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ARTICLE INFO ABSTRACT

Keywords: The search for the exploitation and recycling of biomaterials is increasing for reducing the use of non-renewable
Chitosan resources and minimizing environmental pollution caused by synthetic materials. In this context, Chitosan (CS)
Biocompfatibility . being a naturally occurring biopolymer becomes relevant. The aim of the present work was to explore the effects
g?r;mf 1(1 cillus casei of High Molecular Weight CS (H-CS) from Argentinean shrimp’s wastes in prokaryotic and eukaryotic in vitro cell
Caco-2 cultures. Ultrastructure of H-CS was analysed by SEM and TEM. In vitro studies were performed in prokaryotic
ARPE-19 (Lactobacillus casei BL23) and eukaryotic (Caco-2, ARPE-19, EA.hy926 and 3T3-L1) culture cells. High perfor-
EA.hy926 mance microscopic techniques were applied to examine culture cells. No changes in morphology were found in

any of the cell types. In addition, fluorescent-dyed H-CS revealed that eukaryotic cells could internalize it
optimally. Viability was maintained and proliferation rate even increased for Caco-2, ARPE-19 and 3T3-L1 cells
under H-CS treatment. Besides, viability was neither altered in L. casei nor in EA.hy926 cells after H-CS exposure.
In conclusion, H-CS could be a suitable biopolymer to be exploited for biomedical or food industry applications.

1. Introduction

A biomaterial is regarded to any natural or synthetic substance in
origin, able to treat, improve or supplant tissue, organ, or functions in
biological systems [1,2]. Biomaterials also refer to biologically derived
raw materials applied primarily for their structural rather than biolog-
ical properties. Also, biomaterials play an increasing role in modern
health care systems [3].

Biological evaluation of biomaterials is central to the International
Standard (ISO 10993-5), which does not specify a single test, but rather
attempts to present guidelines for the choice of suitable assessments
such as: cell damage by morphological means, measurements of cell
growth and/or specific aspects of cellular metabolism. All these tech-
niques correspond to a classical approach, although they are interna-
tionally accepted [4].

Carbohydrates are versatile biomaterials because of their in-
teractions with other biomolecules [1,5]. In this sense, polysaccharides
are complex carbohydrates which are considered optimal biomaterials

[6,7]. Particularly, marine-derived polysaccharide have attracted
attention for their wide usefulness in the biotechnological field [8].
Oceans contain several marine organisms, including algae, animals and
plants, from which diverse polysaccharides with useful properties can be
obtained [9,10]. Ever since ancient time, there are several attempts to
reduce the volume of marine waste material with the aim to turn it into
useful products [11]. That is the case for the obtaining and recycling of
chitin, the second most abundant polysaccharides on Earth after cellu-
lose [10,12].

Chitin is an organic polymer whose main natural sources are crus-
taceans (e.g. crabs, shrimps and lobsters), insects, molluscs, and the cell
walls of certain fungi [11]. Despite the reduced applications of chitin,
there is an expanding interest from the pharmaceutical and biomedical
areas, food industry as well as materials science, among others, since it
can be converted into chitosan (CS) through a deacetylation process [13,
14].

CS is a linear polysaccharide whose structure is comprised of p-1,4-
linked 2-amino-2-deoxy-p-p-glucose (deacetylated p-glucosamine) and
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N-acetyl-p-glucosamine units [15,16]. The presence of -NH, and —OH
groups in the CS structure gives it interesting chemical and biological
properties. Biodegradable, biocompatible, and antimicrobial properties
were described for CS [14,17]. In particular, biocompatibility or absent
of cytotoxicity is one of the main prerequisites for biomaterials whose
destination will be the application in biological systems, e.g. human
body [18]. By definition, biocompatibility involves the exclusion of
toxic or harmful effects of the biomaterial on the biological systems [4,
19]. Central to the biocompatibility analysis is the cytotoxicity, which
can be tested in vitro by employing an array of various target primary
cells or cell lines. The possible effect of toxic agents on cellular functions
and cell viability could be branded by changes in the type-specific
cellular morphology, loss of cell adhesion, reduced cellular prolifera-
tion and cell death [18].

Although CS exhibited more than a few advantages over other syn-
thetic biomaterials for its easy manipulation and low cost of obtaining
and production, most of scientific reports refer almost only to com-
mercial low molecular weight (MW) CS, i.e. analytical grade. That is to
say, outside of those, another type of CS was poorly studied.

