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The current investigation emphasizes the use of fucoidan and sericin as dual-role biomaterials for obtaining novel
nanohybrid systems for the delivery of diclofenac sodium (DS) and the potential treatment of chronic inflam-
matory diseases. The innovative formulations containing 4 mg/ml of fucoidan and 3 mg/ml of sericin showed an
average diameter of about 200 nm, a low polydispersity index (0.17) and a negative surface charge. The hybrid
nanosystems demonstrated high stability at various pHs and temperatures, as well as in both saline and glucose
solutions. The Rose Bengal assay evidenced that fucoidan is the primary modulator of relative surface hydro-
phobicity with a two-fold increase of this parameter when compared to sericin nanoparticles. The interaction
between the drug and the nanohybrids was confirmed through FT-IR analysis. Moreover, the release profile of DS
from the colloidal systems showed a prolonged and constant drug leakage over time both at pH 5 and 7. The DS-
loaded nanohybrids (DIFUCOSIN) induced a significant decrease of IL-6 and IL-1f with respect to the active
compound in human chondrocytes evidencing a synergistic action of the individual components of nanosystems
and the drug and demonstrating the potential application of the proposed nanomedicine for the treatment of

inflammation.

1. Introduction

Inflammation can be defined as a double-edged sword. Indeed, it is a
biological self-response designed to protect the body from injury or
harmful endogenous and/or exogenous biophysico-chemical stimuli,
characterized by orchestration of a wide range of molecular mediators
and inflammatory cells (Liu et al., 2022a; Liu et al., 2022b). However,
the failure of a pharmacological treatment may promote persistent tis-
sue damage and a sustained inflammatory response lasting from months
to years, a condition known as chronic inflammation (Dou et al., 2020).
Among the chronic disorders, “inflammatory arthritis” is an umbrella
term encompassing several conditions characterized by the inflamma-
tion of one or more articulations. It is a long-term disease that affects
millions of people worldwide and causes pain, stiffness, and decreased
mobility (Chapman et al., 2022).

Currently available first-line treatment options for this chronic dis-
order are non-steroidal anti-inflammatory drugs (NSAIDs) and
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glucocorticoids to control pain and inflammation and to prevent long-
term joint erosion. However, the properties of these drugs have
several drawbacks, the majority of which are related to reduced
bioavailability and efficacy, poor water solubility, scarce cell uptake,
unfavorable pharmacokinetics, random distribution in vivo, and degra-
dation before reaching the target sites (Majumder and Minko, 2021;
Zhang et al., 2022). Additionally, the new frontier in the treatment of
these chronic pathologies is to combine biological agents with tradi-
tional disease-modifying anti-rheumatic drugs (DMRDs). However, even
though this approach provides fast relief, a financial concern comes up
because conventional treatments require multiple administrations,
possible hospitalization and the intervention of trained personnel,
compromising the quality of life of patients (Rani et al., 2023). In this
context, there is an urgent need for the development of novel, safe anti-
inflammatory formulations with multiple mechanisms of action for the
treatment of chronic inflammatory diseases due to the complexity of the
related biological and molecular processes (Obluchinskaya et al., 2022).
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Research is focusing on developing advanced therapies in the
attempt to get around the risks of dose escalation-induced de-function-
alization and therapeutic tolerance (Thorne et al., 2017). Several bio-
responsive drug delivery systems have recently been used to address
these issues and deliver drugs to treat chronic inflammatory diseases
(Dou et al., 2020). For example, colloidal systems outperformed con-
ventional formulations in terms of therapeutic compliance by increasing
drug retention time at the site of action. The peculiar properties of
nanoparticles, such as their mean sizes and large area-to-volume com-
bined with the opportunity to functionalize their surfaces, enable them
to interact with biological structures at both cellular and subcellular
levels, opening up new avenues for personalized and targeted therapies
(Zhang et al., 2012).

Brown algae might be a good alternative for the treatment of chronic
disorders because it contains therapeutic components known as fucoi-
dans (FU) —such as sulfated polysaccharides—which exert biological
effects (Luthuli et al., 2019; Zayed and Ulber, 2019). These natural
biomolecules have gained attention due to their potential anti-
inflammatory, antioxidant, anticancer and immunomodulatory proper-
ties (Pradhan et al., 2020). FU were first discovered in 1913 and they
have been used as a medicinal food supplement in Asia due to their
pharmacological activities (Jin et al., 2021). Recent experimental
studies focused on fucoidans obtained from Fucus vesiculosus and
Undaria pinnatifida which belong to the Fucales and Laminarales,
respectively (Bittkau et al., 2019). Interestingly, these FU have been
observed to inhibit the activation of pathological pathways through a
variety of cellular and molecular mechanisms. These include the inhi-
bition of selectin-prostaglandin interaction, the suppression of the pro-
duction of nitric oxide (Wang et al., 2021) along with the reduction of
oxidative stress (Abdel-Daim et al., 2020), the selective inhibition of
COX-2 (Pozharitskaya et al., 2020) and the down-regulation of the
expression of mitogen-activated protein kinase p38, Akt, extracellular
signal-regulated kinase and c-Jun N-terminal kinase (Park et al., 2011).
Recently, Vaamonde-Garcia et al, reported that FU have anti-oxidant
and anti-inflammatory effects in chondrocytes, as well as having pro-
tective properties towards mitochondrial dysfunction (Vaamonde-Gar-
cia et al., 2021).

Sericin (SS) is another biopolymer characterized by several inherent
biological properties. It’s a globular water-soluble protein that, together
with fibroin, constitutes the silk cocoon (Gagliardi et al., 2022). In
recent years SS has been disposed of as industrial waste by the tradi-
tional silk industry, but it is making significant advances in regenerative
medicine, tumor diagnostics, and materials science as a natural material
In traditional medicine, natural SS was used as a cognitive enhancer and
pain reliever for heart disease, atherosclerosis and metabolic disorders
(Rahimpour et al., 2023). Indeed, the protein has been shown to sup-
press the inflammatory response by way of several mechanisms,
including inhibition of the NF-kB and MAPK pathways, with a decreased
secretion of pro-inflammatory cytokines (Aramwit et al., 2013; Song
et al., 2016). Khampieng et al. demonstrated that SS-loaded alginate
nanoparticles embedded in a hydrogel inhibited the carrageenan-
induced inflammation and this effect was mainly due to the peculiar
pharmacological properties of SS (Khampieng et al., 2015).

