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Alginate is a naturally occurring polysaccharide commonly derived from brown
algae cell walls which possesses unique features that make it extremely prom-
ising for several biomedical and pharmaceutical purposes. Alginate bioma-
terials are indeed nowadays gaining increasing interest in drug delivery and
tissue engineering applications owing to their intrinsic biocompatibility, non-
toxicity, versatility, low cost, and ease of functionalization. Specifically, alginate-
based nanostructures show enhanced capabilities with respect to alginate
bulk materials in the targeted delivery of drugs and chemotherapies, as well

as in helping tissue reparation and regeneration. Hence, it is not surprising
that the number of scientific reports related to this topic have rapidly grown

in the last decade. With these premises, the present review aims to provide a
comprehensive state-of-the-art of the most recent advances in the preparation
of alginate-based nanopatrticles and electrospun nanofibers for drug delivery,
cancer therapy, and tissue engineering purposes. After a short introduction
concerning the general properties and uses of alginate and the concept of
nanotechnology, the recent literature is then critically presented to highlight
the main advantages of alginate-based nanostructures. Finally, the current
limitations and the future perspectives and objectives are discussed in detail.

along with other polysaccharides (e.g.,
celluloses, chitosan, etc.), is indeed con-
sidered an extremely promising material
in the viewpoint of circular economy and
in substituting petroleum-derived poly-
mers.?l Among others, one of the reasons
for alginate success is its unique capability
to bind different cations leading to stable
and tailor-made hydrogels.! Owing to its
biocompatibility, biodegradability, and
nontoxicity, in the past decades alginate
has been vastly explored for drug and gene
delivery, tissue engineering, and wound
healing applications.”! In this sense, the
recent nanotechnological advances have
allowed the fabrication and exploitation
of alginate-based nanostructured mate-
rials with completely new capabilities.
Thereby, it is not surprising that nowadays
a broad variety of alginate-based nano-
materials with various shapes, sizes, and
compositions are prepared via different

1. Introduction

Alginate is a marine-derived biopolymer with unique biolog-
ical properties and it holds great promise in several industrial
fields including the fabrication of novel materials for biomed-
ical, pharmaceutical, food, and environmental purposes.’?
Alginate is one of the most abundant materials in nature and,
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approaches, including controlled gela-

tion, electrospinning and electrospraying,
self-assembly, phase-separation, and microfluidics., All these
nanostructures hold the potential to interact with living organ-
isms much more efficiently with respect to bulk systems, hence
leading to specific functionalities at the same time avoiding the
occurrence of toxicity issues.[®8!

Despite the use of alginate-based nanomaterials has been
reviewed in the past, the focus has been commonly pointed
to their generic properties and applications. Conversely, this
review attempts to provide a more specific and comprehensive
summary limited to the most recent advances in the fabrication
and use of two of the most common and promising alginate-
based nanomaterials, namely nanoparticles (NPs) and electro-
spun nanofibers (NFs), with a focus on biomedical and phar-
maceutical applications.

2. Alginate

2.1. Structure and Physical-Chemical Properties

Alginate (Alg) represents a class of naturally occurring anionic
polysaccharides consisting of linear copolymers containing
blocks of fD-mannuronate (i.e., M units) and o-L-guluronate
(i-e., G units) residues linked by Bglycosidic bonds (i.e., f—14
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Figure 1. a) Alginate monomer structural units, b) alginate block distribution and chain conformation, and c) alginate egg-box gelation model with

divalent cations.

linkages), as shown in Figure 1a.> Alginate is mainly found
in the cell wall of brown algae (Phaeophycea), with the currently
commercially available materials being commonly derived from
Laminaria hyperborean, Laminaria digitata, Laminaria japonica,
Ascophyllum nodosum, and Macrocystis pyrifera species. Alginate
extraction is an uncomplicated but multi-step procedure, which
is usually carried out via aqueous acid and alkali solution treat-
ments, saltinduced precipitation, and subsequent purifica-
tion.1 However, it is noteworthy that the bacterial biosynthesis
of alginate has been as well explored to produce products with
controlled and tailor-made physical-chemical features.'21} As
shown in Figure 1b, M and G units can be arranged either in con-
secutive homopolymer (i.e., MMM or GGG) or alternating heter-
opolymer blocks (i.e., MGM) depending on either the extraction
procedure, the natural source, or the growth, the portion, and sea-
sonal condition of the algae.'¥! Additionally, such factors highly
affect also the single block and the overall chain length (i.e.,
molecular weight) of alginate. Hence, it is not surprising that
nowadays more than 200 different alginates presenting strongly
dissimilar properties are produced.® Generally, the highest the
content of G units, the greatest is the chain rigidity,'*” while the
molecular weight usually varies between 30 and 400 kg mol (18]
playing a fundamental role in affecting alginate physical-chem-
ical properties, including its biological activity.

Despite being soluble in water, the alginate capability to
be solubilized strongly depends on its molecular weight and
composition (i.e., M/G ratio), as well as on the pH value and
ionic strength of the aqueous environment. One of the most
intriguing properties of alginate, which, by the way, allows its
wide industrial exploitation, consists in the capability to form
gels via the coordination of divalent (e.g., Ca%*, Sr?*, Ba?', etc.)
or trivalent cations (e.g., Al**, Fe*, etc.), as well as in acid con-
ditions due to the polymer chain shrinkage.? Specifically,
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such a mechanism is known as the egg-box model (Figure 1c)
and it generally describes two antiparallel alginate chains that
electrostatically interact with positively charged ions via their
negatively charged carboxyl groups to form polyelectrolyte
complexes (PECs).*2122 Besides the strength of alginate-based
gels depends on various factors (e.g., pH, temperature, ion
type, etc.), M/G ratio is broadly considered the most important
one. Indeed, only G units are believed to promote the intermo-
lecular crosslinking of alginate chains via the egg-box mecha-
nism hence playing a crucial role in affecting the resultant gel
physical-chemical properties. Furthermore, also the molecular
weight of alginate can markedly affect its gel-forming capabili-
ties with longer chains presenting faster gelling rates, enhanced
mechanical resistance, and higher elasticity.

Along with its native properties, owing to the modern-day
chemical and biochemical advances, alginate can be enriched
with new functionalities (e.g., hydrophobicity, the affinity for
specific proteins, etc.) to meet specific needs.?>?4 By way of
example, the hydroxyl groups can be modified by means of
oxidation!®! and sulfationl?®l reactions, whereas the carboxyl
groups via esterification!’! and amidation?®l reactions. These
chemical modifications can be exploited to fabricate “smart”
alginate-based materials able to respond to external stimuli,2%3%
to enhance alginate capability to interact with cells controlling
their growth and differentiation behavior,**3?! or to increase the
adsorption properties of alginate-based hydrogels for environ-
mental applications.3334

2.2. Biological Properties

Alginate is approved by the Food and Drug Administration
(FDA)B] and it possesses a variety of biological properties
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that make him broadly exploited in the food, biomedical,
and pharmaceutical industries.’3¢¥] It should be noted that,
although the biocompatibility and immunogenicity of alginate
have been extensively evaluated in vitro as well as in vivo, the
impact of alginate composition is still controversial. Indeed,
being alginate derived from natural sources, it can contain dif-
ferent impurities (e.g., heavy metals, endotoxins, proteins, and
polyphenolic compounds) and so far this misunderstanding
is most likely related to varying levels of purity in the alginate
studied in different reports. However, alginate purified by
multi-step extraction procedures does not usually induce any
significant foreign body reaction.®®! Alginate is considered also
a low or non-toxic natural polymer.?**%l However, it is note-
worthy that several studies have demonstrated that intravenous
administrated alginate can be excreted by the renal system only
for molecular weight lower than the renal clearance threshold,
whereas longer macromolecules are retained in the circulation
without accumulating in any tissue.! As a matter of fact, alg-
inate cannot be degraded in mammals due to the lack of the
specific enzyme (i.e., alginase), despite a potential approach to
overcome such limitation consist of the partial oxidation of the
polymer backbone.*?*] Additionally, alginate has been often
reported to display marked anti-oxidant, anti-inflammatory, and
potential prebiotic activities.*# A few studies also emphasize
the anti-bacterial and anti-bacteriostatic properties of alginate-
based materials explaining the mechanism either by taking into
account the polymer backbone negative charges or chelation
capabilities.”*! Yet, owing to the presence of free carboxyl and
hydroxyl groups, alginate shows excellent mucoadhesive proper-
ties which play a topical role in mucosal delivery systems being
able to enhance the efficiency and bioavailability of drugs.l*%>

2.3. Industrial, Biomedical, and Pharmaceutical Applications
of Alginate

Alginate unique characteristics, such as biocompatibility, high
availability, biodegradability, water-solubility, low immuno-
genicity, versatility, relatively low cost, thickening properties,
and gelling abilities, expanded its use in recent years in several
industrial fields.’? For instance, nowadays alginate finds broad
usability in the food industry where it is also considered an
important source of dietary fibers.®l Specifically, alginate-based
edible films and coatings can be applied onto food product
surfaces, thereby acting as a protective barrier able to preserve
food quality and flavors.’3>4 Additionally, alginate gelling and
thickening properties make it suitable also as an additive for
food products, cosmetics, and paints.>>>] Again, the presence
of the surface carboxyl and hydroxyl functional groups on the
alginate backbone, as well as its high water adsorption capabili-
ties, makes alginate interesting also for environmental-related
applications. Alginate-based materials have indeed shown great
promises in capturing several chemical species from polluted
sources.?%% Another reason for alginate success is related
to the possibility to combine this polysaccharide with other
natural (i.e., anionic or cationic polysaccharides, proteins, etc.)
and synthetic polymers, with organic and/or inorganic fillers,
and with bioactive substances.l®”) Among all these applications,
the biomedical and pharmaceutical industries represent the
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most important ones.l>*? Indeed, the unique properties of algi-
nate make it an extremely promising biomaterial that can be
employed Dbasically in any form (i.e., hydrogels, films, fibers,
and beads), shape, and size for several purposes. For instance,
in the past decade alginate has been vastly investigated as
scaffolding material in tissue engineering applications.[162
Alginate biomaterials have been successfully employed in
the treatment of bone and cartilage injuries as they can be
implanted with poorly invasive surgical procedures,/®>¢3 in
cardiac applications as substituting heart valves owing to their
non-thrombotic behavior,® and in wound healing and dressing
patches due to their capability to reproduce the native extra-
cellular matrix.l®>%) Additionally, a variety of drug delivery
systems (DDS) based on alginate, including microcapsules,
microparticles, gel particles, pellets, and beads, have been
developed as well and proved to be able to promote drug stabi-
lization and longer release.[®%% Alginate-based materials offer
also great promises in the targeted treatment of cancer”®”! and
the development of specific biosensors.”>”3l A summary of the
most common uses of alginate is reported in Figure 2.

