Edited by
Umile Gianfranco Spizzirri

Printed Edition of the Special Issue Publishedr_in-'P'I"-zarmaceutics

zZ
www.mdpi.com/journal/pharmaceutics |/M\D\Py




Functional Polymers as Innovative
Tools in the Delivery of Antimicrobial
Agents






Functional Polymers as Innovative
Tools in the Delivery of Antimicrobial
Agents

Editor

Umile Gianfranco Spizzirri

MDPI e Basel o Beijing ¢ Wuhan e Barcelona e Belgrade ¢ Manchester e Tokyo e Cluj e Tianjin

ml\DPI

F



Editor
Umile Gianfranco Spizzirri
University of Calabria

Italy

Editorial Office

MDPI

St. Alban-Anlage 66
4052 Basel, Switzerland

This is a reprint of articles from the Special Issue published online in the open access journal
Pharmaceutics (ISSN 1999-4923) (available at: https://www.mdpi.com/si/pharmaceutics/polymer_

antimicrobial).

For citation purposes, cite each article independently as indicated on the article page online and as

indicated below:

LastName, A.A.; LastName, B.B.; LastName, C.C. Article Title. Journal Name Year, Volume Number,
Page Range.

ISBN 978-3-0365-3621-7 (Hbk)
ISBN 978-3-0365-3622-4 (PDF)

© 2022 by the authors. Articles in this book are Open Access and distributed under the Creative
Commons Attribution (CC BY) license, which allows users to download, copy and build upon
published articles, as long as the author and publisher are properly credited, which ensures maximum
dissemination and a wider impact of our publications.

The book as a whole is distributed by MDPI under the terms and conditions of the Creative Commons
license CC BY-NC-ND.




Contents

Aboutthe Editor . . . . . . . . . . . vii

Umile Gianfranco Spizzirri
Functional Polymers as Innovative Tools in the Delivery of Antimicrobial Agents
Reprinted from: Pharmaceutics 2022, 14, 487, doi:10.3390/ pharmaceutics14030487 . . . .. .. .. 1

Valentina Laverde-Rojas, Yamil Liscano, Sandra Patricia Rivera-Sdnchez,

Ivan Dario Ocampo-Ibaiiez, Yeiston Betancourt, Maria José Alhajj, Cristhian J. Yarce,

Constain H. Salamanca and Jose Ofiate-Garzén

Antimicrobial Contribution of Chitosan Surface-Modified Nanoliposomes Combined with
Colistin against Sensitive and Colistin-Resistant Clinical Pseudomonas aeruginosa

Reprinted from: Pharmaceutics 2021, 13, 41, doi:10.3390/ pharmaceutics13010041 . . . . . .. .. 5

Joana Stokniene, Lydia C. Powell, Olav A. Aarstad, Finn L. Aachmann, Philip D. Rye,

Katja E. Hill, David W. Thomas and Elaine L. Ferguson

Bi-Functional Alginate Oligosaccharide-Polymyxin Conjugates for Improved Treatment of
Multidrug-Resistant Gram-Negative Bacterial Infections

Reprinted from: Pharmaceutics 2020, 12, 1080, doi:10.3390/pharmaceutics12111080 . . . ... .. 19

Maria Antonia Tanase, Adina Raducan, Petruta Oancea, Lia Mara Ditu, Miruna Stan,

Cristian Petcu, Cristina Scomoroscenco, Claudia Mihaela Ninciuleanu,

Cristina Lavinia Nistor and Ludmila Otilia Cinteza

Mixed Pluronic—Cremophor Polymeric Micelles as Nanocarriers for Poorly Soluble
Antibiotics—The Influence on the Antibacterial Activity

Reprinted from: Pharmaceutics 2021, 13, 435, doi:10.3390/pharmaceutics13040435 . . . . . .. .. 41

Beatriz Ideriha Mathiazzi and Ana Maria Carmona-Ribeiro

Hybrid Nanoparticles of Poly (Methyl Methacrylate) and Antimicrobial Quaternary
Ammonium Surfactants

Reprinted from: Pharmaceutics 2020, 12, 340, doi:10.3390/pharmaceutics12040340 . . . .. .. .. 63

Xiaojing Liu, Jingfu Jia, Shulei Duan, Xue Zhou, Anya Xiang, Ziling Lian and Fahuan Ge
Zein/MCM-41 Nanocomposite Film Incorporated with Cinnamon Essential Oil Loaded by
Modified Supercritical CO, Impregnation for Long-Term Antibacterial Packaging

Reprinted from: Pharmaceutics 2020, 12, 169, doi:10.3390/ pharmaceutics12020169 . . . . . .. .. 83

Gustavo Carrefio, Adolfo Marican, Sekar Vijayakumar, Oscar Valdés,

Gustavo Cabrera-Barjas, Johanna Castafio and Esteban F. Duran-Lara

Sustained Release of Linezolid from Prepared Hydrogels with Polyvinyl Alcohol and Aliphatic
Dicarboxylic Acids of Variable Chain Lengths

Reprinted from: Pharmaceutics 2020, 12, 982, doi:10.3390/pharmaceutics12100982 . . . .. .. .. 95
Yin Wang and Hui Sun

Polymeric Nanomaterials for Efficient Delivery of Antimicrobial Agents

Reprinted from: Pharmaceutics 2021, 13, 2108, doi:10.3390/ pharmaceutics13122108 . . . ... .. 113

Umile Gianfranco Spizzirri, Francesca Aiello, Gabriele Carullo, Anastasia Facente and
Donatella Restuccia

Nanotechnologies: An Innovative Tool to Release Natural Extracts with Antimicrobial
Properties

Reprinted from: Pharmaceutics 2021, 13, 230, doi:10.3390/ pharmaceutics13020230 . . . .. .. .. 141



Urska Janéi¢ and Selestina Gorgieva
Bromelain and Nisin: The Natural Antimicrobials with High Potential in Biomedicine
Reprinted from: Pharmaceutics 2022, 14, 76, doi:10.3390/ pharmaceutics14010076 . . . . . . .. ..

vi



About the Editor

Umile Gianfranco Spizzirri received his degree in chemistry cum laude in 2001, and his PhD in
2005 from the University of Calabria. In 2004 he was a visiting researcher at the University of Texas
at Austin (USA). He is currently a member of the Department of Pharmacy, Health and Nutrition
Science at the University of Calabria. His research activities are mainly related to polymer chemistry
for the preparation of stimuli-responsive drug delivery systems, polymers with tailored biological
activity for biomedical applications, and functional polymers for the food industry. He is an author
and co-author of 137 publications, including research and review articles as well as invited book

chapters (more than 3500 total citations, and an H-index of 35).

vii






<

pharmaceutics

Editorial

Functional Polymers as Innovative Tools in the Delivery of
Antimicrobial Agents

Umile Gianfranco Spizzirri

Citation: Spizzirri, U.G. Functional
Polymers as Innovative Tools in the
Delivery of Antimicrobial Agents.
Pharmaceutics 2022, 14, 487.

https:/ /doi.org/10.3390/
pharmaceutics14030487

Received: 18 February 2022
Accepted: 21 February 2022
Published: 23 February 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

© 2022 by the author.
Licensee MDPI, Basel, Switzerland.

Copyright:

This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Pharmacy, Health and Nutritional Sciences, University of Calabria, 87036 Rende, Italy;
g.spizzirri@unical.it; Tel.: +39-0984-493298

Ubiquitous microorganisms such as bacteria, viruses, algae, and fungi induce several
infectious diseases, representing crucial health challenges worldwide, due to increased
antimicrobial resistance, high antimicrobial cost and adverse effects. The association
between the growth of resistance mechanisms and the progress of new antimicrobial
molecules is of great concern to public health. Therefore, it is important to consider
innovative ways to face this resistance problem, such as the application of nanotechnologies,
which are interesting alternatives to traditional antibiotic development approaches [1].
In the last decade, to overcome these issues and to successfully fight infections, new
macromolecular carriers able to significantly improve the efficiency of antimicrobial species
were proposed [2]. In this regard, antimicrobial delivery systems, properly entrapping
these bioactive molecules, avoid their degradation by also decreasing the frequency of
their administration [3]. This Special Issue explores different topics concerning recent
progresses in the synthesis and characterization of suitable innovative macromolecular
systems, proposed as carriers of specific antimicrobial molecules, to be employed in the
biomedical and pharmaceutical fields.

Nowadays, the treatment of infections produced by multidrug-resistant bacteria ex-
pects as a last resort the employment of polymyxins, a potent class of peptide antibiotics.
In order to overcome the limitations related to the nephro- and neurotoxicity of these
compounds and to improve their antimicrobial activity and target specificity, several novel
polymyxin derivatives are being developed, involving structural modifications of the pep-
tides [4]. In this regard, conjugation to water-soluble polymers provides many advantages,
such as sustained plasma half-life and reduced toxicity [5]. Nanoliposomes coated with
highly deacetylated chitosan and colistin were prepared and characterized using dynamic
light scattering and zeta potential measurements [6]. The antimicrobial activity of these
formulations increased by four-fold against P. aeruginosa, but did not have any antimicrobial
activity against multidrug-resistant bacteria. Alternatively, a low-molecular-weight algi-
nate oligosaccharide, able to inhibit bacterial growth, adherence and biofilm development,
and which potentiates the activity of antibiotics against Gram-negative multidrug-resistant
pathogens, was proposed to create a bi-functional antibiotic polymer [7]. Hydroxyl and
carboxyl functional groups in this oligosaccharide were successfully employed to prepare a
colistin-based adduct that, combining the antimicrobial properties of both the antibiotics,
was able to inhibit multidrug-resistant species, as well as Gram-negative P. aeruginosa, both
in in vitro and in vivo experiments.

Alternatively, advanced micellar carriers were proposed for the encapsulation of
norfloxacin, one of the most-used antibiotics from the class of fluoroquinolones, showing
antibacterial activity against both Gram-positive and Gram-negative bacteria, and used
to treat a large variety of urinary or respiratory tract infections [8]. Specifically, novel
polymeric micelles based on Pluronic F127 and Cremophor EL were investigated as drug
carriers for norfloxacin, exhibiting good activity against S. aureus, E. faecalis, and E. coli,
while P. aeruginosa displayed low sensitivity to norfloxacin in all tested systems [9].
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The involvement of nanoparticles in the preparation of new effective carriers to deliver
antimicrobial agents was also deeply investigated [10]. This Special Issue explored the pos-
sibility of employing poly (methyl methacrylate) nanoparticles as carriers of microbicides,
such as quaternary ammonium surfactants. In particular, antibacterial performances of the
synthesized carriers, based on cetyl trimethyl ammonium bromide or dioctadecyl dimethyl
ammonium bromide and poly (methyl methacrylate), were analyzed [11]. Antimicrobial
properties were assessed by viability curves of E. coli, S. aureus and C. albicans. Significant
inhibition against bacteria and yeast was observed only for cetyl trimethyl ammonium
bromide, while dioctadecyl dimethyl ammonium bromide just displayed fungicidal activity
against C. albicans.

Encapsulating antimicrobial species into nanoparticles and incorporating these nanopar-
ticles with bio-based film to fabricate nanocomposite films represents an innovative and
effective strategy to control the release of the active molecules. Specifically, a long-term
antibacterial film nanocomposite composed by zein film and cinnamon essential oil-loaded
MCM-41 silica nanoparticles was evaluated against S. aureus [12]. The results clearly high-
lighted that the addition of silica nanoparticles significantly improve the mechanical prop-
erties of zein films, prolonging, at the same time, the antibacterial effect of the cinnamon
essential oil.

Alternatively, hydrogels appear to be excellent candidates as antibiotic delivery plat-
forms slowing down the progression of bacterial resistance to antibiotics [13]. In this
context, Carreno et al. (2020) proposed hydrophilic macromolecular systems synthesized
by cross-linking polyvinyl alcohol and aliphatic dicarboxylic acids, such as glutaric acid,
adipic acid or succinic acid to specific release linezolid, a chemotherapeutic agent able to
treat bacterial resistance accepted for the treatment of complex skin infections [14]. The
antibacterial tests against E. faecium bacterial strain confirmed that the sustained release of
linezolid from a glutaric acid-based hydrogel showed the best antibacterial activity.

This Special Issue was completed by three reviews providing an overall view on the
use of nanotechnology in the transport and release of antimicrobial molecules. In partic-
ular, Wang et al. (2021) analyzed the recent advances in the highly efficient delivery of
antimicrobial agents by polymeric nanomaterials such as dendrimers, micelles, nanofibers,
nanogels and vesicles [15]. The authors concluded that the versatility of the polymeric
nanomaterials provided several benefits, showing significant potential in a wide variety of
biomedical applications, such as fighting multidrug-resistant bacteria, wound healing and
anti-biofilm. On the contrary, the other two reviews focused their attention on the delivery
of specific antimicrobial agents. Spizzirri et al. (2021) discussed the most innovative strate-
gies to synthesize nanodevices able to release antimicrobial natural extracts originating
from herbs, plants, and agro-food waste by-products [16]. Finally, Jancic and Gorgieva high-
lighted the structure and properties of plant origin bromelain and antimicrobial peptide
nisin, analyzing their mechanisms of action and the immobilization strategies involving
macromolecular systems, in order to expand their application in the pharmaceutical and
biomedical fields [17].

In conclusion, the challenges for the large-scale fabrication and translation from the
bench to clinical trials of these polymeric systems to fight the multidrug resistance of several
dangerous pathogens will represent a major focus in the coming decades. However, to
overcome this issue, novelty from chemists and engineers, as well as regulatory policies
able to simplify access to trials and patients are required.
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Abstract: Colistin is a re-emergent antibiotic peptide used as a last resort in clinical practice to
overcome multi-drug resistant (MDR) Gram-negative bacterial infections. Unfortunately, the dissem-
ination of colistin-resistant strains has increased in recent years and is considered a public health
problem worldwide. Strategies to reduce resistance to antibiotics such as nanotechnology have
been applied successfully. In this work, colistin was characterized physicochemically by surface
tension measurements. Subsequently, nanoliposomes coated with highly deacetylated chitosan were
prepared with and without colistin. The nanoliposomes were characterized using dynamic light
scattering and zeta potential measurements. Both physicochemical parameters fluctuated relatively
to the addition of colistin and/or polymer. The antimicrobial activity of formulations increased by
four-fold against clinical isolates of susceptible Pseudomona aeruginosa but did not have antimicrobial
activity against multidrug-resistant (MDR) bacteria. Interestingly, the free coated nanoliposomes
exhibited the same antibacterial activity in both sensitive and MDR strains. Finally, the interaction
of colistin with phospholipids was characterized using molecular dynamics (MD) simulations and
determined that colistin is weakly associated with micelles constituted by zwitterionic phospholipids.