The aim of the present work was to explore the effects of a novel High
MW CS (H-CS) in prokaryotic and eukaryotic cell models. Particularly,
the biocompatibility of H-CS was analysed here. This polysaccharide
was obtained from chitin of Pleoticus muelleri shrimp wastes, the main
crustacean exploited in Mar del Plata, Argentine maritime platform of
the Atlantic Ocean [16,20,21]. Those marine exoskeleton wastes are
environmental pollutant, but these raw materials could be useful for
obtaining of beneficial products for health. In the present study, the
hypothesis raised implies that H-CS would not exert cytotoxicity in the
tested cell cultures.

2. Materials and methods
2.1. Reagents

H-CS (300 kDa) was provided by the Microbiology Laboratory of
National Institute of Industrial Technology (INTI) (Mar del Plata, Buenos
Aires, Argentina), in the frame of a joint project with our laboratory.
Fetal Bovine Serum (FBS), 3-(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide (MTT) was from Sigma-Aldrich Co. (St. Louis,
USA). Crystal violet was from Merck Millipore Corp. (Darmstadt, Ger-
many). Trypan Blue powder (CAS 72-57-1) (sc-216028) was purchased
from Santa Cruz Biotechnology Inc. (Santa Cruz, USA). MRS was from
Biokar Diagnostics (Beauvais, France) and 5 (6)-carboxyfluorescein
diacetate N-succinimidyl ester (CFSE) from Invitrogen (Thermo Fisher
Scientific Inc., USA). Dulbecco’s Modified Eagle’s Medium (DMEM),
Trypsin-EDTA 0.5%, Antibiotic-Antimycotic (penicillin, streptomycin,
and Amphotericin B) and GlutaMAX™-] (r-alanine-L-glutamine) were
from Gibco (Thermo Fisher Scientific, Inc., MA, USA). Other chemicals
used were of analytical grade. Ultrapure quality water was used.

2.2. H-CS solutions

H-CS was purified before its use according to the protocol previously
described [16,20]. In a preceding study of our group, the
viscosity-average MW of chitosan was determined (300 KDa). Deacety-
lation degree of CS was determined by elemental analysis [20,22]. After
H-CS washing, 0.1 g of powder was dissolved in 10 mL of CH3COOH
solution 1% (v/v) or HCI 0.1 M solution in ultra-pure water under
continuous stirring for 24 h. The solution was centrifuged (1000 RPM,
15 min) and the supernatant collected for further studies.

2.3. Ultrastructure analysis
2.3.1. Scanning electron microscopy (SEM)

Samples were frozen for 24 h at —20 °C in glass vials. Then, samples
were freeze-dryed for 48 h on an Alpha 1-4 LD/2-4 LD-2 lyophilizer
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(Martin Christ Gefriertrocknungsaniagen GmbH, Germany) operated at
a pressure of 4 Pa and a temperature of —54 °C. SEM images were ob-
tained using a Carl Zeiss NTS - SUPRA 40 (Zeiss, Germany) with an
accelerated voltage of 3 kV. Powdered samples were sprinkled onto a
two-sided adhesive tape and then coated with a thin layer of gold.

2.3.2. Transmission electron microscopy (TEM)

Analysis was carried out according to Ref. [23]. Samples (10 pl) were
diluted in ultra-pure water (1:100 v/v). Then, 10 pL of the diluted
sample was mixed 1:1 with 1% (w/v) uranyl acetate. An aliquot was
placed onto a copper grid covered with a Formvar® film (200 mesh).
Liquid excess was eliminated using a filter paper and the grids were
dried in a desiccator. Imaging was performed using MET Zeiss 109 with
a Gatan W10000 camera (Carl Zeiss NTS GmbH, Germany). Represen-
tative SEM and TEM images were analysed using 3D Surface Plot (Fiji
software, NIH) [24].

2.4. Cell cultures and treatments

2.4.1. Prokaryotic cells

The probiotic strain Lactobacillus casei BL23 was grown in MRS broth
medium at 37 °C (100 mL of fresh medium were inoculated with an
aliquot of the preculture to obtain a DOgggnm = 0.15). When the culture
reached a DOgoonm = 0.5 (log phase of growth), aliquots of 100 pL of
culture were incubated with 10 pL of H-CS solutions at 37 °C for 1 h
[25]. For that purpose, H-CS 1% (w/v) was previously diluted with PBS
or CH3COOH solution 1% (v/v) to obtain the final concentrations (0.5,
50 and 500 pg/mL). The Colony Forming Units per milliliter (CFU/ml)
were determined by plating on MRS agar plates and incubation for 48 h
at 37 °C.