3. Alginate-Based Nanostructures

3.1. General Principles

Nanotechnology consists of a multidisciplinary scientific field
related to the fabrication of materials with dimensions in the
nanometer scale (i.e., 1 nm = 10 m) and usually sized between
0.1and 100 nm. Nanotechnology belongs to the borders between
physics, chemistry, biology, and engineering sciences, and it is
nowadays recognized as one of the most promising tools in
solving a wide variety of modern-day issues, including environ-
mental pollution, food spoilage and waste, and health-related
diseases.’*78l Tts applications are countless and can generate
both economic and social effects by reducing costs, increasing
efficiency, and considerably improving the human quality of
life.” In the near future, these beneficial impacts will likewise
expand into any aspect of everyday life with particular emphasis
on life and health sciences with the development of completely
new therapeutic, diagnostic, and imaging techniques.’®-32 For
example, nanotechnology offers the possibility to monitor and
control serious metabolic disorders (e.g., diabetes),® to per-
form genetic tests,[#%% to help tissue regeneration,’® to fight
against cancer,®# and to develop completely innovative drug
administration dosage forms.’®%! With these premises, it is
not surprising that nanomedicine, which comprises nanotech-
nology, nanoengineering, and nanoscience, is nowadays one
of the most investigated worldwide research fields.’?l All these
unique possibilities arise from the fact that, at the nanoscale
level, the material surface undergoes significant changes and
it generates unexpected physical, chemical, and biological fea-
tures with respect to the macroscopic scale.?! For instance, the
extraordinary increase in the surface-to-volume ratio leads to
the exposition of a considerable number of active sites on their
surface making nanomaterials capable to specifically interact
with other materials and even with biological tissue. Thereby,
they show excellent characteristics that go well beyond the bio-
medical and pharmaceutical fields. However, it should be noted
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Figure 2. Schematics of alginate applications.

that despite these unique properties offer many advantages,
they may also cause serious side effects on the human body,
and the health and environmental safety of modern nanotech-
nologies are still a contentious aspect.[/

Nowadays nanostructures with different shapes and sizes
can be obtained relatively easily, from both inorganic and
organic materials due to the recent advances in nanofabrica-
tion techniques.l®” Among this variety of possibilities, alginate-
based nanostructures have attracted a great deal of interest
from both the academic and industry community due to their
good biocompatibility and biodegradability, hence being consid-
ered safe to be applied in medicine.®%! Additionally, the great
abundance, stability, and low cost make this and other poly-
saccharides extremely promising as raw materials to develop
nanostructure for biomedical and pharmaceutical purposes.
Specifically, some of the most important uses of alginate-based
nanomaterials consist of, but are not limited to, antimicrobial
products, drug and gene delivery, tissue engineering, cancer
therapy, wound dressing, and biosensors.™ In this sense, algi-
nate is commonly employed to fabricate NPs, nanocapsules,
NFs, and nanocoating, as well as nanostructured scaffolds,
membranes, gels, beads, and sponge forms.[! Figure 3 schemat-
ically reports the most frequent applications of alginate-based
nanostructures as biomedical and pharmaceutical products.

3.2. Alginate Nanoparticles

Among others, NPs are vastly the most explored alginate-based
nanostructures in pharmaceutical applications.l-1%4  Spe-
cifically, compared to the traditional dosage forms, NPs allow
for the delivery of drugs and other substances (e.g., enzymes,
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growth factors, vitamins, etc.) at the nanoscale level directly
to the site of interest. Additionally, nanoparticle-based formu-
lations can also help in enhancing the drug loading, thereby
maximizing the pharmacological impact and minimizing the
possible side effects.°>1%] To date, several approaches exist
to fabricate alginate-based NPs. In this sense, the ion-induced
gelation of alginate has been vastly exploited to fabricate carrier
systems with a greater bioavailability of the traditional encap-
sulated drugs than other dosage forms.'”’] Alternatively, also
covalent crosslinking methodologies can be employed to pre-
pare alginate-based NPs but may induce side reactions due to
the high toxicity of common crosslinking agents (e.g., glutaral-
dehyde, epichlorohydrin, etc.).1%1%] Despite such approaches
represent a simple and straightforward methodology to pre-
pared drug-loaded NPs, they are generally coupled with other
processing techniques in order to achieve better control of
size, homogeneity, and drug loading. For example, the emul-
sification technique involves the deposition of an alginate layer
on the surface of nanosized liquid droplets which contain the
substance to be embedded. The obtained NPs are then stabi-
lized via ionic and/or covalent crosslinking and then completely
dried.MOM) Another possibility is represented by the electro-
spraying technique, which comprises the application of an elec-
tric field to an alginate-based solution to induce the formation
of NPs that are collected in a proper crosslinking medium."12113l
Alternatively, alginate-based NPs can also be formed via a poly-
electrolyte complexation phenomenon.' PECs are commonly
prepared by mixing solutions of oppositely charged polyelectro-
lytes (e.g., alginate and chitosan), which then form nanostruc-
tures whose size and composition can be tuned by controlling
the processing conditions.™! In this sense, one of the most
promising approaches to prepare alginate-based NPs consists

© 2021 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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(b)

Figure 3. Schematics of the most common alginate-based nanomaterials. a) Nanostructured hydrogels. SEM micrographs on top: Reproduced under
the terms of the CC-BY 3.0 license.l®® Copyright 2020, The Authors, published by Royal Society of Chemistry. Bottom image: Reproduced with permis-
sion.l”’l Copyright 2015, Wiley Periodicals, Inc. b) Nanoparticles. Reproduced with permission.I®) Copyright 2012, Sharif University of Technology.
Production and hosting by Elsevier B.V. c¢) Nanocoatings. Reproduced with permission.% Copyright 2014, Elsevier Ltd. d) Electrospun nanofibers.

Reproduced with permission.[®l Copyright 2021, Elsevier B.V.

of the bottom-up layer-by-layer (LbL) self-assembly technology,
which foresees the development of multilayer nanostructures
(e.g., films, particles, scaffolds, foams, etc.) via the sequential
use of aqueous solutions of oppositely charged polyelectro-
lytes.!] Yet, the nanoparticle formation is also obtained via
self-assembly methodologies by exploiting ad-hoc modified algi-
nate in which hydrophobic moieties are covalently appended
onto the polymer backbone.”!8] These amphiphilic macro-
molecules can self-assemble into NPs via intra- and/or intermo-
lecular hydrophobic interactions and hydrogen bonding under
appropriate stimulation. Self-assembled nanostructures usually
present unique characteristics, including the high biocompat-
ibility of native alginate, and they may allow the encapsulation
of hydrophobic substances.

Table 1 summarizes the main applications of alginate-based
NPs along with the fabrication method, the encapsulated com-
pounds, the presence of other organic or inorganic compo-
nents, and the preferred administration route.

3.2.1. Drug Delivery

In the past years, Alg-NPs have been mostly investigated to pre-
pare DDS for the treatment of various diseases as an alternative
administration route with respect to oral intake and/or injection
formulations.021% As recently reviewed by Severino et al. %"
coupling the unique biological properties of alginate with the

Adv. Mater. Interfaces 2021, 2100809 2100809 (5 of 27)

capability of NPs to prolong drug half-life, improve the solubility
of hydrophobic substances, and release the encapsulated com-
pounds in a controlled manner may lead to a completely new
class of pharmaceutical products. These concurrent features
present a broad variety of advantages, including the possibility
of modifications for site-specific targeting, biocompatibility,
mucoadhesiveness, mechanical strength, gelation, and cell
affinity. Additionally, the biodegradability of alginate represents a
huge advantage when used as a nano-sized matrix for the devel-
opment of DDS since it can be encapsulated, and eventually
degraded, in the human tissues without any toxic effects during
or after the release mechanism.!2>121 Noticeably, the unique
ionic gelation capabilities of alginate have been hugely exploited
to ensure the nanoparticle long-term stability in physiological-
like conditions, despite covalent crosslinking approaches have
been as well investigated.'””] In this regard, drug formulations
based on alginate have been proven suitable for different drug
types, such as metformin,?2l doxorubicin,?*l ethionamide,!2*
and for various administration routes, such as pulmonary,’!
oral,2 nasal,'?” intravenous,8 and ocular.® For instance,
miltefosine-loaded Alg-NPs were employed as alternative anti-
fungal agents toward Candida albicans, Cryptococcus neoformans,
and Cryptococcus gatti fungi aiming to reduce the drug-related
toxicity.*)! Alginate NPs encapsulating peppermint-derived phe-
nolic extracts, which are some of the most used functional ingre-
dients in the food, pharmaceutical, and flavoring industries,
were also reported.3% Specifically, the phenolic compounds

© 2021 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Table 1. Summary of Alg-NPs applications together with the fabrication technique, the encapsulated compounds, the presence of other polymeric

and/or inorganic components, and the preferred delivery form.