Keywords: colistin; nanoliposomes; MDR-Bacteria; chitosan

1. Introduction

Colistin (CST) is an antimicrobial peptide that was reintroduced into clinical practice
as a last resort for the treatment of infections caused by multi-drug resistant (MDR) Gram-
negative bacteria [1]. CST is a cyclic heptapeptide consisting of a tripeptide side-chain
acylated at the N terminus by a fatty acid tail and has a cationic charge at neutral pH [2].
This antibiotic has been used to control and prevent infectious diseases in animals for
decades, but its excessive use has contributed to the emergence of CST-resistant Enterobac-
teriaceae [3,4], and possibly to the horizontal transmission of CST resistance from farm
animals to humans [5]. The plasmid-mediated resistance to CST via carriage mcr-1 was
first described in 2016 [6], and has been propagated throughout several countries, becom-
ing a serious public health problem, especially with the coexistence of other resistance
genes such as Extended spectrum beta-lactamases (ESBL) and New Delhi metallo-beta-
lactamase (NDM) [7]. Therefore, this situation poses a major challenge for the treatment of
life-threatening Gram-negative bacterial infections.

Pharmaceutics 2021, 13, 41. https:/ /doi.org/10.3390/ pharmaceutics13010041
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Pseudomona aeruginosa is an opportunistic pathogen that causes life-threatening in-
fections, such as sepsis and pneumonia [8]. It is frequently found in hospital settings
and uses several mechanisms of natural resistance to multiple antibiotics. In this respect,
infections caused by MDR clinical isolates of P. aeruginosa have increased patient mortality
and morbidity in intensive care units [8]. Therefore, MDR strains of P. aureginosa resistant to
CST is a serious risk to human health that must be urgently addressed. In fact, P. aeruginosa
is categorized as priority 1 in the list of bacteria for which new antibiotics are urgently
needed, according to the World Health Organization (WHO) [9].

The disproportionate relationship between the emergence and dissemination of resis-
tance mechanisms and the development of new molecules with antimicrobial properties is
of great concern to public health. Therefore, it is important to consider innovative ways to
face this resistance problem, such as the application of nanotechnology, which is an inter-
esting alternative to usual antibiotic development approaches [10-13]. In an in vitro study,
the resistance of methicillin-resistant Staphylococcus aureus (MRSA) strains to ampicillin
loaded inside Eudragit® polymer-coated nanoliposomes was markedly decreased [14],
suggesting that the antimicrobial properties of the Eudragit® polymer contributed syner-
gistically to the effect of the ampicillin. On the other hand, Chitosan is a biocompatible,
biodegradable and non-toxic linear cationic biopolymer obtained from the deacetylation
of chitin under alkaline conditions [15]. Chitosan is a polymer of interest for the develop-
ment of nanoparticle-based drug delivery, which was approved as generally recognized
as safe (GRAS) by the US Food and Drug Administration (US FDA) [16]. The degree of
deacetylation and the molecular weight of chitosan affect its physicochemical properties
and consequently its biological activity. For example, highly deacetylated chitosan is more
biologically active than chitin and less deacetylated chitosan [17].

Molecular dynamics simulations provide valuable and reliable information about
the interaction of peptides with membrane models [18,19], which is useful to understand
the behavior of CST in relation to liposomal systems. An advantage of using micelles as
opposed to lipid bilayers is the faster time scales of motion of dodecylphosphocholine
(DPC) lipids [20]. The interaction of the peptide with the lipid macromolecular assembly
induces a much faster response in micelles as opposed to bilayers and captures the essential
features that modulate the peptide-membrane interaction [20].

Therefore, we evaluated the antimicrobial effect of the peptide CST in the presence of
self-assembling nanosystems. The stages of the study were—(i) isolation of MDR clinical
isolates of P. aeruginosa and their phenotypic characterization, (ii) characterization of CST in
solution using in silico and experimental methods, (iii) development and characterization
of liposomal nanosystems, and (iv) antimicrobial evaluation of the CST combined with
highly deacetylated (>90%) chitosan-coated nanoliposomes against both susceptible and
MDR clinical isolates of P. aureginosa.

2. Materials and Methods
2.1. Certified Bacterial Strains and Chemicals

P. aeruginosa ATCC® 27853 ™ was obtained from the American Type Culture Collection
(ATCC; Rockville, MD, USA). Muller Hinton Cation-Adjusted Broth and Colistin Sulfate
were purchased from Merck (Darmstadt, Germany). Cholesterol and dioleoyl phosphatidyl
ethanolamine (DOPE) were obtained from Avanti Polar Lipids (Alabaster, AL, USA). Soy
lecithin (Medick) was purchased from a local pharmacy (Cali-Colombia) and characterized
in a recent study [21]. Chitosan with a deacetylation degree of >90% (MW = 477 KDa) was
provided by the Laboratory of Design and Formulation of Chemicals and Derivatives of
the Icesi University [22].

2.2. Isolation of Resistant P. aeruginosa and Phenotypic Characterization

Three MDR clinical isolates of P. aureginosa encoded as PaOIMDR, Pa02MDR, and
Pa03MDR, and one antibiotic susceptible P. aureginosa clinical isolate (Pawt) were evaluated
in this study. The antibiotic susceptibility, phenotypic characterization of the resistance of
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clinical isolates, and the minimal inhibitory concentration (MIC) for each antibiotic were
confirmed using the VITEK® 2 Antimicrobial Susceptibility Testing card (VITEK® N272
-AST) in the VITEK® system 2 (Ref. 414164, Biomerieux), according to the clinical cut-off
points defined by the Clinical Laboratory Standards Institute (CLSI) [23]. The antimicrobial
agents used in the phenotypical characterization included piperacillin/tazobactam (TZP),
ceftazidime (CAZ), Cefepim (FEP), Doripenem (DOR), Imipenem (IPM), Meropenem
(MEM), Amikacin (AMK), Gentamicin (GEN), Ciprofloxacin (CIP), and Colistin (CST),
were evaluated. The resistance to CST was confirmed by performing a broth macrodilution
test in glass tubes and the in vitro MIC was determined according to the clinical break-
points defined by the CLSI [24]. The P. aeruginosa ATCC® 27853 ™ strain was used as a
reference strain.

2.3. Surface Tension Measurements

Measurement of CST surface tension was carried out using a surface tension meter
(OCA15EC Dataphysics Instruments, Filderstadt, Germany) with the appropriate driver
software (version 4.5.14 SCA22). The capture of the suspended droplet was recorded using
an IDS video camera [25] and the solutions were prepared using dilutions from 5 mg/mL
of reconstituted colistin with ultrapure water and phosphate-buffered saline at pH 7.2 (PBS,
138 mM NaCl, 3 mM KCl, 1.5 mM NaH,POy, 8.1 mM Na;HPOy).

2.4. Chitosan-Coated Liposome Combined with CST
2.4.1. Preparation of the Chitosan-Coated Liposomes with CST

The liposomes were constructed using the ethanol injection method [25]. Briefly, the
organic phase (ethanolic solutions of washed soy lecithin, cholesterol, and DOPE with
a ratio of 3:3:1, respectively) was added to the aqueous phase (CST, 100 pg/mL in PBS).
Equal volumes were used for the aqueous and organic phases. The resulting mixture
was vortexed for one minute to form the liposomes. Then, the liposomal suspension was
diluted in ultrapure water at a proportion of 1:4. Later, 1 mL of an aqueous solution
of chitosan (1 x 107* M, pH = 7.0) with a degree of deacetylation >90% was added to
1 mL of the liposomal dispersion free and combined with CST at a rate of 50 pL/min.
Finally, the mixture was left under constant magnetic stirring at 300 rpm for 8 h in a closed
polypropylene beaker.

2.4.2. Physicochemical Characterization of Liposomal Systems

The particle size and zeta potential of the liposomes were determined using a Zetasizer
Nano ZSP (Malvern Instrument, Cestershire, UK) with an He/Ne red laser (633 nm). The
particle size was measured by dynamic light scattering (DLS) using a quartz flow cell
(ZEN0023) and applying a light scattering angle from 173° to 25°. On the other hand,
the zeta potential was measured using a disposable folded capillary cell (DTS1070). The
instrument reports the particle size as the mean particle diameter (z-average), and the
polydispersity index (PDI) ranges from 0 (monodisperse) to 1 (very wide distribution). All
measurements were performed in triplicate after dilution of the freshly prepared liposome
suspension in ultrapure water at a ratio of 5: 5000 v/v.

2.5. Molecular Dynamics of Colistin and Nanoliposomes
2.5.1. Construction of the Colistin 3D Structure

The SDF 2D structure of CST (Polymyxin E) was obtained from the Pubchem database
(https:/ /pubchem.ncbi.nlm.nih.gov/compound /5311054). The 3D structure of CST was
constructed using Avogadro version 1.2 (https://avogadro.cc/) optimized with General
Amber Force Field (GAFF) and steepest descent algorithm to obtain a PDB file for molecular
dynamics (MD) [26,27].
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2.5.2. CST in Aqueous Solution and Construction of CST inside of DPC Micelles

The CHARMM-GUI platform [28] was used to develop a micelle hydrated system
consisting of 100 units of phospholipid DPC surrounding CST. DPC monolayers were
constructed to visualize and understand the stability of one molecule of CST inside the
micelle. GROMACS software version 2019.3 (University of Groningen, Groningen, The
Netherlands) was used for molecular dynamics simulation [29]. The ion Monte Carlo
method was used with 0.15 M NaCl, with a water thickness of 22.5 A and CHARMM36m
as a forcefield, which is suitable for describing the distribution of molecules within large
systems such as micelles [30]. CST parametrization was performed with a CHARMM-GUI
PDB reader [31] using par_all36_prot_lipid.prm. The behavior of CST in aqueous solution
and inside of the micelle was compared.

2.5.3. Minimization Energy, Equilibration and MD

To ensure the absence of steric clashes between the CST and the micelle, the system
was adjusted by heating to a temperature of 310 K at 1 fs (femtosecond)/step for 75 ps
(picoseconds), relaxing the structure by energy minimization for 300 ps at a rate of 2 fs/step.
The energy minimization of the system was obtained with the steepest descent algorithm
(tolerance value of 1000 kJ-mol~! nm~1) in 5000 steps. The Berendsen algorithm was used
to equilibrate the temperature and pressure of the system. After the system equilibration,
the MD was run for data collection during 10 ns, using the Nose-Hoover and Parrinello—
Rahman algorithms to adjust the temperature and pressure. The particle mesh Ewald
summation was applied to handle the long-range electrostatic interactions [32].

2.5.4. MD and Interaction Analysis

The software VMD (Visual Molecular Dynamics, University of Illinois, Chicago, IL,
USA) was used to visualize the simulation [33]. In order to determine the root mean square
deviation (RMSD) and the hydrogen bond formation between colistin and the model
system, a simulation analysis was performed using gromacs. Finally, the interactions
were manually analyzed using Discovery Studio Visualizer version Client 2020 (https:
/ /discover.3ds.com/discovery-studio-visualizer-download) and Ligplot+ [34].

2.6. Antimicrobial Activity

The antimicrobial susceptibility was assessed through a broth macrodilution test in
glass tubes following the suggestions proposed by the CLSI [23]. The clinical isolates of
P. aeruginosa previously characterized as susceptible and resistant to CST were incubated at
37 °C for 18-24 h on Brain Heart Infusion (BHI) agar. One colony was initially resuspended
in sterile water to reach a turbidity of 0.5 McFarland (approximately 1-4 x 10® colony
forming units (CFU)/mL). The bacterial suspension was then diluted with Mueller-Hinton
broth adjusted with cations to reach a concentration of approximately 2-7 x 10° CFU/mL.
Subsequently, 1 mL of bacterial suspension and 1 mL of free CST were mixed in a glass tube
using serial concentrations from 256 to 0.25 pg/mL and incubated at 37 °C for 18 h. For
CST combined with nanoliposomes, the same volumes and the same incubation conditions
were used, but the initial concentration of CST was adjusted to 64 pg/mL to be diluted in
half to 0.25 ug/mL. PBS was used as a negative control and the ATCC strain was used as a
reference to ensure reproducibility of the assays. After incubation, the MIC was determined
by visual analysis. Assays were performed in triplicate.

3. Results and Discussion
3.1. Phenotypic Characterization of Clinical Isolates of MDR P. aeruginosa

The antibiotic susceptibility and resistance profiles of P. aeruginosa clinical isolates
were constructed using six conventional antimicrobial categories (Table 1). The PaOIMDR
strain was resistant to penicillin + (3-lactamase inhibitor (TZP), to extended-spectrum
cephalosporins (CAZ, FEP), to carbapenems (DOR, IPM, and MEM), and to polymyxins
(CST), but it was susceptible to aminoglycosides (AMK, GEN) and fluoroquinolones (CIP).
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Pa02MDR and PaO3MDR clinical isolates were resistant to all the antibiotics evaluated
according to the clinical breakpoints defined by the CLSI guidelines [23].

Table 1. Bacterial resistance profile from phenotypic tests.

Scheme MIC (ug/mL)

TZP CAZ FEP DOR IPM MEM AMK GEN CIP CST
A?éC <4/s  <1/s <1/S <025/S  <2/S  <025/S  <2/S  <1/S  <025/S <05/
Pawt 8/S 4/5 2/S 0.5/5 1S <025/S <2/S  <1/S  <025/S <05/S
PaOIMDR >128/R  >64/R  >64/R  >8/R  >16/R  >16/R  8/S 4/ 05/S  >8/R
Pa02MDR >128/R  >64/R  >64/R  >8/R  >16/R  >16/R  >64/R  >16/R  >4/R  >8/R
Pa0BMDR >128/R  >64/R  >64/R  >8/R  >16/R  >16/R  >64/R  >16/R  >4/R  >8/R

Surface tension mN/m

S = Susceptibility strain, R = Resistant strain.

3.2. Surface Tension Measurements

The surface tension at different CST concentrations is shown in Figure 1.
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Figure 1. Characterization of the surface tension of Colistin (CST) in aqueous medium at different concentrations ranging
from 0 to 0.008 mg/mL (A), from 0.008 to 2 mg/mL (B) and from 2 to 5 mg/mL (C).

The behavior of the surface tension against different concentrations of the CST follows
a profile typical of amphiphilic molecules, which is consistent with the structural nature of
CST. Besides, at low CST concentrations (<0.008 mg/mL in PBS and <0.04 mg/mL in water),
the surface tension tends to remain constant at a typical value of ~73 x 1073 mN/m at
25 °C (Figure 1A). This suggests that at these concentrations, the CST is mainly solubilized
within the solution bulk with very few chains in the surface area. However, increasing the
peptide concentration from 0.04 to 5 mg/mL in water and from 0.008 to 2 mg/mL in PBS
leads to a decrease in surface tension from ~73 to ~60 mN/m and from ~73 to ~59 mN/m,
respectively (Figure 1B). Therefore, at such concentrations, CST may begin to localize at the
air-water surface, as well as in the solution bulk, where other association effects between
the different peptide chains also start to take place, forming CST-CST aggregates. In this
form, the peptide acts as a surfactant in an aqueous medium, decreasing the cohesive forces
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between water molecules located at the interface [35]. Finally, the CST-CST aggregates
prevailed at the higher peptide concentrations in water (5 mg/mL) and PBS (2 mg/mL)
(Figure 1C). Notably, the CST-CST aggregates were formed at a lower concentration in
PBS than in ultrapure water. This may be due to the charge shielding effect generated
when the phosphate anions of PBS are attracted to the cationic groups of CST until the
peptide is electrically neutralized. Thus, the low polarization of the peptide interface
promotes rapid and easy aggregation of CST-CST [36]. Therefore, depending on whether
the CST is free or added, it is possible to obtain a greater or lesser antimicrobial effect.
However, this mechanism is not fully elucidated, even though the few studies focused on
evaluating this type of effect found that free forms have more antimicrobial activity than
added forms [37,38].

