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A B S T R A C T   

Herein we developed a hydrogel based porous cross-linked scaffold intended for the treatment of chronic skin 
ulcers. It is made of collagen, the most abundant protein of mammals ECM, and chitosan, a natural poly
saccharide endowed with numerous positive cues for wound repair. Different cross-linking methods, namely UV 
irradiation with the addition of glucose, addition of tannic acid as cross-linking agent and ultrasonication, were 
employed to prepare a cross-linked hydrogel with a highly interconnected 3D internal structure. The variables 
considered critical to obtain a suitable system for the envisaged application are the composition of hydrogels, 
especially the concentration of chitosan, and the concentration ratio between chitosan and collagen. Stable 
systems, characterized by high porosity, were obtained thanks to the use of freeze-drying process. To assess the 
influence of the above-mentioned variables on scaffold mechanical properties, a Design of Experiments (DoE) 
approach was exploited, which resulted in the identification of the best hydrogel composition. In vitro and in 
vivo assays on a fibroblast model cell line and on a murine model, respectively, demonstrated scaffold 
biocompatibility, biomimicry, and safety.   

1. Introduction 

Chronic injuries represent a public health problem that affects 40 
million people worldwide, reaching epidemic proportions, with a huge 
impact on the economy of several countries. Generally, chronic wounds 
are characterized by persistent inflammation, difficulty in re- 
epithelization and angiogenesis processes. The causes are attributable 
to age, persistent injuries or pathological conditions (e.g. diabetes 
mellitus, malignant tumors, obesity, cardiovascular disease), but also to 
an inadequate treatment of the primary wound [1,2]. 

Skin wounds, in particular chronic ones, are characterized by a 
process of non-recovery that makes the application of medications 
essential to promote and facilitate the restoration of the physiological 
conditions and the integrity of the skin barrier [3,4]. Modern wound 
dressings represent an evolution of traditional systems (cotton wool, 
natural or synthetic bandages, gauzes, and patches) for the treatment of 
skin wounds [5–7]. These dressings not only cover the lesion, but also 
promote the healing process, creating a moist environment and 

interacting with endogenous substances present at the site of damage 
[8,9]. Among modern dressings, hydrogels have gained an increasing 
attention during recent years [10]. Hydrogels are semi-solid, three- 
dimensional natural or synthetic polymeric networks, where water 
represents the liquid component. Because of their hydrophilic properties 
and internal 3D structure, they could swell reversibly and absorb rele
vant amounts of water or biological fluids, thus helping the diffusion of 
nutrients [11]. Thanks to their mechanical stiffness and biochemical and 
topological cues in promoting cell physiological functions, hydrogels are 
recognized to be able to mimic the extracellular matrix (ECM), and thus 
to promote cell proliferation and migration. In addition, their porous 
structure makes them suitable for cellular processes and guarantees the 
release of nutrients and growth factors [12,13]. 

The use of natural polymers in tissue engineering has reached great 
interest compared to synthetic polymers, due to specific physicochem
ical and biological properties, including biocompatibility and adequate 
biodegradability, low immunogenicity and antigenicity, superior struc
tural design and three-dimensional geometry [14,15]. Furthermore, 
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natural polymers possess intrinsically natural cell adhesion site, which 
represents an advantage for cell attachment [11]. However, they show 
several limitations such as poor reproducibility (related to batch-to- 
batch variation), scarce processability, and limited availability 
[16–18]. The natural polymers employed in wound dressings can have 
different origins: they can derive from ECM (collagen and gelatin), from 
algae (alginate), from crustaceans (chitosan), or from insects (fibroin 
and silk sericin) [19]. 

The most abundant protein in mammals is collagen (Coll), which is 
known to be the main component of ECM. While providing structure, 
protection, and support to human tissues, collagen is a relatively simple 
protein, whose chains are generally formed mainly by three basic amino 
acids, glycine, proline and hydroxyproline [19,20]. The use of Coll in 
tissue engineering was extensively investigated, due to its natural 
abundance, biocompatibility and biodegradability, good permeability, 
and low immunogenic response. It is recognized as an optimal candidate 
for tissue engineering scaffolding strategies, including tubes, freeze- 
dried sponge-like scaffolds, and hydrogels [20,21]. 

Chitosan (Cs) is a natural polysaccharide derived from the deacety
lation of chitin, mainly obtained from the exoskeleton of crustaceans, 
insects, and fungal cell walls. Cs bioactive properties, including anti
microbial, wound-healing and hemostatic properties, make it attractive 
for tissue engineering (cartilage, bone, skin, tissue fixation, blood vessel) 
[22–25]. 

The main disadvantage of natural-based scaffolds is related to their 
poor mechanical properties (stiffness and brittleness), which cause low 
mechanical resistance [26]. The use of cross-linking strategies leads to 
the formation of a 3D network which, in turn, allows to obtain scaffolds 
with suitable mechanical properties, compared to the target tissue or 
organ [27,28]. According to the literature, freeze-drying is a successful 
technique to prepare dried hydrogels for wound healing. This approach 
provides sponge-like systems characterized by porosity and surface 
properties functional to wound healing [11,28,29]. Moreover, these 
systems can be loaded with therapeutic agents, such as growth factors 
and antibiotics [20]. 

The present work aims to develop a porous cross-linked scaffold 
based on Coll and Cs intended for skin repair and regeneration. Different 
cross-linking methods have been investigated: UV irradiation in pres
ence or in absence of glucose, treatment with tannic acid, and ultra
sonication. In particular, the focus of the present work is to compare the 
physicochemical and biopharmaceutical properties of Coll and Cs- based 
scaffolds obtained with the three different above-mentioned cross-link
ing methods to evaluate the most effective system for the envisaged 
application. To the best of our knowledge, to date, such a comparison 
was not investigated. Beside the cross-linking method, the variables that 
have been considered critical concern the composition of hydrogels, 
especially the concentration of Cs and the Cs/Coll weight ratio. To assess 
the influence of these variables on scaffold mechanical properties, a 
Design of Experiments (DoE) approach was exploited. 

2. Materials and methods 

2.1. Materials 

Chitosan (Cs), deacetylation grade >75 %, medium molecular 
weight (190 kDa-310 kDa), D-(+)-Glucose (GLUC) and Tannic acid (TA) 
MW 1701,20 g/mol, were purchased from Sigma-Aldrich (Italy); Native 
animal collagen soluble 1 % w/v from Kelisema (Italy). 

2.2. Methods 

2.2.1. Hydrogels preparation 
Medium molecular weight Cs was dissolved at 2 % w/w in 0.5 M 

acetic acid under magnetic stirring at room temperature (RT). The so
lution was then centrifuged at 8000 rpm for 10 min at 20 ◦C to remove 
undissolved impurities naturally present in Cs powder. Coll 1 % w/v 

solution was dialyzed against deionized water with a dialysis membrane 
(12,000–14,000 Da) at 4 ◦C for 24 h, changing the water every hour, in 
order to remove the preservatives, present in the commercial solution. 
After 24 h Coll was frozen at − 20 ◦C and then subjected to sublimation 
for 48 h using Heto DRYWINNER (Analitica De Mori, Milan, I). Freeze- 
dried Coll was then dissolved at 2 % w/w in MilliQ water under bland 
magnetic stirring. Both Cs and Coll solutions were prepared at RT and 
maintained under stirring overnight. Afterwards, they were mixed at 1:1 
weight ratio. 

Different cross-linking methods were considered and investigated in 
order to enhance the interaction between the two components. 