Application Fabrication technique ~ Other polymeric or inorganic components Encapsulated compounds Delivery form Reference
Drug delivery Gelation method - Miltefosine Oral [39]
Peppermint phenolic extract Oral [130]
Grape pomace extract Oral [160]
Glucosamine sulfate Transdermal N32)
Immunoglobulin Oral [159]
Lacticaseibacillus paracasei bacteriocins Oral [135]
S-nitroso-mercaptosuccinic Parenteral [136]
acid—silver nanoparticles

Bovine serum albumin Oral [133]
Transforming growth factor Oral [207]

Pl and 53
Neural proteins Parenteral [134]
Farnesol Parenteral [212]
Octaarginine Insulin Oral [165]
Pectin Folic acid Oral [163]
Starch—cellulose Calcitonin—Amaranthus retroflexcus Parenteral [138]

L. extracts
Polysorbate 80 Curcumin Parenteral [140]
Honey Rifampicin Oral [107]
Polyelectrolyte complexation Chitosan Crocin Parenteral [164]
Furosemide Oral [146]
Poly(3-acrylamidopropyl) - Parenteral [153]

trimethylammonium chloride
Cationic polymethacrylate Lysozyme Parenteral [154]
Lecithin—pectin Dexamethasone Nasal [127]
Cetylpyridinium chloride Ibuprofen Parenteral [155]
Poly(acrylamido phenylboronic acid) Insulin—glucose oxidase Parenteral [166]
Gelation method/polyelec- Chitosan Liraglutide Oral [161]
trolyte complexation
Curcumin diethyl diglutarate Parenteral [143]
Pirfenidone Transdermal [142]
Quercetin Oral [144]
Curcumin Paremteral [145]
Captopril—amlodipine—valsartan Oral [147]
Growth factor derided peptide Nasal [149]
Rifampicin—ascorbic acid Pulmonal [150]
Bone morphogenetic protein-2 Parenteral [151]
Lovastatin Parenteral [152]
Chitosan—oleic acid Lutein Ocular [148]
Succinylated chitosan Quercetin Oral [162]
Iron oxide nanoparticles—carboxymethyl o-Amylase Parenteral [169]
chitosan
Polyethylene glycol—iron oxide Buprenorphine—rifampin Oral [213]
nanoparticles—ZnO nanoparticles
Self-assembly Polyarginine—chitosan—Eudragit Curcumin Oral n72]
100—calcium carbonate nanoparticles

Self-assembly/gelation Iron-doped hydroxyapatite - Parenteral [67]

method
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Application Fabrication technique ~ Other polymeric or inorganic components Encapsulated compounds Delivery form Reference
Gold nanorods—porous silicon - Parenteral [168]
nanoparticles
DNA Vildagliptin Oral [185]
Desolvation method - Curcumin Parenteral [137]
Stearic acid-poly(ethylene glycol) Zidovudine Oral [139]
Spray drying Gelatin Metformin hydrochloride Oral [41]
Cancer therapy Gelation method - Gadolinium Parenteral [97]
Tween 80 Curcumin—resveratrol Parenteral [179]
Gelatin—iron oxide Doxorubicin Parenteral [194]
nanoparticles—poly(vinyl alcohol)
Arabic gum Curcumin Parenteral [182]
Hyaluronic acid—folic acid Oxaliplatin Oral [184]
Artemisia ciniformis extract Paclitaxel Parenteral [81]
Catechol Garcinia mangostana L. extract Parenteral [183]
Gold nanoparticles Cisplatin Parenteral [195]
Graphene oxide nanoplatelets Doxorubicin Parenteral [196]
Iron oxide nanoparticles Doxorubicin Parenteral [198]
Polyelectrolyte complexation Chitosan Doxorubicin Parenteral [186]
Doxorubicin—paclitaxel Pulmonal [188]
Cysteamine—disulphide—poly(allylamine Paclitaxel Oral [197]
hydrochloride) —poly (4-styrenesulfonic
acid-co-maleic acid) sodium salt
Hair keratin Doxorubicin hydrochloride Parenteral [192]
Chitosan—iron oxide nanoparticles Curcumin Parenteral [199]
Gelation method/polyelec- Chitosan Curcumin diglutaric acid Oral/parenteral [189]
trolyte complexation
Amygdalin Oral [190]
Chitosan—/-cyclodextrins Curcumin—folic acid Parenteral [214]
Self-assembly - Doxorubicin—curcumin Parenteral [180]
Spray drying TiO; nanoparticles Temozolomide Parenteral 193]
Other applications Gelation method Tween 80—Span 80 Deactivated influenza virus Nasal/parenteral [206]
- Polydopamine or alginate dopamine Parenteral [208]
Polyelectrolyte complexation  Phenylalanine ethyl ester—oleic acid - Parenteral [209]
e-polylysine Bovine serum albumin Parenteral [211]
Polyethyleneimine siRNA Parenteral [210]
Self-assembly - Ovalbumin Parenteral [205]
Electrospraying - Plasmid DNA Parenteral [204]

were used as the core material, whereas alginate was exploited
both to overcome their instability drawbacks and improve
their bioavailability. Again, curcumin-loaded alginate NPs with
strong anti-carcinogenic properties toward Streptococcus mutans
were prepared via a simple desolvation method and evaluated
as dental decay fighting products.3!l Noticeably, Alg-NPs pre-
sented similar efficacy with respect to analogous chitosan- and
starch-based NPs investigated in the same work. Similarly,
alginate NPs loaded with farnesol were proposed as antifungal
agents against C. albicans. Yet, a transdermal administration for-
mulation of alginate NPs embedding glucosamine sulfate was
reported for the treatment of osteoarthritis to overcome the limi-

Adv. Mater. Interfaces 2021, 2100809 2100809 (7 of 27)

tations in its oral delivery, including liver first-pass phenomenon
and side effects.3?l The encapsulation in the nano-sized algi-
nate matrix allowed to obtain a sustained and prolonged release
with good results also in terms of skin permeation. Noticeably,
the effect of several processing conditions on the release profile
of alginate NPs loaded with bovine serum album was investi-
gated.33] In this sense, it was found that by increasing alginate
concentration, crosslinking time, and drying time it was pos-
sible to considerably reduce the initial burst release in order to
both obtain a prolonged therapeutic effect and avoid side effects.
Again, alginate NPs were proved promising for the delivery of
neural proteins.® Along with industrial drugs and natural
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Figure 4. Scanning electron microscopy image of alginate nanoparticles
containing Lacticaseibacillus paracasei. Reproduced under the terms of the
CC-BY 4.0 license. Copyright 2020, The Authors, published by MDPI.

extracts, a novel class of bacteriocins produced by Lacticaseiba-
cillus paracasei has also been successfully embedded within algi-
nate NPs as shown in Figure 4.113°]

This nano-antibiotic formulation was found to display a
much stronger and prolonger antibacterial activity against
Gram-negative bacteria (e.g., Escherichia coli) with respect to
free bacteriocins. Yet, Alg-NPs enriched with nitric oxide and/
or ad-hoc synthesized green tea-derived silver NPs (AgNPs)
were reported as potent antimicrobial nanocarriers against both
Gram-negative and Gram-positive (e.g., Staphylococcus aureus)
bacteria.'3%l Interesting synergistic effects between nitric oxide
and AgNPs were observed. In this sense, their minimum con-
centration required to show a marked antibacterial effect was
not toxic at all to in vitro tested healthy model cells.

It is noteworthy that all the unique features of Alg-NPs can be
easily tuned by combining alginate with other synthetic or nat-
ural polymers (e.g., poly(vinyl alcohol) (PVA), chitosan, pectin,
etc.).™] For instance, alginate-based NPs coated with a shell of
starch and cellulose were explored for the delivery of calcitonin
drug and/or Amaranthus retroflexcus L. extract in bone regenera-
tion applications.®] Noticeably, in vitro release studies in simu-
lated body fluid and phosphate-buffered saline (PBS) showed
the superior performances of the natural extract with respect
to the industrial compound. Hybrid dendritic NPs comprised
of alginate (i.e., core) and stearic acid-polyethylene glycol (i.e.,
shell) enriched with the anti-viral drug zidovudine were inves-
tigated showing good blood compatibility and nontoxicity in in
vitro studies.®! Yet, alginate-polysorbate 80 NPs were reported
to enhance the encapsulation efficiency and bioavailability
of curcumin, whose main release was observed in simulated
colonic fluids.% Composite alginate-gelatin NPs loaded with
metformin hydrochloride for the treatment of diabetic patients
have also been prepared via nanospray drying technique.!* The
obtained NPs successfully displayed a sustained release pro-
file of the drug in vitro, whereas in vivo rat model evaluations
showed a significant reduction of blood glucose level over 24h.

Among others, NPs based on polymer-polymer PECs have
been frequently studied for drug delivery and biomedical applica-
tions being able to encapsulate drugs and biologic components at
a molecular level. They offer greater advantages compared to tra-
ditional dosage forms improving and altering physical-chemical
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properties such as stability, protection of bioactive substances,
as well as controlling the release and thus pharmacological
activity.""#15] By way of example, composite alginate-chitosan
NPs were prepared in order to overcome the limitations in the
transdermal delivery of pirfenidone, an anti-inflammatory drug
with strong antifibrotic effects broadly employed for the clinical
treatment of pulmonary fibrosis, achieving a much higher skin
penetration with respect to the correspondent liquid dosage
form."*2 In a similar work, alginate-chitosan NPs displayed high
stability and good protective properties toward UV and thermal
exposure for the encapsulated curcumin diethyl diglutarate
drug, whose in vitro digestibility and bio-accessibility consider-
ably increased with respect to the free form in gastrointestinal
conditions, as schematized in Figure 5.4

The safety profile and the antioxidant properties of oral
administrated alginate-chitosan NPs loaded with quercetin
were evaluated in vivo in an animal model. Interestingly,
increasing the chitosan amount in the NPs led to superior
protective abilities toward iron/ascorbic acid-induced lipid per-
oxidation in microsomes and tert-butyl hydroperoxide oxidative
stress in hepatocytes. Curcumin containing alginate-chitosan
NPs also demonstrated to possess anticonvulsant and neuro-
protective effects.l Specifically, the proposed NPs allowed to
overcome the poor water solubility of curcumin and to reduce
the side effects of pentylenetetrazol, hence being of significant
value as an effective therapeutic approach in the treatment of
epileptic patients. In another work, furosemide drug encapsu-
lated within alginate-chitosan NPs showed prolonged release
and enhanced mucus-permeability, which increased the overall
drug therapeutic effect without showing cellular toxicity or
inflammatory reaction in the gastrointestinal tissues.! Nano-
sized alginate-chitosan particles prepared via polyelectrolyte
complexation have also shown promises in the encapsulation
of hydrophobic antihypertensive drugs to be administered via
oral forms.”] Remarkably, the prepared formulations offered
good encapsulation efficiency for captopril, valsartan, and
amlodipine drugs, and their excellent retention corresponding
to less than 8% of sustained drug release in vitro in 24 hat
physiological pH. The ocular administration of alginate-oleic
acid-chitosan NPs containing lutein, a hydrophobic carotenoid
with well-known retinal and macular protection against oxida-
tive stress, was as well explored.'*¥] The obtained results dem-
onstrated higher solubility, bioavailability, thermal stability,
and intracellular transport (40%) of lutein from the proposed
NPs with respect to micellar lutein hence indicating them as
a promising therapeutic tool to conquer macular degeneration
and retinopathy. Alginate-chitosan NPs loaded with a small
peptide derived from a neural growth factor have also shown
promising abilities in the treatment of brain degenerative dis-
orders, such as Alzheimer’s disease, being able to promote
the differentiation of stem cells into mature neurons.'*”) The
pulmonary administration of rifampicin and ascorbic acid co-
loaded alginate-chitosan NPs has also been reported, with the
proposed nanocarriers showing strong and prolonged antibac-
terial properties against S. aureus due to the surface functionali-
zation with chitosan.®% Alginate-chitosan NPs have also been
employed as nanosized delivery vehicles for human bone mor-
phogenetic protein-2 showing favorable size, controlled release
characteristics, and high loading efficiency.'>!] Again, the use of
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Figure 5. Schematic of alginate-chitosan nanoparticles preparation and characterization. Reproduced with permission.['?l Copyright 2019, Elsevier B.V.

lovastatin-loaded alginate-chitosan NPs allowed to considerably
reduce the drug side effects in a rat animal model meanwhile
improving its therapeutic efficiency.>?

