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General Introduction, Aims and Organization of this Thesis

1. General Introduction

Over the last 10 years, developments in nanotechnology have led to the identification,
design and manufacture of new systems and nano-materials useful in various fields,
including medicine, cosmetics, nutraceuticals, food industry and tissue engineering [1]. By
exploiting characteristics such as controlled size, long-term stability, drug entrapment,
sustained release and low toxicity, it is possible to design devices using starting substrates
such as natural polymers (chitosan, hyaluronic acid), proteins (gelatine), fatty acids
(linolenic acid) and plant-derived substances (glycerine, resveratrol, naringenin).

These substrates can be functionalised with therapeutic molecules to obtain “drug delivery
systems” [2]. These colloidal and multifunctional structures are capable of selectively and
quantitatively transporting a drug to its site of action, regardless of the compartment and
method of administration [3]. Examples of drug delivery systems are solid lipid
nanoparticles, metal nanoparticles, nanospheres, hydrogels, polymersomes, and
membranes [4].

The transport of substances by means of these carriers can be passive in nature or
expressed through self-delivery mechanisms. This means that, if the substances are
incorporated in the internal cavity of the structure, they undergo an immediate passive
release (by diffusion between compartments); on the contrary, if they are directly
conjugated to the nanostructure materials, they will dissociate from the carrier only
following induced changes (chemical reaction or stimuli responsive) in the acceptor
compartment, thus decreeing a slow release at the specific site [5].

Nanoparticle-based formulations exploit the principle that a high surface area/volume ratio
often leads to a significant increase in pharmacological activity [6,7]. Furthemore, they can
be used to deliver therapeutic agents with different chemical and physical properties to the
specific site, releasing them in a controlled and targeted manner while protecting them
from premature degradation. These carriers are also widely used in the food sector [8,9].

They can increase the shelf life of various types of food, and also are used as delivery
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systems to transport food additives into products without disturbing their basic

morphology, improve the texture and appearance of food, and have an effect on shelf life
[10-12].

However, the nanoparticles can have some limitations, including their low ability to
incorporate a considerable amount of water-soluble substances. For this reason, in the last
years technological progress has made possible to identify new type of drug delivery
systems capable of containing larger quantities of hydrophilic molecules [13]. These
structures are called polymersomes and are considered an evolution of existing
nanotechnologies as they are able to facilitate the encapsulation process by dissolving or
dispersing the substances with the blocks of copolymers used and promoting their release
through a concentration gradient (passive diffusion) between the membrane and the
external environment [14].

Furthemore the advent of synthetic and/or natural polymers with bioactive properties such
as antimicrobial, immunomodulatory, cell proliferative and angiogenic has made possible
to develop, in recent years, not only nanoparticles and polymersomes, but also structures
capable of creating microenvironments conducive to the process of tissue healing or
restoration [15]. These structures, known as scaffolds, are mainly used in tissue
engineering where it is necessary to mimic the functions of damaged organs and tissues
and activate their regeneration [16].

However, it has been observed that substances such as polysaccharides or proteins are also
capable of performing these functions, although they are characterized by rapid
degradation and low mechanical resistance, which is being remedied by encapsulation in
hydrogels.

In this respect, the nanotechnology is considered a very versatile and constantly evolving
field of science, which has give drug delivery systems an attractive strategy for the

encapsulation and tran sport of various bioactive substances.

2. Aims of this thesis

The present thesis was realized in the Pharmaceutical Techonology group, in the
Department of Pharmacy, Health and Nutritionals Sciences (University of Calabria) and it
based on the design and development of new functional materials for pharmaceutical and

biomedical purposes.



Preface
3. Organization of this thesis

The present thesis consisted of three self-contained sections. The first sction, titled “Micro-
and nano-materials based drug delivery systems” and consisted of four self-explained
parts. In the first one, gels containing SLNs based on an ester of the naringenin and
linolenic acid, useful as cyclosporin A release system, were prepared and studied. The
obtained results indicate that these gels could be useful in the treatment of dermatological
diseas such as psoriasis.

The second part was dedicated to the application of the SLNs in the treatment of infectious
diseases since they are difficult to treat by common pharmaceutical formulations.

The aim of third part was to investigate the different applications of copper-based
nanoparticles in numerous fields, specifying the mechanisms of action in response to a
differents stimuli.

The fourth part focused the attention on the importance of micro- and nano-technology in
the food and nutritional sector and, in particular, provides an overview of these materials
used for the administration of nutritional constituents essential to maintain and improve the
health state.

The second section titled “Cross-linked systems for drug delivery” is divided into other
four parts. In particular the first ones regard a review in which were discuss recent
advances on the design of chemical and physical HA-based hydrogels and their application
for biomedical purposes. More attention was given to these materials for targeted therapy
of cancer and osteoarthritis. The second part concerns the preparation and characterization
of nanospheres based on the antioxidants resveratrol and epigallocatechin gallate, useful
for site-specific release of resveratrol to breast cancer cells. All the obtained results suggest
that these platforms, thanks to their release profile, biocompatibility, antioxidant and
antitumor activity, could be a suitable approach for breast cancer treatment and prevention.
In the third part were described the preparation and characterization of a hydrogel based on
gelatin and glycerine, useful for site-specific release of benzydamine, an antiinflammatory
drug, able to attenuate the inflammatory process typical of the vaginal infection. In
particular, the swelling tests and release studies support the hypothesis that the hydrogel
could be potentially usefuo for the site-specif release of benzydamine in the vaginal

mucosa.
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The last part of the second section is based on the treats of hydrogels based on

polysaccharides and proteins and their applications in the field of tissue engineering.

The third section opens with a work focused on the most employed natural and synthetic
biomaterials in cardiac regeneration, paying particular attention to the contribution of
Italian research groups in this field. In particular, the fabrication techniques, and the status
of the clinical trials were described. Many studies dealt with the evaluation of cardiac
scaffolds and patches as cell delivering systems, promoting stem cell proliferation and
differentiation and could be useul in the treatment of injuries derived from myocardial
infarction.

In the second part of this sections was described research on the design, preparation and
characterization of membranes based on cyclosporine A (CsA) and chitosan carboxylate
(CC) useful as an implantable subcutaneous medical device for a prolonged therapeutic
effect in the treatment of breast cancer. The obtained data show both complete dispersion
of CsA within the polymer membrane and a high reduction in tumour cell proliferation,
conducted in vitro on MDA-MB-231 cell lines.

The last part describes a new class of nanocarriers called polymersomes as an attractive
strategies for the release of drugs, correlated to a series of internal biological stimuli (pH,
redox potential, glucose concentration) and external physical ones (temperature, light,
ultrasound), which induce significant changes in the structure of the same polymersomes

with consequent destruction of the membrane and release of the encapsulated substance.



Preface

REFERENCES

10.

11.

Sindhwani, S.; Chan, W.C. Nanotechnology for modern medicine: Next step
towards clinical translation. J. Intern. Med. 2021.

Sumaira A.; Sara l.; Hijab F.; Wajiha F.; Christophe H.; Bilal H.A.; Iram A.
Emerging Applications of Nanotechnology in Healthcare Systems: Grand
Challenges and Perspectives. Pharmaceuticals. 2021, 14, 707.

Khan, A.U.; Khan, M.; Cho, M.H.; Khan, M.M. Selected nanotechnologies and
nanostructures for drug delivery, nano medicine and cure. Bioprocess Biosyst. Eng.
2020, 43, 1339-1357.

Minakshi P.; Upendra P. L.; Basanti B.; lkbal S.; Manimegalai J.;
Koushlesh R.; Rekha R.; Sunil K. Sheefali M.; Sandip KUK,
Hafiz M.N.I.; Kuldeep D.; Jyoti M.; Gaya P. Nanotherapeutics: An insight into
healthcare and multi-dimensional applications in medical sector of the modern
world., Biomedicine & Pharmacotherapy, 97, 1521-1537, 2018.

Serjay S.; Nyet K. Nanotechnology and its use in imaging and drug delivery
(Review). Wong. Biomedical Reports, 2021.

Wanisa A. Review of Therapeutic Applications of Nanotechnology in Medicine
Field and its Side Effects. Journal Of Chemical Reviews, 2019, 243-251.
Wiwanitkit, V. Biodegradable Nanoparticles for Drug Delivery and Targeting. Surf.
Modif. Nanopart.Target. Drug Deliv. 2019, 167-181.

Rizvi, S.A.; Saleh, A.M. Applications of nanoparticle systems in drug delivery
technology. Saudi Pharm. J. 2018, 26, 64-70.

Khan, I.; Saeed, K.; Khan, I. Nanoparticles: Properties, applications and toxicities.
Arab. J. Chem. 2019, 12, 908-931

Chaudhry, Q.; Watkins, R.; Castle, L. Nanotechnologies in Food: What, Why and
How? In: Nanotechnologies in Food. Chaudhry, Q.; Castle, L.; Watkins, R.; Royal
Society of Chemistry: Washington, USA, 2017, 1-19.

Fursik, O.; Strashynskiy, I.; Pasichniy, V.; Marynin A. Some aspects of using the
nanotechnology in food industry. Ukrainian J. Food Sci., 2019, 7, 298-306

10



12.

13.

14.

15.

16.

Preface
Jones D.; Caballero, S.; Davidov-Pardo, G. Bioavailability of nanotechnology-

based bioactives and nutraceuticals. Adv Food Nutr Res. 2019, 88, 235-273.

Jung Seok L.; Jan F. Polymersomes for drug delivery: Design, formation and
characterization, Journal of Controlled Release. 161, 2012, 473-483.

Xiao-ying Z.; Pei-ying Z. Polymersomes in Nanomedicine - A Review, Current
Nanoscience, 2017, 13, 124-129.

Brown, B.N.; Badylak, S.F. Extracellular matrix as an inductive scaffold for
functional tissue reconstruction. Transl. Res. 2014, 163,
268-285.

Huawei Q.; Hongya F.; Zhenyu H.; Yang S. Biomaterials for bone tissue engineering

scaffolds: a review. RSC Adv., 2019, 9, 26252-26262.

11



Italian Abstract:

Negli ultimi anni la tecnologia farmaceutica attraverso lo sviluppo di “drug delivery
systems” ha rivolto I’attenzione alla possibilita di modulare, migliorare e potenziare le
caratteristiche di sostanze biologicamente attive. Tutto cio & possibile con la realizzazione
di drug delivery systems che hanno lo scopo di fornire la quantita terapeutica di farmaco in
un sito specifico dell’organismo in modo da raggiungere una data concentrazione
terapeutica e un succesivo steady state per tutto il periodo di trattamento necessario. La
modulazione del rilascio pud essere ottenuta anche mediante “devices” costituiti da
materiali polimerici biodegradabili che vengono impiantati nell’organismo ¢ che sono in
grado di rilasciare le sostanze per periodi di tempo molto lunghi.

Pertanto, lo scopo del presente lavoro di tesi é stato quello di indagare, progettare,
realizzare e caratterizzare, attraverso 1’utilizzo di sostanze polimeriche, proteine e acidi
grassi, carriers innovativi in grado di incapsulare e veicolare sostanze attive con
caratteristiche chimico-fisiche differenti. Sono stati presi in considerazione anche materiali
polimerici con elevata biocompatibilita e biodegradabilita (chitosano, acido ialuronico), in
grado di fungere da strutture (scaffold e membrane polimeriche) capaci di stimlare la
rigenerazione cellulare e tissutale nell’ambito dell’ingegneria biomedicale. Studi in vitro
hanno permesso di verificare la capacita di rilascio, le proprieta farmacologiche e la
risposta agli stimoli di drug delivery systems, portando alla conclusione che tuttavia é
necessario effettuare ulteriori valutazioni in vivo che permetteranno di confermare

I’applicazione clinica e 1’eventuale produzione su larga scala.
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SECTION 1

MICRO-AND NANO-MATERIALS BASED DRUG DELIVERY SYSTEMS

Part A: Solid Lipidic Nanoparticles Based on Naringenin and Linolenic Acid Viscosified

with Biocompatible Polymers for The Transport and Release of Cyclosporine.

Part B: Solid Lipid Nanoparticles: An Interesting Strategy for Antibiotics Administration.

Part C: Copper nanoparticles based stimuli-responsive approaches.

Part D: Nano- and Micro-Technologies Applied to Food Nutritional Ingredients.
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PART A

Solid Lipidic Nanoparticles Based on Naringenin and Linolenic Acid Viscosified with
Biocompatible Polymers for The Transport and Release of Cyclosporine A
1. Introduction

This work aimed to design, prepare and study gels containing SLNs, based on an ester of

the naringenin and linolenic acid, useful as cyclosporin A release system (Figure 1) [1-2].
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Figure 1. Schematic design of cyclosporin A-loaded SLN formulation

2. Materials and Method

The ester was characterized by FT-IR and *H-NMR and the SLNs by Dynamic Light
Scattering and Scanning Electronic Microscopy (Figure 2). Their capacity to inhibit the
lipid peroxidation induced by a free radical generator, has been examined in rat liver
microsomal membranes and compared to that of the free ester and various prepared gels,
containing the empty lipid nanoparticles. All the materials were able to preserve the

antioxidant capacity of the precursor (Figure 3) [3].
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Figure 2. Photomicrography of empty SLN (Mag = 100 X) (a) and of gel based on HA and
Poloxamer 407 containing empty SLN (Mag = 1.00 K X) (b).
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Figure 3. Inhibition of lipid peroxidation induced by tert-BOOH over 24 h.

3. Results and Conclusion

In particular, the major activity was exhibited by the free ester, the empty SLNs and the
HA (hyaluronic acid)-based gel and Poloxamer 407 containing the empty SLNs [4]. This
last result is due to the presence of the HA which also exerts an antioxidant action.
However, even the other gels, despite being made up of non-antioxidant substances, show
that they can preserve the microsomal membranes from lipid peroxidation due to the empty
SLNs they contain.

Nanoparticles have been shown also to possess excellent encapsulation efficiency, stability
and size suitable for topical administration. This hypothesis was supported by the results
obtained with the transdermal release studies, performed using Franz cells, which revealed
that in the case in which the SLN are incorporated in gels containing promoters of
absorption, such as Poloxamer 407 and Carbopol, the gels release a maximum of 5% of the

loaded drug in contrast to free SLNs and colloidal silica gels. To validate this hypothesis
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and evaluate the amount of cyclosporin A released in the stratum corneum and in the

epidermis-dermis layer, the tape stripping method was used (Figure 4). The obtained data
revealed that the amount of drug released by the colloidal silica-based gel was negligible in
the stratum corneum (SC) and equal to 23% in the epidermis-dermis layer over 24 h. In
contrast, the gel containing Poloxamer 407 at concentrations of 1.28% released about 79%
of the drug over the 10 h in the SC and 15% in the epidermis-dermis layer. When the
polymer changes, i.e., using Carbopol at 0.1%, the drug was more retained inside the gel
than observed with the Poloxamer 407. In particular, the percentage of cyclosporin A

released within 24 h was equal to 36% in the SC and 28% in the epidermis-dermis layer.

/ stratum corneum

Figure 4. Tape stripping method.

Furthermore, with the increase in the concentration of Poloxamer 407 in the gel, obtained
using in addition also HA, the viscosity and strength of the gel increase, and the drug was
more retained inside the matrix, but the release can be conditioned by the presence of
ethanol which increase the permeation of cyclosporin A by virtue of its solubility in this
solvent. The obtained data following the release of cyclosporin A from the HA-based gel
and Poloxamer 407 revealed that the drug was present in the SC at 15% and in the
epidermis-dermis layer at 12% after 10 h. Then, the amount of the polymer, cross-linker
and drug, as well as the amount and type of absorption promoter can influence drug release
from gel formulations in the topical administration of cyclosporin A in the treatment of

psoriasis skin lesions, ensuring an adequate concentration of the drug at the skin level and
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a simultaneous reduction in the systemic absorption of cyclosporine. Furthermore, they

could reduce the inflammation affecting the skin and the dermis in the presence of
psoriasis [5], as shown by the inhibitory capacity that both empty and full SLN exhibit

against nitroxide (Figure 5).
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Figure 5. Inhibition of nitroxide production
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PART B

Solid Lipid Nanoparticles: An Interesting Strategy for Antibiotics Administration

Abstract

In the last years, nanoparticle systems have assumed considerable importance as drug delivery
carriers also in the treatment of bacterial infections, thanks to their different advantages such
as more efficacy, and site-specific release than conventional treatments. Among them solid
lipid nanoparticles (SLNSs), a class of colloidal carriers consisting of a lipid matrix dispersed in
an aqueous phase, represent a valid therapeutic option for a local or systemic delivery of
numerous drugs. Their small size (50-1000um), the ability to overcome cellular barriers, the
interaction with a target site and the possibility to control the release of drug, make these
carriers excellent systems also for antibiotics delivery. In addition, compared to conventional
methods, SLNs can also promote antibiotics solubility in the physiological fluids, prolong
their lifetime, reduce frequency of doses administration, minimize systemic side effects, and
increase patient compliance. Furthermore, the solid lipid core favours the encapsulation,
conjugation and adsorption of a hydrophobic drugs. This doesn't exclude, regardless of the
chemical nature of the substances that make up the SLNs matrix, the possibility of including
also hydrophilic drugs, proteins and other macromolecules stabilizing and protecting them
from degradation.

The present chapter has the aims to describe the advantages of using SLNs in the treatment of
infectious diseases, that affect various organs and located in areas of the body which are
difficult to treat by common pharmaceutical formulations or caused by microorganism’s

resistant to the action of antibiotics.

Keywords: solid lipid nanoparticles, bacterial infections, antibiotics, drug delivery
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1. Introduction

The World Health Organization (WHO) has labelled bacterial infections as one of the leading
causes of death in healthcare. In fact, some bacterial strains, generally responsible for easily
treatable bacterial infections, have developed a resistance against many antibiotics already on
the market, thus increasing a series of therapeutic failures with a consequent increase in
national health spending and hospital stays (Valappil 2018; Lakshminarayanan2018). With the
advent of nanotechnology, the therapeutic treatment of bacterial infections has undergone a
significant change, mainly dictated by the use of innovative carriers such as solid lipid
nanoparticles (SLNs) (Shirure2019; Gao 2014). Thanks to their chemical-physical properties
(size, structure, surface, hydrophilicity), and to the advantages offered in terms of release,
these nanoparticles represent a valid therapeutic option to conveyantibiotics to areas of the
bodydifficult to reach by common pharmaceutical forms (Gordillo-Galeano2018; Wang2017).
In particular, SLNs guarantee the prolonged release of drugs by increasing its therapeutic
efficiency, minimizing systemic side effects and lowering the frequency of administration.
They also improve the bioavailability of the antibiotics, the solubility in biological fluids and
are useful carriersfor combined synergistic therapies (Ranghar 2014). The site-specific release
is strongly influenced by the surrounding microenvironment and the structural characteristics
of the particles (Gao2014; Shimanovich and Gedanken 2016). Specifically, it is influenced by
stimuli, external and internal to the cell (change in pH, temperature, enzymatic inactivation,
etc.), and the distribution of the active ingredient in nanoparticle formulations that can be
homogeneous, internal to the lipid core (core-shell structure) or superficial (outer-shell
structure) (Zazo 2016; Abed and Couvreur 2014; Gaspar and Almeida 2019). Compared to
conventional drug forms, the use of SLNs could improve the therapeutic index of already
existing antibiotics, and of those under development by enhancing their antimicrobial action
through direct contact of nanoparticles with bacteria or by diffusion of the active ingredients in
the target site (Abed and Couvreur 2014). Since nanoparticles are carriers capable of
penetrating within the various cell compartments, once absorbed, they are internalized and
tend to accumulate in outbreaks of an infection through recognition and transport by
phagocytic cells (Valappil 2018; Xie 2014; Polo 2017). The antibacterial effect is exerted
through the rupture of the bacterial membrane, activation of ROS (inserire nome per intero),
penetration of the microorganism's cell membrane and interaction with bacterial DNA and
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proteins (Wang2017; Canaparo2019). Cephalosporins, aminiglycosides, macrolides,
fluoroquinolones, and rifampicins are the antibiotics most carried in SLNs even at an
intracellular level (Xie 2014). The therapeutic potential of these drugsis closely related to the
route of administration used. In fact, intravenous administration allows the SLNs toconvey
antibiotics mainly at the hepatic and splenic level, thanks tothe rich vascularization of these
organs; the oral routeis effective in the treatment of intestinal tract infections; the pulmonary
administration allows the treatment of serious respiratory infections and the topical ones
favours the treatment of skin and ophthalmic infections that are difficult to treat snellire frase
(Xie 2014).The purpose of this chapter is to describe the advantages offered by SLNs in the
treatment of bacterial infections supported by bacterial strains resistant to common antibiotics,

and located in districts which are difficult to treat.

2. Cephalosporins

Cephalosporins are antiobitics belonging to the broad-spectrum beta-lactam class. Structurally
they are constituted by a beta-lactamic ring fused with a dihydrothiazine ring containing six
sulfur atoms and a cephalic nucleus (Craig and Andes 2015) (Figure 1).
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Figure 1. Cephalosporin chemical structure.

Theyare classified according to their spectrum of action and chemical structure. Therefore,
there are first-generation cephalosporins active only against Gram-positive bacteria
(streptococcus and staphylococcus), the second-generation isactive only against Gram-
negative bacteria (Haemophilus influenzae, Enterobacter aerogenes), the third-generation
isactive against both Gram-positive and Gram-negative bacteria, and the fourth and fifth-
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generation broad-spectrum cephalosporins active on methicillin-resistant strains and Gram-
negative bacilli (P. aeruginosa) (Chaudhry2019; Nath2020;Zaffiri 2012).

These antibioticsact by inhibiting the synthesis of peptidoglycan, one of the main components
involved in bacterial cell membrane synthesis. Without the protection offered by the
membrane, the bacterium is susceptible to the surrounding environment and is certain to die
(Shahbaz2017; ZAffiri 2012; Shaikh2015). Cephalosporins have a time-dependent efficacy
proportional to the drug concentration reached at the target site over a given period of time
that is maintained above the minimal inhibitory concentration (MIC) (Ozcengiz and Demain
2013; Corallo and Zaidi 2016). Since, they are very hydrophilic, they reach fatty tissues and
the more lipophilic targets with more difficulty, so they may need carriers in the treatment of
certain infections. In this regard, Kumar et al. RealizedSLNs as carriers for the delivery of
ceftriaxone, a third-generation cephalosporin used in the treatment of infectious diseases such
as myocarditis, skin infections, meningitis, urinary tract infections, etc. (Wang2017; Corallo
and Zaidi 2016). In particular, ceftriaxone has been encapsulated within SLNs (CL-SLNPs)
with15-20 nm size, consisting of a lipid matrix based on lecithin and cholesterol. The studies
carried out in this work showed that this cephalosporin, encapsulated in a percentage equal to
77.19%, was released by CL-SLNPs within 24h exerting a remarkable antibacterial action on
microorganisms such as Bacillus polymyxa, Bacillus cereus, Pseudomonas aeruginosa and
Enterobacter aerogenes (Kumar2016). SLNs also showed a significant efficacy in the
treatment of infections related to biofilm formation by bacteria. An example was reportedby
Singh et al., that obtained SLNs encapsulating cefuroxime axethyl, a second-generation broad-
spectrum cephalosporin, by solvent emulsification technique. These SLNs consistedof a lipid
matrix based on stearic acid and binary lipids containing tristearin (Singha 2014). The in vitro
tests, carried outthrough the disc diffusion method, revealed an accentuated antibacterial
activity on S. aureus cultures, with MIC lower than those shown by a pure solution ofthe free
drug. This is probably due to the ability of SLNs to penetrate more easily into cells, releasing
the cefuroxime axethyl and destroying bacteria more effectively. Also, in this case the release
of cephalosporin was time dependent with a percentage of 95.5% after 12 h (Singha 2014).
Some cephalosporins, orally administered, are found in the form of pro-drug and undergo a
conversion into metabolites active only in the liver. One example is cefpodoxime proxethyl,

that after oral administration is converted to cefpodoxime, a third-generation cephalosporin

21



Section 1- Part B

used in the treatment of severe respiratory and urinary tract infections. This substance showed
a lower solubility in gastric fluids and for this reason itsbioavailability after oral
administration was less than 50% (Singh2015). To overcome this problem Shah et al. have
thought to deliver the cefpodoxime proxethyl through solid lipidic nanoparticles based on
coconut oil. Studies on the zeta potential of these SLNs showed an improvement in the
dispersion mechanism of the drug when it was encapsulated in a lipid matrix (Shah 2017).

3. Fluoroquinolones

Fluoroquinolones are antibiotics belonging to the family of quinolones that are used in the
treatment of urinary, respiratory, skin, soft tissue, sexually transmitted diseases, tuberculosis,
and pyelonephritis (Ezelarab2018). They consist of a complex chemical structure in which is
present the quinolonic nucleus, derived from nalidixic acid, and a fluorine atom in position 6
(Zhanel2002). The pharmacological activity of these drugs is closely related to the presence of
substitutes in positions 1,5,7 and 8 (Owens and Paul 2005) (Figure 2).

Figure 2. Quinolone chimical structure.

The antibacterial spectrum of fluoroquinolones and their pharmacokinetic profile vary
according to their structure. In particular , first generation fluoroquinolones are active against
Gram-negative bacteria, the second generation (ciprofloxacin, norfloxacin, enoxacin,
pefloxacin) is active against Gram-negative, Gram-positive and P. aeruginosa bacteria the
third generation (levofloxacin, temafloxacin, etc.) is active against Gram-negative, Gram-

positive, and anaerobic, and fourth generation fluorochinolones (prulifloxacin, trovafloxacin,
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alatrofloxacin, delafloxacin etc.) is active against Streptococcus pneumoniae and
Enterobacteriaceae, atypical and anaerobic bacteria with a long serum half-life
(Ezelarab2018; Owens and Paul 2005).

The antibacterial action of these drugs is expressed through a mechanism of inhibition of
replication and transcription of bacterial DNA that is reflected in the inactivation of
topoisomerase 1V (Zhanel2002). The disadvantages in the use of fluoroquinolones such as the
resistance developed by some bacterial strains against them, their toxicityon different body
districts of the body and the inability to reach specific target sites, have allowed researchers to
turn their attention to nanotechnology as a new option for the topical and systemic
administration of these drugs (Le-Deygen2017; Furneri and Fuochi 2017). In particular, the
focus was on the use of SLNs, which not only act as carriers but also as green systems highly
biocompatible with human tissue (Islan2016). In this regard, Islanet al. have developed
myristyl myristate SLNs, through the ultrasonification method, in which have encapsulated
levofloxacin in the presence of the mucolytic enzyme DNase. The aim of this work was the
realization of systems useful in the treatment of respiratory infections and in particular cystic
fibrosis. In vitro release studies have shown that the obtained SLNs, with a size equal to 200
nm, were able to release a percentage of levofloxacin equal to 80% after 4 hours of
administration. Further tests have demonstrated that the presence of the mucolytic enzyme
Dnase did not affect the stability of nanoparticles but increased the antibacterial efficiency of
levofloxacin by reducing mucus viscosity in the lungs (Islan2016). On the other hand, Baiget
al. have studied the antibacterial action of levofloxacin encapsulated in stearic acid
nanoparticles in the treatment of conjunctivitis. Through in vitro studies they exhibited that the
drug was released from the carrier by 84% in 12 h with a peak 4 hours after administration due
to the lipophilic characteristics of the carrier. This was also confirmed by ex vivo corneal
permeation studies, which showed a cumulative curve of the drug at corneal level 4 h after
administration without causing toxic effects to the mucosa (Baig2016). Corneal infections are
not only very annoying but also difficult to treat from a topical point of view because the high
tear secretion rapidly eliminates the drug, reducing its bioavailability and having to resort to
repeated administration (Reimondez-Troitifio2015). Using the SLNs it is possible to overcome
these limitations, as the drug tends to be released gradually and remaining in the affected site

for a longer period, especially if the SLNs also contain mucus adhesive substances that
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increase their bioadhesion. With the aim of increasing the retention and bioavailability of the
ofloxacin at the corneal level, Eid et al. developed SLNs encapsulating this antibiotic based on
chitosan and polyethylene glycol (PEG). Specifically, permeation studies have shown that the
effect of PEG on the action of SLNs was closely related to the percentage of lipid substances
used. A lipid-to-pharmaceutical ratio of 17:1 implied a percentage of antibiotic permeation at
corneal level greater than 71% in the absence of PEG, greater than 65% in the presence of
PEG. In addition, in vitro studies showed a 63% of ofloxacin release from SLNs compared to
the free drug (Eid2019). The use of chitosan, to increase the stability, adhesion, and
antimicrobial potential of SLNs, and ofloxacin, as a bactericidal agent, has recently been taken
up by Rodenak-Kladniewet al. They realized, by homogenization and ultrasonification, SLNs
based on a lipid matrix in which chitosan and eugenol were incorporated individually and then
together. Subsequently, ofloxacin, was loaded to the SLNs. Release tests on all samples
showed a peak after 2h and a sustained drug release after 22h. Antimicrobial evaluation
activity was conducted through the determination of MIC and revealed a significant
antimicrobial efficacy of the nanoformulations against P. aeruginosa and S. Aureus (Figure 3)
(Rodenak-Kladniew2019). In vivo tests have shown a possible application of these SLNSs in
pulmonary infections through inhaled administration. The presence of a lipid coating, such as
stearic acid, increased the drug solubility in the external phase, as demonstrated by Shazly
(Shazly 2017). In fact, ciprofloxacin has been encapsulated in stearic acid-based SLNs
(CIPSTE-SLNSs) potentially useful in the treatment of those infections in which it is necessary
to administer several doses at regular intervals. With these nanoparticles Shazly hypothesized
a reduction in terms of antibiotic administration, and release studies have revealed that the
spread of the drug from lipid matrices was sustained up to 12 hours. In addition, the small size
and the presence of stearic acid in the SLNs matrix improved their entry into bacterial cells,
thus exerting a greater antibacterial action compared to the one expressed by free

ciprofloxacin (Shazly 2017).
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Figure 3. Determination of minimum inhibitory concentration of ofloxacin and ofloxacin-
loaded SLNs against P. aeruginosa (a) and S. aureus (b).
(Adapted with slightly modifications from ref. Rodenak-Kladniew2019).

Generally, in the manufacture of conventional pharmaceutical forms, ciprofloxacin is used as a
hydrochloride salt, but cannot be used in the manufacture of vector lipid systems. For this
reason, Pignatelloet al. in order to effectively ensure the encapsulation of the antibiotic as a
commercial salt in nano-particle systems, have developed SLNs based on ciprofloxacin
hydrochloride with the addition of triethylamine (fat-soluble base) which would ensure the in
situ conversion of the drug into the free form. Furthermore, with the aim of improving
physical stability and interaction with bacterial cell membranes, cationic lipidic
didecyldimethylammonium bromide was added to the SLNs. Antimicrobial studies have
revealed that these systems could perform a bactericidal action, with a superimposable MIC
respect to solutions of free drug was present, against E. coli, P. aeruginosa, S. aureus, E.
faecalis (Pignatello2018). Encapsulating a fluoroquinolone within nanoparticles may be
possible an intracellular drug delivery. Such studies have been conducted by Xieet al. who
hypothesized the production of docosanoic acid solid lipid nanoparticles for the intracellular
treatment of Salmonella-associated infections. The results obtained showed an inhibition of
99.97%, exerted by enrofloxacin, at minimal concentrations, against Salmonella after 48 h, at
intracellular level (Xie2017). Therefore, these SLNs could be optimal carriers for intracellular
drug delivery.
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4. Macrolides

Macrolides are considered inhibitors of protein synthesis because they exert their antibacterial
action through the bond that establishes with the 50S ribosomal subunit, thus inhibitingthe
protein synthesis of the bacterium (Dinos 2017). From the chemical point of view, they are
made up of a macrocyclic lactonic ring of variable sizes depending on the carbon atoms that
make it up (12 or 16) to which one or more deoxy sugars are bound (Zhanel2001). There are
four different generations of macrolides classified according to the number of carbon atoms
present on the lactonic ring. Macrolides with 12 carbon atoms such as methimycin are very
unstable natural derivatives, those with 14 carbon atoms such as erythromycin are very
unstable antibiotics under acidic conditions, with poor bioavailability and reduced
pharmacokinetics, 15 carbon atoms such as azithromycin and clarithromycin are more stable
macrolides under acidic conditions and with good bioavailability, and 16 carbon atoms such as
roxithromycin are considered very broad-spectrum macrolides (Sunazuka2003). The spectrum
of action of such antibiotics covers microorganisms such as Streptococcus, Diplococcus,
Neisseria gonorrhea, Haemophilus influenzae, Bordetella pertusis, Neisseria meningitis
andMiycoplasma (Dinos 2017) (Figure 4) responsible for numerous infections including
respiratory ones (Guillot2011).
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Figure 4. Macrolids chimical structure and their classification according to the number of
carbon atoms present on the lactonic ring.

(Adapted with slightly modifications from ref. Dinos 2017).

The chemical-physical instability of some macrolides, including erythromycin, considerably
limits the use of these antibiotics in the treatment of gastric infections, as the extremely acidic
conditions in this district reduce their activity. The SLNs were usedto overcome this limit
since the outer shell of the SLNs can offer protection to the drug from the degradation caused
by gastric juices. An example was given by the work of Tran et al. whose aim was to produce
stable acidic nanoparticles in which erythromycin has been encapsulated. In vitro studies, in
fact, have shown a relevant efficacy of erythromycin against Helicobacter Pylori, the agent
responsible of the gastric ulcers’formation. Specifically, the small size of the nanoparticles
(243 nm), the presence of mucoadhesive substances in the lipid coating and the high
encapsulation efficiency allowed researchers to obtain satisfactory results in terms of release,
gastric mucosa penetration, efficacy, stability and antibacterial action of the drug in acidic
environments colonized by H. pylori (Le Tuyet2017). The low bioavailability (36%) and the
reduced solubility in biological fluids of some macrolides often prevent their use. In this
regard, Bhattacharyya and Reddy, realized solid lipidic nanoparticles based on stearic acid as

carriers of azithromycin dihydrate, a macrolide antibiotic with poor bioavailability and
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solubility in physiological fluids but with a high bactericidal power. In vitro release studies
carried out on different formulations of the same SLNs have shown a lower release of the drug
when encapsulated in lipid matrices made in a 2:1 ratio between stearic acid and surfactant.
Conversely, the presence of reduced amounts of stearic acid and surfactant in a 1:1 ratio
allowed to show a better release than the nanoparticle drug. In addition, stability studies
performed on these formulations, in phosphate buffer, have shown a stability in terms of
chemistry and content of the active ingredient (98% drug) at 40+£2°C up to 90 days
(Bhattacharyya and Priyanka 2019). Often the type of lipid used for the realization of
nanoparticles can influence positively or negatively the drug release properties, particle size
and encapsulation efficiency. In this regard, Oztiirket al. have developed clarithromycin based
SLNs for oral administration, using different lipid matrices based on glyceryl behenate,
tripalmitin and stearic acid for its delivery. These studies carried out showed that the
encapsulation efficiency of clarithromycin in the different formulations obtained was between
63-89% and that the release of the drug from SLNs showed a peak after 6 h with a constant
trend for the following 48h, all closely related indirectly to the length of the carbon chain of
lipids. This means that the release takes place according to the size of the particles which in
turn, together with the internal content of the drug, are directly affected by the growth of the
carbon chain of lipids. The antibacterial activity of the formulations tested against
Staphylococcus aureus showed inhibition halos due to the bactericidal action of
clarithromycin (Oztiirka2019). It is therefore evident that lipid characteristics can affect

several parameters of nanoparticles but rarely induce toxicity at the tissue level.

5. Aminoglycoside

They are a class of antibiotics that act against microorganisms such as Acinetobacter,
Citrobacter, Enterobacter, E. coli, Klebsiella, Proteus, Providencia, Pseudomonas,
Salmonella, Serratia, Shigella, Staphylococci and M. tuberculosis (Krause2020; Takahashi
and Igarashi 2018). The mechanism of action of aminoglycosides involves inhibition of the
30S subunit and 16S subunit of ribosomal RNA as shown in Figure 5 (Poulikakos and Falagas
2013) and is closely related to the chemical structure of the antibiotic.
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Figure 5. Mechanism of aminoglycoside interaction with 16S subunit of ribosomal RNA.

(Adapted with slightly modifications from ref. Poulikakos and Falagas 2013).

The latter, in fact, consisting of an inositol derivative bound to an amino sugar as shown in
Figure 6, has several hydroxyl groups and two amino acids that are the main elements of
connection with the 30S subunit of the ribosome (Forgea and Schacht2000; Becker and
Cooper 2013).
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Figure 6. Streptomicyn chemical structure.

Aminoglycosides are classified according to their origin: natural (streptomycin, kanamycin,
tobramycin, gentamicin, paranomycin, sisomycin) and semi-synthetic (amikacin, dibekacin,

netilmycin, isepamycin). Some aminoglycosides of natural origin are commonly topically
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administered in the treatment of ears, eyes, and skin infections, others are administered as
aerosols for the treatment of lung infections and intranasally in the treatment of central
nervous system infections. Those of semisynthetic origin are administered intravenously or
intramuscularlyin the treatment of more serious infections such as tuberculosis, abdominal,
urinary and sepsis (Takahashi and Igarashi 2018). From a pharmacokinetic and
pharmacodynamic point of view, aminoglycosides are drugs that have a poor body
distribution, as they cannot overcome all biological barriers in the body. Moreover, they
induce nephrotoxicity and are therefore administered in a single daily dose (Forgea and
Schacht2000). The possibility of delivering these antibiotics through nanotechnological
carriers such as SLNs could improve pharmacokinetic parameters (bioavailability, release),
distribution in tissues, frequency of administration and their toxicity (Poulikakos and Falagas
2013). For example, at ocular level, topical administration of aminoglycosides ensures
effective pharmacological action only in the anterior portion of the eye where, however, poor
corneal retention and the presence of aqueous humor further reduce the absorbed amount
(Battaglia 2016). On the other hand, in the posterior segment, the poor permeation of drugs,
especially hydrophobic ones, through the retinal barrier and within the vitreous humour
prevents their administration by topical administration due to the poor pharmacological
activity manifested. The lipid component of SLNs, however, unlike conventional
pharmaceutical forms, is able to interact with the lipid layer of the tear film, increasing the
drug time residence in the conjunctival sac and its absorption at both the anterior and posterior
segment (Farid2017; Sanchez-L6pez2016). In this regard, Chetoniet al. have realized SLNs
based on stearic acid in which tobramycin, an aminoglycoside of natural origin, complexed
with hexadecylphosphate, has been encapsulated for possible topical administration at pre-
corneal and retinal level. Morphological analyses using Transmission electron microscope
(TEM) and Fourier Transform Infrared Spectroscopy (FT-IR) showed a complete dispersion
of tobramycin in the lipid matrix of nanoparticles without obvious electrostatic interactions
with stearic acid (Chetoni 2016). In vitro release studies have also confirmed the massive
presence of the drug within the lipid core due to the absence of an initial burst release effect
typical of the presence of the drug on SLNSs surface. This could mean that carriers are able to
promote the slow release of the antibiotic in biological fluids as also revealed by in vivo tests

carried out on rabbit eye tissues. Specifically, obtained the results confirmed that the drug
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released amount by SLNs after topical administration was five times higher than that released
by commercial drops and standard solution with free tobramycin. In addition, the release of
the antibiotic to the mucous membrane of the eye remained constant up to 3h after
administration, showing high concentrations of the antibiotic in both the aqueous and vitreous
humours. Similar results were also obtained after intravenous administration in the rabbit, as
shown in Figure 7, where a peak drug concentration was evident one hour after administration

at retinal level.

¥ Aqueous Humour
Vitreous Humour

Concentration of Tobramycin, pg/mL + SD

Figure 7. In vivo studies of tobramycin loaded SLNs and tobramycin solution release to the
humor vitreo and humor acqueo of the rabbit eye after 1h and 3h after intravenous

administration. (Adapted with slightly modifications from ref. Chetoni 2016).

In addition, antibacterial studies on SLNs have shown an antibacterial action exerted by
tobramycin encapsulated in them, on Pseudomonas aeruginosa cultures (Chetoni 2016). These
nanocarriers may be useful not only in the treatment of eye infections, but also in the treatment
of lung infections caused by Pseudomonas aeruginosa, especially in patients with cystic
fibrosis. However, the inhalation of tobramyecin is not sufficient to ensure a high concentration
of the drug at the target site because there is poor mucus penetration with rapid mucus
elimination and the need of multiple administrations (Kamal and Debonnett 2017). Patients
with cystic fibrosis are subject to accumulation of significant amounts of mucus in the lungs,
therefore it is necessary to use carriers capable of penetrating in the mucus, releasing the drug
and prolonging its retention (Klinger-Strobel2015). Moreno-Sastreet al. have developed and

characterized tobramycin-based SLNs for the treatment of cystic fibrosis patients. In
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particular, in in vitro release studies these nanoparticles showed a drug release of 80% after
the first 24 h, while at the end of the study, after 92 h, there was a prolonged release of 100%
encapsulated tobramycin. Moreover, thanks to the addition of specific dyes during the
production phase of SLNSs, it was possible to observe the effect of the drug on cell growth and
mucus penetration by means of cell viability and artificial mucus penetration studies.The
obtained results have shown that no formulation induces toxicity on A549 and H441 cell lines
and that the presence of mucolytic agents such as carboximethylcysteine increases the
penetration of nanoparticles (73%) through artificial mucus (Figure 8) promoting the release
of tobramycin. Antimicrobial studies, on the other hand, have shown antibacterial activity of
aminoglycoside on Pseudomonas aeruginosa cultures at a concentration of 0.5 mg/ml
(Moreno-Sastre2016).

Tb-NLC P

Th-NLC PC

mTh free

mNLC

= NLC:mannitol
NLC:CMC

NLC {no mucucs)

Time (h) 7

Tb free (no mucus)

1

Figure 8. Study of mucus penetration of Tobramycin-loaded NLCs.

4 Tme(h) 7

(Adapted with slightly modifications from Moreno-Sastre2016).

Aminoglycosides, such as streptomycin, are antibiotics of choice in the treatment of M.
tuberculosis infections, a bacterium capable of replicating within the alveolar macrophages by
killing them and spreading the infection to the lungs. A drug capable of inhibiting the
replication of these microorganisms is streptomycin (Manu and Rogozea 2016), which is also
useful in the treatment of cerebral tuberculosis, an extrapulmonary disease characterized by a
migration in the blood, of tubercular bacilli of pulmonary origin capable of reaching the brain
and infecting the subpial or subependimal region of the brain and the spinal cord. This is the
origin of tubercular meningitis, tubercolar abscesses, intracranial tuberculosis and tuberculosis

encephalopathies (Bosaeed and Alothman 2017). As reported by Kumar et al., intranasal
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administration of streptomycin encapsulated in SLNs may be a viable option for the treatment
of cerebral tuberculosis as these carriers may be able to cross cell membranes in the brain and
release the drug directly into the affected site. The small size of these SLNs (140 nm) could
facilitate the transport of streptomycin through the nasal mucosa so that it penetrates brain
tissue via the bloodstream. In vitro release studies on streptomycin nanoparticles have shown a
100% release of streptomycin after 24 h after administration while in vivo gamma
scintigraphy release studies have shown a slow and controlled renal excretion of these drugs as
renal radioactivity after 1 h after administration was negligible. For this reason, they could be

carriers useful for the delivery of streptomycin to the brain (Kumar2014).

6. Rifamycins

Rifamycins represent a class of broad-spectrum antibiotics used in the treatment of numerous
infections caused by Gram-positive and Gram-negative bacteria and microorganisms such as
M. tuberculosis (Floss and Yu 2005). They possess a heterocyclic structure containing a
naphthoquinone nucleus crossed by an aliphatic chain as shown in Figure 9
(YulugBurak2014).

Figure 9. Rifamycin heterocyclic chemical structure.

The four hydroxyl groups and naphthalene rings, which form hydrogen bonds with the amino
acid residues of RNA, are responsible for the interaction between antibiotic and
microorganism. In fact, the mechanism of action by which the rifamycins inhibit bacterial
activity consists in the inhibition of “RNA polymerase DNA” dependent through the binding
with the beta subunit (Floss and Yu 2005). There are different types of rifamycins, the most
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widely used, especially in the treatment of tuberculosis (TB) and tuberculosis meningitis is
rifampicin, a lipophilic drug able to cross the blood-brain barrier with extreme ease
(Sekaggya-Wiltshire and Dooley 2019). However, as with many antibiotics, rifampicin has
pharmacokinetic parameters, including poor bioavailability, short half-life, and hepatotoxicity,
which reduce its use (Abulfathi2019). In the last ten years, however, rifampicin has evolved in
the treatment of tuberculosis, as several studies have shown that the use of high doses of this
antibiotic reduces the duration of treatment without the need for repeated administration, and
without increasing relapses or causing side effects (Grobbelaara2019). The improvement of
pharmacokinetic parameters could improve the effectiveness of the therapy and increase
patient compliance. Therefore, drug transport systems that protect drugs from early
degradation and promote their prolonged release may be useful. In this regard, a few
nanoparticulated carriers have been developed, including SLNs capable of delivering
rifampicin directly to the target site, improving its bioavailability and transport. As reported in
Chokshiet al. rifampicin encapsulated in SLNs through microemulsion has shown some
stability and resistance under gastric-like conditions, because such formulations could be
administered orally, increasing the bioavailability of the drug. In addition, in vitro studies have
shown that the rifampicin contained in SLNs would undergo a biphasic pH dependent release
as it would result in an initial burst phase that would tend to stabilize after about 120h after
administration, thus promoting a prolonged drug release of 90% (Chokshi2018). Of the SLNs
made for the treatment of tuberculosis and specifically to be deposited on the alveolar
epithelium and subsequently absorbed by the infected macrophages, it is important to know
the interactions with the surfactant that covers the pulmonary alveoli. In fact, when
nanoparticles administered in the form of dry dust by inhalation reach the lung alveoli, the first
component they encounter in the form of a monolayer or oligolamellar layer is the lung
surfactant. The presence of a lipidic corona layer around the SLNs, could modulate the cellular
internalization of antitubercular drugs as demonstrated by the study conducted by Marettiet al.
on solid lipidic nanoparticles loaded with rifampicin (Maretti 2019). Specifically, SLNs
functionalized with a mannosilate surfactant of synthetic origin were treated during in vitro
tests with Curosurf, a commercial substitute for the natural lung surfactant, and with simulated
lung fluids (SLF). The obtained data showed that the rifampicin release from mannosylated

SLNSs, in contact with the simulated lung fluids, was gradual and approximately 40% after 3h
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after inhalation. Conversely, the release obtained from SLNs in contact with Curosurf was 20-
25% lower than that of mannosylated SLNs. This could mean that the presence of a
functionalizing agent inside the lipid component, as in the case of mannosylated SLNs, was
able to generate a more solid layer of lipidic corona capable of increasing the retention of the
drug inside it, preventing the superficial diffusion at surfactant level and ensuring an
intramacrophagic internalization of 100% after 0.5h and 45% after 3h as shown in Figure 10.
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after 0.5h and 3h administration.
(Adapted with slightly modifications from ref. Maretti 2019).