2.2.1.1. Glucose (GLUC) and UV irradiation. Coll/Cs mixture was put in 
a 6-well plate and placed under UV irradiation (λ = 254 nm) for 30 min. 
Such time was selected to have a cross-linking effect without protein 
denaturation [30]. In order to enhance the efficiency of UV cross- 
linking, GLUC was added to the solution at a protein/GLUC ratio 
equal to 4.65 (w/w). 

2.2.1.2. Tannic acid (TA). TA was selected since it can establish 
hydrogen bonds with the amino and amide-residues of Coll and Cs 
molecules [31]. TA powder was dissolved at 10 % w/w, calculated as 
percentage of the total amount of polymers (Coll + Cs), in MilliQ water, 
under magnetic stirring and at RT. TA solution was then added at 1:1 
ratio to Coll/Cs solution under magnetic stirring, until homogeneous 
violet coloring was reached, indicating that the cross-linking was 
occurred. 

2.2.1.3. Ultrasonication (US). Coll/Cs mixture was placed into an 
ultrasonicator Elmasonic S 80 H (Elma Schmidbauer GmbH, Germany) 
at a temperature ranging into the interval 35–40 ◦C for 30 min. After 
that, the gelation process was completed leaving the solutions for 24 h at 
RT [32]. 

2.2.2. Hydrogels rheological characterization 
All the Coll/Cs mixtures upon cross-linking were subjected to vis

cosity measurements by means of a rotational rheometer (MCR 102, 
Anton Paar, Turin, Italy) equipped with a cone plate combination (CP25, 
diameter = 25 mm; angle = 1◦) as measuring system. Viscosity was 
measured at 25 ◦C by applying increasing shear rates (10–600 s− 1) and 
setting a gap of 0.101 mm. Pristine Coll and Cs solutions, as well as their 
mixture not subjected to cross-linking methods, were used as references. 
Three replicates were performed for each sample. Viscosity variation % 
(ηmix

ηt 
%) was calculated according to the equation reported later in the 

text to evaluate the change in viscosity due to the interaction between 
the two polymers involved. 

ηmix

ηt
% =

η (Coll/Cs)
η(Coll) + η(Cs)

× 100  

where:  

- η (Coll/Cs) = viscosity of the Coll/Cs mixture (as such or after cross- 
linking);  

- η(Coll) + η(Cs) = ηt = theoretical value calculated as the sum of the 
viscosities of Coll and Cs solutions at the same concentrations as in 
the mixture. 

2.2.3. Freeze-dried hydrogels preparation 
Cross-linked Coll/Cs mixtures (hydrogels) were placed in a 24-well 

plate (2.5 mL/well) and subjected to freezing at − 20 ◦C for 24 h and 
then to sublimation for 48 h (Heto DRYWINNER). 
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2.2.4. Freeze-dried hydrogel characterization 

2.2.4.1. Morphological analysis. Morphological evaluation of each 
freeze-dried hydrogel was performed by Scanning Electron Microscope 
(SEM) Mira3 XMU (Tescan, Brno-Kohoutovice, Czech Republic). Sam
ples were mounted on a steel stub and made conductive by graphite 
deposition under vacuum (sputtering). Images were obtained at high 
voltage, in high vacuum, at room temperature and at different 
magnifications. 

Pore size dimensional analysis was calculated using the imaging 
analysis program ImageJTM 2.0 (net.imagej: imagej:2.0.0-rc-55, Java- 
based operating system, 2009, National Institutes of Health, Bethesda, 
MD, USA). 

2.2.4.2. FTIR analysis. Infrared spectra were collected by a PerkinElmer 
Spectrum 100 Fourier transform infrared (FT-IR) spectrometer in the 
attenuated total reflectance (ATR) mode (PerkinElmer, Waltham, MA, 
USA). Cs 1 % w/w, Coll 1 % w/w and Coll/Cs 1 % w/w mixture upon 
freeze-drying were used. Three spectra for each sample were collected to 
obtain an average spectrum. 

2.2.4.3. Hydration properties assessment. Hydration properties of the 
freeze-dried scaffolds were measured by soaking samples previously 
weighed (≈50 mg) into 20 mL of PBS 10 % at pH 7.4 for 24 h at 37 ◦C. 
Then, each sample was blandly dabbed to remove excess PBS and 
weighted. Each experiment was carried out in triplicate. The amount of 
PBS absorbed was calculated at each time selected (30 min, 1 h, 3 h, 6 h, 
24 h) as follows: 

amount of PBS absorbed (g) = Wf − Wi 

Swelling ratio, defined as the fractional increase in weight of the 
hydrogel upon water absorption, was calculated at 24 h as follows: 

S =
Wf − Wi

Wi
× 100  

where: 

S = swelling ratio; 
Wf = weight of the hydrated scaffold; 
Wi = weight of the dried scaffold. 

2.2.4.4. Mechanical properties assessment. Freeze-dried hydrogels, as 
such and upon hydration in PBS for 24 h at 37 ◦C, were subjected to a 
compression test by means of TA.XT plus Texture Analyzer (Stable Micro 
System, Godalming, UK) equipped with a 5 kg load cell. For the analysis, 
probe P/0.25 S was lowered into the sample at a constant speed of 0.5 
mm/s to a final distance equal to 70 % of the sample height; afterwards 
the probe was raised with a constant speed of 5.0 mm/s. For both dried 
and hydrated samples three replicates were performed. Compression 
stress (Pa) vs strain profiles were recorded for each sample. Work of 

compression was also calculated as the area under the curve force vs 
displacement (AUC, N⋅mm). 

Hydrated samples were also subjected to dynamic oscillatory mea
surements at 37 ◦C by means of a rotational rheometer (MCR102, Anton 
Paar, Turin, Italy), using a parallel plate combination (PP25, diameter =
25 mm) as measuring system. A stress sweep test was performed at a 
constant frequency (1 Hz) and the elastic response of the sample, 
expressed as storage modulus G′, was measured as a function of stress; 
such a test allowed the identification of the linear viscoelastic region, 
characterized by constant G′ values on increasing stress. Then, samples 
were subjected to oscillation test: a shear stress chosen in the linear 
viscoelastic region previously determined, was applied at increasing 
frequencies (1–20 Hz) and G′ (storage modulus) and G′′ (loss modulus) 
values were recorded as a function of frequency. Loss tangent (tg δ) 
parameter was calculated as the ratio between G′′ (loss modulus) and G′

(storage modulus) at frequency values of 1, 5 and 10 Hz. Three replicates 
were considered for each sample. 

2.2.5. Design of Experiments (DoE) approach 
In the case of Coll/Cs hydrogels cross-linked by US (US freeze-dried 

hydrogels), different Cs and Cs/Coll weight ratios were investigated. 
A DoE approach was employed in order to evaluate, on a statistical 

basis, the contribution of different parameters on the mechanical 
properties of the freeze-dried hydrogels. A “full factorial design” con
taining all possible combinations between the factors and their levels 
was chosen. Table I reports the quali-quantitative composition of Coll/ 
Cs ultrasonicated (US) freeze-dried hydrogels together with the scheme 
of the 32 full factorial design. 

In particular, 2 factors, namely Cs concentration (% w/w) and Cs/ 
Coll weight ratio, were investigated at three levels, high (+), medium (0) 
and low (− ): Cs concentration ([Cs]) (%w/w): 0.5 % (− ); 0.75 % (0); 1 % 
(+); Cs/Coll weight ratio ([Cs]/[Coll]) (%w/w): 0.5 % (− ); 1 % (0); 2 % 
(+). 