3.3. Physicochemical Characterization of Liposomal Systems

The characteristics of the uncoated and chitosan-coated liposomal systems in the
presence and absence of CST are shown in Figure 2. For the uncoated liposomes, the
particle size was 208.7 £ 1.6 nm, which increased considerably to 1610.7 + 537.0 nm when
combined with CST. On the contrary, the free chitosan-coated liposomes had a particle
size of 178.3 £ 1.6 nm, while combined with CST they reached 485.0 & 9.8 nm, showing
a compaction effect compared to uncoated liposomes (Figure 2A). Likewise, the PDI of
these systems strongly depends on the coating with chitosan and its combination with
CST (Figure 2B). The PDI for the uncoated liposomes was 0.217 + 0.012, but an abrupt
increase was observed when they were combined with CST (Figure 2B). In the case of
chitosan-coated liposomes, the combination with CST also caused an increase of the PDI
from 0.007 & 0.005 to 0.468 + 0.017 (Figure 2B). As shown in Figure 2C, the zeta potential
was —48.8 = 3.7 mV for the uncoated liposomes, and it increased to —23.2 £ 1.7 mV when
they were combined with CST. This suggests that the positively charged CST locates on the
liposomal surface, but the positive charge density is not sufficient to reverse the negative
charge contributed by the phosphate groups of the phospholipids. Oppositely, the free
chitosan-coated liposomes had a zeta potential of +13.1 & 0.4 mV, which decreased slightly
to +5.3 & 0.3 mV when they were combined with CST.

All these results can be explained considering that under the methodology used,
the liposomes based on lecithin, DOPE, and cholesterol are nanometric, very uniform in
size, and with a negative surface potential, as previously described for such systems [14].
However, when these liposomes are coated with highly deacetylated chitosan, a slight size
contraction, a greater homogenization of the size populations (to a point of high uniformity),
and an inversion of the surface charge occur, indicating that the chitosan is completely
deposited on the liposomal surface. These results suggest that the chitosan coating process
occurs in a highly organized manner and forms a very well-defined system. Interestingly,
there is not an additive effect between the positive charges of chitosan and CST on the zeta
potential (Figure 2C), suggesting that there is a competition between both molecules for
binding to the liposomal surface. Thus, when chitosan-coated liposomes are combined
with CST, the latter would be displaced by chitosan forming a slightly more organized
and less polydisperse system (Figure 2D). On the other hand, CST could mediate contacts
between liposomes [39] or interacts differently with liposomes leading to increased size
and subsequent changes in the aggregation indices of liposomes and to more polydisperse
systems, which is consistent with the high dynamism of this peptide, which can form a
balance between its chains and aggregates.
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Figure 2. Physicochemical characterization of uncoated and chitosan-coated liposomes in the presence and absence of CST.
(A) Particle size, (B) Polydispersity index-PDI, (C) Zeta potential, (D) Schematic representation of the liposomal coating
process and its interaction with CST. NCL—Non-coated liposomes; CL—coated liposomes.

3.4. Molecular Dynamics of CST Combined with Nanoliposomes

To complement the results obtained in the Section 3.3 and understand how CST inter-
acts with uncoated nanoliposomes, micelle-type aggregation systems were built with DPC
phospholipids (which is zwitterionic, like those that constitute nanoliposomal formula-
tions) and the CST was initially placed inside the system. Although the nanosystems built
above (Section 2.4.1) are lamellar liposomes, we simulated DPC micelles to elucidate the
initial motion of the peptide upon insertion into the membrane because micelles are com-
monly used as bilayer membrane mimetics to study the interaction protein-membrane [40]
and the data obtained from these two systems, bilayers and micelles, can be used in a
complementary fashion [41].

After 7 ns, most of the CST comes out of the DPC micelle due to its strong hydrogen
bond interaction with the water molecules surrounding the micelle. CST appears at 2 ns
(Figure 3B) and is even more visible at 7 ns (Figure 3C). This is consistent with the results
shown in Figure 2A,B since it reveals that CST is positioned on the external surface of
nanoliposomes, thereby increasing the size and the Z potential value. Although the DPC
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headgroup carries a highly electronegative phosphate center comprised of four strong
hydrogen-bond acceptor oxygen atoms [20], the binding between CST and DPC micelles
is reduced.

A

Figure 3. CST interaction with dodecylphosphocholine (DPC) micelle through 10 ns (A) DPC Micelle
with CST at 0 ns. (B) DPC micelle with CST at 2 ns (C) DPC micelle with CST at 7 ns. Black circle
highlights the CST.

Figure 4A shows the RMSD between CST and the hydrated DPC micelle, and of
CST immersed in water only. In the latter, the RMSD varies little, apparently because of
the constant formation of hydrogen bonds between CST and water which remains at an
average of 33 hydrogen bonds during the 10 ns (Figure 4B). Contrarily, the RMSD of the CST
placed inside the micelle shows that it stays in the micelle for 7 ns, and the RMSD increases
to approximately 3 nm, suggesting that CST migrates from the micelle core toward the
water surrounding the DPC in agreement with what was shown in Figure 3. The number
of hydrogen bonds with water molecules increases progressively until it reaches 20 at
7 ns. CST has six L-diaminobutyric acid residues, and five of these can form hydrogen
bonds. Also, two threonine residues provide donor and acceptor atoms for the formation
of relatively weaker hydrogen bonds.

Interactions between CST and hydrated micelle by hydrogen bonds are shown in
Figure 5. At 0 ns, no hydrogen bonds exist between CST and DPC (Figure 5A). The few
hydrogen bonds formed are intramolecular for CST as seen in Supplement 1, where a
minimal hydrophobic interaction with DPC is observed. The number of hydrogen bonds
between CST and DPC remains almost constant, ranging between 7 and 10 interactions
from 1 to 7 ns. Conversely, there are no interactions between CST and the water molecules
surrounding the micelles at 0 ns, but they increase considerably as time passes (Figure 5B).
There were also few hydrophobic interactions between CST and DPC, going from two
interactions at 0 ns to one at 7 ns (Table S1), suggesting that the hydrophobic interactions
between the acyl chain of CST and the hydrophobic region of the micelle is not enough to
compensate the polar interactions between side chains and backbone polar groups of CST
with water molecules.

12



Pharmaceutics 2021, 13, 41

RMSD (nm)

RMSD B Hydrogen Bonds
0, T
— Colistin in DPC micelle hydrated — Hydrogen bonds Colistia with oaly water ‘
Colistin in only water r — Ilydrogen bonds Colistin with DPC micclle hydrated |
A ‘ W 1
£/ A | { |
"o /
| ¢ M th
N | 1
| iy W
| I
| d |
N| |l | 1 20— - -
1 A {
| [
RS
Wyl 10
| i
||' VA
J= = — (BAVA |
1 1 1
0 " 6 8 10 00 2 8 10
Time (ns) Time (ns)
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Figure 5. Interaction between CST and DPC micelle hydrated atoms (A) at 0 ns. (B) At 7ns. Fos: DPC molecule. Lig: CST.
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3.5. Antimicrobial Activity

The antibacterial activities of free CST (CST), coated nanoliposome without CST
(CL), and coated nanoliposome combined with CST (CL + CST) were evaluated against
different susceptible and MDR P. aeruginosa clinical isolates (Table 2). CST exhibited a
MIC of 2 pg/mL for both Pa ATCC 27853 and Pawt. CST was initially attracted to the
bacterial surface because of the electrostatic interaction between the positively charged
ocy-diaminobutyric acid residues and the negatively charged phosphate groups of lipid A
of lipopolysaccharide (LPS) [42]. There, CST displaces the divalent cations (Ca?* and Mg?*)
from the LPS layer, therefore increasing the fluidity and permeability of the membrane,
leading to the release of cytoplasmic content and finally cell death [2]. On the other hand,
MIC values for MDR clinical isolates ranged between 8 to 16 ug/mL. Resistance to CST
is closely related to the loss of its affinity for LPS because of the neutralization of the
negative charge of the phosphate groups of LPS by the addition of aminoarabinose and
ethanolamine residues [43]. However, even though the surface membrane charge has
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been reduced, CST still exhibits antimicrobial activity against MDR strains at moderately
higher concentrations (Table 2). This is because the membrane of CST-resistant bacteria is
still negatively charged [44] due to anionic phospholipids that are exposed on the surface,
which could interact electrostatically with cationic CST.

Table 2. Antimicrobial activity (MIC) of CST, CST-free coated nanoliposomes (CL) and CST-coated
nanoliposomes (CL + CST) against sensitive and multidrug resistant (MDR) strains of P. aeruginosa.

Strain MIC (ug/mL)
CST CL + CST CL*
Pa ATCC 27853 2 0.5 5.96
Pawt 2 0.5 5.96
Pa0OIMDR 8 8 5.96
Pa02MDR 16 16 5.96
PaO3MDR 8 8 5.96

* Final chitosan concentration coating the nanoliposomes.

CL + CST reduced the MIC in susceptible strains by four-fold (Table 2). This antimi-
crobial contribution against P. aeruginosa is provided by highly deacetylated chitosan as
reported in previous studies [22,45]. To explain these results, two hypotheses could be
proposed—(i) cationic chitosan and CST may interact with the membrane simultaneously
since both can be attracted by the anionic charge of the membrane [42,45,46]. This way, the
destabilizing effect that chitosan adds to the effect of CST on the membrane could explain
the decrease in MIC; (ii) while CST acts on the membrane, chitosan could penetrate the
cell wall and membrane and travel to the nucleus where it could interfere with mRNA
synthesis, causing a decrease in MIC [47].

However, CL + CST did not increase the antimicrobial effect of CST on MDR strains
(Table 2). This can be explained according to the results obtained by the physicochemical
characterization of the nanoliposomes and by the MD simulations (Figures 2 and 3) where
the localization of chitosan and colistin outside of the nanosystem was revealed. In this
way, several cationic CST molecules remain in solution because they would not be attracted
by the neutralized LPS of MDR strains [43], and thus, the cationic charge of CST would not
be neutralized by the phosphate groups of LPS, unlike with susceptible strains. Therefore,
in the CL + CST system, both cationic molecules CST and chitosan compete with each
other as seen in Figure 2C, preventing the latter from encountering the bacteria because of
electrostatic repulsion with CST and avoiding an additive antimicrobial effect, in contrast
to that observed in sensitive strains.

Interestingly, the nanoliposome coated with high degree deacetylated chitosan without
CST (CL) showed antimicrobial activity in the third dilution equivalent to 1.25 x 1075 M
(5.96 ug/mL) (Table 2). A previous study reported an approximate MIC of chitosan with
a degree of deacetylation of >90% against P. aeruginosa [45]. Our results suggests that
chitosan has a similar antimicrobial effect in all strains regardless of the resistance level to
CST and therefore, the decrease in the anionic charge magnitude of the bacterial surface
by LPS modification in CST-resistant strains does not affect the antibacterial function of
this polymer. In addition, the antibacterial effect of highly deacetylated chitosan is not
altered by the presence of 3-lactamases, carbapenemases, or by structural changes in
prokaryotic ribosome and DNA gyrase. Studies have reported that chitosan exhibits a
membranolytic effect against MDR bacteria [48,49], a consistent approach considering that
the cell membrane remains anionic despite resistance to colistin [44], therefore, both sensi-
tive and MDR strains could electrostatically attract chitosan to the surface. However, recent
evidence revealed that chitosan penetrates the cell membrane of P. aeruginosa, releasing
the cell contents and aggregating the residue cytoplasmic material into a mass. It was
presumed that the cytoplasmic material was agglomerated by flocculation of chitosan after
entering the cell [50], an effect that would overcome the resistance mechanisms mentioned
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above. Finally, so far, this finding could mean highly deacetylated chitosan is a potential
antimicrobial agent to use against CST-resistant MDR strains.

4. Conclusions

CST behaves differently in water or PBS buffer, depending on its concentration. At
low concentrations, it is solubilized in the bulk while at higher concentrations it behaves
in two specific ways. First, it decreases the surface tension due to its adsorption at the
air-aqueous medium interface. Second, it aggregates within the solution, establishing a
condition of high dynamism between the aggregated and non-aggregated forms.

The liposomes have a homogeneous nanometric size and with negative zeta potentials,
and when they are combined with the coating polymers (chitosan), they form more compact
and homogeneous systems, but with positive zeta potential. Conversely, the combination
of liposomal systems with CST leads to the formation of larger and more polydisperse
systems, suggesting a random interaction between the liposomal surface (coated and
uncoated) and the peptide. This result agrees with those obtained with in silico studies,
which show that CST has a greater tropism towards the external aqueous medium than
towards phospholipids. Based on this, we assume that CST amounts are in equilibrium
between the internal and external environment of the nanoliposome. We will confirm this
hypothesis in later studies using in silico lamellar systems.

Finally, combining CST with coated nanoliposomes increased its antimicrobial activity
by four-fold against sensitive P. aeruginosa but did not make any contribution against MDR
strains. Interestingly, coated nanoliposomes without CST exhibited the same antimicrobial
activity in susceptible and MDR strains. Thus, this polymer is considered a potential
antibiotic that should be further explored against MDR P. aeruginosa.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/1999-492
3/13/1/41/s1, Table S1: Interactions between colistin and micelle hydrated system at 0 ns and 7 ns.
LIG: colistin; H: hydrogen; O: oxygen; TIP: water; C: carbon.
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Abstract: The recent emergence of resistance to colistin, an antibiotic of last resort with dose-limiting
toxicity, has highlighted the need for alternative approaches to combat infection. This study
aimed to generate and characterise alginate oligosaccharide (“OligoG”)-polymyxin (polymyxin B
and E (colistin)) conjugates to improve the effectiveness of these antibiotics. OligoG—polymyxin
conjugates (amide- or ester-linked), with molecular weights of 5200-12,800 g/mol and antibiotic
loading of 6.1-12.9% w/w, were reproducibly synthesised. Invitro inflammatory cytokine
production (tumour necrosis factor alpha (TNF«) ELISA) and cytotoxicity (3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) of colistin (2.2-9.3-fold) and polymyxin B (2.9-27.2-fold)
were significantly decreased by OligoG conjugation. Antimicrobial susceptibility tests (minimum
inhibitory concentration (MIC), growth curves) demonstrated similar antimicrobial efficacy of ester-
and amide-linked conjugates to that of the parent antibiotic but with more sustained inhibition of
bacterial growth. OligoG—polymyxin conjugates exhibited improved selectivity for Gram-negative
bacteria in comparison to mammalian cells (approximately 2—4-fold). Both OligoG—colistin conjugates
caused significant disruption of Pseudomonas aeruginosa biofilm formation and induced bacterial death
(confocal laser scanning microscopy). When conjugates were tested in an in vitro “time-to-kill” (TTK)
model using Acinetobacter baumannii, only ester-linked conjugates reduced viable bacterial counts
(~2-fold) after 4 h. Bi-functional OligoG—polymyxin conjugates have potential therapeutic benefits in
the treatment of multidrug-resistant (MDR) Gram-negative bacterial infections, directly reducing
toxicity whilst retaining antimicrobial and antibiofilm activities.