Once it enters the macrophage, the lipid carrier could undergo a phagocytosis process that
would lead to the degradation of lipid materials and to the intracellular loss of rifampicin,
which would thus exert antibacterial activity against M. tubercolosis (Maretti 2019). Literature
ata have shown that some patients suffering from tuberculosis are not very susceptible to the
action of rifampicin and for this reason it was necessary, over time, to replace it with a more
powerful rifamycin such as rifabutin (Whitfield2018). The administration of this antibiotic
with the use of SLNs, as demonstrated by the studies of Gaspar et al. could not only have an
effective action in the treatment of M. tuberculosis infections, but also ensure reduced
cytotoxicity on the lung cell lines used. In addition, studies of intracellular uptake through
fluorescence have shown an increased internalization of SLNs in macrophagic cells 24 hours
after incubation. This means that in the case of tuberculosis, the use of these rifabutin-laden

nanoparticles would allow the drug to be localized in the macrophages for a period that would

35



Section 1- Part B

ensure that the antibacterial activity would be carried out (Gaspara2016). AlsoNirbhavaneet al.
realized SLNs based on glyceryl monostearate for the delivery of rifabutin (RFB-SLN) in
animal models. Specifically, the pharmacokinetics and biodistribution of these
nanoformulations in mice after single oral administration were studied. The obtained results
from the in vitro studies showed that the drug, encapsulated at 60% in the lipid matrix of
SLNs, remained stable under acidic conditions up to 48 h, thus demonstrating a good
bioavailability probably due to the direct absorption of nanoparticles through the
gastrointestinal tract into the systemic circulation. Furthemore, in vivo studies have shown that
after a single oral administration, RFB-SLN was able to be distributed in all organs of the
reticuloendothelial system (lungs, liver, and spleen) for up to seven days. The amount of drug
found in one of the tissues mentioned above was well above the MIC level (0.125 p g/ml),
especially in those tissues more prone to infection with microorganisms, i.e., alveolar

macrophages and liver macrophages (Nirbhavane2017).

7. Conclusion

Many antimicrobial drugs are characterized by several limitations, including low water
solubility, narrow activity spectrum, rapid degradation, poor bioavailability, and reduced
tolerability. In addition, the effectiveness of conventional antibiotic therapy is hampered by
the difficulty of reaching many target tissues and crossing several biological barriers. The
advent of nanotechnology has significantly revolutionized the use of antibiotics, in fact, solid
lipid nanoparticles (SLNs) with their small size and chemical-physical properties, are able to
increase the biological availability of many drugs making them more susceptible to entry into
cells or tissues than common pharmaceutical forms. SLNs are also able to improve the quality
of antibiotic treatment through a reduction in side effects, frequency of administration and an
extension of the drug's residence time. From a pharmacokinetic point of view, such
nanoformulationsare able to control the uniform distribution of drug by exerting a sustained
and controlled release capable of improving cellular internalization. Several studies reported in
this chapter have shown a reassuring efficacy in the use of SLNs for the delivery of antibiotics
in the treatment of numerous infections. Specifically, it has been seen that these carriers are
able to transport drugs into tissues that are difficult to reach, including the blood-brain barrier
and the inside of macrophages, bringing numerous novelties in the approach to diseases such
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as encephalic and pulmonary tuberculosis. In addition, some SLNs have also proved to be
useful in the treatment of infections localized in tissues difficulty accessible by common
pharmaceutical forms. For this reason, it is possible to declare that the development of these
nanoformulations has modified the systems of administration of antibiotics making them much

more effective in the management of bacterial infections.
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PART C

Copper nanoparticles based stimuli-responsive approaches

Abstract

Copper nanoparticles are small particles (1-100 nm) with ultraviolet visible sensitivity,
electrical, catalytic, thermal, and antibacterial properties depending on their high
volume/surface ratio. These nanoparticles are synthesized by physical, chemical, and
biological methods, which however lead to the formation of highly toxic by-products. In this
regard, most of the copper nanoparticles studied in the biomedical field are obtained using
green tecniques. In recent years, studies on these nanocarriers have focused on their ability to
respond to internal or external stimuli such as pH, temperature, enzymatic reactions, redox
reactions, glucose concentration, light, magnetic fields, etc. This has enabled the design,
manufacture and testing of copper-based nanoparticles drug delivery systems. It has been
observed that after stimulus-induced activation, such carriers would be able to release targeted
anticancer drugs to destabilize the growth of tumor cells; they could act as screening agents
for haemoglobinopathies and would be very useful for exerting antithrombotic activity or for
imaging applications.

The aim of this chapter is to investigate the different applications of copper-based
nanoparticles in biomedicine, nanomedicine, and diagnostics, specifying the mechanisms of

action in response to a stimulus.

Keywords: copper, nanoparticles, preparation, chemical, physical, biological, stimuli-

responsive, biomedical.
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1. Introduction

Nanotechnologies currently have a wide range of applications ranging from electronics to the
chemical industry and above all to biotechnology [1]. Nanotechnology refers to the design,
characterization, production and use of materials, structures, devices, and control systems of
nanometric dimensions ranging from 1 to 100 nm. The size of nanoparticles (NPs) constituent
molecules and biological systems and their chemical, physical, electrical, and biological
properties can be exploited in the biomedical field [2]. As for the application of
nanotechnologies in the pharmaceutical field, this aims above all at creating new drug
transport systems capable of improving their pharmacokinetics and in some cases their
efficacy or safety. NPs have a surface to volume ratio that is several orders of magnitude
higher than larger particles. Therefore, they can be used as Drug Delivery Systems (DDS) by
delivering a large variety of drugs to target tissues, where they are released once the carrier
degrades [3]. The NPs can be coated on the surface with “bio-recognizable” substances that
improve their biocompatibility or selectivity of action on biological targets. In addition to
being used as DDS, NPs are also used in diagnostic imaging, particularly in oncology and
regenerative medicine [3]. In diagnostic imaging a contrast agent containing NPs characterized
by a certain behavior during magnetic resonance, for example, can offer more detailed,
reliable, and precise images of tumor formations, than can a traditional contrast agent. Again,
in oncology, the smaller size of the NPs would allow a better focus of the radiative therapies
[4]. Furthermore, depending on their size, NPs can overcome different barriers as well as to
penetrate different biological structures. In fact, if they are smaller than 40 nm, they can enter
the nucleus [5]. On the other hand, if they are smaller than 35 nm, they can also penetrate the
blood brain barrier (BBE) [6]. Some research is underway on the possible exploitation of
nanotechnologies also in the development of implantable devices for dosing drugs for chronic
diseases such as diabetes or for controlling body temperature [7]. In surgery, nanotechnologies
are 60 being studied to develop better healing and suturing techniques [8]. NPs can be
extensively divided into two groups organic including carbon NPs and inorganic ones that
consist of magnetic NPs [9]. There is a developing enthusiasm for inorganic NPs, like gold,
silver, and copper, as they give main material properties for functional compliance. Copper
nanoparticles (Cu-NPs) are high conductive and can be synthesized both physical, chemical,
biological and hybrid techniques [10]. The synthesis of Cu-NPs through conventional
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chemical and physical methods results in toxic derivatives that are biologically harmful and
then cannot be used in biomedical fields [11]. To overcome these drawbacks, recently,
increased interest has been given to green synthesis using plants and micro-organisms that do
not produce toxic waste products during the production process [12]. Much work has been
done regarding the synthesis and stability of Cu-NPs and a huge number of these have been
successively developed with both therapeutic and diagnostic purposes for various diseases,
such as cancer, diabetes, inflammation, cardiovascular, and neurodegenerative diseases. In this
regard, many recent literatures, focused on Cu-NPs as effective drug carriers’system sensitive
to environment and physiological processes, is available (Figure 1). The aim of this chapter is
to describe and critically analyse the main results obtained in this field.

Stress-responsive
" bacterial biosensor
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Figure 1: Stimuli-sensitive Cu-NPs

2. Methods for the synthesis of Cu-NPs

The preparation of Cu-NPs is problematic because exists the possibility of oxidation of
copper, when exposed to air, and of agglomeration of the particles following surface
oxidation. With the aim to inhibit oxidation, these particles are realized in an inert gas
atmosphere [13]. Nevertheless, it has been reported that oxidation could occur following

exposure to air also after preserving the particles in an inert atmosphere [13]. This
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phenomenon could be prevented by means of the nanoparticles coating with carbon or silicon
or using toluene, tridecylamine, and dodecanethiol as reaction solvents, and borohydride and
lauric acid as reducing and protective agents, respectively [11]. Oxidation can be inhibited
also by using protective polymers such as polyethylene glycols (PEG) and polyacrylic acid
(PAA) or surfactants like sodium dodecyl benzene sulfonate, sodium dodecyl sulfate [10].

The synthesis of Cu-NPs through chemical methods includes microemulsion/colloid,
reduction, electrochemical, photochemical, and thermal procedures [11, 12]. Physical
strategies for synthesis of NPs involve pulse laser ablation/deposition, mechanical/ball milling,
and Pulsed Wire Discharge methods (PWD) [11, 12]. The biological synthesis of Cu-NPs
utilizes plants, such as inactivated tissue plant, extracts and living plant, enzymes, and
microorganism such as bacteria and fungi. Biological synthesis is preferred because using this
method it is easier to control the nanoparticles size and distribution (Figure 2). In addition,
contrary to chemical and physical methods there is not toxic effect on the environment [11,
12].

Cu-NPs SYNTHETIC METHODS

Chemical Physical Biological
¢ Microemulsion/colloid [37-40] * Pulse laser ablation/deposition  [50, 51, 47] » Plants [62-75]
* Reduction [14-27] + Mechanical/ball milling [52, 53] » Bacteria  [57-59]
*+ Electrochemical/photochemical [28] * Pulsed wire discharge [46, 12] - Fungi [60, 61]
* Thermal [29-36]

Figure 2: Synthesis of Cu-NPs by various methods
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2.1 Chemical synthesis

Chatterjee et al. synthesized stable copper nanoparticles with a diameter of 50-60 using CuCI2
waste in the presence of the stabilizer like gelatin and hydrazine as reducing agent [14]. Cu-
NPs can be synthesized in methanol by mixing graphite and copper acetate monohydrate [15]
and in sodium dodecyl sulfate (SDS) solution by reducing the copper salt along with hydrazine
[16]. Colloidal Cu-NPs can be synthesized in water by using hydrazine hydrate as reducing
agent, copper sulphate as copper precursor, and gum acacia as capping agent [17]. Highly
pure, monodisperse and antioxidant Cu-NPs can be synthesized by using copper hydroxide, L-
ascorbic acid, and PEG-2000 respectively as precursor, reducing, and protector agents [12].
Gotoh et al. reported about the production of Cu/PAA composite films using long-chain PAA
(MW 150,000) [18]. Nanocrystals obtained using Cu reduction by sodium borohydride, with a
particles size of 14 nm, were described by Procek et al. [19]. Ostaeva et al. produced Cu-NPs
with a diameter of ~10 nm reducing Cu2+ in poly (acrylic acid) - pluronic blends solution
[20]. Cu-NPs can be synthesized, in an inert atmosphere also using hydrazine by reducing Cu
(1) acetate [12]. Cu-NPs of 3-10 nm size can be synthesized from copper hydrazine
carboxylate (CHC) both by thermal reduction process and sonochemical process [21-23].
Mandal et al. reported about Cu-NPs production from mixture of surfactant aerosolOT (AOT),
a strong reducing agents like NaBH4, copper sulphate and water exhibiting property like high
electrical conductivity [24]. Photoreducing a solution of copper acetate film of Cu-NPs
deposited over a substrate coated with titanium dioxide (TiO2) were obtained [25]. Memoni et
al. described fluorescence Cu-NPs that can be synthesized at low cost by a simple method
which employs ascorbic acid as a reducing and protective agent [26]. Mixed nanoparticles
consisting of multiple metals were realized by means of reducing agents like Carica papaya
leaf aqueous extracts and silver nitrate and Cu (NO3)2. The mixture was heated, and the
conditions were optimized to yield small bimetallic Ag-Cu-NPs [27]. Nanopowders were
obtained and these could be recovered from the flame top by using glass fibes filters [23]. The
copper nanoparticles in an aqueous phase can be produced in a size-controlled manner by
sono-electrochemical method by using poly(N-vinylpyrrolidone) (PVP) as a stabilizer [28].
Fine powder of nanoparticles backed by alumina can be synthesized using aerogel protocol

and 1,2-hexadecandiol Cu (Il) solution containing oleylamine and oleic acid as capping agents
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[29]. Antifungal nanoparticles having low dispersity and good stability were obtained starting
from Cu

(1) acetylacetonate and a surfactant [30]. Also, hydrothermal synthesis was adopted to
synthesize Cu-NPs from supercritical water and a very little quantity of formaldehyde [31].
Using deionized water, copper sulfate pentahydrate and nitric acid graphene encapsulated Cu-
NPs were synthesized through Kraft lignin synthesis [32]. Realizing the hydrothermal process
in a pressure and temperature-controlled container, like an autoclave, it was possible to obtain
Cu-NPs of 3.5-40 nm [33-35]. Chen et al. applied hydrothermal method to synthesize copper
nanoparticles with different sizes by using as surfactant the sodium dodecyl benzenesulfonate
(SDBS) to stabilize and control the shape and size of the nanoparticles [36]. Microemulsion
and reverse micelles method have been used as a chemical method to produce Cu-NPs in
which two immiscible liquids, such as water-in-oil, become a thermodynamically stable
dispersion with the aid of a surfactant [37-40]. By using reverse micelles method Salzemann et
al. synthesized nanoparticles of copper with size of 3-13 nm [41] and Kaminskiene et al.
obtained Cu colloidal solution with a size of 70-80 nm [42]. Microwaves were an additional
method of obtaining copper nanoparticles. Zhu et al. synthesized Cu-NPs of 10 nm diameter
by using copper sulfate as a precursor and sodium hypophosphite as a reducing agent in
ethylene glycol under microwave irradiation [43]. The photochemical method has also proved
effective in obtaining Cu-NPs with various size in the presence of poly(N-vinylpyrrolidone)
(PVP) as the stabilizer [44, 45]. Even the electricity has been employed as a controlling force
to produce copper nanoparticles starting from an electrolytic solution of copper salt and
sulfuric acid [46, 47].

2.2 Physical synthesis

The production of Cu-NPs in the presence of surfactants and polymers is influenced by several
factors like the pH and concentration of the metal ion, surfactant, and polymer. To overcome
these limitations, highly pure copper nanoparticles can be produced through alternative
methods to the synthetic ones such as gamma radiolysis [48]. It is possible to produce them
also in an argon gas atmosphere by the method of wire-explosion [49]. Muraia et al. showed
that organic materials coated Cu-NPs could be successfully synthesized through Pulsed Wire
Discharge (PWD) method that is industrially rarely used due to its high cost [46, 12].
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Colloidal nanoparticles could be obtained by the Pulse Laser Ablation/Deposition method [50,
51]. This process takes place in the presence of some inert gases and under vacuum [47]. An
inexpensive method enabling copper nanoparticles large-scale production is represented by
Mechanical/Ball Milling [52]. The quality of the final product depends on different factors like
the type of mill, milling speed, temperature, time, atmosphere, and container [53].

2.3 Biological synthesis

Biological synthesis of metal nanoparticles is preferred to chemical one since it has no toxic
impact on the environment. In addition, it is easier to control the nanoparticles size compared
to other methods. [54, 55].

3. Microorganisms, fungi, and plants

Ramanathan et al. [56] and Varshney et al. [57] synthesized Cu-NPs using bacteria such as
Morganella and Pseudomonas stutzeri. They produced particles in the range of 8-15 nm [57]
and 50-150 nm [58], respectively. Cu-NPs showed potent antibacterial activity against
Escherichia coli and Salmonella typhi bacteria, and radical scavenging activity have been
developed using aqueous leaves extract of Cassia occidentalis and an ecofriendly and green
method [59]. Few papers have reported the preparation of Cu-NPs using fungi. Pavani et al.
used Aspergillus species of fungus for the synthesis of Cu nanoparticles [60]. Honary et al.
have used Penicillium vaksmanii, Penicillium aurantiogriseum, and Penicillium citrinum,
segregated from soil, for the synthesis of copper nanoparticles [61].

Copper nanoparticles can be synthesized by microwave assisted one-pot method by using
hydrazine as reducing agent and the Psidiumguajava leaf extract as stabilizer. However, due to
the lack of adequate nanoparticles form these are not effective in the in vivo drugs delivery
[62]. Cu-NPs could be synthesized also by isolating the actinomycetes from the seaweeds
[63].

Bali et al. realized copper nanoparticles in different plants such as Helianthus annus
(Sunflower), Brassica juncea (Indian mustard), and Medicago sative (Alfa alfa) [64]. Lee et al.
used the reducing magnolia leaf extract for the synthesis of Cu-NPs in the range of 40-100 nm

[65]. Valodkar et al. obtained copper particles from a plant with medicinal properties
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(Euphorbia nivulia) [66]. In addition, Subhankari and Nayak produced copper nanoparticles
by using both Ginger (Zinngiber officinalis), and cloves (Syzygium aromaticum) [67, 68].
Plant extracts such as Terminalia arjuna bark have been used for Cu-NPs synthesis in the
range size of 23 nm [69]. Magnolia leaf extract [70], Artabotrys odoratissimus (Nag Champa)
[71], and Datura metel leaf extract have been also used as a reducing agent for the synthesis of
copper nanoparticles [72]. Potato starch has been reported as a stabilizing agent for copper
nanoparticles in the presence of L-ascorbic acid as the antioxidant and NaOH as a catalyst
[73].

Cu-NPs exhibiting superior antioxidant, antibacterial, antidiabetic, and anti- inflammatory
activities were synthesized from the extract of M. pinnata flower [74] and using intra generic

edible medicinal plants of Rosaceae family [75].

4. Stimuli-responsive copper nanoparticles

The external or internal stimuli, like pH, enzyme, thermal, magnetic, and electronic field,
ultrasound, and light, could influence the nanocarriers behaviour inside the biological systems
and facilitate their ingress in a specific compartment ensuring a controlled release,
intracellular drug delivery, favouring therapy and imaging [76]. In this section the application

of stimuli-responsive Cu-NPs will be discussed.

Nanoparticles type Ref.
Sensitive ability for glicose [77, 78,79, 80]
Redox/pH responsive nanoparticles [81, 82, 83]
Cu-NPs toxicity based on a stress-responsive bacterial [84, 85, 86, 87, 88, 89, 90, 91]

biosensor array

Fluorescent and enzyime-responsive particles [92, 93, 94, 95, 96, 97]

Table 1: Cu nanoparticles behaviour
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4.1 Sensitive ability for glucose

A reproducible and stable biosensor glucose sensitive based on Cu-NPs anchored on laser-
induced graphene (LIG) was successfully developed by a substrate-assisted electroless
deposition (SAED) technique. This sensor is an attractive candidate as implantable non-
enzymatic glucose diagnostic device [77]. A glucose sensor based on Cu-NPs/flexible graphite
sheet self-supporting enzyme-free were prepared by the hydrothermal method. The sensor
possesses excellent anti-interference properties against dopamine, uric acid, sodium chloride,
acetaminophenol, and ascorbic acid. In addition, this sensor and has good [78]. Yang et al.
realized a nanocomposite with high surface area and conductive with rough morphology based
on phytic acid (PA) doped with poly(3,4-ethylenedioxy-thiophene) (PEDOT) was realized.
The loading with copper nanoparticles (Cu-NPs) onto the rugged surfaces of nanocomposite
furnished a platform useful as glucose sensor [79]. pH-Responsive luminescent materials were
fabricated by dispersing copper nanoclusters (Cu-NCs) into alginate solution, together with
calcium carbonate (CaCO3) nanoparticles. This material is potentially applicable in the
development of a chemical sensor for glucose by integrating its pH-responsive properties with
the ability to produce H+ in the reaction of glucose oxidase (GOx) with glucose [80].

4.2 Effect of redox/pH responsive copper nanoparticles

Rezaei et al. realized a sensor displaying good selectivity for H202 detection in the presence
of common interferences such as ascorbic acid. They used copper nanoparticles to decorate
functionalized-multiwall carbon nanotubes and to obtain a nanocomposite employable for
amperometric peroxide recognition [81].

The addition of Cu-NPs in the diet reduces protein oxidation and nitration as well as DNA
oxidation and methylation. Lowering the level of Cu in the diet increases the DNA
methylation and oxidation of proteins [82].

A highly selective system towards glucose oxidation based on Cu nanoparticles
(CuNPs)/polyaniline (PANI)/graphene nanocomposite was also fabricated. This system was

also highly sensitive as a non-enzymatic glucose sensor [83].
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4.3 Cu-NPs toxicity based on a stress-responsive bacterial biosensor array

Cu-NPs toxicity was analyzed by Li et al. [84] using a stress-respective bacterial biosensor
array. Nanoparticles induced various damages in the bacterial cells, such as oxidative stress,
DNA/protein/ damage, and membrane damage.

Yadav et al. also designed and prepared Cu-NPs with antibacterial activities against strain of
E. coli, Staphylococcus aureus and Pseudomonas aeruginosa. The Cu-NPs has been found to
generate reactive oxygen species (ROS) causing cell death.

It is probable that Cu-NPs are oxidized to form Cu ions when interacting with the cell
membrane due to the higher O2 concentration of the cell membrane than the cell media. The
toxicity was also due to the nanoparticles size. More precisely, the major toxicity was obtained
with smaller particles [85, 86]. Wang et al. used albumin as a reducing agent to obtain pH-
sensitive Cu-NPs which can encapsulate histone deacetylase (HDAC) inhibitor vorinostat and
furnish a carrier useful for synergistic chromatin remodelling and chemodynamic therapy [87].
Copper nanoparticles also exhibit a strong ability to inhibit in addition to pathogenic bacteria
such as B. Subtilis too fungi (Issatchenkia orientalis), and viruses [88-90]. Interesting are the
coatings based on copper nanoparticles that prevent the accumulation and spread of viruses

and bacteria on portable devices such as tablets and mobile phones [91].

4.4 Fluorescent and enzyme-responsive Cu-NPs

DNA-templated Cu-NPs are developed as a novel fluorescent indicator for actin assays and
digestion of deoxyribonuclease |1 (DNase 1) [92]. Actin is a globular protein whose highest
presence occurs in the cells of muscle tissue.

Qing et al. developed an analytical method to monitor the enzymes ligase and polynucleotide
kinase (PNK) that are involved in DNA repair pathways. They proposed a new strategy for
label-free monitoring PNK and ligase activity by using dumbbell- shaped DNA templated Cu-
NPs [93].

DNA-Cu-NPs are employed also as fluorescent indicators to detect the hydroxylamine (HA), a
potent reducing agent, and an important intermediate or raw material in pharmaceutical
processes, known as a nitric oxide (NO) donor, and an inhibitor for the release of insulin [94].
Cu-NPs were also reported for micro-RNA sensors. Rotaru et al. developed a sensor based on
random double-stranded DNA- templated/Cu-NPs (dsSDNA-Cu-NPs) [95]. Xu et al. prepared
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poly(thymine)-templated Cu-NPs and used dsDNA-Cu-NPs as the model to produce the
RCR-mediated concatemeric Cu-NPs strategy [96]. Concatemeric dsSDNA-templated copper
nanoparticles strategy with improved sensitivity and stability based on rolling circle

replication and its application in micro-RNA detection [97].

5. Applications of Cu-NPs for wound healing and cancer

Wounds often become a proliferation site for various microorganisms that can infiltrate the
inside of the body resulting in an expansion of the infection. Therefore, for wound healing it
becomes necessary to resort to the use of antibacterial materials. In this regard, copper
nanoparticles are used as antibacterial and anti-inflammatory materials. Copper causes
angiogenesis at the wound site, improves immunity against

various microorganisms by stimulating the production of interleukin 2 (IL-2), moderates
oxidative damage in tissues and activates remodeling by integrin expression and stabilization
of fibrinogen and up-regulation of copper-dependent enzymes such as lysyl oxidase. For this
reason, copper has also been used to arrest severe phosphorus burns. Tiwari et al. showed that
copper nanoparticles can enhance cell proliferation and increase cell migration from the scar
within 24 hours. Furthermore, copper nanoparticles have been shown to be highly anti-
inflammatory compared to copper as such by suppressing the expression of the COX2 enzyme
[98-103]. Tao et al. prepared antibacterial Cu-NPs-embedded hydrogels composed of
methacrylate-modified gelatin (Gel-MA) and N, N-bis(acryloyl)- cystamine (BACA) chelated
with copper nanoparticles useful for skin tissue regeneration. In vitro antimicrobial
experiments revealed that this material exhibited antibacterial efficacy against both Gram-
positive and Gram-negative bacteria [104].

Wound dressing made of copper nanoparticles (Cu NPs) loaded bacterial cellulose (BC)
membranes were fabricated by He et al. using in situ chemical reduction method. Membranes
showed efficient long-term antibacterial activity against S. aureus and E. coli [105]. Sun et al.
investigated the fluorescent self-assembled tripeptide glycyl-L- histidyl-L-lysine (GHK)-Cu
nanoparticles (GHK-Cu-NPs) abilities to improve wound healing, accelerate
anti-inflammatory activity, and repair DNA damage. The obtained results showed that the
fabricated functional polypeptidic nanomaterial could be applied in drug delivery, tissue
engineering, and cosmetic fields [106].
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Cu-NPs could be used also for anticancer therapeutic applications including drug delivery,
cancer imaging, and image-guided therapy [107]. Cu-NPs possess moderate cytotoxic
behaviour to PC3 and HeLa human cell lines and a low cytotoxicity [107].

Copper NPs prepared using plants such as Nerium oleander, and Magnolia Kobus, showed
activity against cell proliferation. The in vitro cytotoxic potential of increasing nanoparticles
concentrations on the human HepG2 cancer cell line indicated a good cellular toxicity [108].
Microwave-assisted Cu-NPs, obtained using P. cineraria leaf extracts, were active against
human MCF-7 cancer cell line [109]. Copper NPs prepared utilizing the Quisqualis indica
Linn floral extract exhibit cytotoxic activity towards B16F10 melanoma cells. The peptide-
coated copper nanoparticles in the latex of the therapeutic plant species Euphorbia nivulia
[110] showed antiproliferative activity in human A549 lung cancer cells confirming the ability
of copper NPs to induce structural damage to the cellular environment, mitochondrial

dysfunction, and oxidative stress [110].

6. Conclusion

In this chapter, the methods for synthesis of copper nanoparticles were assesses. Literature
data have shown that the particles properties, like size, morphology, stability, depend on
experimental conditions. Chemical and physical methods require the use of toxic substances or
are expensive. On the contrary, biological methods are not expensive and result eco-friendly.
Nanoparticles could be used in the development of novel therapeutic approaches against
several diseases including cancer, inflammation, bacterial infection, as well as in the
diagnostic field. Copper nanoparticles can be successfully employed also for the detection of
specific target, like ions, proteins, and glucose. Furthermore, investigated nanoparticles, due to
their unique optical properties such as great luminescence, represent a novel fluorescent

material for sensing and bioimaging application.
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PART D

Nano- and Micro-Technologies Applied to Food Nutritional Ingredients

Abstract

New technologies are currently investigated to improve the quality of foods by
enhanc- ing their nutritional value, freshness, safety, and shelf-life, as well as by
improving their tastes, fla- vors and textures. Moreover, new technological approaches
are being explored, in this field, to ad- dress nutritional and metabolism-related
diseases (i.e., obesity, diabetes, cardiovascular diseases), to improve targeted
nutrition, in particular for specific lifestyles and elderly population, and to maintain
the sustainability of food production. A number of new processes and materials,
derived from micro- and nano-technology, have been used to provide answers to many
of these needs and offer the possibility to control and manipulate properties of foods
and their ingredients at the molec- ular level. The present review focuses on the
importance of micro- and nano-technology in the food and nutritional sector and, in
particular, provides an overview of the micro- and nano-mate- rials used for the
administration of nutritional constituents essential to maintain and improve health,

as well as to prevent the development and complications of diseases.

Keywords: delivery, micro-technology, nanotechnology, nutrients, nutrition-related

diseases, food applications, risk assess-ment.

71



Section 1- Part D

1. Introduction

Over the past few decades, the evolution of a number of new scientific disciplines and
technologies has allowed the development of new approaches to providing our body with
nutritional agents in a safer and more efficient way. Nan-otechnology is mainly involved
because it represents a broad interdisciplinary area, encompassing the study, produc- tion,
processing and application of materials with one or more dimensions in the order of 100
nanometres (nm). This nanoscale approach may affect nutrient safety, efficiency,
bioavailability, and nutritional properties and has allowedthe molecular synthesis of new
products and ingredients [1, 2]. Nanotechnology may be useful for developing new func-
tional materials, micro- and nano-scale processing and the design of methods and
instrumentation in food production. The application of nanotechnology in the food sector
hasemerged only recently. Still, they are predicted to growrapidly in the coming years, and
many of the world’s largest food companies are actively exploring the potential of nan-
otechnology, for its use in food production [3]. Particularly,a lot of attention was given to
the nanotechnology applied toartificial food ingredients, such as food additives, that are in-
tentionally added directly or indirectly to food [4]. This is very interesting since the
additives are essential for preserv- ing the qualities and characteristics of food that
consumers demand for keeping food safe, nutritious, and appetizing from farm to fork. In
fact, foods are subject to many enviro-nmental variables, such as temperature fluctuations,

oxida- tion, and exposure to microbes, which can change their origi-nal composition.

Nanotechnology has the potential to affect some aspects of food production, including
the encapsula- tion of ingredients in delivery systems able to carry, protect, and deliver
functional them to their specific site of action[5]. A variety of processes are being used in
order to control and manipulate properties of food ingredients and additives at the
molecular level, including nano-emulsions, surfactant micelles, emulsion bilayers and
reverse micelles [6] (Fig. 1). An example of nanostructured ingredients of foods, de-
veloped with the aim of improving their taste, texture, consis- tency and/or increasing
nutritional efficiency, are employed for the production of low-fat nanostructured
mayonnaise, spreads and ice creams. These foods containing nanostruc- tured ingredients
appear to be as “creamy” as their full-fat al- ternatives but offer a healthier option to the
consumers [7].A second example is the microencapsulation of omega-3 fatty acids rich tuna
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fish oil, which has been broadly used to mask the taste and smell ingredient when added to
bread for health purposes [8]. A variety of other microencapsulated food ingredients and
additives are available for use in several food products, and a recent and very interesting
trend in the health food area is the microencapsulation of live probiot- ic microbes to
promote healthy gut function [9, 10]. A number of nutraceuticals and nutritional
supplements containing nano-ingredients and additives (i.e. vitamins, an- timicrobials, and
antioxidants, etc.) are currently available. Virtually all these products claim enhanced

absorption and bioavailability of nano-sized ingredients in the body [11].
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Fig. (1). Nanotechnologies applied in the food sector. (A higher resolution / colour version of
this figure is available in the electronic copy ofthe article).

Examples of these nanostructured materials include different Nanoceuticals, Nano
Calcium/Magnesium, and nano-seleni- um-enriched Nanotea [12]. In the following
paragraphs, an overview of the most used nanotechnology-based delivery systems in the food
andnutritional area will be provided.
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2. APPLICATION OF NANOTECHNOLOGY-BASED DELIVERY SYSTEMS FOR
FOOD AND NUTRITION

2.1 Microcarriers

The term microcarrier refers to particle with a diameter of 1-1000 um. In these broad
categories are included spherical microparticles and microcapsules, which possess a core that
may be solid, liquid, or even gas, and that is surrounded by a different material [14].
Microspheres are, in the strict sense, empty spherical particles. However, the terms micro-
capsules and microspheres are often used indifferently. In ad- dition, some related terms are
alternatively used, such as “microbeads” and “beads”. Spherical particles are mainly em-
ployed for their large size and rigid morphology [15]. Fig. (2) is a representation of the

possible ingredients encapsula- tion in microsphere and microcapsules.
2.2 Microcapsules

Micro-encapsulation is a process in which small parti- cles or droplets are surrounded by a
coating to give small capsules with many useful properties. In general, microcap- sules are
used to incorporate food ingredients, enzymes,drugs, cells or other materials on a micrometric
scale [16]. The use of microencapsulated food additives is already well established. In
particular, microencapsulation has been used to mask the odor of turmeric extract used as a
nutrient sup- plement or natural colorant for food products. In particular, Laokuldilok et al. [8]
reported that microcapsules prepared by a binary blend of wall materials, i.e. brown rice flour
and beta-cyclodextrin (B-CD), are useful to obtain a highly effi- cient curcuminoid
encapsulation with very low volatile re- lease and reduced smell. Moreover, microcapsules
obtained using maltodextrin (MD) as coating agent were used [17] to encapsulate and protect
the powerful antioxidant phenolic compounds contained in the waste product of olive oil pro-
duction (olive pomace) [18]. The CD encapsulation im- proved the antioxidant activity of the
olive pomace-derived phenolic extracts. Another interesting CD application is the stabilization
of betalains, water-soluble pigments obtained from the purple fruit of the cactus Opuntia ficus-
indica, through microencapsulation using the spray drying tech- nique [19]. The betalains are

also known for their health-pro- moting and wellbeing effect [20] mainly through their an-
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tioxidant ability [21, 22]. In the study of Otalora et al. [17], these pigments were encapsulated
by using maltodextrin (MD), alone or in combination with mucilage (MD-CM) from Cactus
cladodes. The microcapsules obtained were of spherical and uniform size. Moreover, MD-
CM allowed to reduce microcapsule moisture content and to increase encap- sulation
efficiency. Microencapsulation has also been proven to be one of the most efficient methods
for maintain-ing the viability and stability of probiotics. Since probiotics are known to induce
a number of health benefits, much ef- fort has been expended by the food industry,
pharmaceuti- cals, nutraceuticals, and cosmetics in protecting them by the use of new
encapsulation methods [23]. Encapsulation may be particularly useful in protecting probiotics
during food processing and storage and in the extreme conditions of the human
gastrointestinal system. Instead, the encapsulation of probiotics within a physical barrier may
protect these living cells against adverse environmental conditions and improve their survival
[24].

Fig. (2). Microcapsules and microspheres useful for food ingredient release. (A higher resolution / colour
version of this figure is available inthe electronic copy of the article).
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2.3 Cyclodextrins

Cyclodextrins (CDs) are water-soluble fibers with a ring-shaped approved as food additives
in various countries. From a molecular point of view, they are oligosaccharides having six(o-
CD), seven (B-CD), and eight (y-CD) glucose units bound by a-1.4 linkages that are
produced from starch by enzymatic conversion [25]. Their structure creates a cyclic
molecule having a hydrophilic surface and a hydro- phobic internal cavity, where they can
embrace other com- pounds with hydrophobic properties. Thanks to this capacity, CDs
represent optimal candidates to encapsulate ingredi- ents [26]. Moreover, they are considered
useful for protecting active substances from environmental hazards and thus increasing their
bioavailability. Similarly, to the microcap- sules, CDs have the property of covering nasty
smells of some ingredients. Furthermore, CDs have been successfully used as emulsifying
agents. Remarkably, several reports have recently demonstrated that a-CD dietary
supplementation can ameliorate the blood lipid profile, either by binding to and reducing the
intestinal absorption of triglycerides [27]or by dissolving cholesterol crystals [28, 29], which
were able to induce complement activation, and thus phagocytosis and ROS production by
inflammatory cells. Altogether, these phenomena are considered as critical steps in
atheroscle-rosis development. Therefore, a-CD seems particularly aptto be used as a food
additive for the prevention of metabolic and cardiovascular diseases. A variety of foods, such
as salad dressings, mayonnaise, dessert creams or margarine, contain both water and oil phas-
es that can be mixed only with the addition of an emulsifier. a-CD has been recently used for
the preparation of oil-in-wa- ter emulsions due to its emulsifying properties. In this kind of
micro-formulation, the hydrophobic fatty acids occupythe interior part of the ring-shaped
a-CD molecule which stabilizes the interfaces of the otherwise immiscible oil and wa ter

phases of the emulsion [29].

This approach represents considerable progress, since the commonly used animal-based
emulsifiers, such as the mono- and di-glycerides of fatty acids, eggs yolk derived lecithin
and proteins can be allergenic and are generally sensitive to heat and low pH val ues, which
make their shelf life short. Moreover, they may contain large amounts of cholesterol. On the
other hand, a- CDs are able to produce emulsions with varying degrees of viscosity, and

being plant-derived, also suitable to be usedin vegetarian diets.
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2.4 Microparticles

The controlled release of bioactive compounds has repre-sented a significant challenge, not

only for application in thepharmaceutical field, but, more recently, also for the food in

dustry [30-32]. One promising approach is the use of starch based microparticles since
starch is particularly suitable for the encapsulation of food components, being nontoxic,
edi- ble, abundant in nature, and easily achievable at very low costs. Starch-based
microparticles have been usually pre- pared by the spray drying method [33]. However,
this kindof microparticles dissolve very rapidly after oral ingestion, and this characteristic
makes them not suitable for the con- trolled release of bioactive food components. To
overcome this inconvenience, in pharmaceutical formulations, starch- based microparticles
have been also prepared by water-in-oil (w/0) emulsification crosslinking methods [34,35].
This rep-resents an effective method to obtain water-insoluble micro- particles, where the
release of included compound is modu- lated by crosslinking degree modifications [33].
However, the continuous phase in the w/o emulsification crosslinking method is
represented by toxic organic solvents, that are un- suitable for food applications. In fact,
they may leave noxious residues in food, and alter the chemical properties of the
encapsulated bioactive compounds. An alternative method that allows avoiding the use of
toxic organic sol- vents is the preparation of a water-in-water (w/w) emulsion where a water
soluble polymer is emulsified with an aque- ous solution of poly-ethylene glycol (PEG) as
the continu- ous phase [36, 37]. Then the polymer phase is crosslinked to obtain hydrogel
microspheres. Recently, drug proteins have been enveloped in w/w emulsion microspheres
using as a crosslinking agent trisodium trimetaphosphate (TSTP), a compound not showing
adverse health effects. Such an ap- proach may also be useful for the encapsulation of
nutrients. For instance, alginate-whey protein-based microspheres were constructed to
encapsulate vitamins, such as riboflavin. This kind of formulation was found to be
particularly suit- able to enhance riboflavin release and it was hypothesized that such an
effect was ascribable to the small surface area/volume ratio and to the long diffusion path
length ofthe microparticles [38]. Protein microparticles were also de- veloped by using the
highly hydrophobic protein kafirin with the aim to encapsulate different bioactive
polyphenols (catechin and sorghum condensed tannins). Various authors studied the

antioxidant activity of these compounds in simu-lated gastric conditions, and observed that,
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even though ka- firin microparticles were not able to completely avoid the time-dependent
antioxidant activity reduction, they were pre-served from digestion [39].

3. Nanocarriers

Nanocarriers are structures characterized by a very small size comprised in the 1-100 nm
range. They include nanopar- ticles, nanocapsules, nanoemulsions, nanodispersions, and
micelles (Fig. 3). These nanoformulations have been demon-strated to be useful to improve
the chemical stability, absorp-tion and bioavailability of several nutrients and to specifical-ly
deliver them to target tissues [13]. Currently, this is a dy- namic research field expected to
grow in the next few years constantly. In the next paragraph, an overview of different kinds
of nanoformulations that have been so far constructed for a more efficient delivery of food

ingredients and nutri- ents will be done.

Fig. (3). Nanomaterials for food ingredient delivery. (A higher reso- lution / colour version of this
figure is available in the electronic copy of the article).
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3.1 Micelles

Micelles are aggregates of amphiphilic surfactants that arrange in a spherical shape in
aqueous solutions and are characterized by diameters falling within a range of 5 t0100 nm.
The hydrophilic portion of the aggregate interacts with the adjacent solvent, and the
hydrophobic portion represents the “core” of the micelle. This feature allows the micelles to
entrap in their interior highly hydrophobic compounds and carry them through hydrophilic
environments, such as the in-testinal lumen and blood circulation. In the nutritional area,
these formulations are particularly suitable for the encapsula-tion of lipids, antioxidants and
vitamins [40, 41]. In 2007 the Meridian Institute reported a new product (NovaSOL®) as a
solution containing nanoparticles, which can be applied to add antioxidants into food and
beverage. In this product, the nanoparticles called micelles carry antioxidants and can be
used to introduce vitamins A, C, and E, a-lipoic acid, 3-carotene, curcumin, lutein, minerals
and Q10 to food and beverages without changing substances. The NovaSOL® technology,
which is based on “product micelles” with a di- ameter of around 30 nm, has been
successfully applied to de- velop a variety of solubilizate. Other types of applications in-
clude food additives, such as benzoic acid and citric acid [42]. Casein micelles may be
useful as nano-vehiclesfor en- trapment, protection, and delivery of sensitive hydrophobic
nutraceuticals within other food products [43]. The encapsu-lation of eugenol and carvacrol
into nanometric surfactant micelles also resulted in enhanced antimicrobial activity [44],
although the addition of micelle-encapsulated eugenol to milk resulted in being less or as
inhibitory as unencapsu- lated eugenol [45]. Furthermore, limonene used to mask the
unpleasant taste of some nutrients, but also as a dietary an- timicrobial and
chemotherapeutic agent, is characterized by a low solubility and exhibits a bacteriostatic
activity only if its concentration in the agqueous phase is increased, for exam- ple by
favorable partitioning between the aqueous and a selected lipid phase, or by solubilization

within appropriate sur-factant micelles [46].

3.2 Nanoemulsions

Nanoemulsions are colloidal particulate systems in the submicron size range, acting as
carriers of drug molecules. Their size varies from 10 to 1000 nm. Nanoemulsions are

produced by high-pressure value homogenizers or mi- crofluidizers [47]. Among the most
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used nanoemulsions are: the oil in water (O/W) where the oil droplets are dispersed inthe
aqueous phase and the interphase is stabilized by emulsi-fiers; the multiple emulsions oil-in-
water-in-oil (O/W/O) and water-in-oil-in-water (W/O/W), in which nanometer- size water
droplets contained within large oil droplets are dis-persed within an aqueous phase (W/O/W);
and the multilay- er emulsions which consist of oil droplets surrounded by nanometric size
layers of different polyelectrolytes. Functio-nal food ingredients can be incorporated within
the droplet, the interfacial region, or the continuous phase to reduce the chemical degradation
process [48]. O/W nanoe- mulsions can encapsulate and deliver poorly water-soluble food
antimicrobials, improving the physical stability of the active compound and increasing its
active distribution in food matrices. About this, eugenol was incorporated in O/W
nanoemulsion using sesame oil, Tween 80, and water. The nanoemulsion containing 0.003%
eugenol was stable for more than one month and exhibited antibacterial activity against
Staphylococcus aureus [ 49]. Terjung et al. devel- oped a nanoemulsion containing carvacrol
and eugenol with triacylglyceride (Miglyol 812N) or Tween 80. Carvacrol emulsions with a
mean oil droplet size of 3000 nm at a con- centration of 800 ppm completely inhibited
Listeriainnocua,while for 80 nm emulsions, only a delay of growth was ob- served due to an
increased sequestering of antimicrobials in emulsion interfaces and a decreased
solubilization in excess Tween 80 micelles [50]. Carvacrol, limonene, and cin- namaldehyde
were encapsulated in the sunflower oil-based nanoemulsions. The antimicrobial activity,
measured against Escherichia coli, Lactobacillus delbrueckii, and Saccharomyces cerevisiae,
was dependent on the compound concentration in the aqueous phase. Carvacrol emulsion
com-pletely  inactivate  E. coli, S. cerevisiae and L. delbrueckii growth.
Bacteriostatic action was promoted by emulsifiers, such as lecithin and pea proteins, that
slightly solubilized the essential oil in the aqueous phase [51]. Basil oil (Ocimumbasilicum)
containing 88% of estragole, encap- sulated in a nanoemulsion formulated with Tween 80
and water, showed antibacterial activity against E. coli even di- luted [52]. Nanoemulsion
based on carnauba-shellac wax (C- SW) [53], encapsulating lemongrass oil (LO) decreased
the total population of E. coli and L. monocytogenes. Also, the LO-alginate nanoemulsions
demonstrated an antibacterial ef-fect against E. coli. Joe et al. developed a sunflower oil-sur-
factin-based O/W nanoemulsion, where the synthetic surfac-tant was replaced by surfactin, a

cyclic lipopeptide antibiotic biosurfactant produced by B. subtilis [54]. This nanoemul- sion
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demonstrated high antibacterial activity against S. Typhi, L. monocytogenes, and S. aureus.
When the sunflower oil-surfactin nanoemulsion was applied to food products such as raw
chicken, apple juice, milk, and mixed vegetable, a reduction in the native cultivable bacterial
and fungal popu- lations was observed. In addition, bovine lactoferrin, an iron-binding
protein that strongly inhibits growth or kills iron-dependent pathogenic bacteria, was
entrapped within W/O/W multiple nanoemulsions with lecithin and poloxam- ers by
homogenization with the aim to increase its antibacte- rial activity [55]. Soybean oil-based
nanoemulsion has shown bactericidal properties against Gram-positive bacteria

[39] and fungistatic property [56]. Teixeira et al. prepared BCTP nanoemulsion (an O/W
nanoemulsion of soybean oil and tri-n-butyl phosphate emulsified with Triton X-100) and
showed that it could reduce Listeria monocytogenes cell number [57]. Nanoemulsions have
also been reported to in- crease the bioavailability of antioxidants such as o -toco- pherol. In
particular, literature data suggest that a-toco- pherol bioavailability was 10-fold more than
that of thesame vitamin contained in commercial gelatin capsules [58, 59]. a-Tocopherol,
used alone or in combination with a stear-in-rich milk fraction for the preparation of oil-in-
water sodi- um caseinate-stabilized nanoemulsions, was protected against degradation [60].
In other studies, it is evident that nanoemulsions could improve the stability and oral
bioavail- ability of epigallocatechin gallate and curcumin [61]. Solid lipid nanoparticles
(SLNs), formed by controlled crystalliza-tion of food nanoemulsions, could be useful for
the transportand delivery of bioactives, such as lycopene and carotenoids [62]. The major
advantages of solid lipid nanoparticles in- clude large-scale production without the use of
organic sol- vents, high concentration of functional compounds in the sys-tem, long term

stability, and the ability to be spray dried intopowder form [63].

