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A B S T R A C T

Although the multidisciplinary area of liver tissue engineering is in continuous progress, research in this field is
still focused on developing an ideal liver tissue template. Innovative strategies are required to improve mem-
brane stability and bioactivity.
In our study, sustainable biomimetic membranes were developed by blending methacrylated chitosan (CSMA)

with jellyfish collagen (jCol) for liver tissue engineering applications.
The in vitro biological behaviour demonstrated the capability of the developed membranes to create a suitable

milieu to enable hepatocyte growth and differentiation. The functionalization of chitosan together with the
biocompatibility of marine collagen and the intrinsic membrane properties offered the ideal biochemical,
topographical, and mechanical cues to the cells. Thanks to the enhanced CSMA/jCol membranes’ characteristics,
hepatocytes on such biomaterials exhibited improved growth, viability, and active liver-specific functions when
compared to the cell fate achieved on CSMA membranes. Our study provides new insights about the influence of
membrane properties on liver cells behaviour for the design of novel instructive biomaterials. The enrichment of
functionalized chitosan with marine collagen represents a promising and innovative approach for the develop-
ment of an appropriate platform for hepatic tissue engineering.

1. Introduction

The creation of biomimetic materials for the regeneration and repair
of injured tissues and organs remains a challenging issue in biomedical
field. Specially, the regulation of specific biomaterial characteristics in
the development of ideal tissue and/or organ analogues and their bio-
activation through signals, capable of directing cell and tissue fate,
represent a crucial challenge in tissue engineering. Membrane-based
approaches are successfully employed for the creation of various func-
tional tissue-engineered constructs [1–3]. Polymeric membranes are
suitable material for liver tissue engineering owing to their intrinsic

characteristics of high selectivity and permeability together with their
ability to be easily scaled-up with modulated structural, physicochem-
ical and mechanical properties. It is widely recognized that membranes
offer specific cues to hepatocytes for recapitulating the in vivo milieu of
natural microenvironments, driving three-dimensional (3D) liver tissue
formation [4–6]. However, concerted efforts towards innovative stra-
tegies and approaches are still needed to improve membrane perfor-
mance in terms of stability and bioactivity aiming at developing an ideal
functional liver tissue for biomedical applications. Natural polymers,
such as collagen, and chitosan (CS), exhibit several attractive features
for the hepatic tissue regeneration. Their combination offers at the
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cellular interface a proper microenvironment that resembles the natural
liver niche. CS is the most common naturally occurring cationic polymer
that comes from theN-deacetylation of chitin, the secondmost prevalent
biopolymer found in nature. CS has a large number of uses in tissue
engineering due to its own features like biodegradability, nontoxicity
and biocompatibility. It has a structural similarity to glycosaminogly-
cans, which are components of the liver extra cellular matrix (ECM),
making it an efficient biomaterial for liver tissue engineering [7].
Nevertheless, CS must be modified to balance its hydrophilic character
and poor stability before it can be potentially used in tissue engineering.
These modifications can be effectively achieved in CS considering that it
has many functional groups, including hydroxyl (OH) and amino (NH2)
groups. Hence, its structure can be precisely controlled by physically or
chemically crosslinking of the polymer chains. Both strategies show
peculiar drawbacks and limitations. Indeed, physical crosslinking does
not allow obtaining biomaterials with appropriate structural stability, in
high or low pH environments, and controlled biodegradation rates. On
the other side, chemically crosslinking is potentially cytotoxic, due to
possible presence of unreacted reagents entrapped in the system.
Furthermore, it is widely reported that common crosslinkers, such as
formaldehyde and glutaraldehyde, are not cell friendly. To overcome
these disadvantages, and to produce strong and durable biomaterials,
photocrosslinking has emerged as an alternative chemical crosslinking
approach in which chemically modified polymer derivatives, such as
methacrylated chitosan (CSMA), without using hazardous chemical
crosslinkers, are employed [8]. Moreover, the functionalization reaction
can occur quickly, at room temperature, and physiological pH [9].

In this work, the idea was to functionalize CS with methacrylic an-
hydride (MA), obtaining a CSMA polymer that could be photo-
crosslinked by activating the carbon–carbon double bond using Irgacure
2959 as an initiator to create a free radical under ultraviolet (UV) light.
The aim was to improve the stability and better tune the degradation
time, providing amore cohesive and stable material. Furthermore, in the
recent years, polymer blending is one of the most successful methods for
providing suitable polymeric materials with desirable properties for
specific tissue engineering applications. Many polymers have been used
to improve the properties of CS-based biomaterials. Among them,
collagen is particularly interesting as it represents the main structural
component of the ECM in all connective tissues and interstitial tissues of
the parenchymal organs. Collagen has excellent mechanical strength
and viscoelasticity, which allow it to be involved in several biological
activities of the human body, such as cell proliferation, migration, and
adhesion. This biomaterial has attracted the interest of researchers as it
has excellent biocompatibility, low antigenicity, biodegradability, hy-
drophilicity, and cell adhesive properties for soft tissue engineering
applications. Recently, marine organisms have drawn attention as
biocompatible, eco-friendly, and safe sources of collagen. Marine
collagen removes the risk of transmissible diseases, overcomes the limits
of religion and, at the same time, exhibits high similarity in morphology
and function with mammal collagen [10]. The growing attention to
possible uses of fishing discards, including fishing by-catch as jellyfish,
plays an important role in economic growth and sustainable develop-
ment, as they represent a rich and eco-friendly source of value-added
compounds [11]. Many studies have shown that the jellyfish organic
matter consists mainly of collagen [12]. Among different species already
studied, the scyphomedusan Rhizostoma pulmo from the Mediterranean
Sea presents high collagen content compared to other jellyfish [13].
Furthermore, the increase in water temperature as a result of global
climate change causes seasonal blooms resulting both in direct and in-
direct negative impacts and an increase in plentiful supply. Studies ob-
tained so far on jellyfish collagen have shown that it exhibits greater cell
viability to osteoblasts and fibroblasts compared to other biomaterials,
including bovine collagen, as reported by Song et al. [14], probably due
to some differences in their amino acid composition. Furthermore, it
displays low antigenicity and intrinsic ability to trigger immune reaction
in <1 % of the general population [15].

Jellyfish collagen (jCol) was extracted from R. pulmo obtained from
fishery by-catch, to establish a sustainable process in line with the zero-
waste and circular economy procedures. Previous studies have shown
that the R. pulmo collagen shows a high degree of similarity to the
mammalian type I collagen [16] and shares important characteristics
with it, such us the ability to support two dimensional (2D) and 3D cell
cultures.

Taking advantage of the properties of each compound, namely CSMA
and jCol, and to reduce specific limitations of each single material, such
as poor mechanical stability, inappropriate degradation rate and
wettability, we explored new sustainable bioactive composite mem-
branes for the creation of an in vitro liver tissue analogue. A CSMA
membrane and two blend membranes with different percentages of
polymers were prepared by phase inversion technique. The membranes
were fully characterized to assess their morphology, roughness, wetta-
bility, biodegradation, and mechanical properties, which play an
important role in guiding hepatocyte differentiation and maintenance of
specific functions.

The effects of the different composition-related properties of the
developed membranes were analysed on liver cell behaviour by
culturing embryonic liver cells up to 18 days. Within the membrane
systems cell morphology, viability and functional hepatic differentiation
were analysed; albumin production, glycogen storage, and expression of
liver specific markers were assessed to address how changes in mem-
brane composition could affect membrane properties, which strongly
influence hepatic growth and differentiation. We investigated the role of
marine collagen in dictating membrane characteristics and its efficiency
in inducing liver tissue regeneration with the final goal to demonstrate
the potential of these sustainable biomimetic membranes as new gen-
eration of membranes with excellent comprehensive performance.