Maximum compression stress (Stress, Pa) and work of compression 
(AUC, N⋅mm), of freeze-dried hydrogels as such and upon hydration in 
PBS were measured as reported in Section 2.2.4.4 and considered as the 
response variables. Chemometric Agile Tool software was used to 
generate the model. 

2.2.6. US freeze-dried hydrogels characterization 
The US freeze-dried hydrogel Coll/Cs 3, 6 and 9 were characterized 

for morphology, porosity, biodegradation, in vitro cell proliferation and 
adhesion, and in vivo wound healing properties on an animal model 
(rat). 

2.2.6.1. Morphology analysis. Morphological evaluation of US freeze- 
dried hydrogels (Coll/Cs 3, 6 and 9) was performed as described in 
Section 2.2.4.1. 

2.2.6.2. Porosity analisys. Porosity of US freeze-dried hydrogels (Coll/ 
Cs 3, 6 and 9) was measured using the liquid displacement method, as 
reported by Zeng [33]. Briefly, absolute ethanol was used as the 
displacement liquid, since it can penetrate the porous network without 
inducing scaffold morphology variation like shrinkage or swelling, being 
it a Cs non-solvent. Samples (dry mass M0) were immersed for 1 h in a 
known volume (10 mL) of absolute ethanol. The procedure was carried 
out by measuring the whole system weight (sample + ethanol) (Ma). 
After 1 h, the sample was removed, and the remaining ethanol, not 
entrapped within the sample pores, was weighted (Mb). At the same 
time, a calibrated cylinder with a known volume of ethanol (10 mL) was 
also measured (M1). Subsequently, the calibrated container was 
emptied, and the wet sample previously soaked in ethanol for 1 h was 
placed inside. The ethanol in which has been immersed the scaffold, was 
then added until the container was filled to the same above-mentioned 
volume. Lastly, the container was weighted again (M2). Porosity of the 

Table I 
Quali-quantitative composition of Coll/Cs hydrogels expressed as % w/w and 
scheme of full factorial design 32.  

US freeze-dried 
hydrogels 

[Cs] % 
w/w 

[Cs]/ 
[Coll] 

[Coll] % 
w/w 

[Cs] [Cs]/ 
[Coll] 

Coll/Cs 1  0.5  2  0.25  − 1  +1 
Coll/Cs 2  0.5  1  0.5  − 1  0 
Coll/Cs 3  0.5  0.5  1  − 1  − 1 
Coll/Cs 4  0.75  2  0.375  0  +1 
Coll/Cs 5  0.75  1  0.75  0  0 
Coll/Cs 6  0.75  0.5  1.5  0  − 1 
Coll/Cs 7  1  2  0.5  +1  +1 
Coll/Cs 8  1  1  1  +1  0 
Coll/Cs 9  1  0.5  2  +1  -1  
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scaffold (P %) was calculated according to the following equation: 

P% =
Ma − Mb − M0

(Ma − Mb) − (M2 − M1)
× 100  

2.2.6.3. Hydration properties assessment. Hydration properties of the US 
freeze-dried hydrogels (Coll/Cs 3, 6 and 9) were measured as described 
in Section 2.2.4.3. 

2.2.6.4. In vitro degradation test. A degradation test was performed on 
UC freeze-dried hydrogels (Coll/Cs 3, 6 and 9), in order to evaluate the 
effectiveness of the crosslinking method. Phosphate buffered saline 
(PBS) at 10 % v/v was used as degradation medium. US freeze-dried 
hydrogels were placed in Eppendorf tubes, 5 mL of the degradation 
medium was added to the tubes, and the test was carried out at 37 ◦C in a 
thermostatic oscillating water bath. At each time point (t0 = 0 days; t1 
= 7 days; t2 = 14 days; t3 = 28 days), hydrated samples were subjected 
to freezing at − 20 ◦C for 24 h and then to sublimation for 48 h using 
Heto DRYWINNER. Each experiment was carried out in triplicate. % loss 
on dry weight due to degradation in PBS was calculated at each time 
point as follows: 

W% =
Wf

Wi
× 100  

where: 

W % = % loss on dry weight; 
Wi = weight of dry freeze-dried hydrogels, before soaking; 
Wf = weight of dry freeze-dried hydrogels at each time point. 

Morphological characterization (SEM and dimensional analysis) of 
each sample at each time point was carried out as described in Section 
2.2.4. 

2.2.6.5. In vitro adhesion and proliferation test on fibroblast cell line. The 
proliferation and adhesion properties of US freeze-dried hydrogels 
(Coll/Cs 3, 6 and 9) have been assessed on normal human dermal fi
broblasts (NHDF), from juvenile foreskin (PromoCell, WVR, Milan, 
Italy). NHDF (2nd-5th passages) were cultured in polystyrene flasks in 
complete medium (CM), namely Dulbecco’s Modified Eagle’s Medium 
(DMEM, Merk Life Science S.r.l., Milan, I), supplemented with 10 % v/v 
heat-inactivated Foetal Bovine Serum (FBS) (VWR International S.r.l, 
Milan, I), and with 1 % v/v antibiotic-antimycotic solution (Merk Life 
Science S.r.l., Milan, Italy). Cells were kept incubated at 37 ◦C in 5 % 
CO2 atmosphere. US freeze-dried hydrogels (Coll/Cs 3, 6 and 9) were 
treated with ethanol, washed with PBS and then exposed to UV- 
irradiation for 20 min. After sterilization and conditioning with CM, 
samples with the same size of the well were placed in the apical chamber 
of a 24-well Transwell® Permeable Support (Corning Incorporated, 
Corning, New York, USA) and cells were seeded above them at a density 
of 12,500 cells/cm2. CM was added to the basolateral chamber to avoid 
evaporation and samples and cells dryness. Both apical and basolateral 
medium was changed with fresh CM every 2 days. Cells-sample contact 
was carried out in the incubator for 3 and 7 days. Four replicates were 
performed for each sample; CM was used as reference. At days 3 and 7 of 
culture an Alamar blue assay was performed. In detail, the medium was 
removed and 250 μL of a 10 % v/v solution of Alamar blue in DMEM was 
added to each well and left in contact for 3 h. After 3 h fluorescence was 
detected by means of a multi-mode microplate reader (FLUOstar Omega 
Microplate Reader, BMG LabTech, Ortenberg, G) at two different 
wavelengths: at 570 nm to detect the reduced form (red) of the Alamar 
Blue, and 655 nm, to detect the oxidized one (blue). Furthermore, cell 
adhesion and distribution into US freeze-dried hydrogels (Coll/Cs 3, 6 
and 9) at 3 days and 7 days of culture was appreciated by means of 
confocal laser scanning microscopy (CLSM, Leica TCS SP2, Leica 

Microsystems, Milan, I). After medium removal, each well was rinsed 
with PBS and then the cells adhered on the freeze-dried samples were 
fixed with 3 % v/v glutaraldehyde solution in PBS for 1 h, at 8 ◦C. Af
terwards, cells walls were permeabilized with 250 μL of Triton X-100 in 
PBS for 5 min and, then, cellular cytoskeletons were stained by incu
bation with 250 μL of tetramethylrhodamine (TRITC) at 20 μg/mL in 
PBS for 45 min, at RT. Afterwards, each well was washed twice with PBS 
and cell nuclei were stained with 250 μL of bisbenzimide H334342 tri
hydrochloride (HOECHST) 1 mg/mL diluted 1:10,000 in PBS for 10 min, 
at room temperature. Finally, the samples were mounted on a micro
scope slide, covered using coverslips and analyzed with λex = 350 nm 
and λem = 470 nm for HOECHST and λex = 514 nm and λem = 580 nm for 
TRITC. The acquired images were processed with the software associ
ated with the microscope (Leica Microsystem, Milan, Italy). 