3.3 Nanospheres

Nanospheres can be defined as solid colloidal particlesin which bioactive compounds are
dissolved, entrapped, en- capsulated, chemically bound, or adsorbed to the polymer matrix.
However, the central core can become solid-like depending on the copolymer composition,
making it difficult to have a clear distinction between micelles and nanospheres [64].
Functional foods can be encapsulated in these nanospheres and released in response to
specific envi- ronmental stimuli. In fact, the change of solution conditions could modify

chemical-physical properties of these nano- spheres, including particles' porosity or
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dissolution [65]. In this context, chitosan nanoparticles, loaded with jujube pulp and seed
extracts, were prepared [66]. The stabilities of ju- jube pulp and seed extract, in terms of
total phenolic content and antioxidant activity were effectively enhanced by na-
noencapsulation. So, jujube pulp and seed extracts prepared using optimal conditions could
be useful as a natural functio-nal food ingredient with antioxidant activity, and nanoencap-
sulation can be used to improve the stability of jujube ex- tract [66]. Sanna et al. realized
polymeric nanoparticles based on poly(g-caprolactone) and alginate in which encap- sulated
white tea extract [67]. Nanoparticles were prepared with the aim to obtain controlled
release and to preserve the antioxidant activity of the polyphenols white tea extract. Re-
sults confirmed that white tea extract retained its antioxidant activity and nanoparticles
protected tea polyphenols from degradation, thus opening new perspectives for the exploita-

tion of white tea extract-loaded nanoparticles for nutraceuti- cal applications [67].

3.4 Nanocapsules and Liposomes

Nanocapsules and polymersome are colloidal-sized, vesicular systems in which the bioactive
compound is confined within a cavity surrounded by a polymer mem- brane or coating [68].
If the core is an oily liquid and the sur-rounding polymer a single layer, the vesicle is referred
to as a nanocapsule; these systems have found utility in the deliv- ery of hydrophobic
compounds. If the core of the vesicle is an aqueous phase and the surrounding coating is a
polymer bilayer, the particle is referred to as a polymersome [69]. Th- ese vesicles are
analogous to liposomes and find utility inthe encapsulation and delivery of water-soluble
compounds. Still, they differ from liposomes in that the external bilayeris composed of
amphiphilic copolymers. Variation in compo- sition, molecular geometry, and relative
monomer lengths re-sults in various physicochemical properties and morpholo- gies of the
resulting nano-encapsulates [70]. Currently, a greater fundamental understanding of
polymer-polymer and polymer-nutraceutical interactions at the molecular level and their
impact on functional properties of the delivery systems is required to ensure the design of
ideal nutraceutical carri- ers for use in the food industry. Liposomes can be used for the
controlled delivery of functional ingredients, including enzymes, vitamins [71], and flavors in
different food applica-tions [72]. Liposomes can encapsulate enzymes to increase the speed
of cheese ripening [73] and vitamins to increase the nutritional quality of dairy products [74].

Lee and Martin reported that the degradation of retinol entrapped in lipo- somes was
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decreased by the addition of vitamin E (a-toco- pherol) [75]. These studies shown that the
use of liposomes could increase the protection of bioactivity of nutrients against degradation
in food. In addition, a wide variety of nu-trients can be incorporated [76] in nanocapsules
based on na-tural polymers such as albumin (protein), gelatin (protein), alginate (saccharide),
collagen(protein), chitosan (saccharide), and the milk protein a-lactaloumin. These
nanocapsules are particularly interesting because they are rel-atively easy to prepare and can
form complexes with polysaccharides, lipids or other biopolymers. Also, the en- capsulation
of essential oils at the nanoscale represents an available and efficient approach to increasing
their antimicro-bial activities and physical stability and reducing the mass transfer resistances
of the active molecules to the sites of ac- tion [77]. In this regard, Mohammadi et al.
investigated the nanoencapsulation of Zatarian multiflora essential oil in chi- tosan
nanoparticles to enhance antifungal activity and stability of the oils against one isolate of
Botrytis cinerea Pers., the causal agent of gray mould disease. The obtained data indicated
that nanocapsules could enhance es- sential oil antifungal activities [78].

4. RISK ASSESSMENT

Though nanotechnology can potentially be helpful in all areas of food production and
processing, a lot of techniques are too expensive or too impractical to implement on a com-
mercial scale. Furthermore, in 2011, the European Food Safety Authority (EFSA) published
a scientific opinion with the title “Guidance on the risk assessment of the application of
nanoscience and nanotechnologies in the food and feed chain” [79]. The guidance is a
practical approach to assess- ing potential risks when nanomaterials are applied in the food
and feed chain. It builds upon the scientific opinion from 2009 [80]. EFSA concluded in
both reports that “the risk assessment paradigm (hazard identification and hazard
characterization followed by exposure assessment and risk characterization) is appropriate
for these applications” of nanoscience and nanotechnologies in the food and feed chain.
Therefore, the risk of an engineered nanomaterial will be determined by its chemical
composition, physicochemi- cal properties, interactions with tissues, and potential expo-
sure levels. EFSA states that there are currently uncertainties related to the identification,
characterization and detection of engineered nanomaterial because of the lack of suitable
and validated test methods. For these reasons, EFSA recom- mends that additional research
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IS needed to address the many current uncertainties and limitations. In general, EFSA
supports the use of conventional risk assessment while ac- knowledging the limited

knowledge on exposure to nano- food applications.

5. CONCLUSION

In the present review, a number of micro- and nano-tech- nologies based supplements,
nutraceuticals and additives were analyzed. These technologies could be used to enhance
food flavor and texture, to reduce fat content, or encapsulate nutrients. Functional
ingredients such as drugs, vitamins, an-timicrobials, antioxidants, flavorings, colorants, and
preser- vatives were characterized by a variety of different molecu- lar forms and chemical-
physical properties, including polari-ty, molecular weight (low to high), and physical states
(solid, liquid, gas). They have been often utilized directly in their pure form, but they are
now increasingly incorporated into some forms of delivery systems to overcome their limits
and optimize the properties. A wide variety of delivery sys- tems has been developed to
encapsulate functional ingredi- ents, including simple solutions, association colloids, emul-
sions, biopolymer matrices, and so on. Each type of delivery system has its specific
advantages and disadvantages for the encapsulation, protection, and delivery of functional

ingredi-ents, cost, regulatory status, ease of use, biodegradabilityand biocompatibility.
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PART A

Strategies for Hyaluronic Acid-Based Hydrogel Design in Drug Delivery

Abstract

Hyaluronic acid (HA) is a natural, linear, endogenous polysaccharide that plays important
physiological and biological roles in the human body. Nowadays, among biopolymers, HA
is emerging as an appealing starting material for hydrogels design due to its
biocompatibility, native biofunctionality, biodegradability, non-immunogenicity, and
versatility. Since HA is not able to form gels alone, chemical modifications, covalent
crosslinking, and gelling agents are always needed to obtain HA-based hydrogels.
Therefore, in the last decade, different strategies for the design of physical and chemical
HA hydrogels have been developed, such as click chemistry reactions, enzymatic and
disulfide crosslinking, supramolecular assembly via inclusion complexation, and so on.
HA-based hydrogels turn out to be versatile platforms, ranging from static to smart and
stimuli-responsive systems, and for these reasons, they are widely investigated for
biomedical applications like drug delivery, tissue engineering, regenerative medicine, cell
therapy, and diagnostics. Furthermore, the overexpression of HA receptors on various
tumor cells makes these platforms promising drug delivery systems for targeted cancer
therapy. The aim of the present review is to highlight and discuss recent advances made in
the last years on the design of chemical and physical HA-based hydrogels and their
application for biomedical purposes, in particular, drug delivery. Notable attention is given
to HA hydrogel-based drug delivery systems for targeted therapy of cancer and

osteoarthritis.

Keywords: hyaluronic acid; hydrogel; cancer; drug delivery; click chemistry; biomaterial
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1. Introduction

Hydrogels are three-dimensional, hydrated polymeric networks, formed by crosslinked
hydrophilic polymers with a high affinity for water and biological fluids, capable of
absorbing from 10% up to thousands of times their dry weight in water [1]. In recent years,
thanks to their unique properties such as biocompatibility, biodegradability, flexibility,
softness, etc., hydrogels have been widely investigated for biomedical applications like cell
therapy, tissue engineering, drug delivery, and diagnostics [2]. For example, hydrogels
made of pectin, carboxymethylcellulose and propylene glycol or polyethylene glycol
(PEG) and propylene glycol are used as wound dressings [3,4], keratin- or polyvinyl
alcohol-based hydrogels as scaffolds for cell growth [5,6], PEG-based hydrogel
(DEXTENZA®), recently approved by the Food and Drug Administration, as ophthalmic
inserts, etc. [7]. Among biopolymers, hyaluronic acid (HA) represents one of the most used
in the design of hydrogels for biomedical applications due to its biocompatibility, native
biofunctionality, biodegradability, non-immunogenicity, and versatility. HA is a natural
linear polysaccharide that consists of alternating units of d-glucuronic acid and N-acetyl-d-
glucosamine, connected by B-1,3- and [-1,4-glycosidic blonds. HA is a non-sulfated
glycosaminoglycan that is widely found in the epithelial and connective tissues of
vertebrates, and it is the major component of the extracellular matrix (ECM) [8]. It is
synthesized by hyaluronan synthase at the plasma membrane, and it is then extruded to the
extracellular matrix [9]. HA is found in a wide range of molecular weights from 20,000 up
to several million Daltons, depending on the enzyme that catalyzes its synthesis. Around
30% of HA present in the body is rapidly degraded by hyaluronidases and oxidative
species, while the remaining 70% is catabolized by liver and lymphatic vessels endothelial
cells, with tissue half-lives going from minutes in the bloodstream to weeks in cartilage
[10]. Upon physiological conditions, HA is a polyanion associated with extracellular
cations (Na+, Ca2+, Mg 2+, K+) known as hyaluronan [11]. HA important physiological
and biological roles in the human body. In the extracellular matrix of most tissues it
contributes to maintain the tissue’s mechanical integrity, homeostasis, viscoelasticity and
lubrication thanks to its high molecular weight and its capacity to absorb a high
quantity of water [12]. Furthermore, it also plays an important role in intracellular
functions; in fact, it is able to regulate, due to its binding to cell surface specific receptors

(such as CD44 or RHAMM), cell adhesion, migration, proliferation, and differentiation
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and, consequently, processes like inflammation, wound healing, tissue development,
morphogenesis, tumor progression, and metastasis [13].

For these reasons, in recent years, hydrogels built from HA have been developed and
investigated for biomedical applications like tissue regeneration, tissue engineering, drug
delivery, gene therapy, diagnostics, etc. Nowadaybs several HA-based hydrogels are
already used in medicine as dermal fillers, viscosupplements, wound dressings, etc., and
the market is continuously increasing worldwide. They are now progressing in their design
to be responsive to several triggers, to have various features like stability, complex
structures, and biochemical cues. The aim of the present review is to highlight and discuss
recent advances made in the last years on the design of chemical and physical HA-based

hydrogels and their application for biomedical purposes drug delivery.

97



Section 2- Part A

2. Physical and Chemical Hydrogels

Hydrogels can be classified into “physical” and “chemical” gels, depending on the type of
bond that is formed between the polymer chains from which they derive. Hydrogels are
called “reversible” or “physical” if the networks are formed as a result of weak physical
interactions between the macromolecular chains such as ionic, H-bonding, Van der Waals
interactions, hydrophobic forces, or molecular entanglements [14]. Physical hydrogels can
be synthesized by warming or cooling polymer solution, mixing solution of polyanion and
polycation, combining polyelectrolyte with multivalent ions of opposite charge, etc. [1].
Physical hydrogels are often heterogeneous, unstable, and reversible; in fact, they are not
able to maintain their structural integrity and dissolve easily by changing environmental
factors like temperature, pH, etc. Instead, hydrogels are called “permanent” or “chemical”
if the polymeric chains are connected by covalent bonds [15]. For this reason, these
materials, after swelling, retain their structural integrity, even if it is possible a degradation
when particular bonds, sensitive to chemical or enzymatic hydrolysis, are present in the
structure. Chemical hydrogels can be generated by crosslinking polymers with radiations,
chemical crosslinkers, polyfunctional compounds, free radical generating compounds, etc.
[1]. Consequently, these systems have a better chemical, mechanical, and thermal stability
compared to physical hydrogels. Even though HA, due to its conformation and molecular
weight, can form molecular networks in solution, it is not able to form physical gel alone.
For this reason, chemical modifications, covalent crosslinking, and gelling agents are

needed to obtain HA hydrogels.
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HA turns out to be a functional and suitable polymer for chemical modification with

reactive species due to its chemical structure; in particular, the chemical modifications
concern three functional groups: the carboxylic acid group, the hydroxyl group, and the
amino group (after deacetylation) [16]. This section reviews the different modified HA
macromers and chemical techniques described in the literature in the last years used for the
design of physical and chemical HA-based hydrogels.

2.1 Chemical Hydrogels

Chemical crosslinking turns out to be a versatile method to obtain hydrogels with excellent
chemical, mechanical and thermal stability. = However, this approach presents some
limitations like the use of metal catalysts, photoinitiators, low reaction yield, etc. [17].
Regarding the chemical approach, HA-based hydrogels can be obtained via condensation
reactions, enzymatic crosslinking, disulfide crosslinking, click chemistry, polymerization,
etc. HA can be directly crosslinked by divinyl sulfone [18], glutaraldehyde [19],
carbodiimide [20], bisepoxide [21], etc.; however, direct crosslinking cannot be considered
suitable for hydrogels design since it requires harsh reaction condition, toxic by-products
can be formed and the crosslinking agents used are cytotoxic. Nowadays, one of the most
promising strategies for hydrogels preparation turns out to be click chemistry due to its
high specificity, high yield, bioorthogonality, and mild reaction conditions [22].

2.1.1 Diels Alder Reaction (Click Chemistry)

In recent years, a particular interest has been addressed to the Diels—Alder reaction
between furan and maleimide moieties for hydrogels design due to its selectivity,
efficiency, and thermoreversibility [23].In this regard, Fisher et al. recently developed a
HA-based hydrogel with tunable properties to use as a platform to investigate breast cancer
cells invasion. The hydrogel was obtained via a Diels—Alder click reaction between furan
modified HA and bismaleimide functional peptides with the aim of mimicking ECM [24].
A similar approach was reported by Yu et al. in order to obtain a 3D patterned hydrogel. In
this work Diels—Alder click chemistry has been used in order to get a HA-based hydrogel
that can be subsequently subjected to thiol-ene photocoupling allowing its spatiotemporal
patterning [25].
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2.1.2 Azide-Alkyn Huisgen Cycloaddition (Click Chemistry)

The Huisgen reaction is a cycloaddition between an azide and an alkyne to produce
triazoles which requires the presence of a catalyst (Cu+) as reported by Rostovtsev et al.
[26]. In recent years it has become one of the most used strategies for hydrogels
preparation thanks to its high yield, efficiency, excellent bioorthogonality, fast reaction
rate, etc. [27,28]. For example, Manzi et al. fabricated nanohydrogels based on
derivatives of HA and riboflavin obtained by Cu+ catalyzed Huisgen cycloaddition [29].
Despite the various advantages offered by this reaction, the use of copper as a catalyst can
be problematic since it is a cytotoxic element. However, recently, it has been observed that
cyclooctyne functionalized molecules are able to react rapidly with azide without the
presence of copper [30]. This alternative reaction, called strain-promoted azide-alkyne
cycloaddition, is currently more used for hydrogels design since it presents biosafety as
well as the advantages of the previous reaction. On this matter, Fu et al. fabricated an
injectable HA-PEG based hydrogel [31]. In particular, cyclooctyne modified HA was
synthesized by reacting HA with 2-(aminoethoxy) cyclooctyne (Figure 1); subsequently, it
was reacted with azide functionalized PEG in order to obtain the hydrogel. Interestingly,

the resulting hydrogel showed fast gelation time, excellent mechanical properties, and high

stability.
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Figure 1. Preparation of the HA-PEG hydrogel (a), SEM image of the hydrogel (b) [31].

Reproduced with permission from Elsevier, 2017
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2.1.3 Thiol-ene Photocoupling (Click Chemistry)

The thiol-ene reaction consists of a radical addition (induced by light) between a thiol and
enes which has a high yield, efficiency, specificity, and a fast reaction rate [32]. This
method is particularly attractive for hydrogels preparation because it is solvent free and
allows the hydrogels spatiotemporal control; for this reason, it is particularly investigated
for the design of hydrogels to use as scaffolds for tissue engineering and cell culture or as
drug delivery systems [33,34]. Different vinyl groups are employed for thiol-ene click
chemistry like norbornene [35], vinyl sulfone [36], maleimide, etc. The thiol-norbornene
reaction is characterized by greater specificity compared to the use of other functional
groups. For example, Gramlich et al. employed this method for the synthesis of a
photopatterned HA-based hydrogel by reacting norbornene modified HA (NorHA) with
dithiothreitol (Figure 2) [37]. Hydrogels with an elastic modulus ranging from 1000 Pa to
70,000 Pa were obtained by varying the quantity of crosslinker. Furthermore, they reported
that a secondary thiol-norbornene reaction can be performed to the hydrogel by reducing

the initial amount of crosslinker.

Change mechanical properties

HS===SH  Di-thiol crosslinker

Thiol functionalized molecule

HS m== SH
12959
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HS w== SH
—e q
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3 12959
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Figure 2. Synthesis scheme of hydrogel [37]. Reproduced with permission from Elsevier,
2013.
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In this context, we also find the thiol-Michael addition which, however, is characterized by

lower orthogonality. In this regard, Khetan et al. designed and prepared a 3D
hydrogel via a two step crosslinking process: firstly, via a thiol-Michael addition between
methacrylate-maleimide functionalized HA and thiols of peptides and, subsequently, via

methacrylates photopolymerization [38].

2.1.4 Aldehyde-Hydrazide Coupling (Click Chemistry)

The aldehyde-hydrazide reaction has currently attracted interest in hydrogels design due to
its high efficiency, cytocompatibility, simplicity, reversibility, and mild reaction conditions
[39-41]. In particular, covalent hydrazone crosslinked hydrogels seem to be a promising
approach for tissue engineering. In this regard, Chen et al. recently developed an injectable
HA-pectin based hydrogel, by reacting HA adipic dihydrazide with biofunctionalized
pectin-dialdehyde, and investigated its use as a scaffold for cartilage tissue engineering
(Figure 3) [42]. Interestingly, the resulting hydrogel exhibited a fast gelation rate, good
mechanical properties, biocompatibility, and cytocompatibility that make it a potential
platform suitable for tissue regeneration. To further improve the structural integrity of
hydrazone crosslinked hydrogels, Wang et al. recently reported the design and the
preparation of an elastin-like protein/HA-based hydrogel by combining two different
crosslinking processes (covalent and thermal) [43]. Firstly, the hydrogel was obtained via
an aldehyde-hydrazide coupling between hydrazine modified elastin-like protein and
aldehyde modified HA; the use of a thermoresponsive protein allowed a secondary thermal
crosslinking that improved its structural integrity and stability. The resulting hydrogel
showed shear-thinning and self-healing properties, easy injectability and protection of cells
from the mechanical stress of injection and for these reasons can be considered a promising

candidate for stem cells delivery.

Figure 3. Hydrogels synthetic scheme [42]. Reproduced with permission from Elsevier,
2017.
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2.1.5 Enzymatic Crosslinking

Enzymatic crosslinking represents an interesting approach for HA-based hydrogels
preparation because it is characterized by mild reaction condition, fast gelation rate and
leads to obtaining hydrogels with excellent mechanical properties [44,45]. Among different
enzymes, horseradish peroxidase (HRP) turns out to be one of the most employed; it is
usually employed in combination with hydrogen peroxide and the reaction can be
summarized as follows: 2Ph + H>O, — 2Ph-+ HO [46]. In literature are reported various
tyramine modified HA-based hydrogels which are formed as a result of an enzymatic
crosslinking process that occurs through oxidation of tyramine which causes the formation
of di-tyramine bonds [47]. In this regard, Xu et al. designed and fabricated HA-tyramine
hydrogels by crosslinking tyramine moieties of HA in the presence of HRP and hydrogen
peroxide (Figure 4) [48]. By varying the amounts of the enzyme and hydrogen peroxide,
hydrogels with different mechanical strength were formed and were investigated in order
to obtain a stable scaffold for stem cells culture. Interestingly, it was observed that the
hydrogel with an elastic modulus of 350 Pa supported the proliferation of stem cells. A
similar approach was reported by Raia et al. that enzymatically crosslinked tyramine
functionalized HA and silk fibroin in order to increase the mechanical strength and the
stability of tyramine-HA-based hydrogels [49]. By changing polymers concentration,
hydrogels with tunable properties were obtained, resulting in versatile platforms that can be

employed for various applications in tissue engineering.

co
T O hESCs
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_—

HRP/H,0,

OH HA-Tyr hydrogel
HA-Tyr conjugate

Figure 4. Schematic representation of hydrogels preparation and of encapsulation of
human embryonic stem cells (hESCs) [48]. Reproduced with permission from Elsevier,
2015
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2.1.6 Disulfide Crosslinking

In the last years, disulfide crosslinked hydrogels have attracted growing attention because
this crosslinking method presents various advantages such as biosafety, ease of execution,
reversibility and permits to obtain hydrogels with in-situ gelation properties and
responsiveness to reductant stimuli. Generally, disulfide bonds are formed via oxidation of
thiols induced by air or oxidating agents like Cu (11)SO4 [50]. Disulfide crosslinked HA
hydrogels are currently investigated for tissue regeneration thanks to their degradability
since they can be cleaved enzymatically by hyaluronidase and by physiological reductants
like glutathione and cysteine [51]. For example, Bian et al. proposed self-crosslinking HA-
based hydrogels as scaffolds for cell culture (Figure 5) [52]. They were prepared through
exposition to air of different thiolated HA derivatives which were obtained by varying the
degree of thiol substitution and molecular weights of HA. Gelation rate, mechanical
properties, swelling degree, and degradation were investigated, and the resulting hydrogel
showed excellent biocompatibility, degradation behavior and, consequently, a great

potential for applications in tissue engineering.
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Figure 5. Synthesis scheme of thiol modified HA [52]. Reproduced with permission from
Elsevier, 2016.

However, disulfide crosslinking presents some disadvantages like long reaction times, the
presence of strong oxidants, etc. To overcome these limitations, an interesting strategy for
disulfide crosslinked HA hydrogels preparation has been recently proposed by Velasco et
al. [53]. Herein, the authors investigated the effects of the presence of various electron-
withdrawing groups at the 3 position of thiol modified HA (cysteine, N-acetyl-l-cysteine).
Interestingly, HA functionalized with cysteine or N-acetyl-I-cysteine showed fast gelation
rate at physiological pH, while HA-thiol did not form any gel in the same conditions.
Furthermore, the resulting hydrogels showed excellent mechanical properties and

hydrolytic stability.
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2.1.7 Crosslinking by Radical Polymerization

Hydrogels can be formed via radical polymerization of monomers in the presence of
crosslinking agents and an initiator like a redox pair or a photoinitiator [54]. Methacrylates
represent the most common groups used for HA-based hydrogels preparation and they can
be introduced to HA by reacting it with glycidyl methacrylate or methacrylic anhydride
[55,56]. An advantage of methacrylated HA-based hydrogels is that it is possible to tune
their properties by varying HA molecular weight, the concentration of the functional
monomer, the degree of substitution, etc. [57]. In this regard, Tavsanli et al. developed
silk/HA-based hydrogels and investigated their mechanical properties [58]. The hydrogels
were prepared by reacting methacrylated HA (MeHA) and silk fibroin (SF) in aqueous
solution in the presence of N,N,Nj,Nj-tetramethylethylenediamine (TEMED), ammonium
persulfate (APS), and N,N-dimetylacrylamide (DMMA) which has the function of
connecting methacrylated HA macromers via their vinyl groups (Figure 6). Interestingly,
the resulting hydrogels showed bicompatibility, excellent mechanical properties and

stability thanks to the presence of SF since its 3-sheet domains act as physical crosslinks.

Methacrylated HA .
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Figure 6. Schematic formation of HA-SF based hydrogel (a) and photographs of hydrogels
with SF (b) [58]. Adapted with permission from Elsevier, 2019.
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2.1.8 Crosslinking by Condensation Reactions

Condensation reactions are often applied for hydrogels synthesis. Considering the chemical
structure of HA, among the different condensation reactions, esterification turns out to be
one of the most employed for hydrogels design. In this regard, Larrafieta et al. recently
developed an attractive eco-friendly strategy for the synthesis of HA-based hydrogels [59].
For this purpose, Gantrex S97 was used as crosslinking agent and the hydrogels were
obtained via esterification between the hydroxyl groups of HA and the carboxylic groups
of Gantrex S97 (Figure 7). Since the reaction takes place in solid phase inside a microwave
or an oven, the process can be considered green because it does not need organic solvents
or toxic substances. Furthermore, the release capabilities and the antimicrobial properties
were investigated. Interestingly, the resulting hydrogel showed a sustained release and anti-
infective properties resulting in a promising candidate for the design of drug delivery

systems and wound dressings.
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Figure 7. Schematic crosslinking mechanism between sodium hyaluronate and Gantrez®
S97 [59]. Reproduced with permission from Elsevier, 2018.
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2.2 Physical Hydrogels

In recent years, non-covalent bonds and supramolecular interactions have been widely
investigated for hydrogels design thanks to their singular features. First of all, since these
interactions are reversible, the non-covalent assembly allows to obtain hydrogels with
tunable properties and responsivity to various cues like light, pH, temperature, etc. [60,61].
In contrast to covalent crosslinking, physical crosslinking leads to the formation of less
mechanically and chemically stable hydrogels. However, this aspect can be considered an
advantageous feature since it can be exploited to obtain hydrogels with shear-thinning and
self-healing properties [17]. In this context, inclusion complexation represents one of the
most used strategies for the preparation of physical gels. It can be considered the result of
supramolecular interactions and structural complementarity between two molecules called
“host” and “guest” [62]. Cyclodextrins are one of the most widely employed hosts which
have hydrophobic cavities with a high affinity for hydrophobic guests. Several guest
molecules employed in pair with cyclodextrins have been reported in literature and among
these the most representative is adamantane. In this regard, Rodell et al. designed a self-
assembling HA hydrogel based on supramolecular interactions between adamantane
functionalized HA and B-cyclodextrin functionalized HA [63]. Hydrogel formation
occurred rapidly by mixing host and guest molecules in aqueous solution.  Physical
properties were investigated, and it has been observed that were dependent on the crosslink
density and structure that can be modified by varying host and guest concentrations, molar
ratio, etc. The obtained hydrogel displayed shear-thinning properties resulting in a
promising injectable system. Another investigated pair for inclusion complexation broadly
reported in literature is represented by a- or B-cyclodextrin and azobenzenes since trans-
azobenzene has a high binding affinity for a- or B-cyclodextrin, while cis-azobenzene has a
low binding affinity for them. On this subject, Rosales et al. recently developed a
supramolecular HA-based hydrogel using HA functionalized with B-cyclodextrin and
azobenzene [64]. It has been shown that it is possible to modulate hydrogel properties with
light; in fact, upon irradiation (A = 365 nm), isomerization of azobenzene occurs changing
the binding affinity between host/guest molecules and, consequently, the network
connectivity and the elastic modulus of the hydrogel. Furthermore, the release capabilities
were investigated, highlighting the possibility to tune drugs release profile with light

exposure. A similar approach was reported by Rowland et
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al. using cucurbit [8] uril and cysteine-phenylalanine as host/guest pair to obtain a

supramolecular HA-based hydrogel [65]. Another interesting non-covalent approach for
HA-based hydrogels design is represented by functionalization of HA with hydrophobic
molecules to render it amphiphilic and consequently determine the macromers self
assembly in nanogels. In this regard, Montanari et al. designed HA-based hydrogels via
self-assembly of macromers in water after the functionalization of HA with cholesterol
[66]. In particular, the self-assembly of macromers occurs due to the hydrophobic
interactions between the cholesterol cores and the hydrophilic interactions between the
shells formed by HA. Moreover, the use of gelling agents in combination with HA can be
considered a valid strategy for HA physical hydrogels design. For example, Jung et al.
recently reported the preparation of a thermosensitive hydrogel based on HA and Pluronic
F-127 [67]. Pluronic F-127 is a triblock copolymer able to form rapidly thermoresponsive
hydrogels which, however, are unstable in physiological conditions due to their low
mechanical strength. To overcome this problem, in this study HA was mixed with Pluronic
F-127 in water to obtain a hydrogel with improved structural integrity and stability due to
the hydrophobic interactions that occur between acetyl groups of HA and methyl groups of
Pluronic F-127. Interestingly, the resulting hydrogel not only showed an increased
mechanical strength but also a sustained drug release, reducing the typical burst release

observed in Pluronic F-127-based hydrogels.

3. HA-Based Hydrogels for Biomedical Applications

Currently, HA-based hydrogels are widely investigated for biomedical purposes like drug
delivery, tissue engineering, regenerative medicine thanks to their biocompatibility,
biodegradability, non-immunogenicity, responsivity to various cues, and tunable
properties [68-70]. This section reviews the main biomedical applications of HA-based

hydrogels reported in literature in the last few years, focusing on drug delivery.

3.1 Drug Delivery

HA-based hydrogels are particularly interesting for drug delivery since, in addition to
above cited features, allow to have a controlled and targeted drug release in response to

different triggers that turns out to be attractive when aiming for targeted therapy [71,72].
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3.1.1 Stimuli-Responsive Hydrogels

Various smart hydrogels responsive to different environmental factors such as pH,
temperature, light, biochemical molecules have been developed as drug delivery systems.
Regarding stimuli-responsive platforms, physical crosslinking is preferred since
supramolecular interactions are reversible and consequently results easier to tune hydrogels
properties. In this context, Highley et al. recently proposed an interesting strategy for the
design of a near infrared light (NIR)/temperature responsive platform [73]. In this study,
the platform was prepared in a microfluidic mixing device by combining gold nanorods
with a HA supramolecular hydrogel obtained via the inclusion complexation of [3-
cyclodextrin and adamantin. The presence of nanorods caused heating in response to NIR
irradiation causing consequently the breakage of supramolecular interactions and the
networks disruption. The release capability of the resulting platform in response to
different NIR exposures was evaluated, and interestingly it has been observed that the drug
release can be modulated by varying two parameters: irradiation time, and light intensity;
specifically, the quantity of the molecule released from the platform increased with
increasing power and irradiation time. Inclusion complexation employing
azobenzene/cyclodextrin as host/guest pair has been broadly investigated for
photoresponsive hydrogels design since the supramolecular host/guest interactions can be
disrupted upon trans-cis photoisomerization of azobenzene induced by ultraviolet (UV)
light [74].

An interesting example of a photoresponsive drug delivery platform has been described by
Rosales et al. [64]. Thus, HA was functionalized with azobenzene and B-cyclodextrin to
obtain self-assembled hydrogels. The resulting hydrogels showed reversible changes in
crosslink density and, consequently, in mesh size, upon UV exposures. These changes
were exploited to modulate drug release profiles and, therefore, the release capability upon
different UV irradiations was evaluated. In particular, a fluorescently labeled protein was
loaded as a model drug and it has been observed that upon irradiation hydrogels released a
double amount of protein compared to the non irradiated ones. Even if physical
crosslinking is preferred for smart hydrogels preparation, also the chemical approach has
been recently investigated. In this regard, Kwon et al. reported the preparation of pH-
sensitive hydrogels based on hydroxyethyl cellulose and hyaluronic acid and investigated
their potential use as transdermal delivery systems for the treatment of skin lesions [75].
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In this study, the hydrogels were synthesized via Michael addition between HA and

hydroxyethyl cellulose by using divinyl sulfone as crosslinking agent and their
physicochemical properties were investigated. Hydrogels were then loaded with
isoliquiritigenin, which has antimicrobial activity, and its release efficiency has been
investigated by in vitro measurements at different values of pH. Experimental data showed
that the quantity of isoliquiritigenin released increased with increasing pH beyond 7 due to
electrostatic repulsions between the carboxylate groups of HA that cause consequently an

increase of mesh size.

3.1.2 HA-Based Hydrogels for Targeted Cancer Treatment

As already reported, HA regulates different cellular functions such as cell adhesion,
differentiation, migration, proliferation, etc., which arise as a result of HA binding to
specific membrane surface receptors, called hyaldherins, like CD44, LYVE-1, and
RHAMM [76]. In particular, CD44 is the main receptor involved in cellular proliferation,
differentiation, and migration pathways and consequently in tumor progression and
metastasis; moreover, it is overexpressed in various types of tumors like melanoma,
chondrosarcoma, breast, gastrointestinal, prostate, bladder, lung, and pancreatic cancers,
and different studies have reported a relationship between CD44 expression and poor
prognosis [77]. For these reasons, HA has recently emerged as a promising molecule for
the design of anticancer drug delivery systems for active targeting of malignant tumors
[78]. Comprehensive reviews by Huang et al. and Choi et al. supply an interesting
description of HA-based drug delivery systems developed for targeted cancer treatment
[79,80]. In the last years, several HA-based hydrogels have been studied for the delivery of
different antitumor drugs such as doxorubicin, paclitaxel, cisplatin, etc., in order to
improve their antitumor activity and reduce their systemic side effects [81,82]; some of the
most interesting and recent examples will now be presented. Aiming at preparing a suitable
drug delivery platform for the targeted release of doxorubicin, Yang et al. prepared various
HA-based nanogels via copolymerization of methacrylated HA with di (ethylene glycol)
diacrylate [83]. Nanogels with a diameter of about 70 nm and a spherical shape were
obtained, which were then loaded with doxorubicin by an incubation method. In vitro
studies showed a CD44-dependent cellular uptake and consequently a greater

internalization of nanogels in tumor cell lines that overexpress CD44 receptor (Figure 8).
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Figure 8. Confocal laser scanning microscopy of (a) A549, (b) NIHT3T, and (c) H22 cells
incubated with FITC-labeled HA nanogels [83], The scale bar =10pum. Reproduced with
permission from Elsevier, 2015.

Furthermore, the nanogels showed higher accumulation in the tumor site and a superior
antitumor activity compared with the free doxorubicin, resulting in a promising drug
delivery system for cancer therapy. A noteworthy further example of doxorubicin delivery
platform has been reported by Jhan et al. [84]. In this study, injectable thermosensitive
hydrogels based on Pluronic F-127 and HA-doxorubicin nanocomplexes were prepared via
physical mixing and their physiochemical properties were investigated. The doxorubicin
release profile was studied in vitro, while nanogels antitumor activity both in vivo and in
vitro. Experimental data showed a pH sensitive and sustained release of doxorubicin from
hydrogels with a faster release rate at tumoral pH. Moreover, hydrogels showed an
excellent cytotoxic activity against tumor cell lines that overexpress CD44 receptor and a
high affinity targeting to the lymphonodes, resulting in promising injectable formulations

for the treatment of local and metastatic tumors.

111



Section 2- Part A
Furthermore, in this context, an efficient approach for metastatic breast cancer treatment

has been recently described by Chen et al. [85]. In particular, the authors prepared saporin
loaded epidermal growth factor receptor (EGFR) and CD44 dual targeted HA nanogels by
combining inverse nanoprecipitation and tetrazole-alkene photocoupling. Nanogels with a
diameter of about 160 nm and a spherical shape were obtained and evaluated for the
treatment of metastatic breast cancer. In vitro studies showed an excellent internalization of
nanogels in 4T1 breast cancer cell line that overexpresses both EGFR and CD44.
Furthermore, in vivo studies in metastatic 4T1-luc breast tumor bearing mice displayed
that the nanogels enhanced the therapeutic efficacy of saporin, showing an excellent
inhibition of tumor growth and lung metastasis. Currently intraperitoneal (IP)
chemotherapy is emerging as an efficient strategy for the treatment of solid tumors present
in the peritoneal cavity [86].

However, the delivery systems suitable for the IP chemotherapy should have some
requirements like biocompatibility, biodegradability, non-immunogenicity, and the
capacity to control the drug release. Since HA hydrogels have these features, they are now
also studied for the design of drug delivery platforms for IP chemotherapy. In this regard,
Cho et al. recently reported the design of in situ crosslinkable HA-based gels and evaluated
their potential use as IP carriers of platinum for the treatment of ovarian cancer [87].
Firstly, they prepared platinum loaded nanoparticles that were incorporated in HA-based
hydrogels obtained via the aldehyde-hydrazide coupling. The obtained platforms showed
sustained platinum release, good anti-tumor activity and a long permanence in the
peritoneal cavity resulting attractive for IP chemotherapy of ovarian cancer. Unfortunately,
one problem that can occur sometimes when using hydrogels as drug delivery systems is
the burst release [88]; with the attempt to reduce the burst release of drugs from hydrogels,

Zhang et al. proposed an innovative strategy for HA-based hydrogels design [89].
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In this regard, they prepared multilayer hydrogel capsules based on chitosan, HA and

doxorubicin via the ionotropic crosslinking method. Release studies concerning these
hydrogels showed a pH-sensitive, controlled release of doxorobucin with a notable
reduction of the burst release due to their particular structure; in fact, the multilayer
structure reduced the drug concentration gradient between the capsules external layer and
the surrounding environment limiting the release of doxorubicin adsorbed on the surface of

the hydrogels.

3.1.3 HA-Based Hydrogels for Osteoarthritis Treatment

Osteoarthritis is an inflammatory, chronic joint disorder characterized by progressive
cartilage erosion. Currently, osteoarthritis treatment is limited to anti-inflammatory drugs
administration, viscosupplementation and, if necessary, prosthesis graft at the last stage
[90].

As already reported, HA performs multiple biological functions: at the articular level,
thanks to its viscoelasticity, it acts as a lubricant, increasing the viscosity of the synovial
fluid, and as a cushioning, allowing the separation of the articular surfaces under load. HA
presents also chondroprotective and anti-inflammatory effects [91]. Furthermore, some
studies reported the overexpression of CD44 receptor on human articular chondrocytes
[92]. For these reasons, HA-based hydrogels are widely investigated and used as
viscosupplements and delivery platforms for osteoarthritis treatment. In this regard, Jung et
al. recently reported the preparation of an injectable thermosensitive hydrogel via physical
mixing of HA and Pluronic F-127 [67]. As previously reported, Pluronic F-127 is a gelling
agent able to rapidly form thermoresponsive hydrogels that however are instable in
physiological conditions due to their low mechanical strength. To overcome this problem,
in this study, HA was physically mixed with Pluronic F-127 in order to obtain a hydrogel
with improved structural integrity and stability due to the hydrophobic interactions that
occur between HA and Pluronic. The hydrogel was then loaded with piroxicam and
evaluated for the treatment of osteoarthritis. In Vitro release studies showed 10 days
sustained and slow release of piroxicam from HA-Pluronic F-127 hydrogel, while Pluronic
F-127 based hydrogels displayed a faster release behavior (Figure 9). Furthermore, in vivo
pharmacokinetic studies reported an increase of drug bioavailability and half-life in

comparison to a commercial Paclitaxel formulation.
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Figure 9. Photographs of the hydrogel (a) and in vitro Paclitaxel release from Pluronic F-
127 and Pluronic F-127/HA-based hydrogels (b) [67]. Reproduced with permission from
Elsevier, 2016.

In addition to the classical therapeutic approaches, nowadays gene silencing of signal
molecules, proteins, enzymes, that play an important role in osteoarthritis degenerative
events, is emerging as a promising strategy for osteoarthritis treatment.In this regard, Cai et
al. recently developed a HA-based hydrogel loaded  with  gapmer antisense
oligonucleotides that was studied for silencing target gene expression in osteoarthritis [93].
In particular, the hydrogel was prepared via Schiff reaction between aldehyde modified HA
and chitosan, and subsequently, it was loaded with a gapmer oligonucleotide, obtaining a
high encapsulation efficiency (~97%), to reduce COX-2 expression. In vitro studies
showed a sustained release of COX-2 gapmer up to five days with a low burst release and,
furthermore, a 10-14 days long COX-2 gene silencing activity in osteoarthritis
chondrocytes. A similar approach was recently reported by Garcia et al. to obtain a HA-
based hydrogel for the delivery of chondrocytes and antisense oligonucleotides [94]. In this
case hydrogels made of HA and fibrin were loaded with an antisense oligonucleotide in
order to modulate the expression of genes that codify for ADAMTS (A Disintegrin and
Metallo Proteinase with Thrombospondin Motifs) enzymes which showed to play a key
role in causing proteoglycans loss in osteoarthritis [95]; chondrocytes were also
incorporated in the scaffolds in order to have both regenerative and therapeutic effects. In
Vitro studies showed 14-day long sustained release and an efficient and long genes
inhibition in both incorporated and resident chondrocytes. These features make this

platform a potential formulation for osteoarthritis treatment.
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4. Conclusions

In recent decades, HA has emerged as an attractive molecule for hydrogels design
thanks to its biocompatibility, native biofunctionality, biodegradability, non-
immunogenicity, and versatility. Nowadays, several HA-based hydrogels are already used
in medicine as dermal fillers, viscosupplements, wound dressings, etc., and the market is
continuously increasing worldwide. Since HA is not able to form gels alone, new
crosslinking methods, like click chemistry reactions, disulfide crosslinking, enzymatic
crosslinking, or supramolecular assembly methods like inclusion complexation,
functionalization with lipophilic molecules, etc., have been widely investigated resulting in
efficient strategies for chemical and physical hydrogels design. However, these current
synthetic strategies present several advantages as well as some limitations. For example,
various chemical crosslinking techniques often require organic solvents, metal catalysts,
reaction by-product can be formed, etc. Thus, in this respect, research is aimed at
developing new advantageous synthetic strategies. HA-based hydrogels turn out to be
versatile platforms ranging from passive and static matrices to smart, stimuli-responsive
platforms with tunable properties and consequently they showed to have great potential as
drug delivery systems, scaffolds for tissue engineering and regenerative medicine, and so
on. In particular, their tunability is exploited for the design of platforms for controlled and
targeted drug delivery; in this regard, a notable attention is given to inclusion complexation
employing cyclodextrin and azobenzene as a host/guest pair, which allows obtaining
phototoresponsive drug delivery systems. Furthermore, since HA receptors were found to
be overexpressed on various tumor cells and on chondrocytes, different HA-based
hydrogels have been broadly developed for these purposes, showing promising results for
targeted cancer and osteoarthritis therapies. Nowadays, one of the main goals is the design
of intelligent hydrogels with various features like stability, complex structures,
biochemical cues and responsive to several triggers that, surely, will find a place into

clinical practice.
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PART B

Preparation, characterization and in vitro evaluation of resveratrol-loaded nanospheres
potentially useful for human breast carcinoma

Abstract

The aim of the present work was the preparation and characterization of nanospheres based on
antioXidants resveratrol and epigallocatechin gallate useful for site-specific release of
resveratrol to breast cancer cells. Nanospheres were prepared via microemulsion technique
and were characterized by light scattering, FT-IR spectrophotometry and Electronic Scanning
Microscopy. Spherical particles with a diameter of about ~400 nm have been obtained.
Resveratrol was then 100% loaded into nanoparticles and its release profile was evaluated by
in vitro studies at pH 7.4, in order to simulate the physiological environment, and at pH 6.2 to
simulate the tumor environment. Experimental data displayed a slow and continous release of
resveratrol from nanoparticles at both pHs. Nanospheres also showed a strong antioXidant
activity against lipid peroXidation induced in rat liver microsomal membranes. Finally, the
effects of increasing doses of the resveratrol-epigallocatechin gallate based nanospheres on the
proliferation and viability of MDA-MB 231 human breast carcinoma cells were evaluated.
The data showed a significant reduction of cell survival. In particular, it has been observed
that resveratrol loaded microparticles acted more effectively than the empty ones. All the
obtained results suggest that these platforms, thanks to their release profile, biocompatibility,
antioXidant and antitumor activity, could be a sui- table approach for breast cancer treatment

and prevention.