Living bacteria were stained with CFSE at 10 mM final concentration
in PBS for 30 min at 37 °C. After washing three times in PBS, by
centrifuging at 4 °C and 4000 g for 5 min each time, the samples were
visualized by Confocal Laser Scanning Microscopy (CLSM) using an
Olympus FV1000 module (Olympus, Japan) [25].

2.4.2. Eukaryotic cells

Mouse fibroblast 3T3-L1 (ATCC®CL-173™), human intestinal
epithelial Caco-2 (ATCC®HTB-37™), human retinal pigment epithelial
ARPE-19 (ATCC®CRL-2302™) and human endothelial EA.hy926
(ATCC®CRL-2922™) cell lines were grown in DMEM supplemented
with 10% heat-inactivated FBS, 2.0 mM glutamine, 100 units/mL
penicillin, 100 pg/mL streptomycin and 0.25 pg/mL amphotericin. Cells
were maintained at 37 °C in a humidified atmosphere of 5% CO,. Me-
dium was renewed three times per week. Cells were detached with
0.05% Trypsin-EDTA in PBS, diluted with DMEM 10% FBS and re-plated
into multi-well plates to yield 70-80% confluent cultures.

For MTT and Crystal violet assays, 3T3-L1, Caco-2, EA.hy926 and
ARPE-19 cells were seeded at 2 x 10 cells/well in 96-well culture
plates. After 24 h, culture media was discarded and cells were incubated
for 48 h with 50 pg/mL of H-CS in 10% FBS fresh culture media at 37 °C,
5% COa.

For Trypan Blue assay, cells were seeded at a density of 5 x 10* cells/
well in 48-well culture plates. After 24 h, cells were treated with H-CS
and the number of initial live cells were counted and registered by TB
method (0 h). Subsequently, live cells were counted after 24 and 48 h of
H-CS treatment application.

2.5. Cell proliferation and viability assays

2.5.1. MTT assay

The MTT assay is a colorimetric assay for assessing cell metabolic
activity. The conversion of MTT to formazan by mitochondrial de-
hydrogenases was utilized as an index of cell viability. MTT assay was
measured as described before [26,27]. Formazan absorbance was
measured at 570 nm with background subtraction at 690 nm on a


https://www.scbt.com/es/p/trypan-blue-72-57-1?requestFrom=search
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POLARstar Omega microtiter plate reader (BMG LABTECH, Germany). cell population through washing steps. Consequently, CV staining is

Controls were considered 100%. directly proportional to the cellular biomass. This assay was carried out
according to the protocol previously described [18,19]. The CV absor-
2.5.2. Crystal violet assay bance was measured at 570 nm with background subtraction at 690 nm

Crystal violet assay (CV) is one of the common methods used to on a POLARstar Omega microplate reader (BMG LABTECH, Germany).
detect cell viability or drug cytotoxicity. CV is a triarylmethane dye that Controls were considered 100%.
binds to DNA and proteins. Usually, under injury, dead adherent cells
will detach from cell culture plates and will be eliminated from viable
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Fig. 1. A. H-CS powder obtained from Pleoticus muelleri’s shrimps. (B-C). Electronic microscopies images and their corresponding Fiji software analysis made on the
magnifications. B. SEM. Black arrowhead: smooth edges, yellow arrowhead: agglomerates and small crystals. C. TEM. A complex fiber network that creates a slight
roughness surface is observed between the peaks (yellow asterisks) and valleys intensities (black asterisks). For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.
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2.5.3. Trypan Blue assay

Trypan Blue (TB) is an anionic hydrophilic azo dye that crosses the
cell membranes of dead cells only, thereby staining dead tissues/cells
blue [28]. For TB assay, the total number of viable and dead cells were
counted using exclusion method as previously described [26]. Dead cells
take up TB, meanwhile live cells exclude it. Then, the number of viable
and dead cells was counted manually using a haemocytometer.

