rats. ALG and ALG/HA hydrogels were applied on rat backs and
he capacity of hydrogels to restrict wound area was evaluated.
s reported in Fig. 8, ALG/HA20 induced a significant reduc-

ion of wound extension after 1 and 5 days from application
p < 0.05 and p < 0.001, respectively) whereas, no evident effect
as detectable using ALG alone. Enhanced tissue repair ability of
LG/HA hydrogels in the early phase of inflammatory response
an be reasonably ascribed to the recapitulation of induction sig-
als exerted by HA. Indeed, HA naturally interacts with signaling
eceptors (primarily CD44) to initiate inflammatory response, to
aintain structural cell integrity and to promote recovery from

issue injury (Zhu et al., 2006). Furthermore, a possible activity of
A on peroxisome proliferator-activated receptors (PPARs) dur-

ng wound healing cannot be excluded (Fronza et al., 2014). The
ormation of a highly hydrated HA-rich matrix can be supposed
o facilitate cell migration into the provisional wound matrix fos-
ering proliferation and in turn regeneration process (Abatangelo,
ortivo, Martelli, & Vecchia, 1982). Although wound contraction is
he primary mechanism underlying healing process of closure in
he murine model adopted (Pastar et al., 2014), re-epithelialization
f the wound site, which is prevalent in human skin, and suggested
y in vitro results, can well take place and contribute to wound clo-
ure as observed elsewhere (Liu, Petreaca, Yao, & Martins-Green,
009).

. Conclusions

Hydrogels based on ALG and HA, a polysaccharide with a crucial
ole in wound healing process, have been successfully produced
nd characterized. The internal gelation method gave hydrogels
ith good handling characteristics and suitable mechanical prop-

rties as wound dressing. Although the presence of HA affected
LG gelation time, its limited influence on the overall proper-

ies of hydrogels was found. In vitro scratch assay in different
ell lines highlighted that HA incorporation into ALG hydrogels
romoted cell migration without affecting viability. Finally, a sig-
ificant reduction of wound area in an excision wound model in
ats was found for the hydrogel with HA. Taken together, these
esults demonstrate that integration of HA in an ionically cross-
inked ALG matrix can be a versatile strategy to promote wound
ealing process easy to translate in a clinical setting. Furthermore,

t is anticipated that ALG/HA hydrogels can also act as a poten-
ial platform to deliver bioactive compounds directly in the wound
ed.
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