Keywords: Resveratrol, Epigallocatechin gallate, Nanoparticles, Breast cancer, Biomaterial
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1. Introduction

Breast cancer represents the most common and frequently diagnosed cause of death among
women worldwide [1]. Unfortunately, conventional anticancer treatments attack both
cancerous and non- cancerous cells causing consequently side effects such as hair loss,
gastrointestinal disorders, neutropenia, and depressed immunity [2] that negatively impact
health-related quality of life. Over the past decade a growing interest has been addressed to
nanomedicine. In particular, the use of nanotechnological platforms (nanoparticles, liposomes,
micelles etc.) as drug delivery systems presents, with respect to conventional cancer therapies,
various advantages: targeted delivery of drugs to cancer cells with consequent reduction of
systemic toXicity, improvement of physicochemical and pharmacokinetic properties (stability,
solubility, half life etc.) of therapeutic molecules, sustained and controlled drug release
Kinetics etc. [3,4]. The main advantage turn out to be the ability to direct the release of drugs
into tumor sites thus reducing their distribution in other body districts. This objective can be
achieved through two strategies: passive targeting and active targeting [5,6]. Passive targeting
occurs due to intrinsic properties of nano- particles and is based on the EPR effect (Enhanced
Permeability and Retention) which leads to accumulation, retention of nanoparticles and
consequently release and action of drugs in tumor tissues [7]. Natural compounds are often
used for the design and fabrication of these carriers [8-10]. In particular, phytochemicals
represent one of the most promising active substances for cancer prevention and adjuvant
treatments. Of particular interest, are resveratrol and epigallocatechin gallate which were
chosen as starting materials for the preparation of the na- noparticles object of the present
study. Resveratrol, a non-flavonoid polyphenol, present in several plant- based foods including
grapes, berries, soybeans, pomegranate and peanuts, provides a wide range health beneficial
effects. In particular, it shows antioxidant and antitumor activities [11-14]. The idea to utilize
also the flavonoid epigallocatechin gallate for the preparation of the particles is due both to its
pharmaceutical potential and anti- proliferating effect on carcinoma cells [15,16] and its
antioxidant efficacy [17]. On the basis of this assumption and our previous studies [18-20],
demonstrating the protective role of antioXidants covalently linked to the carrier matrix on the
encapsulated molecules, we hypothesized that resveratrol and epigallocatechin gallate, used
for na- nospheres preparation, could protect each other, also explicating a synergistic
antioXidant activity and, at the same time, preserving the resveratrol loaded in the same
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nanospheres. In particular, when the resveratrol and epigallocatechin gallate are used in
combination, there is the possibility of cooperative mechanisms among these molecules in
biological systems. Infact, the combined addition of the two anti-oxidants can strongly inhibit
MDA production. Furthermore, literatura data higlight the possibility that these phenolic com-
pounds could regenerate the loaded resveratrol reduced active form, from the oxidized one
[18-20]. In this study we designed and prepared resveratrol and epigalloca- techin gallate
(ECGC) based nanospheres and investigated their suit- ability for breast cancer adjuvant
treatment and prevention. Nanoparticles were prepared by polymerizing resveratrol
methacrylate and ECGC dimethacrylate via microemulsion technique and their physico-
chemical properties were investigated by dynamic light scattering, scanning electron
microscopy, swelling degree and Fourier transform infrared. Potential applications for breast
cancer treatment and pre- vention were evaluated by considering their encapsulation

efficiency, release behavior, antioXidant and antitumor activities.

2. Methodology

2.1 Chemicals

All solvents, analytical grade, were purchased from Carlo Erba Reagents (Milan, Italy):
acetone, methanol, n-hexane, chloroform (CHCI3), diethyl ether, tetrahydrofuran (THF),
dimethylsulfoxide (DMSO). Resveratrol, epigallocatechin gallate (ECGC), methacrylic acid
(MAA), tetramethylethylenediamine  (TMEDA), persfulfate  ammonium  (APS),
dicyclohexylcarbodiimide (DCC), dimethylaminopyridine (DMAP), sorbitane monooleate
(Span 80), polyethylene glycol (PEG), Milli-Q water and polyoxyethylenesorbitan monooleate
(Tween 80) were purchased from Sigma Aldrich. MDA-MB-231 were purchased from
American Type Culture Collection. The cells were cultured in DMEM/F-12 containing 10%
Fetal Bovine Serum (FBS).

2.2 Apparatus

FT-IR spectra were measured by means of a Jasco 4200 IR spectophotometer (Mary's Court

Easton, MD, USA) using KBr disks. ITHNMR spectra were recorded on a Bruker Avance
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spectrometer (Bruker Nano Inc.415 N. Quay Street, Kennewick, WA 99336, USA; the
chimica shifts were expressed as 8-values (ppm) and referred to the solvent. The

UV-vis spectra were carried out using a Jasco UV-530 spectrophotometer (Mary's Court
Easton, MD, USA) Scanning electron microscopy (SEM) analysis was performed with JEOL
JSMT 300 A microscope (JEOL USA, Inc.11 Dearborn Road, Peabody, MA USA); the
surface of the samples was made conductive by deposition of a thin gold layer in a vacuum
chamber. Dimensional analysis of nanoparticles was carried through light scattering using a
Brookhaven 90 Plus Particle Size Analyzer (Brookhaven Instruments Corporation, New York,

USA) at 25 °C by measuring the autocorrelation function at 90° scattering angle.

2.3 Acrylation of resveratrol and epigallocatechin gallate with methacrylic acid

Acrylation was carried out according to Steglich esterification. In a three-necked flask,
equipped with a reflux condenser and a magnetic stirrer, accurately flamed and maintained
under inert atmosphere, 0.036 ml of MAA (0.427 mmol) was dissolved in 50 ml of dry chloro-
form, and then, 170 mg of DCC (0.824 mmol) and 5 mg of DMAP (0.041 mmol) were added.
After 15 min, 100 mg of EGCG (0.218 mmol) were added to the reaction mixture that was
kept in a cold-water bath, under stirring for 12 h. The progress of the reaction was monitored
by Thin Layer Chromatography (TLC) using chloroform: methanol (90:10) as eluent mixture.
At the end of the reaction the solvent was removed under vacuum while dicyclohexylurea
(DCU) by using methanol. The product was then dried with a mechanical pump and
subsequently purified by flash chromatography on silica gel using chloroform: me- thanol
(95:5) as eluent mixture. The product was characterized by FT- IR spectroscopy and *HNMR.
Resveratrol methacrylate was synthesized following the same pro- cedure but with different
quantities of reagents. 0.11 ml of MAA (1.30 mmol) was dissolved in 50 ml of dry chloroform
and then 85 mg of DCC (0.411 mmol), 25 mg of DMAP (20.46 mmol) and, after 15 min, 300
mg of resveratrol (1.31 mmol) were added. The product was characterized by FT-IR
spectroscopy and *H NMR.
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2.4 Preparation of nanospheres based on resveratrol methacrylate and epigallocatechin
gallate dimethacrylate

The reaction was carried out according to the procedure described in literature [21]. A
cylindrical glass reactor, equipped with a me- chanical stirrer, dropping funnel, and a screw
cap with puncture-proof rubber septum, was flamed under nitrogen flow and, after cooling,
was immersed in a thermostatically controlled bath at 40 °C. Then, 20 mL of n-hexane and 18
mL of chloroform (dispersing phase) were poured into the reactor. The dispersing phase was
kept under stirring for 30 min 91 mg of resveratrol methacrylate (0,307 mmol) and 71 mg of
epigallocatechin gallate dimethacrylate (0,119 mmol) were dissolved in 3 mL of distillate
water and then, this solution, and 15 mg of ammonium persulfate (0,065 mmol), which acts as
a radical initiator, were added to the reaction miXture under N2 bubbling. The density of the
organic phase was adjusted with the addition of chloroform or n-hexane in order to obtain an
equlibrium between the two phases. Then, 10 ul of sorbitane monooleate (Span 80), 5 pul
of  polyoXyethylenesorbita monooleate (Tween 80) and 15 pl of tetramethylenediamine
(TMEDA) were added under nitrogen stream. The system was kept under stirring for 1 h at 40
°C. The obtained nanospheres were filtered, washed with 50 ml of n-propanol, 50 ml of

acetone, 50 ml of ethanol and 50 ml of diethyl ether.

2.5 Nanospheres characterization

Dimensional analysis of nanospheres was performed by dynamic light scattering (DLS) and
their polydispersity index (PDI), i.e the measurement of nanoparticles population distribution
[21], was also evaluated. The obtained samples were also characterized by FT-IR

spectrophotometry and scanning electron microscopy (SEM).

2.6 Swelling studies

Nanospheres affinity towards the agqueous environment was de- termined by studying their
swelling degree (WR%). Tipically, aliquots (25 mg) of dried material were placed in glass
filters (porosity G2/3), previously wetted. These last were then centrifuged (2000 rpm for 5
min) and weighed. Subsequently, the filters were put in contact with a solution of phosphate
buffer at pH 6.2 (in order to simulate the tumor environment) and at pH 7.4 (in order to

simulate the physiological enviroment) at 37 °C. At predetermined times (1 h, 3 h, 6 h, 24 h,

129



Section 2- Part B

48 h, 72 h) the excess of water was removed from the filters by percolation at atmospheric
pressure. Subsequently, the filters were centrifuged (3500 rpm for 15 min) and then weighed.
The weights recorded to the times listed above were averaged and used to calculate the
swelling degree by the f ollowing equation:

WR% = (Ws Wd)
100

Equation 1

where Ws and Wd are the weights of swollen and dried nanospheres respectively [22].

2.7 Impregnation of the nanospheres with resveratrol

The preformed resveratrol- and epigallocatechin gallate-based ma- triX (100 mg) was placed
in contact with a solution obtained by dis- solving 20 mg of resveratrol in 8 mL of distilled
water. Impregnation was carried out under stirring at room temperature for 3 days, during
which, the solution was absorbed by the matriX with consequent matriX swelling [22-24].
Finally, the solvent was removed by filtration and the nanoparticles were dried. The analysis
of filtrated water by UV-Vis spectrophotometry allowed to calculate drug entrapment
percentage (EE%) by using the following equation:

EE% = (MiMf )

Equation 2
100

where Mi represents the mass of drug in the solution before loading and Mf represents the

mass of drug in the solution after entrapment.

2.8 Release studies

10 mg of dried nanoparticles were dispersed in 1.5 mL of phosphate buffer (at pH 7.4 and at
pH 6.2) in glass filters (porosity G2). The filters were mantained at 37 °C in an horizontal
shaking bath. At pre- determined interval, a certain volume was removed and analyzed by
UV-Vis spectrophotometry at 270 nm (¢ = 6998.9 (ml/mg) cm—1). The release was evaluated
as cumulative drug release percentage over a time interval of 72 h [23,25].
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2.9 Malono aldehyde assay

1 mL of microsomal suspension was added to a solution consisting of 3 mL of trichloroacetic
acid (TCA) at 0.5%, 0.5 mL of thiobarbituric acid (TBA) and 0.07 ml of butylated
hydroXytoluene (BHT) 0.2% in 95% ethanol. The samples, represented by a control
(untreated membranes) and treated membranes with antioXidants and resveratrol loaded
nanoparticles, were then incubated in a bath at 80 °C for 30 min and then centrifuged. After
incubation, the thiobarbituric acid-mal- ondialdehyde (TBA-MDA) complex was detected by
spectrophotometry UV—Vis at 535 nm [18].

2.10 MTT assay

MDA-MB-231 cells were seeded in 24-well multiwell culture plates at the concentration of 3
x 104 cell/mL and, before the treatment, the serum was removed for 24 h. The cells were
treated with vehicle, re- severatrol (10 uyM—20 uM - 50 uM) and two types of microspheres,
loaded or not with resveratrol (10 uyM—20 uM - 50 uM) for 72 h. The MTT assay was carried
out as described below: 100 uL. of MTT (2 mg/ mL) (Sigma Aldrich, Milan, Italy) were added
to each well and the samples were incubated for 2 h at 37 °C. After incubation 500 pL of

DMSO were added to each well. Absorbance was measured at 570 nm [26].

2.11 Hemolytic study

Hemolysis test was performed by spectrophotometric measurement of hemoglobin release
after exposure to nanoparticles. The performance of hemolysis assay was tested by the
negative control polyethylene glycol (PEG) and Milli-Q water positive control that causes the

total lysis of red blood cells.

2.12 Statistical analysis

Each datum point represents the mean + SD of three different experiments. Data were
analyzed by Student's t-test using the GraphPad Prism 4 software program. P < 0.05 was
considered as statistically significant.
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Scheme 1. Route for preparation of EGCG dimethacrylate.

3. Results and discussion

3.1 Acrylation of resveratrol and epigallocatechin gallate with methacrylic acid

Resveratrol methacrylate and epigallocatechin gallate dimethacry- late were obtained via
Steglich esterification. In particular, this reaction is based on the esterification of the hydroXyl
groups of EGCG (Scheme 1) and resveratrol (Scheme 2) with the carboXylic group of MAA.
DCC was used as crosslinking agent since it binds to the 0Xygen of the car- boXylic group of
MAA increasing its electrophilicity and susceptibility towards the attack by the hydroXyl
group of epigallocatechin gallate and resveratrol. DMAP was also employed in the reaction
because it acts as a base, neutralizing any decrease in pH, and as a catalyst since it is able to
remove hydrogen from the hydroXyl group of both ECGC and resveratrol, with consequent
formation of alcoholate (-O-) that is more reactive and nucleophilic towards the carbonyl
group of MAA. Dicy- clohexylurea (DCU), a reaction byproduct, was dissolved in hot me-

thanol and removed by filtration. Finally the obtained product was purified by column
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chromatography, dried and characterized by FT-IR (epigallocatechin gallate dimethacrylate in
Fig. 2 a and resveratrol methacrylate in Fig. 2b) and *H NMR.

2 _OH
HO | 0
» NP
X
C i e
OH MAA
resveratrol
DCC, DMAP
dry CHCl;,
25C,12h

o
—~ | 0
“0\ BN ™ QQ/
|f
OH

Resverafrol methacrylate

Scheme 2. Route for preparation of resveratrol methacrylate.

3.2 Epigallocatechin gallate dimethacrylate

Yield 87%.

FT-IR (KBr) v (cm—1): 3330 (OH), 3133, 3033 (CH aromatic), 2926,
2850 (CH aliphatic), 1725 (C=0) 1088 (OH), 971, 903 (C=C).

1H NMR (DMSO-d6): 7.65-7.38 (m, 2H), 6.71-6.41 (m, 4H), 6.10-
5.59 (m, 4H), 5.29 (ddd, 1H), 5.06 (d, 1H), 2.9 (dd, 1H), 2.8 (dd, 1H),
1.88 (s, 6H).

3.3 Resveratrol methacrylate

Yield 80%.
FT-IR (KBr) v (cm—1): 3325 (OH), 3073, 3033 (CH aromatic), 2931,
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2853 (CH aliphatic), 1711 (C=0) 1374 (OH), 948, 906 (C=C).
1H NMR (DMSO-d6): 7.29-7.16 (m, 6H), 6.86 (dd, 2H), 6.23 (dd,
1H), 6.25 (d, 1H), 5.73 (d, 1H), 1.9 (s, 3H).

3.4 Preparation of nanospheres based on resveratrol methacrylate and epigallocatechin
gallate dimethacrylate

Nanospheres were prepared using the microemulsion technique. This technique consists in the
addition of a monomer aqueous solution (dispersed phase) in an excess of organic solvent
immiscible with water (dispersing phase). Small droplets of the dispersed phase are formed
under stirring, that, in order to reduce their interfacial free energy, assume a spherical shape.
Herein the dispersing phase consists of a miXture of two organic solvents: chloroform (18
mL) and n-hexane (20 mL), while the dispersed phase consists of an aqueous solution (3 mL)
of resveratrol methacrylate and epigallocatechin gallate di- methacrylate. The density of the
organic phase was adjusted by adding one of the two solvents in order to obtain an equilibrium
between the two phases. To prevent particles aggregation, the suspension was kept under
constant stirring (1000 rpm). Two surfactants, Span 80 and Tween 80, were added in order to
increase particles stability in the organic phase. Polymerization is initiated by the addition,
under stir-

ring, of a radical initiator, ammonium persulfate, which decomposes to

form primary radicals at 35-40 °C. Then, after 10 min of stirring, TMEDA was added, acting
as an accelerator for the decomposition of ammonium persulfate. Herein, radicals react with
the methacrylic functions present on derivatized epigallocatechin gallate and resvera- trol
determining a progressive crosslinking. The main advantage of radical polymerization [21] in
microemulsion is that the crosslinking process takes place by means of covalent bonds
between carbon atoms; this confers to the system more stability compared to systems in which
chains are linked by weak interactions and/or easily hydrolysable bonds. The size of particles
generally obtained with this technique ranges from different hundreds of nm to a few pm. It is
possible to affirm that particles average diameter is directly proportional to the interfacial
tension between the two liquid phases and the volume fraction of the disphersed phase, while
it is inversely proportional to the density of the monomers droplets, the size of blades and the

speed of agitation. However, particle size is affected by different parameters
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such as the nature and the ratio of the substances used and reactor's charateristics like speed
and type of agitation, shape and size. At the end of the reaction the obtained nanospheres were

washed with: 2- propanol, ethanol, acetone and diethyl ether.

Fig. 1. Photomicrography of empty nanospheres observed by scanning electron microscopy
(SEM).

3.5 Nanospheres characterization

The obtained nanospheres were characterized by dimensional and morphological analyses and
FT-IR spectrometry. The results of DLS confirmed the presence of nanoparticles with an
average diameter of about 400 nm and a PDI of 0.03 which is indicative of an excellent
homogeneity in particle size distribution. DLS results were confirmed also by SEM analysis
which highlighted the presence of nanoparticles with spherical shape (Fig. 1).

Nanoparticles formation was confirmed also by FT-IR spectrometry, in particular the absence
of the peak (Fig. 2c) corresponding to the double bond of the acrylic group confirms that

polymerization has occurred.

3.6 Studies of swelling

To assess nanoparticles affinity towards aqueous media, their swelling degree (a%), at two
different pH values (6.2 and 7.4) and at different time intervals (1 h, 3 h, 6 h, 24 h, 48 h, 72 h),
was evaluated. Table 1 shows the 0% values at each studied pH and time intervals. The results

showed that the swelling degree at pH 6.2 is greater than that at pH 7.4.
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3.7 Impregnation of nanoparticles with resveratrol

Resveratrol incorporation into nanoparticles was carried out by using soaking procedure. The
entrapment of the drug into the polymeric matriX is attributable to weak, non-covalent
interactions such as hy- drogen bonds, Van der Waals interactions etc. Due to the chemical
nature of the drug and matriX, the active substance interacts more with nanoparticles surfaces.
During impregnation, the polymeric matriX in- creases in its volume, but it retains its three-
dimensional structure without breaking up since it is insoluble in water. Nanoparticles showed

an excellent entrapment efficiency of about 100%.

Fig. 2. IR Spectra of epigallocatechin gallate dimethacrylate (a), resveratrol methacrylate (b)

and nanospheres (c).

3.8 Release studies

Resveratrol release studies from nanoparticles were conducted at pH 7.4 (in order to simulate
the physiological enviroment) and at pH 6.2 (in order to simulate the tumor environment), at
different time intervals (1 h, 3 h, 6 h, 24 h, 72 h). Nanoparticles were kept under stirring in an
horizontal shaking bath at 37 °C. Drug release profile was determined by spectrophotometric
analysis and expressed as percen- tage of drug released respect to the effectively entrapped
total dose as a function of time (Fig. 3).

Data showed a pH-sensitive and sustained release of resveratrol from nanoparticles indicating
that it is possible to use this delivery system for resveratrol site specific release both in
pathological and physiological conditions. In particular, resveratrol release efficiency
increased with increasing pH; this could be attributable to electrostatic repulsions due to the
increase of dissociated groups which cause an increase of meshes size. However, it was not

easy to predict the release profile of resveratrol. In fact this phenomenon is influenced by
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various parameters: interactions between drug and matriX, chemo-physical proprieties of
loaded drug, temperature of release media, speed of water penetration into polymeric matriX,
nanoparticles crosslinking degree etc.

Crosslinking degree is a very important parameter because it affects the swelling degree and
consequently t\he mechanism of release and the diffusion rate of the drug. The prevalence of
one of these factors on the others may determine the outcome but, generally, the result comes
from a particular combination of these parameters. Release profile could also be affected by
the loading procedure; for example when molecules can easily penetrate into nanoparticles
meshes, stronger and more stable interactions will occur and, therefore, the drug will be re-

leased in smaller amounts.
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Fig. 3. Resveratrol release from nanospheres evaluated within 72 h. Data are expressed as the

mean = S.D. of at least three independent experiments.

3.9 Evaluation of nanoparticles antioxidant activity

Nanoparticles ability to inhibit lipid peroXidation induced by t- BOOH was examined in rat
liver microsomal membranes, in an in- cubation period of 120 min. The antioXidant activity of
resveratrol and epigallocatechin gallate was also evaluated in the same conditions. In Fig. 4 is
shown that all the tested compounds are able to inhibit lipid peroXidation in a time-dependent

manner.
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Fig. 4. Antioxidant activity evaluation as inhibition of malondialdehyde (MDA). Data are

expressed as the mean + S.D. of at least three independent experiments.

3.10 MTT assay

In this experiment we evaluated the effects of increasing doses of two different types of
nanoparticles based on resveratrol and epigallocatechin gallate on the proliferation and vitality
of MDA-MB 231 human breast cancer cell line. This analysis was carried out via MTT assay
treating cells with increasing concentrations (10- 2050 uM) of resveratrol or nano- particles
(empty or loaded with reseveratrol) for 72 h.

Results showed that all the samples tested reduced significantly cell survival already from the
concentration of 10 uM compared to the untreated control. In particular, nanoparticles at the
concentration of 20-50 uM, show a greater inhibition of cell survival compared to re- sveratrol
alone. Moreover, resveratrol loaded nanoparticles act more effectively than the empty ones

starting from the concentration of 20 uM (Fig. 5).
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Fig. 5. Effect of nanoparticles on MDA-MB 231 human breast cancer cell via- bility. *p <
0.05 compared to control (resveratrol). Data are expressed as the mean + SD of at least three

independent experiments.

3.11 Hemolytic study

Hemolytic study was performed to evaluate not loaded or loaded resveratrol nanoparticles
effects on erythrocytes. The lysis was detected by observing the increasing absorbance value
due to the release of the hemoglobin in the solution. As shown in Fig. 6 the microspheres did
not produce the release of hemoglobin as evidenced by the similar absor- bance with the
negative control.

Hemolytic test
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Fig. 6. Percentage of hemoglobin released after addition of treatment as in- dicated.

EXperiment was conducted in triplicate.
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4. Conclusions

The aim of this work was the preparation and characterization of nanoparticles based on
resveratrol and epigallocatechin gallate, useful for site-specific release of resveratrol to breast
cancer cells. Resveratrol and EGCG were successfully derivatized with MAA in order to
obtain active substances able to undergo radical polymerization. Nanoparticles with a
spherical shape and an average diameter of about 400 nm were obtained via microemulsion
technique; these dimensions allow nano- spheres accumulation into tumor sites due to the EPR
effect. Nanospheres were then loaded with resveratrol by soaking technique obtaining an
excellent encapsulation efficiency of about 100%. So, resveratrol release profiles in media that
simulate physiological as well as tumor environ- ment were evaluated and the results showed a
pH-sensitive and sustained release of resveratrol from nanoparticles. Nanospheres also showed
ex- cellent antioXidant properties and the ability to preserve the antioXidant activities of both
resveratrol and ECGC. Moreover, loaded nanoparticles are more effective than both
resveratrol and empty nanospheres in inhibiting human breast cancer cells viability in vitro. In
conclusion, these platforms thanks to their excellent biocompatibility, antioXidant and
antitumor activities turn out to be promising candidates for the devel- opment of potential

systems for breast cancer treatment.
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PART C

Gelatin and Glycerine-Based Bioadhesive Vaginal Hydrogel

Abstract

The work’s aim was the preparation and characterization of a hydrogel based on gelatin
and glycerine, useful for site-specific release of benzydamine, an anti-inflammatory drug,
able to attenuate the inflammatory process typical of the vaginal infection. The obtained
hydrogel has been characterized by electronic scanning microscopy (SEM) and
differential scanning calorimetry (DSC). In addition, due to the precursor properties, the
hydrogel exhibits a relevant mucoadhesive activity. The swelling degree was evaluated at
two different pHs and at defined time intervals. In particular, phosphate buffers were used
at pH 6.6, in order to mimic the typical conditions of infectious diseases at the vaginal
level, particularly for HIV-seropositive pregnant women, and pH 4.6, to simulate the
physio-logical environment. The obtained results revealed that the hydrogel swells up
well at both pHs. Release studies conducted at both pathological and physiological pHs
have shown that benzydamine is released at the level of the vaginal mucosa in a slow and
gradual manner. These data support the hypothesis of the hydrogel use for the site-specif

release of benzydamine in the vaginal mucosa.

Keywords: Gelatin, glycerine, hydrogel, mucoadhesive, vaginal.
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1. Introduction

The need to find new pharmacological approaches for the treatment of various diseases
has led to an increasing interest in the “Drug Delivery System” (DDS). DDSs represent a
particularly promising technology to improve the in vivo and in vitro efficacy of
biologically active 145ssessel45 to circum- scribe the effect on a specific cell typology,
improving its efficacy, prolonging its permanence period and reducing the therapy
toxicity.

Polymer carrier technology offers a new approach to drug delivery. In fact, by coupling a
drug to a carrier such as microspheres, nanoparticles, liposomes, etc., it is possible to
modulate the release characteristics of the same drug. Inconventional drug release, after
being absorbed, it is distrib- uted in the organism through the 145ssesse circulation. For
most drugs, only a small part will manage to reach the af- fected organ. Instead, in the
targeted release, the drug con- centrates in the tissue of interest, thus reducing the concen-
tration in the remaining tissues, improving efficacy and re- ducing the side effects [1-4].
A possible application of DDS concerns the treatment of the disease related to the female
genital apparatus, ranging from simple bacterial infection to contraceptive treatment or to
infertility treatment in women. Regarding vaginal drug delivery, the optimization of
formulations will require more attention; in particular, the characteristics such as
hydrophil- icity, distribution, viscosity and bio-adhesion should be fo- cused [5-13].

The most common problems of vaginal administration drugs are due to the lack of
mucoadhesion, which corre- sponds to poor bioavailability. In this 145ssess, the objective
of this work was the design, preparation and study of a new mucoadhesive carrier based
on gelatin and glycerine for vaginal administration of benzydamine, a non-steroidal anti-
inflammatory drug, in order to reduce its 145ssesse toxicity [14].

145ssesse145145t a protein derived from the collagen that has been extensively used for
the development of mucoadhesive hydrogels useful as controlled drug delivery systems
[15, 16]. In particular, gelatin-based hydrogels were used to de- velop vaginal
suppositories for the controlled delivery of drugs and also in the treatment of vaginal
dryness [17-20]. On the other hand, glycerine is a non-toxic and water-soluble polyol,

found in many lipids known as glycerides. It is widely used as hydrating/wetting eccipient
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in various phar- maceutical preparations for the delivery of bioactive agents in the vagina
[21, 22]. Taking inspiration from this, it seems justified to develop gelatin-glycerin based
hydrogels. In particular, a hydrogel, based on gelatin and glycerine, loaded with benzydamine
was prepared (Fig. 1). Through the prepa- ration of the hydrogel, a high molecular weight
carrier and a high mucus adhesiveness was obtained, in order to allow the targeted release of
benzydamine in the vaginal environment. Moreover, thanks to the mucoadhesive properties,
this carrier could increase the residence time in situ, thus reducing the number of conventional
pharmaceutical applications. Ideally, the formulation will be retained on the biological surface
and the drug will release near the absorbent membrane, with con- sequent improvement of
bioavailability. This carrier could be potentially useful for the treatment of Candida
colonization of the vagina that is a risk factor in pregnancy, especially for HI\VV-seropositive

and HIV-seronegative pregnant women [23].

I_ ' :'N'H_CH ----------- H- T mucoadhesive hydrogel
; based on gelatin and glycerine

Fig. (1). Schematic representation of interation of mucoadhesive hydrogel with mucin layer.
The three-dimensional network is composed of both gelatin (blue line) and glycerine (red
line). (A higher resolution / colour version of this figure is available in the electronic copy of

the article).
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2. Experimental

2.1 Materials

The analytical grade solvents used were purchased from Carlo Erba Reagenti (Milan, Italy):
acetone, chloroform, ethanol, n-hexane, 2-propanol, ethyl ether. N-hexane and chloroform
were purified with standard procedures. In par- ticular, N-hexane was pre-dried by refluxing
with LiAlHs and subsequent distillation and then dried by refluxing with sodium and re-
distilled; CCls was dried by refluxing with sodium sulfate and subsequent distillation. In
addition, ben- zydamine salt (MW 309.41 g/mol), gelatin (mixture type A and B with 160
Bloom grams and unknown molecular weight), glycerine (PM 92.09 g/mol), sorbitan
trioleate (Span 85), polyoxymethylene sorbitan (tween 85), N, N’- dicyclohexylcarbodimide
(DCC), 4-dimethylaminopyridine (DMAP) were purchased from Sigma-Aldrich (Sigma
Chemical Co, St. Louis, MO, USA).

2.2 Instrumentation

The infrared spectra were performed using a Perkin- Elmer 1720 FT-IR spectrophotometer,
in the range 4000-400 cm™ (number of scans 16). UV-Vis spectra were made using a JASCO
UV-530 spectrophotometer. The compounds were

lyophilized using a “Freezing-drying” Micro modulyo, Ed- wards apparatus. The hydrogel
was observed by electronic scanning microscopy (SEM) JEOL JSMT 300 A. The sur- face of
the sample was made conductive by the deposition of a gold-layer carried out under vacuum.
The transition tem- perature was evaluated using DSC-NETZSCH 200 operating under

nitrogen with defined heating (10°C min™*) and cool- ing rates (5°C min™).

2.3 Preparation of Benzydamine

Benzydamine was obtained from the corresponding salt. Briefly, 1 g of benzydamine
hydrochloride salt was dissolved in 400 ml of distilled water. The solution was then placed
under stirring and heated to 100°C. Subsequently, NaOH was added to promote the
precipitation of benzydamine. The precipitate was then recovered by filtration, using a

Pyrex™ 60mm glass Biichner filter 147ssess with porosity 4, dried at the mechanical pump
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and subsequently characterized by FT- IR.

2.4 Preparation of the Hydrogel Based on Gelatin and Glycerine

A glass cylindrical reactor (100-150 ml) equipped with a mechanical stirrer, was flamed in a
nitrogen stream and after cooling, it was immersed in a thermostated bath at 60°C. Then, n-
hexane (20 ml) and chloroform (18 ml) were in- serted (dispersing phase), and gelatin was
added (1g/1.17-10° mol). The polymerization reaction was performed in terms of an
interfacial polycondensation (water/oil). The dispersing phase and the gelatin were kept
under mechanical stirring for 30 minutes. After that, a predetermined quantity of glycerine
(0.086 g, 0.068 ml/9.36-10" * mol) was appropriately solubi- lized in distilled water 4 ml,
heating for few minutes to aid the dissolution process and added into the reactor with 0.24 g
of N, N’-dicyclohexylcarbidimide (DCC) and 1.43-103g of 4- dimethylaminopyridine
(DMAP) [24-25]. Then, 150 ul of sorbitan trioleate (Span 85) were added, and after 10
minutes, 150 ul of polyoxymethylene sorbitan trioleate (Tween 85) was added too. The
system was kept under stirring for 1 h and at a temperature of 60°C. The reactor content was
finally filtered and subsequently washed in succession with 50 ml of isopropanol, 50 ml of
ethanol, 50 ml of acetone and 50 ml of ethyl ether. The filtrate was dried by a membrane
pump and then characterized by FT-IR spectrophotometry, dimensional analysis, differential
scanning calorimetry (DSC), electronic scanning micrograph (SEM), and measurement of

the 148sses- ling degree in aqueous solution at different Ph values.

2.5 Swelling Studies

To assess the hydrophilic affinity of the hydrogel to the aqueous environment, its swelling
degree was determined (WR%). Aliquots of dry material (25 mg) were inserted in glass
filters (porosity G2/3) previously wet, centrifuged (5 minutes at 2000 g/min) and then
weighed. Subsequently, they were put in contact with a buffer solution 5 Ml (Na;HPOa,
NaH2PQO4), at Ph 4.6 and 6.6 (to mimic the physiological and pathological conditions of the
vaginal en- vironment) at temperature of 37°C until the swelling balance between the
polymer elasticity and the osmotic forces deter- mined by the polymer affinity to the solvent
was reached. This condition was achieved when the weight of the swollen hydrogel was

constant.
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At pre-established intervals time (1h, 3h, 6h, 9h, 24h), the buffer excess was removed from
the filters by percolation at atmospheric pressure. Subsequently, the filters were cen- trifuged
at 3500 rpm for 15 minutes and weighed. This pro- cedure was repeated 3 times at all of the
time points.

The weights recorded at the times listed above were used to calculate the swelling using the

following equation 1:

(Ws-wd)
wd

A% = x 100

where Ws and Wd respectively represent the weights of the swollen and dried hydrogel [26-
29].
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2.6. Impregnation of Hydrogel with Benzydamine

The preformed matrix (about 100 mg) was placed in contact with a solution of known drug
concentration obtained by dissolving 20 mg of benzydamine in 10 ml of distilled water.
The impregnation was performed under stirring at room temperature for 3 days, during
which the drug solution was absorbed by the hydrogel [29]. Finally, the solvent was re-
moved by filtration, using a Pyrex™ 2.5mm glass Biichner filter funnel with porosity 4,
and the particles were dried to constant weight. The analysis of the filtrated water, using a
UV spectrophotometer, allowed to calculate the percentage of active principle adsorbed by

the matrix (LE%) using equa- tion 2:

LE% =440 y 100
Ai
where Ai was the drug concentration in the solution before loading and Af the drug

concentration in the solution after loading.

2.7 Release Study

The drug release profile [28] from the matrix was evalu- ated by placing an aliquot of
loaded hydrogel (10 mg) in 1.5 ml of buffer solutions, at Ph 4.6 and 6.6, respectively con-
tained in glass flasks. The flasks were kept under horizontal stirring at a temperature of
37°C. There was no loss of re- lease medium due to evaporation. In fact, the flasks used
for release studies were covered with laboratory film (Parafilm) to prevent this
phenomenon. At predetermined time inter- vals, the entire volume (1.5 ml) was taken
from the release solution, replaced with the same volume of fresh fluid, and analyzed by
UV-Vis spectrophotometry using a calibration plot (¢=800.15 (ml/mg) cm™) and A=254
nm). Sink condition was maintained throughout the experiment.

The percentage of the released drug was expressed in relation to the absorbance. The
release test was completed within 24 hours. The release studies were carried out in trip-

licate and the results agreed with £5% standard error.

2.8 Mucoadhesion Studies
The mucin was dispersed in a buffer solution (1mg/Ml) and kept at 37°C for 24h under

stirring (150 rpm). Then, an appropriate amount of each sample or poly 150ssess acid (se-
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lected as positive control) was added to the mucin dispersion (mucina/polymer weight
ratio of 1) and each sample was incubated at 37°C (150 rpm) while stirring for 2, 4, or
24h. After each stirring time, the mixture was centrifuged at 2000 rpm/min for 2 minutes
and the transmittance (%) of each sample was recorded at 650 nm. Transmittance was
meas- ured for samples composed by the sample to be tested plus 151ssessel51
dispersion. Mucin dispersions alone were used as blank. A reduction in transmittance
indicates a greater inter- action between the tested sample and mucin. Thus, lower
transmittance equals to higher interaction. The mucoadhe- sion of the tested samples was
reported with respect to the polyacrylic acid chosen as 100% of mucoadhesive force.
Each experiment was performed three times, and the results were reported as mean + SD.

2.9. Statistical Analysis
Data are expressed as the mean + S.D. of at least three independent experiments.
Statistical analysis was performed using Student’s t-test. P-Values <0.05 were considered

statis- tically significant.

3. Results and discussion

3.1 Characterization of the Hydrogel (FT-IR)

The hydrogel based on gelatin and glycerine was prepared using the reverse phase
emulsion polymerization technique and characterized by FT-IR spectrophotometry

which confirmed the formation of the hydrogel FT-IR (KBr) v (cm™): 3416 (OH), 2936
(CH), 2878 (CH), 1744, 1727 (C= O). FT-IR spectrum of the hydrogel is presented in Fig.
(3b). Polymeric network shows FT-IR, a spectrum different from that of pure gelatin (Fig.
3a) and glycerine (Fig. 3c). Some changes can be observed mainly in the 3500 3000 cm™
and 1800 1600 cm™ ! regions. After gelatin crosslinking with glycerine, new
151ssesse151151t peaks were found at 1744 and 1727 cm™, which indicated the ester
151ssesse formation (Fig. 2b) due to the presence of glycerine hydroxyl groups with
gelatin association. Furthermore, the area between 3000 and 3500 cm™ (Fig. 2b versus Fig.
3° and 2c) resulted as much more intense, hypothesizing the insertion of glycerin on the
skeleton of gelatin.

This result may be attributed to the —OH of the hydroxyl group. Absorption bands in the

regions of 2950-2940 and 2935-2900 cm™! correspond to asymmetric and symmetric
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stretching of the —CH2 groups. Additionally, the absorption band at 2890-2760 cm™* is
characteristic stretching -CH group of the matrix. On the other hand, as literature data
confirmed [30], FT-IR spectrum of the underivatized gelatin (Fig. 3°) showed peaks at
3445 and 3420 cm™ substantially due to N-H stretching of secondary amide, a C=0
stretching peak at 1680 and 1640 cm™, and N-H bending peak between 1550 and 1500
cm L. Therefore, it can be concluded that the free carboxylic groups of gelatin have been

esterified.

4000 3000 2000 1000 400
Wavenumber [cm-1]

Fig. (2). FT-IR spectra overlapping of gelatin (a), hydrogel (b), glycerine (c)
showing changes mainly in the 3500 3000 cm™ and 1800 1600 cm- ! regions. (A
higher resolution/colour version of this figure is available in the electronic copy of
the article).

3.2 Swelling Studies

To assess the affinity of the hydrogel to the agueous me- dia, its degree of swelling (%)
was determined, through swelling studies, at two different pHs (4.6 and 6.6) and at definite
time intervals (1h, 3h, 6h, 8h, 24h). Data reported in Table 1 illustrate the water uptake at
each studied Ph and time (Table 1).

The obtained results indicate that the prepared hydrogel swells to both pHs. In chemically
crosslinked hydrogel, not much difference was observed in the swelling ratio at the acidic
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medium when the Ph was raised from 4.6 to 6.6 even if the hydrogel swells more at Ph 4.6.
The main difference in the behavior of the hydrogel at the two different pHs lies is the time
required to reach the swelling balance. In fact, Table 1 shows that the time taken to achieve
swelling equilibrium of the hydrogel was at least 8-24 h at Ph 6.6 and 1-8 h at Ph

4.6. At Ph 6.6, the water transport was more rate-controlled than at Ph 4.6. This behavior is
probably due to the resis- tance of the polymer to a sudden increase in volume to a higher

Ph that should lead to a more gradual release of the loaded benzydamine.

Ph Time (h)
1 3 6 8 24
A
%
4.6 1240 £ 42 1320 £51 1356 £ 58 1412 + 62 1452 + 69
6.6 756123 936+28 107229 1228+35 1250+40

Table 1. Hydrogel swelling behavior. Data are expressed as the mean£S.D. of at least three
independent experiments p<0.05.

3.3 Calorimetric Analysis

The calorimetric analysis was carried out in order to evaluate the transition temperatures.
In particular, the transi- tion temperature of both hydrogel and its precursors was
evaluated.

Thermograms were acquired after keeping hydrogel for two weeks in a vacuum oven until
constant weights. The calorimetric analysis was performed by heating the samples from
25°C to 200°C under nitrogen with a flow rate of 25 ml/min and heating of 5°C min- 1.
Their thermograms were analyzed in detail and com- pared. Fig. (3) shows the gelatin
thermograms (Fig. 3b) and the gelatin- and glycerine-based hydrogel (Fig. 3a). In par-
ticular, an exothermic peak at 81.9°C was observed in the DSC of gelatin, while the
gelatin- and glycerine-based hy- drogel showed an exothermic peak at 71.4°C. Glycerine,
on the other hand, exhibited a transition temperature of around 20°C (thermogram not
shown). The peak at 71.4°C did not appear in the DSC thermogram of pure gelatin,

indicating the existence of cross-linking among the glycerine and gelatin.
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(ex0)
A

Heat Flow (mW/mg)

SIO 160 ]'50
Temperature °C
Fig. (3). DSC thermograms of glycerine-based hydrogel (a) showing an exothermic peak at
71.4°C and of gelatin (b) showing an exothermic peak at 81.9°C. (A higher resolution /

colour version of this figure is available in the electronic copy of the article).

3.4 Morphological Analysis

The morphological characterization of the hydrogel was performed using electronic
scanning microscopy (SEM). In particular, as shown in Fig. (4), the hydrogel exhibited
sev- eral pores. This porous structure, attributable to the pres- ence of hydrophilic groups
in the hydrogel, facilitates the permeation of water or biological fluids and explains the

high degree of swelling at both pathological and physio- logical pHs.
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Fig. (4). SEM photomicrographs of hydrogel recorded at different magnification showing

porous surface.

3.5 Impregnation of the Hydrogel with Benzydamine

The excellent results obtained by analyzing the structural properties and evaluating the
swelling capacity in agueous medium at different Ph values have suggested a possible use
of gelatin-based polymers as systems for the delivery of ac- tive ingredients [15-22]. For
this purpose, the benzydamine release profile at Ph 6.6 was evaluated. Its loading within
the hydrogel was performed allowing the hydrogel to swell, till equilibrium, just in a
benzydamine solution. Drug loading is due to various factors such as cross-linking density
of the polymeric matrix, the interaction between polymer and sol- vent, etc. During the
impregnation, the synthesized polymer increases in volume, but retains its three-
dimensional struc- ture without disintegrating, due to its insolubility in water. The
impregnation involves the interaction of an exact amount of matrix (100 mg) in a volume
of 10 ml (8 ml of ethanol and 2 ml of distilled water) at a known concentration of active
principle for 72 hours at 25°C. The percentage of adsorbed benzydamine (LE%) and
therefore, the loading efficiency of the hydrogel was found to be 97.6%.
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3.6 Release Studies

The release studies were carried out using 10 mg of hy- drogel containing benzydamine at
Ph 6.6 and at different time intervals (1h, 3h, 5h 24h), using a thermo- stated bath which
keeps stirring at a temperature of 37°C hydrogel. The choice of this Ph is due to the
hydrogel resis- tance to a rapid volume increase at this value that corre- sponds to a
diffusion, within it, of the selected medium, more controlled than that observed at Ph 4.4.
This behavior should ensure a gradual and controlled release of the benzy- damine.
Furthermore, this Ph is also typical of the inflammatory state at the vaginal level [23]. The
ability of the polymer matrix to release the drug encapsulated into it was evaluated by
spectrophotometric analysis. The drug release profile was expressed as a cumulative
percentage of drug released in relation to the total dose trapped in the matrix, as a function
of time (Fig. 5).

The experimental data suggest that the situation that bet- ter mimics the vaginal
surroundings in the presence of in- flammation was observed at Ph 6.6. This result was due
to a benzydamine gradual and controlled release that potentially avoids its systemic
absorption. The obtained results showed that benzydamine was re- leased slowly and
gradually over time. These data indicated the possibility of using gelatin and glycerine
hydrogel for the topical release of benzydamine in an inflammatory site, re- ducing the
156ssesse toxicity of the latter. However, it must be considered that the released drug
quantity by the gelatine and glycerine based hydrogel and the progress 156ssesse by the
release were not easily foreseeable elements. In fact, this phenomenon depends on
numerous factors, such as the speed of water penetration into the system, which allows the
poly- mer 156ssesse156156to pass from a dehydrated state to a swollen state (swelling
capacity); drug-matrix interactions; the 156ssesse-physical properties of the loaded drug;
the tem- perature of the release medium and the crosslinking degree of the hydrogel. This
last factor, governing the swelling, in- 156ssesse the diffusion rate of the active ingredient
in the fluid surrounding the hydrogel. The withdrawal of one of these factors can determine
the 156ssessel156 of the release but, more likely, the final result arises from the particular
combination of the aforementioned parameters that is established for each individual case.
It 156ssesse necessary to consider the loading phase of the drug on the hydrogel: when the
active ingredient easily succeeds in penetrating the carrier mesh, establishes with it more

stable interactions and consequently, released to a lesser extent.

156



Section 2- Part C

—=—pH=4.6
~#=pH=6.6

Cumulative percentage of
released benzydamine (%)

Time (h)

Fig. (5). Benzydamine release profile. The release studies were carried out at Ph 4.6 and
6.6 and at different time intervals (1h, 3h, 5h 24h). Data are expressed as the mean+S.D.

of at least three independent experiments p<0.05.

3.7 Mucoadhesion Studies

The mucoadhesive capacity of the prepared hydrogels was 157ssesse157 for 2, 4 and 24h,
at two different Ph values, using polyacrylic acid as a positive control. The obtained
results revealed that hydrogel is more mucoadhesive than polyacrylic acid, considered as
100% mucoadhesive at Ph 6.6, typical of the vagina in inflammatory conditions (Fig. 6).