2.6. H-CS uptake

Eukaryotic cell lines were seeded on coverslips in plastic dishes.
Upon reached the optimal confluence, cells were treated with H-CS
couple with the Cyanine (Cyn) fluorescent probe (50 pg/mL), according
to Ref. [16]. After 24 h, culture media was removed, and cells were
washed with PBS and fixed with 4% paraformaldehyde. CLSM images
were acquired in a FV1000 module CLSM (Olympus Inc., Japan) (Aex:
650 nm; Aem: 780 nm). From the acquisition of CLSM images, 3D
reconstruction was created using 3D Volume (Fiji software, NIH).

2.7. Statistical analysis

Experiments were carried out in triplicate unless otherwise stated.
Results are expressed as Mean + SEM. Comparisons between treatments
were made by t-Student’s test or 2-way ANOVA with interactions
(concentration and diluent) in a completely randomized design. The
assumptions of normality and homoscedasticity were studied analyti-
cally by the Shapiro-Wilks and the Levene tests, respectively. Tukey’s
test was used for post hoc comparisons. Results were considered signif-
icant atp < 0.05. GraphPad Prism 7 software (San Diego, USA) was used
for data analyses.
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3. Results
3.1. Characterization of H-CS

The macroscopic aspect of CS powder extracted from Pleoticus
muelleri’s exoskeletons before and after the purified process is presented
in Fig. 1A. H-CS ultrastructure was further examined by SEM and TEM
analysis. The former revealed surface with smooth-edged agglomerates
and small crystals (Fig. 1B). TEM images confirmed a detailed structure
that comprises a complex fiber network that creates a slight roughness
surface, which can be visualized as peaks and valleys intensities. The
description presented above, was confirmed by surface isolines analysis
and a digital 3D profile surface structure from SEM and TEM images
respectively (Fig. 1C).

3.2. Biocompatibility studies of H-CS in prokaryotic cells

We tested whether H-CS had any effect on L. casei BL23 cellular
proliferation or viability. None of the tested concentrations manifested
one of the mentioned effects on the number of L. casei’s UFC/ml
(Fig. 2A). At the same time, neither PBS (pH 7.4) nor CH3COOH 1% (w/
v) solution influenced on the cell viability (p > 0.05).

CLSM images of living bacteria after staining with CFSE are shown in
Fig. 2B. As expected, neither morphological nor density differences were
observed when H-CS solutions with concentrations ranging from 0 to 50
pg/mL were added.

3.3. Biocompatibility studies of H-CS in eukaryotic cells

3.3.1. Cytotoxicity testing
Cytotoxicity evaluation using cell culture-based methods provides a

Lactobacillus casei
A. =
T . ol T 1 PBS
E 4+ Em Acetic Acid 1% (v/v)
2
-}
0 24
S
1_
0 1 1 1 1
0 0.5 50 500
H-CS (ug/ml)
B.
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Fig. 2. A. Mean of L. casei Colony Forming Units per milliliter (CFU/mL) + SEM. 2-Way ANOVA with interactions (p > 0.05). B. CLSM imaging of living L. casei

incubated with 0 and 50 pg/mL of H-CS.
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rough approach of the cell ability to survive in the presence of specific
materials or vehicles. Depending on which cellular characteristics is
centred, the method described to evaluate the biomaterial is mainly
categorized into metabolic assays and membrane integrity assays [29,
30]. Hence, a combination of different assays can provide a more
comprehensive determination in the screening of material biocompati-
bility [3].