Research on membranes developed by the enrichment of CSMA with
marine collagen to provide suitable hepatic tissue microenvironment for
functional hepatocytes is still ongoing. Thus, our research establishes
new perspectives in this field. Furthermore, the main novelty of the
work is that, for the first time, two techniques—solvent casting for the
synthesis of membranes, and photocrosslinking—were coupled as a
promising and innovative approach for the creation of novel instructive
biomaterials for liver tissue engineering applications.

2. Materials and methods

2.1. Raw material collection

Jellyfish were obtained from the by-catch of commercial fishing
activities held in the marinas of Monte di Procida and Mondragone
(central-western Mediterranean Sea). In particular, Rhizostoma pulmo
(Macri, 1778) specimens were collected in September 2021 and June
2022 using trammel nets (1 m in height and ~ 550 m in length; net
consisting of an inner panel of 4.8 cm stretched mesh between two
panels of 25 cm stretched mesh) fishing passively on a sandy bottom off
the Fusaro Lake mouth (40.8230◦ N, 14.0451◦ E) and off the Agnena
river mouth (41.0743◦ N, 13.8988◦ E). Soon after disentangling them
from nets, jellyfish were placed into cold storage containers in single
plastic bags filled with seawater, and soon transferred to the Laboratory
of Benthos-Napoli (Stazione Zoologica Anton Dohrn, Naples, Italy) for
subsequent laboratory work.

2.2. Collagen extraction and characterization

All steps of the acid-soluble collagen extraction were carried out on
fresh jellyfish, at 4 ◦C, according to the method described by Addad and
collaborators [16], with slight modifications. Briefly, the umbrella and
oral arms of each specimen were separated to perform the extraction
separately and cut into small pieces. To remove non-collagenous pro-
teins, jellyfish pieces were washed with distilled water and soaked in 0.1
M sodium hydroxide (NaOH, Sigma Aldrich, Milan, Italy) with a wet
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tissue/solution ratio of 1:1 (w/v) overnight, under continuous stirring.
The treated tissues were washed with distilled water until neutral pH
was reached and then extracted with 0.5 M acetic acid (CH₃COOH,
Sigma Aldrich, Milan, Italy) (1:1 w/v) and stirred for 3 days, twice. The
insoluble components were separated with cotton cloth and the filtrates
were centrifuged at 20000 xg for 1 h. The acid-soluble collagen was
precipitated by adding sodium chloride (NaCl, Sigma Aldrich, Milan,
Italy) to a final concentration of 0.9 M. The precipitate was collected by
centrifugation at 4 ◦C, 20000 xg for 1 h. The pellet was dissolved in a
minimum volume of 0.5 M CH₃COOH, and dialyzed against 0.1 M
CH₃COOH first, subsequently against distilled water, then lyophilised for
subsequent uses.

Sodium Dodecyl Sulphate - PolyAcrylamide Gel Electrophoresis
(SDS–PAGE) was performed by the method of Laemmli, with modifi-
cations. 1 mg of jCol was dissolved in 100 μL of CH₃COOH, then mixed
with 100 μL Tris (hydroxymethyl) aminomethane (THAM) hydrochlo-
ride (Tris–HCl, Sigma Aldrich, Milan, Italy), pH 8.8 containing 4 % SDS.
The samples were heated at 50 ◦C for 5 min. Solubilized samples were
mixed with the sample buffer 2× (0.5 M Tris–HCl, pH 6.8, 5 % SDS, 20%
glycerol, 10 % 2-mercaptoethanol) and 10 μL of each sample were
loaded onto a polyacrylamide gel (7.5 % separating gel and 4 % stacking
gel) and subjected to electrophoresis, at 140 V. Coomassie Brilliant Blue
R-250 was used for the visualization of the bands. Spectra Multicolor
High Range Protein Ladder (Thermo Fisher Scientific, MA, United
States) was used as protein marker and the type I collagen from Calf skin
(Sigma Aldrich, MA, United States) was used as standard.

Fourier-transform infrared (FTIR) spectroscopy in attenuated total
reflectance (ATR) mode, using lyophilized jCol samples, was performed
(Thermo Fisher Nicolet IS10, Waltham, MA, United States of America)
between 4500 and 500 cm− 1 with a resolution of 2 cm− 1, with each
spectrum being the average of 32 scans, to evaluate the presence of
collagen’s characteristic chemical bounds/groups.

X-Ray diffraction analysis (XRD) was exploited to examine the
crystal structure of extracted jCol. The lyophilized jCol sample was
scanned using an XRD instrument (XPERT-PRO, Malvern Panalytical,
United Kingdom) with Cu Kα radiation (λ = 1.54060 Å). Voltage and
current were fixed at 40 kV and 30 mA, respectively. The scanning range
was set to be between 10◦ and 80◦ (2θ) in a fixed time mode at room
temperature, meanwhile voltage and current were 0 kV and 30 mA,
respectively.

2.3. CSMA synthesis and characterization

CSMA was synthesized according to literature with minor modifi-
cations [8]. Briefly, high molecular weight CS (1.5 g) (HMwCS, Mw -
310,000-375,000 Da, degree of deacetylation >75 %, Sigma Aldrich,
Milan, Italy) was first dissolved in 4%v/v CH₃COOH (100 mL) overnight
at 40 ◦C under magnetic stirring. 4.6 mol methacrylic anhydride (MA,
Sigma Aldrich, Milan, Italy) per mole of CS repeat unit, which is
equivalent to 6 mL, were slowly added to the solution. The mixture was
maintained at 40 ◦C, under magnetic stirring, for 12 h, protected from
light. Afterwards, the products were redispersed in deionized water (for
chromatography LC-MS Grade, conductance at 25 ◦C ≤ 1 μS/cm, Sigma
Aldrich, Milan, Italy), purified by dialysis against distilled water for five
days, using dialysis membrane tubes (12–14 kDa molecular weight cut-
off; Sigma Aldrich, Milan, Italy) to ensure complete removal of MA and
CH₃COOH. During the dialysis, distilled water was refreshed at least
twice a day. The material was lyophilized (LaboGene’s CoolSafe 55–4
PRO, Bjarkesvej, Denmark) and stored at − 80 ◦C for further use.

1H Nuclear magnetic resonance (1H NMR, Bruker AVIII 400HD,
Fällanden, Swiss) was employed to evaluate the functionalization re-
action’s effectiveness. CS and CSMA (5 mg/mL) were completely dis-
solved in deuterium oxide (D2O) acidified with 30 μL trifluoroacetic acid
(Sigma Aldrich, Milan, Italy) and allowed to be dissolved overnight at
room temperature using a vortex mixer. Afterwards, they were trans-
ferred into NMR tubes and analysed at a frequency of 400 MHz. Phase

and baseline corrections were applied before elaborating data.
ATR-FTIR spectroscopy was employed to assess the CS functionali-

zation postmethacrylation reaction. CS and CSMA were scanned be-
tween 500 and 4500 cm− 1 with a resolution of 2 cm− 1. Data were
analysed on the base of the average of six scans per spectrum.