2.2.6.6. In vivo experiments on murine model. All animal experiments 
were carried out in full compliance with the standard international 
ethical guidelines (European Communities Council Directive 2010/63/ 
EU) approved by Italian Health Ministry (D.L. 116/92). The protocol 
followed was approved by the Local Institutional Ethics Committee of 
the University of Pavia for the use of animals and by ISS (Istituto 
Superiore di Sanità). In detail, four male rats (Wistar 200–250 g, Envigo 
RMS S.r.l.) were subjected to anesthetic treatment with equitensine at 3 
mL/kg (39 mM pentobarbital, 256 mM chloral hydrate, 86 mM MgSO4, 
10 % v/v ethanol, and 39.6 % v/v propylene glycol) and their back was 
shaved to remove all hair. All animals were then carefully monitored for 
the following 3 days by animal care services and received additional 
treatment of the same pharmacological treatments. The preparation of 
US freeze-dried hydrogels Coll/Cs 3, 6 and 9 was carried out under 
laminar flow hood. Samples were then cut with a biopsy punch to have a 
diameter of 4 mm and sterilized through UV irradiation for 24 h, before 
their usage. Three circular full thickness burns, 4 mm in diameter, were 
produced on the back of the animals by means of the contact with an 
aluminum rod (105 ◦C for 40 s). 24 h later, the formed blisters were 
removed using a 4 mm diameter biopsy punch to obtain full-thickness 
lesions. 4 mm diameter sample previously prepared were applied on 
the lesions. Lesions treated with 20 μL of saline solution were the 
negative control. Lesions were covered with a sterile gauze and the rat 
back was wrapped with a surgery stretch (Safety, Italy) to protect le
sions. 18 days after the treatment, full thickness biopsies were taken in 
correspondence of the initial lesions and the histological analysis of the 
excised tissues was performed. A biopsy of intact skin was also taken for 
comparison. Hematoxylin and eosin (H&E) were used to stain some 
sections, while picrosirius red (PSR) was used on others. Following 
deparaffinization, the sections were hydrated, lightly stained with 
Weigert’s hematoxylin to identify the nuclei, and then stained with PSR 
(1 h). Following that, after dehydration, xylene was used to clean each 
section, which was then mounted with DPX mounting medium. Stained 
sections were observed with a light microscope Carl Zeiss Axiophot 
provided, for circular polarizing microscopy, with suitable filters in the 
condenser stage and in the microscope tube. A microscope digital 5 
megapixels CCD camera Nikon DS - Fi2 was used to capture the images. 

2.3. Statistical analysis 

Whenever possible, experimental values of the various measures 
were subjected to statistical analysis, carried out by means of Astatsa 
statistical calculator; one-way analysis of variance (ANOVA) was fol
lowed by Scheffé post hoc comparisons (p < 0.05 was considered 
significant). 
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3. Results and discussion 

3.1. Hydrogels rheological properties 

Cross-linking of Coll/Cs hydrogels is functional to obtain an insol
uble matrix which does not dissolve in the biological fluids but un
dergoes a high swelling, in turn responsible for the diffusion of nutrients 
within the matrix. The formation of a 3D structure after swelling, like 
that of ECM, is particularly attracting for cells attachment and prolif
eration [34]. Among chemical cross-linking methods, UV irradiation 
and more in general photocross-linking, do not require any additional 
and potentially cytotoxic reagents, are easy to perform and environ
mentally friendly. The principal interaction of photoinitiators and 
compounds with light sensitivity creates free radicals interacting each 
other to obtain crosslinked hydrogels [27,30,35]. Ohan et al. [36], and 
later Davidenko et al. [30], proposed a method to increase the cross- 
linking degree of Coll-based scaffolds and to make them less suscepti
ble to enzymatic degradation when compared to scaffolds obtained by 
UV treatment alone. Such method involves the incorporation of GLUC: 
the rapid generation of free radicals is promoted by the UV exposure, 
leading to the formation of GLUC-derived crosslinks which could react 
through glycosylation of the Coll structure, imparting strength and 
endurance to the scaffolds [30]. 

TA is a naturally occurring plant polyphenol, characterized by a 
central D-glucose molecule derivatized at its hydroxyl groups with one or 
more galloyl residues. Due to its phenolic groups, it can establish 
hydrogen bonds with different polymers and biological macromolecules, 
explaining its antioxidant capacity, hemostatic and antibacterial prop
erties and making it suitable for the treatment of burns and wounds 
[37,38]. Sionkowska et al. demonstrated that TA is responsible for the 
cross-linking of a Coll/Cs mixture by forming hydrogen bonds with 
chemical moieties of Coll and Cs (one molecule of TA per one molecule 
of Coll and Cs, at the same time) thus providing highly porous hydrogels 

[37]. 
Ultrasonication (US) is another example of a physical cross-linking 

procedure, particularly useful to speed up the permanent sol-gel tran
sition of different biomaterials. US is particularly interesting as cross- 
linking technique because it is recognized as an efficient, fast and 
green gelation process; moreover, this process is also compatible with 
fragile proteins, such as Coll, that can be easily denatured, for example 
at high temperatures [39]. US typically involves reactions that are 
improved using ultrasound radiation (20 kHz-10 MHz). In particular, at 
low-frequency radiation, hydrogen bonds and hydrophobic interactions 
are enhanced, while at higher frequency radiation polymerization re
actions are supported, especially through the role of cavitation, which 
refers to nucleation, growth, oscillation and transient collapse of tiny gas 
or vapor bubbles caused from the internal pressure variation generated 
in the medium via ultrasound radiation [27]. The use of ultrasonication 
in hydrogels preparation leads to an increase of hydrogel stability and 
strength, without requiring chemical initiators while providing short 
reaction times and simple use, as well as a more uniform hydrogel 
structure [40]. Pok et al. demonstrated the feasibility of ultrasonication 
method in developing Cs-gelatin cross-linked freeze-dried hydrogels 
with 3D porous structure [32]. In the present work, Coll/Cs polymeric 
mixtures composed of 1 % w/w Coll and Cs were crosslinked with 
different methods (UV or GLUC + UV, TA and US) and after 24 h 
(gelation time) were subjected to viscosity measurements. It is well- 
known that the formation of cross-links produces an increase in poly
mer viscosity [41–43]. In order to evaluate the extent of cross-linking, 
the viscosity increment of the mixture upon cross-linking was 
investigated. 

Fig. 1 reports viscosity mean values (Pa.s) measured at 50 s− 1 for 
cross-linked Coll/Cs hydrogels: Coll/Cs 1 % w/w UV, Coll/CS 1 % +
GLUC and Coll/Cs 1 % w/w + GLUC UV (Fig. 1a); Coll/Cs 1 % w/w US 
(Fig. 1b) and Coll/Cs 1 % w/w + TA 10 % (Fig. 1c). Coll 1 % w/w, Cs 1 % 
w/w (same concentrations as in the mixtures) solutions, and the 

Fig. 1. Viscosity values (Pa*s) at 50 (s− 1) shear rate of a) Coll 1 %, Cs 1 % and Coll/Cs 1 % untreated or treated with GLUC, UV and GLU + UV; b) Coll 1 %, Cs 1 % 
and Coll/Cs 1 % untreated or treated with US; c) Coll 1 %, Cs 1 % and Coll/Cs 1 % untreated or treated with TA (mean values ± s.d.; n = 3). ANOVA one way; post 
hoc Scheffè test (p value ≤0.05): a vs b-f; b vs c-f; c vs e, f; d vs e, f.; e vs f; a′ vs b′-d′; b′ vs c′, d′; c′ vs d′; a′′ vs b′′-d′′; b′′ vs c′′, d′′; c′′ vs d′′. 
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untreated mixture (Coll/Cs) of the two polymers at 1 % w/w 

concentration, were used as references. It can be observed that the vis
cosity value of the untreated Coll/Cs mixture is higher than the sum of 
the viscosity values of the single polymeric solutions (theoretical value), 
indicating the occurrence of an interaction between the two polymers. 
Such an increase, named in literature as rheological synergism, has been 
extensively used to evaluate the interaction between mucoadhesive 
polymers and mucus glycoproteins [44–46]. It is generally accepted that 
chain interlocking and chemical interactions which occur between two 
polymers are likely to produce changes in the rheological behavior of the 
two macromolecular species. Positive rheological synergism values 
indicate the occurrence of such interactions. 