For 3T3-L1 mouse fibroblasts, we found a significant cell prolifera-
tion increase after H-CS treatment (Fig. 3). By means of both MTT and
CV assays, the viability estimated was 21% and 26% higher for H-CS
treated-cells than for the control cells, respectively (Fig. 3A, i and ii). On
the other hand, TB exclusion analyses showed 31% and 50% increase in
the number of total viable cells for 24 and 48 h, respectively, versus the
control cells (Fig. 3A, iii). These results indicate that the supplementa-
tion of culture media with H-CS, at 10% FBS, was not only innocuous for
fibroblast growth, but also increased cell proliferation. The mentioned
effect on cell viability was also noted by observation of contrast
microscopic images showing the cells growing at high densities upon H-
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CS addition (Fig. 3A, iv). Also, a considerable uptake of Cyn-H-CS
molecules by 3T3-L1 cells was observed in CLSM images. In a comple-
mentary way, the 3D images reconstruction generated from the original
ones allowed to confirm the presence of the dye fully colocalizing with
cytoplasm, evidenced by the high levels of fluorescence (Fig. 3B).
Considering that native CS, as well as its derivatives polymers, has
been frequently tested by means of MTT assay [30], we next continued
with this methodology for human cell lines (Fig. 4). Through this
metabolic assay and phase-contrast microscopy, a significant prolifera-
tion was determined in both Caco-2 (38%) and ARPE-19 (40%) cell
lines, after H-CS treatment, (Fig. 4A, i and ii). On the contrary, MTT
assay and microscopic images showed no significant differences in cell
viability of EA.hy926 cells and in their density upon H-CS addition.
Based on these findings, we hypothesized that the obtained differ-
ence in proliferation could be linked to a differential cellular uptake. To
corroborate it, we selected ARPE-19 in which proliferation was observed
and EA. hy926 cells with the opposite behaviour. Notably, both cell lines
fully incorporated Cyn-H-CS molecules (Fig. 4B), with a similar

Murine 3T3-L1 cell line
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Fig. 3. A. Cell proliferation and viability assays for 3T3-L1 fibroblasts under H-CS treatment by means of MTT (i), Crystal violet (ii), TB exclusion (iii) and phase-
contrast microscopy (iv) analysis. B. CLSM image showing Cyn-H-CS (50 pg/mL) uptake and the corresponding fluorescence intensity plot in 3D view. *p < 0.01 vs
control. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 4. A. MTT analysis and phase-contrast microscopy images corresponding to human Caco-2 (i), ARPE-19 (ii) and EA. hy926 (iii) cell lines. B. CLSM images
showing Cyn-H-CS (50 pg/mL) uptake and the corresponding fluorescence intensity plots in 3D view. *p < 0.01 vs control.

behaviour to that described above for murine cells. Therefore, the pro- 3.3.2. Cell adhesion and morphology

liferation effect cannot be explained just by the simple uptake into the Another parameters to define the cytotoxicity of a biomaterial are
cells. Thus, the present results constitute the bases for further mecha- both the cell adhesion and morphology, since they are probably the most
nistic studies of the H-CS-induced proliferation to be addressed in a next valuable aspects of the cellular interaction with a biomaterial [4]. None
contribution. of the mammalian lines studied exhibited changes in their morphology

and adhesion. In a qualitative way, parameters observed and considered
as healthy cultures are summed up in the following paragraphs (Fig. S1):
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3T3-L1 cells showed fibroblast-like phenotype which includes thin
and elongated (spindle-shaped) cells with a remarkably smooth cell
surface. These cells grow characteristically in superimposed layers and
typical cell morphologies indicative of cellular stress and/or toxicity
include a decrease in cell size, cell detachment and reduction in
confluence [31]; none of the mentioned events were detected upon H-CS
treatment.

Caco-2 cells normally exhibit morphological differences with the
increasing of passage number. Under our conditions, cells with 60-70
passages, normal cultures were observed which contained flatten and
squamous cells whose contours were slightly defined, accordingly to
Ref. [32]. As expected, Caco-2 culture progressed into flat islands,
expanding over time, with granules corresponding to the glycogen
storage [33]. When this culture is injured, cells start to shrink and round
and lose their capacity to adhesion on the surface of the cultivation plate
[34,35]. Under H-CS treatment, we observed no changes in the Caco-2
monolayer, without any disruption.

ARPE-19 cells showed flattened epithelial cobblestone-like
morphology. Also, these cells attain reminiscent fibroblasts
morphology after reaching confluence. Those characteristics were in
accordance to previous descriptions [36,37]. Of note, when ARPE-19
cells were injured, rounded, shrunken and loosely attached cells with
floating cells in the culture media used to appeared [27,38].

EA.hy926 cells remain growing as a population of large, closely
opposed, polygonal cells with a centrally located nucleus and indistinct
cell borders, which constitute a normal morphological phenotype [39].
Previous reports indicate that EA.hy926 cell changes, from a polygonal
shape to a spindle-shape, are precedent to cell dead and detachment,
upon cytotoxic treatments [40]. The mentioned characteristics were
never observed for cells treated with H-CS.