2.4. Preparation of CSMA/jCol membranes

Membranes were prepared in flat configuration by the inverse phase
technique. To obtain the membranes, 2 % w/v CSMA was dissolved in a
CH₃COOH solution (1 M). Polyethylene glycol (PEG, MW 6000 Da;
Merck, Italy) at a 4:1 ratio, and Irgacure 2959 (Sigma Aldrich, Milan,
Italy) (5 % w/wCSMA) were added to the CSMA solution, as porogen and
photocrosslinker, respectively.

Similarly, CSMA/jCol composite membranes were obtained by
varying collagen content into the CSMA solution. Briefly, jCol was dis-
solved in CH₃COOH (0.5 N) to give a final concentration of 2 mg/mL.
The collagen solution was added to the CSMA solution, prepared as
described above, by mechanical stirring until a good collagen dispersion
was obtained. The collagen content was adjusted to the desired per-
centage. Two blendmembranes with different volume percentages (% v/
v) of polymers, namely 70 % CSMA and 30 % jCol (CSMA/jCol30), and
50 % CSMA and 50 % jCol (CSMA/jCol50) were produced by mixing the
corresponding polymeric solutions. The CSMA and CSMA/jCol solutions
with different collagen concentration were cast into a petri dish (Ø =90
mm) and dried at room temperature, until complete solvent evapora-
tion. The membranes were neutralized by immersion in a 1 % NaOH
solution, and then washed with distilled water.

All membranes were photocrosslinked by using UV-KUB 2 system (λ:
365 nm, P: 1 J/cm2) (Kloe, France). Lastly, the membranes were ster-
ilized using UV light in a laminar flow chamber for 30 min.

2.5. Characterization of membranes

The morphology of membranes coated with graphite was examined
using a High-Resolution Scanning Electron Microscope (HRSEM mod
CrossBeam 350 ZEISS – Germany) @ 5 KVolt of energy. Images were
acquired with secondary electron signal (SE).

The surface topography was characterized by atomic force micro-
scopy (AFM) using a Multimode VIII equipped with a Nanoscope V
controller (Bruker, Santa Barbara, CA, United States). The microscope
was operated in tapping mode in air using a lever oscillating at a fre-
quency of 150 kHz (Bruker). Images were acquired on 2 × 2 μm2 areas,
with 256 × 256 acquisition points and a scan rate of 1 Hz. Surface
roughness was estimated with respect to the average roughness (Ra) and
the root mean squared roughness (Rq).

The chemical composition of membranes was characterized by ATR-
FTIR analysis. Infrared spectra were collected using Perkin Elmer
Spectrum 100 spectrophotometer (Waltham, USA) in the range of
4000–650 cm− 1 and with a resolution of 4 cm− 1.

Membrane thickness was measured with a micrometer (Carl Mahr
40E, Germany). A capillary flow porometer (CFP 1500 AEXL, Porous
Materials Inc., PMI, Ithaca, NY, United States) was employed to measure
the mean pore diameter of each membrane.

The wettability of the membranes was determined by water contact
angle (WCA) measurements with a contact angle meter (KSV In-
struments, Ltd., Helsinki, Finland) by using the sessile drop method. The
WCA results are the mean of 30 measurements.

The mechanical properties of membranes were assessed using a
tensile testing machine (Zwick/Roell Z2.5, Germany). Five samples of
each kind of membrane (4 cm × 1 cm) were analysed under uniaxial
tension until failure to determine values of Young’s modulus (E), ulti-
mate tensile strength (UTS) and elongation at break (ε).

To assess the degradation properties, the membrane samples (2 cm2)
were placed into phosphate buffer solution (PBS, Sigma Aldrich, Milan,
Italy), pH = 7.4, containing lysozyme (1 mg/mL, Sigma Aldrich, Milan,
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Italy), supplemented with 0.02 % sodium azide (NaN3, Sigma Aldrich,
Milan, Italy), and incubated at 37 ◦C. Fresh solution was replaced every
6 days. After regular intervals of time, the samples were removed from
the enzymatic solution, washed with distilled water, and dried at 37 ◦C
until reaching constant weight. Then, the dissolution index was calcu-
lated as:

%S =
Wi − Wd

Wi
× 100 (1)

where Wi is the sample weight before incubation in enzymatic solution
and Wd is the dried sample weight after dissolution test. Three samples
of the developed membranes were characterized and the data were
presented as average ± SD.

2.6. Liver cell cultures

Rat embryonic liver cells (17 day embryonic liver of Japanese albino
rat) (RLC-18), DSMZ, Braunschweig, Germany) were cultured in RPMI
medium containing L-glutamine, supplemented with 10 % (v/v) heat-
inactivated fetal calf serum (FCS, Euroclone, Milan, Italy) and 100
mg/mL penicillin-streptomycin (Sigma Aldrich, Milan, Italy) at 37 ◦C in
a humidified CO2 incubator (95 % air, 5 % CO2) and subcultured twice a
week using trypsin (0.05 %)/ Ethylenediaminetetraacetic acid (0.025
%) solution (EDTA, Sigma Aldrich, Milan, Italy). The cells were seeded
at 9 passages on the different kind of membranes at a density of 1 × 104

cell/cm2. The culture medium was changed every 48 h.

2.7. Scanning electron microscopy analysis

The morphology of cells cultured on the developed membranes was
analized by SEM observation. At day in vitro (DIV) 14, samples were
fixed using 3 % v/v glutaraldehyde (Sigma Aldrich, Milan, Italy) with 1
% v/v formaldehyde (Sigma Aldrich, Milan, Italy) in PBS for 30 min at
4 ◦C, then stained with 1 % v/v osmium tetroxide (OsO4, Sigma Aldrich,
Milan, Italy) in PBS for 30 min at 4 ◦C, rinsed three times with PBS and
dehydrated with a graded series of ethanol (10–100 % v/v), and left at
room temperature to dry.

2.8. Cell viability

Cell viability was evaluated by trypan blue exclusion test. After 7, 13
and 18 days of culture, cells were detached from the different membrane
systems by trypsin/EDTA solution (Euroclone, Italy) treatment and
centrifuged at approximately 600 xg for 5 min at room temperature. The
cell pellet was resuspended in culture media and the total number of
cells was determined using trypan blue stain (Sigma Aldrich, Milan,
Italy) and hemocytometer under a Light Optic Microscope (Axio Vert,
Zeiss, Gemany). Cell viability was calculated as the number of viable
cells per cm2.

2.9. Cell immunostaining for laser scanning confocal microscopy

The behaviour of cells in culture on the different membranes was
analysed by Laser Scanning Confocal Microscopy (LSCM, Fluoview
FV300, Olympus) after the immunostaining of actin cytoskeleton pro-
tein, vinculin focal adhesion protein, markers of mature liver, namely
albumin and cytokeratin 18 (CK18), and hepatoblasts alfa feto protein
marker (AFP).

Hepatocytes in the membrane systems were fixed in 4 % (w/v)
paraformaldehyde for 15 min, followed by permeabilization and
blocking with a solution containing 0.3% v/v Triton X-100 and 10% v/v
foetal bovine serum (FBS, Euroclone, Italy) in PBS for 1 h at 37 ◦C.
Samples were then incubated overnight at 4 ◦C with the following pri-
mary antibodies: anti-vinculin (1:200, Santa Cruz Biotechnology), anti-
CK18 (1:200, Santa Cruz Biotechnology), anti-Albumin (1:200, (Bethyl

laboratories), anti-AFP (1:200, Santa Cruz Biotechnology). Actin was
stained with Alexa 488-conjugated phalloidin (Molecular Probes,
Eugene, OR). Secondary antibodies, Cy2™-conjugated Affini Pure
donkey anti-rabbit IgG, Cy3™-conjugated Affini Pure donkey anti-
mouseIgG and a Cy5™-conjugated Affini Pure donkey anti-goat IgG
(1:500, Jackson ImmunoResearch Europe Ltd) were then added for 1 h
at room temperature. The nuclei of cells were stained with DAPI (200
ng/mL, Molecular Probes). Finally, samples were rinsed, mounted and
observed at LSCM.