In the pursuit of more efficient treatments for chronic diseases such
as inflammatory arthritis, the current study describes for the first time,
to the best of the authors’ knowledge, the potential application of
nanoparticles made up of FU and SS as carriers of diclofenac sodium salt
(DS), used as a model of nonsteroidal anti-inflammatory drug.

DS acts as a competitive and irreversible inhibitor of the prostatin
synthase enzyme to treat inflammation and pain (Oztiirk et al., 2020).
Unlike many other NSAIDs, the most important advantage of this drug is
that it exerts its therapeutic actions by a selective inhibition of COX-2
which is a key enzyme that can regulate the production of PGs. More-
over, multiple administrations of DS are required to maintain its ther-
apeutic concentration because of its short biological half-life (2 h) and
fast elimination rate (Altman et al., 2015).
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These issues can be addressed through the encapsulation of the drug
in the innovative hybrid formulation. Indeed, the association of the
natural substances characterized by the aforementioned biological ef-
fects and the active compound might promote a decrease of its effica-
cious pharmacological concentration, potentially decreasing the risk of
side effects, such as gastrointestinal, cardiac, hepatic and renal toxicity
(McGettigan and Henry, 2013; Amanullah et al., 2022). The hybrid
nanoparticles containing DS (DIFUCOSIN) were obtained through a
simple and sustainable preparation process that does not include the use
of homogenizers and their physico-chemical characterization and in
vitro activity were investigated.

2. Materials and methods
2.1. Materials

Fucoidan (FU) from Fucus Vescicolosus (purity > 95 %, ~70 kDa),
commercial sericin (SS) from Bombyx Mori, diclofenac sodium salt (DS),
sucrose, glucose, mannitol, mannose, sorbitol, 3-[4,5-dimethylthiazol-2-
yl1-3,5-diphenyltetrazolium bromide salt, phosphate buffered saline
(PBS) tablets, dimethyl sulfoxide, amphothericin B solution (250 pg/ml)
Human chondrocytes (C28/12) and Amicon® Ultracentrifugal filter
units (MW 10 kDa), were all purchased from Sigma-Aldrich Co. (St.
Louis, MO, USA). For the in vitro studies, DMEM (Dulbecco’s Modified
Eagle’s Medium) with glutamine, trypsin, ethylene diamine tetraacetic
acid (EDTA) (1 x ) solution, fetal bovine serum (FBS) and pen-
icillin-streptomycin solution were obtained from Gibco (Life Technol-
ogies, Monza, Italy). The cellulose acetate membrane used for in vitro
release studies (MW 50 kDa) was obtained from Spectrum Laboratories
Inc. (Eindhoven, Netherlands). All other materials and solvents used in
this investigation were of analytical grade (Carlo Erba, Milan, Italy).

2.2. Preparation of hybrid nanoparticles

The hybrid nanoparticles (hybrid NPs) made up of SS and FU were
obtained using the desolvation method by adding an organic solvent to
the aqueous polymer solution (Jahanban-Esfahlan et al., 2016; Kanoujia
et al., 2016). In particular, various amounts of fucoidan (1-4 mg/ml)
and a fixed quantity of sericin (3 mg/ml) were solubilized in 5 ml of an
aqueous solution at room temperature. Acetone (4 ml) was added to the
SS/FU solution at a rate of 1.0 ml/min under constant stirring at 600
rpm. The obtained dispersions were placed on a magnetic plate (600
rpm for 12 h) in order to favor the evaporation of the organic solvent. SS
(3 mg/ml) or FU nanoparticles (4 mg/ml) were obtained using the same
method by adding acetone (4 ml) to the aqueous polymer solution.

In addition, to obtain hybrid NPs containing DS, different amounts of
drug (0.2-1 mg/ml) were solubilized in the polymer aqueous solution.
Successively, the nanoparticles were purified by means of ultracentri-
fugation at 90 k x g for 60 min at 4 °C.

2.3. Physico-chemical characterization

Photon correlation spectroscopy (PCS) was used to evaluate the
hydrodynamic diameter, size distribution and Zeta-potential of the
hybrid NPs by using a Zetasizer Nano ZS (Malvern Panalytical Ltd.,
Spectris plc, England) and applying the third order cumulant correlation
function. Each measurement was performed in triplicate on three
different batches and reported as a function of the intensity (%) +
standard deviation. These parameters were also assessed as a function of
temperature as previously described (Gagliardi et al., 2021).

A Transmission Electron Microscope (CM;, TEM, PHILIPS, The
Netherlands) equipped with an OLYMPUS Megaview Gy camera was
used to investigate the morphology of hybrid NPs. The nanosystems
were analyzed at 100 kV. A droplet of the sample was placed onto a
carbon-coated copper screen. After drying, the sample was contrasted
for two minutes with uranyl acetate and then washed with distilled
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water.

2.4. Influence of pH and dispersing media

The influence of pH on the mean sizes, polydispersity index and zeta
potential of the various hybrid formulations was evaluated by dispersing
the samples in deionized water at different pH values (4.0, 7.0, 10.0),
using 1 mol/1 of NaOH or HCIL

Moreover, the formulations were incubated with the saline solution
(NaCl 0.9 % w/v), the glucose solution (5 % w/v) and the PBS (0.01 M)
in order to assess the influence of the dispersing media on the phys-
ical-chemical characteristics of the NPs as previously described
(Ambrosio et al., 2023).