Keywords: gram-negative bacteria; multidrug resistance; polymer therapeutics; colistin; polymyxin B

1. Introduction

Antimicrobial resistance (AMR) is a significantly growing global challenge that is associated
with elevated morbidity and mortality rates, high healthcare costs and >700,000 deaths annually [1,2].
Excessive use of antibiotics in animal husbandry, agriculture, and human and veterinary medicine
has contributed to a dramatic increase in life-threatening multi- and pan-drug resistant bacterial
infections [3]. This environmental exposure has been compounded by decreases in the development
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of novel antimicrobials and it has been predicted that AMR could result in 10 million annual deaths
by 2050 [4]. According to the World Health Organisation (WHO), Gram-negative bacteria such
as carbapenem-resistant Pseudomonas aeruginosa and Acinetobacter baumannii, extended spectrum
f3-lactamase-producing and carbapenem-resistant Klebsiella pneumoniae and Escherichia coli represent a
major clinical threat and burden to public health [5]. It has been estimated that Gram-negative bacterial
resistance resulted in 960,000 hospital admission days in Europe in 2017 [6].

Polymyxins (Scheme 1), such as polymyxin B and colistin (polymyxin E), are a potent class of
polypeptide antibiotics. Despite the clinical efficacy of colistin against Gram-negative bacteria, it is
recommended for employment as an antibiotic of last resort, both to avoid resistance and, importantly,
due to dose-limiting nephro- and neurotoxicity [7]. To reduce this toxicity and optimise antimicrobial
activity, drug absorption and target specificity, several novel derivatives of polymyxin antibiotics are
being developed [8-11]. Structural modifications have involved the N-terminal fatty acyl moiety or
Dab side chains and demonstrated the importance of Dab at residue five in antimicrobial activity [12].
Progression to clinical trials of these polymyxin derivatives has, however, been limited due to their
narrow spectrum of antimicrobial activity, and their cytotoxicity/poor tolerability in animal studies [13].

Acyl tail Tripeptide link Heptapeptide ring
) 5
a v
( Y: 'I\IHZ 6 7
1 2 3 4 /- L-Dab — D-Leu — L-Leu
—» L-Dab — L-Thr—» L-Dab — L-Dab
| | k
7-NH, 1-NH, L-Thr <=— L-IIDab - L-llDab
10 ”/-NHQ '{-NH2
9 8
5
(b) T-NH 6 7

L-Dab — D-Phe — L-Leu

1 2 3 4 /’
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Scheme 1. Graphic structure of (a) colistin and (b) polymyxin B. The hydrophilic heptapeptide ring is
linked to a hydrophobic acyl tail through a tripeptide fragment. The only structural difference between
both molecules is an amino acid residue at position 6: p-leucine in colistin is replaced by p-phenylalanine
in polymyxin B. Composition of the fatty acyl tail: 6-methyloctanoic acid for polymyxin B1/E1 and
6-methylheptanoic acid for polymyxin B2/E2.

Polymer therapeutics have emerged as a promising strategy to combat antimicrobial resistance,
particularly when used to reinstate “old” antibiotics [14]. Conjugation of an antibiotic to a
water-soluble polymer offers many advantages compared to small molecule drugs, including reduced
toxicity/immunogenicity, prolonged plasma half-life and improved pharmacodynamic targeting
through the enhanced permeability and retention (EPR) effect [15]. Colistin has previously been
conjugated to both, dextrin [16] and poly(ethylene glycol) (PEG) [17], however, complete restoration
of antibiotic activity was not achieved after amylase-unmasking of dextrin—colistin conjugates,
presumably due to the presence of oligosaccharides attached to the colistin amine groups [18]. The use
of alternative conjugation chemistry may offer the opportunity to optimise reinstatement of antibiotic
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activity at sites of infection/inflammation [19]. Moreover, conjugation of the antibiotic to bioactive
polysaccharides affords the opportunity to deliver anti-infective bi-functional polymer therapeutics.

Although alginates, like dextrin, are recognised as non-toxic by the Food and Drug Administration
(FDA), their large molecular weight and lack of mammalian, alginate-degrading enzymes has limited
their use in protein/peptide conjugation. More recently, alow molecular weight alginate oligosaccharide
(OligoG, Mn 3200 g/mol), was extracted as a sodium salt from marine algae (Laminaria hyperborea)
with >85% of residues being composed of x-L-guluronic acid. Although OligoG has no (MIC) value,
it inhibits bacterial growth, adherence and biofilm development, and potentiates the activity of
antibiotics against Gram-negative MDR pathogens [20-24]. This low molecular weight alginate also
possesses hydroxyl and carboxyl functional groups that can be used for drug conjugation.

We hypothesised that conjugation of guluronic-rich, low molecular weight alginates to antibiotics,
such as polymyxins, could create a bi-functional antibiotic polymer therapeutic [25]; combining the
antimicrobial properties of both the antibiotic and the alginate, while simultaneously reducing systemic
toxicity of the antibiotic, and facilitating size-dependent targeting by the EPR effect at the site of
infection. Polymyxins were chosen as a model drug because previous studies have demonstrated that
OligoG can enhance the antimicrobial efficacy of colistin against MDR, Gram-negative P. aeruginosa
both in vitro and in vivo [26].

The aim of the study was to generate and characterise a bi-functional polymyxin conjugate
using OligoG to optimise the antimicrobial function of these last resort antibiotics. A range of
OligoG-polymyxin conjugates were synthesised and their physicochemical properties, in vitro
cytotoxicity and biological activity characterised. Antimicrobial activity was assessed using MIC assays,
growth curves, confocal laser scanning microscopy (CLSM) imaging and “time-to-kill” (TTK) studies.

2. Materials and Methods

2.1. Materials

OligoG CF-5/20 and the high molecular weight alginate PRONOVA UP MVG (>60% guluronic acid
and Mw of 200,000 g/mol) were provided by AlgiPharma AS (Sandvika, Norway). The LIVE/DEAD®
Baclight™ Bacterial Viability kit was from Invitrogen Molecular Probes (Paisley, UK). Pullulan gel
filtration standards were from Polymer Laboratories (Church Stretton, UK). All chemicals were obtained
from either Fisher Scientific (Loughborough, UK) or Sigma-Aldrich (Poole, UK) unless otherwise stated
and were of analytical grade.

2.2. Cell Lines and Cell Culture

Human kidney proximal tubule cells (HK-2) were obtained from the American Type Culture
Collection (ATCC) (Manassas, VA, USA) and screened to be free of mycoplasma contamination before
use. Keratinocyte serum-free (K-SFM) medium (with L-glutamine), bovine pituitary extract (BPE,
0.05 mg/mL), human recombinant epidermal growth factor (EGF, 5 ng/mL), 0.05% w/v trypsin-0.53 mM
ethylenediaminetetraacetic acid (EDTA) were from Invitrogen Life Technologies (Paisley, UK).

2.3. Bacterial Isolates and Growth Media

The bacterial strains (Table S1) used have been previously described [20,27]. Bacteria were grown
on either tryptone soy agar (TSA) or blood agar (BA) plates supplemented with 5% v/v defibrinated
horse blood. Bacterial overnight cultures were grown in tryptone soy (TS) broth and Mueller-Hinton
(MH) broth was used for susceptibility testing. All media were from LabM (Bury, UK). Artificial sputum
(AS) medium was prepared as previously described by Pritchard et al. [24].

2.4. Synthesis of OligoG—Polymyxin Conjugates

To synthesise amide (A)-linked conjugates (Scheme 2a), OligoG (1000 mg, 0.3 mmol),
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC; 96.8 mg, 0.5 mmol) and
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N-hydroxysulfosuccinimide (sulfo-NHS; 109.6 mg, 0.5 mmol) were dissolved under stirring (15 min at
21 °C) in distilled water (dH,O; 10 mL). To this, colistin sulphate (146.7 mg, 0.1 mmol) or polymyxin
B (144.4 mg, 0.1 mmol) was added followed by drop-wise addition of NaOH (0.5 M) until pH 8 was
reached. The reaction mixture was stirred for 2 h at 21 °C, then stored at —20 °C prior to purification.

HN_s, ’¢NH >-
il

H 0O NH h\
\)\/\/\(g)L <K IL HN \\/NH2 = | Colistin )
Ht NH H HN —
’/\NHZ
HO'
a
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o]
EDC, Osg_ . Colistin -
Sulfo-NHS o O ulfate ° SR
—_— o) — PN / Colistin
_ )J\ N OligoG NHT S
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Scheme 2. Schematic showing steps in the synthesis of the OligoG—colistin conjugate. (a) Using an
amide linker (OligoG-A~colistin conjugate). (b) Using an ester linker (OligoG-E—colistin conjugate).

To synthesise ester (E)-linked conjugates (Scheme 2b), OligoG (1000 mg, 0.3 mmol),
N,N’-dicyclohexyl carbodiimide (DCC; 64.5 mg, 0.3 mmol), 4-dimethylaminopyridine (DMAP; 6.4 mg,
0.05 mmol) and colistin sulphate (146.7 mg, 0.1 mmol) or polymyxin B (144.4 mg, 0.1 mmol) were
dissolved while stirring overnight at 21 °C in anhydrous DMSO (10 mL). The reaction was stopped by
pouring the mixture into excess chloroform (~100 mL). Formed precipitates were collected by filtration
and dissolved in dH,O (10 mL), then stored at —20 °C prior to purification.

2.5. Purification of OligoG—Polymyxin Conjugates

OligoG—polymyxin conjugates were purified from the reaction mixture by fast protein liquid
chromatography (FPLC) using an AKTA Purifier system (GE Healthcare; Amersham, UK) connected
to a prepacked Superdex 75 16/600 GL column with a UV detector and a fraction collector (Frac-950).
Data analysis was performed using Unicorn 5.31 software (2011; GE Healthcare; Amersham, UK).
Samples (2 mL) were injected into a 2 mL loop using phosphate buffered saline (PBS) buffer (pH 7.4) as
a mobile phase at 1 mL/min. Fractions were collected, pooled and lyophilised. Then, conjugates were
re-dissolved in a minimal volume of dH,O and dialysed (1000 g/mol cut-off) against 5 x 1 L dH,O to
remove PBS salts. The final conjugates were lyophilised and stored at =20 °C.

2.6. Characterisation of OligoG—Polymyxin Conjugates

Size exclusion chromatography with multi-angle light scattering detection (SEC-MALS) or
refractive index detection (SEC-RI), were used to measure the approximate molecular weight and
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polydispersity of the conjugates. SEC-MALS was performed at ambient temperature on an HPLC
system consisting of a solvent reservoir, on-line degasser, automatic sample injector, HPLC isocratic
pump, pre-column and serially connected columns (TSKgel 4000 and 2500 PWXL). The column outlet
was connected to a Dawn HELEOS-II multi-angle laser light scattering photometer (Wyatt, MO, USA)
(A0 = 663.8 nm) followed by a Shodex RI-501 RI detector. The eluent was 0.15 M NaNO3 with 0.01 M
EDTA, pH 6.0 and the flow rate was 0.5 mL/min. Samples (10 mg/mL) were filtered (pore size 0.45 um)
before injection and analysed twice with injection volumes of 25 and 50 uL. A weighted specific
refractive index increment (dn/dc) value was calculated from the % wj/w colistin using dn/dc = 0.150
and 0.185 for alginate and colistin, respectively. Data were collected and processed using the Astra
software (version 7.3.0; Wyatt, USA).

The SEC-RI system consisted of two TSK gel columns (G5000PWXL and G3000PWXL) (Tosoh,
Germany) in series connected to a Gilson 133 differential refractometer (Middleton, WI, USA).
Samples were prepared in PBS (3 mg/mL) and eluted using PBS (pH 7.4) as the mobile phase at a flow
rate of 1 mL/min. Cirrus GPC software (version 3.2, 2006) from Polymer Laboratories (Church Stretton,
UK,) was used for data analysis. Molecular weight was determined relative to pullulan molecular
weight standards.

The FPLC system described above, connected to a Superdex 75 (10/300 GL) column, was also used
to assess conjugate purity. Samples (3 mg/mL in PBS) were injected into a 100 pL loop at 0.5 mL/min.
The area under the curve was used to estimate the percentage of free and conjugated antibiotic.
The total polymyxin content of conjugates was determined by bicinchoninic acid (BCA) assay using
colistin sulphate or polymyxin B standards.

Before and after OligoG conjugation, the number of available primary amine groups on colistin
and polymyxin B was determined using the ninhydrin assay. First, a lithium acetate buffer (4 M)
was prepared by dissolving lithium acetate dihydrate 40.81% w/v in dH,O. Acetic acid (glacial) was
added to reach pH 5.2 before adjusting the final volume. Next, ninhydrin reagent was prepared by
dissolving ninhydrin 2% w/v and hydrindantin 0.3% w/v in 7.5 mL of DMSO and 2.5 mL of lithium
acetate buffer. Test compounds (86 uL) were diluted with ninhydrin reagent (1:1) and heated in a water
bath (100 °C) for 15 min. Samples were subsequently cooled to room temperature and mixed with
50% v/v ethanol solution (130 uL). Then, aliquots (100 puL) were transferred into the wells of a 96-well
microtitre plate and analysed spectrophotometrically at 570 nm. Calibration of the assay was achieved
using ethanolamine (0-0.1158 mM).

NMR spectroscopy was used to confirm OligoG-polymyxin conjugation (Supplementary Materials).

2.7. Drug Release of OligoG—Polymyxin Conjugates

To compare the rate of degradation of OligoG-polymyxin conjugates, solutions were prepared
(3 mg/mL) in either (i) PBS at pH 5, (ii) PBS at pH 7, or (iii) PBS at pH 7 containing alginate lyase from
Sphingobacterium multivorum (1 U/mL) and incubated at 37 °C for 0, 2, 4, 6, 24 and 48 h. Upon collection,
samples were immediately snap-frozen in liquid nitrogen and stored at —20 °C. Time-dependent changes
in molecular weight and free polymyxin content were determined by SEC-RI and FPLC, respectively.