Quantitative analysis was performed by calculating the percentage of
positive cells for each liver marker proteins (albumin, CK18 and AFP
positive nuclei) over the total (DAPI-stained nuclei).

The fluorescence intensity for stained actin and vinculin was calcu-
lated on LCSM images of cells at DIV13, in a series of squared areas of
235 × 235 μm of the x–y axis vs the z axis of acquired images, using
Fluoview 5.0 software (Olympus Corporation). Each image was
composed of 20 slices, having an optical thickness of 0.5 μm. Photo-
multiplier settings were the same for all acquisitions with each dye.
Images were acquired from randomly selected fields.

2.10. Glycogen detection

Cells at the endpoint of the differentiation stage were stained using a
Periodic acid-schiff (PAS) kit (Sigma Aldrich, Milan, Italy) for glycogen
analysis. Cells were fixed in 4 % formaldehyde, permeabilized with 0.1
% Triton X-100 for 10 min, and then oxidized in 1 % periodic acid for 5
min, rinsed 3 times in deionized water (dH2O), treated with Schiff’s
reagent for 15 min, and rinsed in dH2O for 5–10 min. Samples were
counterstained with Mayer’s hematoxylin (Sigma Aldrich, Milan, Italy)
for 1 min and rinsed in dH2O and finally, the cells were visualized by
light microscopy.

2.11. Albumin synthesis

Liver-specific cellular functions were investigated in terms of the
capacity of cells to produce albumin which is integral to hepatocytes
function. To this end, the supernatants of cell cultures were collected
and stored at − 20 ◦C until analysis. The amount of albumin in the me-
dium was determined by a sandwich enzyme-linked immunosorbent
assay (ELISA), as previously reported. 96-well plates were coated with
50 μg/mL rat albumin (Sigma, Milan, Italy) and left overnight at 4 ◦C.
After 4 washes, 100 μL of cell culture supernatant was added to the wells
and incubated overnight at 4 ◦C with 100 μL of anti-rat albumin
monoclonal antibody conjugated with horseradish peroxidase (Bethyl
Laboratories, Inc., United States). After 4 washes, the substrate buffer
containing tetramethylbenzidine and hydrogen peroxide (H2O2, Sigma,
Milan, Italy) was added for 7 min and the reaction was stopped with 100
μL of 8 N Sulfuric acid (H2SO4, Sigma Aldrich, Milan, Italy), followed by
absorbance measurements at 450 nm with a Multiskan Ex (Thermo Lab
Systems).

2.12. Statistical analysis

Statistical analysis was carried out using one-way ANOVA test fol-
lowed by Bonferroni t-test. A value of p < 0.05 was considered statisti-
cally significant.

3. Results and discussion

3.1. Jellyfish collagen (jCol) extraction and characterization

Over the past few years, studies involving the extraction of collagen
from marine sources for applications in the nutraceutical, cosmeceut-
ical, and pharmaceutical industries have been increasing, also high-
lighted by the growing number of scientific publications [17]. In
particular, jellyfish collagen (jCol) currently represents an excellent
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alternative to commercially available mammalian collagens.
In this work, we obtained the native form of jCol from R. pulmo from

fisheries by-catch through the acid-solubilized collagen extraction,
avoiding the pepsin digestion step (Fig. 1A), as described in Section 2.2.
The use of discarded by-catch species is in line with the development of a
sustainable process, providing a possible reduction of fishing discards, in
accordance with the recent European Common Fisheries Policy (CFP).

Fibrillar collagen type I is the most abundant protein in vertebrates.
It is a heterotrimer consisting of two α1- and one α2-chains, generally of
129 kD and 139 kD, respectively. The SDS-PAGE analysis of extracted

jCol showed the characteristic protein bands, corresponding to the
molecular mass reported in previous publications on the molecular
weight of R. pulmo collagen [16,18] (Fig. 1B). Higher molecular weight
bands were also observed indicating the presence of β- (approximately
260 kD) and γ- (>350 kD) chains, suggesting the existence of dimers or
trimers of α chains, respectively [19]. Moreover, no differences in the
protein patterns between R. pulmo umbrella or oral arms were observed.
It is important to consider that the triple-helical proteins exhibit an
apparent electrophoretic mobility that is not related to their molecular
masses, due to the low content of hydrophobic residues. As expected

Fig. 1. Jellyfish Collagen (jCol) extraction and characterization.
(A) Representative Scheme of the collagen extraction process from jellyfish.
(B) SDS-PAGE analyses of R. pulmo umbrella (U) and oral arms (OA) collagen; Calf type I collagen (CALF); M represents molecular weight markers in kDa.
(C) ATR -FTIR spectrum of jCol between 4500 and 500 cm− 1.
(D) X-ray diffraction pattern of jCol.
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from the literature, the bands corresponding to the α and β chains of the
extracted jCol have a slightly higher apparent molecular mass than the
calf counterpart (Fig. 1B). This could be due to the different amino acid
composition of R. pulmo collagen, containing less hydroxyproline, pro-
line, glycine, and glutamic acid residues than mammalian type I
collagen [20]. However, although these residues are involved in the

formation and stability of the quaternary structure of type I collagen,
they do not appear to influence the structure of collagen [21].

As shown in Fig. 1C, the ATR-FTIR spectrum of the jCol exhibited the
representative peaks attributed to amide A, amide B, amide I, amide II,
and amide III. For instance, the band position of amide A was found at
3278 cm− 1 and corresponded to stretching vibrations of N–H, that

Fig. 2. CSMA synthesis and characterization.
(A) Representative scheme of reaction between Chitosan (CS) and methacrylic anhydride (MA) to obtain methacrylated chitosan (CSMA).
(B) 1H NMR of CS and CSMA.
(C) ATR-FTIR of CS and CSMA between 4000 and 650 cm− 1.
(D) ATR-FTIR of CS and CSMA between 2000 and 650 cm− 1. Both analyses highlighted the success of the functionalization reaction, reporting the typical functional
groups and the moieties introduced by the methacrylation reaction.
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generally occur at 3400–3440 cm− 1 when the N–H group is free from
hydrogen bonding [22]. In this work, the band position resulted at low
frequency, suggesting that N–H groups were involved in the hydrogen
bond formation which helps to hold the triple helical structures together
within the collagen molecule [23]. The band position of amide B was
observed at 3069 cm− 1 and correlated to asymmetrical stretching of CH2
[22]. The peak for amide I is usually observed in the range of
1600–1700 cm− 1, which is generated by stretching vibration of C––O in
polypeptide backbone of protein. This is the sensitive area of changes of
protein secondary structure, and often used for protein secondary
structure analysis. The amide I peak of jCol occurred at 1632 cm− 1. The
presence of amide II was observed from the peak at 1531 cm− 1 attrib-
uted to NH bending vibration coupled with CN stretching. Amide III
band was found at wavenumber of 1231 cm− 1 which corresponds to the
stretching vibrations of C–H. Absorption bands around 1390–1455
cm− 1 were also found. These bands can be ascribed to pyrrolidine ring
vibration of hydroxyproline and proline. This result indicated that the
triple helical structure of jCol was well preserved during extraction
process [24]