2.5. Lyophilization of nanosystems

The freeze-drying of the samples was performed as elsewhere
described (Voci et al, 2022). Namely, different cryoprotectants
(glucose, mannose, mannitol and sucrose) at concentrations of 5 and 10
% w/v were added to 1 ml of formulation in transparent pyrex vials and
then frozen in liquid nitrogen for 2 min. Successively, the samples were
placed in a freeze-drying chamber for 24 h (VirTis SP Scientific Sentry
2.0 apparatus with a vacuum pump B14 model, Carpanelli S.p.a.,
Bologna, Italy). The freeze-dried preparations were used after the
reconstitution of the initial volume and analyzed by PCS.

The protective effect exerted by the various cryoprotectants was
expressed as a redispersibility index (RDI) which was calculated ac-
cording to the following equation:

RDI(%) = D/Dy x 100 (€))

where D is the mean diameter of the samples after the freeze-drying
process, while Dy refers to the mean diameters before the process. RDI
values close or equal to 100 % identify samples that can be appropriately
resuspended, while values above or below 100 % are typical of systems
characterized by a non-ideal redispersibility (Voci et al., 2022).

2.6. Evaluation of the surface hydrophobicity and FT-IR analysis

The surface hydrophobicity of the hybrid NPs was investigated by
means of the Rose bengal (RB) assay, as previously described with minor
modifications (Doktorovova et al., 2012; Reboredo et al., 2021).
Different concentration of NPs (6.33-1.616 mg/ml) were incubated
under constant shaking for 30 min with 1 ml of an aqueous solution of
RB (0.1 mg/ml). Successively, the samples were centrifuged for 30 min
(4°C,90k x g Beckman Ultracentrifuge Optima TL Beckman Coulter s.r.
1., Milan, Italy) and the supernatant obtained at the end of the process
analyzed at 548 nm using a Varioskan Lux microplate reader (Thermo
Fischer Scientific, Waltham, Massachusetts, USA). For the evaluation of
the surface hydrophobicity the Total Surface Area (TSA) of the hybrid
NPs was calculated considering that the carriers were spherical in shape,
monodispersed and having an average diameter equal to that deter-
mined by the PCS analyses, and by multiplying the surface (SA) of a
single nanoparticle (4rr?) for the total number of carriers occurring in
each dilution (NTyps). This is shown in the following equation:

TSA = (SAyp) X (NTyps) @
NTyps was obtained as the ratio between the weight of the samples in
each dilution and the result obtained by multiplying the density of

sericin fucoidan and zein (p = 10.11, 10.065, 1.41 g/cm?, respectively,
as calculated by picnometry) and the volume of a single NP (4/3nr>):

NTyps = mNP/(p x Vi) 3

The partitioning quotient (PQ) of RB at each analyzed concentration was
calculated as follows:
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PQ = RBbound /RBunbound 4)

where RB bound and RB unbound represent the amount of dye adsorbed
onto the surfaces of the particles or dissociated from the carriers and
found in the supernatant, respectively. The slope values obtained by
plotting the TSA of the investigated nanosystems at a certain concen-
tration versus the PQ of RB evidenced a linear correlation (r2 = 0.9970)
and represent the surface hydrophobicity of the samples. Generally, the
higher the value of the slope obtained, the higher the hydrophobicity of
the investigated sample (Khanal et al., 2016).

Moreover, a NicoletTM iS5 spectrometer coupled with an iD7
Attenuated Total Reflectance accessory (Thermo Fisher Scientific Inc.,
Waltham, MA, USA) was used to evaluate the vibrational spectra of SS,
FU, DS, physical mixture, and freeze-dried NPs as empty systems or
containing DS. A total of 64 acquisitions with a resolution of 4 cm ™! and
a wavenumber range of 500-4000 cm ! were used to obtain the FT-IR
spectra. The OMNIC software was used to create the spectra analyses,
version 9.12.1019. The reported findings represent an analysis of three
separate experiments (Ambrosio et al., 2023).

2.7. Evaluation of the drug entrapment efficiency and release profiles

The amount of DS entrapped within the hybrid nanoparticles was
determined by a suitable spectrophotometric method. In detail, the
colloidal suspension containing the active compound was subjected to
ultracentrifugation as previously described (section 2.2.) in order to
separate the supernatant from the pellet. The supernatant was analyzed
at a wavelength of 282 nm of the bioactive compound (Perkin Elmer
Lambda 35) and the difference between the amount of the drug used
initially during the sample preparation and that measured in the su-
pernatant is the concentration of DS retained by the nanosystems. An
empty colloidal formulation was used as blank.

The release profile of DS from hybrid NPs at various pHs (5 and 7.4)
was assessed using the dialysis technique. Briefly, 1 ml of each formu-
lation was put into a dialysis bag (cellulose acetate, cut-off 10 kDa,
Spectrum Laboratories Inc. Netherlands), sealed with clips at both ends,
and transferred to a beaker containing 200 ml of a constantly stirred PBS
solution under sink conditions. (1) ml of release medium was removed
and substituted with the same volume of fresh solution at various in-
cubation times. The collected samples were successively analyzed by a
the previously described spectrophotometric method. The ratio between
the amount of the drug found in the release solutions (DSgg1) and that
contained within the hybrid systems (DS oap) was used to calculate the
percentage of DS released, as reported below:

Release% = DSrer/DSroap x 100 5)

The results were described as the mean of three different experiments
+ standard deviation.

Moreover, various mathematical models were used to analyze the
percentage of cumulative drug release during the experiments. In
particular, zero-order, first-order, Higuchi, Hixson-Crowell, and
Korsmeyer-Peppas models were used to compare the obtained drug
release kinetic profiles. The highest correlation coefficient (r2) values
indicate the most accurate and best-fitted kinetic models to describe the
occurring drug release phenomena.