Instead, at physiological Ph, it was less mucoadhesive than polyacrylic acid (Fig. 7).
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Fig. (6). Mucoadhesion % at Ph 6.6. The mucoadhesion studies were carried out at 2, 4
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and 24h, at two different Ph values. Data are expressed as the mean+S.D. of at least three
independent ex- periments p<0.05.
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Fig. (7). Mucoadhesion % at physiological Ph. The mucoadhesion studies were carried
out at 2, 4 and 24h, at two different Ph values. Data are expressed as the meanzS.D. of at
least three independent experiments p<0.05.

4. CONCLUSION

The human vagina represents a compartment subjected to Candida colonization
especially among HIV-seropositive and HIV-seronegative pregnant women [23-31]. At
present, available dosage forms such as creams, gels, foams, irriga- tions, tablets and
suppositories, used as vaginal drug delivery systems, show various limitations primarily
due to short residence time of the drug that leads to loss of therapeutic efficacy. For this
reason, in order to prolong the permanence of drug in the vaginal cavity, novel
pharmaceutical forms (i.e., liposomes, vaginal rings and hydrogels) have been developed.
Particularly interesting, they turned out to be bioadhesive therapeutic systems, especially
in the form of hydrogels that are able to guarantee a prolonged contact between the drug
and the vaginal mucosa. This work precisely focused on the preparation and
characterization of a mucoadhesive hydrogel based on gelatine and glycerine that are the
excipients of choice used in the preparation of conventional pharmaceutical forms, useful
for the topical release of drugs at the vaginal level. The hydrogel was loaded with
benzydamine, a drug able to attenuate the in- flammatory process typical of the infection.

This material, which exhibits a relevant mucoadhesive activity, has been characterized
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through FT-IR, electronic scanning micros- copy (SEM) and differential scanning
calorimetry (DSC). Furthermore, its degree of swelling has been 159ssesse by swelling
studies conducted at two different pHs and at de- fined time intervals. In particular,
phosphate buffers were used at Ph 6.6, to mimic the typical conditions of infectious
diseases at the vaginal level, and Ph 4.6, to simulate the physiological environment. The
obtained results revealed that the hydrogel swells up well at both pHs. Release studies
conducted at both pathological and physiological pHs have shown that benzydamine
released in a slow and gradual manner. Therefore, all the reported data support the
hypothe- sis for the use of hydrogel for site-specific release of benzy- damine into the
vaginal mucosa.
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PART D

Polysaccharides and proteins-based hydrogels for tissue engineering applications

Abstract

Tissue engineering is a branch of science that studies the possibility of repairing organs
and tissues of the human body, such as muscles, bones, cartilage, and skin, damaged by a
disease, accident, or aging, restoring its integrity and functionality without resorting to
transplants or prostheses, thus ensuring a better quality of life for patients. To achieve this,
it is necessary to integrate biological components, such as cells and growth factors, with
biomaterials. In particular, implants made up of living cells are designed to proliferate on
biocompatible and bioabsorbable materials. Among these, materials of natural origin are
more interesting because they are characterized by several very important properties to
create a favorable microenvironment for the healing process. This chapter fits into this
context and aims to describe the polysaccharides- and protein-based biomaterials

particularly useful for tissue engineering and their major applications.

Keywords: Biomaterials, polysaccharides hydrogels, proteins hydrogels, tissue

engineering applications.
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1. Introduction

In recent years, the need for biomaterials useful for the promotion, regeneration, or
replacement of damaged tissues has increased considerably. Tissue engineering represents
a new frontier for the biomedical field and its primary purpose is to repair or even replace
damaged tissues and organs such as muscles, bones, and cartilages (Langer and Vacanti,
1993; Saunders and Ma, 2019) from diseases, trauma, or aging, restoring their integrity and
functionality, thus permitting a better quality of life. The purpose of tissue engineering is to
use scaffold matrices to fill the tissues and/or cells and, therefore, treat the tissues after a
transplant (Howard et al., 2008). Tissue scaffolds cannot only cover the wound and provide
a physical barrier but can also offer a cellular skin with excretive biological components to
stimulate re-epithelialization and formation of granulation tissue (Yadav and Chauhan,
2017). Various materials can be used as scaffolds for distinct tissue. Among them, natural
polymers are most attractive; thanks to their bioactive properties such as antimicrobial,
immunomodulatory, cell proliferative, and angiogenic for their similarieties with the
extracellular matrix (ECM), biodegradability, and good biological performance (Mano et
al., 2007). All these factors are very important to create a favorable microenvironment for
the healing process (Velema and Kaplan, 2006; Sahana and Rekha, 2018). In this context,
polysaccharides and proteins are natural biomaterials, which have found many applications
in tissue regeneration. In particular, polysaccharides are characterized by functional groups
that are essential for the development of materials applicable in tissue regeneration as well
as exhibiting a high biocompatibility and biodegradability. Biomaterials, based on proteins,
have also been explored for tissue engineering. Although proteins are highly
biocompatible, they are also characterized by rapid degradation and low mechanical
resistance that cause a lack of structural support during the formation of the new tissue
(Khan and Ahmad, 2013). Among the most promising biomaterials used in biomedical
field are hydrogels, a class of materials with three-dimensional (3D) network of
hydrophilic polymers chains capable of retaining a significant amount of water (Peppas
and Hoffman, 2020). Hydrogels have good biocompatibility, production flexibility,
variable composition, and physical properties (Lee and Kim, 2018) that enable to mimic
the highly hydrated ECM and to facilitate nutrients and oxygen transport due to their
porous structure (Lee and Mooney, 2012; Cal6 and Khutoryanskiy, 2015; Saunders and
Ma, 2019).
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The present chapter aims to describe hydrogels based on polysaccharides such as chitosan,
cellulose, alginate, hyaluronic acid, and proteins such as collagen, gelatin, elastin, and their

various applications in the field of tissue engineering will be highlighted (Figure 8.1).
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Figure 8.1: Natural sources of biomaterials for tissue engineering.

2. Polysaccharide-based Biomaterials

Polysaccharides are macromolecules with excellent properties including biodegradability
and biocompatibility that are the precious features of polymers application for biomaterial
applications (Zhu at al., 2019). For this reason, polysaccharides have recently gained
increasing attention from numerous researchers owing to their applications in
pharmaceuticals and biomedical field. In this section, the principal polysaccharides used in

tissue engineering will be described.

2.1 Chitosan

Chitosan is a linear polysaccharide composed of (1-4)-2-acetamido-2-deoxy-b-D-glucan
(N-acetyl- D-glucosamine) and (1-4)-2-amino-2-deoxy-b-D-glucan (D-glucosamine) units
(Figure 8.2) that can be easily derived from the partial deacetylation of chitin (Rinaudo,
2006).
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Figure 8.2: Chitosan chemical structure.

Chitosan has drawn considerably more attention due to its environmentally friendly nature,
biocompatibility, biodegradability, and availability (Baranwal et al., 2018). It is also
particularly interesting in bone regeneration because it facilitates the attachment and
proliferation of osteoblasts

as well as the process of bone mineralization (Sheehy et al., 2013). Furthermore, this
polysaccharide can be enzymatically degraded by lysozyme (Varum et al., 1997; Pangburn
et al., 1982), a polycationic protein present in the ECM of human cartilage (Moss et al.,
1997; Greenwald et al., 1972) and, for this reason, it is able to modulate chondrocyte
morphology, differentiation, and stimulating chondrogenesis. Furthermore, compared to
many synthetic polymers, chitosan degradation products are nontoxic (Levengood and
Zhang, 2014). Therefore, various methodologies have been developed to obtain chitosan
hydrogels and foams as 3D scaffolds particularly useful for tissue engineering (Croisier
and Jérdme, 2013).

Several injectable chitosan-based hydrogels have been developed for cartilage repair (Choa
et al., 2004; Hong et al., 2007; Chena and Chen, 2006). These hydrogels can be prepared
by both physical and chemical cross-linking methods. Reversible physical interactions in
poly(N-isopropylacrylamide) (PNIPAM)- or polyethylene glycol (PEG)-grafted chitosan
derivatives have been used to obtain physically cross-linked hydrogels (Bhattarai et al.,
2005; Berger et al., 2004). These physical gels are generally characterized by a low
stability, low mechanical strength, and rapid degradation. Chemically cross-linked
injectable chitosan hydrogels are prepared using redox-initiated cross-linking (Hong et al.,
2006) and photoinitiated cross-linking (Amsden et al., 2006). Furthermore, the properties
of these chemically cross-linked hydrogels such as gelation time, gel modulus, and
hydrogel degradability can be tuned by changing the molecular weight of polymers and the
cross-linking densities. In fact, Hong et al. (2007) reported the preparation of
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methacrylated chitosan-based hydrogels using ammonium persulfate and N,N,N’,N’-
tetramethylethylenediamine with increased concentration of the initiator. Consequently, the
gelation time could be reduced, and the enzymatic degradation of the resulting hydrogels
could be decreased.

Naderi-Meshkin et al. (2014) proposed the synthesis of a chitosan-beta glycerophosphate-
hydroxyethyl cellulose (CH-GP-HEC) scaffold with a sol-gel transition at 37 °C.
Chondrogenic factors or mesenchymal stem cells (MSCs) were included in the hydrogel.
Subsequently, in order to correct the defects of the cartilage tissue, the CH-GP-HEC
hydrogel was injected into the lesion site and the viability of the encapsulated MSCs was
assessed by coloring with iodide-fluorescein diacetate and propidium. After inducing a
differentiation process with the growth factor tB3, the chondrogenic differentiation
capacity of the encapsulated human MSC (hMSC) was determined. These cells, inserted
inside the CH-GP-HEC hydrogel, showed excellent survival and proliferation rates during
the 28 days of observation. The CH-GP-HEC hydrogel also provided suitable conditions
for chondrogenic differentiation of the encapsulated hMSCs.

Another interesting study was proposed in 2014 by Choi et al. They investigated the
incorporation of type Il collagen (Col Il) and chondroitin sulfate (CS) in chitosan-based
injectable hydrogels gelled after exposure, in the presence of riboflavin, to visible blue
light (VBL). Infact, Col Il and CS are components of the cartilage ECM that play a crucial
role in chondrogenesis. Unfortunately, the direct use of scaffolds for cartilage regeneration
is limited due to their instability and rapid enzymatic degradation. For this reason, Choi
and collaborators thought of incorporating Col 1l and CS into a chitosan hydrogel. Since
the unmodified hydrogel was able to promote the multiplication and placement of
cartilaginous ECMs allowed by encapsulated chondrocytes and MSCs, the idea of
incorporating Col Il or CS into the chitosan hydrogels has contributed to increasing the
process of chondrogenesis, especially by Col II. This is attributable to the binding of
integrin a10 to Col II, which promoted an increased cell-matrix adhesion, thus favoring the
cartilage regeneration.

In 2018, Wu et al. obtained PNIPAM-g-chitosan injectable and thermosensitive hydrogel
characterized by the absence of toxicity. They are characterized by high biocompatibility,
biodegradability and, after injection, show a rapid phase transition, therefore are ideal
candidates as vectors of cells or implanted scaffolding. To strengthen its mechanical

properties, Wu and collaborators have thought of covalently bonding thiol side chains in
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chitosan through the conjugation of N-acetylcysteine by carbodiimide. After oxidation of
the thiols in disulfide bonds, the hydrogels showed a better compression modulus.

Through in vitro proliferation studies, a great biocompatibility of hydrogels toward MSCs,
fibroblasts, and osteoblasts has been shown allowing the encapsulation of cells without
toxicity. These results suggested the potentiality of the thiol-modified thermosensitive
polysaccharide hydrogels as cell-laden biomaterial for tissue regeneration.

An interesting work was also proposed by Xu and collaborators in 2018. They made a
biodegradable composite carboxymethyl chitosan (CMCS) hydrogel conductive by in situ
chemical polymerization using poly(3,4-ethylendioxythiophene) (PEDOT) as a conductive
polymer layer. This hydrogel has proven to be potentially useful for nerve tissue
engineering. In dependence of the different contents of PEDOT, the physicochemical and
electrochemical properties of the conductive hydrogels (PEDOT/CMCS) were analyzed. In
addition, in vitro studies have shown the lack of toxicity of the PEDOT/CMCS hydrogels,
the adhesive capacity, the viability, and cell proliferation. In particular, after a culture for 9
days, the PEDOT layer of the conductive hydrogels improved the diffusion and
proliferation of pheochromocytoma cells in rat-like neurons even in the absence of
electrical stimulation. Furthermore, the inclusion of PEDOT in the CMCS hydrogels
allowed the hydrogel to have both greater mechanical strength and conductivity and to
preserve their biocompatibility. These results suggested the use of these conductive
hydrogels (PEDOT/CMCS) as nerve regeneration scaffold materials. An injectable
chitosan-based hydrogel, useful for bone tissue engineering, was developed by Saekhor
and colleagues. In particular, they wanted to obtain a water- soluble and thixotropic
chitosan particularly useful as an injectable liquid with the ability to form a hydrogel under
physiological conditions. For this reason, chitosan was reacted with carboxymethyl
chloride to obtain CMCS. The latter was conjugated with a-cyclodextrin (a-CD) to
produce CMCSCD. This conjugation improved the solubility, in knowledge, of the
hydrophobic cavity to produce as cross-linking points by forming an inclusion complex
with PEG. The sol—gel transition was formed within 450 + 10 min to obtain a complete
(yellow) soft gel. Through the scanning electron microscope, both the surface and cross-
section were observed, showing an interconnected porous structure of the gel, making it
suitable for transport of extracellular fluid and nutrients and hormones to cells and waste

removal.
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Moreover, in vitro experiment with sarcoma osteogenic (SaOS-2) cell line indicated that
this injectable hydrogel was potentially compatible, nontoxic to the SaOS-2 cells, and
capable to promote cell proliferation. Based on all obtained results, the CMCSCD/PEG
demonstrated to be a promising scaffold for bone tissue engineering. Very recently also,
Nezhad-Mokhtari et al. have developed a new injectable hydrogel based on collagen,
aldehyde modified-nanocrystalline cellulose, and chitosan loaded with gold nanoparticles
(collagen/ADH- CNCs/CS-Au) for tissue engineering applications (Nezhad-Mokhtari et
al., 2020). In particular, solutions of collagen/CS-Au and ADH-CNCs were mixed
resulting in an intermacromolecular Schiff base cross-linking reaction, obtaining a rapid
formation of the hydrogel. With the aim to control the microscopic morphology, swelling
degree, gelation time, and degradation rate, various molar blending ratio of
collagen/CNCs/CS-Au were used. The MTT assay, performed with mouse fibroblast cells
(NIH 3T3), highlighted the effectiveness and nontoxicity of the obtained hydrogel. In
addition, the reinforcing with the addition of CNCs and CS-Au, to form the hydrogel, was
an interesting approach to improve the mechanical strength and degradation resistance of
the scaffold. It could be concluded that also this hydrogel may be a good candidate as a

new biomaterial for tissue engineering applications.

2.2 Cellulose

Cellulose (Figure 8.3) is a glucose polysaccharide that has a straight chain consisting of
several (1- 4) linked D-glucose units. It is the most plentiful biopolymer on earth and
found in the cell wall of green plants, many algae, and other microorganisms such as

oomycetes or bacteria (Novotna et al., 2013).
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Figure 8.3: Cellulose chemical structure.
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Bacterial cellulose (BC) is an interesting material as implant and scaffold in tissue
engineering (Peterson and Gatenholm, 2011). In fact, it is notable for biocompatibility,
mechanical resistance, and ability to be structurally and chemically engineered at nano-,
micro-, and macroscales. BC hydrogels are promising materials for making dressings
thanks to its properties such as purity, maintaining adequate humidity, and flexibility in
adapting to any wound, forming a tight barrier between the wound itself and the external
environment, thus avoiding bacterial infections (Valle et al., 2017).

Cellulose (CB) hydrogels can be obtained from pure and native cellulose by dissolving
with LiCl/dimethylacetamide (DMACc), N-methylmorpholine-N-oxide (NMMO), ionic
liquids (ILs), alkalis/urea (or thiourea), or producing them from BC (Shen et al., 2016).
Cellulose derivatives usually include esters such as cellulose acetate phthalate (CAP) [e.g.,
cellulose acetate (CA), cellulose acetate trimellitate], hydroxypropyl methylcellulose
phthalate, cellulose acetate butyrate (CAB), or ethers [e.g., methyl cellulose (MC), ethyl
cellulose (EC), hydroxyethyl cellulose (HEC), carboxymethyl cellulose (CMC), sodium
carboxymethyl cellulose (NaCMC), hydroxypropyl cellulose, and hydroxypropyl
methylcellulose (HPMC)]. Other types of hydrogels are constituted from mixtures of
natural polymers, polyvinyl alcohol, polyelectrolyte complexes, interpenetrating polymer
network, and inorganic hybrid cellulose hydrogels (Chang and Zhang, 2011; Onofrei and
Filimon, 2016; Sannino et al., 2009). These hydrogels are being studied for possible
biomedical applications and, in particular, in tissue engineering (Kabir et al., 2018).

The capacity of a hydrogel made of BC/acrylic acid (AA) to release human epidermal
keratinocytes and dermal fibroblasts (DFs), useful for the full-thickness skin lesions
treatment, was evaluated by Loh and collaborators (Loh et al., 2018). Through in vitro
studies, they proved the excellent cell attachment of the BC/AA hydrogel, the maintaining
of cell viability with a narrow migration, and allowing a cell transfer. In vivo studies,
histological, immunohistochemistry, and transmission electron microscopy analysis
indicated that hydrogel alone and hydrogel with cells (HCs) accelerated wound healing
compared to the untreated controls. Therefore, the BC/AA hydrogel could be an interesting
cellular vector for the release of keratinocytes and fibroblasts, thus promoting wound
healing. In the same year, Boyer et al. have made a composite hydrogel containing a small
amount of nanoreinforced clay, called laponite, which can stick within the hydroxypropyl
methylcellulose (Si- HPMC) silicate hydrogel structure. Therefore, composite hydrogels
were made by mixing laponites with Si-HPMC thus, developing a hybrid interpenetrating

network that increased their mechanical properties. The in vitro investigations showed no
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side effects from the laponites. Furthermore, through in vivo studies, conducted for 6
weeks using nude mice, the capacity of the hybrid scaffold, made with composite hydrogel
and chondrogenic cells, to form cartilage tissue was evaluated. Histological studies showed
that the new cartilage-like tissue was characterized by an ECM including
glycosaminoglycans (GAGs) and collagens. These results indicated the possibility of using
the composite hydrogel for the treatment of cartilage defects. With the aim to obtain a
biomaterial to treat tissue defects, Ghorbani and Roshangar have prepared and
characterized injectable hydrogels based on collagen and modified nanocrystalline
cellulose [cellulose nanocrystals (CNCs)] (Ghorbani and Roshangar, 2019). The surface of
CNCs was functionalized with aldehyde groups using an oxidation manner of
nanocrystalline cellulose in water with sodium periodate. The surface morphology of
hydrogels with different ratios of CNCs has been analyzed evaluating the macroscopic
physical properties and microscopic internal structure. Swelling tests showed that the
hydrogels maintain their structure over the course of 60 days and were, thus, suitable for
longer term applications. The results of toxicity studies for CNCs, aldehyde-modified
CNCs, and the CNC-reinforced hydrogels support the potential application of these
materials for biomedical applications.

Recently, Li et al. have proposed a green and simple method to prepare a series of all-
natural chitosan-dialdehyde bacterial cellulose (CS-DABC) hydrogels. In particular, for the
first time, to prepare these hydrogels, was used ascorbic acid as solvent to dissolve
chitosan and the natural fiber DABC as reinforcing and cross-linking agent (Li et al.,
2020). The disadvantage of the use of acetic acid and other toxic cross-linking agents was
bypassed making these hydrogels biocompatible. Moreover, due to the supporting of
DABC nanofibers and introduction of dynamic balance of the Schiff base structure in the
cross-linked network, these hydrogels exhibited good mechanical properties, self-healing
ability, and injectability. Consequently, these hydrogels can be used as good, sustained
release systems of drugs to promote wound healing indicating great potential in the field of
wound dressings or tissue engineering. Among the latest interesting research on cellulose-
based hydrogels for tissue engineering applications, there is the work of Gupta and his
collaborators (2020). They proposed a green synthesis to prepare nanoparticles using eco-
friendly chemicals such as silver, a broad spectrum natural antimicrobial substance, and
curcumin a natural polyphenol with healing properties. The hydrophobicity of curcumin
was bypassed by its microencapsulation in hydroxypropyl-cyclodextrins, which, in turn,

were then loaded into BC hydrogels. These hydrogels demonstrated broad-spectrum
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antimicrobial activity against three common pathogenic microbes that infect wounds such
as Staphylococcus aureus, Pseudomonas aeruginosa, and Candida auris. They showed
also with antioxidant properties, high cytocompatibility, with the tested cell lines. In
addition, the high moisture content and the good level of transparency of the hydrogels
indicated a possible application in the management of chronic wounds with high microbial
bioburden.

2.3 Alginate

Alginate (Figure 8.4) is a natural anionic and hydrophilic polysaccharide typically obtained
from brown seaweed and bacteria. It contains blocks of B-(1—4)-linked-D-mannuronic
acid (M) and a- (1—4)-linked-L-guluronic acid (G) monomers (Figure 8.4). Alginate is
interesting for many biomedical applications due to its excellent biocompatibility, low
toxicity, low cost, and for its ability to gel in the presence of bivalent cations such as Ca?*
(Langer and Vacanti, 1993; Lee and Mooney, 2012). In particular, alginate hydrogels have
a structural resemblance to the extracellular matrices of living tissues. In fact, alginate-
based treatments could maintain a physiologically moist microenvironment, minimize

bacterial infection at the wound site, and facilitate healing.
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Figure 8.4: Alginate chemical structure.

Furthermore, alginate is an appropriate material for several tissue engineering applications
such as cell encapsulations and biofabrications (Li et al., 2006; Song at al., 2011).
Nevertheless, alginate is not able to promote cell attachment due to poor cell-material
interactions, causing slow degradation with unfavorable degradation kinetics (Gao et al.,
2009). To overcome these drawbacks, specific proteins have been considered for their
similarity to the ECM to enhance cellular interaction and to improve degradability,

biocompatibility, and the availability of alginate hydrogel (Wang and Shansky, 2012).
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To this aim, Silva et al. (2014) developed a hybrid hydrogel based on alginate and keratin
extracted from wool. This hydrogel was made in 2D and 3D conformations and was
characterized by chemical-physical analyses. Studies on primary human umbilical vein
endothelial cells have also been performed to highlight the ability of these hybrid
hydrogels to promote cell attachment, proliferation, diffusion, and viability. It has been
shown that the cells seeded on the 2D hydrogel surface remained viable for up to 10 days
of culture, forming a monolayer and showing the typical endothelial morphology, instead
the encapsulated cells remained viable for up to 4 weeks. During this culture time, the
number and mitochondrial activity of the cells increased, and the cells started to propagate.
Hence, hybrid alginate/keratin hydrogels could be promising biomaterial for regenerative
medicine applications.

In 2017, Chen et al. developed a drug-loaded hydrogel, produced using ion cross-linking,
for use in oral bone tissue regeneration (Chen et al., 2017). This hydrogel was made of
calcium alginate at different concentrations (12.5, 25, and 50 mg/mL) and displayed a high
plastic behavior and biological properties suitable for promoting the regeneration of oral
bone tissue. The swelling degree, degradation time, and release rate of bovine serum
albumin were also assessed. Human periodontal ligament cells and bone marrow stromal
cells were maintained in culture together with calcium alginate hydrogen and polylactic
acid as control and then the cellular proliferation was examined. Inflammatory-related
factor gene expressions of human periodontal ligament cells and osteogenesis-related gene
expressions of bone marrow stromal cells were observed. The materials, implanted in the
subcutaneous tissue of the rabbits, showed a favorable biocompatibility. The results of the
studies demonstrated that calcium alginate hydrogels caused less inflammation than the
polylactic acid and had superior osteoinductive bone ability to the polylactic acid. The
drug- loadable calcium alginate hydrogel system could represent an interesting approach
for bone defect reparation and, thus, useful in clinical dental applications.

With the aim to verify the mineralization and differentiation potential of human dental pulp
stem cells (DPSCs) seeded onto scaffolds based on alginate and nanohydroxyapatite, it has
been previously described and evaluated by Turco et al (2009). Sancilio and collaborators
(2018), in their work, made use of hydroxyapatite (HAp) as inorganic strengthening and
osteoconductive element of alginate/HAp composite scaffolds. These scaffolds are actually
valued as possible strategy in bone tissue engineering because they can efficiently support
the adhesion, colonization, and matrix deposition of osteoblast-like cells without any

supplementary chemical alginate modification.
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In particular, Sancilio and collaborators inserted the HAp in an alginate solution and the
internal gelation was generated by the addition of delta-lactone of the D-gluconic acid
which induced the slow hydrolysis of the acid with consequent direct calcium ion release
from HAp. Human DPSCs are clonogenic cells capable of differentiating in multiple
lineages. To this end, the components of the ECM, the vitality parameters, and oxidative
stress, as well as the gene expression profile of the markers related to both early and late
mineralization process, were assessed and analyzed.

So, Sancilio et al. have demonstrated that DPSCs expressed osteogenic differentiation-
related markers and promoted calcium deposition and biomineralization when growing
onto alginate/HAp scaffolds.Therefore, these alginate/HAp scaffolds have proven to be
composite materials suitable for tissue engineering, as they are able to promote specific
tissue regeneration as well as the formation of mineralized matrices and the regeneration of
natural bone.

More recently, Reakasame and Boccaccini described, in their review, the possibility of
using oxidized alginate (OA)-based hydrogels that have drawn considerable importance as
a biodegradable material for tissue engineering applications due to the higher degradation
rate and the presence in OA of more reactive groups than native alginate (Reakasame and
Boccaccini, 2018). So, the OA-based hydrogel could be successfully used in various
engineering tissue applications such as repair of bone, cartilage, cornea, blood vessel, and
other soft tissues. With the aim to mimic the complex inorganic/organic structure of bone,
Diaz-Roriguez et al. synthesized new biomimetic hydrogels based on mineralized calcium
alginate following the addition of biomineral calcium carbonate microparticles obtained
from mussels or oysters (OYs) shells. This innovative strategy also has the advantage of
exploiting natural components, since alginate would have the function of forming the
biodegradable polymer matrix while the calcium carbonate stimulating cell differentiation
by mimicking the nanostructure of the tissue. Alginate hydrogels containing 7 mg/mL of
QY particles promoted the osteogenic differentiation of hMSCs. Thus, the incorporation of
calcium carbonate particles in alginate networks was able to modulate cell differentiation.
Furthermore, the presence of calcium carbonate in alginate matrix could improve long-
term stability of alginate hydrogels. So, Roriguez et al. highlighted the importance of the
type of alginate and the origin of calcium carbonate to obtain valid systems for the
engineering of bone tissue capable of modulating both mechanical properties and cell

differentiation.
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In 2019, Homaeigohar et al. functionalized graphite nanofilaments to get Dbetter,
mechanical, electrical, and biological properties of an alginate hydrogel and accelerated
nerve regeneration. CA functionalization by a green and simple approach permitted to
induce the formation of oxygen containing functional groups on the surface of graphite
nanofilaments, thereby ensuring their uniform distribution within the alginate matrix. Its
biocompatibility has even been enhanced as shown by the use of in vitro MSCs. The
uniformly distributed nanofilaments increased the mechanical stability of the
nanocomposite hydrogel compared to pure one by up to three times. Furthermore, the
nanofilaments were able to give electrical contact and intercellular signaling stimulating
their biological activity. In vivo tests highlighted the applicability of the nanocomposite
hydrogel for implantation within body showing no adverse reaction and no inflammatory
responses after 2 weeks after its implant. The obtained results demonstrated that the
electroactive nanocomposite hydrogel, stimulating nerve generation, could be potentially
useful for neural tissue engineering applications.

In 2020, Shafei and coworkers designed and realized an alginate-based hydrogel loaded
with exosomes (EXOs), nano-size membrane vesicles isolated from cultured adipose-
derived stem cells that could promote migration, proliferation, and angiogenesis process in
skin wound through modulation of the secretory activity of DFs and could improve the
synthesis and secretion of collagen/elastin with a better re-epithelialization (Shafei et al.,
2020). The degradability evaluation of EXOs-loaded hydrogel and cell viability studies
confirmed the favorable properties of hydrogel for in vitro and in vivo applications.
Moreover, the release of EXO from alginate hydrogel indicated that this structure was
suitable for controlled release of small bioactive molecules including secreted EXO
derivatives and growth factors. Consequently, alginate hydrogel could enhance wound
closure, collagen synthesis, and vessel formation in the wound area, and it could represent
a good therapeutic strategy for skin wounds healing. Recently, Ehterami and collaborators
also developed a vitamin D3-loaded alginate hydrogel for wounds healing. Various vitamin
D3 concentrations were added to sodium alginate and cross-linked by calcium carbonate in
combination with D- gluconolactone. The swelling behavior, weight loss, microstructure,
and cyto- and hemocompatibility of obtained hydrogels were assessed. Furthermore, the
therapeutic efficacy of prepared materials was evaluated in the full-thickness dermal
wound model. The hydrogels study through scanning electron microscopy (SEM) showed
their highly porosity and the presence of interconnected pores. In addition, the hydrogels

resulted in biodegradable (being its weight loss percentage of about 89% in 14 days) hemo-
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and cytocompatible. In particular, in vivo studies indicated that the alginate hydrogel/3,000
IU vitamin D3 exhibited more highest capacity of wound closure, best performance, and
induced highest re-epithelialization and granular tissue formation. These results indicated
that alginate hydrogels with 3000 1U of vitamin D3 could be useful as a dressing to treat
skin wounds (Ehterami et al., 2020).

2.4 Hyaluronic Acid

Hyaluronic acid (HA) (Figure 8.5) is a GAG, composed by repeating disaccharide units of
N-acetyl- D-glucosamine and D-glucuronic acid, and synthesized in bacteria, birds, and

mammals.
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OH NH

Figure 8.5: Hyaluronic acid chemical structure.

It is found in the body in pericellular matrices, various body fluids, and in specialized
tissues such as the vitreous humor of the eye and cartilage. Its physical properties and
viscoelastic behavior make HA a precious biomaterial thanks also to the ability of
assembly into extracellular and pericellular matrices and its effects on cell signaling
(Falcone et al., 2006). HA is characterized by physicochemical properties such as the
solubility and the presence of reactive functional groups that allow chemical changes on
HA, which makes it attractive for tissue regeneration. Furthermore, these materials do not
cause allergies or inflammations and their hydrophilicity which make them particularly
interesting also as injectable fillers via the skin and soft tissues (Hemshekhar et al., 2016;
Trombino et al., 2019).

Tan et al. reported a new biodegradable and biocompatible hydrogels and composites
derived from oxidized HA and water-soluble chitosan after mixing, without the addition, of
a chemical cross-linking agent (Tan et al., 2011). Furthermore, the gelation was obtained

177



Section 2- Part D

by the Schiff base reaction between amino and aldehyde groups of polysaccharide
derivatives. In particular, N-succinyl chitosan and aldehyde hyaluronic acid were
synthesized to prepare composite hydrogel and its potential as an injectable scaffold was
shown encapsulating the bovine articular chondrocyte. Therefore, the composite hydrogel
promoted cell survival and cells were able to preserve the morphology of the chondrocytes.
These characteristics suggested the possibility of using injectable composite hydrogels in
tissue engineering.

In 2018, Sani et al. made a elastic, antimicrobial, and adhesive hydrogel composed of
methacrylated HA (MeHA) and an elastin-like polypeptide (ELP), which can be rapidly
photoreticulated in situ for the purpose of regenerating and repairing different tissues.
Therefore, hydrogel hybrids with various physical properties have been designed and
modifying the concentrations of MeHA and ELP. In addition, adhesion tests have shown
that the MeHA/ELP hydrogels have a greater adhesive force toward the tissue than the
commercial tissue adhesives. The incorporation of zinc oxide (ZnO) nanoparticles
conferred antimicrobial properties to the hydrogel that inhibited the growth of methicillin-
resistant S. aureus (MRSA) compared to controls. Furthermore, the MeHA/ELP hydrogels
did not induce any significant inflammatory response. They could also be efficiently
biodegraded by promoting the integration of new autologous tissue. In a recent paper,
Rezaeeyazdi et al. described the preparation of several injectable cryogels based on HA
and gelatin. Their idea was to combine both physicochemical characteristics of HA and
intrinsic cell adhesion characteristics of gelatin, providing sufficient physical support for
attachment, survival, and diffusion of cells. The physical characteristics of gelatin cryogels,
such as mechanics and injection, have also improved after copolymerization with HA. The
adhesion of mouse fibroblast cell lines (3T3), grown in HA cryogels, was increased when
expressed with gelatin. In addition, the cryogels had a minimal effect on the activation of
dendritic cells in the bone marrow, underlining their cytocompatibility. In vitro studies
have shown that HA-copolymerized gelatin has not significantly changed their intrinsic
biological characteristics, so the HA-cogelatin cryogels combine the favorable capacity of
single biopolymer giving a strong system from the point of mechanical view, susceptible to
cells, with macroporous and injectable structure and, therefore, interesting for tissue
engineering applications.

Han et al. proposed a biocompatible and in situ cross-linkable hydrogel arised from HA.
The hydrogel was obtained through a bioorthogonal reaction and tested for the

regeneration of cartilage in vivo. The gelling reaction is attributable to copper-free click
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reactions between an azide and a dibenzyl cyclooctyne (DBCO). In particular, the HA-
PEG4-DBCO hydrogel was synthesized and cross-linked through 4-arm PEG azide and the
effects of the relationship between HA-PEG4-DBCO and PEG 4-arm azide on gelation
time, microstructure, morphology superficial, balance swelling, and compression module
were also evaluated. In order to evaluate the in vitro and in vivo capacity of the obtained
hydrogel as injectable scaffold, chondrocytes were encapsulated inside it. The obtained
results underlined how the hydrogel is capable of supporting cell survival and the cells able
to regenerate cartilage tissue confirming the ability of the injectable hydrogel to be used in
tissue engineering applications. In 2019, Luo et al. preapared two in situ injectable
hydrogels made of gelatin (sc-G) and HA/gelatin (HA/G) for hemorrhage control. In
particular, these materials were prepared by cross-linking gelatin and HA with N-(3-
dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (EDC) and N-
hydroxysuccinimide on the surface of the tissue in situ and analyzed by rheological,
stability, cytotoxicity, and burst resistance tests. Their hemostatic capacity was assessed in
a bleeding rat model of the liver. The sc-G and HA/G hydrogels that were able to gel in the
90s and 50s, respectively, have been shown to be suitable for cell attachment and
proliferation. Bursting forces was even greater than that of fibrin glue. The hemostatic
power of the HA/G hydrogel was found to be better than that of the sc-G hydrogel and was
comparable to that of fibrin. These results indicated a possible use in particular of HA/G
hydrogel as tissue sealant for hemorrhage control in clinic. A remarkable study undertaken
by Makvandi and coworkers reported the synthesis of thermosensitive and injectable
hydrogels synthesis, containing tricalcium phosphate, HA, and corn silk extract-nanosilver
(CSE-Ag NPs) for potential use in bone tissue regeneration applications. In particular,
spherical silver nanoparticles were synthesized through a microwave-assisted green
approach using corn silk extract without using toxic chemical reagents thus, making them
more suitable for clinical and biomedical applications. Rheological experiments indicated
that the thermosensitive hydrogels had gelification temperature (Tgel) close to body one.
The samples containing silver had an antibacterial activity against several gram-positive
and gram- negative bacterial strains without cytotoxicity after 24 h. In addition, MSCs
inserted in the nanocomposite exhibited high bone differentiation indicating the use of this
material as a potential scaffold for bone tissue regeneration. In the same period, Wang et
al. developed and characterized a new injectable HA hydrogel functionalized with
tyramine through dual-enzymatically cross-linked by horseradish peroxidase and galactose

oxidase (GalOX). They evaluated the gelation time, swelling behavior, water content,
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mechanical strength, degradation rate, cytotoxicity in vitro, and immune response in vivo.
The results of these analyses highlighted that the properties of hydrogel (HT) such as good
injectability, favorable cytocompatibility to mice bone marrow mesenchymal stem cells,
and low inflammatory response verified by cytotoxicity test in vitro and after in vivo
subcutaneous injection in vivo. The authors suggested the possibility of adjusting gelation
time, swelling behavior, and degradation rate of the HT hydrogel varying the
concentrations of HT and GalOX in a determined range. These interesting results
supported the use of these hydrogel for application in 3D stem cell culture and in tissue

engineering.

3. Protein-based Biomaterials

Like polysaccharides, proteins are versatile macromolecules that perform essential
functions in living systems in almost all biological processes. They are characterized by
several interesting properties such as large-scale availability, low cost, biocompatibility,
biodegradability, and chemical reactivity. Given their unique properties, proteins have been
thoroughly used for the development of innovative materials for biomedical applications
(Silva et al., 2018). Moreover, the mechanical and modifiable structural properties of
protein-based hydrogels make these scaffolds interesting for tissue engineering and
regeneration. With the use of protein structures, it is also possible to insert sequences that
facilitate cell adhesion to the substrate and overall cell growth (Schloss et al., 2016). In this
section, the most promising proteins-based materials, their properties, and applications in

tissue engineeering are described.

3.1 Collagen

Collagen (Figure 8.6) is the most abundant protein in animals. This fibrous protein consists
of a right-handed bundle of three parallel and left-handed polyproline Il helices. Twenty-
eight different types of collagens composed of at least 46 distinct polypeptide chains that
have been found in vertebrates and many other proteins also contain collagen domains
(Shoulders and Raines, 2009).
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Figure 8.6: Collagen chemical structure.
This protein appealing in medical applications thanks to its presence in all connective
tissue and its various properties such as: excellent biocompatibility and safety,
biodegradability, and weak antigenicity. The protein contains specific cell adhesion
domains including arginine-glycine- aspartic acid. After the integrin receptor on the cell
surface binds to the RDG domain on the collagen molecule, cell adhesion is actively
induced. The latter interaction allows the progression of cell growth as well as the
differentiation and regulation of various cellular functions (Yamada et al., 2014). The main
applications of collagen for tissue engineering concern bone substitutes, skin replacement,
and artificial blood vessels and valves (Lee at al., 2001). Cahn et al. described a porous 3D
collagen scaffold material with uniform pore size of 80 m to support capillary formation in
vitro and favor the vascularization when implanted in vivo (Saunders and Ma, 2019). For
the synthesis of the scaffolds, type I bovine collagen was utilized. In vitro scaffolds seeded
with primary human microvascular endothelial cells suspended in human fibrin gel were
able to form CD31-positive capillary-like structures. In vivo, following subcutaneous
implantation in mice, the cell-free collagen scaffolds were vascularized by the host
neovessels; in the meantime, there was a gradual degradation of the scaffold material for 8
weeks. Moreover, collagen scaffolds, filled with human fibrinogen gel, were implanted in
the subcutaneous tissue inside a chamber that enclosed the femoral vessels of the rats.
Subsequently, the angiogenic sprouts of the femoral vessels entered the scaffolds and
these, after 4 weeks, entirely degraded. In the same model, collagen scaffolds seeded with
stem cells derived from human adipose (ASC) compared to cell-free collagen scaffolds. In

addition, the collagen scaffolds, obtained by Chan and collaborators, being also

181



Section 2- Part D

biocompatible, could be used to promote the growth of more strong vascularized tissue
engineered grafts with a consequent better survival of the implanted cells.

In 2008, Nocera et al. proposed a collagen isolated printable from the bovine Achilles
tendon and evaluated the purity of the collagen isolated by means of electrophoresis on
sodium dodecyl sulfate gel and polyacrylamide. They discovered that the bands
corresponded to al, 02, and B chains possessed a little contamination from other small
proteins. Collagen gels and solutions have been used to obtain scaffold by means of 3D
printing. First, the researchers designed and manufactured an inexpensive 3D printer, then
tested collagen printing, and made 3D-printed collagen scaffolds at pH 7. The scaffold
porosity was excellent. After observation of the scaffold’s microstructure, using SEM, a
porous mesh of fibrillar collagen was observed. Moreover, the 3D- printed collagen
scaffold was not cytotoxic with cell viability higher than 70% using Vero cell lines
(derived from the kidney of an African green monkey) and fibrobalst NIH 3T3. In vitro
tests with both cells lines showed that the collagen scaffolds had the capacity to favor the
cell attachment and proliferation. Also, a new fibrillar collagen mesh was seen after 2
weeks of culture at 37°C. With the aim to treat patients with renal failure, Lee et al.
investigated the possibility to inject collagen hydrogel in renal tissue. The collagen
hydrogel was then injected into the kidneys of normal mice and rat kidneys with
ischemia/reperfusion injury. Subsequently, the kidneys of both animal models were studied
for up to 4 weeks to check for tissue response. The infiltrating host cells present in the
injection regions expressed renal stem/progenitor cell markers as well as MSC markers.
After this treatment, both glomeruli, significantly higher, were found in the injected
regions compared to the normal regions of the renal cortex in both normal- and ischemic-
injured kidneys. Furthermore, after the injection of collagen hydrogel, renal activity, after
the ischemia/reperfusion injury, was regained. Therefore, the insertion of biomaterials into
the kidney can be an excellent strategy to facilitate the regeneration of glomerular and
tubular structures in normal and injured kidneys (Lee et al., 2018).

In 2019, Samadian and collaborators prepared and characterized a collagen hydrogel
loaded with naringin as scaffold for peripheral nerve damage treatment. The
microstructure, biodegradation, swelling behavior, and cyto-/hemocompatibility of the
hydrogel were evaluated. Finally, the efficacy of the obtained hydrogel on the sciatic nerve
crush injury was studied in the animal model. The characterization tests showed a porous
structure of the hydrogel with the presence of interconnected pores and pore average size

of 90 um. The degradation tests proved that a loss of about 70% of the primary weight of
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the hydrogel after 4 weeks of storage. In vitro studies revealed a high cell proliferation on
collagen/naringin hydrogel higher than the control group (tissue culture plate) at both 48
and 72 h after cell seeding and even significantly higher than pure collagen at 72 h.
Moreover, the animal study confirmed the positive effect of the proposed hydrogels on the
healing of the induced nerve injury. All results showed that the prepared collagen/naringin
hydrogel could be used as a sophisticated alternative to healing peripheral nerve damages.
In their study, Zhang et al. hypothesized that the use of an ECM collagen | hydrogel loaded
with histone deacetylase 7 peptide 7-amino-acid-phosphorylated (7Ap) could hold back
ventricular remodeling and improving heart function after heart attack and myocardial
infarction (MI) (Zhang et al., 2019). In fact, the phosphorylated form of 7A (7Ap) was
reported to promote in situ tissue repair via the mobilization and recruitment of
endogenous stem cell antigen-1 positive (Sca-1) stem cells. In this study, an Ml model was
established through ligation of the left anterior descending coronary artery of C57/B6 mice.
In particular, collagen | hydrogel loaded with 7Ap was injected intramyocardially into the
infarcted region of the left heart wall. After local delivery, 7Ap collagen increased the
formation of neomicrovessels, improved the recruitment and differentiation of antigen-1-
positive stem cells, decreasing cell apoptosis, and promoting the progression of the
cardiomyocyte cycle. Moreover, 7Ap collagen limited fibrosis in the left ventricle wall,
reducing thinning of the infarcted area, and significantly improving cardiac efficiency 2
weeks after heart infart. These results indicated the positive impact of implanting 7Ap-
collagen hydrogel as a novel constituent for the myocardial infarction treatment.

Recently, Nabavi et al. proposed an interesting strategy to stimulate bone regeneration,
employing a type | collagen hydrogel entrapping tacrolimus, an immunosuppressant drug
useful after organ transplantation to reduce the activity of the patient’s immune system
and, therefore, avoid the risk of organ rejection. For this reason, various amounts of
tacrolimus (10 g/mL, 100 g/mL, and 1000 g/mL, respectively) were added to the hydrogel.
The drug-loaded hydrogels were characterized. In particular, swelling capacity, porosity,
weight loss, blood compatibility, cell proliferation, and drug release were evaluated. The
obtained hydrogel, enclosed in a gelatin and polycaprolactone film, was put on the injured
part of Wistar rats showing a high porosity and a sufficient degree of swelling, good drug
release capacity, and fine hemocompatibility behavior. Also, in vivo studies enhanced the
importance of the developed hydrogel for bone healing. Very interesting is also the study
proposed by Nilforoushzadeh et al. that fabricated and characterized engineered collagen-

fibrin-based scaffold to generate intrinsic microvasculature in a dermal and epidermal skin
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substitute to use in patients with hard to heal diabetic wounds. In particular, they
characterized hydrogel evaluating the biological compatibility and cell proliferation,
migration, and vitality in skin organotypic cell culture. The performance of the
prevascularized hydrogel

transplanted on five human subjects as an intervention group with diabetic wounds was
analyzed and compared with nonvascularized skin grafts as a control on five patients.
There was an important increase in skin thickness and density in the vascular beds of the
hypodermis assessed by skin scanner respect to that in the control group. These
preliminary data indicated that the hydrogel collagen-fibrin could be a good candidate for
accelerating the healing process in patients with hard to heal diabetic wounds.

3.2 Gelatin

Gelatin (Figure 8.7) is a protein-based material derived from the hydrolysis of collagen. It
is very useful in biomedical and pharmaceutical fields (Jain and Kumar, 2013;
Tonsomboon et al.,, 2013) due to its biodegradable, biocompatible nature, low
immunogenicity, and its commercial availability at low cost. The advantages include its
solubility in aqueous systems, a sol—gel transition at 30 °C (Bohidar and Jena, 1994), and
the possibilty to be cross-linked or modified with the inclusion of other materials to

significantly alter its mechanical and biochemical properties (Jain and Kumar, 2013).