The X-ray diffraction pattern of lyophilized jCol is reported in
Fig. 1D. There were two diffraction peaks, located at diffraction angles
(2θ) of 7.50◦ and 20.69◦, corresponding to the characteristic diffraction
peaks of collagen which contains proteins having ordered structure or
ordered structure snippet [25]. The first peak, labelled 1, was sharp
while the second one, labelled 2 was wide. These peaks correspond to
two d-spacing at 11.77 (d1) and 4.28 Å (d2), which were attributed to the
diameter of the triple-helix collagen molecule and the single left-hand
helix chain, respectively [26]. The minimum values (d) of the repeat
spacing were calculated from the Bragg equation d(Å)= λ/2sinθwhere λ
is the X-ray wavelength (1.54 Å) and θ is the Bragg diffraction angle
[26]. The obtained results were in accordance with the diameter of a
standard collagen molecule with a triple-helix with a single left-handed
helix chain. Therefore, it is possible conclude that the collagen after the
extraction process was still in its natural conformation and not
denatured.

3.2. CSMA synthesis and characterization

In this study, CS was methacrylated by reaction with MA, as sche-
matically reported in Fig. 2A. This strategy has the benefit of allowing
chemical crosslinking thanks to the methacrylate group’s C––C bond.
The success of the methacrylation reaction was confirmed by 1H NMR
and ATR-FTIR (Fig. 2B, C and D). The CS spectrum displays the typical
CS peaks: the quadruplet peak at δ = 3.59 ppm related to the protons in
1–4, 6–10, 12 positions and the peak at 3.02 ppm ascribed to the protons
in 5, 11 positions of the CS ring (Fig. 2B). The peak at δ = 1.9 ppm
represents the (N-acetyl)-D-glucosamine group. In the CSMA spectrum,
new peaks can be observed at δ = 6.0, 5.60 and 5.41 ppm, representing
the = CH2 of the methacrylic double bonds, and at δ = 1.85 and 1.78
ppm corresponding to the − CH3 methyl groups of the grafted meth-
acrylated moieties. There are two types of − CH3 signals and three
different peaks corresponding to the = CH2 protons, meaning that the
methacrylated groups are successfully grafted to both the − NH2 and the
− OH groups of the CS [8,27] (Fig. 2B).

ATR-FTIR spectra of CS and CSMA are reported in Fig. 2C and D.
Similar regions of both spectra were observed, such as the characteristic
broad peak from 3000 cm− 1 to 3600 cm− 1, which indicates the presence
of hydroxyl, amino and hydrogen-bonded (− OH) groups, and absorp-
tion bands for CS at 1026–1151 cm− 1 (amine C–N stretch) (Fig. 2C). In
both spectra, the peak between 2850 and 2950 cm− 1 can be ascribed to
the CH stretching of the alkyl groups. However, the increase in the in-
tensity of the absorption bands is well evident in CSMA spectrum
(Fig. 2C). Particularly, in this spectrum, the presence of a new peak at
1720 cm− 1, ascribable to the amide C––O stretching vibrations, can be
noticed, and it confirms the methacrylation of CS. Furthermore, the
appearance of a double bond signal at 1537–1653 cm− 1 depicted alkenyl

C––C stretch. However, significant changes were observed in the ab-
sorption peaks at 1550 cm− 1 and 1640 cm− 1, associated to the amine
vibration and methacrylate C––C, respectively, partially overlapping the
amide I peak (~1650 cm− 1) [8,27] (Fig. 2D).

3.3. Characterization of membranes

In the present study, new biomimetic composite membranes were
developed by blending modified CSMA with jCol.

CSMA membrane and CSMA/jCol blended membranes were pre-
pared in flat configuration using the phase inversion technique inducing
precipitation by solvent evaporation. For the composite membranes, the
jCol solution was added to the CSMA solution by combining the com-
ponents in two different ratios, 70 % chitosan/30 % collagen, and 50 %
chitosan/50 % collagen, generating two different membranes namely
CSMA/jCol30 and CSMA/jCol50, respectively. The properties of the
developed membranes, including chemical composition, surface
morphology, roughness parameters, mean pore size, wettability, me-
chanical qualities, degradability, and cell growth were all deeply ana-
lysed considering their pivotal role for tissue engineering applications,
and summarized in Table 1.

Surface topography is an important factor that influences cell
adhesion and growth affecting cell-membrane interactions [28]; thus,
the surface morphology and roughness of each membrane were also
investigated (Fig. 3). SEM observation revealed that CSMA and CSMA/
jCol membranes had a homogenous and compact surface looking quite
similar (Fig. 3A-C). The smooth surface of the blended membranes
suggested that a homogenous blending of the two biopolymers properly
occurred in both composite membranes. The successful blending is
related to the formation of hydrogen bonding between the NH2 and OH
groups in the functionalised CS and jCol. This result is in line with other
studies, in which SEM analysis displayed a very smooth surface of CS/
collagen biomaterials [29].

Consistently with SEM results, the AFM analysis highlighted the
uniform smooth surface of all the investigated membranes and
confirmed the successful combination of marine collagen and func-
tionalized CS (Fig. 3D-F). CSMA membranes exhibited roughness values
of 2.9 ± 0.3 nm and 3.7 ± 0.3 nm of Ra and Rq, respectively. Mean-
while, CSMA/jCol membranes highlighted higher values of Ra and Rq,
reaching 3.6 ± 0.4 (Ra) and 4.7 ± 0.9 nm (Rq) for CSMA/jCol30
membranes and 3.9 ± 0.4 and 4.7 ± 0.9 nm for CSMA/jCol50, as re-
ported in the Table 1.

Porometer measurements revealed nanopores with diameters of
about 26.5 ± 7.0, 47.2 ± 4.2 and 49.7 ± 8.3 nm for CSMA, CSMA/
jCol30, and CSMA/jCol50 membranes, respectively. These results sug-
gest that the addition of marine collagen significantly increased the pore
size diameter of the pure CSMA membrane, in agreement with other
studies [29,30]. Moreover, the increased roughness of CSM/jCol mem-
branes could be ascribable to the presence of increased nanopores on
their surface compared to CSMA ones.

ATR-FTIR spectra reported in Fig. 4 A enable to identify the

Table 1
Membrane properties. Thickness; mean pore diameter; Average roughness (Ra)
and the root mean squared roughness (Rq); Water Contact Angle (WCA); Young’s
modulus (E); Elongation at break (ε); Ultimate tensile strength (UTS). Results are
expressed as mean value ± standard deviation (SD).