2.8. In vitro toxicity and anti-inflammatory activity

Human chondrocytes (C28/12) were cultured as previously described
(Cosco et al., 2016). The cytotoxicity of the aqueous solution of SS, FU
and hybrid NPs was evaluated by MTT-testing. The cells were plated in
96-well culture plates (7 x 10° cellule/0.2 ml), treated with different
concentrations of empty formulations (from 10, to 250 pg/ml of
biomaterial) and incubated for 24, 48 and 72 h. Untreated cells were
used as control. A microplate spectrophotometer (Thermo Scientific™
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Varioskan™ LUX) was used to measure the cell viability at 540 nm with
a reference wavelength of 690 nm. The cell viability was calculated
according to the following equation after 3 h incubation with tetrazo-
lium salts:

Cellviability% = AbsyAbsc x 100 (6)
where Abst and Abs¢ indicate the absorbance of treated and untreated
cells, respectively. Each experiment was repeated three times, and cell
viability values were calculated as the mean of each experiment +
standard deviation. The anti-inflammatory activity of empty nano-
particles, DS and DS-loaded hybrid NPs was investigated on C28/12 cells
by measuring specific markers such as IL-1§ and IL-6. The cells were
incubated with various concentrations of DS (free or nanoencapsulated)
for 24 h before the addition of lipopolysaccharide (LPS) (100 ng/ml). IL-
1p and IL-6 levels were measured at the end of the incubation period (24
h) using enzyme-linked immunoassorbent assay ELISA kits (Merck
Millipore, Darmstadt, Germany) according to the manufacturer’s in-
structions as previously reported (Cosco et al., 2016).

2.9. Cell uptake of rhodaminated nanoparticles by flow cytometry

Kinetics of intracellular accumulation of rhodaminated nano-
particles was evaluated by fluorescence-activated cell sorting (FACS)
analysis as previously described (Fatma et al., 2016; Chiarella et al.,
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2020).

In detail, C28/12 (2 x 10° cells/well) were treated with hybrid NPs
prepared with rhodamine-DHPE (150 pg/ml) for various incubation
times at 37 °C. Successively, cells were harvested by trypsinization,
washed twice with ice-cold PBS and resuspended in 300 pl PBS for flow
cytometry analysis. The fluorochrome was excited by means of a blue
laser (488 nm) and 10,000 events were acquired on a BD FACscan™ II.
The percentage of rhodamine-positive cells was determined by FlowJo
software 8.8.6 (Becton Dickinson, Milan, Italy) using the histogram
overlay method to show changes in expression profiles of each sample as
compared to the untreated cells (Chiarella et al., 2020).

2.10. Statistical analysis

The statistical analysis of the various experiments was performed by
ANOVA and the results confirmed by a Bonferroni t-test, with a p value
of < 0.05 considered statistically significant.
3. Results and discussions

3.1. Physico-chemical features of hybrid nanoparticles

Nanosystems exhibit a wide range of physico-chemical properties,
including size, shape, surface charge, and composition, for this reason a

Sericin (3 mg/ml)
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Fig. 1. (A) Mean sizes, polydispersity index and (B) surface charge of sericin nanoparticles (3 mg/ml) as a function of fucoidan concentration. (C) TEM micrograph of
hybrid NPs prepared with 3 mg/ml of sericin and 4 mg/ml of fucoidan. Bar = 200 nm. **p < 0.01, ***p < 0.001 vs. SS nanoparticles.
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comprehensive understanding of these properties is essential in order to
tailor these carriers for specific applications and ensure their stability
under physiological conditions. As a result, in the first phase of the
study, the impact of various amounts of FU on the formation of the
sericin nanoparticles was investigated at a specific protein concentration
(3 mg/ml), which was kept constant. This was because the systems ob-
tained with this amount of biopolymer showed the best characteristics in
terms of average diameter, polydispersity index (PDI), and zeta potential
and no aggregates were observed during their preparation (Fig. S1). In
particular, as shown in Fig. 1, variability in the dimensional values of the
nanocarriers was obtained as a function of the amount of polysaccharide
used.

The FU-free SS nanoparticles showed an average diameter of 170 nm,
a PDI of ~ 0.12 and a negative surface charge. The addition of FU to the
aqueous phase during the preparation step caused a slight increase in the
mean diameter of the nanosystems up to a polysaccharide concentration
of 4 mg/ml (Fig. 1). However, the use of 6 mg/ml of FU promoted the
formation of macroaggregates and sediments. The PDI showed the same
trend previously described but at a FU concentration of 3 and 4 mg/ml a
significant decrease of the value was evident (Fig. 1). This phenomenon
can be related to the high FU content which promoted an increase in the
electrostatic repulsion between the colloidal particles, favoring the
formation of a relatively stable colloidal structure, data in agreement
with other studies based on hybrid FU nanosystems (Chen et al., 2018;
Liu et al., 2020; Zhang et al., 2021). Moreover, the TEM technique was
used to observe the morphology of the hybrid NPs and a well-defined,
smooth, spherical structure was observed, confirming the PCS data
previously discussed.

It has been widely demonstrated that proteins, when exposed to
certain temperatures, can undergo structural rearrangements exposing
new reactive sites (e.g. sulthydryl groups and hydrophobic residues)
capable of promoting various interactions between the polymer chains.
Prolonged heat treatment, on the other hand, can favor the formation of
aggregates as a result of the exposure of “sticky patches” composed of
hydrophobic residues and cause a significant amount of unfolding
structures affecting the stability of several formulations (Ma et al.,
2020). For this reason, the various samples were also investigated as a
function of the incubation temperature. As shown in Table 1, the FU-free
formulation showed an increase of the mean sizes when the temperature
was increased, a phenomenon probably due to protein rearrangement
and a progressive destabilization of the colloidal structure. Contrarily,

Table 1
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the addition of FU induced a slight increase in the mean diameter and
the size distribution up to 40 °C, confirming the ability of the poly-
saccharide to prevent a temperature-dependent destabilization of the
hybrid systems. However, it was interesting to note a significant varia-
tion of the aforementioned parameters at 50 °C with respect to the
nanosystems incubated at 25 °C. In particular, the different formulations
showed an increase in the surface charge (~-40 mV) with respect to the
value obtained at room temperature. This phenomenon is probably due
to the protein component which tends to rearrange itself at high tem-
peratures, modulating the characteristics of the surface diffusion layer.