It can be appreciated that all the treatments employed, except for the 
only addition of GLUC, lead to a significant increase in the viscosity 
value of the mixture (Fig. 1a, b, c). Moreover, Coll/Cs 1 % + GLUC UV is 
characterized by a viscosity value significantly higher than that of the 
mixture treated with UV only, indicating that the addition of GLUC can 
effectively enhance the UV cross-linking efficacy (Fig. 1a). The results 

Table II 
ηmix/ηt % values at 50 shear rates (s− 1) of all the Coll/Cs mixtures: Coll/Cs 1 %, 
Coll/Cs 1 % UV, Coll/Cs 1 % + GLU, Coll/Cs 1 % w/w + GLUC UV, Coll/Cs 1 % 
US, Coll/Cs 1 % w/w + TA 10 %. The untreated mixture Coll/Cs 1 % was 
considered as reference (mean values ± s.d.; n = 3). The theoretical value (sum 
of the viscosities of Coll 1 % and Cs 1 % solutions) correspond to 100 %. ANOVA 
one way; post hoc Scheffè test (p value ≤0.05): a vs b, d, e, f; b vs c- f; c vs d- f; 
d vs e, f; e vs f.  

Sample ηmix/ηt % 

Theoretical value (Coll 1 % + Cs 1.0 %) 100 
Coll/Cs 1 % 267 ± 5a 

Coll/Cs 1 % UV 291 ± 8b 

Coll/Cs 1 % + GLUC 274 ± 4c 

Coll/Cs 1 % + GLUC UV 314 ± 2d 

Coll/Cs 1 % US 440 ± 41e 

Coll/Cs 1 % + TA 10 % 4398 ± 1188 f  

Fig. 2. FTIR spectra of Coll 1 % (blue profile), Cs 1 % (green profile) and Coll/Cs 1 % mixture (red profile).  

Fig. 3. SEM images of Coll/Cs 1 %, Coll/Cs 1 % US and Coll/Cs 1 % + TA 10 %. Pore size of each specimen is also reported. Pore size evaluation was performed with 
ImageJTM software (mean values ± sd; n = 30) ANOVA one way; post hoc Scheffè test (p value ≤0.05): a vs b-c; b vs c. 
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obtained confirm the efficacy of all the cross-linking techniques 
employed. Viscosity variation % (ηmix/ηt %) was calculated in order to 
establish the best cross-linking methods in terms of viscosity increment 
[44–46]. 

In Table II are reported the ηmix/ηt % values for the hydrogels treated 

with the different cross-linking methods. The value of 100 % corre
sponds to the theoretical value calculated as the sum of Coll 1 % w/w 
and Cs 1 % w/w viscosities. The simple mixing of the two polymers 
(Coll/Cs 1 %) produces a viscosity value more than twice the theoretical 
value (dotted line in the figures), indicating the occurrence of in
teractions between the two polymers. Among the cross-linking tech
niques considered, TA shows the highest value of the viscosity variation 
%, followed by US. It must be underlined that for Coll/Cs 1 % + TA 10 %, 
such parameter is characterized by a very high variability, that could be 
index of a poor sample homogeneity. On the basis of the obtained re
sults, Coll/Cs 1 % US and Coll/Cs + TA 10 %, which are the samples 
characterized by the highest viscosity values, were chosen for the 
prosecution of the work. 

Fig. 4. Amount of PBS absorbed by Coll/Cs 1 %, Coll/Cs 1 % US and Coll/Cs 1 % + TA 10 % as a function of time (30 min, 1 h, 2 h, 3 h, 6 h, 24 h) (mean values ± sd; 
n = 3) ANOVA one way; post hoc Scheffè test (p value ≤0.05): a vs a′′; a′ vs a′′; b vs b′′; b′ vs b′′; c′ vs c′′; d vs d′, d′′; d′ vs d′′; e vs e′; e′ vs e′′; f vs f′, f′′; f′ vs f′′. 

Table III 
Swelling ratio values of freeze-dried hydrogels Coll/Cs 1 %, Coll/ 
Cs 1 % US and Coll/Cs 1 % + TA 10 % (mean values ± s.d.; n =
3). ANOVA one way; post hoc Scheffè test (p value ≤0.05): a vs b, 
c; b vs c.  

Sample Swelling ratio 

Coll/Cs 1 % 36.5 ± 0.8a 

Coll/Cs 1 % US 25.6 ± 0.6b 

Coll/Cs 1 % + TA 10 % 40.8 ± 0.4c  

Fig. 5. a) Stress-strain profiles of the freeze-dried 
hydrogels Coll/Cs 1 %, Coll/Cs 1 % + TA 10 % and 
Coll/Cs 1 % US (mean values ± s.d.; n = 3); b) stress- 
strain profiles of hydrated freeze-dried Coll/Cs 1 %, 
Coll/Cs 1 % + TA 10 % and Coll/Cs 1 % US (mean 
values ± s.d.; n = 3); c) loss tangent (tang δ) of Coll/ 
Cs 1 %, Coll/Cs 1 % + TA 10 % and Coll/Cs 1 % US 
(mean values ± s.d.; n = 3). ANOVA one way; post 
hoc Scheffè test (p value ≤0.05): a vs b, c; b vs c; a′ vs 
b′, c′; b′ vs c′; a′′ vs b′′, c′′; b′′ vs c′′.   
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3.2. FTIR analysis 

Fig. 2 shows the FTIR spectra of pure Cs, pure Coll, and Coll/Cs 1 % 
mixture. The spectrum of Cs displays, among others, the characteristics 
peaks of amide I around 1590 cm− 1 (N–H group bending) and of the 
–OH vibrations around 1400 cm− 1. Other intense peaks are observed 
around 1100–900 cm− 1 and are ascribed to the glycosidic bonds [47]. 
The FTIR spectrum of Coll presents the typical amide I, II and III bands 
around 1640, 1550 and 1230 cm− 1. The spectrum of the hydrogel 
composed by a 1:1 mixture of Coll and Cs displays, essentially, the most 
intense band of the constituent materials, without the appearance of 
notable additional peaks. This behavior has been observed in other 
cross-linked CS/Coll systems where the interaction occurs mainly by 
hydrogen bonds formation between the -OH, -NH2 and -C=O groups in 
Coll with -OH and -NH2 in Cs [48]. Further indication of the formation of 
an interaction between the two compounds comes from a general 
reduction of intensity of the amide groups of Coll suggesting the 
participation of the amino groups in the bonding formation [49]. 