2.8. Characterisation of In Vitro Toxicity

A 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay was used to measure
cell viability and proliferation of HK-2 cells. Cells were seeded into sterile 96-well microtitre plates
at 1 x 10° cells/mL (100 uL/well) and allowed to adhere for 24 h at 37 °C. The following day, the old
medium was replaced with test compounds (0-1 mg/mL polymyxin base) dissolved in filter-sterilised
K-SEM. After 67 h incubation at 37 °C, filter-sterilised MTT solution (20 pL of a 5 mg/mL solution in
PBS) was added to each well and incubated for a further 5 h at 37 °C. Finally, the medium was carefully
removed, and the formazan crystals were solubilised in DMSO (100 uL) for 30 min. Absorbance was
measured at 550 nm using a Fluostar Omega microplate reader. The results are stated as percentage
cell viability compared with the untreated control cells. Data are expressed as mean + SEM (n = 18).
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Release of the cytokine, tumour necrosis factor alpha (TNFc), by HK-2 cells (1 x 10° cells/mL) after
exposure to free- and OligoG-conjugated antibiotic (0-1 mg/mL polymyxin base) was assessed using
an enzyme-linked immunosorbent assay (ELISA) kit. After 72 h incubation, the 96-well microtitre
plates were centrifuged (226x g, 3 min), the supernatant was collected, diluted with reagent diluent
(1:1) and analysed with the TNFx ELISA kit according to the manufacturer’s instructions (Fisher
Scientific; Loughborough, UK). Plates were analysed spectrophotometrically at 450 nm. In parallel,
100 pL of K-SFM was added to the wells of the centrifuged plates containing cells and MTT assays
were performed. A standard curve was used to calculate TNFa concentrations in the test samples,
which were then multiplied by the dilution factor (x2) and divided by cell viability for each drug
concentration (from the MTT assay). Two outliers were identified and removed using robust regression
and the outlier removal (ROUT) method (Q coefficient = 0.2%). Data are expressed as mean + SEM (1 = 6).

2.9. Antimicrobial Activity of OligoG—Polymyxin Conjugates

The minimum inhibitory concentration (MIC) of colistin (as sulphate salt) and polymyxin B and
their conjugates was determined using the broth microdilution method in MH broth in accordance
with standard guidelines [28]. Test organisms were suspended in MH broth (100 nL, 5 x 10° colony
forming units (CFU)/mL) and incubated in 96-well microtitre plates in serial two-fold dilutions of the
test compounds. The MIC was defined as the lowest concentration of test compound that produced no
visible growth after 16-20 h. Results were expressed as mode (1 = 3). For the purpose of calculating
selectivity index (SI), MIC values lower than 0.008 were taken as the lowest concentration tested.
Selective activities of the polymyxins and OligoG—polymyxin conjugates were calculated as follows:

Selectivity index (SI) = ICsg (ug/mL)/MIC (ug/mL).

To investigate whether alginate oligomer degradation is required for antimicrobial activity,
MIC assays were also conducted in the presence of alginate lyase (1 and 10 U/mL), whereby alginate
lyase was added to the MH broth during microtitre plate set up. In addition, alginate oligomer—colistin
conjugates (3 mg/mL) were incubated in PBS at pH 7 containing bacterial alginate lyase (1 and 10 U/mL)
at 37 °C for 24 h, before preparing microtitre plates as described above.

To more closely mimic in vivo environmental conditions, the antimicrobial activity of test
compounds was studied in the presence of mucin, by supplementing MH broth with porcine stomach
(type II) mucin (0.2 and 2% w/v) and used to set up the 96-well plates according to the standard MIC
protocol. To account for turbidity caused by mucin, resazurin dye solution (30 uL, 0.01% w/v in dH,O)
was added to each well and incubated for a further 3 h at 37 °C. Colour changes were observed
and recorded.

To study the antimicrobial efficacy of test compounds under more clinically relevant conditions,
the MIC protocol was performed using AS medium instead of MH broth. The plates were incubated
with resazurin as described above.

A checkerboard assay was used to assess synergy of test compounds with azithromycin dihydrate.
Here, stock solutions of test compounds (8 x MIC) and serial two-fold dilutions of azithromycin
dihydrate (16-1/16 x MIC) were freshly prepared in MH broth. Test compound solutions (100 uL) were
placed in the wells of row 1, then serially diluted along the ordinate with MH broth. Serially diluted
azithromycin dihydrate solutions (50 uL) were then added to the wells in decreasing concentration
along the abscissa. Each microtitre well was inoculated with the test organism (5 x 10> CFU/mL) and
incubated at 37 °C for 20 h. The fractional inhibitory concentration index (FICI) was calculated by
comparing the MIC values of the individual agents with the MIC value of the combined treatments [29].
Drug combinations were considered synergistic when the mean FICI was <0.5, additive when the FICI
was between 0.5 and 2, indifferent when the FICI was between 2 and 4, and antagonistic when the FICI
was >4 [30]. Results were expressed as median values (1 = 3).
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To study the effect of test compounds on bacterial pharmacokinetic profiles, 96-well microtitre
plates were set up according to the standard MIC protocol, then placed in a Fluostar Omega Microplate
Reader at 37 °C, and absorbance at 600 nm was measured hourly for 48 h. Results were expressed
as mean values (1 = 3). Unconjugated colistin plus OligoG, OligoG and the high molecular weight,
biologically inactive alginate, PRONOVA, at equivalent concentrations used in amide-linked or
ester-linked conjugates, were used as controls.

2.10. Anti-Biofilm Activity of OligoG—Polymyxin Conjugates

To analyse the effect of test compounds on biofilm formation, solutions of test compounds in
MH broth were inoculated (1:10) with P. aeruginosa R22 (standardised to 107 CFU/mL) in a Greiner
glass-bottomed optical 96-well plate. The plate was then wrapped in parafilm and incubated (37 °C,
20 rpm) for 24 h. The supernatant was carefully removed and replaced with 10% v/v LIVE/DEAD
stain in PBS prior to imaging. CLSM of Syto 9 (Aex/Aem maximum, 480/500 nm) and propidium iodide
(Aex/Aem maximum, 490/635 nm) was performed using a Leica SP5 confocal microscope with x63 lens
(under oil) and a step size of 0.79 um. Z-stack CLSM images were analysed using COMSTAT image
analysis software [31] and results were expressed as mean + SEM (1 = 15).

2.11. Pharmacokinetic—Pharmacodynamic (PK-PD) Model

A two-compartment static dialysis bag model (adapted from Azzopardi etal. [32]) was used to study
the PK-PD profile of OligoG—colistin conjugates. First, the ability of the dialysis membrane to control
diffusion of test compounds was assessed. The inner compartment (IC) contained OligoG—colistin or
colistin sulphate (10 mg/mL colistin base; 5 mL) in PBS and the outer compartment (OC) contained
sterile PBS (15 mL). The aseptically sealed beaker was incubated (37 °C, 70 rpm) for 48 h. Samples were
collected at various time points from each compartment and stored at —20 °C prior to analysis of
colistin content by BCA assay.

A modified experimental set-up was used to investigate the concentration- and time-dependent
antimicrobial activity of test compounds using a TTK assay (48 h). Here, the total volume in the
system was considered, with the IC containing test compounds at MIC (colistin sulphate 0.25 ug/mL;
OligoG-A—colistin 0.125 pg/mL colistin base; OligoG—E—colistin 0.125 pug/mL colistin base) or 2 x MIC
(OligoG—A—colistin 0.25 ug/mL colistin base; OligoG-E—colistin 0.25 pg/mL colistin base) in PBS.
The OC contained MH broth inoculated with A. baumannii 7789 (5 x 10° CFU/mL). Samples were
collected from the OC (0, 2, 4, 6, 24 and 48 h) and colony counts (CFU/mL) determined using
drop counts. Treatments were considered bactericidal if the reduction in viable bacterial counts
was >3 logjy CFU/mL (equivalent to 99.9% of the initial inoculum) and bacteriostatic if the decrease
was <3 logjo CFU/mL [33,34]. Growth (no test compounds) and sterility (no bacteria) controls were
also performed.

2.12. Statistical Analysis

GraphPad Prism (version 6.01, 2012; San Diego, CA, USA) was used for statistical analysis.
Statistical significance was indicated by *, where * p < 0.05, ** p < 0.01, *** p < 0.001 and **** p < 0.0001.
Analysis of variance (ANOVA) was used to evaluate multiple group comparisons (1 > 3) followed by
Dunnett’s post hoc test to account for multiple comparisons.

3. Results

3.1. Synthesis and Characterisation of OligoG—Polymyxin Conjugates

The characteristics of the OligoG-antibiotic conjugates synthesised in this study are summarised
in Table 1 and Table S2. Polymyxin B conjugates typically showed less drug loading (6.1-8% w/w)
than the colistin conjugates (8.1-12.9% w/w). SEC-MALS, SEC-RI and FPLC analysis confirmed the
presence of high molecular weight conjugates with <6% unbound drug (Figures S1 and S2, Table S3).
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The mean molecular weight of amide- and ester-linked conjugates (measured by SEC-MALS) was
8200-12,800 g/mol and 5200-6200 g/mol, respectively. The ninhydrin assay indicated that 2-4 amine
groups were used for binding to OligoG via amide conjugation. Diffusion-ordered spectroscopy
(DOSY) NMR confirmed covalent coupling of OligoG to colistin. Signals corresponding to OligoG and
colistin in the samples had the same diffusion coefficient (1.26 x 10719 m?/s), indicative of covalent
coupling (Figure S3). OligoG-A—colistin conjugate samples appeared to contain some free OligoG
while the DOSY spectrum for OligoG-E—colistin conjugate showed the presence of both, free OligoG
and colistin in the sample.

Table 1. Summary of the properties of the OligoG-polymyxin conjugates synthesised in this study.

Tested Mw (g/mol) Polymyxin Molar Ratio Conjugated Free )
Compound (PDD) Content (per Colistin) NH; per Polymyxin
by SEC-MALS (% wfw) Molecule (%)
OligoG-A—colistin
Mean 9220 (1.3) 9.4 43 34 32
Range 8200-12,300 (1.2-1.4) 8.1-12.5 3.1-5.0 2.7-4.6 1.5-5.7
OligoG-E—colistin
Mean 5550 (1.3) 10.9 3.8 N/A 27
Range 5200-5900 (1.2-1.3) 8.3-12.9 3.0-4.9 N/A 2.0-3.5
OligoG-A-polymyxin B
Mean 10,950 (1.4) 7.1 6.0 20 1.6
Range 9100-12,800 (1.3-1.5) 6.1-8.0 5.1-6.8 1.9-2.0 1.6
OligoG-E-polymyxin B 6200 (1.2) 7.0 59 N/A 27

Abbreviations: A, amide; E, ester; PDI, polydispersity index (given in brackets); SEC-MALS, size exclusion
chromatography with multi-angle light scattering detection; N/A, not applicable.

3.2. Stability of OligoG—Polymyxin Conjugates

Both ester- and amide-linked conjugates of OligoG—colistin and OligoG—polymyxin B incubated
in PBS at either pH 5 or pH 7 showed no significant decrease in molecular weight (Figure S4).
Conjugates were slightly less stable at pH 7, compared to pH 5. Conversely, alginate lyase effectively
triggered ~30% of colistin and ~90% of polymyxin B release (increase in % free drug) within 24 h
from these conjugates at 1 U/mL. There was little difference in total drug release between amide- and
ester-linked conjugates.

3.3. Cytotoxicity of OligoG—Polymyxin Conjugates

The concentration-dependent cytotoxicity of unmodified antibiotics, OligoG and OligoG-
polymyxin conjugates in HK-2 cells is shown in Figure 1. OligoG was not cytotoxic at
<10 mg/mL. Cytotoxicity was greatest for the free drugs (colistin sulphate half maximal inhibitory
concentration (ICsp = 0.026 mg/mL), polymyxin B (0.011 mg/mL)); slightly reduced by ester
conjugation (OligoG-E—colistin (IC5p = 0.057 mg/mL), OligoG-E-polymyxin B (0.032 mg/mL));
and significantly reduced for the amide-linked conjugates (OligoG—A—colistin (IC5y = 0.242 mg/mL),
OligoG-A-polymyxin B (0.299 mg/mL)). ELISA showed that the unmodified antibiotics induced
greater TNF« release than the conjugates (Figure 1c). OligoG-E—polymyxin B caused the highest
release of TNFo, compared to the other conjugates, but this was still lower than the unmodified drug.
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Figure 1. In vitro cytotoxicity of OligoG-polymyxin conjugates in human kidney proximal tubule cells
(HK-2) cells. Cell viability determined by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay after 72 h incubation. (a) Colistin sulphate. (b) Polymyxin B. Data are presented as mean %
of untreated control + SEM (n = 18). (c) Tumour necrosis factor alpha (TNF«x) release in HK-2 cells after
incubation with OligoG-polymyxin conjugates for 72 h (+SEM; n = 6). (d) Half maximal inhibitory
concentration (ICsg) values (+SEM) and fold-change (MTT assay) of tested compounds in HK-2 cells.
Significance is indicated by *, where * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 compared to
colistin sulphate or polymyxin B controls. Abbreviations: A, amide; E, ester.

3.4. Antimicrobial Activity of OligoG—Polymyxin Conjugates

The effects of conjugation on antimicrobial efficacy against a range of Gram-negative pathogens
varied between the conjugates and antibiotic (Table 2). Whilst ester-conjugation resulted in similar
(<2-fold differences) or decreased MIC values for OligoG—colistin and —polymyxin B conjugates,
the amide-linked conjugates demonstrated increased MIC values. This effect was particularly evident
for the polymyxin B conjugates, where MICs were increased by 4- to 32-fold. OligoG conjugation did not
improve the bactericidal efficacy of colistin in colistin-resistant strains (Table 2). Both OligoG—polymyxin
conjugates exhibited substantially improved selectivity for Gram-negative bacteria in comparison
to mammalian cells, compared to unmodified colistin sulphate (1.7-4.7-fold) and polymyxin B
(2.3-4.1-fold) (Table S4).

The antimicrobial activity of the conjugates was also assessed in the presence of alginate lyase or
following pre-incubation with alginate lyase (Table S5), where no significant change was observed for
either amide- or ester-bonded conjugates.

In contrast, when mucin was added to the broth, antimicrobial activity of OligoG-polymyxin
conjugates decreased in a dose-dependent manner (Table S6). The presence of unconjugated OligoG
with colistin sulphate or polymyxin B did not alter the antimicrobial activity of the free antibiotic.
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Differences in antimicrobial activity of both, free- and OligoG-bound antibiotics were observed
in AS medium compared to MH broth (Table S7). In most cases, using the checkerboard assay,
an indifferent or additive effect was observed when azithromycin dihydrate was combined with
OligoG—colistin or colistin sulphate (Table S8). Generally, OligoG conjugation did not alter the efficacy
of the antibiotic combination, except for A. baumannii 7789, where the additive effect of colistin sulphate
+ azithromycin dihydrate (FICI = 1.14) became indifferent when azithromycin dihydrate was combined
with OligoG-colistin conjugates (FICI >2.5). However, the combination of azithromycin dihydrate
with OligoG-E—colistin resulted in a synergistic effect for the E. coli National Collection of Type Culture
(NCTC) 10418 isolate (FICI = 0.46).