3.2. Influence of pH and dispersing media

Among the methods proposed for improving the therapeutic efficacy
of NPs, the investigation of the physico-chemical characteristics of the
formulations as a function of an external stimulus or/and the properties
of the dispersant medium is a very fascinating approach. As can be seen
in Fig. 2, the FU-free formulation showed a marked increase of the mean
sizes in an acidic environment, probably due to the destabilization of the
colloidal structure. The observation that incubation in an environment
close to the isoelectric point of the protein (3.5) can promote adverse
physical phenomena (a trend also confirmed by the zeta potential value
close to 0), is in accordance with other experimental investigations (Hu
et al., 2018) (Fig. 2). The addition of the polysaccharide avoided these
adverse phenomena, probably as a consequence of the ionization of the
negatively-charged sulfate groups of the polysaccharide which tend to
interact more with the positively-charged groups of the protein, pro-
moting a better stabilization of the colloidal structure (Fan et al., 2021).
On the other hand, the presence of FU induced a slight increase of the
PdI even though the mean diameter of the nanosystems was about of
200 nm (Fig. 2). These results are confirmed by many experimental
studies which have demonstrated the ability of FU to stabilize nano-
particles made up of various materials such as chitosan, soy and zein,
thanks to the high content of sulfate groups with a pKa value of around 2
which can easily be ionized when the pH range is between 2.0 and 8.0
(Coutinho et al., 2020; Ma et al., 2020). But the zeta potential of the
various systems showed a clear increase at all the analyzed conditions,
confirming a conformational rearrangement of the nanosystems (Fig. 2).

The effect of different dispersing media, such as saline solution (NaCl
0.9 % w/v), glucose solution (5 % w/v) and phosphate buffer (PBS 0.01
M) on the physico-chemical properties of a colloidal system is another

Influence of temperature on the physico-chemical characteristics of the nanosystems based on sericin and fucoidan.

Sericin (mg/ml) Fucoidan (mg/ml) Temperature (°C) Mean sizes (nm) Polydispersity Index Zeta Potential (mV)
3 - 25 174 + 1 0.17 + 0.03 —36+1
3 - 30 177 £ 1 0.13 + 0.02 —36+1
3 - 40 234 + 2™ 0.24 + 0.04* —40+1
3 - 50 286 + 3" 0.30 + 0.02"" 33+1
3 1 25 198 + 2 0.20 + 0.02 —36+1
3 1 30 210 + 2 0.20 + 0.02 —39+1
3 1 40 220 + 1* 0.21 + 0.01 —38+2
3 1 50 270 + 2™ 0.20 + 0.04 —394+1
3 2 25 205 + 2 0.20 + 0.01 —45+1
3 2 30 211+ 2 0.21 + 0.01 —42+1
3 2 40 222 + 2% 0.20 + 0.03 —424+2
3 2 50 280 + 3" 0.21 + 0.06 -39+1
3 3 25 200 + 2 0.19 + 0.01 —52+2
3 3 30 209 + 2 0.22 + 0.01 —48 + 2
3 3 40 230 + 3* 0.22 + 0.04 —43 + 1%
3 3 50 307 £ 2™ 0.25 + 0.02 —40 £ 1*
3 4 25 210 + 1 0.17 + 0.02 55+ 2
3 4 30 220 + 1* 0.21 + 0.02 —50 + 2
3 4 40 226 + 5* 0.22 + 0.05 —48 +1
3 4 50 306 + 2" 0.22 + 0.04 —45 + 3%
*p < 0.05.
“p < 0.01.

"p < 0.001 vs. 25 °C.
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Fig. 2. Influence of pH and dispersing media on the average size (A, D), polydispersity index (B, E) and zeta potential (C, F) of the formulations made up of sericin (3

mg/ml) and different amounts of fucoidan.

important aspect to be evaluated during the steps of preformulation and
before the in vitro and in vivo experiments. For this reason, the samples
were prepared in the aforementioned media and their mean sizes,
polydispersity index and zeta potential were evaluated by PCS. In detail,
as can be seen in Fig. 2, the use of PBS promoted the formation of
macroaggregates and a heterogeneous population. This phenomenon
can be linked to the salting-out phenomenon; in fact, phosphate-salt-rich
environments reduced the effectiveness of the electrostatic stabilization
of the particles, resulting in the aggregation of the hydrophobic groups
of the polymer in solution and favoring their precipitation. On the
contrary, it was interesting to observe that the nanosystems prepared in
0.9 % NaCl and 5 % glucose solution preserved their mean diameter
(around 200 nm) and showed. These results are very important because
they demonstrate that the hybrid NPs prepared both in saline or in
glucose solution could be systemically administered for various thera-
peutic purposes.

3.3. Freeze-drying of hybrid nanoparticles

Freeze-drying is a technique usually employed to achieve formula-
tions characterized by long-term stability (Umerska et al., 2018).
Freezing and/or drying a formulation can induce physical stress to the
system. Generally, carbohydrates such as sucrose, trehalose and
mannitol are the most commonly employed excipients to protect
nanoparticles from these potential adverse phenomena and to prevent
their aggregation (Mutukuri et al., 2021). In the first step of this inves-
tigation freeze-drying studies were performed on SS-NPs both with and
without cryoprotectants in order to evaluate the appearance of aggre-
gation phenomena due to the lyophilization process. As can be observed
in Fig. 3, the freeze-dried nanoparticles without the cryoprotectant
showed the best results in terms of average size (from 170 to 165) and