Despite alginate-chitosan NPs represent the most investi-
gated ones, other polymer types have been employed as well.
For example, the formation of alginate-poly(3-acrylamidopropyl)
trimethylammonium chloride NPs was investigated with par-
ticular emphasis on understanding the effect of the processing
parameters (i.e., pH, ionic strength, polymer concentration,
and composition) on nanoparticle physical-chemical proper-
ties.> Yet, alginate-polymethacrylate polyelectrolyte complex
NPs for the delivery of lysozyme, a biological drug with antibac-
terial properties, were prepared via the complexation between
the anionic polysaccharide macromolecules and modified cati-
onic polymethacrylate polymer.> Remarkably, controlling the
synthesis conditions guaranteed a high control of the nanopar-
ticle size and encapsulation efficiency, with the proposed NPs
representing a versatile delivery platform. Alginate-lecithin NPs
embedding dexamethasone, a corticosteroid drug vastly used
in nasal delivery formulations, and dispersed in a pectin con-
tinuous phase were proposed as an in situ gelling system able
to undergo a sol-gel transition triggered by Ca?" present in the
nasal mucosa.l'"”’l Owing to the prolonged contact time with
nasal mucosa upon gelation, such a delivery system provided
a sustained therapeutic effect even at much lower drug concen-
trations with respect to the traditional dosages. Yet, complex
nanostructured alginate-acetylpyridinium chloride NPs were
reported for parenteral administration dosages of ibuprofen,
with the surfactant being able to simultaneously increase the
drug water solubility and crosslinking the polysaccharide.!'!

Several efforts have also been carried out by researchers to pre-
pare advanced DDS based on Alg-NPs with stimuli-responsive
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properties. Such systems have indeed the huge advantage
to release the encapsulated drugs after exposure to a proper
external stimulation (e.g., pH and temperature variations,
electric or magnetic field, light irradiation, etc.).°¢16157 [n
this sense, alginate-based NPs, owing to their responsivity to
pH, showed great potentialities in targeted intestinal delivery.
Indeed, alginate tends to shrink at highly acidic pH values
(i-e., stomach) thereby limiting the losses of encapsulated com-
pounds, whereas it assumes an extended configuration in alka-
line conditions.® By way of example, Alg-NPs were used to
encapsulate chicken immunoglobulin, which is an antibacterial
therapeutic agent highly sensitive to the severe conditions of
the gastrointestinal tract.™ In this regard, despite the quality
and activity of immunoglobulin not changed, in vitro studies
showed a release of 10% and 99.84% in simulated gastric fluids
(i.e., pH = 1.2) and simulated intestine fluids (i.e., pH = 6.8). In
a similar work, alginate NPs loaded with grape pomace extract,
which is known for its beneficial effect on gastrointestinal
health, were demonstrated to protect the bioactive compound
toward digestion in the stomach, to increase the residence time
in the intestine, and to enhance its bio-accessibility.[1"!
Remarkably, composite alginate-based NPs have shown great
promise in targeted drug delivery applications. For example,
chitosan-coated alginate-based calcium-crosslinked NPs con-
taining liraglutide manifested a great potential as gastrointes-
tinal dosage form in the treatment of diabetic patients, with the
chitosan coating helping in avoiding the drug leakage before
the targeted site (i.e., intestine).'! Similarly, core-shell-corona
NPs comprised of water-soluble succinyl chitosan and alginate
were also prepared for the targeted treatment of diabetes.['?]
These composite NPs showed a remarkably high encapsula-
tion efficiency (up to 95%) and a controlled release of quercetin
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Figure 6. Fabrication and glucose-responsiveness mechanisms of
insulin/GOx-loaded NPs. Reproduced with permission.®®l Copyright
2020, Elsevier B.V.

depending on the pH value guaranteeing a pronounced hypo-
glycemic effect and efficient maintenance of glucose homeo-
stasis in diabetic rats compared to free oral administered
quercetin. Yet, alginate-pectin NPs encapsulating folic acid dis-
played tailor-made release properties depending on the matrix
composition.l'®3 Increasing the content of pectin in the poly-
meric matrix facilitated the release of the bioactive compound
in highly acidic conditions (i.e., pH = 2), whereas increasing the
alginate content allowed to preserve the drug for its release in
neutral and basic conditions. Analogously, crocin-loaded algi-
nate-chitosan NPs displayed sustained and controlled release in
simulated gastrointestinal conditions, antioxidant activities, and
anticancer properties.1® Similarly, octaarginine-modified algi-
nate NPs loaded with insulin were studied for colon targeted
delivery, with the improvement of insulin intestinal uptake
confirmed in vivo in a rat model.’®! Remarkably, alginate-
poly(acrylamido phenylboronic acid) NPs containing insulin
and glucose oxidase were reported as an innovative glucose-trig-
gered insulin delivery system.[¢l These biocompatible advanced
nanocarriers were assembled via the formation of cycloborates
and exploited the glucose/H,0, dual-responsiveness to provide
a faster release of insulin as reported in Figure 6, hence having
strong clinical potential in diabetes treatment.

Natural benign substances have also been exploited in the
development of alginate-based NPs for drug delivery applica-
tions with superior therapeutic effects. For instance, alginate-
honey NPs containing rifampicin, a bactericidal drug, showed
marked antioxidant and anti-inflammatory properties without
toxic side effects.?]

Hybrid alginate-based NPs with unique characteristics were
developed in order to ensure the drug delivery remote activa-
tion. In this regard, highly biocompatible Alg-NPs containing
an iron-doped hydroxyapatite nanophase were proposed as an
innovative superparamagnetic pharmaceutical formulation with
potential applicability in targeted drug delivery.'” Also, conju-
gated gold nanorods and porous silicon NPs were successfully
encapsulated in Alg-NPs in order to prevent their leakage and
possible toxicity issues (Figure 7), hence showing great prom-
ises for photothermal combination therapy and other advanced
biomedical applications.'8]

Superparamagnetic iron oxide NPs encapsulated in an alg-
inate-carboxymethyl chitosan layer have been demonstrated
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highly promising for immobilizing o~amylase with the conse-
quent increase in catalytic activity, slowdown of release rate, and
improved reusable performances.®” Also, advanced buprenor-
phine and rifampin coloaded alginate-polyethylene glycol nano-
carriers functionalized with iron oxide and zinc oxide NPs have
shown promising delivery capabilities in the treatment of intes-
tinal inflammation.

Self-assembled alginate-based NPs have also been explored
as nanocarrier DDS showing great advantages in targeted
therapy and delivery."®7!l These systems are usually com-
prised of amphiphilic block or graft copolymers that in aqueous
solutions can form micelle-like particles consisting of an inner
hydrophobic core and an outer hydrophilic shell. Additionally,
stimuli-responsive multilayered nanocapsules for the colon
targeted delivery of curcumin were fabricated as illustrated in
Figure 8.2 Specifically, these nanosized platforms were pre-
pared by using calcium carbonate nanocores for the assembly
of LbL of alginate, chitosan, Eudragit 100, and poly-L-arginine.
Remarkably, release studies proved the potential for the pro-
posed nanocapsules to be designed to protect the drug in the
stomach and release it in the lower gastrointestinal tract.

3.2.2. Cancer Therapy

Cancer is a disease involving the fast, abnormal, and uncon-
trolled growth of tumor cells. Generally speaking, in order
to prolong the patient life, any cancer therapy aims to pre-
vent tumor growth, metastases formation, and relapse after
removal.'73l Common cancer therapy methods include surgery,
chemotherapy, and radiotherapy, with each method having
its limitations hence being often not able to yield satisfactory
therapeutic outcomes. To overcome such limits, nanocarriers
have nowadays gained a great deal of interest for their capa-
bility to improve the aqueous solubility, pharmacodynamic,
and pharmacokinetic profile of chemotherapy drugs mean-
while decreasing their concentration in non-targeted normal
tissues.[747¢] However, nanocarriers are commonly associated
with several drawbacks such as poor biodegradation, bioavail-
ability, stability, tissue distribution, and toxicity, thus causing
safety concerns especially for long-term cancer treatments. In
this sense, among the broad variety of materials that can be
used for this purpose, alginate, due to its unique physical—
chemical and biological properties, has shown relevant prom-
ises in the development of highly effective chemotherapy
nanocarriers.”"7178] By way of example, Alg-NPs loaded with
curcumin and resveratrol were investigated for the treatment
of prostate cancer showing marked cytotoxicity effect on tumor
cells without producing hemolysis, hence being safe for intra-
venous administration.”?) Similarly, oxidized alginate NPs
conjugated with doxorubicin and containing curcumin demon-
strated lower toxicity toward health cells compared to analogous
free drug formulations and pH-responsive delivery for the tar-
geted treatment of breast cancer.® Yet, Alg NPs loaded with
paclitaxel were added with Artemisia ciniformis extract aiming
to reduce the drug side effects by reducing the cytotoxicity
against healthy cells.'®) Composite alginate-based NPs have
also been widely investigated in targeted cancer therapy due to
their improved selectiveness. For example, alginate-arabic gum
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Figure 7. a) Formation of biocompatible gold nanorods conjugated porous silicon nanoparticles functionalized calcium alginate nanohydrogel using
water-in-oil microemulsion templates through crosslinking as a versatile therapeutics co-delivery nanocarrier for photothermal therapy. b) TEM image
of gold nanorods. The scale bar denotes 50 nm. c¢) SEM image of AuNRsPSiNPs. The scale bar denotes 100 nm. d) XPS spectrum of the gold nanorods
conjugated porous silicon nanoparticles. e) SEM image of calcium alginate nanohydrogels. The scale bar denotes 100 nm. f) SEM image of the thera-
peutics co-loaded AuNRsPSiNPs functionalized calcium alginate nanohydrogels. The scale bar denotes 200 nm. a-f) Reproduced with permission.['8l

Copyright 2018, American Chemical Society.