4. Discussion

Biomaterials were employed from ancient times; however, in recent
years, their degree of complexity has substantially grown making them
to acquire a relevant position in many fields [41]. In the food industry,
biomaterials could be exploited as edible films packaging, coating ap-
plications for probiotic bacteria, etc [42,43]. In the biomedical field, the
biomaterial uses include the supporting, enhancing, or replacing
damaged tissue or a biological function [5,44,45].

Among the wide spectrum of biomaterials, we centred on bio-
polymers, which are obtained from the living organisms (e.g. CS) [12,
14]. Although polymer-based crosslinked materials are highly promising
in the above-mentioned areas, the current proposals are focused mainly
on commercial biomaterials. Since the employment of CS is not far
behind the latest issue, it is essential to achieve a perfect balance be-
tween an environmental sustainability and functional use of this
biomaterial [46]. In this sense, it is highly useful to recycle crustacean
wastes originating from every corner of planet Earth and our research
laboratory has joined to this sustainable motivation.

CS MW is an important attribute that greatly affects its physico-
chemical and biological properties, which ultimately will influence its
application. Usually, there is a trend in scientific research to use low
MW-CS. The MW of CS is proportional to its viscosity. The degree of
deacetylation of chitosan is another relevant characteristic for this
biopolymer [47,48]. The H-CS employed in this work present
medium-deacetylation degree, like those commercials [20].

Nowadays, little information is found regarding to single CS in
literature. The ultrastructure analysis of the employed H-CS revealed a
slight roughness surface constituted by an anastomosing network of
microfibers (Fig. 1). Similar description was given for a CS derived from
crayfish Procambarus clarkii’s exoskeleton wastes [48].

While drug molecules should be discussed in terms of toxicity, the
biomedical materials, which include polymers, should be considered for
their biocompatibility. More precisely, the biocompatibility of a mate-
rial refers to its performance with a suitable host response in a particular
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situation [30].

In an elucidative review, Calinoiu et al. suggest that the most sig-
nificant applications of CS in food industry comprise the coating mate-
rial for probiotic stability with the aim of generate functional products,
biodegradable films, food conservation from microbial deterioration or
bacteriophages, etc [43]. Probiotics are live microorganisms widely
used as nutraceutical products for the supplementation of intestinal flora
[49,50]. The well-balanced gut microbiota is crucial in preserving
human health and ought to not be modified by the intake of probiotics
coated with biomaterials [50]. Among the widely probiotics present in
the intestinal flora, the genus Lactobacillus is biotechnologically more
suitable for food applications. Remarkably, diverse species of Lactoba-
cillus have emerged as vectors for the release of antigens through the
gastro-intestinal epithelium. In particular, L. casei is present in the
human intestinal flora and is a widely studied species [25]. Present re-
sults showed that H-CS did not evoke appreciable adverse effects on the
growth of lactic acid bacteria colonies. Similarly, another lactic acid
producing probiotics like L. plantarum, L. acidophilus, L. bulgaricus [50]
and Bacillus coagulans [51] were protected by CS and alginate. Hence,
our results suggest that H-CS offers a promising matrix to deliver pro-
biotics since it would reduce the problems generated by bacteriophages
in the dairy industry as well as allow to increase the residence time of
bacteria in the gastrointestinal mucosa, given the mucoadhesive prop-
erties of CS. In this sense, our work also explored the effect of H-CS on
human intestinal cells (Caco-2), being able to verify its biocompatibility.

In Caco-2 cells, the cytotoxic and potentially anti-proliferative effect
of CS-derived formulations; e.g. CS-nanoparticles [52,53],
CS-nanocomposites [54] and chemically modified-CS [55], were previ-
ously evaluated in order to assess their biocompatibility and their sub-
sequent potential use as drug delivery carriers for oral administrations.
Low viscosity CS was evaluated on its free form, showing no harmful
effects in Caco-2 cells and even an increased cell proliferation, similarly
to this work [56]. The cellular and molecular pathways that regulate this
CS-induced proliferation in Caco-2 cells remain unknown. Loh et al. [52]
reported an effect of pH condition of CS treatments; medium size-CS at
pH 6.0 applied for 72 h increased Caco-2 proliferation in comparison to
pH 7.4 condition. In contrast, CS that has been chemically modified to
increase their solubility in water (quaternized CS), shows some negative
effects on proliferation by decreasing cell viability [55].