polydispersity index (from 0.12 to 0.18) with a lesser negative surface
charge though still around — 30 mV. These data were confirmed by the
RDI which was close to 100 %, demonstrating the long-term storage
stability of the systems (Fig. 3). Moreover, the cryoprotectants that
allowed only a slight increase in the average diameter of the systems
after redispersion were glucose and mannitol at 10 % w/v. However, in
the current study, FU was used as a cryoprotectant and the hydrody-
namic diameter, the PDI and the zeta potential of the samples were
analyzed after their re-dispersion in water. As can be seen in Fig. 3, the
freeze-dried NPs prepared with low concentrations of FU (1-2 mg/ml)
showed a significant increase of the mean diameter (from about 200 nm
to ~ 300 nm) and PDI (from 0.18 to 0.5). These data were confirmed by
the redispersion index (RDI), demonstrating the inability of a low
amount of the polysaccharide to bring about a suitable stabilization of
the colloidal systems, as previously described by other experimental
studies (Alkilany et al., 2014; Ball et al., 2017). On the other hand, the
surface charge of the freeze-dried systems did not show significant
variation.

Actually, it is interesting to note that the best results were obtained
when higher concentrations of FU were used. In fact, the mean sizes and
zeta potential of the lyophilized systems were very similar to those of the
NPs before the freeze-drying process and the RDI was close to 100 %
(Fig. 3). These data suggest that specific concentrations of FU are
required in order to promote a protective, stabilizing effect on the SS
nanoparticles and to avoid the necessity of adding other cryoprotectants
to the formulation. Taking into consideration the data concerning the
physico-chemical characterization of the nanosystems, the hybrid NPs
prepared with 3 mg/mL of SS and 4 mg/mL of FU were chosen as a
promising formulation to be used for additional experimental in-
vestigations because it is characterized by useful properties for drug
delivery purposes.
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3.4. Physico-chemical characterization of DIFUCOSIN

The next step focused on the evaluation of the physico-chemical
parameters of the hybrid nanoparticles as a function of various con-
centrations of DS, used as a model of anti-inflammatory hydrophilic
drug. In detail, different amounts of the bioactive (0.2-1 mg/ml) were
used to evaluate the ability of the hybrid systems to retain the com-
pound. For this reason, the colloidal formulation required a new PCS
characterization based on the amounts of DS initially used during the
preparation phases of the samples.

As can be seen in Fig. 4, the addition of different concentrations of
the drug did not have any significant effect on the mean diameter and
polydispersity index of NPs with respect to the empty systems (Fig. 4). In
fact, 0.2-0.8 mg/ml of DS allowed the formation of hybrid NPs with an
average diameter of ~ 200 nm and a narrow size distribution (PDI=
~0.15). However, it was possible to observe that the concentration of 1
mg/ml of bioactive was the maximum that the nanosystems could stand
because beyond that a destabilization of the colloidal structure with the
formation of sediments and macroaggregates was promoted (data not
shown). In addition, the zeta potential of the hybrid NPs was ~ -50 mV,

demonstrating that DS had scarce impact on the surface charges of the
nanosystems.

The ability of the polymeric matrix to retain the bioactive compound
was investigated by means of spectrophotometric analysis. In detail, as
shown in Fig. 4, the carriers were characterized by a high encapsulation
rate of the molecule. In fact, a progressive increase in the amounts of DS
retained by the hybrid nanoparticles with respect to the concentration of
compound initially added can be observed. Specifically, an EE% of about
70 % was obtained using an initial drug amount of 0.8 mg/ml, while
higher concentrations evidenced a decrease of the retained drug prob-
ably as a consequence of the adverse physical phenomena that occurred.

The release studies were performed in order to evaluate the leakage
profiles of the bioactive over time under two physiological conditions, i.
e. pHs 7 and 5, as the physiological and acidic environments, respec-
tively. The drug release profiles from the hybrid NPs were very similar
under both of the conditions, i.e. they were constant and protracted over
time (Fig. 5). These results confirm the ability of fucoidan to keep the
nanoparticles stable, promoting a great integration of the active com-
pound into the nanosystems while permitting a constant and gradual
release over time.
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0.01 vs empty nanosystems.

In detail, the amount of encapsulated DS significantly influenced the
drug leakage; in fact, it was interesting to note that the increase in the
amount of the drug retained by the colloidal structure induced a milder
and more prolonged release of the bioactive over time, confirming the
great affinity of DS for the matrix. These results agree with previous
experimental works based on hybrid systems made up of fucoidan and
chitosan or sericin and zein, which showed that they efficiently retain
hydrophilic compounds and are able to promote their controlled release
(Elbi et al., 2017; Gagliardi et al., 2022).

In view of the previous results, the nanosystem formulation prepared
with an initial DS concentration of 0.8 mg/ml was selected as the ideal
formulation to be used for additional experiments. The release profile of
DS from this system was analyzed using various mathematical models
such as zero-order, first-order, Higuchi, Hixson-Crowell, and Korsmeyer-
Peppas in order to better understand the mechanisms governing the drug
leakage from the nanosystems (Table 2).

The correlation coefficient (r2) was used as a fitness criterion, which

provided valuable information regarding the fitting quality. The results
showed that Higuchi was the best-fitting model for DS release under
both pH conditions, evidencing that the principal phenomenon involved
in drug leakage is the diffusion process based on Fick’s law, which is
square root-time dependent.

3.5. Evaluation of FT-IR spectra and surface properties of hybrid
nanoparticles

The surface properties of the hybrid NPs were investigated using the
Rose Bengal assay. For this experiment, zein NPs were used as control
because the vegetal protein is a well-known model of a hydrophobic raw
material. Fig. 6 shows the variation of the surface hydrophobicity of the
investigated nanosystems as a function of the biomaterial used in their
preparation. In detail, SS and FU-NPs evidenced a greater hydrophilic
character with respect to zein nanoparticles due to their composition,
although it was interesting to observe the influence exerted by the
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Fig. 5. Release profiles of DS from hybrid nanoparticles in physiological (pH 7) and acidic (pH 5) environments as a function of the amount of encapsulated drug and
the incubation time. The analysis was performed at 37 °C. Values are the result of three experiments + standard deviation.