NPs embedding curcumin were studied for their growth inhibi-
tion capacity and anticancer activity against liver, colon, lung,
and breast cancer."®? Also, catechol-functionalized alginate NPs
loaded with Garcinia mangostana L. extract were explored in the
treatment of bladder cancer.'®3] Remarkably, the surface func-
tionalization with catechol guaranteed both excellent mucoad-
hesive properties and could prolong residence on the mucous
tissues compared with unmodified Alg-NPs, thereby increasing
the drug therapeutic effect. Alginate NPs coated with folate
conjugated hyaluronic acid and enriched with oxaliplatin have
been proposed to enhance antitumor and apoptosis efficacy on
colorectal cancer cells compared to free drug formulation.!'84
DNA cubes coated with alginate have also been proposed for
the efficient release of vildagliptin in diabetic patients.'®5 The
formulated nanospheres attained size uniformity and better
therapeutic outcomes in terms of reduced adverse events and
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better control of glycemic levels with decreased dosages in an
animal model.

Alg capability to form stable PECs was employed to fab-
ricate alginate-chitosan NPs loaded with doxorubicin for the
treatment of breast cancer.'8¢] The proposed NPs had indeed a
concentration of drug sufficiently high to induce a therapeutic
effect when used against the breast cancer cells in vitro. Yet,
alginate-chitosan NPs loaded with the inclusion complexes
between [-cyclodextrins and curcumin-folic acid were evalu-
ated for the parenteral treatment of breast cancer.'"®] Remark-
ably, a high amount of curcumin was effectively loaded within
the prepared NPs, with folic acid being specifically employed to
enrich chitosan with redox responsiveness and active targeting
of tumor cell folate receptors aiming to enhance curcumin effi-
cacy. Also, biodegradable alginate-chitosan hollow NPs were
fabricated via a hard template methodology and investigated for
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Figure 8. The pH-triggered release of curcumin from LbL coated nanoparticles. The figure illustrates the changes in the coating of the nanoparticles
at pH 1.2 and pH 7.4. At pH 1.2 (mimic for conditions in the stomach) the outer coating of Eudragit L100 is protonated, insoluble in water, and will
provide a barrier to the release of the curcumin entrapped in the nanocores for both NCs-A/E (polyarginine and Eudragit L100 as the outer two layers)
and NCs-C/E (chitosan and Eudragit L100 as the outer two layers). At pH 7.4, (mimic for conditions in the intestine) the Eudragit L100 outer layer
for both samples is deprotonated and anionic. However, the different behavior of the penultimate layer (polyarginine or chitosan) results in different
curcumin release behavior for NCs-A/E and NCs-C/E. Reproduced with permission.[V2 Copyright 2019, Elsevier B.V.

the co-delivery of doxorubicin and paclitaxel drugs in the treat-
ment of lung cancer.®® Drug release studies exhibited a sus-
tained release effect, whereas cytotoxicity experiments proved
the composite NPs as nontoxic carrier materials with the com-
bination of the two drugs allowing a good inhibiting effect on
cell proliferation. In a similar work, alginate-chitosan NPs con-
taining curcumin diglutaric acid were explored for the treat-
ment of colon, hepatic, and breast cancer.'® These composite
nanocarriers displayed better stability under UV radiation and
in a simulated gastrointestinal environment, as well as a slower
and prolonger release, with respect to the free drug in water.
Alginate-chitosan NPs were also successfully employed to miti-
gate the side effects of amygdalin, which possesses strong anti-
tumoral properties but requires particular attention due to the
presence of the cyanide group.' Nano-sized alginate-based
PECs were also fabricated via a LbL approach for the targeted
treatment of colon cancer by using disulphide crosslinked oxi-
dized alginate, cysteamine, poly(allylamine hydrochloride),
and poly(4-styrenesulfonic acid-co-maleic acid) sodium salt.'’!
The proposed NPs were loaded with paclitaxel and displayed
high encapsulation efficiency, prolonger drug release in intes-
tinal simulated conditions, and good biocompatibility. Yet, bio-
responsive alginate-keratin nanogels loaded with doxorubicin
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hydrochloride were proposed (Figure 9), with keratin offering
the crosslinking structure and bio-responsive ability and algi-
nate ameliorating the stability and drug loading capacity.'2l
Specifically, the release of doxorubicin was triggered by specific
markers (i.e., trypsin and glutathione) and allowed to achieve
inhibition effect on cancer cells at 48 h in vitro.

Along with all-polymer NPs, hybrid alginate-TiO, NPs loaded
with temozolomide were proposed for improving the treatment
of neuroblastoma.l'”?! In this regard, these hybrid nanocarriers
displayed higher cytotoxicity toward tumor cells but less inhibi-
tory activity toward healthy neuronal cells, also showing anti-
oxidant and anti-inflammatory activities. Similarly, dual-layer
magnetic NPs comprised of a doxorubicin-loaded core and an
alginate shell functionalized with Fe;O, NPs were investigated
for the targeted treatment of breast cancer.® Embedding doxo-
rubicin in the gelatin core guaranteed a high encapsulation effi-
ciency, whereas the magnetic outer layer ensured the targeting
to the tumor tissues providing controlled drug release. Again,
alginate NPs co-loaded with cisplatin and in situ synthesized
Au-NPs were proposed for the combined photothermal therapy
and chemotherapy in the colorectal tumor treatment as sche-
matized in Figure 10.1% The in vivo results indicated that the
tumors treated with the NPs received a dramatically higher
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Figure 9. a) Ex vivo DOX biodistribution in major organs and tumors examined 24 h post administration. b) Semi-quantitative of DOX and DOX@
KSA-NG distribution in major organs and tumors post intravenous injection for different time points. c) Relative tumor volume. d) Body weight
changes. (n=5, data expressed as average + standard error, *p < 0.05, “p < 0.01 compared to other group using the Tukey’s post-test). a-d) Reproduced
with permission.¥2l Copyright 2017, Elsevier Ltd.
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Figure 11. a) Schematic illustration for the preparation of MAPs and MACPs. MAPs were fabricated by coating crosslinked alginate on MNPs using
Ca?* as the crosslinker. MACPs were prepared by alternatively depositing CHI and sodium alginate (SA) on MAPs based on the electrostatic interaction
between the two biopolymers. The alternative coating was repeated until MACPs with the desired number of layers were obtained (Stages 2 and 3).
MACPs 1, 2, 3, 4, and n represent CMACPs that possess 1, 2, 3, 4, and n layers of polymers coated on MNPs respectively. b) Curcumin release profile
of CMAPs and CMACPs (layer number: 1 and 4) in PBS buffer at pH 7.4 and pH 5.6. ¢) TEM images of MAPs and MACPs with the layer numbers of 1,
4,5, 8, and 9. Reproduced under the terms of the CC-BY 4.0 license.[™ Copyright 2018, The Authors, published by MDPI.

thermal dose due to the optical absorption properties of AuNPs,
hence being able to suppressed tumor growth up to 95% of
control and markedly prolonged the animal survival rate.

In a similar work, Alg-NPs embedding graphene oxide nan-
oplatelets and doxorubicin were developed.%! These hybrid
nanocarriers showed improved stimulative delivery controlla-
bility, faster release of the encapsulated drug, and photothermal
effect in adenocarcinoma cells. Yet, gadolinium alginate NPs
were successfully prepared for theranostic applications.!'””] Alg-
inate-based magnetic nanogels were as well proposed for onco-
theranostics.”® Specifically, these NPs displayed magnetic-
targeted characteristics, high drug loading content, co-triggered
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release behavior, high toxicity to tumor cells, low side effects to
normal cells, and magnetic resonance imaging functions. In a
similar work, magnetic alginate-chitosan NPs containing iron
oxide were developed for the targeted release of curcumin in

breast cancer treatment as shown in Figure 11.1°°)

3.2.3. Other Applications
Alginate NPs have also been proposed for other biomedical

and pharmaceutical applications, including gene therapy,
nano-vaccines, tissue engineering, and wound healing. Among
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others, gene and cellular delivery have shown great promise in
future medical applications. Since the development of modern
medicine, scientists have hypothesized that introducing exog-
enous DNA into the human genome could be an effective
treatment for a broad number of genetic and inherited human
diseases.?® In this sense, nowadays gene therapy is con-
sidered a revolutionary approach to mitigate or even resolve
most of the genetically related diseases, including cancer, by
a single treatment.2202 However, it is noteworthy that sig-
nificant efforts and technological advances are still needed to
overcome several barriers to the effective application of gene
delivery. In this sense, viral vectors, while efficient, pose safety
issues, despite the continuous efforts of virologists to mini-
mize their immunogenicity and side effects. On the contrary,
polymer delivery systems have recently gained an increasing
deal of interest because of their low toxicity, targeted delivery
capacity, long-term stability, lack of immunogenicity, and rela-
tively low production costs.2%3 Additionally, macromolecular
polyelectrolyte can be conjugated with genetic material via elec-
trostatic attraction at physiological pH, thereby facilitating and
controlling gene delivery. Alginate, owing to its unique proper-
ties and capabilities, has also been to some extent explored for
this purpose. By way of example, electrosprayed Alg-NPs loaded
with two different clustered regularly interspaced short palin-
dromic repeats plasmids showed outstanding encapsulation
efficiency, cytocompatibility, and targeted delivery into mam-
malian cells.?*) Mannose-modified alginate NPs functionalized
with ovalbumin were then reported for the targeted antigen
delivery to dendritic cells as a potent nano-vaccine for cancer
immunotherapy.?®! Yet, alginate NPs were explored for nasal
immunization in rabbits toward the influenza virus.?° These
new nanocarriers increased the immune response likewise
being able to increase the residence time in mucosal tissues.
Alg-NPs loaded with the transforming growth factor f1 and
33 showed also great promise in promoting chondrogenesis
for tissue engineering applications.”””] Hybrid alginate NPs
containing polydopamine or dopamine were investigated for
bioimaging purposes via magnetic resonance.?%! Additionally,
self-assembled polyelectrolyte complex oleoyl modified alginate-
phenylalanine ethyl ester NPs were assessed for their cellular
delivery capacity showing a promising cellular uptake efficiency
of 60% within 4 h.2%! Also, alginate-polyethyleneimine NPs
were proved able to adhere to and condense siRNA to form
toroidal complexes without showing cytotoxicity issues.?l
Remarkably, these NPs were completely degraded by autophagy
via direct (i.e., formation of autophagosome and amphisome)
and indirect (i.e., maintaining viability and survival of the cells)
pathways. Alginate-&-polylysine NPs loaded with bovine serum
albumin were also proposed as potential candidates for vaccine
delivery.?™!l In this sense, the prepared NPs displayed in vitro
sustained release behavior and no cytotoxicity.