CSMA CSMA/jCol30 CSMA/jCol50

Thickness [μm] 27.2 ± 8.0 22.1 ± 4.0 21.7 ± 6.0
Mean Pore Diameter [nm] 26.5 ± 7.0 47.2 ± 4.2 49.7 ± 8.3

Roughness [nm]
Ra: 2.9 ± 0.3
Rq: 3.7 ± 0.3

Ra: 3.6 ± 0.4
Rq: 4.7 ± 0.9

Ra: 3.9 ± 0.3
Rq: 4.9 ± 0.4

WCA [◦] 84.4 ± 3.4 76.6 ± 2.6 71.2 ± 6.0
E [MPa] 611.0 ± 81.0 418.0 ± 82.0 364.0 ± 34.0
ε [%] 1.6 ± 0.2 3.0 ± 0.9 4.4 ± 0.9
UTS [MPa] 51.7 ± 6.0 29.9 ± 8.6 22 ± 3.0
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vibrational bands corresponding to both polymers’ primary functional
groups. The spectra related to CSMA/jCol membranes show the char-
acteristic bands of chitosan, with the broad band in the region of
3700–3100 cm− 1, ascribed to the axial deformations of the O–H and
N–H groups and the region between 2800 and 3000 cm− 1 from -CH2
and -CH3 ones, presented in the polysaccharide structure, as also re-
ported in Fig. 2 C and D. Furthermore, the spectra also show the char-
acteristic peaks at 1640 and 1550 cm− 1 of C––O and N–H stretching,
ascribable to protein amide I and amide II of collagen, as recognized in
Fig. 1 C. Even though it is particularly difficult to analyse the peaks due
to the partial overlapping, some differences of the intensity of their
characteristic peaks were observed between the two compositions,
mainly related to the different concentration of both polymers. Partic-
ularly, the intensity of those peaks seems slightly higher in CSMA/
jCol50membrane where there was a higher collagen concentration [31].

An important characteristic of these membranes is the transparency
that allows a microscopic observation of the cell culture during the
experimentation.

Since surface topography influences the physicochemical properties
that in turn would affect cell adhesion, we investigated the wettability of
the membranes by WCA measurements (Table 1). CSMA membrane
displayed values of 84.4 ± 3.4◦ that indicate a slight hydrophobic
character due to the functionalization with MA. The blend with jCol at
different concentrations gave arise to a more hydrophilic material. It
caused a significant decrease to value of 76.6 ± 2.6◦ in CSMA/jCol 30
membranes. A further reduction of the WCA occurred by increasing the
collagen concentration to 50 % (CSMA/jCol50) and, indeed, this mem-
brane showed a moderate hydrophilic character with a contact angle of
71.2 ± 6◦. These findings clearly indicate that marine collagen blending
successfully balanced the hydrophobic character of CSMA membranes,
leading to the formation of new materials with moderate wettability
able to promote cell attachment and growth. As a structural protein,
collagen contains many hydrophilic groups (i.e. NH and OH groups),
and when it is added to a hydrophobic polymer, like CSMA of our study,
the WCA of the pure CS membranes was significantly decreased,
obtaining a new material with improved wettability, in good agreement
with other papers [29,32].

Due to the need of providing a certain structural stability during

culturing in vitro and implanting in vivo, the mechanical properties play a
pivotal role in the engineering of suitable membranes that can signifi-
cantly affect the specific biological functions of cells. In general, the
mechanical strength mainly depends on structural parameters such as
pore size and porosity, but it can be strongly affected by the material
components and crosslinking. CS is a biomaterial widely used in a va-
riety of biomedical applications, nevertheless, non-crosslinked CS has
very poor mechanical features. In our paper, to make CS strong enough
to be used in the bioartificial liver, it was functionalized with MA to be
photocrosslinked using Irgacure as an initiator under UV light. Young’s
modulus (E), ultimate tensile strength (UTS) and elongation at break (ε)
were assessed via uniaxial tension. These parameters indicate the stiff-
ness, strength, and elasticity of the membrane, and are important me-
chanical features in supporting the tissue engineering application of the
membrane (Table 1). CSMA membrane developed in this study dis-
played a value of E of 611.0 ± 81.0 MPa, thanks to the MA functional-
ization. Moreover, marine collagen incorporation induced a decrease in
stiffness of the native CSMA membranes, which allowed obtaining
membranes with suitable mechanical properties for the specific appli-
cation [29,33]. Indeed, E values of CSMA/jCol membrane decreased to
418.0 ± 82.0 MPa and 364.0 ± 34.0 for CSMA/jCol30 and CSMA/
jCol50 membranes, respectively. Regarding UTS, the same decreasing
trend was observed: for CSMA/jCol30 membrane was detected a value
of 29.9 ± 8.6 and for the CSMA/jCol50 one, a value of 22 ± 3 MPa,
which are significantly lower than that of the native CSMA membrane
(51.7 ± 6 MPa). Membranes have different percentage of elongation at
break, which was found in the following order CSMA/jCol50 (4.4 ± 0.9
%) > CSMA/jCol30 (3 ± 0.9 %) > CSMA (1.6 ± 0.8 %). Therefore, the
marine collagen blend resulted in an enhancement of the elastic prop-
erties as demonstrated by the significant decrease of Young’s modulus
and the tensile strength, and the increase of the elongation at break, in
accordance with the literature [29,33]. The improving value was
probably related to the formation of an attractive interaction between
the functionalized chitosan and marine collagen in the blended mem-
branes since the successful integration of two polymer components de-
pends on the intermolecular interactions, which results in an improved
quality of the blend mechanical properties.

Another pivotal factor required for an ideal material for tissue

Fig. 3. Membrane surface morphology.
Scanning electron micrographs (A-C) and AFM images (D-F) of the surface of CSMA (A and D), CSMA/jCol30 (B and E) and CSMA/jCol50 (C and F) membranes. Scale
bar of SEM micrographs: 2 μm.
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engineering is an appropriate degradation capacity. Materials should
provide sufficient mechanical stability during the time needed for tissue
repair and then progressively degrade allowing the new tissue forma-
tion. Fig. 4B shows the degradation of membranes in a PBS solution
containing lysozyme. Usually, pure CS membranes entirely degrade
after few days, while our results highlighted that the modification with
MA slowed down the CS degradability by modulating and preserving
membrane structural and mechanical integrity for a longer period of
time (103 days). Dissolution of all membranes increased with time: over
the first 14 days, it was very fast reaching value of 61 ± 2 %, for CSMA/
jCol50 membrane, 54 ± 1 % for CSMA/jCol30 membrane and 52 ± 1 %
for pure CSMA. Afterwards, membrane dissolution was slower and sta-
ble within time, especially from day 42 to day 103, when all membranes
were completely dissolved. Interestingly, from day 42 to day 78, CSMA/
jCol50 membrane displayed higher values of dissolution (p < 0.05) than
CSMA and CSMA/jCol30 membranes, probably due to its higher
collagen content that contributes to a faster degradation. Thereafter, no
differences were observed among the membranes that exhibit the same
dissolution percentage, probably related to the CSMA content.

Membrane characterization data highlighted that the addition of
marine collagen to CSMA enhanced important properties such as pore

size, physicochemical and mechanical characteristics leading to the
development of advanced biomimetic membranes that have potential to
be used in tissue engineering applications.

3.4. Membrane properties influence liver cell behaviour

Membrane systems are able to promote cell proliferation and dif-
ferentiation towards the formation of liver tissue [4–6]. They can act as a
synthetic ECM thanks to polymer properties (e.g., biocompatibility,
biofunctionality) and distinctive intrinsic membrane characteristics
such as permeability, selectivity, stability, and a well-defined geometry
[5].

In our study, the potential of the membranes produced with CSMA
and marine collagen as new generation of sustainable biomimetic ma-
terials for liver tissue engineering was addressed by culturing rat em-
bryonic liver cells. Previous papers employed these cells as an
alternative model of human liver progenitor cells, since using cells from
the foetal human liver is limited by major ethical issues. In those works,
the membranes were able to promote the expansion and functional
differentiation of rat embryonic liver cells in comparison with tradi-
tional substrates [34,35].

Our aim was to validate the suitability of the new marine collagen-
blend membranes to support liver tissue engineering with special
attention to the influence of membrane properties on liver cells behav-
iour. Therefore, the ability of the developed membranes to offer to the
cells a specific and familiar milieu for the embryonic liver cells
commitment was deeply investigated.