Figure 8.7: Gelatin chemical structure.
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In their review, Soman et al. described the possibility to use gelatin methacrylamide as a
gel- based system with tunable stiffness, which could be controlled without significantly
changing its chemical composition. Generation of gelatin methacrylamide gels of different
elastic moduli have been previously demonstrated (Nichol et al., 2010). These materials
would be an effective tool for applications in ocular tissue engineering also on the basis of
the result shown in other biomedical application such as cartilage repair (Medvedeva et al.,
2018) generating blood vessels (Chen et al.,2012) and also cardiac tissue development.
With the aim to find inexpensive skin substitutes useful in patients with burn injuries and
chronic wounds, Nicholas et al. developed a hydrogel cellularized (PG-1) by using two
polymers, pullulan, an economic antioxidant polysaccharide and gelatin. After inserting
human fibroblasts and keratinocytes onto PG-1, a cellularized bilayer skin substitute was
gained. This new cellularized PG-1 was compared in vivo to one acellular and no hydrogel
(control) by means of a mouse excisional skin biopsy template. PG-1 showed an average
pore size of 61.69 pum with an ideal elastic modulus, swelling behavior, and
biodegradability. In addition, the excellent viability, proliferation, differentiation, and
morphology of skin cells were evaluated by means of in vivo/dead assays, 5-bromo-2'-
deoxyuridine proliferation assays, and confocal microscopy. Immunohistochemical
analyses of excisional wounds treated with cellularized PG-1 showed the formation of a
thicker newly formed skin with a higher presence of actively proliferating cells and
incorporation of human cells than acellular or control PG-1. Excisional wounds treated
with acellular or cellular hydrogels showed significantly less macrophage infiltration and
increased angiogenesis 14 days after skin biopsy respect to control. All obtained results
suggested that cellularized PG-1 could promote skin regeneration and wound healing.

Dong et al. have designed an injectable PEG gelatin hydrogel with highly tunable
properties to enhance stem cell retention useful for wound healing. The hydrogel was
obtained from a multifunctional PEG-based hyperbranched polymer and a commercially
available thiolated gelatin. This material showed a spontaneous gelation within about 2
min under the physiological condition. In addition, with the aim to support murine adipose-
derived stem cells (ASCs) growth and maintain their stemness, Dong and coworkers
incapsulated them into the PEG-gelatin hydrogel. Moreover, they tuned hydrogel
mechanical properties, biodegradability, and cellular responses by changing the

formulation and cell seeding densities. In vivo studies, with old female FVB mice, showed
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that in situ hydrogel significantly improved cell retention, enhances angiogenesis, and
accelerates wound closure.

The obtained results suggested that injectable PEG-gelatin hydrogel can be used for
regulating stem cell behaviors in 3D culture, delivering cells for wound healing to
overcome all the limitation of conventional nerve suturing methods such as scar tissue
formation, the limited adhesive, and mechanical strength of fibrin-based adhesives. Soucy
et al. have engineered composite neurosupportive hydrogels with strong tissue adhesion.
These composites were obtained by photocross-linking two natural polymers, gelatin-
methacryloyl (GelMA) and methacryloyl- substituted tropoelastin (MeTro). These lasts are
characterized by modificable mechanical properties by varying the GelIMA/MeTro ratio.
Furhermore, GelMA/MeTro hydrogels showed 15- fold higher adhesive strength to nerve
tissue ex vivo respect to fibrin control. Moreover, the composites were shown to support
Schwann cell viability and proliferation as well as neurite extension and glial cell
participation in vitro, which are essential cellular components for nerve regeneration.
Therefore, subcutaneously implanted GelMA/MeTro hydrogels showed slower degradation
in vivo respect to pure GelMA, suggesting its potential to support the growth of slowly
regenerating nerves. Thus, GeIMA/MeTro composites can be useful as clinically important
biomaterials to regenerate nerves and reduce the need for microsurgical suturing during
nerve reconstruction.

Recently, Contessi Negrini et al. obtained a 3D-printed hydrogel potentially useful for the
regeneration of damaged or missing adipose tissue (AT). 3D-printed hydrogel scaffolds are
characterized by macroscopic shape, microarchitecture, extracellular matrix-mimicking
structure, degradability, and soft-tissue biomimetic mechanical properties that give them
very interesting materials for AT reparation. The authors presented a simple and cost-
effective 3D-printing strategy using gelatin-based ink to fabricate scaffolds idoneous for
AT engineering. In particular, the ink was prepared by mixing gelatin and N,N'-
methylenebisacrylamide as cross-linker to initiate the reaction. Subsequently, the solution
was loaded in the cartridge, at 35 °C, of a pneumatic extrusion- based 3D printer and after
printed on a cooled surface with a temperture of 4 °C, in an appropriate time for ink

printability, as verified by rheological tests.

186



Section 2- Part D

The printed gelatin hydrogels were successively cross-linked at different temperatures to
optimize their stability and fix the printed structure. The gelatin scaffolds remained stable
for 21 days at physiological temperature, with compressive mechanical properties
mimicking those of AT and they showed no indirect cytotoxic effects on a 3T3-L1
preadipocyte cell line. In addition, the printed scaffolds successfully promoted adhesion
and proliferation of primary human preadipocytes. Moreover, in vitro tests showed no
cytotoxic effects and the ability of the gelatin hydrogels to support adhesion, proliferation,
and differentiation of primary human preadipocytes toward the adipogenic phenotype thus,
demonstrating the potential of the 3D-printed gelatin hydrogels as scaffolds for AT
engineering.

Ardhani et al. have developed a gelatin hydrogel membrane mimicking the
physicochemical structure of the nerve and furnishing calcium ions in an axonal
environment and useful for the regeneration of the nerves. This gelatin membrane has been
modified with carbonated hydroxyapatite (CHA), similar in composition to human bone
(Eliaz and Metoki, 2017). CHA has been incorporated for improving both the mechanical
and scaffolding properties of the gelatin membrane that its stability in physiological
conditions. In addition, this scaffold provided an intracellular controlled release to ensure a
better axonal environment and promote nerve regeneration. The obtained gelatin
membrane showed an ideal microstructure fundamental to prevent the regrowth of the
fibrous tissue at the lesion site, allowing an adequate diffusion of glucose and specific
proteins. Furthermore, the calcium release into the environment has favored neuronal
growth, without suppressing the release of acetylcholine esterase and also the lengthening
of neuritis was dramatically higher in the gelatin membrane incorporated with CHA. The
preliminary obtained results encourage the use of this CHA-gelatin membrane as a medical

device for nerve reconstruction.
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3.3 Elastin

Elastin (Figure 8.8) is a key ECM protein that is fundamental for the elasticity and
resilience of many vertebrate tissues including large arteries, lungs, ligaments, tendons,
skin, and elastic cartilage (Daamen et al., 2007). This protein possesses a hydrophobic
structure and is characterized by many interesting properties such as good elasticity, long-
term stability, self-assembly, biocompatibility, and biodegradability. This can be applied in
biomaterials in different forms such as insoluble fibers, hydrolyzed soluble form,
recombinant tropoelastin (fragments), repeats of synthetic peptide sequences, and as block
copolymers of elastin, possibly in combination with other biopolymers. It has recently
gained attention in the field of biomedical materials and in particular as tissue engineering

scaffolds, dermal substitutes, and other biomedical materials (Annabi et al., 2009).

Figure 8.8: Elastin chemical structure.

Annabi et al. have proposed the possibility to make porous a-elastin hydrogels through
high pressure CO> (Yamada et al., 2014). In particular, a-elastin was chemically cross-
linked with hexamethylene diisocyanate that reacts with various functional groups in
elastin such as lysine, cysteine, and histidine. High pressure CO. affected fabricated
hydrogels properties. In fact, the pore size of the hydrogels was enhanced 20-fold when,
for example, the pressure was increased from 1 to 60 bar. The swelling ratio of the samples
fabricated by high pressure CO:> resulted also higher compared to that the gels produced

under atmospheric pressure. The compression modulus of a-Elastin hydrogels was
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increased as the applied strain magnitude was modified from 40% to 80%. The
compression modulus of hydrogels produced under high pressure CO> was threefold lower
than the gels formed at atmospheric conditions due to the increased porosity of the gels
produced by high pressure CO.. The results obtained by Annabi and coworkers
demontrated that the large pores within the 3D structures of these elastin-based hydrogels
considerably promoted cellular penetration and growth throughout the matrices. Therefore,
these hydrogels could be potentially useful for applications in tissue engineering. Although
generally used collagen scaffolds have good biochemical properties, they are not beneficial
due to their weak mechanical and physical properties. Several studies reported the
realization of combined elastin scaffolds with other natural polymers such as HA, alginate,
and collagen. Very recent is the work of Saniet et al. that realized an elastic, antimicrobial,
and adhesive hydrogel composed of MeHA and an ELP as an adhesive and antimicrobial
biomaterial characterized by a possibility to be rapidly photocross-linked in situ for the
regeneration and repair of different tissues. So, hybrid hydrogels with a wide range of
physical properties were engineered by modifying MeHA and ELP concentrations.
Adhesion studies demonstrated that the MeHA/ELP hydrogels exhibited higher adhesive
strength with respect to commercially tissue adhesives. Furthermore, through the
incorporation of ZnO nanoparticles, MeHA/ELP hydrogels were also rendered
antimicrobial and capable to significantly inhibit the growth of MRSA with respect to
controls. Moreover, the composite adhesive hydrogels promoted in vitro mammalian
cellular growth, spreading, and proliferation. In vivo subcutaneous implantation
demonstrated that MeHA/ELP hydrogels did not elicit any significant inflammatory
response and could be also biodegraded while promoting the integration of new autologous
tissue.

With the aim to reinforce the collagen matrix, characterized by poor mechanical and
physical properties, the collagen was linked with ELP to optimize the composite
composition using a novel statistical method of response surface methodology (RSM)
(Gurumurthy et al., 2018). In particular, a composite prepared using 6 mg/mL collagen and
18 mg/mL ELP showed an optimal combination of all three tensile properties. Physical
properties of 6:18 mg/mL composite were compared to 6:0 mg/mL collagen-only hydrogel
with a swelling ratio of differential scanning calorimetry and Fourier-transform infrared
spectroscopy showed that ELP reduced the amount of residual water in the composites and
highlighted the presence of collagen—ELP interactions. SEM images of the collagen-only

hydrogel showed a porous and dense fibrillar in the collagen fibrillar microstructure, while
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the collagen-ELP composite showed a dense collagen microstructure with characteristic
ELP aggregates. Therefore, due to the low water content and dense microstructure, the
6:18 mg/mL collagen-ELP composite exhibited advanced mechanical properties. These
composites, prepared by Gurumurthy et al., have formed good quality rigid porous
structures that are very useful in the field of tissue engineering.

Silva et al., in their study, produced and characterizated novel hybrid hydrogels based on
alginate combined with elastin extracted from bovine neck ligament without the use of
cross-linking agents. The properties of elastin were combined with the excellent chemical
and mechanical stability of alginate. Two hybrid hydrogels were produced: 2D films
obtained using sonication method and 3D microcapsules produced by pressure-driven
extrusion. The complete physicochemical characterization demonstrated the positive effect
of elastin on the key properties of the alginate-based hydrogels to obtain fibroblast
attachment, proliferation, spreading, and viability. The alginate/E hybrid hydrogel can be
promising biomaterial for soft-tissue regeneration and suitable for the production of
engineering more complex scaffolds, for example, by 3D printing approaches.

Cipriani and collaborators evaluated injectable in situ cross-linkable elastin-like
recombinamers (ELRS) to improve cartilage regeneration. ELRs are class of proteinaceous
polymers bioinspired by natural elastin and designed using recombinant technologies.
They realized both ELR-based hydrogel and ELR-based hydrogel incorporated with rabbit
mesenchymal stromal cells (rMSCs) for the regeneration of subchondral defects. The
performance of these hydrogel was evaluated in vivo in New Zealand rabbits. In particular,
the cylindrical osteochondral defects were filled with an aqueous ELR solution, and the
rabbits were sacrificed after 4 months in order to make a histological evaluation of the
biomaterial performance such as cell infiltration, the quality of the surrounding matrix, and
the new matrix in defects. Both strategies favored cartilage regeneration, but in particular
the hydrogel containing rMSC allowed adequate bone regeneration, while the ELR- based
HA induced excellent regeneration of hyaline cartilage.

These data suggested that the ELR- based bioactive hydrogel could improve cartilage
regeneration both with and without rMSCs embedded supports infiltration and de novo
matrix synthesis. In a very recent and interesting review, Sarangthem et al. have
highlighted the advantageous role of ELPs for regeneration of skin injuries. Elastin
derivatives, in particular, when applied to chronic wounds, can promote wound closure and

improve the strength and flexibility of the healed area.
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They also can improve the healing process essential for restoration of skin’s barrier
function in short period after injury. Furthermore, the sol-gel transition of elastin
derivatives allows complete coverage of wound area, protecting from external pathogens

and incorporation of antibacterial components further accelerate the healing process.

4. Future Prospects

In the last year, the increase in the field of tissue engineering, especially in the production
of biocompatible and biodegradable scaffolds, has allowed the regeneration of tissues with
similar characteristics to their corresponding natural ones. However, despite the promising
results obtained, much remains to be done so that materials with appropriate structure can
be produced that allow the cells to spread in all its parts and to grow thanks to the right
nutritional contribution. The production of a tissue ex novo requires significantly longer
times compared to those for implanting a prosthesis or a traditional implant. Nevertheless,
given the premises and the first results, investing in regenerative engineering, as
demonstrated by the various literature data, here explained, represent the starting point for

possible future applications and for the development of new technologies.

5. Conclusion

The design and application of biomaterials in tissue engineering have made great strides in
the last years with extraordinary impact in various clinical applications. In particular, the
development of new materials, of natural origin, has made it possible to improve the
performance of the scaffolds, positively conditioning both the biological response, and the
speed and quality of a new tissue proliferation. Therefore, in this chapter, various and
interesting approaches, based on protein and carbohydrate hydrogels, are described,

suggesting a very promising future for their application in tissue engineerin
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Part A

Polymeric Biomaterials for the Treatment of Cardiac Post-Infarction injuries

Abstract

Cardiac regeneration aims to reconstruct the heart contractile mass, preventing the organ
from a progressive functional deterioration, by delivering pro-regenerative cells, drugs, or
growth fac- tors to the site of injury. In recent years, scientific research focused the
attention on tissue engineering for the regeneration of cardiac infarct tissue, and
biomaterials able to anatomically and physiolog- ically adapt to the heart muscle have been
proposed as valuable tools for this purpose, providing the cells with the stimuli necessary
to initiate a complete regenerative process. An ideal biomaterial for cardiac tissue
regeneration should have a positive influence on the biomechanical, biochemical, and
biological properties of tissues and cells; perfectly reflect the morphology and functionality
of the native myocardium; and be mechanically stable, with a suitable thickness. Among
others, engineered hydrogels, three-dimensional polymeric systems made from synthetic
and natural biomaterials, have attracted much interest for cardiac post-infarction therapy.
In addition, biocompatible nanosystems, and polymeric nanoparticles in particular, have
been explored in preclinical studies as drug delivery and tissue engineering platforms for
the treatment of cardiovascular diseases. This review focused on the most employed
natural and synthetic biomaterials in cardiac regeneration, paying particular attention to the
contribution of Italian research groups in this field, the fabrication techniques, and the

current status of the clinical trials.

Keywords: cardiac regeneration; tissue engineering; biomaterials; hydrogels; nanoparticles
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1. Introduction

Myocardial infarction (MI) represents one of the leading causes of morbidity world- wide,
with a mortality rate of 17.9 million people per year [1]. The main limitation to the proper
recovery of myocardial functionality after a heart injury lies in the modest endogenous
capability to regenerate the damaged tissue, which is usually replaced with unfunctional
connective tissue [2]. Thus, there is tremendous interest in finding perma- nent solutions to
restore the cardiac functionality while attenuating tissue remodeling and fibrosis [3,4].

The available therapeutic strategies are designed to target one of the five main pro- cesses
associated with MI, namely, massive cardiomyocyte death [5], inflammation [6],
remodeling of the extracellular matrix (ECM) [7], angiogenesis [8], and cardiomyoge-
nesis [9]. In detail, the prevention of cardiomyocyte death can be achieved by either
repression of apoptotic processes or stimulation of survival pathways; manipulation of the
chemokine/cytokine profile or cellular responses during the inflammation process, which
can help in modulating a proper tissue repair; modulation of the balance between the
matrix metalloproteinases and tissue residing factors, which can avoid scar formation, thus
favoring a desired tissue healing; stimulation of pro-angiogenesis signals, which can
stimulate the formation of new blood vessels; and, finally, induction of the prolifera-
tion/transplantation of cardiomyocytes, which is a key requirement for the full restoration
of cardiac function [10-12]. Cell-based therapy, consisting of the direct injection of an
autologous or heterologous cell suspension into the myocardium, is a suitable strategy for
repairing or replacing injuredcardiac tissue [13]. Human embryonic stem cells (hESC) and
induced pluripotent stem cells (iPSC) have been recognized as valuable tools for this
purpose, because of their ability to effectively differentiate into cardiomyocytes [14,15].
On the other hand, this therapeutic approach suffers for some drawbacks related to the need
to inject a great number of cells dueto the low cell survival and poor retention rate (almost
10%). Furthermore, for achieving a proper differentiation into cardiomyocytes and
organization of the regenerated tissue, the presence of both biochemical signaling and
mechanical support, acting as topographical guidance, is strongly required [16,17].
Cardiac tissue engineering, coupled with regenerative medicine, represents a very
useful approach to repair or regenerate damaged tissues or organs and restoring their
functions. In the last decades, due to the possibility to design scaffolds with tailored

physic- chemical and biomechanical features, biomimetic devices based on synthetic
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or natural polymers have attracted much interest in this field [18,19]. The design of a
performing biomaterial takes advantage of the collaboration of researchers belonging to
different scien- tific areas, from chemistry, physics, and engineering, to technology,
biology, and medicine. Depending on the application area, the properties of the final
biomaterials can be tailored by selecting the most appropriate polymer, as well as the
synthetic and formulation pro- cesses [20], which are the core expertise of
Pharmaceutical Technology. Cardiac scaffoldsbased on natural or synthetic biomaterial
can mimic the ECM environment, with the further possibility to combine the cell therapy
with the release of bioactive molecules [21]. In this regard, different kinds of systems,
either in the form of injectable or implanted scaffolds, have been proposed to date
[22,23]. In this review, we aim to overview the recent advances in the development of
bioma- terials for cardiac tissue regeneration, paying particular attention to the
contribution of Italian research groups in this field. The referenced works were classified
according to the nature of the base materials (organic or inorganic, natural, or
synthetic), highlighting theadopted synthetic strategy and the main outcomes.

2. Biomaterials for Cardiac Regeneration

Any biomaterial designed for cardiac tissue engineering should possess key properties to
prevent the dilation of cardiac muscle, avoid or slow scar formation and fibrosis, while
favoring the integration and proliferation of cardiomyocytes [24].

At first, high biocompatibility and non-immunogenicity are required to avoid adverse
effects during the healing process [25]. For any kind of in vivo application, an ideal
biomaterial should produce a beneficial or neutral response upon interaction with the
host tissue or environmental components at the site of application. In the case of cardiac
applications, apart from the interaction with all the components of the myocardium (e.g.,
cardiomyocytes, endothelium, fibroblasts, and perivascular cells) and the compatibility of
the metabolic by-products, the blood—material interaction is also a big challenge, since the
material’s exposure to the blood flow can result in thrombosis or embolism events [25].
The immune response triggered by an implanted biomaterial can results in either posi- tive
(tissue regeneration with angiogenesis, remodeling, and restoration of functionality) or
negative (tissue repair with fibrosis and scar formation) healing effects [26]; thus, the
induction of an immune response favoring tissue regeneration is critical for successful

treatments. Although the base mechanisms eliciting a regenerative response are not fully
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understood, experimental evidence allows hypothesizing that surface chemistry and
degradation rates are pivotal parameters [27]. The Kkinetics of scaffold degradation
should be ideally close to that of new tissue formation, to guarantee adequate space
availability for the newly formed tissue and effective regeneration before the scaffold is
completely degraded. A fast

degradation rate can result in incomplete host infiltration, further compromising the organ
integrity; on the other hand, inhibition of cell remodeling and angiogenesis, together with
scar formation, is the main phenomenon accompanying the overly long persistence of the
scaffold [28].

Furthermore, an ideal scaffold should possess a porosity degree in the range 50-90%, to
promote the diffusion of nutrients, oxygen, and extracellular fluids through the cel-
lular networks—mechanical properties allowing the mechanical strength of the organ
to be retained until complete regeneration of heart tissue—as well as the right balance
between stiffness and flexibility to support repeated stretch cycles, without constraining
the contractions and relaxation of cardiac muscle [25].

As schematically depicted in Figure 1, to promote cell engraftment and reorganization into
a 3D tissue, the cardiac scaffold should match the key features of the heart, as well as
the unique interplay between the cardiac cells and native cardiac ECM components
[29]. It should possess tailored mechanical properties, such as anisotropy, elasticity, and
contrac- tility, to provide the required pressure for an effective pump function while
withstanding the tensile stress [30]. The surface properties should be tailored with
functional niches to provide the cells with anchoring positions promoting attachment,
anisotropic alignment,and proliferation [31]. Thus, scaffold stiffness and geometry are
important features to be considered, with square pores being more efficient in
promoting cell adhesion ratherthan hexagonal pores [32]. Moreover, biochemical cues,
such as growth factors [33], cy- tokines, and adhesion molecules, should be inserted to
induce effective maturation of cardiac cells [21]. Finally, in order to produce the
optimal material for tissue interfaces, the design of the cardiac biomaterial should fit
with the complex electrical pathways of the myocardium [34], obtained by a fine
coordination between membrane potential depolarization, pacemaker conduction

system, and specific intracellular communicationnetworks [35].
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Figure 1. Representation of the biological effects required for myocardial regeneration
induced by polymeric biomaterials. (a) Increased cell proliferation and adhesion; (b)
greater cell alignment; (c) cell differentiation; (d) induction of angiogenesis; (e)
cellular electrical coupling and enhanced impulse conduction; (f) synchronization with

cardiac rhythm.

Ultimately, since an ideal cardiac patch should possess features close to that of the
cardiac ECM, some clinical trials aimed to investigate the safety and effectiveness of

the cardiac patches based on a natural ECM [1]. The ECM cardiac patch CorMatrix®
(CorMatrix Cardiovascular, Inc. Vascular surgeon in Roswell, GA, USA) was claimed
to promote endogenous cardiac regeneration, although trials were able to prove its safety
rather than its effectiveness (ClinicalTrials.gov identifier: NCT02887768) [36]. More

encouraging results were obtained with VentriGelTM (Ventrix, Inc., San Diego, CA,
USA), a porcine-cardiac ECM-injectable hydrogel, which was found to be safe and
improves exercise capacity (ClinicalTrials.gov identifier: NCT02305602) [37].

Among the great number of materials available for the fabrication of cardiac scaffolds
mimicking the ECM functionalities, polymers from either natural or synthetic origin well
match with the above-described requirements.

Natural polymers, such as polysaccharides and proteins, possess many favorable prop-
erties, including biocompatibility and biodegradability, and have been applied as
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scaffold in cardiac regeneration because of their similarity with the natural tissues and the
ability to facilitate cell adhesion, proliferation, and differentiation [38]. In addition, the
presence of many functional groups allows the polymer backbone to be easily
functionalized, and the physic-chemical properties to be finely tuned [39]. On the other
hand, synthetic polymers are versatile materials with high porosity, durability, and
physic-chemical and structural properties, capable to fit with the particular needs of the
target tissue [40]. In most cases, to overcome the limitations of each class of polymer,
while enhancing their strengths, natural and synthetic polymers can be combined into
composite materials with superior properties [41]. Following the same rationale,
inorganic or organic/inorganic hybrid scaf- folds were also proposed, in order to mimic
either the main inorganic components of natural tissues or their intrinsic properties [42].
For example, considering the electrical properties of native myocardium, conductive
fillers can be introduced, facilitating the electrical coupling between adjacent cells within
the scaffolds [35]. Organic, inorganic, and hybrid biomaterials can be formulated into
different types of constructs, which, for our convenience, are here classified as injectable
hydrogels, cardiac patches, and nanoparticles. Injectable hydrogels, three-dimensional
hydrophilic polymeric networks with a high water content, are formed by in situ
gelation and represent very advantageous devices for tissue engineering and drug
delivery [43]. These formulations can be injected directly into the site of interest with a
syringe without surgery, enhancing the patient compliance, with the cells loaded into the
hydrogel during the gelation process [44,45]. Specifically, for cardiac applications,
hydrogels should possess proper mechanical stiffness, as well as the ability to retain
cells after transplantation while providing them with a suitable physical and biochemical
microenvironment for proliferation [46-48]. A cardiac patch is defined as a piece of in
vitro-grown, functioning heart tissue on an engineered supportthat can replace part of
the injured tissue. The cells can be cultured on, or suspended into, the biomaterial matrix,
obtaining cell sheets and cell-containing scaffolds, respectively [49]. Finally, nanoparticle
systems are well known for their ability to enhance the pharma- cokinetics profiles of
any bioactive molecules and are often used as delivery systems to facilitate the healing

process of the cardiac tissues [50].
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3. Cardiac Scaffolds Fabrication Techniques

Since the scaffolds’ effectiveness strictly depends on their properties, it is evident that
the choosing the proper fabrication method is a key determining factor. The avail- able
techniques for the fabrication of cardiac scaffolds can be divided into conventional and
non-conventional methods. The first group includes solvent -casting/particulate
leaching, thermally-induced phase separation, electrospinning, gas foaming, and freeze
drying [24,51].

In the solvent casting/particulate leaching method, the selected polymeric materials are
dissolved in a highly volatile solvent in the presence of a suitable porogen (e.g., water-
soluble inorganic salts or sugars) and poured into a mold. After solvent evaporation,
porogens are leached out by immersing the composite in water with formation of the
porous scaffold [52]. In this technique, the porogen amount influences the scaffold
porosity, while pore size and geometry can be modulated by varying the particulate
size and shape [53]. Thermally induced phase separation is a versatile technique where
temperature vari- ation induces a phase separation of a polymer solution into low and
high polymer con- centration phases [54]. In a typical procedure, the selected polymer
is dissolved at a high temperature in a solvent with a low melting point, and the porous
scaffold is obtained after cooling below the solvent melting (liquid—liquid phase
separation) or solidification (solid—liquid phase separation) points. In the first case, the
solvent is then removed under vacuum, while in the solid-liquid phase separation, solvent
crystals are removed by wash- ing with a non-solvent of the polymer and then applying a
vacuum-drying or freeze-drying procedure. Pore size is influenced by the cooling
temperature and solvent crystallization for liquid—liquid and solid-liquid phase
separation, respectively, with the heat transfer conditions greatly influencing the
geometry [55,56].

Electrospinning involves the application of a strong electric field (10-20 kV) on a
polymer solution placed in a needle [57]. Under these conditions, the polymer solution
is charged, and flows at a controlled rate to a collector put at a specific distance from
the needle. While moving, the solvent evaporates, with the subsequent deposition
of the polymeric fibers with mean diameters in the range of 3 nm to 5 um [58]. The fiber
morphology can be tuned to the varying ambient conditions, such as temperature,
humidity,
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and air velocity, as well as to the instrumental parameters (e.g., applied voltage, flow rate,
needle size, needle-to-collector distance, and collector shape and composition). Moreover,
to generate functional scaffolds, the solution properties, such as viscosity, conductivity,
surface tension, and polymer molecular weight, should be optimized [59].

In the gas-foaming procedure, polymer discs are firstly exposed to supercritical COo,
and then the pressure is quickly decreased to atmospheric, leading to the formation of
clusters of thermodynamically unstable CO: into the polymer structures, and thus pore
nucleation occurs. Under these conditions, high porous scaffolds can be obtained, although
with the disadvantages of poor pore interconnectivity and the formation of a
nonporouslayer surface [60].

The freeze-drying process is an advantageous technique allowing the obtainment of
porous scaffolds without using high temperatures and avoiding any washing step to
remove the porogen. Following this technique, a frozen polymer solution, poured in a
mold, is freeze-dried under vacuum, obtaining materials with a porosity depending on the
pH and freezing rate [61].

The conventional techniques suffer from some disadvantages related to the difficulty in
controlling the scaffold architecture and mimicking the ECM structure, and are often
poorly reproducible. Thus, so-called unconventional techniques have been proposed,
including three-dimensional (3D) printing, laser ablation, and pressure-assisted
microsyringe.

3D printing possesses great potential in producing scaffolds for biomedical applica-
tions [62]. The procedure, based on a bottom-up approach, involves a computer-
assistedcombination of materials in 3D

shape. Among the different 3D printing techniques, Se- lective Laser Sintering (SLS)
is the most used for biomedical applications [63]. In SLS, polymer particles are locally
fused together into solid structures by the application of a high-powered laser (infrared
or COz laser), with the motion of the laser beam being con-trolled by a computer-aided
platform. A layer-to-layer overlay allows highly complex and tailored scaffolds to be
formed [64]. The method is cost effective due to the possibility to recycle the unused
particles, and highly versatile since it allows tuning scaffolds properties by modulating the
processing parameters, such as the particle size, laser power, and scanspeed [65].
Different natural and synthetic polymers can be shaped into 3D cardiac scaffolds by

laser ablation, consisting of the thermal or photochemical removal of materials from
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bulk [66], although the high energy required in the process limits the application of
this methodology.

Finally, a well-defined scaffold geometry can be obtained by the pressure-assisted
microsyringe technique, where a 5-20 um capillary needle is used to extrude a
polymer dissolved into a high volatile solvent. The viscosity of the polymer solution,
together with the needle diameter and the applied pressure, contributes to determine the

scaffold’s morphology and surface properties [67].

4. Natural Polymers in Cardiac Regeneration

Natural polymers are ideal candidates for the preparation of cardiac scaffolds, as
documented by an analysis of the current clinical trials in the field [1].

Italian research in this field mainly involves the use of collagen (COL), gelatin (GEL), and
silk fibroin (FIB) as the protein materials, while chitosan (CHI), alginate (ALG), heparin
(HEP), and hyaluronic acid (HYA) represent the most explored polysaccharides. The main
examples of biomaterials based on natural polymers proposed for cardiac regeneration are

shown in Table 1.
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Table 1. Biomaterials based on natural polymers proposed for cardiac regeneration applications in Italian

research.
Composition  Formulation  Preparation Model Outcomes Ref
Invitro _ Invivo In vitro In vivo
CcoL Patches Preformed Sponges SMC Wistar rats Cell growth Angiogenesis [68]
HUVEC and Avrteriogenesis
CM differentiation
GEL Microspheres  Water-in-oil CPC NOD SCID Cell engraftment  Cell [69]
emulsion mice accumulation
FIB Scaffolds Freeze-drying CPC --- Overexpression --- [70]
Electrospinning of cardiac
proteins and
ECM
CHI Patches Electrochemical MS1 --- Biocompatibility - -- [71]
deposition
ALG Injectable In situ gelation CM --- Cell growth --- [72]
CHS hydrogels CF and
differentiation
ALG Hydrogels lonic gelation CD14+  Sprague Biocompatibility =~ Enhanced wound  [73]
Dawley rats healing
HYA Scaffolds Preformed scaffolds ~ MSC Swine Cell growth and Cell growth and [74]
differentiation differentiation
Synthesis of  Angiogenesis
VEGF
COLI/CHI Scaffolds Electrophoretic HFF --- Cell adhesionand - -- [75]
deposition C2CI2 orientation
CM Cell growth
iPSC and
differentiation
GEL/GLL Microparticles  Water-in-oil CPC --- Cell adhesion --- [76]
emulsion Porcine Cell growth
heart
GEL/GLL Microparticles  Water-in-oil CPC Wistar rats Cell adhesion Cell growth [77]
emulsion Cell growth
Release of IGF-1
GEL/ALG Sponges lonic and chemical C2C12 --- Cell growth --- [78]
COL/ALG gelation and
differentiation
GEL/ALG Scaffolds lonic and chemical C2C12 --- Cell growth --- [79]
gelation and
differentiation
GEL/CHS Patches Electrospinning NHDF --- Biocompatibility - - - [80]
HUVEC Cell adhesion
CF/ICM - Cell growth
and

differentiation

ALG: alginate; C2C12: mouse myoblast; CD14+: CD14 positive human peripheral blood monocytes; CF: cardiac fibroblasts; CHI:
Chitosan; CHS: chondroitin sulfate; CM: cardiomyocytes; COL: collagen; CPC: cardiac progenitor cells; FIB: silk fibroin; GEL:
gelatin; GLL: gellan; HFF: human foreskin fibroblasts; HUVEC: human umbilical vein endothelial cells; HYA: hyaluronic acid,;
IGF-1: insulin-like growth factor1; iPSC: pluripotent stem cells; MS1: mouse endothelial cells; MSC: mesenchymal stem cells;
NHDF: normal human dermal fibroblasts; rCM: rat neonatal cardiomyocytes; SMC: vascular smooth muscle cells; VEGF:
vascular endothelial growth factor.

COL is the major fibrous protein of the ECM, composed of tropocollagen monomers,
formed by three left-handed polypeptide chains rich in glycine, proline, and
hydroxypro- line, that join to form a triple right helix [81]. Among the 28 types of
collagen, type I is the main component of ECM myocardium and the most investigated
in cardiac tissue engineering [82], because of its ability to mimic the native cardiac

structure, promoting tissue formation, cell differentiation in vitro, and the maintenance of
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myocardial geometry during the cardiac cycle [83,84]. The potential of type I collagen
sponge in promoting the neovascularization process was tested both in in vitro and in
vivo studies. The collagen scaffolds were applied on the epicardial surface of both
cryoinjured and intact rat hearts, finding the complete absorption of the collagen scaffold
after 60 days post-injury time and the appearance of new arterioles and capillaries in
both experimental models [68].

GEL, the hydrolysis product of collagen, was also used as base materials for cardiac
tissue engineering. Gelatin microspheres with a dimensional range of 50—75 pum were pre-
pared by the water-in-oil emulsion process in the presence of glutaraldehyde as crosslinker
and proposed as microcarriers of human cardiac progenitor cells (CPC) in the
ischemic

myocardium. The microparticles were able to promote in vitro cell attachment, maintaining
their cardiogenic potential, while in vivo models of myocardial infarction revealed that the
significant increase in cell engraftment in myocardial tissue was not accompanied by an

equal improvement in cardiac function, compared to CPC only [69] (Figure 2).

500pm

Figure 2. Injection of CPC-laden gelatin MS into murine myocardium. (A) Histological analysis.

(B) Two weeks post-injection. Reproduced with permission from [69], 2016, John Wiley and Sons.

Silk-based materials, such as films, hydrogels, nano- and micro-nets, and sponges [85,86],
are a promising class of systems for biomedical application due to their tunable mechanical
features, biodegradation, and biocompatibility. Biomaterials based on silk fibroin, obtained
by directly treating degummed fibers, have been employed to induce the regeneration of

various mammalian tissues, including bone, cartilage, tendon, and skin [87,88].
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FIB scaffolds with three different geometries (two sponges with different pore sizesand
distributions and an electrospun nanometric net) were prepared and the influence on
CPC differentiation and integrin, cardiac, and sarcomere protein expression evalu- ated
in vitro [70]. The study demonstrated that the scaffolds embedded with a collagen-
containing medium and seeded with CPC can efficiently drive cell commitment, as demon-
strated by the high level of sarcomere and cardiac proteins, as well as by the great quantity
of ECM observed after 21 days.

Fibrinogen and its enzymatic hydrolysis product, fibrin (FBR), are glycoproteins ex-
tensively employed in cardiac tissue engineering by virtue of their peculiar characteristics,
such as an improved healing mechanism, protective against myocardial reperfusion
injury, and increased cell migration [89-91]. In the literature, there have been reports
on the application of fibrin matrices loaded with mesenchymal stem cells [92] and
human embryonic stem cells [93] as valuable scaffold materials able to improve left
ventricle contraction and prevent heart failure. An FBR cardiac patch was involved in a
clinical trial (ClinicalTrials.gov identifier: NCT02057900). Here, cardiac progenitors
embedded in the patch were epicardially delivered during a coronary artery bypass
procedure. The resultsshowed the ability of the patch to promote the formation of highly
purified cardiac progen- itor cells, without the occurrence of arrhythmia phenomena
[94].

CHI is another key material explored for cardiac applications because of either its
sustainability (it is a by-product of the food industry), biocompatibility,
biodegradability, and antibacterial properties, or its cationic nature, promoting the
interaction with the anionic glycosaminoglycans and proteoglycans of the cardiac ECM
[95]. The latter is a key determining factor for cardiac applications, since the presence
of glycosaminoglycan in the cardiac ECM is a critical factor for modulating the
functionalities of specific proteins, such as growth factors [96]. Moreover, the high
versatility of CHI allows the fabrication of scaffolds with a tunable morphology and
chemo-physical properties, including the porosity and pore level [97,98]. A wide range
of 3D-printed CHI scaffolds [99,100] have been proposed for skin [101] and bone [102]
regeneration, while thin scaffolds crosslinked by either genipin or epichlorohydrin with
two different oriented porosities were employed as cardiac patches [71]. The possibility
to modulate the available chemical functionalities (e.g., amino and hydroxyl groups for

epichlorohydrin and genipin, respectively), togetherwith that to control the porosity and
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the micro-channel orientation, were considered as the added value of the proposed
scaffolds, since the regeneration of cardiac tissue requires apreferential cell orientation.
Saporito et al. have developed an injectable in situ gelling systems based on an anionic
polysaccharide, such as ALG, and on chondroitin sulphate (CHS) loaded with platelet
lysate (PL), to improve the survival rate of the cardiomyocytes after myocardial
infarction. The choice of ALG as base material for repairing myocardial infarction,
cardiac regeneration, supporting heart vascularization, re-cellularization, and restoring
electrical conductivity [103], is related to its ability to form high viscous solutions due to
long-range interactions within the polymer chains [104], thus allowing the formation of
hydrogels inmild conditions. The results of in vitro studies on fetal heart cells showed
that the system is able to maintain a prolonged residence time of the PL, allowing a high
degree of cardiac cells survival (either cardiomyocytes or cardiac fibroblasts) after
oxidative damage [72]. Bloise et al. hypothesized that the activation of immune-
mediated mechanisms of heart repair by the release of a colony-stimulating factor and

anti-inflammatory interleukins 4/6/13 from a Ca2* crosslinked ALG hydrogel can
stimulate wound healing and restore myocardial function after the infarct [73].

The suitability of ALG injectable hydrogels for cardiac regeneration was proved by
three different clinical trials. A bio-absorbable ALG hydrogel (IK-5001, Bellerophon
BCMLLC) injected into the infarct-related artery was found to be totally safe, even if
the treat- ment did not reduce heart remodeling (ClinicalTrials.gov identifier:
NCT01226563) [105]. On the other hand, a significant improvement in cardiac function
parameters (e.g., ejection fraction, end-systolic and diastolic volumes, and average wall

thickness) was recorded after treatment with acellular ALG hydrogels (Algisyl-

LVRTM, LoneStar Heart Inc., (Mission Viejo, CA, USA) ClinicalTrials.gov identifier:
NCTO0084796) [106]. The same hydrogel was also tested on 78 patients with dilated
cardiomyopathy, obtaining a remarkable ameliora- tion of the exercise capacity
(ClinicalTrials.gov identifier: NCT01311791) [47].

HYA, a fundamental component of the ECM, is involved in cellular proliferation and
differentiation, and thus in many biological processes, including wound repair and inflam-
mation [107]. Muscari et al. investigated the transplantation of autologous mesenchymal
stem cells (MSC) with a hyaluronan-based knitted scaffold to restore the functionality of
the infarcted myocardium via induction of neo-angiogenesis and histological modifications

of the cardiac cells [74]. The advantage of inserting HYA in a cardiac scaffold originates
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from its role in angiogenesis and inflammation modulation, thus allowing
neovascularization of cardiac tissue and increasing the capillary density and normalizing
left ventricular function in an infarcted heart [108]. Contrast-enhanced ultrasound studies
showed that the native tissue interacted positively with the scaffold by modifying the
extracellular matrix with a reduced presence of collagen and an increased content of
proteoglycans. As a result, a lower degree of cardiomyocyte damage was observed,
with the absence of any trace of inflammatory process at the infarct site, probably due
to the action of the grafted MSC attenuating cellular infiltration.

As before mentioned, proteins and polypeptides were often combined with polysac-
charides in order to obtain composite systems mimicking the ECM composition and
ableto promote cell division and growth during the tissue regeneration process [109].

A blend of COL and CHlI, obtained by electrophoretic deposition, was proposed as a
highly biocompatible 3D-scaffold to support fibroblast as well as cardiomyocyte adhesion
and proliferation. The attachment, spreading, and orientation of cardiomyocytes were
affected by the blend of the composition, showing the suitability of the proposed
material for promoting cardiac tissue regeneration [75].

The water-in-oil emulsion method was employed to fabricate GEL-GLL microparticles as
injectable scaffolds to repair the infarcted myocardium. The systems showed good
injectability and persistence at the injection site. Moreover, by in vitro cell culture assays,
the influence of particle diameter on cardiac progenitor cells was demonstrated, indicating
a preferential cell adherence to microparticles with a smaller size [76]. After loading with
insulin-like growth factor-1 (IGF-1) by absorption, in vivo experiments were performed,
finding an attenuated chamber dilatation and myocardial damage and fibrosis, together
with an improved cell homing [77].

ALG was used as a polysaccharide counterpart in the synthesis of GEL- or COL-based

blends crosslinked both by Ca2* jons and by glutaraldehyde for cardiac regeneration [78].
Different ALG-to-GEL weight ratios were tested and the best results in terms of cell
prolifer- ation using C2C12 myoblasts were obtained for the blends containing more than
60% GEL, with the ALG/GEL ratio of 20:80 showing the ability to promote cell
differentiation [79].

Heart patches based on GEL and CHS were prepared by means of electrospinning and
proposed as fibrous implants to improve heart recovery after corrective surgery for critical

congenital heart defects. CHS improved the mechanical properties of the system,
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increasing the elasticity and reducing the stiffness. The nanofibrous scaffolds were loaded
with PL as a source of growth factors to enhance the tissue repair. Interestingly, the
patches appeared to selectively favor the proliferation of cardiomyocytes rather than
cardiac fibroblasts, thus reducing the fibrosis phenomena [80]. A 3D-printed
biocomplex, composed of a HY A/GEL matrix system and CPC, was transplanted into
a mouse model of myocardial infarction, leading to a significant reduction in adverse
remodeling and preservation of cardiac performance, as evidenced by both magnetic
resonance imaging and histology. In addition, the matrix supported the long-term in
vivo survival and engraftment of CPC, which exhibited a temporal increase in cardiac
and vascular differentiation markers overthe course of the 4-week follow-up period.

5. Synthetic Polymers in Cardiac Regeneration

Several biodegradable polymers, such polyethylene glycol (PEG), poly(ecaprolactone)
(PCL), poly (glycerol sebacate) (PGS), poly(l-lactide) (PLA), poly(lactic-co-glycolic
acid) (PLGA), biodegradable polyurethanes (PUR), and poly(butylene succinate)
(PBS), gainedconsiderable interest for cardiac regeneration [110] (Table 2).
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Table 2. Biomaterials based on synthetic polymers proposed for cardiac regeneration

applications in Italian research.