3.3. Freeze-dried hydrogels characterization 

After freeze-drying process, morphological, hydration and mechan
ical properties of Coll/Cs hydrogels cross-linked by US and TA were 
evaluated. The freeze-dried untreated mixture was considered as 
reference. 

3.3.1. Morphological properties 
Fig. 3 reports the SEM images of all the three samples. Their 

morphological 3D porous interconnected structures can be appreciated. 
In particular, the mixture treated with TA shows a drastic reduction in 
pore size and a less organized structure when compared to the untreated 
sample. On the other hand, Coll/Cs US sample is characterized by a more 
regular structure with a less marked variation in pore size with respect to 
the untreated sample. This result is in line with previous reports indi
cating US is a suitable method to enhance the stability and strength of 
the hydrogel by providing a uniform inner structure [40]. 

3.3.2. Hydration properties 
Values of PBS amount absorbed during time from the three different 

scaffolds are reported in Fig. 4. As can be observed, untreated scaffold, 
together with the one cross-linked by US, are characterized by not sta
tistically different values of the amount of PBS absorbed up to 2 h. After 
3 h hydration, Coll/Cs 1 % displayed higher values of PBS absorbed with 
respect to the ultrasonicated one, probably as a consequence of an 
increased looseness of the structure deriving from the lack of a cross- 
linking treatment. On the contrary, the scaffold cross-linked with TA is 
characterized by the highest profile of buffer absorbed. Table III reports 
swelling ratio values calculated on the untreated freeze-dried hydrogel 
compared with the ones cross-linked with US and TA, respectively, upon 
24 h hydration in pH 7.4 PBS medium. It can be observed that Coll/Cs 1 
% + TA 10 % is the specimen characterized by the highest swelling ratio 
value, significantly higher with respect to that of the untreated sample. 
This could be explained by the presence of TA contributing to the in
crease of the number of hydrophilic groups present in the scaffold, 
improving the final scaffold hydrophilicity and thus the capability to 
interact with water [50]. Instead, Coll/Cs 1 % US showed the lowest 
value of swelling ratio, probably because US enhances the occurring of 
hydrophilic interactions between Coll and Cs, subtracting hydrophilic 
groups of Coll and Cs from the interaction with water [32]. 

3.3.3. Mechanical properties: compression stress, work of compression and 
viscoelastic behavior 

Freeze-dried samples (Coll/Cs 1 %, Coll/Cs 1 % US, Coll/Cs 1 % + TA 
10 %), as such and upon hydration in PBS for 24 h at 37 ◦C, were sub
jected to a compression test to evaluate their mechanical properties 
before and after their application into the wound bed. PBS was chosen as 

Table IV 
Compression work values (AUC. N⋅mm) of freeze-dried Coll/Cs 1 %, Coll/Cs 1 % 
+ TA 10 % and Coll/Cs 1 % US as such and upon hydration in PBS (mean values 
± s.d.; n = 3) ANOVA one way; post hoc Scheffè test (p value ≤0.05).  

Sample AUC (N⋅mm) 

Dried Hydrated 

Coll/Cs 1.0 % 7,673 ± 538 0.29 ± 0.02 
Coll/Cs 1.0 % US 12,041 ± 700 2.42 ± 0.21 
Coll/Cs 1.0 % + TA 10 % 2,554 ± 217 1.27 ± 0.25  

Table V 
Stress (Pa) and compression work (AUC (N⋅mm)) of freeze-dried Coll/Cs US DoE 
samples (mean values ± s.d.; n = 3). ANOVA one way; post hoc Scheffè test (p 
value ≤0.05): Stress: a vs b- i; b vs c, e, f, g, h, i; c vs d- i; d vs e- i; e vs f- i; f vs g, i; 
g vs h, i; h vs i. AUC: a′ vs b′-i′; b′ vs c′-i′; c′ vs d′, e′, f′, g′, h′, i′; d′ vs e′-i′; e′ vs f′-i′; 
f′ vs g′, i′; g′ vs h′, i′; h′ vs i′.  

Sample Stress (Pa) AUC (N⋅mm) 

Coll/Cs 1 12 ± 3a 4.9 ± 0.6a′

Coll/Cs 2 35.6 ± 0.8b 20 ± 3b′

Coll/Cs 3 71 ± 6c 43 ± 3c′

Coll/Cs 4 45 ± 9d 28 ± 7d′

Coll/Cs 5 97.8 ± 0.8e 55 ± 2e′

Coll/Cs 6 224 ± 34f 130 ± 30f′

Coll/7 s 7 121 ± 2g 71.2 ± 0.9g′

Coll/Cs 8 216 ± 4h 118 ± 4h′

Coll/Cs 9 311 ± 31i 179 ± 16i′

Fig. 6. a) Bar plot representing the factor coefficient magnitude and the 
associated error bar, at the 95 % confidence interval, for the response variable 
Stress (Pa); b) bar plot representing the factor coefficient magnitude and the 
associated error bar, at the 95 % confidence interval, for the response variable 
compression work (N⋅mm). R2 of both models resulted to be >0.9. 
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medium mimicking the wound exudate. Upon application into the 
wound bed, the freeze-dried matrix should absorb the wound exudate 
thanks to its hydrophilicity and porosity, forming a gel made insoluble 
by cross-links. Fig. 5a and b shows stress vs strain profiles of the freeze- 
dried and hydrated samples, respectively. In Table IV are reported the 
compression work values for all the samples considered. As expected, all 
the samples, upon hydration, resulted to be softer and deformable, a 
behavior suitable for in vivo application. 

Coll/Cs 1 % US is characterized by the highest stress-strain profiles 
and by the greatest values of compression work in both dry and hydrated 
state. A different behavior is observed for Coll/Cs 1 % + TA 10 % 
depending on its hydration state. While the dry sample is characterized 
by a higher stress-strain profile and a greater compression work value 
with respect to the untreated mixture, upon hydration the performance 
of the two products reverses; when hydrated, the sample offering a 
major resistance to penetration is the untreated mixture. This behavior 
can be explained by the different sample hydration tendency as sug
gested by the swelling ratio parameter (see Section 3.3.2). Indeed, US 

cross-linked Coll/Cs was the sample characterized by the lowest 
swelling behavior, meaning that it absorbs a lower PBS amount 
compared to the other two samples. Oppositely, when put in contact 
with PBS, TA cross-linked sample is characterized by the highest value of 
swelling ratio. The higher hydration of the sample is responsible for the 
decrease resistance penetration, that results to be even lower than that 
observed for the untreated mixture. 

Furthermore, viscoelastic measurements were performed on hy
drated samples and the corresponding loss tangent (tang δ) values for 
Coll/Cs 1 %, Coll/Cs 1 % + TA 10 % and Coll/Cs 1 % US were calculated 
(Fig. 5c). It can be observed that all the three samples are characterized 
by a prevalence of the elastic behavior on the viscous one as indicated by 
tang δ values (calculates as G′′/G′ ratio) lower than 1. The viscoelastic 
properties of the samples are in line with those of the compression test 
performed on hydrated samples. Coll/Cs 1 % US shows the lowest tang δ 
value, which increases moving to Coll/Cs 1 % and Coll/Cs 1 % + TA 10 
%. Therefore, sample cross-linked by US is characterized by the highest 
elastic contribution. 

Moreover, the viscoelastic behavior of the three scaffolds is in 
accordance with their hydration properties: Coll/Cs 1 % US is charac
terized by the lowest maximum PBS amount absorbed and swelling ratio 
at 24 h, followed in increasing order, by Coll/Cs 1 % and by Coll/Cs 1 % 
+ TA 10 % (Fig. 4). The PBS amount absorbed is responsible for the 
polymeric network hydration impacting on its ability to elastically react 
under the application of a stress. Minor is the PBS absorbed, higher is the 
system elasticity. 