3.3. Alginate-Based Electrospun Nanofibers

Polymeric NFs hold great potentialities in many biomedical
and pharmaceutical fields, such as tissue engineering, wound
healing, and drug delivery.?™ NFs are commonly defined
as solid fibers with a submicrometer dimension. The main
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advantages of nanofibrous structures are their high surface-to-
volume ratio and porosity, as well as the greater and simpler
handleability with respect to polymeric NPs.21-28] [n the past
decades, several fiber-forming techniques have been proposed,
including electrospinning, solution blowing, force spinning,
phase separation, and template synthesis. Among these, the
electrospinning technique, which induces the formation of
solid NFs via the application of a strong electric field to a poly-
meric solution or melt, presents many advantages and it is now-
adays considered one of the most promising nanotechnologies
due to its simplicity, low cost, scalability, and versatility.[21%-221
Additionally, electrospun NFs can be easily enriched with
unique and specific functionalities in order to meet the specific
requirements for the application of interest, and can be pre-
pared in a variety of biomimetic structures.?22-22%] For instance,
electrospun mats are able to mimic the native extracellular
matrix (ECM) thereby representing the ideal environment to
foster cell viability allowing gas exchange and nutrient trans-
port.??’l Also, due to the fact that drugs, NPs, and other various
substances can be efficiently encapsulated within the NFs, elec-
trospun nanomaterials find great applicability in delivery appli-
cations.??822% Despite any existing polymer can be potentially
electrospun, as far as it can be solubilized or melted, petro-
leum-derived materials show much greater processability with
respect to natural-derive ones (e.g., polysaccharides and pro-
teins) and the mass production of highly pure alginate-based
NFs is still unsolved.?*”l Indeed, pure alginate solutions are
extremely difficult to be electrospun due to the high number
of hydrogen bonds, the great viscosity, and the lack of suffi-
cient chain entanglements. The common approach to prepare
alginate-based NFs via electrospinning comprises the employ-
ment of co-spinning agents and surfactants able to enhance the
mixture processability. Thereby, it is not surprising that algi-
nate nanofibrous materials were rarely employed in biomedical
products and pharmaceutics. However, it is noteworthy that alg-
inate NFs possess several properties, namely biocompatibility,
biodegradability, nontoxicity, that make them extremely prom-
ising in medical applications with particular significance in the
fabrication of engineered scaffolds for soft and hard tissues, of
wound dressing products, and of DDS.

Table 2 summarizes the main applications of alginate-based
NFs along with the type of electrospinning method, the pres-
ence of additional polymers and/or co-spinning agents, the
encapsulated compounds, and the crosslinking agent.

3.3.1. Tissue Engineering and Wound Healing

Tissue engineering foresees to use and integrate the basic prin-
ciple of medicine, biology, and engineering to design biological
substitutes to restore, maintain, and/or enhance the functional-
ities of native tissues by reproducing the structural and physic-
ochemical features of natural tissues.?31232 Generally speaking,
engineered structures must mimic the ECM, ensure the cells
with gas and nutrient circulation, and remove metabolic wastes.
Moreover, they must possess high biocompatibility, nontox-
icity, and good cell adhesion capabilities. Nowadays, the recent
advances in nanotechnology offer the possibility to meet all the
above-mentioned requirements in order to fabricate versatile,

© 2021 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH



ADVANCED ADVANCED
MATERIALS
sdarcetscenenors o INTERFACES

www.advmatinterfaces.de

Table 2. Summary of Alg-NFs applications together with the fabrication technique, the presence of other polymers, the type of co-spinning or tem-
plate agent, the encapsulated compounds, and the crosslinker type.

Application Fabrication method Other polymers Co-spinning/template Crosslinker Bioactives and other substances  Reference
polymeric agent

Tissue engineering Solution - PVA or PEO Ca?t - [236,237]
and wound healing electrospinning
PVA - - [238,240]
PVA Ca?* - [239]
PEO Adipic acid dihydrazide - [247]
PEO Trifluoroacetic acid Curcumin [242]
PVA or PEO Glutaraldehyde Lipase [243]
PVA Glutaraldehyde Honey [244]
PVA Glutaraldehyde Purple cabbage anthocyanins [245]
PVA - Spider silk [246]
PVA - Layered silicate [253]
PEO - Fluorescent carbon dots [252]
PEO - Hydrated iron oxide nano-clays [256]
PEO Ba?* Silver nanoparticles [254]
PEO Ca?* Chitosan-coated silver [255]
nanoparticles
PEO Ca?", Sr?, and Ba?* ZnO nanoparticles [259,260]
Chitosan PEO Ca?* - [247)
PEO Ca*—glutaraldehyde Chitosan-coated silver [257]
nanoparticles
PEO - Chitin nano-whiskers [250]
Carboxymethyl chitosan PEO Ca*—glutaraldehyde - [248]
Methacrylate gelatin PEO Ca*—Irgacure 2959 - [249]
PCL PVA Ca? - [251]
PEO N ZnO nanoparticles [267]
PLA PEO Ca?*—glutaraldehyde Hydroxyapatite nano-crystals [258]
Coaxial solution - PEO Ca?* - [263]
electrospinning
Chitosan PEO - - [264]
PCL - N,N’-disuccinimidyl - [266]
carbonate
Poly-3-hydroxybutyric PVA - Arginine—bacitracin nano-clays [265]
acid
Emulsion - PLA Ca?t - [269]
electrospinning
- PLA - Tricalcium phosphate nano-clays [270]
Carboxymethyl chitosan PCL - - [268]
Free surface Pullulan - Ca?* - [271]
electrospinning
3D printing/solution - PEO CaZ* Angiogenic factors [274]
electrospinning
- PCL Ca?* - [272,273]
Near-field - PEO Ca?* - [267]
electrospinning
Drug delivery Solution - PEO N - [299]
electrospinning
PEO - Sodium ibuprofen [283]
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Application Fabrication method Other polymers Co-spinning/template Crosslinker Bioactives and other substances ~ Reference
polymeric agent
PEO - Lavender oil [284]
PEO Ca?* Ciprofloxacin hydrochloride [286]
PEO Glutaraldehyde Vitamin C [294]
PVA - Probiotic bacteria [288]
PVA - Gatifloxacin [287)
PVA - Growth factors [290]
PVA Glutaraldehyde Moxifloxacin hydrochloride [282]
PVA Glutaraldehyde—boric acid Lutein [285]
PVA Glutaraldehyde Dexpanthenol [295]
PVA Glutaraldehyde Moxifloxacin hydrochloride [282]
PVA—PEO Ca?* Gabapentin—acetaminophen [296]
Chitosan - Glutaraldehyde Gentamicin [292]
Zein - - Betanin—TiO, nanoparticles [298]
Soy protein isolated PEO Ca?* Vancomycin [297]
Inulin PVA - Probiotic bacteria [289]
Carboxymethyl cellulose PVA Ca?* Lidocaine [293]
Emulsion PVA - Ca?* Artemisia argyi oil—laponite [297]
electrospinning nano-clays
86,233]

tailor-made, and advanced tissue-engineered scaffolds.
In this sense, owing to their unique properties, in the past
decade electrospun NFs have vastly served in the fabrication of
nanofibrous scaffolds for different tissue regeneration applica-
tions.[*?7:234] Despite it is associated with several drawbacks (e.g.,
low processability, poor reproducibility, slow production rate,
etc.), the electrospinning of alginate and other natural-derived
biopolymers to produce scaffolds is currently a highly investi-
gated research topic.>?*] Tt is noteworthy that due to its high
water solubility, alginate-based NFs must be subjected to suit-
able crosslinking treatments, either ionic or covalent, aiming
to increase their long-term stability in physiological conditions.
The physical-chemical properties of the resultant nanofibrous
scaffolds can be finely tailored by controlling the processing
parameters, the composition and the presence of nanofillers,
and the 3D organization opening the way to the fabrication
of highly versatile structures for both soft and hard tissues.
For instance, alginate NFs prepared using PVA or PEO as co-
spinning agents, water as the unique solvent, and Ca®" ions as
crosslinker were proved to be highly biocompatible and suitable
for long-lasting scaffolding materials.?36-23% 1t is noteworthy
that the mass production of alginate NFs via electrospinning
has been demonstrated by decreasing intramolecular hydrogen
bonding of Alg via a simple sulfonation reaction.**! Addition-
ally, the effect of alginate dialdehyde chemical modification
on the chain flexibility and electrospinning process was also
explored.l?!l This research suggested that increasing periodate-
oxidation reaction time dramatically broadened the spinnable
concentration range of alginate solutions, at the same time
better promoting cell adhesion and proliferation.

Alg-NFs can easily be functionalized with bioactive sub-
stances, drugs, and even nano-sized inorganic structures in
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order to meet specific requirements. For example, alginate-
based NFs containing curcumin and crosslinked with trifluoro-
acetic acid were proposed for various possible applications,
including tissue engineering owing to their high biocompat-
ibility.2*l Yet, alginate NFs were investigated as a promising
platform for immobilizing lipase, an enzyme holding great
potential in bone regeneration, being able to preserve its
activity for up to 14 days.?*)l Honey was also incorporated into
Alg-NFs to fabricate an efficient wound dressing material with
enhanced antioxidant activity, strong antibacterial properties
toward Gram-positive and Gram-negative bacteria, non-cytotox-
icity, and good biocompatibility as reported in Figure 12a—d.[?*
pH-responsive alginate NFs able to monitor pH changes in
open wounds were also reported.?*! These NFs exploited the
colorimetric sensing capability of purple cabbage anthocyanins
ensuring the monitoring of wound status in real-time during
the healing period, hence having a usage potential for wound
dressing applications.