Bacterial growth curves of P. aeruginosa MDR 301 (Figure 2) showed that the OligoG—colistin
conjugates delayed bacterial growth in a concentration-dependent manner (indicated by the longer
lag-phase), and exponential growth was similarly slower compared to the untreated control.
Growth inhibition (up to >48 h) was noted for the OligoG-colistin conjugates at >2 X MIC, while higher
equivalent concentrations of colistin sulphate were required (>8 x MIC) to achieve comparable
efficacy. Neither amide- nor ester-linked conjugates had an effect on time to onset of bacterial
growth. Both, OligoG—-A—colistin and OligoG-E—colistin conjugates, at their MIC (1 and 0.5 ug/mL
colistin base, respectively), demonstrated a delayed lag phase of >24 h and >18 h, respectively.
Typically, colistin covalently conjugated to OligoG showed similar activity to the combined mixture
of unconjugated colistin and OligoG at equivalent concentrations. Furthermore, neither OligoG nor
Pronova alone had any significant effect in reducing bacterial growth, when an equivalent concentration
to that contained in OligoG—colistin conjugates was used.

3.5. Anti-Biofilm Activity of OligoG—Polymyxin Conjugates

CLSM of biofilms grown in the presence of free and OligoG-bound colistin (>MIC) showed a
marked effect on biofilm formation (Figure 3). For example, the OligoG-E—colistin conjugate, at its MIC
(1 pg/mL colistin base), caused obvious bacterial clumping, disruption of biofilm structure, and cell
death (as noted by increased numbers of red cells). COMSTAT analysis revealed a significant reduction
in biofilm thickness for all treatments (>MIC) (p < 0.05) and biofilm roughness was significantly
increased by OligoG—colistin conjugates (>XMIC) and colistin sulphate (MIC) treatments (p < 0.05).
Both OligoG—colistin conjugates (2 x MIC) significantly reduced biofilm biomass compared to untreated
control (p < 0.05), whereas no significant change was observed with colistin sulphate (up to 2 x MIC).

3.6. Pharmacokinetic—Pharmacodynamic (PK-PD) Model

In the PK-PD model (Figure 4), when antibiotic was placed in the IC, colistin diffused more rapidly
than the OligoG—colistin conjugates (1 mg/mL in the OC was reached at 2.83 h (colistin) < 10.47 h
(OligoG—-E—colistin) < 17.35 h (OligoG-A—colistin)). Colistin sulphate, at MIC (0.25 ug/mL) and the
OligoG-E—colistin conjugate at 2 x MIC (0.25 ug/mL colistin base) caused substantial bacterial killing
after 4 h (<3 log;o CFU/mL) (Figure 4b). Both treatments caused a reduction in viable bacterial counts
compared to the control (~5-fold lower) and the initial starting bacterial concentration (~2-fold lower).
However, no antimicrobial effect was observed with the OligoG—-A—colistin conjugate up to 2 x MIC.
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Figure 2. Bacterial growth curves for P. aeruginosa MDR 301 (48 h) in the presence of the following
antimicrobials. (a) OligoG-A—colistin conjugate. (b) OligoG-E—colistin conjugate. (c) Colistin sulphate.
(d) Colistin sulphate plus OligoG control for amide-linked conjugate. (e) OligoG control for amide-linked
conjugate. (f) PRONOVA control for amide-linked conjugate. (g) Colistin sulphate plus OligoG control
for ester-linked conjugate. (h) OligoG control for ester-linked conjugate. (i) PRONOVA control for
ester-linked conjugate. Controls were used at the equivalent concentrations used in the corresponding
amide- or ester-linked conjugates (1 = 3). Abbreviations: A, amide; E, ester.
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Figure 4. Pharmacokinetic-pharmacodynamic (PK-PD) model to compare diffusion of free- and
OligoG-conjugated colistin. (a) Change in colistin concentration in the outer compartment over 48 h
(measured by BCA assay). Data are expressed as mean + SD (1 = 3). (b) Viability count of A. baumannii
7789 in a “time-to-kill” (TTK) model. Data represent mean colony forming units (CFU) + SD (1 = 3).
Dotted line, lower limit of detection (102 CFU/mL). Abbreviations: A, amide; E, ester.

4. Discussion

4.1. Rationale for Development of OligoG—Polymyxin Conjugates

In recent years, interest in developing polymyxin derivatives to improve the therapeutic index
or provide activity towards bacterial strains that are not currently susceptible to polymyxins has
grown considerably [35]. Structural modifications, such as removal or substitution of the N-terminal
acyl chain, reduction in the number of positive charges, polymer conjugation and the introduction
of hydrophobic residues, have all been explored in an attempt to improve activity, reduce adverse
side effects and elucidate structure—activity relationships [36,37]. These studies have demonstrated
the critical importance of the amphipathicity of polymyxin molecules for their antimicrobial activity,
which stems from the charged Dab residues and hydrophobic tail. This study compared the activity
and toxicity of OligoG-polymyxin conjugates containing reversible or irreversible linking chemistries,
to improve the therapeutic index of the polymyxins.

To form an amide bond between OligoG and polymyxin antibiotics, the carboxyl groups of the
polymer were first activated by EDC in the presence of sulfo-NHS to create a stable amine-reactive
intermediate [38]. The resultant amine-reactive sulfo-NHS ester was then bound to primary amines
on the polymyxins. We hypothesised that amide-linked conjugates would rely on degradation
of the OligoG backbone by alginate lyase. There are no known mammalian enzymes capable of
degrading alginate, but bacterial alginate lyase from K. pneumoniae and P. aeruginosa has been found
in cystic fibrosis patients’ lungs [39] and could provide an opportunity for site-specific release of a
therapeutic payload from an alginate conjugated drug. Although alginate lyases from these bacteria
are generally considered to be mannuronate-specific, it has been shown that they may also demonstrate
moderate to low activity towards guluronate [40]. Non-biodegradable polymers whose molecular
weight is below the renal threshold (<40,000 g/mol) are expected to be readily excreted from the
body [41], so the conjugates synthesised in the present study should be readily excreted by the kidney.
Furthermore, sugar residues and/or linker groups that remain attached to the antibiotic Dab residues
after polymer degradation, may result in reduced antimicrobial activity, as observed with amide-linked
dextrin—colistin conjugates [18]. In parallel, ester-linked OligoG-polymyxin conjugates were formed
using Steglich esterification. Here, the polymer carboxyl groups were activated by DCC, with DMAP
as a catalyst [42]. The resultant O-acylisourea intermediate was then bound to hydroxyl groups on the
polymyxins. Addition of DMAP as a catalyst compensates for hydroxyls being poorer nucleophiles
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than amines (which can cause spontaneous rearrangement of the O-acylisourea intermediate into
undesirable N-acylurea) by reacting with O-acylisourea to form an acyl pyridinium species. Reaction of
DMAP with O-acylisourea forms an acyl pyridinium intermediate that is unable to form intramolecular
by-products but can react with a hydroxyl group to form an ester bond [43]. Ester-linkage permits
complete release of the native antibiotic at low or high pH, and by enzymatic activity and reactive
oxygen species at sites of infection [44]. Moreover, release of intact OligoG at the target site would
restore intrinsic antimicrobial activity of the polymer, which would further enhance its antibiotic
efficacy in vivo.

4.2. Physicochemical Characterisation of OligoG—Polymyxin Conjugates

Covalent attachment of OligoG to colistin was confirmed using several methods. DOSY is an
indirect method that can detect if the polymer and peptide are chemically linked as they will have
the same diffusion coefficient if bound together in solution [45] while SEC detects an increase in size
caused by an increase in molecular weight. In a control experiment using SEC-MALS, OligoG with
10% w/w added colistin yielded almost identical RI chromatograms as pure OligoG, confirming that the
observed shift in elution profile for the OligoG-colistin conjugates was not simply due to electrostatic
interactions between OligoG and free colistin. DOSY confirmed successful conjugation using both
amide and ester linkers. Nevertheless, DOSY also detected unbound colistin in the OligoG-E—colistin
sample and SEC-MALS analysis did not show an increased molecular weight compared to free OligoG.
This may be caused by hydrolysis of the ester linkage during measurement (in D,O at 25 °C), rather than
insufficient removal of unreacted material, highlighting the importance of using multiple analytical
methods to characterise these complex molecules.

4.3. Biological Characterisation of OligoG—Polymyxin Conjugates

Polymyxin antibiotics have been reported to cause severe nephrotoxicity in up to 53.5% of
patients [46] due to extensive reabsorption of the drug by renal tubular cells [47]. OligoG—polymyxin
conjugates in the present study exhibited a marked decrease in in vitro cytotoxicity in kidney cells
when compared to unmodified antibiotics. As expected, ester-linked polymyxin conjugates were
considerably more cytotoxic towards HK-2 cells compared to amide-linked conjugates. Since the
positively charged Dab residues are known to mediate polymyxin toxicity, and 2—4 of these primary
amines were used for irreversible (amide-linked) conjugation with OligoG, this result was unsurprising.

Antimicrobial efficacy of all OligoG-polymyxin conjugates was comparable to that of the parent
antibiotic. However, attachment of OligoG in the bi-functional molecule was unable to overcome
colistin resistance. For colistin-sensitive strains, conjugate MIC values were below the Clinical
and Laboratory Standards Institute [48] and European Committee on Antimicrobial Susceptibility
Testing [49] susceptibility breakpoints (<2 pg/mL) for polymyxins. Importantly, ester-linked conjugates
showed full retention of the antimicrobial activity of the free drug, while the antimicrobial activity
of the amide-linked conjugates was reduced by more than two-fold, presumably because of residual
sugars and/or linker groups on the antibiotic amine groups. Although these studies did not test the
stability of the conjugates in bacterial growth medium, it is likely that hydrolysis of the ester bond
would occur during the MIC assay incubation. This may explain the smaller decrease in antimicrobial
activity seen with ester-linked conjugates compared to amide-linked ones. Greater selectivity of
OligoG-A-polymyxin conjugates for Gram-negative bacteria in comparison to mammalian cells
suggests better tolerability and reduced side effects in vivo and substantially improved efficacy at
clinically relevant concentrations compared to the free antibiotic. In addition, studies with alginate
lyase suggested that either OligoG degradation is not necessary for antibiotic activity, or that alginate
oligomers are broken down by bacterial enzymes. Nevertheless, compared to dextrin—colistin
conjugates described in previous studies [16], alginate oligomer—conjugates were significantly more
potent (more than five-fold change). This may be due to the larger molecular weight of dextrin causing
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steric hindrance or the charge difference between the two polymers, but more likely, it can be attributed
to the inherent biological activity of OligoG itself [20].

Sustained antibiotic release was demonstrated by slower bacterial growth in the presence of
OligoG—colistin conjugates, which was dose-dependent. In this study, lower concentrations of
OligoG—colistin conjugates, compared to free colistin, were required to inhibit bacterial growth which
was sustained for up to 48 h. OligoG-E-colistin delayed the onset of bacterial growth for much
longer than amide-linked conjugates, suggesting that, after systemic administration, OligoG-E—colistin
conjugates might achieve better therapeutic activity in vivo. Similarly, when PEG was attached to
colistin via a labile ester bond, sustained drug release led to equivalent or better antimicrobial activity
against A. baumannii and P. aeruginosa isolates [17].

In a clinical setting, binding of colistin to sputum biomolecules (e.g., mucin) in the airways could
negatively impact antibiotic effectiveness and availability. Indeed, Huang et al. [50] demonstrated
>100-fold increase in MIC values of both, colistin and polymyxin B, when mucin was added to the
bacterial culture medium. A four-fold increase in the MIC of colistin was also reported when the
assay was conducted in AS medium instead of MH broth, thought to be caused by bacterial growth
disruption, structural modifications of lipopolysaccharides or direct colistin—-mucin interactions [24].
Although recent studies have demonstrated the ability of OligoG to bind mucin [51], conjugation of
OligoG to colistin and polymyxin B did not affect the ability of the antibiotic to bind mucin or alter the
effect of nutrient-deficient medium.

In practice, patients with severe infections of MDR pathogens are usually treated with combinations
of two or more antibiotics to overcome or prevent drug resistance. When we combined OligoG—colistin
conjugates with azithromycin dihydrate, an antibiotic that has previously shown enhanced efficacy in
combination with OligoG [20], antimicrobial activity of the drug was enhanced, but only additively.
Similarly, He et al. [52] reported additive effects in P. aeruginosa when they combined a low molecular
weight alginate oligosaccharide (Mw < 10 kDa) with azithromycin, suggesting that the alginate
oligosaccharide component of OligoG-colistin conjugates may be responsible for the additive effects
observed in our study.

Chronic airway infections by P. aeruginosa affect more than 80% of CF patients and contribute to a
progressive decline in lung function [53]. Marked disruption of P. aeruginosa biofilm formation was
observed when they were grown in the presence of both OligoG—colistin conjugates, although only the
ester-linked conjugate induced bacterial clumping (>MIC) which might be associated with the higher
cationic charge of colistin. This is in keeping with the findings of Powell et al. [23] who showed that
OligoG, at concentrations >0.5%, caused P. aeruginosa aggregation, while higher concentrations (>2%)
caused significant disruption of bacterial biofilm formation and growth.

4.4. PK-PD Modelling

Drug TTK profiles and colistin release rate from amide- or ester-linked OligoG—colistin conjugates
were investigated using an in vitro two-compartment PK-PD model. Predictably, diffusion of colistin,
which was mirrored by a time-dependent increase in drug concentration in the OC, was substantially
faster than the OligoG conjugates. When the ester-linked OligoG—colistin conjugate was contained
in the IC, diffusion of colistin was more pronounced than when the amide-linked conjugate was
tested, presumably due to the unstable nature of the ester bond. A. baumannii is an opportunistic
pathogen that can causes serious infections often associated with multidrug resistant strains and
has an 8.4-36.5% mortality rate [54]. In the present TTK study, although colistin sulphate at MIC
(0.25 pg/mL colistin base) and the OligoG-E—colistin conjugate at 2 x MIC (0.25 pg/mL colistin
base) exhibited rapid initial antimicrobial efficacy, marked bacterial re-growth was observed at 24 h.
Previous studies have reported the impact of hetero-resistance of A. baumannii clinical isolates to
colistin that allowed significant bacterial re-growth at 24 h at 32 x MIC [55] and 64 x MIC [56].
The reduction of viable bacterial counts by <3 logjy CFU/mL compared to the initial inoculum
was indicative of bacteriostatic activity only. Similarly, bacteriostatic activity of colistin, at its MIC,
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towards A. baumannii clinical isolates has been demonstrated, indicating a 2-fold decrease in CFU/mL at
4-6 h post-dose [57]. Importantly, previous studies saw significant bactericidal activity of colistin when
carbapenem-resistant A. baumannii isolates were treated with higher concentrations of the antibiotic
(>4 x MIC) [58]. Observations in the present study support the clinical limitations of conventional
colistin therapy, due to concentration-dependent nephrotoxicity, which may limit the optimal dosing
and efficacy of the antibiotic.