According to the results of compression test and viscoelastic mea
surements, US was identified as the best cross-linking method for Coll/ 
Cs hydrogels due to its capability in forming a matrix with the best 

Fig. 7. a) SEM images of Coll/Cs 3, Coll/Cs 6 and Coll/Cs 9, at 50× of magnification; b) histogram: mean pore size (μm) of Coll/Cs 3, Coll/Cs 6 and Coll/Cs 9. Pore 
size evaluation with ImageJTM software (mean values ± sd; n = 30) ANOVA one way; post hoc Scheffè test (p value ≤0.05): a vs b-c; b vs c; squares: mean porosity (P 
%) values of Coll/Cs 3, Coll/Cs 6 and Coll/Cs 9 (mean values ± s.d.; n = 3) ANOVA one way; post hoc Scheffè test (p value ≤0.05): a vs b-c; b vs c. 

Table VI 
Swelling ratio values of US freeze-dried hydrogels 
Coll/Cs 3, Coll/Cs 6 and Coll/Cs 9 (mean values ± s. 
d.; n = 3). ANOVA one way; post hoc Scheffè test (p 
value ≤0.05): c vs a, b.  

Sample Swelling ratio 

Coll/Cs 3 20.4 ± 3.0a 

Coll/Cs 6 21.4 ± 1.4b 

Coll/Cs 9 14.4 ± 0.8c  
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mechanical and elastic properties. Such properties are responsible for 
the ability of the scaffold to properly withstand external stresses possibly 
present during in vivo implantation [51]. 

3.4. Influence of US freeze-dried sample composition on mechanical 
properties: DoE approach 

Once ultrasonication was defined as the best cross-linking method, 
additional studies were focused on the identification of the most suitable 
Coll/Cs hydrogel composition, varying the concentration and the ratio 
between Coll and Cs. 

In detail, a DoE approach was performed in order to evaluate, on 
statistical basis, the influence of Cs concentration [Cs] and of the con
centration ratio between Cs and Coll, [Cs]/[Coll], on the mechanical 
properties of the sample. A “full factorial design” 3k (k = 2) containing 
all possible combinations between the factors, i.e. [Cs] and [Cs]/[Coll], 
and their levels (high (+), medium (0) and low (− )) was chosen. Nine 
freeze-dried Coll/Cs matrices (see experimental part, Section 2.2.5) 
were prepared and characterized to test the mechanical properties. 
Maximum stress (Pa) and compression work (AUC (N•mm)) were 
considered as the response variables. Table V reports the results of the 9 
samples considered. It can be observed that among samples 3, 5, 7, 
containing an equal total polymer concentration (1.5 %), sample 7, 
prepared with the highest Cs concentration, is characterized by the best 
mechanical properties. As expected, samples 3, 6 and 9, characterized by 
the highest total polymer concentration, show the highest value of both 
the two response variables. 

Fig. 6a and b shows the coefficients bar plots for the response vari
ables considered; magnitude, sign and confidential level are reported. It 
can be noted that [Cs]/[Coll] is the factor with the greatest influence on 
both the parameters maximum stress and compression work; in partic
ular, [Cs]/[Coll] has a statistically negative effect on both stress and 
compression work, meaning that mechanical properties improve when 
such factor decreases. [CS] has a statistically significative positive effect 
on both the response variables, meaning that the mechanical properties 
are better on increasing Cs concentration. 

Coll/Cs 3, Coll/Cs 6 and Coll/Cs 9 prepared from CS solutions at 0.5, 
0.75 and 1 %, respectively, were chosen for the prosecution of the work. 
The weight ratio between CS and Coll for all the solutions was equal to 
0.5. 

3.5. US Freeze-dried hydrogel characterization 

3.5.1. Morphological properties 
Fig. 7a and b displays the SEM images and pore size of US freeze- 

dried Coll/CS hydrogels (samples 3, 6 and 9). It can be observed that 
an increase in the total amount of polymers lead to a less organized 
internal structure, without regular pore distribution and dimensions. 
The most organized structure is that of Coll/Cs 3, characterized by the 
lowest Cs and Coll concentrations. Fig. 7b reports the pore size (histo
gram) and porosity % (squared points). According to the results, the US 
freeze-dried hydrogel with the smallest pore size was Coll/Cs 3 (0.5 % 
Cs, 1 % Coll). Regarding porosity % values, as expected, Coll/Cs 3 (0.5 % 
Cs, 1 % Coll) and Coll/Cs 6 (0.75 % Cs, 1 % Coll) are characterized by the 

Fig. 8. a) % loss on dry weight (%W) calculated for 
each sample at different time points: t0 (0 days), t1 
(7days), t2 (14 days), t3 (21days), t4 (28days) (mean 
values ± sd; n = 30); b) pore diameter size (μm) of 
Coll/Cs 3, Coll/Cs 6 and Coll/Cs 9 subjected to 
degradation test for 28 days. Size evaluation per
formed with ImageJTM software (mean values ± sd; 
n = 30). ANOVA one way; post hoc Scheffè test (p 
value ≤0.05): a vs b, c; b vs c; a′ vs b′, c′; b′ vs c′; a′′ vs 
b′′, c′′; b′′ vs c′′; a′′′ vs b′′′, c′′′; b′′′ vs c′′′; a′′′′ vs b′′′′, c′′′′; 
b′′′′ vs c′′′′.   
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highest mean P% values, which are statistically different from that of 
Coll/Cs 9 (1 % Cs, 2 % Coll): increasing polymer concentrations corre
sponds to a decrease in sample porosity%. 

3.5.2. Hydration properties 
Table VI lists the swelling ratio values, calculated on the three US 

freeze-dried scaffolds upon 24 h hydration in pH 7.4 PBS medium. All 
the samples can absorb a high PBS amount, since all the calculated 
swelling ratios are in the range from 14.4 ± 0.8 to 21.4 ± 3.0. This 
means that the samples can absorb PBS reaching weight values up to ≈
15 − 20 times their initial weight. After in vivo application at the site of 
injury, the highly porous structure of these samples allows the absorp
tion and the drainage of the wound exudate, with the consequent for
mation of a gel, resembling the hydrated ECM microenvironment thus 
creating an ideal architectural pattern in which cells can proliferate 
[52]. 

Notably, a different hydration is observed depending on the amount 
of Coll and Cs present in the scaffold. As a matter of fact, Coll/Cs 3 and 
Coll/Cs 6 are characterized by higher swelling ratio values if compared 
to Coll/Cs 9. These results could be explained considering that higher 
concentrations of the two polymers lead to the formation of an exces
sively interconnected network that hinders the hydration process of the 
scaffold. The porosity % results previously shown can support this 
statement since the Coll/Cs 9 was the sample characterized by the lowest 
porosity % value. 

3.5.3. In vitro degradation properties 
A degradation test was performed on US freeze-dried hydrogels Coll/ 

Cs 3, Coll/Cs 6 and Coll/Cs 9 to evaluate scaffolds stability in PBS me
dium at 37 ◦C for 28 days. Fig. 8a shows the comparison between % loss 

on dry weight (%W) of each sample at different time points: t0 (0 days), 
t1(7 days), t2 (14 days), t3 (21 days), t4 (28 days), calculated as reported 
in Section 2.2.6.4. All the three scaffolds do not reach values below 40 % 
of W% after 28 days of immersion in PBS medium. 