Electrospinning technique offers also the prospect to prepare
easily composite NFs in order to exploit the strengths of dif-
ferent specific materials. For example, alginate NFs were com-
bined with natural spider silk and assessed as wound dressing
materials by comparing their physical-chemical and biological
properties with commercially available products.?®! In this
sense, these composite NFs accelerated the rate of wound
healing by improving the collagen formation rate and prolifera-
tive cell activity, as well as by decreasing the inflammatory cell
amount as reported in Figure 12e. The unique complexation
capability of alginate and chitosan has also been exploited to fab-
ricate in situ crosslinked stable electrospun NFs.[?#! Specifically,
due to the avoidance of toxic crosslinking agents, the proposed
NFs showed great potential for guiding cell behavior in tissue
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Figure 12. Antibacterial activity of the honey/SA/PVA nanofibrous membranes with varying honey content (0%, 5%, 10%, 15%, and 20%) evaluated by
disc diffusion assay. a,b) Photographs of the inhibition zone against E. coli and S. aureus. c,d) Size of the inhibition zone against E. coli and S. aureus.
a-d) Reproduced with permission.?*l Copyright 2019, Elsevier Ltd. e) Cell viability diagram by XTT assay (*p < 0.05). Reproduced with permission.[4l

Copyright 2020, Elsevier Ltd.

regeneration applications. Yet, alginate-carboxymethyl chitosan
NFs were prepared for bone tissue engineering applications.*!
Specifically, alginate was partially oxidized aiming to enhance
the crosslinking efficiency, with the obtained nanofibrous scaf-
fold maintaining structural integrity after immersion in PBS
for up to 15 days and promoting the adhesion, proliferation,
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and alkaline phosphatase activity of bone marrow stromal cells.
Moreover, alginate-gelatin electrospun NFs have been proposed
for 3D cell cultures.*®) The fabricated macroporous scaffold
was obtained via a wet collector approach and presented low
cytotoxicity as well as marked capability to foster mesenchymal
stem cell viability over 5 weeks.
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Additionally, multilayered alginate-based electrospun struc-
tures have also been fabricated in order to better satisfy the
requirements for the regeneration of hard tissues. For example,
a bilayer scaffold consisting of chitosan and alginate-chitin
nano-whiskers electrospun NFs was found to promote mesen-
chymal stem cell proliferation at the same time ensuring anti-
bacterial properties.l?*” Yet, a multilayered nanofibrous scaffold
consisting of a sandwich-like structure comprised of two hydro-
phobic PCL nanofibrous layers and a hydrophilic alginate-based
one was investigated for bone tissue regeneration.?>!l The effect
of multilayer deposition of NFs was observed in terms of an
increase in the water absorption, a slower degradation rate, and
improved mechanical properties together with marked ability to
foster cell viability.

Hybrid alginate-based NFs containing inorganic nanosized
fillers have also been explored as advanced tissue engineering
scaffolds. In this sense, fluorescent carbon dots were found to
significantly increase the spinnability of highly concentrated
alginate solutions.**?l Remarkably, these hybrid NFs inherited
the fluorescence properties of the used carbon dots and dis-
played non-toxicity and good biocompatibility. Yet, Alg-NFs con-
taining a layered modified silicate were fabricated as potential
scaffolding materials with antibacterial properties.l?>!l Similarly,
alginate NFs embedding in situ synthesized silver NPs with
strong antibacterial properties and promises in tissue engi-
neering applications have been reported.?> Chitosan-coated
Ag-NPs were also successfully embedded within alginate NFs,
and the resultant nanofibrous structure was found appropriate
for wound dressing treatment.[?>! Yet, multifunctional alginate
NFs enriched with hydrated iron oxide nano-clays presenting
strong antibacterial activity and good mechanical properties
were prepared./?>¢!

Chitosan-coated alginate NFs containing silver NPs and pre-
pared in a double-step procedure were also reported.>”’! This
multifunctional nanofibrous structure displayed strong anti-
bacterial activity against both Gram-negative and Gram-posi-
tive bacteria due to the double action of chitosan and Ag-NPs.
Again, an alginate-PLA nanofibrous scaffold was prepared via
double nozzle electrospinning and its surface was mineralized
with hydroxyapatite nano-crystals.>®! This functionalization
considerably increased the stem cell adhesion and growth, as
well as their osteogenic differentiation, hence indicating the
fabricated hybrid scaffold suitable for bone tissue engineering
applications. Alg-NFs enriched with ZnO NPs showing strong
antibacterial properties and promises in wound healing appli-
cations were also reported.?>%2% These hybrid nanofibrous
structures displayed good mechanical properties, high water
vapor permeability, hydrophilicity, good biocompatibility, and
the marked capacity to foster fibroblast and keratinocyte cell
viability. Furthermore, Alg-NFs containing ZnO-NPs were cou-
pled with a PCL electrospun scaffold in order to obtain a mul-
tilayered structure able to provide both the ideal environment
to foster cell viability and protective action against the external
environment.261]

Along with the traditional electrospinning solution meth-
odology, other approaches have been reported for fabricating
alginate-based biomedical products.?2$2%21 By way of example,
coaxial electrospinning was employed to fabricate core-shell
alginate-PEO NFs able to promote fibroblasts cells attachment
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and proliferation.?® Coaxial alginate-chitosan NFs were also
reported, with the polycomplexation occurring between the
anionic polysaccharide and the cationic one guaranteeing the
fiber water stability without the need of a crosslinking treat-
ment.2%4 Yet, coaxial electrospinning was explored to prepare
core-shell NFs to be employed for wound healing purposes and
consisting of an inner structure of poly-3-hydroxybutyric acid
enriched with bacitracin nano-clays and an outside layer of algi-
nate loaded with arginine.?S Likewise, core-shell PCL-alginate
electrospun NFs were proposed as substitutes for peripheral
nerves.2%] These composite NFs promoted water absorption
and biological activity of the neural precursors, leading to fast-
tracking of the sciatic nerve repair in a rat model. The near-
field electrospinning of alginate was also demonstrated.’]
This approach based on the direct-writing of alginate patterns
allowed to spatially control cell alignment thereby opening the
way to the development of 3D scaffolds with specific structural
organization depending on the targeted tissue. Yet, emulsion
electrospinning was exploited to develop polycaprolactone
(PCL) NFs containing alginate and carboxymethyl chitosan to
be used for periosteal tissue engineering.?®8! Similarly, poly-
lactic acid NFs enriched with Ca?* crosslinked alginate were
prepared to show a beneficial effect for cell proliferation and
differentiation.l?®! In another work, emulsion electrospinning
was used to develop alginate-PLA NFs enriched with tricalcium
phosphate nano-clays derived from the orange oyster shell.?”"]
These hybrid NFs displayed a smooth and bead-less surface,
superior mechanical properties, biocompatibility, and good
capability to foster bone cell viability. Again, alginate-pullulan
NFs were fabricated via free surface electrospinning without
the use of any co-spinning agent and undesirable organic sol-
vents, hence showing promises for biomedical purposes.?’!

Electrospun alginate NFs have also been investigated in
combination with other scaffold-forming techniques aiming to
develop hierarchical structures with superior performances.?’?!
For example, alginate- PCL NFs were coupled with a 3D-printed
PCL scaffold (Figure 13) with enhanced mechanical properties,
hydrophilic behavior, water absorption, and in vitro cellular
responses (i.e., cell viability and proliferation) and osteogenic
differentiation activity compared to those of a pure PCL fibrous
scaffold.l73]

Yet, bio-printed alginate structures and electrospun alginate
NFs were coupled to develop a complex hierarchical structure
containing angiogenic factors with strong potentialities in stem
cell therapy.l?74

3.3.2. Drug Delivery

To achieve and maximize the desired therapeutic effect, drugs
require to be embedded within a suitable delivery system to
ensure a specific release profile. Among others, electrospun
NFs are considered one of the most promising nanotechnolo-
gies in overcoming the current challenges and drawbacks of
modern DDS.[*>?6] Generally speaking, polymeric NFs can
be used for several routes of administration, including oral,
topical, transdermal, and transmucosal and can protect a drug
from decomposition in the body prior to arrival at the required
target.l?”7-2%1 The release of drugs from electrospun NFs can
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Figure 13. Schematic of fabrication of a PCL/alginate fibrous scaffold with inserted PCL micro-struts. a) Rapid-prototyping process for fabrication of
micro-sized PCL struts, b) wet-electrospinning process, c) layer-by-layer structure consisting of PCL/alginate fibers and layers of perpendicular PCL
struts, d) punching process to produce micro-sized pores, and e) an optical image of the final PCL/alginate (PA-S) scaffold with layered PCL struts.

a-e) Reproduced with permission.[?”%l Copyright 2014, Elsevier Ltd.

be attributed to dissolution, desorption, subsequent diffusion
through water-filled pores, and polymer degradation control.
Therefore, the properties of the specific drug (i.e., hydrophilic
or hydrophobic), drug loading type (i.e., physical, chemical, or
physical and chemical adsorption), drug loading methods (i.e.,
coating, embedding, encapsulating), and carrier polymer (i.e.,
synthetic or natural) can influence the final drug release pro-
files. Hence, they can be designed for different kinetics allowing
to obtain both immediate and modified release profiles.280281]
With these premises, owing to properties including biocompat-
ibility, the ability to entrap biomolecules, and the possibility of
achieving different sizes and shapes have made alginate-based
systems appropriate for DDS.?! For example, Alg-NFs loaded
with moxifloxacin hydrochloride were explored as potential
antibacterial wound dressing systems.?82] As much as 80% of
the encapsulated drug was released from the electrospun NFs
after 10h of incubation at 37 °C, a higher drug concentration
was proved to exhibit a greater antibacterial effect as well as to
accelerate the rate of wound regeneration in an animal model.
Similarly, sodium ibuprofen was embedded within alginate
NFs.[28] Interestingly, it was observed that at pH = 6.8 (i.e.,
reminiscent of the intestinal tract) the NFs dissolved very rap-
idly freeing the entire embedded drug. Conversely, at pH = 3
(i-e., reminiscent of the stomach tract) a rapid burst release,
followed by a period where no further drug was released for
2-3 h and a final stage of release freeing the remainder of
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the drug, was observed. Remarkably, all the release stages
could be finely controlled by varying the nanofiber composi-
tion. Yet, Alg-NFs containing lavender oil (i.e., linalool, caryo-
phyllene, and caryophyllene oxide), a potent antibacterial and
anti-inflammatory natural agent, were reported.’3 Even after
24 and 48 h the amount of linalool released was appreciable,
therefore confirming the activity of NFs for more than 2 days.
Again, lutein-loaded alginate NFs were prepared and showed
a sustained release up to 48 h.[?®] Alg-NFs were also used to
encapsulate ciprofloxacin hydrochloride, 8¢ a potent antibiotic
with low water solubility, gatifloxacin,*® and moxifloxacin
hydrochloride.?®? Along with traditional drugs, alginate NFs
were used to encapsulate probiotics and tested for their delivery
in simulated gastrointestinal conditions and kefir.?88 Tt has
been proved that the electrospinning process did not influence
the stability and metabolism of the loaded cells, which retained
their survival/viability, and improved the survival of the strain
in simulated gastric juice. Specifically, the in situ and in vitro
studies demonstrated that this nanoencapsulation approach
enhanced the strain survival in simulated gastric juice and
improved its viability/survival in kefir. In a similar work, Alg-
NFs were enriched with inulin in order to increase the probiotic
bacteria encapsulation efficiency.?8”) Remarkably, along with an
increment of the nanofiber mat tensile strength and elongation
at break, the addition of inulin improved cell viability against
simulated gastric and intestinal fluids. Yet, the delivery of

© 2021 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

growth factors from alginate electrospun NFs was explored.[?*"!