Composition

Formulation

Preparation

Model

Outcomes

In vitro

In vivo

In vitro

In vivo

Ref

PGS/PCL

Fibers

Electrospinning/
soft lithography

C2C12
rCM

Cells
orientation and
morphology
dependent on
fibers
topography

[111]

PPDL

Fibers

Electrospinning

HIC2

Cell adhesion
and
proliferation

[112]

P(BSMTESN)

Film

Compression moulding

H9C2

Nanoparticles

Water-in oil miniemulsion

DMT release
experiments
in
physiological
conditions

Cell adhesion
and
differentiation
depending on
comonomer
ratio

" Encapsulation

and kinetic
release
depending on
comonomer
ratio

[113]

PUR

Porous
scaffolds

Thermally-Induced
Phase Separation

H9C2

Cell  viability
dependent from
PUR
composition

[114]

PUR

Porous
scaffolds

Melt-extrusion

CPC

Cell adhesion
and
proliferation

[115]

PUR-LN-1

Biomimetic
scaffold

melt-extrusion /
carbodiimide chemistry

CpC

FvB
Mice

Cell adhesion
and
proliferation

Angiogenesis

[51]

PUR

Patches

electrospinning

Lewis
rats

Angiogenesis /
Scar formation
inhibition / Left
ventricle  wall
thinning
inhibition

[116]

PUR/SIO/AT

Film

Sol-gel reaction

C2C12

Electro-
conductivity /
Cell adhesion
and
proliferation

[117]

PLA-co-
TMC

Fibers

Electrospinning

CM

Cell
proliferation /
Morphology
preservation

[118]

PLA- GCSF

Fibers

Electrospinning

Rabbits

Angiogenesis /

Reorganization

of the ECM
architecture

[119]

PLGA

Injectable
hydrogel

Emulsion solvent
extraction-evaporation

ADSC

Cell growth
and
differentiation

[120]

PVA

Scaffolds

gas foaming/ freeze drying

iPSC

Cell growth
and
differentiation

[121]

Polypeptide-
RGD

Injectable
hydrogel

Self-assembling

rCPC

Wistar
rats

Cell
differentiation

Reduced heart
damage

[122]

P(3HB-co-
4HB)- RGD

Fibers

Electrospinning/aminolysis

H9C2

Cell adhesion
and
proliferation

[123]

PMEMA-co-
DEAMA-
coated PCL

Preformed
discs coating

Dip-coating

VIC

Cell growth

[124]

ADSC: human adipose-derived stem cells; AT: aniline tetramer; C2C12: mouse myoblast; CM: cardiomyocites; CPC: human cardiac progenitor cells;
DMT: dexamethasone; ECM: extracellular matrix; GCSF: granulocyte colony-stimulating factor; H9C2: heart myoblast; iPSC: pluripotent stem cells; LN-1;

laminin-1;

[P(3HB-co-4HB)]:

Poly(3-hydroxybutyrate-co-4-hydroxybutyrate);

P(BSMTESN):

poly(butylene/triethylene

succinate);

PCL:

poly(ecaprolactone); PGS: Poly(glycerol sebacate); PLGA: poly(lactic-co-glycolic acid); P(L)LA-co-TMC: polylactide-trimethylcarbonate; PMEMA-co-
DEAMA: poly(methoxyethylmethacrylate-co-diethylaminoethylmethacrylate); PPDL: poly(w-pentadecalactone); PUR: polyurethanes; rCM: rat neonatal
cardiomyocytes; rCPC: rat cardiac progenitor cells; PVA: poly(vinyl alcohol); RGD: arginine-glycine-aspartic acid; SiO:siloxane; VIC: valve interstitial

cells.
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To promote cardiac cell alignment, PGS and PCL were combined in patterned elec-
trospun fibers, simulating the architecture of cardiac tissue. Since nano- and micro-
scale topographical features of the fibers play a critical role in the induction and
maintenance of various cellular properties and functions, different surface topographies
were inves- tigated, such as squares and grooves, with constant or different interspatial
distances. The results of in vitro cell culture assays showed that the surface topography
influenced the cardiomyocytes’ orientation and morphology, without affecting the cells’
viability [111]. Sub-micrometric fibers of poly(w-pentadecalactone) obtained by
electrospinning were proposed as biocompatible scaffolds characterized by long
degradation times. The ad- hesion and proliferation of rat cardiac H9C2 cells on the
scaffold surface was evaluated, verifying that the cells retained their morphology and
form a confluent monolayer [112]. In a more recent work, a series of random PBS-
based copolymers containing PEG-like sequences of triethylene succinate (TES) was
synthesized by melt polycondensation and tested as scaffolds for embryonic rat cardiac
HIC2 cell adhesion and proliferation and as delivery devices of the anti-inflammatory
drug dexamethasone (DMT). It was found thatby varying the molar percentage of TES
in the copolymer, the thermal and mechanical properties, surface wettability, and
hydrolysis rate of the material can be easily modified. In addition, the proposed
biomaterials showed good biocompatibility properties, with the copolymers containing up
to 20 mol% of TES co-units, sustaining a better cell adhesion and proliferation as well as
the highest encapsulation capability and the fastest DMT release kinetics [113].

Among the different types of synthetic polymers used for the preparation of cardiac de-
vices, PUR shows high versatility, because of the biocompatibility and the elastic
properties necessary to avoid plastic deformation or failure, and the large number of
macrodiols, diiso- cyanates, and chain extenders available for the preparation. Silvestri et
al. reported on the synthesis of four biodegradable scaffolds by thermally-induced phase
separation, adding poly (ester urethanes) and poly (ether ester urethanes) from PCL
and PEG as macrodiols, 1,4-diisocyanatobutane as a diisocyanate, L-lysine ethyl ester,
and alanine—alanine-lysine peptide as chain extenders, to confer enzymatic degradability to
the final system. Elastase degradation tests demonstrated the possibility to finely tune the
biodegradation rate, while the best results in terms of cell proliferation were obtained
with the scaffold containing the lowest amount of PEG, probably for the more

adequate microstructure favoring cell attachment [114]. PUR bi-layered scaffolds,
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endowed with elastomeric-like behavior, were prepared by melt-extrusion additive
manufacturing using PCL as the diol, BDI as the diisocyanate, and L-lysine ethyl ester
dihydrochloride as the chain extender. The resulting scaffolds were found to efficiently
support CPC adhesion and spreading, although a poor proliferation was observed after a
1-14 days culture time [115]. The same PUR system was functionalized by plasma-
mediated grafting with laminin-1 (LN1), a protein protecting CPC from apoptosis and
stimulating their proliferation [52]. Compared to pristine PUR and the system obtained
using GEL as the functionalizing protein, the resulting PUR-LN1 scaffold showed an
increased cell density, an improved cell protection against apoptosis, and enhanced
CPC proliferation, stimulating their differentiation into cardiomyocytes, endothelial
cells, and smooth muscle cells [51].

In order to investigate the influence of scaffold anisotropy and ECM incorporation on
the pathological remodeling process initiated by myocardial infarction, three different
microfibrous, biodegradable patches composed of poly (ester carbonate urethane)urea were
prepared. The results showed that the bi-layered patch containing ECM promoted
angio- genesis, inhibiting scar formation and left ventricle wall thinning, typical key
phenomena of maladaptive remodeling following myocardial infarction. On the other
hand, the patches with the stiffer direction parallel to the heart circumferential direction
(orthogonal group) and with the longitudinal direction of the heart (longitudinal group)
did not produce significant effects on echocardiographic function, wall thinning, or scar
formation [116].

Electrically conductive polyurethane/siloxane networks, containing different amounts of
aniline tetramer (AT) as conductive moieties, were proposed for cardiac tissue
engineering application. Castor oil was employed as the biodegradable source of
polyols whereas siloxane domains guaranteed mechanical strength properties. The
results of the biologi-cal experiments demonstrated that AT affects the attachment and
proliferation of C2C12myoblasts, confirming the potential application of the materials as
a cardiac patch [117]. Polylactic acid (PLA) derives from polycondensation of lactic acid,
a monomer of natural origin produced by the bacterial fermentation of carbohydrates, or by
ring opening polymerization of the cyclic dimer lactide [125]. PLA can be easily obtained
in the form of fibers, films, and sheets that can be used not only as scaffolds for tissue
regeneration but also as drug delivery vehicles [126,127]. In cardiac tissue engineering,

PLA is widely used because it is a cytocompatible and biodegradable material with
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different physical-chemical, mechanical, and thermal properties, depending on the
stereo-regularities obtained from the L or D enantiomers of lactic acid during
polymerization [128,129]. Moreover, it isoften combined with other synthetic polymers
in order to obtain materials with optimized biomechanical properties [130].

A commercial copolymer of (L)-lactic acid with trimethylene carbonate (PLA-co-TMC),
well known for its interesting thermal, mechanical, and degradation behaviors, was
em- ployed as starting material to obtain a biomimetic electrospun scaffold, and its
performance compared with a PLA homopolymer scaffold. PLA-co-TMC modified its

mechanical properties by varying the surrounding temperature, being a glassy rigid

material at roomtemperature and a rubber-like soft material at 37 °C, and when seeded
with cardiomy- ocytes, efficiently promoted cell proliferation, preserving cell
morphology [118]. A PLA electrospun scaffold releasing granulocyte colony-stimulating
factor (GCSF) was tested as a ventricular patch in a rabbit chronic model of myocardial
infarction. It was found that the scaffold efficiently integrated into a chronic infarcted
myocardium, and that the function- alization of the biopolymer with GCSF led to
increased fibroblast-like vimentin-positive cellular colonization and reduced
inflammatory cell infiltration within the micrometric fiber mesh in comparison to
nonfunctionalized scaffold. Moreover, a PLLA/GCSF polymer induced an angiogenetic
process with a statistically significant increase in the number of neovessels compared
to the nonfunctionalized scaffold and, when implanted at the infarcted zone, induced a
reorganization of the ECM architecture, leading to connective tissue deposition and
scar remodeling. These findings were combined with a reduction in end-systolic and
end-diastolic volumes, indicating a preventive effect of the scaffold on ventricular
dilation, and an improvement in cardiac performance [119].

The main limitation in the use of PLA is its degradation products, in particular, lactic
acid, which is a relatively strong acid that can cause an inflammatory response
whenit accumulates internally, accelerating the degradation of the implant and the loss
of its mechanical integrity. Thus, different approaches have been proposed to mitigate
the shortcomings of this synthetic polymer, including the preparation of a copolymer of
lactic acid and glycolic acid: poly (lactic-co-glycolic acid) (PLGA) [131]. PLGA
microparticles were used as a carrier of growth factors to simulate cell proliferation and
organization in vessels [132]. When applied in cardiac regeneration, PLGA
microparticles loaded with human adipose-derived stem cells, hepatocyte growth factor,
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and IGF-1 were incorporated into an injectable hydrogel, to obtain a multifunctional
system able to stimulate the survival and/or differentiation of the grafted cells toward a
cardiac phenotype. Following the growth factors release, an enhanced synthesis of
cardiac differentiation markers was observed, as well as an accelerated cell cycle
progression. Moreover, the addition of the thermosensitive P407 hydrogel to the
microparticulate system led to an improvement of its elasticity properties and an increase
in junction connections in human adipose-derived stem cells [120].

Between the many biopolymer-based scaffolds already studied, poly (vinyl alcohol)
(PVA) devices have a great potential for cardiac tissue engineering because of their
excellentmechanical properties, such as stability and flexibility, conferring an adaptive
behavior towards the strain changes caused by cardiac contractions [133]. Moreover,
PVA retain a significant amount of water or biological fluids, swelling without
dissolving. Dattola

et al. reported on the fabrication of a biocompatible, porous PVA scaffold,
employing a combination of gas-foaming and freeze-drying processes, avoiding any
cross-linking agents. An analysis of the stress—strain curves proved that the obtained
scaffolds were characterized by an elastic behavior similar to that of the muscle ECM,
while the potential applicability as a cardiac device was confirmed by the ability to
support human-induced pluripotent stem cell growth and differentiation into
cardiomyocytes [121].

A useful approach to stimulate cell activity is the surface conjugation of scaffolds with
the RGD (R: arginine; G: glycine; D: aspartic acid) peptide, a well-established cell
adhesion motif. RGD is a tri-amino acid constituting a variety of ECM proteins,
playing a pivotal role in the regulatory functions of many biological activities [134]. In
an interest- ing work, Burgess et al. reports on an alternative approach to promote the
delivery and retention of cardiac progenitor cells into the heart based on an injectable
self-assembling peptide hydrogel functionalized with RGD. The results of the study
demonstrated that CPC cultured in vitro within the hydrogel spontaneously
differentiated towards adult cardiac for one-week phenotypes. Furthermore, after
injection, the hydrogel on its own resulted in a reduction in heart damage, and when
loaded with CPC, was able to retain them for up to 10 days at the injury site, with a
significant reduction in left ventricular dilation [122]. The RGD peptide was

immobilized by aminolysis on a scaffold based on poly(3-hydroxybutyrate-co-4-

221



Section 3- Part A

hydroxybutyrate) [P(3HB-co-4HB)], a bacterial copolymer with desirable mechanical
and physical properties, demonstrating that the surface modifi- cation enhanced the
hydrophilicity of the system, promoted the cell-scaffold interaction, and enhanced the

attachment and proliferation of H9C2 myoblast cells [123] (Figure 3).

>
R

( of bacterial polymer | [ Nano-P(3HB-co-4HB) | [ Nano-P(3HB-co4HB)-RGD peptide | [ In-vitro cel culture studies

Figure 3. Schematic representation of the nano-P(3HB-co-4HB) scaffold. Reproduced
from [123], 2020, Frontiers.

Finally, non-degradable polyacrylate copolymers were proposed as useful materials in
the valve scaffold manufacturing process. The interest towards this class of copolymer is
derived from their highly tunable mechanical properties, high biocompatibility, and the
possibility to be functionalized with various biologics, such as adhesion molecules, binding
repeats, extracellular matrix components, and cytokines. Poly (methoxyethylmethacrylate-
co-diethylaminoethylmethacrylate) was used as a coating agent of non-woven PCL
scaffold and seeded with valve interstitial cells (VIC). The authors observed that VIC
increased the secretion of the elastin-maturing component and of other valve-specific
extracellular matrix components, proving the effectiveness of the proposed valve implants
in promoting VIC adherence and growth, and avoiding their evolution toward a pro-

calcific phenotype [124].

6. Composite and Hybrid Systems in Cardiac Applications

An ideal scaffold for cardiac regeneration should be highly biocompatible, support cell
proliferation, and possess adequate elasticity to not compromise heart contractile function.
To fully satisfy these requirements, composite and hybrid systems are often proposed,

to combine the key properties of the individual components [135,136] (Table 3).
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Table 3. Composite and hybrid biomaterials for cardiac regeneration applications in Italian
research.

Composition Formulation Preparation Model QOutcomes Ref
In vitro In vivo In vitro In vivo
PEG-FBN Patches Radical iPSC NOD Cell growth and Cell growth and [137]
Polymerizarion SCID differentiation differentiation
mice Angiogenesis
BSA-MPs@PEG-CHS- Injectable Radical CMSC .- Cell growth and  --- [138]
FIB Hydrogel Polymerizarion differentiation
BSA-MBs@PEG-FBR Hydrogel Radical HFF .- HaS release .- [139]
Polymerizarion CPC
PEtU-PDMS/FBR Hydrogel Spray phase AMSC .- Cell growth and --- [140]
inversion differentiation
PNIPAAM/HEMAHex Scaffolds Micromolding C2C12 .- Cell adhesion and growth .- [141]
-ALG/GEL
ALG/GEL-PCL Scaffolds Molding HIC2 .- Cell growth and --- [142]
differentiation
ALG/GEL-PDO Scaffolds lonic CPC Rat Cell growth and Restoring of cardiac functions [143]
and chemical differentiation
gelation
PLGA/GEL Scaffolds Solvent casting MsC --- Cell Adhesion and alignment [144]
Cell growth and
differentiation
PEG-HEP Hydrogel Radical MSC Sprague Biocompatibility Cell retention [145]
Polymerizarion MCS Dawley Angiogenesis and engraftment
rats Cell growth
Angiogenesis
PVA/DEX/BCD Hydrogel Molding 3T3 --- Biocompatibility --- [146]
HIc2 Cell growth
CHI/PCP Scaffolds Freeze-drying SH- --- Electrical conductivity --- [147]
SY5Y Biocompatibility
GEL/SWCNT Scaffolds Chemical HIC2 --- Electrical conductivity --- [148]
gelation Biocompatibility
PSHU-PNIPAAM/ Scaffolds Condensation NRVM --- Long term cells survival --- [149]
MWCNT Cell growth and
differentiation
PLA/MNP Films Spin-coated H9C2 --- Biocompatibility --- [150]
assisted Cell adhesion
deposition Cell growth and
differentiation
CaP Nanoparticles Precipitation HL-1CM Mice Biocompatibility MiRNA delivery [151]
SiO2 Nanoparticles Water-in-oil MsC --- Cell adhesion --- [152]
microemulsion Cell growth and

differentiation

3T3: mouse fibroblast; ALG: Alginate; AMSC: human amniotic mesenchymal stromal cells; BSA: Bovine Serum Albumin; C2C12:
mouse myoblast; CaP: calcium phosphate; CD: Cyclodextrin; CHS: chondroitin sulfate; CMSC: Cardiac Mesenchymal Stem Cells;
CPC: Cardiac progenitor cells; DEX: Dextran; FBN: Fibrinogen; FBR: Fibrin; FIB: Fibroin; GEL: Gelatin; H9C2: Rat embryo
ventricular cardiomyocytes; HEMAHex: 2-hydroxyethylmethacrylate-6-hydroxyhexanoate; HEP: Heparin; HFF: human foreskin
fibroblasts; HL-1: Cardiac Muscle Cell Line; iPSC: pluripotent stem cells; MBs: Microbubbles; MCS: Mononuclear cells from Sprague
Dawley rats; MNP: magnetic nanoparticles; MPs: Microparticles; MSC: Mesenchymal stem cells; MWCNT: Multi-Walled Carbon
Nanotubes; PNIPAAm: Poly-N-isopropylacrylamide; NRVM: Neonatal Rat Ventricular Myocytes; PCL: polycaprolactone; PCP: pyrolysed
cork powder; PLA: poly(lactic acid); PLGA: poly(lactic-co-glycolic acid); PDMS: polydimethylsiloxane; PDO: Polydioxanone; PEG:
poly(ethylene glycol); PEtU: poly(ether)urethane;PSHU: poly(serinol hexamethylene urea);PVA: polyvinylalcohol; SH-SY5Y:
Neuroblastoma cell line; SHU: serinol hexamethylene urea; SWCNT: Single-Walled Carbon Nanotubes.
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7. Composite Materials

Pure fibrinogen or fibrin scaffolds often suffer from some limitations related to their
poor mechanical properties that may restrict their field of use [153]. Thus, fibrinogen
or fibrin were combined with synthetic polymers in order to reinforce the whole
structure, improve the elasticity, and the resistance to deformation forces [154].

Poly (ethylene glycol)-fibrinogen scaffolds were loaded with iPSC cells bioengineered to
secrete placental growth factor and matrix metalloproteinase 9 factors involved in vas-
cularization and engraftment processes. When injected in infarcted rat myocardium, an
improved revascularization and hemodynamic parameters were recorded, together with
an interesting functional integration of allograft-derived cells and host myocardium [137].
Hydrogels based on FIB and polyethylene-glycol-diacrylated were prepared by photopoly-
merization and proposed as sponge-like scaffolds and injectable carriers for cardiac mes-
enchymal stem cell differentiation. Bovine serum albumin microspheres were added to
the hydrogel system to increase the porosity and cell-adhesive properties of the material.
Good viability and expression of proteins characteristic of the initial phases of the cardiac
muscle differentiation process were recorded, with a further increase in the cell viability
after the addition of chondroitin sulfate into the scaffolds [138].

In another work, enzyme-coated bovine serum albumin microbubbles able to catalyze the
H>S release were loaded into a polyethylene glycol-fibrinogen hydrogel in order to
favor the proliferation and differentiation of human Sca-1 pos cardiac progenitor cells
(hCPC), with micropores within the scaffold serving as biological cues to promote cell
attachment and maintain cell morphology. The authors claimed the possibility to em-
ploy this HzS-releasing 3D scaffolds to minimize the ischemic effects and reperfusion
damages in the implant site thanks to the properties of the H»S [139]. In addition, FBR
layers were reinforced with poly(ether)urethane—polydimethylsiloxane, obtaining a semi-
interpenetrating polymeric network with desirable elastic properties and able to sustain
growth and differentiation of human amniotic mesenchymal stromal cells [140].

The combination of an ALG/GEL blend with poly(N-isopropylacrylamide)-co-2-
hydroxyethylmethacrylate-6-hydroxyhexanoate by the micromolding technique carried
out to the fabrication of 3D scaffolds with cardiac ECM-like microarchitecture. Due to
their favorable properties, such as superficial microporosity, elastic behavior, and

anisotropic properties similar to that of an adult human left ventricular myocardium, the
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materials wereproposed as effective scaffolds for myoblast proliferation and differentiation
[141]. In order to reinforce the performances of the 20:80 ALG/GEL sponge blend and
improve the sutur- ing properties of the final system [78], fibrous structures based on
polycaprolactone (PCL) were inserted. The resulting material perfectly combined the
hydrophilicity of the natural blend and the mechanical properties of the synthetic
polymer without compromising thebiocompatibility [142].

Polydioxanone was also investigated as a reinforcing agent of an ALG/GEL blend
functionalized with IGF-1, using the avidin—biotin-binding strategy, with the in vitro
andin vivo biological characterization demonstrating the enhanced cell adhesion and
long- term retention after implantation on the damaged myocardium, together with an
improved suture ability [143].

A PLGA/GEL-based biomaterial with controlled degradation Kinetics was proposed as
a scaffold for human MSC. The system, mimicking the anisotropic structure and the
mechanical properties of cardiac tissue, has found to promote adhesion, long-term
viabil- ity, and ordered disposition of MSC, as a confirmation of its suitability in
restoration of myocardium viability [144]. Ciuffreda et al. proposed a hydrogel system
based on PEG and acrylated heparin (HEP) as a synthetic substitute for the extracellular
matrix, with the aim to couple the well-known treatments of ischemic heart disease by
MSC transplantation with the ability of heparinized biomaterials to stimulate angiogenesis
in both subcutaneous implants and wound healing models. The authors found a
significant increase in MSC engraftment, a reduction in ventricular remodeling,
stimulation of neo-vasculogenesis, and an increase in several pro-angiogenic factors
[145]. Zuluga et al. proposed the delivery of Astaxanthin, an FDA approved
xanthophyll carotenoid derivative, by a composite hydrogel consisting of polyvinyl
alcohol/dextran/cyclodextrins. Astaxanthin allows the mitigation of oxidative stress in

the heart by blocking ROS and reducing the myofibril stress [146].

8. Hybrid and Inorganic Materials

In order to improve the performance of the cardiac scaffolds in terms of mechanical,
electrical, and functional properties, inorganic counterparts were combined to natural or
synthetic polymers to obtain hybrid systems with superior features.

The work of Scalera et al. was designed to address the limitation of the low electro-
conductivity of CHI-based materials [147]. In detail, due to the well-known
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possibility to improve the conductivity of different types of biomaterials by
incorporation of carbon nanostructures [155], the authors focused their attention on the
production of graphitic materials from natural sources, and from pyrolyzed cork in
particular. The investigation of the scaffold properties clearly proved the enhanced
conductivity and mechanical properties of CHI materials upon incorporation of
inorganic carbon, without affecting the high biocompatibility and the degradation
patterns. Interestingly, a sample containing 1% (byweight) of carbon filler was found to
possess electro-conductivity close to that of cardiac muscle, while the pyrolyzed cork is
intended to match with the objectives of the European Green Deal.

Another therapeutic approach is the mitigation of the oxidative stress in the infarcted
heart. In this regard, Hao et al. explored the possibility to use fullerenol nanoparticles
loaded into an injectable ALG hydrogel network as an antioxidant vehicle for cell re-
lease [156]. The presence of fullerenol was found to be able to scavenge superoxide
anions and hydroxyl radicals, thus ensuring cardiomyogenic differentiation of brown
adipose tissue. Single-walled carbon nanotubes (SWCNT) were embedded in a GEL
crosslinked matrix and used as scaffolds for the H9C2 cell line. By varying the
SWNCT amount, the mechanical, electrical, and biological behaviors of the hybrid
system could be tuned, while the phenotypical changes in the H9C2 cell line was
evaluated by modifying the culture medium composition. In particular, the best result in
terms of cell differentiation was obtained with fetal bovine serum and all-trans retinoic
acid concentrations of 1%and 50 nm, respectively [148]. Hybrid injectable biomimetic
scaffolds were obtained by the covalent functionalization of lysine-derivatized
poly(serinol hexamethylene urea)-co- poly(N-isopropylacrylamide) (RGT-lysine) with
multi-walled carbon nanotubes (MWCNT). The copolymer guaranteed a sol-gel phase
transition near to body temperature, ideal for biomedical applications, whereas the
MWCNT improved the rheological and electrical properties. The results of the biological
assays suggested that the chemical conjugation of MWCNT to RGT-lysine enhanced the
biocompatibility of the system, with the obtained hybrid scaffold showing an improved
long-term cardiac cell survival (up to 21 d), prolifer-ation, and function compared to the
same material obtained in absence of MWCNT [149]. Magnetic nanoparticles (MNPs)
were also employed as inorganic counterparts of

PLA to obtain ultrathin nanofilms. Since the MNP content affected the roughness and

wettability of the scaffold, different materials were prepared and the effect of the
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surface properties on cytocompatibility, adhesion, proliferation, and differentiation of
HOC2 eval- uated. It was found that the MNPs did not compromise cell viability,
improving their adhesion, proliferation, and differentiation properties [150].

Totally inorganic nanoparticles were investigated as scaffolds or delivery systems of
bioactive materials into cardiac tissue. Due to the similarity with the main inorganic
compo- nent of bones, teeth, and some pathological calcification, calcium phosphate
nanoparticles were proposed as a promising platform for in vitro and in vivo miRNA
delivery in po- larized tissue, such as the heart. The advantage of using this kind of
material lies in their high biocompatibility and pH-sensitive stability, allowing for the
complete release of their payload in biological acidic environments, such as endosomes
and lysosomes [151]. In another approach, the ability of silica nanoparticles (SiO2-NP) to
facilitate stem cell adhesion capability on cardiac tissue was investigated. SiO.-NP
treatment increases the surface expression of the gap junctions on MSC, increasing the

intercellular communications with cardiomyoblasts in an ischemia-like environment [152].

9. Conclusions and Perspectives

Irreversible damage to cardiac tissue after myocardial infarction is the main cause of a
progressive loss of organ function that often evolves into heart failure and death.
Cardiac tissue regeneration based on biomaterial scaffolds represents an emerging
therapeutic strategy to repair the injured heart and improve heart function. Natural or
synthetic polymers have attracted much interest for the development of biocompatible
supports able to promote the direct transplantation of cells into the injured
environment, act as replacement tissues, stimulate the organ in the regeneration of
damaged tissues through direct administration of growth factors, and ensure the
implantation of polymeric sup- ports able to recruit and stimulate the patient’s own
cells. This review paper covers the broad range of polymeric materials used for cardiac
regeneration purposes developed by the Italian scientific community, highlighting the
formulation strategies as well as main outcome results.

The majority of studies dealt with the evaluation of cardiac scaffolds and patches as
cell delivering systems, promoting stem cell proliferation and differentiation. The high
similarity with the ECM makes the polysaccharides/protein composites the most
widely proposed starting materials, with most studies covering alginate and gelatin
derivatives. Furthermore, synthetic polymers and inorganic nanoparticles are often added
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to the natural system to modulate the mechanical and rheological properties and confer
electrical conduc- tivity, respectively. The outcomes of the studies are at a preliminary
but promising stage, underlining the huge interest in the field, as well as that a more
exhaustive and critical eval- uation of the preclinical data is required before setting up
clinical trials. The main issuesare the mechanical stability, immunogenic responses, and a
proper integration within the host myocardium. A possible answer to these challenges
could be the design of a cardiacpatch able to treat the harmful consequences of MI and, at
the same time, to restore proper cardiac functionalities by delivering specific biological
Cues.

It should be also underlined that the results of the current clinical trials demonstrated the
safety of the proposed patched, while not fully showing their effectiveness in termsof
cardiac regeneration, as recorded in the preclinical studies. Clearly, the presence ofa
gap between the preclinical studies and clinical applications could be filled by the proper
exchange of information and synergy between scientists working in different research
areas, including technologists, engineers, and clinicians. Only by matching the
biomedical requirements with tailored formulation protocols would it be possible to
provide insight and valuable strategies that might lead to the lab-bench-to-clinic translation

of cardiac biomaterials.
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PART B

Chitosan membranes filled with Cyclosporine A as possible devices for
local administration of drugs in the treatment of breast cancer

Abstract

The aim of this work is the design, preparation and characterization of membranes based
on cyclosporine A (CsA) and chitosan carboxylate (CC) to be used as an implantable
subcutaneous medical device for a prolonged therapeutic effect in the treatment of breast
cancer. The choice to use CsA is due to literature data that have demonstrated its possible
antitumor activity on different types of neoplastic cells. To this end, CsA was bound to CC
through an amidation reaction to obtain a prodrug to be dispersed in a chitosan-based
polymeric membrane. The reaction intermediates and the final product were characterized
by Fourier transform infrared spectroscopy (FT-IR) and proton nuclear magnetic resonance
(1H-NMR). Membranes were analyzed by differential scanning calorimetry (DSC) and
scanning electron microscopy (SEM). The data obtained showed the effective formation of
the amide bond between CsA and CC and the complete dispersion of CsA inside the
polymeric membrane. Furthermore, preliminary tests, conducted on MDA-MB-231, a type
of breast cancer cell line, have shown a high reduction in the proliferation of cancer cells.
These results indicate the possibility of using the obtained membranes as an interesting

strategy for the release of cyclosporin-A in breast cancer patients.

Keywords: membrane; cyclosporine A; chitosan; carboxylated chitosan; breast cancer
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1.Introduction

Breast cancer is one of the most diffused neoplastic diseases among women, whose
therapeutic approach is based on various methods that include surgical removal, chemo- or
radiotherapy and treatment with monoclonal antibodies. Innumerable are the side effects
deriving from these therapies, and some of them are related to the cytotoxic activity of drugs
that act indistinctly both on cancer cells and on healthy ones. The severe side effects, such as
nausea, vomiting, diarrhea, mucositis and myelosuppression, decrease the life quality of the
patients. One approach to reduce side effects is to localize the drug to tumors and cancer cells.
Local administration of anticancer drugs is already clinically applied. [1] In this approach it is
beneficial to increase the residence time of a drug at the administration site. This can be
achieved through a carrier matrix that remains at the site of administration and releases
therapeutic substances in a controlled manner. Examples of systems for local administration
are injectable in situ gelling materials [2-4], beads [5], inhalable particles [6-8], nanocarriers
that remain at the site of administration [9-11], microneedles [12,13], liquid crystalline phases
[14], creams and ointments [15,16] and metal drug releasing implants [17,18]. Nowadays, in
the literature, it is reported that the use of subcutaneous implants as drug delivery systems
allows to prolong the release of drugs with different characteristics in various parts of the body
[19-21]. Moreover, to be functional, these devices must show a certain biocompatibility with
the reference tissues [22,23]. Natural or synthetic polymeric materials are often used, and
possess a high degree of biocompatibility, reduced toxicity, and considerable biodegradability
[24-26]. For this reason, the aim of this work was to design implantable dense polymeric
membranes, able to prolong the release of a drug directly to the site of action, to guarantee a
homogeneous distribution of the same and be able to minimize side effects. In this approach, a
dense membrane can act as a vector for the prolonged release of a drug when placed in contact
with a neoplastic lesion. Dense membranes consist of a dense structure in which the drug can
be transported by diffusion under the driving force of a pressure, concentration, or electrical
potential gradient. One of the main physical methods to control the release using a polymeric

system is membrane permeation controlled (MPC) release. In this system, the drug is

247



Section 3- Part B

incorporated into a polymeric membrane and the rate of drug release depends on its diffusion
through the membrane. The drug used in this work was CsA, which is a neutral cyclic
polypeptide that is considered a powerful immunosuppressant and used in clinical practice in
the prevention and treatment of rejection of organ transplants. For many years it was used as a
drug of choice in the topical and systemic treatment of dermatological pathologies (psoriasis,
atopic dermatitis, alopecia), of autoimmune ones (lupus), of rheumatoid arthritis and of
autoimmune uveitis [27,28]. Recent studies have also demonstrated the possible antitumor
activity of this molecule on different types of neoplastic cells [29]. The mechanism of action
by which CsA inhibits the proliferation of tumor cells is based on an inhibition of their
glycolytic process due to the absence of energy. It exerts a down regulation against the
enzyme pyruvate kinase M2, responsible to produce ATP in the final stages of glycolysis [30].
For this reason, as the energy reserves of the cancer cell cease to exist, it is unable to perform
the normal functions of the cell cycle, which stops in the G1/S phase, causing cell death.
Being a classical immunosuppressant, systemic administration of CsA in patients with breast
tumors can compromise the host’s anticancer responses and be harmful. Unfortunately,
cyclosporine, a lipophilic drug, is characterized by low solubility and consequent poor oral
bioavailability. It also has a narrow therapeutic index and therefore the potential to induce
renal toxicity. In this context, an effective, non-toxic, stable and patient-friendly formulation
may be useful because it could inhibit the proliferation of breast cancer without affecting
general immunity and reducing nephrotoxicity. In particular, the local application of
cyclosporine appears to be advantageous as it compromises the suppressive function of the
regulatory CD4+, CD25+ and Foxp3 T lymphocytes that infiltrate into tumor tissues [30].
However, this drug, due to its high molecular weight, is unable to distribute evenly and
penetrate the stratum corneum of the skin and reach the target site unaffected after its
administration. In this regard, the polymer used, chitosan, allows the administration of highly
lipophilic drugs, such as CsA, not only orally but also topically. [31]. In particular, the
chitosan, a natural polymer derived from chitin, causes an increase in the permeability of the
epithelial membrane that favors the permanence of the drug at the absorption site and its
paracellular transport [32—34]. Specifically, in this work, CsA, after being covalently linked
with the carboxylated chitosan, was dispersed inside a polymeric matrix based on chitosan

which was subsequently subjected to contact with the target site, facilitating the dispersion of
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the drug thanks to a high permeability and flow. The reaction intermediates and the final
product were characterized by means of Fourier transform infrared spectroscopy and proton
nuclear magnetic resonance. The membranes were analyzed by differential scanning
calorimetry and scanning electron microscopy. The obtained data showed the effective
formation of the amide bond between the CsA and CC and complete dispersion of the CsA
inside the polymeric membrane. Preliminary tests conducted on MDA-MB-231, a highly
aggressive, invasive and poorly differentiated triple negative breast cancer (TNBC) cell line,
have demonstrated antitumor activity considering the high reduction in tumor cell

proliferation.

2. Materials and Methods

2.1 Materials

For the synthesis of the prodrug, the following materials were used: medium-
molecular-weight chitosan purchased from Sigma Aldrich (St. Louis, MO, USA),
orthophosphoric acid (HsPO4) 85% purchased from Carlo Erba Reagenti (Milan, Italy), nitrite
of sodium (NaNO2), 85% formic acid, bromoacetyl bromide purchased from Sigma Aldrich,
sodium bicarbonate (NaHCO3), sodium sulfate (Na;SQO4), dimethylaminopyridine (DMAP),
dimethylformamide (DMF), phosphate buffer (PBS), sodium azide, diisopropylethylamine
(DIPEA), dicyclohexylcarbodiimide (DCC), ethyl 1- 3 dimethylaminopropylcarbodiimide
(EDC), hydrochloric acid (HCI), sodium chloride (NaCl), and triphenylphosphine purchased
from Fluka Chemika-Biochemika (Buchs, Switzerland). The solvents used were
dichloromethane, chloroform, tetrahydrofuran, diethyl ether, ethanol, methanol, acetone and
cold ethyl ether, purchased from VWR Chemicals Prolabo (Milano, Italy), Fluka
Chemika-Biochemika (Buchs, Switzerland) and LabScan Analytical Sciences (Gliwice,
Poland). Methylene blue was purchased from BDH Analytical Chemicals (Ontario, Canada).
Ciclosporin (molecular weight 1202.61 g/mol) was purchased from Farmalabor Srl (Bari,
Italy). For the preparation of the membranes, the chitosan (average molecular weight)
purchased from Aldrich (St. Louis, MO, USA), PVA (Polyvinyl alcohol 13,000-23,000
Dalton, 98% hydrolyzed, Sigma Aldrich), acetic acid purchased from VWR Chemicals

Prolabo, multi-well plates purchased from thermo-scientific (Milano, Italy) and distilled water
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were used.

2.2 Cell Culture

Human breast cancer MDA-MB-231 were acquired from Interlab Cell Line Collection (ICLC,
Genova, lItaly), where they were authenticated. Cells were stored according to supplier’s
instructions and used within 6 months after frozen aliquot resuscitations. MDA-MB-231 were
cultured in Dulbecco’s Modified Eagle’s medium-F12 plus glutamax containing 5% fetal
bovine serum (Invitrogen, Carlsbad, CA, USA), and 1 mg/mL penicillin—streptomycin at 37
°C with 5% CO> air. Mycoplasma negativity was tested monthly (MycoAlert, Lonza, Basel,

Switzerland).

2.3 Instruments

The 'H-NMR spectra were realized through a Bruker VM 30 spectrophotometer (Bruker,
Ettlingen, Germany). The FT-IR spectra were processed through a Jasco 4200
spectrophotometer (Jasco Europe S.R.L, Lecco, Italy). The spectra UV-Vis were recorded with
a Jasco V-530 UV/Vis spectrophotometer (Thermo Fisher Scientific, Monza, Italy).
Differential scanning calorimetry (DSC) was performed with a DSC 200 PC Netzsch
instrument (NETZSCH-Gerdtebau GmbH, Verona, Italy). The micrographs of the membranes
were carried out using an electronic scanning microscope (SEM) (FELMI-ZFE, Graz, Austria) FEI
Quanta 200, FEG (field emission gun) with a 0.5-30 Kv voltage and anEDX Oxford Inca 300
system. The samples were sputtered with gold before the SEM analysis. The solvents were
removed using a Buchi Rotavapor R Il (Buchi, Cornaredo, Italy), while the lyophilization of
some compounds was carried out through an Edwards “Freezing-drying” Micro Modulyo
(Thermo Electron Corporation, Gormley, ON, Canada). The evaporation of the membranes
and their complete drying were carried out with a stove for vacuum drying (Thermo Fisher
Scientific; Waltham; MA; USA).

2.4 Synthesis of Carboxylated Chitosan (CC)
In a three-necked flask fitted with a reflux condenser, magnetic stirrer, meticulously flamed
under a nitrogen stream (inert atmosphere), 1 g of chitosan and 40 mL of H3PO4 at85% were

added. After 1 h, 3 g of sodium nitrite (0.043 mol) were added, and the solutionwas kept under
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vigorous stirring for about 5 min. The addition of 3 g of sodium nitrite (0.043 mol) was
repeated twice more, keeping everything under magnetic stirrer for 1 h and 15 min. At the end
of the third addition, 10 mL of formic acid was added to neutralizethe sodium nitrite excess. The
compound was then precipitated with 400 mL of cold ethylether and 100 mL of acetone under
stirring for 30 min and was filtered and washed with distilled H.O and ethanol (100 mL).
Subsequently, a further washing was carried out with diethyl ether and methanol to obtain a

product which was dried under vacuum and characterized by FT-IR [39].

2.5 Determination of Carboxylic Groups Content

The carboxylate chitosan (0.05 g) was suspended in a solution consisting of 2.5 mL ofphosphate
buffer (pH 8.0) and 2.5 mL of aqueous methylene blue solution and then wasfiltered, acidified
with 1 mL of HCI 0.1 N, and added with 8 mL of distilled water. The determination of the
carboxylic groups was performed using a UV-Vis spectrophotometer through a method that
involves the analysis of the test sample containing methylene blue. This sample bind carboxyl
groups and tends to decrease its concentration within the solution; the resulting amount of
unabsorbed methylene blue has been used in the following equation 1 to determine the actual

content of carboxyl groups [40]:

(7,5—A)x 0,00313
E

mmol COOH / g dry sample =

A =non-absorbed amount of methylene blue.

E = CC amount in grams.

2.6 Synthesis of CSA- CC

In a two-necked flask under magnetic stirrer for about 1 h, 0.06 g (4.98 x 10—5 mol) of CsA, 1
mL of bromoacetyl bromide (0.013 mol) and 0.03 g of dimethylaminopyridine (2.45% 10—4
mol) were added. The progression of the reaction was monitored by TLC (silica gel) using
chloroform-methanol (6:4) as eluent mixture. At the same time, an aqueous solution
containing 7.5 mL of distilled water and 1.15 g of NaHCO3 (0.0136 mol) was prepared. This
last was added to the compound contained in the flask. The two phases were separated by

performing an extraction with dichloromethane (6 mL). After that, the organic phase was
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treated with Na2SO4 to remove the residual water, washed with dichloromethane and then
filtered. The product was evaporated, lyophilized, characterized to 1H-NMR to give
0.578 g. Successively, 0.578 g (4.4 x 10~—4 mol) of productwere added to 20 mL of DMF and

0.0310 g (4.78 x 104 mol) of sodium azide, to obtain a solution which was left under
magnetic stirrer for 24 h. The mixture was evaporated, and the residue was dispersed in
dichloromethane (60 mL) and washed with an aqueous solution containing NaCl. Then, the
organic phase was a hydride with Na>SOg, filtered and evaporated. The residue was dried and
dissolved in 2 mL of dry tetrahydrofuran under magnetic stirrer. In the mixture, 0.000143 g
(5.45 x 10~ mol) of tri-phenyl phosphineand 41 uL of distilled water were added and stirred
for 18 h. The solvent was evaporated, and the obtained residue was dissolved in 100 mL of
ether and in a cold solution of HCI in ether to facilitate its precipitation. The residue was
dissolved in ethyl ether and n- hexane, evaporated, frozen and lyophilized. At the obtained
product, 125 mL (1.95 mol)of dichloromethane, 0.37 mL (2.12 x 10~3 mol) of DIPEA, 0.044
g (2.83 x 104 mol) of EDC, 0.162 g (7.86 x 104 mol) and 0.172 g of CC were added. The

reaction was kept under magnetic stirring for 24 h, then the product was filtered and dried
under vacuum [41,42].

252



Section 3- Part B

2.7 Preparation of Chitosan (CM) and Membranes Chitosan (CMCsCC) Membranes

Dense membranes consist of dense structure presenting no detectable pore at the limits of
electron microscopy. A mixture of molecules is transported through dense membranes by
diffusion under the driving force of a pressure, concentration, or electrical potential gradient.
Dense membranes may have a symmetric or an asymmetric structure. Dense membranes were
prepared by phase inversion induced by solvent evaporation. Amixture of 0.15 g of chitosan in
5 mL of acetic acid solution (3%) was stirred for 24 h in avial placed inside an oil bath at 40
°C. One milliliter of this solution was then placed in amulti-well plate and dried at 80 °C for 4

h [43]. Table 1 shows other examples of membranes made with this procedure.

Table 1. Membranes based on chitosan and other components.

Membranes Chitosan Acetic acid Solution CsACC
(ml)
CM* 015g 5mL
CM*2 + Csacc 015¢g 5mL 0.017 g

*1 Chitosan Membranes. *? Chitosan Membranes + Ciclosporine
A-Carboxylated Chitosan.

2.8 In Vitro Skin Permeation Studies

Skin permeation studies were performed by using Franz diffusion cells apparatus with
cellulose acetate membranes and pig skin (furnished from local butcher) for 24 h. The
apparatus was maintained at 37 °C to mimic physiological conditions. Receptor chambers (7.0
mL) were filled with NaCl 0.9% solution containing ethanol (20%) and kept under stirring.
Unloaded chitosan membranes were used as control. At specific time intervals (1, 2, 4, 8, 10,
and 24 h) an aliquot (1 mL) of each sample was withdrawn from receptor chambers and
replaced with fresh release medium. Samples were analyzed through UV- Vis
spectrophotometry and drug release profiles were expressed as percentage of drug released

respective to the total loaded amount in function of time.
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2.9 Localization of CsA in Skin (CLSM Study)

Confocal laser scanning microscopy (CLSM) (Leica Microsystems Srl, Milan, Italy) was
carried out to see the depth of permeation of a fluorescent lipophilic substance as a model drug
like coumarine-6. The dye loaded membranes were applied on the pig skin and kept for 24 h in
the permeation experiment. At the end of the experiment, the excess formulation was removed
from the skin surface. The skin was washed 3 times with phosphate buffer (pH 7.4) and dried.
Specimens were embedded in optimal cutting temperature compound (Tissue-Tek, Sakura
Finetek Europe, Alphen aan den Rijin, The Netherlands) and stored at —80 °C. Cryostat-cut
skin sections (16 pwm thick) were mounted on slides and nuclei counterstained with Vectashield
solution containing 1.5 pg/mL 4',6- diamidino2-phenylindole (DAPI; Vector Laboratories,
Burlingame, CA, USA). Images were acquired using a confocal microscope (Leica TC-SP2

Confocal System, Leica Microsystem Srl, Milan, Italy).

2. 10 Cell Proliferation Assays

MDA-MB-231 cells were seeded, in triplicate, in 6-well plates in a regular growth medium.
On the second day, the cells were synchronized in serum free media (SFM) for 24 h, so that
most of the cells belonged to a population in the same cell cycle phase, to avoid growth
differences among cells. The following day, cells were put in contact with chitosan, CsA,
carboxylated chitosan, CSACC and membrane based on chitosan + CSACC. After 72 h,
MDA-MB-231 cells were harvested by trypsinization and collected in Eppendorf. All
collected samples were incubated in a 0.5% trypan blue solution for 1 min at room
temperature. Cell viability was determined by Countess Automated Cell Counter
(NucleoCounter® NC-202, Gydevang, Denmark) [44].

3.Results and Discussion

3.1 CsACC Synthesis and Characterization
CsACC was obtained through an amidation reaction that favored the covalent bond between
the derivatized CsA and the carboxylated chitosan. Cyclosporin A (1) was initially esterified

with bromoacetyl-bromide in the presence of DMAP to form the corresponding ester (2).
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Subsequently, with the addition of sodium azide in the presence of DMF, the bromine atom
was replaced by a azide anion (3) to then be reduced to the amine form after addition of
triphenyl phosphine, water, and anhydrous tetrahydrofuran (4). The amino group, in the
presence of DIPEA, DCC and EDC, showed the formation of a bond with the CC carboxyl
group (5) (Figure 1).
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The intermediates of the reaction were characterized. The CC was characterized by
spectroscopic techniques. FT-IR (KBr) v (cm—1): 3435 (OH), 2925, 2855, 2833 (CH
aliphatics), 1719(C=0) 1362 (OH) (Figure 2b). "H-NMR (DMSO-d6): 11.2 (bs, 1H), 5.54 (m,
1H), 5.04 (bs, 2H), 4.40 (m, 1H), 3.50 (m, 1H), 3.02 (m, 1H), 2.21 (m, 1H). Yield: 0.8 g. The
CsACC

derivate was also characterized by FT-IR and !H-NMR. FT-IR spectrum shows the presence
of a new band at 1621 cm™* correlated to the stretching vibration of the C=0 amide (Figure
2a). 'H-NMR analysis has provided a very broad and complex spectrum in CDCl3 in which the
signals of the N-methyl groups (3 ppm) and those related to CHz in the side chain of different
amino acid residues (1 ppm) are evident (Figure 3). In this spectrum, the signals of CH and
CH of chitosan between 3-4 ppm are also evident. The DSC curves of the carboxylated
chitosan (b) and the CsACC derivative (a) are shown in Figure 4. The CC showed an
endothermic peak at 205 °C, the amide derivate at 207 °C, and the CsA (curve not shown) at
244 °C.
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Figure 2. FT-IR of CsACC (a), CC (b), CsA (c).
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Figure 3. IH-NMR spectrum of CsACC.
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Figure 4. DSC curve of CSACC (a), CC (b).
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The membranes were characterized by FT-IR and electronic scanning microscopy (SEM).
Characterization by FT-IR revealed that the spectrum of chitosan did not change, despite the

composition of the membranes being modified (Figure 5).
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Figure 5. FT-IR of membrane based on chitosan (@), chitosan + CSACC (b).
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3.2 Characterization of Membranes

The obtained membranes were characterized by SEM micrographies. The results showed that
the membrane based on chitosan (a), and chitosan + CsaCC (b) appear dense. However, from
figure (b) is evident the presence of the CSACC derivative that appears like filaments that

protrude from the membranes (Figure 6).

a b

Figure 6. SEM photomicrographies of the membrane based on chitosan (a), and chitosan + CSACC (b). The
images are taken at 10 Kx magnification.