Morphologic properties of the scaffolds were also evaluated at each 
time point by measuring the pore size (μm) of the US freeze-dried 
hydrogels (Coll/Cs 3, Coll/Cs 6 and Coll/Cs 9) after soaking in PBS. 
The results are reported in Fig. 8b and show an increase in pore size by 
increasing time due to the greater laxity of the structure caused by the 
degradation of the scaffold with time. 

3.5.4. In vitro cell proliferation and adhesion properties 
The cell proliferation and adhesion properties of the optimized US 

cross-linked Coll/Cs freeze-dried hydrogels were assessed on NHDF. 
NHDF cells represent one of the most suitable model cell lines for in vitro 
evaluation of scaffolds intended for the treatment of skin injuries, as 
they are the most abundant cell type in all connective tissues and play an 
important role in wound healing process [53,54]. 

Results of the proliferation test are reported in Fig. 9a as the per
centage of living cells after contact with the freeze-dried hydrogels after 
3 and 7 days. After 3 days of contact, all the samples show low cell 
viability % values. It could depend on the fact that cells need time to 
enter the scaffold architecture and to contact each other. After 7 days, 
Coll/Cs 3 sample was characterized by a marked increment of % cell 
viability, higher with respect to the other samples, confirming the pro
liferation enhancement of such scaffold. Moreover, Fig. 9b shows CLSM 
microphotographs of NHDF grown on freeze-dried hydrogels, after 3 and 
7 days, during cell adhesion assay. It is evident that cell proliferation on 
Coll/Cs 9 was limited when compared to Coll/Cs 3 and Coll/Cs 6. In fact, 
Coll/Cs 3 and Coll/Cs 6 microphotographs reveal that the cells 

Fig. 9. a) Viability % values calculated after 7 days of cells contact with Coll/Cs 3, Coll/Cs 6 and Coll/Cs 9 (mean values ± s.d.; n = 6). CM was considered as control. 
ANOVA one-way; post hoc Scheffè test (p < 0.05): Coll/Cs 6 at 3 days vs Coll/Cs 9 at 3 days; b) CLSM Microphotographs of NHDF grown on Coll/Cs 3, Coll/Cs 6 and 
Coll/Cs 9, for 3 and 7 days: confocal-laser scanning microscopy; nuclei in blue, Hoechst 33258; cytoskeleton in red, TRITC. Scale bars: 50 μm. 
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proliferated and grown on and inside the porous 3D interconnected 
scaffold, resulting in a complete colonization. In particular, Coll/Cs 3 
showed the highest extent of cell colonization. It is clear from both the 
tests performed that Coll/Cs 3 has a superior ability in supporting and 
facilitating cell adhesion and growth, suggesting an optimal cells- 
substrate interaction, probably due to the fact that it is characterized 
by a lower total amount of polymers with respect to the other two 
samples, that in turn is responsible, as mentioned above, for the lowest 
pore size (about 170 μm), 70 % porosity, and a high swelling ratio. These 
are all key factors to create a suitable environment for cell attachment 
and growth. 

3.5.5. In vivo wound healing properties (rat model) 
Results of in vivo biocompatibility are reported in Fig. 10. After 18- 

day treatment, for each sample, the wound area was totally recon
stituted with a completely regenerated epithelium. The treatment with 
saline solution (control) resulted in a less advanced healing stage with 
respect to the treatments with the three scaffolds. 

All the treated samples still showed signs of the proliferative phase of 
healing, with several forming blood vessels and a residual area of 
granulation tissue (a mixture of proliferating capillaries, fibroblast and 

inflammatory cells in a loose edematous extracellular matrix). In 
particular, it was observed an increase in granulation tissue as the total 
amount of Coll and Cs increases. According to that, sample treated with 
Coll/Cs 3 was characterized by the lowest amount of granulation tissue 
(extension area of <1 mm) meaning that it was the sample at the most 
advanced stage of healing process, if compared with the others two. 
However, the entire surface of the lesion treated with the freeze-dried 
hydrogels was covered with new epithelium, fully restored in multiple 
layers of cells and with a fair degree of keratinization. Skin appendages, 
such as hair follicles and glands, were reforming. Collagen was laid 
down and remodeled in an appropriate orientation to withstand the 
tensile stresses placed on the repair area, suggesting a maturation and 
remodeling phase of the healing process [55–57]. Moreover, PSR stain 
showed a continuous collagen layer, rich in orange-to-red fibers, with a 
pattern identical to that of intact skin, confirming the complete safety of 
the scaffolds. These results indicate that US Coll/Cs freeze-dried 
hydrogels can be used as effective wound dressings as they ensure a 
regular healing process while providing effective protection from in
fections for the presence of Cs [22]. Especially, Coll/Cs 3 resulted to be 
the most promising one, confirming in vitro experiments results. After 
18-day treatment, no scaffold or part of it was observed, indicating a 
complete biodegradation. This result suggests that the Coll/Cs scaffold is 
characterized by an in vivo degradation process that is suitable for the 
complete regeneration and healing of the wounds. The fact that the 
scaffold degradation goes along, in terms of time, with the healing 
process, is a desirable property for wound medications. Moreover, no 
sign of local inflammation was observed at the site of the implant. 
Therefore, the ability of the degrading scaffold to provide wound heal
ing, without triggering an immune response, could suggest that the Coll/ 
Cs based scaffolds herein developed could be promising dressings for 
chronic skin injuries. 

Both Cs and Coll are recognized to be strictly involved in wound 
healing process promotion. Fibroblast activation, migration and prolif
eration, cytokine production, stimulation of the synthesis of Coll type IV 
and polymorphonuclear cell activation are among Cs principal 
biochemical activities in wound healing [58]. Coll is a mediator of 
various key steps that are critical for a successful wound healing process, 
namely inflammation, angiogenesis, formation of the granulation tissue, 
re-epithelization, and platelet aggregation [59]. Because of the 
commitment of Cs and Coll in regulation and modulation of such pro
cesses, a hydrogel wound dressing composed of them could be highly 
promising for the promotion of wound healing process. 

4. Conclusions 

A promising biodegradable cross-linked porous scaffold consisting of 
Coll and Cs was developed for the treatment of chronic skin ulcers. Three 
different cross-linking methods were investigated to identify the most 
suitable one for Coll and Cs. As a result, the ultrasonication method was 
found to be the ideal cross-linking method due to its ability in providing 
a hydrogel with the best compromise between mechanical properties 
and elastic behavior. Furthermore, a DoE approach was successfully 
employed to investigate the influence of Cs concentration (% w/w) and 
Cs and Coll weight ratio on ultrasonicated cross-linked scaffold me
chanical properties. In vitro studies on a model cell line (Fibroblast cells) 
pointed out the best performance of the Cs/Coll 3 scaffold in promoting 
cell proliferation and adhesion. The best regenerative potential of such 
scaffold was confirmed in a murine model. 

Further work on the Cs/Coll manufacturing process is planned in 
order to obtain a scaffold with standardized structural properties. In 
addition, a deeper evaluation of the consistency of the structure 
throughout the scaffold and from one scaffold to another needs to be 
performed [60]. The final prototype obtained should be subjected to a 
further characterization such as hemocompatibility and systemic 
toxicity, important criteria for their successful in vivo applicability 
[61,62]. 

Fig. 10. H&E (upper panel) and PSR (lower panel - with bright field images; 
right panel - with polarized light) sections of (a) intact skin, (b) lesion treated 
with saline solution as negative control, (c), (d) and (e) lesion treated with the 
three different Coll/CS scaffolds. Original magnification: Original magnifica
tion: 5×. Each micrograph frame has a width of 1780 μm. 
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