CS has been broadly proposed for biomedical and pharmaceutical
uses, such as drug/gene/vaccine delivery, tissue engineering, wound
healing, and cosmetic products. In this sense, CS could solve the disad-
vantages and obstacles in the process of drug transportation [17,57].
Such is the case of various routes of administration, which involve
different types of cells and with which the biomaterial must interact.
Data from the present report allow us to suggest that H-CS would be a
promissory vehicle for ocular and dermal drug delivery. We determined
that retinal pigment epithelium, as well as fibroblast and endothelial
cells, exhibited a suitable cellular response reflected by biocompatibility
and effective uptake of the H-CS.

Adhesion and proliferation of human dermal fibroblasts were stim-
ulated by Icelandic marine CS [58] and Korean CS [59]. The latter work
hypothesized that the free amine would play a crucial role in both
cellular events. Also, it should be note, that the rough-prone surface of
CS was previously related with cell adhesion and proliferation tendency
[60]. Silva et al. proposed that CS could have an intrinsic mitogenic
activity, similar to a competent growth factor [61]. The survey of pre-
vious studies indicates that the intrinsic mitogenic activity of CS is
controversial and depends on the nature of the biopolymer and the
specific testing conditions and cell lines used [61,62]. On the contrary,
an inhibitory effect on mitogenesis was previously reported for CS
molecules in skin fibroblasts [63]. Cell adhesion increases were reported
as a CS effect improving cell behaviour in 2D culture systems [64].

Endothelial cells, in the blood vessels, exert regulatory functions
whereby comprise therapeutic targets employed for the treatment of
many pathologies [65]. A prominent feature of cardiovascular disease is
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an enhanced oxidative damage and CS resulted in protection of endo-
thelial cells from human wumbilical vein after hydrogen
peroxide-induced apoptosis [66]. Experiments with CS-based liposomal
thermogels, designed for an effective drug delivery in the treatment of
vascular malformation disease, resulted in normal viability rate and cell
morphology for EA.hy926 cell line [67]. Previous results indicated that
while CS alone favoured cell attachment and growth of human coronary
artery endothelial cells, glycosaminoglycans-CS materials inhibited cell
spreading and proliferation; meanwhile, dextran sulfate-CS stimulated
cell proliferation [7]. On the other hand, murine bEnd5 brain endo-
thelial cells showed no proliferation under commercial CS treatment
[68]. As evidenced, there are many disparities about the cell growth
behaviour depending on the type of CS used and the cell lines cultured.
Together, these findings denote how relevant could be the selection of in
vitro experimental models. As indicated by Martin-Lopez et al, cell
growth depend not only on the molecular characteristics of CS but also
on intrinsic factors of the employed cell type under study [68].

For ARPE-19 cells, the biocompatibility of non-cross-linked CS
membranes from crab shells was demonstrated by the absence of any
signs of cytotoxicity, although no changes in cell proliferation were re-
ported [69]. Noorani et al. obtained that gelatin-CS induced an optimal
cellular attachment and proliferation and suggest a compatible inter-
action of the biomaterial with human retinal pigment epithelium (RPE)
cells [70]. On the other hand, ARPE-19 cells cell viability did not change
it growth rate after the addition of CS oligosaccharides (5000 Da) to
culture media [71].

It is relevant to highlight that the eye is conformed with quite a few
regulatory mechanisms to avoid inflammatory and immune responses.
For this reason, this organ is considered as an immune privileged
microenvironment. Particularly, the RPE plays a pivotal role in retinal
immunity since it constitutes part of the blood-eye barrier. Under in-
flammatory conditions, RPE cells produce a myriad of cytokines that
may activate the resident ocular cells or attract and activate resident
macrophages/microglial cells. In addition, immunoregulatory functions
of RPE cells are achieved, toll-like receptor activation, nitric oxide
secretion, complement regulation and antigen presentation. In sum, the
RPE cell coordinates both innate and adaptive immunity and comprises
a plethora of factors to regulate the immune response [72-75].
Considering the relevant role of RPE cells in the immunogenic response,
we recently determined the levels of pro-inflammatory interleukin cy-
tokines after H-CS treatment. Our findings revealed that H-CS did not
stimulated the secretion of IL-6 and IL-8 in ARPE-19 [76].

In summary, the present work contributes to the understanding of H-
CS interactions with biological elements, such as bacteria and eukary-
otic cells. This knowledge may be exploited for biomedical, cosmetic,
nutraceutical or food industry applications.
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