The biocompatibility was investigated by culturing embryonic liver
cells in direct contact with the different membranes. Then, cell viability,
morphology and cytoskeleton organization were analysed (Fig. 5). We
evaluated the role of membrane properties and collagen content in
determining their efficiency for liver tissue regeneration.

SEM analysis, after 14 days of culture, showed that the cellular
reorganization over the three substrates was quite similar (Fig. 5A). On
membranes, cells adhered, spread, and acquired a polyhedral shape
morphology, which is typical of differentiated and mature hepatocytes.
Very tight cell-cell interactions with the formation of multilayers were
also visible on all membranes. However, morphological cell features
changed by modulating the membrane composition and properties.
When cells were cultured on CSMA membrane, the most hydrophobic
and stiff material, they displayed a very flat and spread morphology,
with a nonuniform distribution and empty spaces over the surface
(Fig. 5A, Panel I). In the case of composite membranes, the blending
with jCol significantly improved mechanical stability, enhancing also
hydrophilic properties, thus favouring the interactions with cells.
Coherently, as highlighted by Fig. 5A, on CSMA/jCol30 (Panel IV) and
CSMA/jCol50 (Panel VI) membranes, cells formed intercellular tight
contacts and even the degree of a multi-layered cell aggregation is
visibly higher than on CSMA membranes (Panel II), achieving the for-
mation of a complex 3D construct. This is an important result, because it
is well known that the cell-cell and cell-material interactions are crucial
for the maintenance of hepatocyte phenotype and specific functions.
Moreover, blended membranes appeared completely covered by multi-
layers of cells that assembled themselves in 3D cord-like structures
acquiring a tissue-like phenotype with features like that of liver paren-
chyma [34,35].

To further characterize the liver cell behaviour on these membranes,
immunocytochemistry investigation was carried out by LSCM. Consis-
tent with SEM analysis, confocal images (Fig. 5B) indicated that mem-
branes supported adhesion and growth of liver cells. Staining for the
cytoskeletal protein actin (in green) and the focal adhesion marker,
vinculin (in red), demonstrated the overall morphology of the cells
cultured and the organization of the cytoskeletal proteins on CSMA and
CSMA/jCol membranes. Cells grown on CSMA (Fig. 5B, Panel I), CSMA/
jCol30 (Fig. 5B, Panel II) and CSMA/jCol50 membranes (Fig. 5B, Panel
III), appeared well spread and acquired a polyhedral shape morphology

Fig. 4. Chemical composition and degradability of membranes.
(A) ATR-FTIR of CSMA and CSMA/jCol membranes between 4000 and 650
cm− 1.
(B) Dissolution behaviour of (□) CSMA, (Δ) CSMA/jCol30 and (◆) CSMA/
jCol50 membranes as a function of time. The values expressed as average ± SD
are the means of 10 measurements per sample, and data statistically significant
were evaluated according to ANOVA followed Bonferroni t-test (p < 0.05): * vs
CSMA and CSMA/jCol30 membranes at the same day.

S. Morelli et al. International Journal of Biological Macromolecules 281 (2024) 136313 

9 



Fig. 5. Behaviour of embryonic liver cells in the different membrane systems.
(A) SEM images at different magnifications of liver cells at DIV14 on: (I-II) CSMA, (III-IV) CSMA/jCol30, (V-VI) CSMA/jCol50 membranes. Scale bar: 50 μm.
(B) Confocal laser micrographs of liver cells after 14 days of culture in the different membrane systems (I) CSMA, (II) CSMA/jCol30, (III) CSMA/jCol50 membranes.
Cells were stained for actin (green), vinculin (red) and nuclei (blue). Scale bar: 20 μm.
(C) Average fluorescence intensity for stained actin (green bar) and vinculin (red bar) of cells at DIV13 on the different membranes. Data statistically significant
according to ANOVA followed Bonferroni t-test; *p < 0.05 vs CSMA membrane.
(D) Changes in cell viability of liver cells after 7, 13 and 18 days of culture in the different membrane systems. The values expressed as average ± SD are the means of
5 experiments and data statistically significant were evaluated according to ANOVA followed Bonferroni t-test (p < 0.05): * vs CSMA membrane at the same DIV; ǂ vs
the same membrane at DIV7.
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as hallmark of differentiated liver cells. On all kinds of membranes, the
expression and pattern distribution profile of actin and vinculin showed
up a cell displacement according to a parenchymal-like structure
(Fig. 5B). A dot-like distribution of vinculin also highlighted the
numerous cell− cell and cell− membrane interactions. In order to eval-
uate the changes in the expressions of cytoskeletal and focal adhesion
markers, quantitative analysis in terms of the fluorescence intensity of
actin and vinculin was then performed (Fig. 5C). The fluorescence in-
tensity of both investigated markers was significantly higher in cells
cultured on blended membranes with respect to CSMA membranes. The
permissive surrounding within these membrane systems favoured spe-
cific liver features development, recapitulating those of the natural liver.

These results were confirmed by cell viability data. As shown in
Fig. 5D, the number of viable cells on each membrane significantly
increased (p < 0.05) after 18 days in vitro, suggesting that these bio-
materials have appropriate features in terms of biocompatibility and
nontoxic response that validate their use for the realization of promising
tissue engineered liver constructs. Our investigation showed a distinct
biocompatibility degree for the different membranes. The highest cell
viability was assessed on membranes with the highest collagen content
(CSMA/jCol50 membranes). Cell number on these membranes was
similar to the ones on CSMA/jCol30 membranes by day 7; cell expansion
within time was quite comparable on these two surfaces. Interestingly,
at each culture time point, cell viability on both marine collagen-
blended membranes was significantly higher than on CSMA mem-
brane. It was noticed that after 18 days of culture on CSMA/jCol30 (3.7
± 0.2 × 105 cell/cm2) and CSMA/jCol50 (4.2 ± 0.7 × 105 cell/cm2)
membranes, the cells showed 37 % and 57% higher viability than on the
pure CSMA membrane (2.7 ± 0.4 × 105 cell/cm2), respectively. This
agrees with SEM and LSCM analysis: the cells on blended membranes
were very close to each other then, they communicated more easily and
could proliferate to a much higher number of cells compared to CSMA
membrane where cells did not completely cover their surface. These
results are strictly related to the high biocompatibility of collagen and to
its good and uniform dispersion in the CSMA solution, which improved
hydrophilicity and mechanical stability of the blended membranes. It is
reported that the adhesion of hepatocytes to collagen substrate regulates
functional behaviour. Furthermore, adhesion, morphological features,
and viability of cells are strongly affected by the properties of the
membrane on which they are seeded, as suggested by previous works,
showing a relationship between cell adhesion and membrane surface
hydrophilicity [29]. In this scenario, our CS-based membranes offered
the cells a matrix that is similar to glycosaminoglycans of the liver ECM
and favoured the initial step of cell adhesion due to interaction of its
protonated NH2 groups with anionic functional groups on the cellular
membrane. However, despite the promising effect of collagen and CS-
based materials in hepatocyte cultures, only a few studies described
the impact of CS/collagen composites for liver tissue engineering
[7,36–37] and even less work is focused on marine collagen [32,38]. For
this reason, the present work is pioneering investigation that reports the
combination of marine collagen with CSMA as support for the culture of
liver cells.