Specifically, sulfonated alginate was exploited to ensure specific
binding and controlled release of a heparin-like growth factor
(i-e., transforming growth factor-f1).

Also, composite alginate-soy protein isolated electrospun
NFs were loaded with vancomycin and their release behavior
was broadly investigated.?l These NFs guaranteed a slower
release of vancomycin in the initial stage followed by a constant
release over a longer time compared to pure Alg-NFs, hence
providing strong antibacterial activity against Gram-positive
bacteria as well as good biocompatibility and non-cytotoxicity.
Alginate-chitosan electrospun NFs containing gentamicin were
also prepared and explored as anti-bacterial wound patches.[?%2
These composite NFs displayed both growth inhibition against
bacteria and tissue regeneration capabilities being able to pro-
mote fibroblast cell adhesion. Additionally, alginate-carboxy-
methyl cellulose electrospun NFs loaded with lidocaine were
explored as an anesthetic delivery system.[?>) Noticeably, the
lidocaine release profile was finely controlled by tuning the
alginate crosslinking degree with the resultant mats displaying
also marked anti-adhesion properties. Core-shell alginate-PEO
NFs were investigated for the delivery of vitamin C in the treat-
ment of skin disorders,/?*!l whereas core-shell alginate-chitosan
NFs loaded with dexpanthenol were proposed as a transdermal
delivery system, with the addition of chitosan ensuring a better-
enhanced control over the drug release.?) A double-layer
nanofibrous mat consisting of a PEO and an Alg-based electro-
spun patches was loaded with gabapentin and acetaminophen,
two essential oils used in the treatment of burn wounds.l?°l
Such a multi-layer structure was specially developed in order to
ensure the burst release of gabapentin, to provide a pain killer
action, and the sustained release of acetaminophen, to ensure
anti-inflammatory activity and tissue regeneration action. Yet,
hybrid Alg-NFs enriched with artemisia argyi oil and laponite
nano-clays were explored as a delivery platform with potent
antibacterial properties.?””] Similarly, alginate NFs co-loaded
with betanin and TiO, NPs were investigated as potential
antibacterial dressings.?®!! Alginate electrospun NFs and con-
taining ad-hoc synthesized ZnO NPs with strong antibacterial
properties were also proposed as an innovative drug delivery
platform.[?l Noticeably, the release profile was found to be
finely tunable by simply changing the chemical structure of the
encapsulated drug model molecule.

4. Concluding Remarks and Future Perspectives

Nowadays, naturally occurring polymers are being employed
in several application fields with particular emphasis on the
biomedical and pharmaceutical industries where their unique
biological properties play a fundamental role. To this purpose,
alginate-based nanomaterials hold extreme promises owing
to their superior biocompatibility, mucoadhesive properties,
non-toxicity, hydrophilicity, bioavailability, relatively low cost,
and possible mass production. Hence, it is not surprising
that in recent years tremendous efforts have been devoted to
the fabrication of different alginate nanostructures that can be
integrated into a wide range of applications, including drug
and gene delivery, cancer therapy, tissue engineering, wound
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dressing, and biosensors. Among others, based on the present
literature, alginate-based NPs and electrospun NFs represent
the most promising ones for drug delivery and tissue engi-
neering purposes. Specifically, alginate NPs and their derivates
offer several advantages compared to traditional DDS. By way
of example, they can enhance the water solubility of hydro-
phobic substances leading to previously unreachable loading
efficiency acting at the same time as protective agents, they are
suitable for several administration routes minimizing possible
side reaction and as drug release controller depending on the
specific purpose. Additionally, the latest advances in polymer
chemistry and nanotechnology made it possible to enrich Alg-
NPs with stimuli-responsive properties opening the way to
their proficient use in targeted delivery applications. Thereby,
these unique nanostructures are gaining an increasing deal of
interest in cancer therapy where their drug-triggered release
may reduce the adverse effects of commercial chemotherapies.
Similarly, alginate electrospun NFs hold great potentialities in
both tissue engineering and drug delivery applications. Indeed,
nanofibrous scaffolds are capable of resembling the microstruc-
ture of the native ECM presenting a high surface-to-volume
ratio and porosity, hence providing the ideal environment to
foster cell viability and promote tissue regeneration. Remark-
ably, the physical-chemical properties of these structures can
be finely tuned either by controlling the composition and spa-
tial organization of the NFs or by adding bioactive substances
and/or inorganic nanostructures with specific properties. It is
noteworthy that the mild processing conditions of electrospin-
ning even allow the efficient encapsulation of sensible mole-
cules without occurring in degradation processes, thus allowing
the preparation of electrospun scaffold presenting both cell
adhesion and drug delivery capabilities. Due to such versatility,
it is not surprising that alginate-based nanofibrous scaffolds
have shown great promises in substituting and/or repairing
both soft and hard tissues, including bones, cartilage, nerves,
and skin.

Despite the great advantages displayed by alginate NPs and
alginate electrospun NFs and the fact that their applicability
for biomedical and pharmaceutical purposes has been demon-
strated by several proof-of-concept studies, their use on a large
scale is far from being achieved. As a matter of fact, such nano-
structures present several drawbacks and limitations which, to
date, hinder the translation of laboratory-scale studies on effec-
tive clinical applications. First, being alginate naturally derived,
it presents an intrinsically variable structure able to affect the
material physical-chemical features, which may be further
influenced by the extraction and processing procedures. In
addition, despite the overall biocompatibility of pure alginate
seems to be not dependent on its composition, the presence
of impurities in industrially derived materials could lead to
unexpected side reactions in the human body. Consequently, in
the near future, it is of topical importance to develop standard-
ized extraction and purification procedures, as well as labora-
tory quality tests, to ensure the repeatability of either the raw
or the processed material features. Second, another great chal-
lenge in the large-scale use of alginate-based nanostructures is
the considerably low production rate with respect to synthetic
polymers. Indeed, even if the great environmental availability
of alginate, along with the possibility to use water as the unique

© 2021 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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processing solvent, makes such a material a promising candi-
date to substitute petroleum-derived products not only in the
biomedical and pharmaceutical industry, its processability via
common techniques is lacking. Specifically, the electrospinning
of pure alginate solutions cannot be performed due to the poly-
saccharide tendency to form hydrogen bonds and polyelectro-
lyte nature, whereas surfactants are usually required in the fab-
rication of Alg-NPs to ensure nano-sizing, good homogeneity,
and result reproducibility. Consequently, since mass production
approaches are missing, the beneficial biological properties of
alginate can be reduced, eliminated, or even inverted during the
nanostructure fabrication. With these premises, further investi-
gations are essential to overcome alginate current processing
limitations with the continuous technological advances offering
promising solutions. Another key aspect in the use of alginate-
based nanostructures for biomedical and pharmaceutical pur-
poses is connected to the long-term safety concerns, especially
in the case of hybrid systems containing nano-sized inorganic
materials whose leakage from the polymeric matrix may lead to
their accumulation in specific tissues with related inflammatory
or potentially fatal adverse reactions. Additionally, since only
low molecular weight alginate can be completely eliminated via
the renal system, long macromolecules could be retained in the
circulatory system inducing unexpected effects. Unfortunately,
the lack of extensive literature concerning long-term in vivo
tests of alginate-based nanomaterials leaves, to date, the safety
question open. In this regard, it is noteworthy that the in vitro
and in vivo responses of alginate-based nanostructures may sig-
nificantly differ. For example, it is well known that the majority
of delivery system mechanisms excel the in vitro studies but
completely fail the in vivo ones, especially when the purpose
comprises targeted delivery. Additionally, the immune response
may considerably vary between individuals, which possibly hin-
ders the development of alginate-based biomedical and phar-
maceutical devices for a broad number of patients. The stability
of alginate NPs and alginate NFs under physiological like condi-
tions still poses significant doubts, especially when the bivalent
ion gelation method is used. Indeed, despite such an approach
ensure good biocompatibility and non-toxicity, it is most likely
not able to provide long-term stability and resistance to algi-
nate-based nanostructures. Conversely, chemical crosslinkers
may be associated with cytotoxicity issues and stronger side
effects but can generally ensure much greater stability. Thereby,
it is important to correctly evaluate the expected lifetime of Alg-
NPs and Alg-NFs in the human body to design them with the
capability to last for a sufficient time to completely exhibit their
function. For all these reasons, more extensive in vivo evalu-
ation is warranted to better understand the actual behavior of
alginate-based nanomaterials.

Due to the great promises held by alginate biomaterials and
the great academic and industrial interest showed by its nano-
materials, it is likewise that the above-discussed challenges
will be solved soon. In this sense, future development could
be represented by the enrichment of alginate-based nanostruc-
tures with smart and even personalized functionalities. Indeed,
several authors have already reported the use of alginate-based
nanocarriers able to respond to both chemical and physical
stimuli in order to deliver the encapsulated drug with accu-
rate time and specific sites. However, except in some specific
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cases, such an effect is obtained by combining alginate with
other polymers and/or inorganic nanofillers, which are the true
responsible for this stimuli-responsive behavior but often pre-
sent limitations in terms of biocompatibility, costs, and large-
scale exploitation. A much more promising but to date scarcely
investigated alternative consists of the chemical modification
of alginate macromolecules with specific functional groups
able to confer and enrich the resultant nanomaterials with
unique, specific, and even personalized features. Such a pos-
sibility may indeed easily lead to the fabrication of intrinsically
biocompatible alginate nanomaterials able to deliver a certain
drug or a chemotherapy agent to a targeted site or at a specific
time, hence making it possible to considerably improve the life
quality of patients affected by chronic diseases and tumors.
Enriching alginate-based nanomaterials with tailor-made stim-
uli-responsive properties may also allow the development of a
new class of scaffolds capable to better induce cell differentia-
tion, which will eventually lead to their exchangeable use for
different tissues, including organs and neural zones.
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