3.3 Skin Permeation Studies

To have dermatological formulations and further modulate CsA release, this drug and its
prodrug were used to obtain various membranes of chitosan that were then subjected to
transdermal release studies to evaluate their potential application and efficacy in oncological
diseases treatment. Drug release profiles were evaluated by using Franz diffusion cells with
membranes or pigskin. Synthetic membranes, in addition to pig skin, were used because
cyclosporine is characterized by a specific absorbance range (A = 195-215 nm) and, therefore,
can interfere with several skin components, such as lipid and proteins, that adsorb at similar
wavelengths [35,36]. The presence of skin components in receptor chambers can be attributed
to the release medium composition (0.9% NaCl/ethanol 20%) since ethanol can promote

260



Section 3- Part B

phospholipid mobility [37]. Ethanol was added to the release medium since cyclosporine is
soluble in ethanol but not in water [38]. To further eliminate the risk of possible interferences,
a 14 kDa cut-off membrane was used. In fact, the obtained data showed, by comparing release
studies carried out using pig skin and cellulose acetate membrane, an absence of significant
interferences. Drug release studies were performed on dermatological formulations at different
time intervals (1, 4, 8, 12, and 24 h). Drug release profiles were determined by UV-Vis
spectrometry and expressed as percentage of the drug released with respect to the total loaded
amount as a function of time. Data showed that, with cellulose acetate membrane, cyclosporin
A was released within 8 h from the membranes, in quantities ranging from 0.15% (membrane
CHIT + prodrug) to 0.9% (membrane CHIT + CsA) of the total loaded amount. After 1 h,
release was not observed from membrane containing free CsA. Instead, the release from
membrane containing the prodrug stopped after 4 h. Studies conducted by means of pig skin
revealed a total CsA percentage of 4.2% for membrane containing the free CsA and of 2.7%
for membrane containing the prodrug, within 24 h. The higher percentage of cyclosporine
released using pig skin is probably due to the presence of skin components as previously
pointed out. After that, to evaluate if CsA had been released from the membrane in the pig
skin, given the low percentage present in the acceptor compartment after carrying out the
transdermal release, the chitosan membranes were solubilized and subjected to observation on
a UV-Vis spectrophotometer in the range of 195-215 nm. The obtained results revealed the
presence of percentage of free CsA and prodrug equal to 21% and 18%, respectively. This
result suggests that the remaining portions are placed in the pig skin used during transdermal
birth. To validate this hypothesis, chitosan membranes were also prepared using coumarin-6 as
a model drug, being a particularly lipophilic substance in analogy to CsA. An observational
skin study was performed to verify how coumarin arranged itself within the pig’s skin after
transdermal release. Fluorescence microscopy imaging (CLSM) was used to visualize its
distribution and penetration depth through the pig skin. As clearly visible in Figure 7, the
coumarin-6 was found to be concentrated into the dermis layer of the pig skin after release
from membrane containing free CsA as compared to control chitosan membrane. On the other
hand, coumarin-6 released from membrane containing the CsA prodrug was positioned both
on the shin surface and in the more internal layer, probably the subcutaneous one. Obtained

results represent a starting point. Other studies are required to verify with certainty the
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effectiveness of the prepared membranes and the release mechanisms of CsA.

nuclei coumarin-6 merge

CTR...
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A

Figure 7. Confocal imagine of chitosan membrane (CTR), membrane based on free CsA containing coumarin-6

(a), and membrane based on CsACC containing cumarin-6 (b).

3.4 Cell Proliferation Assays

The effects of CSACC membranes and CsA free on the viability processes of cellulose in
human breast cancer cells MDA-MB-231, were analyzed by cell proliferation assay. At the
concentrations used in the experiment, after 72 h of treatment, significant biological effects

were observed in our experimental model. In particular, the results obtained showed a
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significant decrease in cell viability especially in cells treated with CSACC and with chitosan
mixed with free CsA. This effect is not observed by treating the cells uniquely with CsA at the
same concentration with which it is present in the membranes (Figure 8).
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Figure 8. Cell proliferation assay on MDA-MB-231 cell lines of chitosan membranes with and without CsA.

4. Conclusions

The present work aimed to design and realize CsACC-based membranes that were potentially
useful in the treatment of breast cancer in the form of subcutaneous implants. The membranes
obtained were prepared starting from the polymeric product based on carboxylated chitosan
and cyclosporin A. Such precursor was obtained by reaction of amidation of the active
principle with the previous carboxylated chitosan and characterized by FT-IR and DSC. In
vitro permeation studies showed that membranes could potentially release the cyclosporin-A
in the skin internal layers. In addition, membranes containing both CSACC membranes and
free CsA showed a significant decrease in human breast cancer MDA-MB-231 cell viability.
This effect is not observed by treating the cells uniquely with free CsA at the same
concentration with which it is present in the membranes. Therefore, the obtained membranes
could be an interesting strategy for the delivery of cyclosporin-A in patients affected by breast

cancer to limit itssystemic toxicity.

263



Section 3- Part B

REFERENCES

Sonia Trombino, Federica Curcio, Teresa Poerio, Michele Pellegrino, Rossella Russo,

Roberta Cassano. Chitosan membranes filled with Cyclosporine A as possible devices for

local administration of drugs in the treatment of breast cancer. Molecules, 2021, 26, 1889.

1. Budker, V.G.; Monahan, S.D.; Subbotin, V.M. Loco-regional cancer drug therapy:
Present approaches and rapidly reversible hydrophobization (RRH) of therapeutic
agents as the future direction. Drug Discov. Today 2014, 19, 1855-1870.

2. Chou, H.S.; Larsson, M.; Hsiao, M.H.; Chen, Y.C.; Rdéding, M.; Nydén, M.; Liu,
D.M. Injectable insulin-lysozyme-loaded nanogels with enzymatically-controlled
degradation and release for basal insulin treatment: In vitro characterization and in
vivo observation. J. Control. Release 2016, 224, 33-42.

3. Hsiao, M.H.; Chiou, S.H.; Larsson, M.; Hung, K.H.; Wang, Y.L.; Liu, C.J.; Liu, D.M.
A temperature-induced and shear-reversible assembly of latanoprost-loaded
amphiphilic chitosan colloids: Characterization and in vivo glaucoma treatment. Acta
Biomater. 2014, 10, 3188-3196.

4. Mathew, A.P.; Uthaman, S.; Cho, K.H.; Cho, C.S.; Park, I.K. Injectable hydrogels for
delivering biotherapeutic molecules. Int. J. Biol. Macromol. 2018, 110, 17-29.

5. Rossi, S.M.; Murray, T.; McDonough, L.; Kelly, H. Loco-regional drug delivery in
oncology: Current clinical applications and future translational opportunities. Expert.
Opin. Drug Deliv. 2020, doi:10.1080/17425247.2021.1856074.

6. Xu, C.; Wang, P.; Zhang, J.; Tian, H.; Park, K.; Chen, X. Pulmonary codelivery of
doxorubicin and siRNA by pH-sensitive nanoparticles for therapy of metastatic lung
cancer. Small 2015, 11, 4321-4333.

7. Sharma, P.; Mehta, M.; Dhanjal, D.S.; Kaur, S.; Gupta, G.; Singh, H.; Thangavelu,
L.; Rajeshkumar, S.; Tambuwala, M.; Bakshi, H.A.; Chellappan, D.K. Emerging
trends in the novel drug delivery approaches for the treatment of lung cancer.
Chemico-Biol. Interact. 2019, 309, 108720.

8. Lee, H.-Y.; Mohammed, K.A.; Nasreen, N. Nanoparticle-based targeted gene therapy
for lung cancer. Am. J. Cancer Res. 2016, 6, 1118-1134.

264



10.

11.

12.

13.

14.

15.

16.

17.

18.

Section 3- Part B

Ruan, R.; Chen, M.; Sun, S.; Wei, P.; Zou, L.; Liu, J.; Gao, D.; Wen, L.; Ding, W.
Topical and targeted delivery of siRNAs to melanoma cells using a fusion peptide
carrier. Sci. Rep. 2016, 6, 29159.

Fahmy, H.M.; Saad, E.A.E.M.S.; Sabra, N.M.; Sabra, N.M.; El-Gohary, A.A.;
Mohamed, F.F.; Gaber, M.H. Treatment merits of Latanoprost/Thymoquinone—
Encapsulated liposome for glaucomatus rabbits. Int. J. Pharm. 2018, 548, 597-608.
Woodrow, K.A.; Cu, Y.; Booth, C.J.; Saucier-Sawyer, J.K.; Wood, M.J.; Saltzman,
W.M. Intravaginal gene silencing using biodegradable polymer nanoparticles densely
loaded with small-interfering RNA. Nat. Mater. 2009, 8, 526-533.

Wang, C.; Ye, Y.; Hochu, G.M.; Sadeghifar, H.; Gu, Z. Enhanced cancer
immunotherapy by microneedle patch-assisted delivery of anti-PD1 antibody. Nano
Lett. 2016, 16, 2334-2340.

Tang, T.; Deng, Y.; Chen, J.; Zhao, Y.; Yue, R.; Choy, K.W.; Wang, C.C.; Du, Q.; Xu,
Y.; Han, L.; Chung, T.K. Local administration of siRNA through microneedle:
Optimization, bio-distribution, tumor suppression and toxicity. Sci. Rep. 2016, 6,
30430.

Depieri, L.V.; Borgheti-Cardoso, L.N.; Campos, P.M.; Otaguiri, K.K.; de Carvalho
Vicentini, F.T.; Lopes, L.B.; Fonseca, M.J.; Bentley, M.V. RNAi mediated IL-6 In
vitro knockdown in psoriasis skin model with topical siRNA delivery system based
on liquid crystalline phase. Eur. J. Pharm. Biopharm. 2016, 105, 50-58.

Cullen, J.K.; Simmons, J.L.; Parsons, P.G.; Boyle, G. M. Topical treatments for skin
cancer. Adv. Drug Deliv. Rev. 2020, 153, 54— 64.

Ritprajak, P.; Hashiguchi, M.; Azuma, M. Topical application of cream-emulsified
CD86 siRNA ameliorates allergic skin disease by targeting cutaneous dendritic cells.
Mol. Ther. 2008, 16, 1323-1330.

Gulati, K.; Aw, M.S.; Losic, D. Nanoengineered drug-releasing Ti wires as an
alternative for local delivery of chemotherapeutics in the brain. Int. J. Nanomed. 2012,
7, 2069-2076.

Kaur, G.; Willsmore, T.; Gulati, K.; Zinonos, I.; Wang, Y.; Kurian, M.; Hay, S.;
Losic, D.; Evdokiou, A. Titanium wire implants with nanotube arrays: A study model

for localized cancer treatment. Biomaterials 2016, 101, 176-188.

265



19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Section 3- Part B

Kumar, A.; Pillai, J. Implantable drug delivery systems: An overview. In
Nanostructures for the Engineering of Cells, Tissues and Organs, 1st ed;
Grumezescu, A.M., Eds.; Elsevier: Amsterdam, The Netherlands, 2018; chapter 18,
pp. 473-511, ISBN:9780128136652.

Benchetrit, S. Implantable Device for Injecting Medical Substances. U.S. Patent US
6,878,137, 12 April 2005.

Arps, J. Implantable drug delivery devices. Pro. Med. Pharma. 2013, 1.

Park, H.; Park, K. Biocompatibility issues of implantable drug delivery systems. Pharm.
Res. 1996, 13, 1770-1776.

Fournier, E.; Passirani, C.; Montero-Menei, C.N.; Benoi, J.P. Biocompatibility of
implantable synthetic polymeric drug carriers: Focus on brain biocompatibility.
Biomaterials 2003, 24, 3311-3331.

Bhatt, P.; Trehan, S.; Inamdar, N.; Mourya, V.K.; Misra, A. Polymers in Drug
Delivery: An Update. In Applications of Polymers in Drug Delivery, 2nd ed.; Misra,
A., Shahiwala, A., Eds.; Elsevier: Amsterdam, The Netherlands, 2021; Chapter 2, pp.
1-42.1SBN:9780128196595.

Caillol, S. Special Issue “Natural Polymers and Biopolymers 11”. Molecules 2021, 26,
112.

Ottenbrite, R.M.; Kim, S.W. Polymeric Drugs, and Drug Delivery Systems, 1st ed.;
2019, CRC Press, Taylor & Francis,Boca raton, USA.

Amber, T.; Tabassum, S. Cyclosporin in dermatology: A practical compendium.
Dermatol. Ther. 2020, 33, €13934.

Prodanovic, E.M.; Korman, N.J. Traditional systemic therapy: Metrotexate and
cyclosporine. In Treatment of Psoriasis; Birkh&user: Verlag, Switzerland 2008; pp.
108-120.

Dittmar, J.; Rothstein, R.J.; Reid, R.J.D.; Parsons, R.; Maurer, M.; Shaw, J.; Du, X.
Methods to Treat Cancer Cyclosporine and Cyclosporine Derivates. U.S. Patent
W02012145427A1, 26 October 2012.

Jiang, K.; He, B,; Lai, L.; Chen, Q.; Liu, Y.; Guo, Q.; Wang, Q. Cyclosporine a inhibits
breast cancer cell growth by downregulating the expression of pyruvate kinase
subtype M2. Int. J. Mol. Med. 2012, 30, 302-308.

266



31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Section 3- Part B

Sun, J.; Jiang, G.; Wang, Y.; Ding, F. Thermosensitive Chitosan Hydrogel for
Implantable Drug Delivery: Blending PVA to Mitigate Body Response and Promote
Bioavailability. J. Appl. Polym. Sci. 2012, 125, 2092-2101.

Islam, M.M.; Shahruzzaman, M.; Biswas, S.; Sakib, M.N.; Rashid, T.U. Chitosan
based bioactive materials in tissue engineering applications-A review. Bioact. Mater.
2020, 5, 164-183.

Peptu, C.; Humelnicu, A.C.; Rotaru, R.; Fortuna, M.E. Chitosan-based drug delivery
systems. In Chitin and Chitosan: Propertiesand Applications, 1st ed.; van den Broek,
L.A.M., Boeriu, C.G., Eds.; John Wiley & Sons Ltd.: New York, NY, USA. 2019.
Denbanks, E.B.; Ottenbrite, R.M. Perspectives on: Chitosan Drug Delivery Systems
Based on their Geometries. J. Bioact. Compat. Polym. 2006, 21, 351-368.

Yee, G.C.; Gmur, D.J.; Kennedy, M.S. Liquid-chromatographic determination of
cyclosporine in serum with use of a rapid extraction procedure. Clin. Chem. 1982, 28,
2269-2271.

Frei, R.W.; Zech, K. Selective Sample Handling and Detection in High-Performance
Liquid Chromatography; Frel, R.W., Zech, K., Eds.; Elsevier: Amsterdam, The
Netherlands, 1988; p. 457.

Moore, T.; Croy, S.; Mallapragada, S.; Pandit, N. Experimental investigation and
mathematical modeling of Pluronic® F127 gel dissolution: Drug release in stirred
systems. J. Control. Release 2000, 67, 191-202.

Pose-Vilarnovo, B.; Rodriguez-Tenreiro, C.; dos Santos, J.F.R.; Vazquez-Doval, J.;
Concheiro, A.; Alvarez-Lorenzo, C.; Torres- Labandeira, J.J. Modulating drug release
with cyclodextrins in hydroxypropyl methylcellulose gels and tablets. J. Control.
Release 2004, 94, 351-363.

Cassano, R.; Di Gioia, M.L.; Mellace, S.; Picci, N.; Trombino, S. Hemostatic gauzed
based on chitosan and hydroquinone: Preparation, characterization and blood
coagulation evaluation. J. Mater. Sci. Mater. Med. 2017, 28, 190.

Cassano, R.; Trombino, S.; Bloise, E.; Muzzalupo, R.; lemma, F.; Chidichimo, G.;
Picci, N. New broom fiber (Spartiumjunceum L.) derivatives: Preparation and
characterization. J. Agric. Food Chem. 2007, 55, 9489-9495.

Hamel, A.R.; Hubler, F.; Carrupt, A.; Wenger, R.M.; Mutter, M. Cyclosporine A

267



42.

43.

44.

Section 3- Part B

prodrug: Design, synthesis, and biophysical properties. J. Pept. Res. 2004, 63, 147—
154.

Foley, D.W.; Bermudez, |.; Baileys, P.D.; Meredith, D. A cyclosporine derivative is a
substrate of the oligopeptide transporter PepT1. Med. Chem. Commun. 2016, 7, 999-
1002.

Clasen, C.; Wilhelms, T.; Kulicke, W.M. Formation and characterization of chitosan
membranes. Biomacromolecules 2006, 7, 3210— 3222.

Cirillo, F.; Pellegrino, M.; Malivindi, R.; Rago, V.; Avino, S.; Muto, L.; Dolce, V.;
Vivacqua, A.; Rigiracciolo, D.C.; De Marco, P.; Sebastiani, A.; et al. GPER is
involved in the regulation of the estrogen-metabolizing CYPIB1 enzyme in breast

cancer. Oncotarget 2017, 8, 106608—-106624.

268



Section 3- Part C

PART C

Polymersomes as promising vehicle for controlled drug delivery
Abstract:

Polymersomes (Ps) are defined as artificial vesicles, resulting from the assembly of synthetic
amphiphilic copolymer blocks, able to carry and release drugs. Compared to other vesicular
nanovectors, such as liposomes or nanoparticles, they are very versatile because it is possible
to encapsulate within them, drugs of different nature, such as hydrophilic, lipophilic, DNA and
RNA molecules and vaccines. It is also possible to functionalize their surface, by increasing
their transport across biological membranes and optimizing the pharmacokinetics and
biodistribution of drugs conjugated to them at target site. Also polymersomes possess,
remarkable colloidal stability, tunable membrane permeability, excellent robustness and
relatively long blood circulation times attributable to their high biocompatibility with

biological systems.

In recent years, attention to these nanovectors has increased because they could mediate drugs
release in response to a series of internal biological stimuli (pH, redox potential, glucose
concentration) and external physical ones (temperature, light, ultrasound), which can induce
significant changes in the structure of the polymersomes with consequent destruction of the
membrane and drug release. The advantages, offered in terms of therapeutic efficacy and
reduction of side effects make these carriers excellent delivery systems for drug but also for
medical imaging and diagnostics. Therefore, the aim of this chapter is to investigate the
strategies, progresses and advantages of using polymersomes as carriers for stimuli-responsive

drug delivery.

Keywords: polimersomes, drug delivery, diagnostic imaging, biological stimuli, physical
stimuli.
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1. Introduction

Polymersomes (Ps) are spherical artificial polymer vesicles [1], consisting of a hydrophilic
core, capable of encapsulating water-soluble molecules, and surrounded by a hydrophobic
membrane suitable to incorporate hydrophobic molecules [2,3]. These products are
synthetically derived, obtained by assembling blocks of amphiphilic copolymers (diblock
or triblock), and modifying the hydrophobic ratio of the copolymers. In fact it is possible to
increase or decrease the thickness of the polymeric membranes enveloping them (bilayer or
interdigitalized), thus giving the entire system a high degree of robustness and permeability
[4]. The type of copolymer used, influences the characteristics of these carriers. In
particular non-degradable polymers such as conjugated/aromatic hydrocarbons, make
polymersomes with non-degradable structures, that are poorly biocompatible with
biological systems, and therefore cannot be used as drug delivery systems; conversely, the
use of water-soluble polymers such as poly(ethylene) glycole make these systems highly
biocompatible and biodegradable [5]. Generally, polymersomes are produced by exploiting
the action of solvents or the displacement of solvents [6,7]. Specifically, solvent-assisted
techniques include film rehydration [8], electroforming [9,10,11] and polymerisation-
induced self-assembly [12], while solvent displacement can be achieved by direct injection
[13], emulsion phase transfer [14,15] and microfluidics [16]. Generally, an organic solvent
is used to dissolve block copolymers, so the addition of a solvent-polymer solution in
aqueous solution and the subsequent removal of the organic solvent leads to the production
of polymersomes.

The aforementioned techniques are chosen according to the type of amphiphilic copolymer
block used, since, for example, hydrophobic blocks with high glass transition temperatures
cannot be used for the production of Ps via the polymer rehydration technique [17,18].

A key feature of these carriers is the ability to contain a considerable amount of active
ingredient [19]. The drug loading into a polymersome can take place within the aqueous
core (hydrophilic drugs), within the lipid bilayer of the membrane (lipophilic drugs) or
through functionalisation on the membrane itself (small molecules) [20]. Encapsulation
takes place by dissolving or dispersing the substances of different natures with the
copolymer blocks used [21]; while the release of the active ingredient takes place by
following a concentration gradient (passive diffusion) between the membrane and the

external environment [22]. The modulation of this parameter to obtain slow release
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kinetics, is closely linked to the composition of the membrane and its constituents. For this
reason, controlled drug delivery from polymersomes is only possible following the use of
polymeric blocks susceptible to the action of exogenous and endogenous stimuli [23].
These stimuli are present at the target site, and they able to induce a change in the
hydrophilic/hydrophobic properties of the copolymers resulting in the disintegration of the
polymersome or a cleavage of the covalent bonds in the chains of the polymeric
components of the membrane with the formation of pores and release of substance [24]. In
addition to being susceptible to stimuli, the amphiphilic copolymer building blocks used
must also possess properties of biodegradability, biocompatibility, high permeability,
physico-chemical stability and robustness that can then be transferred to the polymersome
itself [25] Figure 1.

The aim of the present chapter, is to investigate the use of stimuli-responsive
polymersomes as an innovative strategy for drug delivery, gene therapy, bioimaging,

biosensing, in vivo diagnosis and regenerative medicine.

Figure 1. Polimersome structure

2. Polymersomes responsive to physical and chemical stimuli

Drug release from polymersomes into the target site can be influenced by the response of
these carriers to endogenous and exogenous stimuli that occur as a result of physiological
changes typical in diseased and/or healthy tissues [26]. For example, chemical alterations
such as pH, hypoxia, redox and enzymatic reactions, and physical ones such as mechanical
triggers, and temperature changes can induce significant changes in the solubility of a
polymer block, dissolve or disintegrate polymersomes and create pores in their membrane

to the drugs release [27,28].
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Exogenous stimuli such as light, ultrasound, magnetic fields and gases can also promote

the release of bioactive substances following polymer-some bursting [29] Figure 2.
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Figure 2. stimuli responsive polimersome

The reason why these nanocarriers are able to respond to such stimuli stems from the use

of smart polymers susceptible to the action of chemical or physical factors [30] that are

assembled together through techniques of anionic or cationic polymerization, controlled

radical, nitroxide-mediated radical and atom transfer radical polymerisation [31].

3. Chemical stimuli responsive polymersome

3.1 pH-responsive polymersome

pH-responsive polymersomes are nanocarriers designed and manufactured to respond to

changes in physiological pH gradients in intracellular compartments, specific organs and

microenvironments associated with certain pathological conditions such as cancer,

inflammation etc. [32]. They are generally made using polymers defined as “pH-reactive”,

capable of donating or accepting protons as a result of changes in the surrounding

environment [33]. For this reason, ionisable groups are inserted into the amphiphilic block
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copolymers, which react inducing hydrolysis of the polymersome and releasing the
substance it contains [34]. The most commonly used polymers are aliphatic polyesters such
as poly (lactic acid) (PLA) and poly(e-caprolactone) (PCL) [35]. At this regard Puglisi et
al., described that incorporating a benzoic imine bond into a poly(e-caprolactone)
copolymer block, the result was the hydrolysis of the imine bond in an acidic environment
(pH 5.5), with subsequent degradation of the structural architecture of the polymersome
and release of the encapsulated substances. Specifically, stability studies have shown that
this nanostructure did not undergo particular changes at physiological pH (7.4), whereas it
was hydrolyzed at acid pH (5.5). It could therefore be useful in the delivery of
cyclodextrins to endosomes or liposomes in the treatment of cholesterol-related diseases,
since these cell organelles are in a purely acidic environment [36]. Most of the responsible
pH polymersomes are made with the intention of not being altered during passage through
the systemic circulation. According to Albuquerque et al., the biodistribution of these
nanostructures in the systemic circulation could be increased by using microfluidic
technology as a method of producing polymersomes. This technique would make it
possible to create highly uniform polymer assemblies, with associated control over the
size, shape and polydispersion of the nanoparticles. To this end, engineered polymersomes
were produced with poly([N-(2-hydroxypropyl)]-methacrylamide)-b-poly[2-
(diisopropylamino)ethyl methacrylate] and loaded with doxorubicin (DOX). Release
studies have shown the ability of the polymersome to support hydrophilic encapsulated
molecules (doxorubicin) when placed in contact with a physiological environment (pH
7.4), preventing drug loss during systemic circulation. Furthermore, the use of poly(N-(2-
hydroxypropyl) methacrylamide), as the hydrophilic one of proteosomes, increased their
durability in the blood circulation [37]. Some pH-sensitive copolymers, such as 2-
(diisopropylamino) ethyl methacrylate (DPA), had a hydrophilic segment at pH 6.2 that
can change to a hydrophobic segment when the solvent pH rises above 6.4 due to
deprotonation. Making polymersomes with DPA minimises the possibility of denaturing
and inactivating substances such as proteins, nucleic acids etc., which were sensitive to
extremely acidic environments. Wang et al. designed and synthesised a new diblock
copolymer, poly (2- (methacryloyloxy) ethylcholine  phosphate)-b-poly(2-
(diisopropylamino) ethyl methacrylate) (PMCP-b-PDPA) by atomic transfer radical
polymerisation (ATRP), to form an amphiphilic and a hydrophobic portion. These
nanocarriers would be able to penetrate tumour intracellular compartments showing

stability at pH 7.4, and degraded within the endosome (pH 5.0) due to changes in PDPA
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segments from hydrophobic to hydrophilic, which contributed to the rapid release of drugs
such as doxorubicin. In addition, the sponge effect attributable to the diisopropyl-
substituted tertiary amine chains of the PDPA copolymer would increase the release of
drug from the polymersome into the cellular endosome, resulting in a cytotoxic effect on
the cell itself [38].

Polymersomes could act as vectors for the release of several substances, even of different
nature. In this regard, Curcio et al. have developed an amphiphilic PEG-based
polymersome for the co-delivery of hydrophilic methotrexate (MTX) and hydrophobic
curcumin (CUR) substances. The presence of both substances in the nanoparticles would
increase pharmacological efficacy at the target site, especially at acidic pH. Indeed, release
studies have shown that pH sensitivity was correlated with changes in the average diameter
of the particles, which increase significantly when placed in contact with acidic pH
environments [39] Figure 3.

Phosphate buffer Acetate buffer
pH 7.4 pH 5.0

Figure 3. Polimersome aggregation at acidic pH (Adapted from article 39)

Another very promising study in the use of pH-responsive polymersomes was carried out
by Oroojalian et al. that synthetized a thermoresponsive hydrogel based on poly(N-
isopropylacrylamide)-doxorubicin  (PNIPAM-DOX) subsequently loaded into pH-
responsive polymersomes based on polyethylene glycol reactive 2,4,6-trimethoxy
benzylidene pentaerythritol carbonate (PEG-PTMBPEC) in order to fabricate an intelligent
thermo-pH stimulated drug delivery system. In vitro and in vivo release studies showed
increased drug stability in these systems when delivered through the bloodstream. In
addition, an increment in the residence time of the drug at tumour sites has been observed

with an increase in the therapeutic index and a decrease in cytotoxic effects [40].
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3.2 Redox responsive polymersome

Changing redox potentials in the extracellular and intracellular compartments of tissues
can alter the membrane properties of polymeric nanostructures [41,42]. For example,
reducing agents such as glutathione, in high concentrations in the cytosol and nucleus of
cells, can lead to the disassembly of polymersomes present in reductive environments with
the consequent release of active substances [43,44]. In fact, the disulphide bonds,
introduced into the side chain of an amphiphilic polymer, in order to improve its stability,
was reduced in the intracellular environment by glutathione, since a thiol-disulphide
exchange reaction occurs that damages the outer membrane of the polymersome [45]. In
this regard, reduction-sensitive polymersomes have been developed for the delivery of
tumour agents into damaged tissues where the presence of glutathione was greater than in
healthy tissues [46]. In the work of Nehate et al., polymersomes based on polycaprolactone
copolymers modified with polyethylene glycol (PEG) by introducing a disulphide bond
between the two were mentioned. In vitro studies have shown that loading an anti-tumour
agent such as doxycycline into these nanostructures increases their internalisation in
tumour cells of the Hela and MDA-MB-231 lines, thus increasing the cytotoxicity of the

drug at the site concerned Figure 4.
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Figure 4. In vitro cytotoxicity study of DOX loaded polymersomes and free DOX on HelLa (a) and MDA-
MB-231(b) cells (Adapted from article 54)

In vivo studies in albino mice with Ehrlich ascites tumor (EAT) showed a 7.16-fold
reduction in tumor volume compared to tumor inhibition induced by conventional
chemotherapy. Thus, the redox potential of tumour cells was used as an activation
mechanism to enhance intracellular drug delivery as high concentrations of glutathione

would induce disruption of disulfide bonds present in the polymersome matrix [47].
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In another study conducted by Nehate et al. on the release of doxycycline in tumour
tissues, it could be observed that the creation of polymersomes by means of Free Atomic
Transfer Radical Polymerization improves the drug release capacity of the nanostructure.
Indeed, by optimising the design phases of the polymersomes, with the relative insertion of
the disulfide bond into the starting copolymer matrix, it was possible to develop
nanocarriers with an encapsulation and drug release efficiency 20 times higher than other
nanocarriers [48]. According to Benito et al., it was also possible to synthesize simple
three-block amphiphilic copolymers starting from poly(ethylene glycol) methyl ether
(mPEG2000) with a hydrophobic core containing multiple disulfide bonds. Such
copolymers could self-assemble into polymersomes that were highly sensitive to reductive
conditions and serve as carriers for anticancer agents [49].

The group of Zhong et al. also made dual-responsive polymersomes using three poly
(ethylene glycol)-poly(acrylic acid)-poly(2-(amino diethyl)-ethyl methacrylate) (PEG-
PAA-PDEAEMA) copolymer blocks modified with cysteamine to produce the thiol-
containing PEG-PAA(SH)-PDEAEMA copolymer. This copolymer yielded robust,
monodisperse polymersomes with excellent colloidal stability, which underwent rapid
dissociation upon contact with glutathione. These polymersomes showed excellent
potential for intracellular distribution of proteins [50].

Recently, it was observed that conjugating a ligand to the surface of a redox-sensitive
polymersome would increase the specificity of the nanovector towards tumour cells.
Kumar et al. developed, manufactured and tested polymersomes based on a multi-block
copolymer consisting of poly(ester-urethane,-PLA-PEG-PLA-urethane-ss-) with multiple
disulfide bonds to which folic acid and trastuzumab were conjugated and in which
doxycycline was encapsulated. Release studies confirmed the redox reactive behaviour of
the polymersomes with a percentage of drug released ~72% at pH 5.5 in the presence of
10 mM GSH compared to the percentage released at pH 7.4; while in vitro absorption
studies revealed greater absorption of conjugated nanoparticles compared to unconjugated
ones. In addition, in vitro and in vivo toxicity studies were also carried out, showing the
antiproliferative capacity exerted by the vectors on MCF-7 cell lines and a 91% tumour
regression in Ehrlich ascites tumour (EAT) [51].

The same research group had previously developed polymersomes based on multi-block
copolymers with E-caprolactone to assess their doxorubicin release profile in the treatment
of tumour lesions. Tests showed that there was no difference between the use of lactides

and caprolactone in the nanoparticle structure, as the release profile of faramco was
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comparable to that previously described [52]. Similar results were also obtained by the
group of Lale et al. with the development of poly (ethylene glycol)-polylactic acid-
poly(ethylene)glycol) polymersomes also conjugated with folic acid and trastuzumab [53].
Amphiphilic polypropharmaceuticals responsive to the reductive environment have been
developed through reversible fragmentation chain transfer (RAFT) polymerisation of a
camptothecin-based propharmaceutical monomer (CPT) with a poly (-ethylene oxide)-
based agent. Such nanostructures could selectively release drugs into the cytosol of cells
responsible for inflammatory processes [54].

Oxidation-responsive polymersomes were structures affected by the action of reactive
oxygen species (ROS) such as hydrogen peroxide (H202), peroxynitrite (ONOO-),
hydroxyl radical (OH), and superoxide (O2-), which play important roles in cell signalling
and proliferation, apoptosis, and immune responses [55,56]. However, overproduction of
ROS is linked to oxidative stress, cancer, infectious processes, inflammation,
cardiovascular disease and diabetes [57]. All these conditions could be exploited to make
nanostructures that release pharmacologically active substances in contact with these
environments [58].

Zhang et al. designed polymersomes by synthesising the starting copolymer, poly (ethylene
oxide)-b-poly(trifluoro-3-oxobutyl phenyl methacrylate, from scratch. The presence of
ketone groups in the side chain of the copolymer could make the formed nanoparticles
chemoselective to peroxynitrite (ONOO-), thus triggering oxidation-elimination cascade
reactions by cleavage of the side groups of the polymer chain, altering the degree of
amphiphilicity of the copolymer and decreeing the disassembly of the self-assembled
vesicular structures [59]. In a recent study, it was found that even polyprodrugs could be
reactive to ROS and thus self-assemble into stable nanoparticles with high drug loading.
One example was the polyprodrug developed by Xu et al. which consisted of a ROS-
reactive inner core to promote the release of active molecules, a polyethylene glycol (PEG)
outer shell to prolong blood circulation, and a conjugated RGD factor to improve targeting
and penetration of the tumour parenchyma. In vivo and in vitro studies have shown that
these nanostructures exert an inhibiting action on tumour cell proliferation with more than
promising results [60]. The destruction of polymersomes after contact with reactive oxygen
species could take place in aqueous solution containing H202 or by means of a photo-
sensitiser. In vivo, the concentration of H202 used was in the millimetre range but if one
wanted to reproduce the in vivo conditions, one could exploit the encapsulation of enzymes

that generate oxidation to produce a high concentration of H202 in situ [61] Figure 5.
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Vesicle disruption

Figure 5. Polymersome destruction afeter contact with H,O (Adapted from article 68)

3.3 Glucose responsive polymersome

Glucose-responsive polymersomes are intelligent delivery systems for insulin, a well-
known drug for treating type 1 and type 2 diabetes. In particular, by incorporating glucose-
reactive substances such as glucose oxidase (GOXx), glucose-binding proteins and boronic
acids, structural transformations in the polymer matrix, such as shrinkage, swelling and
dissociation, can be observed after changes in the ambient glucose concentration [62].
Boronic acid-containing materials possess the ability to reversibly form complexes with
glucose such as 1,2-cis-diol, whereas glucose oxidase (GOx) systems that are affected by
changes in glucose concentration are always integrated with other materials that in turn
undergo changes related to pH, hypoxia or oxidation [63].

At this regard, Wang et al. have developed smart polymersomes consisting of glucose-
responsive polymers decorated with peptides that easily bind to the ganglioside-monosial
(GM1) present in the intestinal epithelium. These nano-structures could accumulate in the
liver and release encapsulated insulin under hyperglycaemic conditions as a result of GOx-
induced oxidation [64]. Di et al. also made glucose-responsive formulations for self-
regulated insulin delivery with injectable hyaluronic acid (HA) microgels supplemented
with dextran-based glucose nanoparticles modified with degradable dextran-based acid.
Through the introduction of the GOx enzyme into the polymer matrix, the dextran
nanoparticles could release insulin in a hyperglycaemic state, following the enzymatic
conversion of glucose to gluconic acid [65]. Polyethylene glycol (PEG)-based block
copolymers containing boronic acid-functionalized segments showed interesting reactions
to changes in glucose concentration. In a study conducted Zhang et al., was shown that

vesicles changed their shape from a round to a cylindrical shape at concentrations of 0.1-
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0.5% glucose and deteriorated at higher concentrations, indicating that they were
responsive to glucose [66].

4. Physycal stimuli responsive polymersome

4.1 Temperature responsive polymersome

Temperature responsive polymersomes are produced using temperature-sensitive polymers
with a variable critical solution temperature that depends on the release of water molecules
near of the polymer, its dissolution in the aqueous medium, intra- and intermolecular
forces and solvation [67]. For example, polymers that are insoluble in an aqueous medium
upon heating possess a lower critical solution temperature (LCST) due to hydrogen
interactions between the hydrophilic polymer chains and water molecules that will induce
increased swelling of the matrix; those that are soluble upon heating possess a higher
critical solution temperature (UCST) as there is a prevalence of hydrophobic interactions
between the hydrophobic polymer segments that will induce collapse [68].

Polymers considered to be thermally responsive are poly(N-alkylacrylamide) poly(N-
isopropylacrylamide) (PNIPAAM), poly(methyl vinyl ether) (PMVE), poly(Nvinyl
caprolactam) (PVCa) and poly(N-ethyl oxazoline) (PEtOx) [69]. PNIPAM is a thermally
responsive polymer with the ability to transition from a hydrophilic to a hydrophobic
nature at temperatures around 32°C. Specifically, the hydrophobic component self-
assembles to form vesicles at temperatures of 37°C with substance release at temperatures
of 32°C [70]. In the work of Quin et al. was shown that the release of hydrophilic and
hydrophobic drugs encapsulated in the aqueous lumen and membrane of polymersomes,
respectively, made of diblock copolymer PEO-b-PNIPAM, occurs at a temperature of
32°C. This condition was favourable for the release of antitumour drugs at the site of the
malignant lesion [71]. It was important to consider that the permeability of polymersomes,
loaded with a deteminated drug can be controlled by the length of the PVCL in the
temperature range of 37-42 °C. According to Liu et al., increasing the temperature above
the lower critical one of a PVCL solution was favoured the formation of small vesicles or
beadlike aggregates without any size change, which induce prolonged drug release.
Morphological changes, caused by temperature, were reversible in nature and therefore did
not alter vesicle stability [72]. The inability of PVCL to form non-aggregated vesicular
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structures permitted Kozlovskaya et al. to create thermoresponsive polymersomes based on
poly(3-methyl-N-vinylcaprolactam)-bPVPONNn (PMVC-PVPON), a copolymer block
capable of self-assembling into stable vesicular structures due to its low LCST ranging
from 15 to 19 °C. Tests also reveal optimal encapsulation efficiency with reduced

cytotoxic effects [73].

4.2 Light responsive polymersome

Photoresponsive polymersomes are commonly made by incorporating photoresponsive
substances into block copolymers, which can induce structural changes in the vesicles [74],
changes in the hydrophobic-hydrophilic balance, photo-crosslinking and degradation or
cleavage of the junctions constituting the matrices themselves [75,76]. Photosensitive
polymersomes can respond reversibly or irreversibly depending on the substances in their
structure [77,78].

Azobenzene spiropyran [79], dithienylethene [80] and diazonaphthoquinone [81] are
considered reversible photoresponsive substances; whereas irreversible ones include o-
nitrobenzyl [82], pyrenylmethyl, and coumarin [83].

With light irradiation, a series of reactions, some of them photocleavage, occur at the
expense of the above-mentioned functional groups. In particular, the azobenzene
spiropyran group undergoes isomerisation, passing from the trans to the cis form; the o-
nitrobenzyl group, on the other hand, was subjected to a change in structure, passing from
the cationic amphiphilic form to the hydrophilic zwitterionic form. In this regard, Zhou et
al. studied nanostructures loaded with anticancer drugs such as doxorubicin hydrochloride,
which underwent controlled drug release due to photo-induced disintegration of the
polymersomes [84]. Exposure to light irradiation at 365 nm could trigger a photo-
dissolution reaction of o-nitrobenzyl groups, resulting in dissociation of polymersomes
with simultaneous release of hydrophilic and hydrophobic drugs on demand. Indeed, the
studies conducted by Hou et al. have shown that an o-nitrobenzyl ester group of the
hydrophobic block of the synthesized copolymer undergoes, following irradiation, an
efficient photocatalytic reaction to generate an o-nitrosobenzaldehyde and a free carboxylic

acid, and trigger the dissociation of the polymersomes [85] Figure 6.
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Figure 6. Light-responsive co-release of hydrophobic and hydrophylic drug from polymersome
(Adapted from article 85)

The o-nitrobenzyl photoresponsive groups could be located in the side chains of the
hydrophobic block of amphiphilic diblock copolymers, or as junctions between the
hydrophobic and hydrophilic groups. Yamamoto et al. studied the structure and
photorelease characteristics of a series of linker-type photoresponsive polymersomes, with
different species of hydrophobic block polymers of varying molecular weight. Studies have
shown that substance release from these polymersome types was closely related to the
chemical variation of the hydrophobic segments and the nature of the residual functional

groups obtained after photolysis [86].

4.3 Magnetic and ultrasound responsive polymersome

Polymersomes responsive to stimuli such as ultrasound and/or magnetic fields are very
promising nano-particulate systems due to their non-invasive nature, ease of control and
delivery, low cost and deep penetration into the body [87,88].

Magnetic responsive polymersomes are synthesized by incorporating ferromagnetic or
paramagnetic materials into the membranes of amphiphilic block copolymers and are
useful for magnetically triggered drug delivery systems or MRI [89]. In the absence of
external magnetic fields, magnetic nanoparticles in the intramembrane space are in a
"gaseous" state or form chain structures due to magnetic dipole-dipole interaction [90]. The
presence of a magnetic field straightens the polymer chains of the particles, causing
deformation of the membrane which takes on an anisometric shape [91]. This deformation
is associated with a change in the volume of the internal cavity of the magnetic
polymersomes, resulting in the release of the material it contains or the suction of the fluid

in which it is suspended [92].
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In this regard, Ryzhkov and Raikher have developed a magnetic polymersome whose
magnetoactivity was related to the characteristics of the shell (membrane). The latter has
been designed as a pair of two concentric interfaces, between which was a viscous fluid
layer in which the magnetic nanoparticles were free within the layer [93].

Polymersomes, which are used to deliver superparamagnetic iron oxide nanoparticles
(SPION), were studied by Duan et al. who encapsulated them in mesenchymal stem cells
to assess their long-term survival after transplantation in stroke-affected areas. Magnetic
resonance imaging made it possible to track the viability of mesenchymal stem cells,
thanks to the fluorescence expressed by SPIONSs present in the polymersomes encapsulated
in the cells themselves [94]. This imaging technique has been labelled as a valuable tool
for assessing the clinical course of a disease.

However, in the diagnosis and/or treatment of cerebral ischaemia, it was possible to
combine the action of ferromagnetic particles encapsulated in the polymersome and the
action of ultrasound. It was interesting to note, the studies carried out by Kan et al. that
magnetic targeting decreases the accumulation of the magnetic nanoparticles containing
the drug and encapsulated in the polymersome, while the deformation of the membrane
and the release of the substances at the site of the ischaemic lesion is attributable to the
action of ultrasound [95]. Through ultrasounds, it is possible to derive new insights into
easier control of anticancer drug delivery systems and precise tumour therapy through the
use of polymersomes. As studied by Wang et al. it is possible to exploit ultrasounds, as a
non-invasive stimulus, for the controlled release of doxorubicin from polymersomes thus

offering the possibility of targeted anticancer therapy with reduced systemic effects [96].

5. Conclusion

The design and development of polymersomes in the biomedical field has made it possible
to expand strategies for drug delivery, the improvement of existing therapies and imaging
mechanisms for the diagnosis and treatment of diseases. The introduction of stimuli
capable of triggering the reactivity of these nanostructures has made it possible to
recognise external or internal chemical, physical or biological variations such as pH, redox
reactions, enzymes, temperature, light, magnetic fields and ultrasound as factors capable of
disrupting the hydrophobic-hydrophilic balance of polymersomes to destabilise their

assemblies. In this regard, conformational changes in the structure of the polymersomes,
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induced by the response to a stimulus of a different nature, would cause the collapse of the
polymer membrane and consequently the release of useful substance.

In this chapter, a series of stimulus-responsive polymersomes have been described and
analysed as possible controlled release or imaging systems in the treatment and diagnosis
of pre-existing diseases. In vitro studies have shown that these nanostructures are highly
biocompatible with biological systems, have low toxicity and are more effective than
conventional therapies. However, there are still no useful informations on the efficacy of
these drug delivery systems in vivo. Therefore, despite the fact that in vitro studies show
appreciable results in terms of permanence in the bloodstream, site-specific localisation,
biocompatibility, low side effects, etc., in vivo studies are needed to confirm the advantage

of stimuli-responsive polymersomes as carriers in nano-medicine.
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