DIFUCOSIN NPs. Indeed, it is clear that fucoidan is the principal
modulator of relative surface hydrophobicity, demonstrating a two-fold
increase of this parameter when compared to SS NPs (Fig. 6).

These results are surprising considering the water-soluble character

Table 2
Correlation coefficient (r?) of release kinetics of DS from hybrid NPs according to
various mathematical models.

Relgf"se Ze:lo' Fi':t' Higuchi gorsmeyer- gixsonl- of the selected biomaterials. In any case, this result is consistent with
medium oraer order eppas rowe . . . .
s recent findings reported for hybrid nanosystems made up of ovalbumin
Aq“fmfs 0.6754 07636 0.9803 0.8704 0.7348 and fucoidan (Sun et al., 2023). More specifically, it was demonstrated
solution

(pH 5) that fucoidan can confer a certain degree of hydrophobicity to the
PBS 07048  0.7626 09905  0.8618 0.7436 nanostructures by replacing the lipophilic residues of globular proteins,
(pH7) such as ovalbumin and sericin, keeping them buried in their inner core
(Dautel and Champion, 2020; Duan et al., 2023).
Contrarily, the addition of the active compound did not evidence any
significant variation of the surface properties of the nanosystems with

polysaccharide against the surface properties of the empty- and
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respect to the empty hybrid NPs, demonstrating that the active com-
pound doesn’t significantly modify the physico-chemical properties of
the colloidal carriers (Fig. 6).

In addition, the FT-IR spectra of the various components of the
nanosystems and DS are shown in Fig. 6. In particular, the FT-IR profile
of the DS evidenced the following characteristic peaks: 3260 cm™! (due
to N-H stretching vibrations), 1571 eml (C=0 carboxylate ion
stretching), 748 em ™! (due to C-Cl stretching) and peaks between 1000
em ! and 1350 cm ™}, corresponding to the stretching of the C-N group
(Oztiirk et al., 2020; Akbari et al., 2022).

The FU spectrum showed a broad band at 3447 cm™! (O-H group
stretching), a peak at around 1221 em™1(S=0 stretching) and another
peak at 837 cm~! (C-0-S bending vibration) which have been attributed
to the existence of the considerable amount of sulfate ester groups in the
polysaccharide (Q. Liu et al., 2020).

Additionally, the characteristic bands of SS were observed at 3273
cm ™~} (O-H group stretching); the amide I peak at 1636 cm ™! which was
attributed to C = O stretching of the carbonyl group, the peak at 1518
cm™! attributed to N-H bending and C-N stretching vibrations (amide
1), and the amide III peak at 1239 cm ™! due to the interactions of C-N
stretching and N-H bending (Radu et al., 2021; Zhu et al., 2022).

As can be seen in Fig. 6, in the hybrid NPs the O-H vibration ab-
sorption band of FU at 3447 cm ! shifted towards 3292 cm ™ 1; moreover,
the peaks of amides I and II of the protein underwent a further shift from
1636 to 1647 and from 1518 to 1528 cm ™}, respectively. These results
demonstrated that the predominant interactions of the nanosystems are
the electrostatic and hydrogen bonds between the protein and the
polysaccharide.

Interestingly, in the spectrum of DIFUCOSIN nanoparticles, the
characteristic absorption bands of the active compound decrease or even
disappear and this is a clear indication of the overlapping of the peculiar
peaks of the DS with those of the polymeric matrix. This trend is
divergent from that obtained in the case of the physical mixture in which
the peculiar peaks of the drug can be observed, even though in a less

International Journal of Pharmaceutics 655 (2024) 124034

marked way. The changes in FT-IR signals indicated that the drug had
been effectively encapsulated within the colloidal particles.

3.6. Cytotoxicity of hybrid NPs

The intrinsic toxicity of hybrid NPs has been evaluated on human
C28/12 chondrocytes since diverse studies revealed the anti-
inflammatory activity of DS on models of C28/12-derived pathological
cartilage (Chang et al., 2021). As can be seen in Fig. S2, both FU and SS
showed a certain cytotoxicity only after 72 h incubation at the highest
concentrations. In particular, the polymers promoted a decrease in the
cell viability of 20 % at a concentration of 250 ug/ml, confirming the
low level of toxicity of these biomaterials (Fig. S2). These results are
consistent with several studies focused on SS which described the very
low toxicity of protein-based nanoparticles when large amounts of the
biopolymer were used (1000 pg/ml) (Gagliardi et al., 2022). But even
FU-based nanosystems have shown mild toxicity on various cell lines,
including THP-1, K562, HS-Sultan, NB4, BCBL-1, TY-1, HL-60 and U937
when concentrations of the polysaccharide up to 200 pg/ml were
employed (Ahmad et al., 2021). The nanoformulations reduced cell
viability at polymer concentrations greater than 100 pg/ml and incu-
bation times over 48 h (Fig. S2). These results demonstrated the
biocompatibility of the hybrid carriers, although the toxic concentra-
tions herein described were never reached in the following experiments.