3.5. Membranes boost hepatocyte differentiation and specific liver tissue
functions

The capability of the different membrane systems to boost liver
differentiation was further investigated by observing the expression
profile of distinctive hepatic lineage markers. LSCM analysis was carried
out after immunostaining of albumin, a typical marker of mature he-
patocytes, cytokeratin 18 (CK18), a marker expressed by several liver
cell types, including bile ductal epithelial cells and hepatocytes, and
alfa-fetoprotein (AFP), a serum glycoprotein produced by liver during
fetal life, a typical marker of hepatoblasts and foetal hepatocytes.

The initial cell suspension before seeding was AFP-positive with a
very low expression of albumin (data not shown), as reported in a

previous paper [35]. In our study, after 14 days of culture on the
developed membranes, cells displayed low AFP expression, while al-
bumin and CK18 were highly expressed and widely distributed, mainly
localized on the cell membrane, which is consistent with their native
distribution in liver [39]. In line with other studies [35–36,40], cells
cultured onto the membranes lost their progenitor characteristics
related to the AFP expression and gained more differentiated features, as
a result of the high expression of albumin and CK18, markers of mature
liver cells. These findings suggest that all membranes promoted cell
differentiation towards a liver phenotype.

In addition, to investigate cell functionality within the different
membrane systems, we tested the ability of the differentiating cell
populations to store glycogen, a characteristic of functional hepatocytes.
Cells at DIV 14 were stained for cytoplasmic glycogen using the PAS
staining procedure (Fig. 6A). Cytoplasm of majority of the cells was
stained pink to dark red-purple, indicating the capacity to store glycogen
like functional hepatocytes. Hence, consistent with the acquisition of
expression of mature hepatic markers, the differentiating cells cultured
on all the developed membranes, also exhibited a progressive gain of
hepatic functionality in terms of glycogen storage.

To ascertain any differences among the developed membranes in
dictating the hepatic differentiation, a quantitative analysis of liver
functional phenotype was performed (Fig. 6B). The profile expression
patterns for each of the above-mentioned liver markers was quantified
and expressed as the percentage of positive cells over the total number of
cells within the investigated image field (Fig. 6B). The analysis revealed
that, after 14 days, the percentage of albumin-positive cells on CSMA/
jCol30 and CSMA/jCol50 was 93.0 ± 3.0 % and 96.0 ± 2.0 %, respec-
tively, which are values significantly higher compared with the CSMA
membranes (71.0 % ± 4.0 %). The number of cells expressing CK18 was
significantly higher than the one calculated for other membranes with a
percentage in the following order: CSMA/jCol50 (79.0 ± 9.0 %) >

CSMA/jCol30 (64.0 ± 7.0 %) > CSMA (41.0 ± 1.0 %). Interestingly, the
values referred to the membrane with the highest collagen content
resulted 2-fold higher than the pure CSMA membrane. Although the
percentage of AFP-positive cells on CSMA membrane was kept at low
level (17.0 ± 1.0 %), it was significantly higher than on collagen-
blended membranes and the values followed the order CSMA >

CSMA/jCol50 (9.0 ± 1.0 %) > CSMA/jCol30 (7.0 ± 3.0 %). This may
indicate that the state of some cells on CSMA membrane was still at an
early stage of differentiation.

Since albumin is a specific and the most abundant protein that can
only be synthesized by functioning mature hepatocytes, we examined
the cells grown onto the different membranes for albumin secretion, to
determine whether the hepatocytes were functionally active. We found
that the albumin synthesis rate was maintained throughout the 18-day
experiment period and increased continuously over time in all mem-
brane systems, as shown in Fig. 6C. Therefore, the data highlight that all
investigated membranes are able to trigger specific metabolic liver
functions. During the first 8 days albumin secretion was stable at values
of 374.0 ± 8.0 pg/h on CSMA, 458.0 ± 22.0 pg/h on CSMA/jCol30 and
499.0 ± 69.0 pg/h on CSMA/jCol50 membrane, respectively. Then, for
each membrane, it rapidly increased reaching its peak values at day 13
and remaining at these levels up to the end of culture. Indeed, at this
time frame, the level of albumin synthesis by cells on CSMA membrane
(928.0 ± 90.0 pg/h) and collagen blended membrane (1190.0 ± 30.0
pg/h on CSMA/jCol30 and 1203.0 ± 38.0 pg/h on CSMA/jCol50
membrane) was 2-fold and 3-fold higher than those at day 8, respec-
tively. A slight further increase was observed during the last days of
culture. Collagen blended membranes enabled albumin synthesis at a
greater extent with respect CSMA membrane showing the prominent
impact of collagen on albumin secretion, in agreement with previous
results [7]. In fact, our data evidence that, for each day of culture, cells
on the membrane with the highest collagen content, had the highest
metabolic activity. The values of albumin synthesis are significantly
higher on blended collagen membranes than those observed when cells
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were cultured on CSMA membranes, consistently with the results of
albumin immulocalization data.

4. Conclusions

In this work, we developed sustainable biomimetic membranes by
blending of CSMA with jCol and evaluated their properties and
biocompatibility for liver tissue engineering applications.

The overall dataset corroborates the complete achievement of dif-
ferentiation pattern of liver cells cultured on the developed membranes,
especially on CSMA/jCol blended membranes. Our approach, based on
the combination of functionalized chitosan with marine collagen,
significantly improved hepatic differentiation and generated a more
reliable in vitro tool resembling liver for tissue engineering applications.

Furthermore, although many researchers have tried to maintain hepa-
tocyte functions with different culture conditions, our study is the first to
show that CSMA/jCol membranes provide a valuable in vitro microen-
vironment, which is able to promote hepatocyte differentiation.

The present work also contributed to highlight the relevance of
marine discards for the development of high value-added products, and
particularly the use of marine collagen as a good alternative to currently
used commercial materials of mammalian origin. In the future, these
most promising membranes should be tested in vivo to better understand
their suitability for the regeneration of liver tissue. These engineered
constructs have the potential to address the complex challenges of liver
diseases and transplantation, significantly reducing the demand for
donor organs, which are often in short supply, and mitigating the risks
associated with transplantation.

Fig. 6. Liver specific-functions in the different membrane systems.
(A) Confocal laser micrographs of liver cells after 14 days of culture in the different membrane systems. Distribution pattern profile of actin (green), and hepatocytes
markers albumin (yellow), CK18 (red) and AFP (magenta). Nuclei are counterstained with DAPI (blue). Scale bar: 20 μm. Light microscope images of Periodic
acid–Schiff (PAS) staining of hepatocytes used to detect glycogen storage, scale bar 50 μm.
(B) Quantitative analysis of positive cells for each liver-specific marker. Results are expressed as percentage of positive cells over total and are reported as average ±
SD of the means of 5 experiments. Data statistically significant were evaluated according to ANOVA followed Bonferroni t-test (p < 0.05): * vs CSMA membrane; ǂ vs
CSMA and CSMA/jCol30 membranes; § vs CSMA/jCol30 and CSMA/jCol50 membranes.
(C) Albumin synthesis of liver cells cultured in the different membrane systems. The values expressed as average ± SD are the means of 5 experiments and data
statistically significant were evaluated according to ANOVA followed Bonferroni t-test (p < 0.05): Within the sane membrane system, albumin synthesis at DIV 13, 15
and 18 is significative vs DIV 1, 4, 8 and 11. *CSMA/jCol50 vs CSMA membrane system at the same DIV; ǂ CSMA/jCol50 and CSMA/jCol30 vs CSMA membrane
system at the same DIV.
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