The findings of this study indicate that the ester-linked OligoG—colistin conjugate could be a
suitable alternative to conventional colistin, as it demonstrated equivalent antimicrobial effectiveness
(0.25 pg/mL colistin base) but exhibited significantly lower cytotoxicity in human kidney cells.
Following systemic administration of colistimethate sodium (Colomycin®; prodrug of colistin),
the plasma colistin concentration at steady-state is 0.5-4 ug/mL [59]. Clinically, nephrotoxicity is an
important limiting factor to colistin dosing, therefore, a plasma concentration of 2 ug/mL is desirable to
target bacterial pathogens with MIC values <1 ug/mL [60]. To avoid acute kidney injury, a maximum
plasma concentration of 2.42 ug/mL is recommended [61]. Yet, the clinical susceptibility breakpoint
for colistin against Acinetobacter spp. is 2 ug/mL [48,49], which gives it a narrow therapeutic index
in vivo. Due to the EPR effect, OligoG-E—colistin conjugates are expected to accumulate within infected
tissues, so higher antibiotic concentrations (>0.25 pug/mL colistin base, equivalent to >2 x MIC) could
theoretically be achieved much quicker than with the unmodified antibiotic. Sustained release over 48 h
and concentration-dependent antibacterial efficacy of colistin has been achieved using dextrin—colistin
conjugates [32]. In that study, colistin was covalently linked to dextrin through an amide bond,
so “unmasking” of antibiotic relied on x-amylase-mediated degradation of the polymer. The fact
that the OligoG-A—colistin conjugate did not show any antimicrobial effect in the PK-PD model in
this study could be attributed to the absence of alginate lyase in the culture medium or the presence
of residual saccharides attached to colistin which would not be present on antibiotic released from
the ester-linked conjugates. Recently, it has been demonstrated that, even after complete amylase
degradation of dextrin in amide-linked dextrin-colistin conjugates, the colistin molecule was still
attached to at least one linker with varying lengths of glucose units [18]. These findings suggest that
complete “unmasking” or release of colistin is a pre-requisite for reinstatement of antibiotic activity.

Importantly, the therapeutic benefits of OligoG—colistin conjugates might have been
underestimated by the in vitro assays. Passive accumulation of conjugates at sites of in vivo bacterial
infection due to the EPR effect, alongside the local reduced pH, reactive oxygen species and esterase
activity as well as alginate lyase could all promote the controlled release of the drug from the polymer,
and might further enhance the efficacy of the drug in vivo and thus, reduce the doses required to
eradicate infection.

5. Conclusions

This study has established, for the first time, the potential therapeutic benefits of using OligoG
conjugation to reduce antibiotic toxicity, while maintaining antimicrobial activity against MDR
Gram-negative bacterial pathogens. These studies also demonstrate that complete detachment of the
polymer from the bioactive compound is required to restore its full biological efficacy, with residual
sugars shown to impede complete regeneration of activity. As OligoG has been shown to enhance the
antimicrobial activity of macrolides, tetracyclines and -lactams antibiotics, against a range of MDR
Gram-negative bacteria [20], OligoG conjugation might also improve the pharmacokinetics of other toxic,
water-insoluble or otherwise undeliverable drugs. Polymer conjugates like the OligoG—polymyxins
offer a novel approach to repurpose “old” antibiotics into safer, less toxic bi-functional compounds to
meet the increasingly urgent need for new antimicrobial therapies.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4923/12/11/1080/s1,
Figure S1: Size exclusion chromatography with multi-angle light scattering detection (SEC-MALS) analysis of
OligoG-conjugates (three different batches of OligoG-A—colistin (OAC) and one batch of OligoG-E—colistin (OEC)),
showing overlaid refractive index chromatograms and corresponding Mw-time calibration lines. The injected
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mass was 250 ug for all samples. Abbreviations: A, amide; E, ester, Figure S2: SEC-MALS analysis of OligoG
in the absence and presence of 10% w/w colistin, showing that they do not form strong complexes since the
elution profile is identical, Figure S3: Diffusion-ordered spectroscopy (DOSY) of (a—c) three different batches of
OligoG-A—colistin conjugates and (d) one batch of OligoG-E—colistin conjugate. The assignment of the unique
signals for OligoG and colistin is indicated at the top of each panel and the red lines indicate the average diffusion
coefficients of the molecules, Figure S4: Drug release of OligoG-polymyxin conjugates in phosphate buffered
saline (PBS) at pH 5, pH 7 or pH 7 containing alginate lyase (AlgL). (a) Content of free polymyxin and (b)
change in molecular weight were determined by fast protein liquid chromatography (FPLC) and size exclusion
chromatography with refractive index detection (SEC-RI), respectively, over 48 h incubation. Abbreviations:
A, amide; E, ester, Table S1: Gram-negative bacterial isolates used for characterisation of OligoG—polymyxin
conjugates, Table S2: Physicochemical characteristics and batch details of OligoG—polymyxin conjugates used in
this study, Table S3: Weight and number average molecular weights of OligoG and OligoG-colistin conjugates,
Table S4: Selectivity index (SI) values of OligoG-polymyxin conjugates against a range of Gram-negative bacterial
pathogens, Table S5: Microbiological efficacy (MICs) of OligoG—colistin conjugates in the presence of alginate
lyase in Mueller-Hinton (MH) broth or after pre-incubation with alginate lyase against Gram-negative bacterial
pathogens, Table S6: Microbiological efficacy (MICs) of polymyxins and antibiotic conjugates in the absence
and presence of mucin against Gram-negative bacterial pathogens, Table S7: Comparison of the effect of growth
medium (AS medium and MH broth) on antimicrobial activity (MIC determinations) of polymyxins and antibiotic
conjugates, Table S8: Fractional inhibitory concentration index (FICI) values of OligoG—colistin conjugates or
colistin in combination with azithromycin dihydrate, Methods: NMR spectroscopy.
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Abstract: In this work, novel polymeric mixed micelles from Pluronic F127 and Cremophor EL
were investigated as drug delivery systems for Norfloxacin as model antibiotic drug. The optimal
molar ratio of surfactants was determined, in order to decrease critical micellar concentration (CMC)
and prepare carriers with minimal surfactant concentrations. The particle size, zeta potential, and
encapsulation efficiency were determined for both pure and mixed micelles with selected composi-
tion. In vitro release kinetics of Norfloxacin from micelles show that the composition of surfactant
mixture generates tunable extended release. The mixed micelles exhibit good biocompatibility
against normal fibroblasts MRC-5 cells, while some cytotoxicity was found in all micellar systems at
high concentrations. The influence of the surfactant components in the carrier on the antibacterial
properties of Norfloxacin was investigated. The drug loaded mixed micellar formulation exhibit
good activity against clinical isolated strains, compared with the CLSI recommended standard
strains (Staphylococcus aureus ATCC 25923, Enterococcus faecalis ATCC 29213, Pseudomonas aeruginosa
ATCC 27853, Escherichia coli ATCC 25922). P. aeruginosa 5399 clinical strain shows low sensitivity
to Norfloxacin in all tested micelle systems. The results suggest that Cremophor EL-Pluronic F127
mixed micelles can be considered as novel controlled release delivery systems for hydrophobic
antimicrobial drugs.

Keywords: mixed polymeric micelles; drug delivery; antibiotics; Pluronic F127

1. Introduction

Infectious disease treatments continue to impose the extensive use of antibiotics.
Despite the remarkable advances made in the last century in the synthesis of new drugs
with antimicrobial activity, there are many deficiencies, such as high toxicity, low solubility,
reduced bioavailability, and inadequate release profile for both new and old antibiotics
successfully used in the present therapies. The main issue, however, remains the multidrug
resistance, which produce a huge burden on the global health system.

To overcome these drawbacks, in the last decades, nanosized drug delivery systems
have been generate increasing interest of the scientific community, due to their unique
physicochemical properties. The advantages of these nanoparticulate carriers in antimi-
crobial formulations include targeted delivery to the infection site, improved cellular
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internalization and drug stability, higher solubility, and sustained drug release [1]. The
quinolone and their derivatives fluoroquinolone antibiotics are the most efficient class of
topoisomerase inhibitors, used to treat bacterial infections caused by both Gram-positive
and Gram-negative bacteria [2]. Their mechanism of action consists in the inhibition of
topoisomerase enzymes (DNA gyrase implicated in genome replication and transcription),
which inhibits the relaxation of supercoiled DNA and promotes the breakage of double
stranded DNA [3]. Their broad antimicrobial spectrum is due to their ability to cross
bacterial cell wall and cytoplasmic membranes via passive diffusion mechanism, being is
strongly dependent on the lipid composition [4]. Consequently, the antibacterial activity of
fluoroquinolones appears to result from the combination of efficient cellular membrane
penetration and DNA gyrase inhibiting activity. Norfloxacin (1-ethyl-6-fluoro-1,4-dihydro-
4-oxo-7-(1-piperazinyl)-3-quinoline carboxylic acid) is one of the most used antibiotics
from the class of fluoroquinolones [5]. Due to its complex structure, it shows superior
antibacterial activity against both gram positive and gram-negative bacteria, and is used to
treat a large variety of respiratory or urinary tract infections.

Norfloxacin is considered as a poorly soluble drug, despite of the experimental par-
tition coefficient log P that is reported in literature ranging from —0.43 to —1.52, quite
different from the value obtained from theoretical calculation (—0.92 to 1.44) [6]. However,
the large value of negative thermodynamic potential of solvation in the apolar solvent
explains the poor bioavailability (less than 40%) and short half-time (3—4 h) in serum [7].
Various drug delivery systems were proposed to prolong the release, and good results have
been obtained. Encapsulation in polymeric material guar gum, sodium carboxymethyl
cellulose, and hydroxypropyl cellulose lead to an extended the Norfloxacin release over a
period of 7-12 h [8]. A sustained release of the drug was also reported using Norfloxacin
loaded proniosomes and lipid polymer hybrid nanoparticles [9].

Taking into account the advantages of different nanostructured vectors, various drug
delivery systems for Norfloxacin (NFLX) have been proposed to increase its solubility,
stability to chemical and photodegradation, and to improve the therapeutic benefits. For
example, Ahmad et al. [10] are proposing a series of liposomal preparations of Norfloxacin
with variable concentrations of phosphatidylcholine, based on the charge transfer complex
between drug and phosphatidylcholine molecules. In another study, Norfloxacin-loaded
nanosponges based on cyclodextrin to maximize oral absorption were proposed [11].
Norfloxacin-stearic acid solid-lipid nanoparticles were also successfully used as an oral
delivery formulation [12]. Another hybrid drug delivery system containing Norfloxacin
loaded into TiO; nanoparticles followed by encapsulation onto poly lactic acid was found
to be a suitable carrier with high antibacterial activity [13].

Nanocarriers as delivery systems for antibiotics enhance drug solubility, modulate
drug release characteristics, and are also valuable tools in fighting antibiotic resistance [14].
Advanced drug delivery systems are studied for the encapsulation of norfloxacin [15] and
other quinolones [16], but very rare micellar systems are investigated [17].

Micelles dispersions, from classic surfactants or polymeric surfactants, are currently
used in many pharmaceutical products with various applications, from infusible solutions
with chemotherapeutics or antibiotics to ocular formulations. Most of the pharmaceutical
products contains as solubilizers nonionic surfactants, such as Tweens or Cremophors.
Cremophor EL is FDA-approved nonionic emulsifier, used as a solubilizing agent for many
years [18], produced by reacting castor oil with ethylene oxide. Therefore, it contains a
mixture of unmodified castor oil and a large variety of polyethylene glycols, polyethoxy-
lated glycerols, polyethoxylated fatty acids, and mono-, di-, and tri-esters of glycerol that
are polyethoxylated to different degrees [19]. Due to its excellent emulsifying capacity,
Cremophor is used for solubilization, protection, and delivery of different lipophilic active
pharmaceutical ingredients (API). Numerous studies highlight Cremophor toxicity, namely
anaphylactic hypersensitivity reactions, allergic shock, lipoprotein patterns and hyperlipi-
demia, neurotoxicity and hypotension, also at low concentration [20]. Also, some papers
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indicate that Cremophor can modify the toxicity profile of some active pharmaceutical
ingredients [20].

Polymeric surfactants are considered a safer and more convenient alternative to classic
surfactants, due to their low CMC values, good biocompatibility profile, and high drug
entrapment efficiency since they possess large hydrophobic inner core. Among them, the
most investigated class are polyethylene oxide-polypropylene oxide block copolymers
(Pluronics or Poloxamers). These group of surfactants are FDA approved and used in vari-
ous nanocarriers, in micelles, gels, and polymer stabilized nanoemulsions, to solubilize and
improve the bioavailability of the poorly water-soluble active pharmaceutical ingredients.
Their specific tri-block copolymer structure offers advantage regarding the modification
of the release and are widely used as a carrier for controlled drug delivery [21]. Another
significant advantage is that aqueous solutions of Pluronics in the presence of acids, alkalis,
and metal ions are very stable [22]. Also, these polymeric micelles are more investigated
because they do not show demicellization (micellar aggregate breaking) upon dilution in
the presence of biological fluids such as blood and tearing.

Micellar carriers that contain Pluronic polymers exhibit good biocompatibility over a
large concentration range, characteristic confirmed in many studies [23].

Most of the inconvenient of micellar systems as drug delivery systems are related to
the intrinsic toxicity due to the large content of surfactant required to produce micellar
aggregates even after dilution suffered after administration. In this respect, a mixture of
surfactants is investigated as a possible solution to prepare mixed micelles with superior
stability. When classic surfactants are added to Pluronic micelles depending on the molecu-
lar interactions taking place in the system, size and morphologies of the formed aggregates
are modified [24], significantly modifying the encapsulation and release capacity of the
drug. Forming mixed micelles with Pluronics is especially used to decrease the critical mi-
cellar concentration of the systems. Extensive research is available on the synergistic effects
in the micellization process in mixtures containing various ionic surfactant and polymeric
surfactants, while very few studies report synergism in mixed micelles of Pluronics and
nonionic surfactants used in drug delivery systems formulation [25,26].