Additionally, the kinetics of the intracellular accumulation of rho-
daminated nanoparticles were evaluated by cytofluorometry. C28/12
cells were cultured in the presence of 150 pg/ml empty nanocarriers for
30, 60, 120, 240 and 360 min and then intracellular fluorescence was
measured (Fig. 7). FACS analysis showed a significant cell uptake of the
fluorescent nanoparticles following 1 h incubation, and a subsequent
progressive increase of the signal after 2 and 4 h. The fluorescence signal
appeared to be stable when the cells were incubated with the rhoda-
minated hybrid nanoparticles for 6 h. In addition, the average of the
intensity of red fluorescence in C28/12 cells gradually increased over

\‘(_>30min o L—»1h I w“ “f S5 ] | — 4n | f +6h
| 1 | | \
; ' ‘ 1)V |\ .
“ | 4/ L‘_ ’) “\ y\ |
"0 ot 10¢ 100 10¢ 100 101 107 109  10° 100 ot 102 105 10 0 dor 100 100 10° 0 100 100 100 100
PE-A PE-A PE-A PE-A PE-A
50 -
CTRL
> 40 Rhodamine-
£ 2 DHPE-
§ Nanohybrids
g_: 30 -
o 9
=2
[ *
2 & 20 -
S 9
® O
X s
* 10 -
0 o
CTRL 30 min 1h 2h 4h 6h

Fig. 7. Cytometric flow analysis of C28/12 cells treated with rhodamine-DHPE-labelled hybrid nanoparticles (upper panel). Relative mean fluorescence intensity
expressed as fold of increase with respect to untreated cells (lower panel). The results represent the mean + SD of three independent experiments. *p < 0.05 ~'p <
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time, confirming a time-dependent cell uptake of fluorescent nano-
systems (Fig. 7).

Successively, the anti-inflammatory activity of DS and DIFUCOSIN
was evaluated as a function of the drug concentration. In particular,
C28/12 cells were pre-incubated with the various formulations for 24 h
and then treated with LPS. Several studies in literature reported that FU
and SS are characterized by a noteworthy in vitro and in vivo anti-
inflammatory properties, and thus they can be employed in various
diseases such as cancer and pathogenic infections (Aramwit et al., 2013;
Obluchinskaya et al., 2022; Wang et al., 2023).

Many inflammatory lesions are caused by changes in the production
or function of cytokines such as IL-6 and IL-1p. Inflammatory stimuli,
such as that exerted by LPS, induce great cytokine production by the
macrophages, which is then amplified by autocrine and paracrine
pathways that are able to increase the severity of the immune response
and the inflammation that follows. For this reason, the inhibition of
cytokine expression or function is an important mechanism in the
regulation of inflammation.

As shown in Fig. 8, even though the expression of IL-6 was already
elevated due to the inherent characteristic of C28/I12 which constitu-
tively expressed large quantities of this marker, the levels of pro-
inflammatory cytokines increased with LPS (Kloesch et al., 2011). It
can be observed that all the formulations at both concentrations
decreased the levels of the interleukines. It is well-known that DS exerts
anti-inflammatory activities, but its entrapment within hybrid nano-
particles significantly enhanced the obtained effect with respect to that
of the free drug.

It is interesting to note that the empty formulation induced a sig-
nificant decrease in the levels of the two inflammation markers. This
phenomenon is probably related to the inherent properties of both
polymers that act as strong inflammation inhibitors by down-regulating
the production of pro-inflammatory cytokines. In fact, according to
several experimental studies, FU can inhibit the expression of COX-2 in a
dose- and time-dependent manner in articular rabbit chondrocytes
(Garcia et al.,, 2019; Vaamonde-Garcia et al., 2021). Additionally,
Obluchinskaya et al. demonstrated that a FU-based cream can decrease
the carrageenan-induced edema in rats after topical application in a
dose-dependent manner and in a similar way to that of a diclofenac gel
(Obluchinskaya et al., 2022). Similarly, Sun et al., described that SS
inhibited LPS-induced inflammation through the NF-kB pathway (which
is a key regulator of inflammation), decreases the downstream inflam-
matory cytokine expression (Aramwit et al., 2013; Sun et al., 2022). This
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finding suggests that the proposed hybrid nanoparticles could be helpful
in the treatment of various inflammatory diseases.

4. Conclusions

NSAIDs are the most commonly prescribed drugs due to their efficacy
and ample availability, accounting for 5 % of all drugs prescribed
worldwide (Panchal and Sabina, 2023). But despite their numerous
therapeutic benefits, NSAIDs have serious side effects, being responsible
for over 30 % of hospitalizations due to overdosage. Indeed, several
pharmaco-epidemiological studies have shown an uncontrolled increase
in the use of NSAIDs in recent years, which could be one of the reasons
for its emerging toxicity (Moore et al., 2019). The use of hybrid nano-
particles made up of natural polymers for the management of chronic
inflammatory diseases represents an exciting frontier in medical and
pharmaceutical research. These innovative approaches have the poten-
tial to address multi-faceted criticism related to this condition, ranging
from inflammation control and cartilage protection to drug delivery and
joint lubrification. As research progresses, they could potentially offer
new strategies for enhancing the quality of life of patients affected by a
wide range of diseases. Indeed, materials having multiple-responsive
characteristics are a breakthrough in carrier performance thanks to
both the specific peculiar and common advantages of each individual
component. Nonetheless, few clinical trials have been completed to
date, most likely due to a lack of comparative research between various
fucoidans and specific experimental disease models.

In this investigation, for the first time to the best of the authors’
knowledge, SS and FU have been associated in order to obtain colloidal
systems able to retain DS with the aim of exploiting the inherent anti-
inflammatory properties of the biomaterials and preserving the phar-
macological effect of the active compound. The obtained hybrid nano-
systems were characterized by a significant physical stability, a
prolonged drug leakage over the time and they demonstrated a note-
worthy decrease of pro-inflammatory markers.

Despite the promising results described in this investigation, it is
important to emphasize that this is a preliminary study and additional
research is required to better understand the mechanisms involved in
the anti-inflammatory activity of DIFUCOSIN, its safety, in vivo bio-
distribution and the real efficacy as a novel nanomedicine for the
treatment of inflammatory diseases.
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Fig. 8. Anti-inflammatory activity of DS as free drug or encapsulated within hybrid NPs assayed in C28/12 cell cultures. The cells were incubated for 24 h with
various concentrations of the active compound (5 and 20 pM) and then treated with LPS (200 ng/ml) for 24 h. At the end of the incubation time, IL-1f and IL-6 were
quantified utilizing suitable ELISA kits. Values are the average of three different experiments + standard deviation. ~p < 0.01 with respect to LPS and ®@p < 0.01

with respect to DS.
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