Mixed micelles are used especially to enhance the drug encapsulation and delivery
parameters and have great potential as efficient drug carrier [27]. Beyond the reduction
of CMC value, mixed micelles show other synergistic properties, such as increased drug
loading capacity and micelle stability, higher than of the individual components. According
to some reports mixed micelles that include Pluronic F127 exhibit higher solubilization
capacity compared to pure F127 micelles [21]. In a study is reported a polymeric mixed
micellar formulation at 1:1 Poloxamer 407 /Pluronic P123 ratio, that exhibits a slower
and controlled release of the drug, in contrast to the pure polymer micellar system. This
behavior minimized the adverse effects associated with exceeding the safe concentration of
the drug [28].

Although polymeric micelles are known to be very efficient drug carriers, little at-
tention has been paid in using them as nanosized formulations for antibiotics. In a study
carried by Khanal [29], a drug delivery system was developed by encapsulate the anionic
drug cloxacillin sodium in a polyvinyl pyridine block of polystyrene-b-2-vinyl pyridine-b-
ethylene oxide in order to investigate the possibility of micelles being a suitable antibiotic
delivery system. Polymeric micelles were also proposed as carrier to ensure the drug trans-
port across the blood brain barrier (BBB). Micelles prepared from cholesterol-conjugated
PEG and anchored with a transactivator of transcription (TAT) peptide (TAT-PEG-b-Col)
were prepared to encapsulate Ciprofloxacin and prove sustained antibacterial activity
against B. subtilis and E. coli. The in vivo study evidenced that the polymeric micelles pass
the BBB [30].

The aim of the present study was to prepare mixed micellar systems containing a
well-known nonionic surfactant, i.e., Cremophor EL and Pluronic F127 to encapsulate a
poorly soluble antibiotic Norfloxacin. The self-assembling properties in mixed surfactant
systems were systematic investigated to prove the possibility of synergistic effects in
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micelle forming behavior. The optimization of the composition ensures the minimum
surfactant amount in formulation and the use of reduced quantity of Cremophor EL, to
decrease the side effects associated with it. The antibacterial activity of Norfloxacin loaded
mixed micelles was evaluated, in order to consider these novel colloidal vectors as possible
nanocarriers for poorly soluble antibiotics.

2. Materials and Methods
2.1. Materials

Micelle forming polymeric surfactants Pluronic® F127 (BioReagent MW = 12,600 g/mol),
Cremophor EL (Millipore, Burlington, MA) and model drug Norfloxacin (>98% TLC) were
purchased from Sigma-Aldrich (Merck Group, Darmstadt, Germany). Pyrene (99% purity)
and the solvents absolute ethanol (99.9%), dimethyl sulfoxide (DMSO), benzene (99% pu-
rity), chloroform (99% purity), phosphate Buffer Solution (99% purity), and hydrochloric
acid (36.5 g/mol, 99% purity) were also obtained from Sigma-Aldrich (Merck Group,
Darmstadt, Germany). All used reagents and chemicals were used as received without
further modifications.

CH, °f~/\o‘)’u\o
|
HO— CH,—CH,—O-—} CH—CH,— 01—} CH,—CH,— 0~ H OV\O,JLO)H\/\H)\/
100 65 100

OV\O‘?JLO’H\/\(“)J\/

Pluronic F127 (P1 F127) Norfloxacin (NFLX) Cremophor EL (Cr EL)

2.2. Preparation of Micelles

A simple thin-film rehydration method was used to prepare micelles of Pluronic F127
and Cremophor EL. The procedure is schematically presented in the Figure 1.

AMNA— W P F127

O cret—
NFLX ~ % Mixed micellar
- Evaporatlon of solvent Thin film hydratlon ;'i‘;;gs“’grifl
Rotavapor

Polymeric thin film
with Norfloxacin

Ethanol solution
Sterile filtration

Norfloxacin loaded
PIF127 - Cr EL mixed micelle

Figure 1. Schematic representation of the obtaining procedure for the Norfloacin loaded Pluronic F127—Cremophor EL
mixed micelles.

Suitable amounts of surfactants or surfactant mixtures were dissolved in ethanol in
a round-bottom flask. The vial was attached to a rotatory evaporator (Rotavapor-R—300®,
Buchi Labortechnik AG, Flawil, Switzerland) and heated at 45 °C under vacuum to produce
a thin film of micelle forming material deposited on the walls. After the total removal
of the solvent, the required volume of distilled water was added to rehydrate the film
under moderate magnetic stirring at 45 °C, for 30 min. The as prepared micellar dispersion
was further filtered through sterile syringe filter Minisart® 0.2 um (Sartorius, Gottingen,
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Germany). For the mixed micelles, the two surfactants were added in ethanol solvent to
obtain molar ratio 0.2, 0.4, 0.6 and 0.8 in the final aqueous dispersions.

The drug loaded pure and mixed micelles were prepared following the same procedure
and Norfloxacin was dissolved together with the polymeric surfactants in alcohol. The
dissolution of the Norfloxacin in the deposited thin film before the rehydration step ensure
the maximum solubilization of the drug inside the micelle core.

2.3. Characterization of Mixed Micelles

CMC values of the pure and mixed surfactant systems were evaluated using the
fluorescence method with pyrene as fluorescence probe [31]. Briefly, the fluorescence
spectra of pyrene incorporated into the studied micelles (pure Cremophor EL, Pluronic
F127 or mixed in various molar ratio) were recorded. A sharp variation of the slope in
the graphic representation of the I3/11 ratio (first and third vibronic peaks) indicate the
CMC. For the sample preparation, pyrene was dissolved in acetone, a required volume
was added in a graduate flask and the solvent was removed. Then, the surfactant solution
was added to pyrene to reach a concentration of 1 x 107® M. The concentrations of the
analyzed solutions ranked from 2.5 x 10~* M to 2.5 x 10~® M for all surfactants and their
mixtures. The spectrofluorimetric measurements were performed using a Jasco FP8200
instrument (JASCO Corporation, Tokyo, Japan). The excitation wavelength for pyrene was
334 nm and its emission was recorded between 350 and 600nm. The intensity ratio between
the first peak (373 nm) and the third peak (384 nm) was plotted against the concentration
of the analyzed solutions and analyzed for the calculation.

Particle Size, Polydispersity Index (PI), and Zeta Potential: The pure and mixed
polymeric micelles size and size distribution were measured using the dynamic light
scattering (DLS) method. The data was analyzed by number and intensity weighted
distributions. The zeta potential was calculated by Laser Doppler Velocimetry (LDV). The
measurements were performed on a Nano ZS ZEN3600 Zetasizer (Malvern Instruments
Ltd., Malvern, UK) equipment. The measurements were carried out on pristine and diluted
samples, and the dilution was made with distilled water or PBS. In order to evidence the
stability against aggregation and detect the presence of precipitated drug nanocrystals the
samples were measured before and after filtration.

The micropolarity of the micelles was evaluated from the value of the I3/I1 ratio
calculated for pyrene spectra in micellar solutions, compared to the values obtained in
water and nonpolar solvent as reference.

The stability of micellar systems against dilution was evaluated by changes in size and
size distribution when sample were diluted 10 time in either water or PBS. The resistance
of micellar aggregates at different pH was also investigated by DLS measurements in
surfactant solutions at pH = 4, pH = 6 and pH = 7.4 values.

The physicochemical stability of drug-containing micelles was evaluated by measuring
the variation of the size and size distribution on samples stored at room temperature over
four weeks.

2.4. Drug-Surfactant Interaction

The interaction of Norfloxacin with micelle forming surfactants was investigated
using FTIR. The measurements were performed as follows. The spectra were recorded
with a Tensor 37 Bruker equipment (Woodstock, NY, USA), using 32 scans with 4 cm!
resolution in the 4000—400 cm~! spectral range.

The sample pellets were prepared by adding pure components (NFLX, Pluronic
or Cremophor) and drug loaded micellar solution in KBr powder, further subjected to
extensive drying procedure to remove the solvent.

2.5. Drug Solubility and Entrapment Efficiency

For the measurement of the maximum solubility of Norfloxacin in surfactant solutions
pure and mixed micelles were prepared with Cremophor EL, Pluronic F127 and binary

45



Pharmaceutics 2021, 13, 435

mixture of Cremophor and Pluronic F127 with the molar ratio o« = 0.2, all samples at
concentrations five time their CMC value. Excess amounts (2 mg) of Norfloxacin were
added in flasks and dissolved with 1 mL of ethanol. The solvent was removed in a
rotaevaporator and the drug was further dissolved in 1 mL of each micellar solution. The
drug—micellar systems were left to equilibrate for 12 h and the obtained dispersions were
centrifuged and filtered using 0.22 pm regenerated cellulose syringe filters.

The drug amount was quantified using fluorescence method adapted in our labo-
ratory from literature [32]. Briefly, fluorescence spectra were recorded in acidic solution
of 0.1 N HCI, with Aex = 330 nm and Aem = 450 nm. Concentration of Norfloxacin in
micellar systems tested for calibration was: 100 ug/mL, 50 ug/mL, 25 ug/mL, 12.5 pg/mL,
6.25 ug/mL and 3.125 pug/mL. Calibration curves were obtained by plotting the fluores-
cence intensity at 450 nm against the concentration of Norfloxacine.

Good linearity was obtained for the concentration range 50-3.125 pg/mlL for all
micellar systems with R? = 0.9961 for Cremophor micelles, R? = 0.9903. For Pluronic F127
micelles and R? = 0.9908 for the binary mixture of Cremophor and Pluronic F127 with the
molar ratio, o« = 0.2.

The encapsulation efficiency (EE%) was calculated as the weight ratio of encapsulated
drug NFLX to the drug in feed at drug-loaded micelles:

EE (%) = Experimental drug loading/Theoretical drug loading x 100

2.6. In Vitro Drug Release

The release of Norfloxacin from pure micelles of Cremophor and Pluronic and mixed
micelles of binary mixture of Cremophor and Pluronic at selected molar ratio « = 0.2 was
studied using the dialysis bag method under physiological conditions. A volume of 2 mL
of Norfloxacin encapsulated (100pg/mL) in Pluronic F127 (1.5 x 103 M), Cremophor EL
(8 x107* M) and a binary mixture of Cremophor EL and Pluronic F127 with the molar
ratio, o« = 0.2 (1 x 1073 M) were added to the pre-swelled dialysis bag with two ends sealed
with plastic sealing clips. The systems were weighted before and after adding the NFLX
micellar solution. Each bag was placed in PBS release medium at room temperature, under
constant stirring (50 rpm). Aliquotes of 0.5 mL were withdrawn from the release medium
at predetermined time intervals (15 min, 30 min, 45 min, 1-8 h, 24 h) and replaced with the
same amount of fresh medium.

All aliquots were diluted 1:10 (v/v) with 0.IN HCl and quantified by means of fluo-
rescence spectrophotometry. The spectrofluorimetric measurements were performed using
a Jasco FP8200. The excitation wavelength was 330 nm, and its emission was recorded
between 350-600 nm. The intensity of the peak at 450 nm was recorded and further used to
calculate the cumulative % of drug release.

The influence of the temperature and pH of the media on drug release was tested and
the experiment were performed at 25 °C and 37 °C, in PBS buffer with pH values of 7.4,
6 and 4.

2.7. Cells Viability Assay

Cell culture: Human lung fibroblasts MRC-5 (ATCC CCL-171) were grown in complete
Eagle’s minimal essential medium (Invitrogen, USA) containing 10% fetal bovine serum
(Gibco, Carlsbad, CA, USA) at 37 °C in a humidified atmosphere with 5% CO,. The cells
were seeded at a cell density of 5 x 10 cells/cm? and left to adhere for 24 h. Then, the
fibroblasts were incubated for the next 24 or 48 h with different concentrations of surfactants
intherange1 x 1070-1 x 10~3 M, which were previously sterilized by filtration with 0.2 um
pore size filter membrane. Untreated cells were used as control for all in vitro experiments.

MTT assay: The cellular viability was measured using the 3-(4,5-dimethylthiazol-2-
y1)-2,5-diphenyltetrazolium bromide (MTT; Sigma-Aldrich, St. Louis, USA) assay. After
24 h of incubation, the culture medium was removed, and the cells were incubated with
1 mg/mL MTT for 2 h at 37 °C. The purple formazan crystals formed in the viable cells
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were dissolved with 2-propanol (Sigma-Aldrich, St. Louis, USA) and the absorbance was
measured at 595 nm using a microplate reader (Flex Station, Molecular Devices).

Griess assay: The concentration of nitric oxide (NO) in the collected culture medium
after the 24 h of incubation was performed with the Griess reagent, a stoichiometric solution
(v/v) of 0.1% naphthylethylendiamine dihydrochloride and 1% sulphanilamide in 5%
H3POy). Increased levels of NO are related with cytotoxic effects as this molecule relates to
inflammation and apoptosis. The absorbance of mix formed by equal volumes of medium
supernatants and Griess reagent was read at 550 nm using the FlexStation 3 microplate
reader and the NO concentration was calculated from the NaNO, standard curve.

Statistical analysis: The in vitro assays were performed in triplicates and the results
were presented as mean + standard deviation (SD) of three independent experiments.
The statistical significance was analyzed by Student t-test. A value of p less than 0.05 was
considered significant.

2.8. Antibacterial Activity

The antimicrobial assays were performed using standard and clinical bacterial strains
that were included in the microbial collection of University of Bucharest, Faculty of Biology,
Microbiology Department: Staphylococcus aureus ATCC 25923 and Staphylococcus aureus
MRSA clinical strain, Enterococcus faecalis ATCC 29213 and Enterococcus faecalis VRE clinical
strain, Pseudomonas aeruginosa ATCC 27853 and Pseudomonas aeruginosa 5399 clinical strain,
and Escherichia coli ATCC 25922 and Escherichia coli ESBL 135 clinical strain. To perform
the experiment, two successive passages were made by passing the microbial strains on
nutritious agar medium and incubating for 24 h, at 37 °C.

The qualitative screening of the anti-microbial properties was performed by an
adapted spot diffusion method, according with CLSI standard (Clinical Laboratory Stan-
dard Institute, 2021). Bacterial suspensions of 1.5 x 108 CFU/mL (corresponding with
0.5 McFarland standard density) obtained from 24 h microbial cultures developed on
Muller Hinton agar (MHA) were used in the experiments. Petri dishes with MHA were
seeded with microbial inoculums and an amount of 10 uL solution of each sample was
spotted, the calculated concentration of norfloxacin being 20 ug/mL. The standard disks
with 30 pg of norfloxacin were used as control for the strain’s sensitivity. The plates were
left at room temperature to ensure the equal diffusion of the compound in the medium and
then incubated at 37 °C for 24 h. Sensitivity was evaluated by measuring the diameters of
the inhibition zones that appeared around the spot and expressed in mm.

For establishing the MIC (minimum inhibitory concentration) values of the obtained
compounds we utilized a serial microdilution method performed in nutritive broth. The
sterile broth was added in sterile 96 well plates and binary dilutions of each tested com-
pound were performed in a final volume of 150 puL, starting with 20 p1g/mL concentration
calculated for Norfloxacin, in the first well. Further, 15 puL of microbial suspension adjusted
to 1.5 x 107 CFU/mL, were added in each well. The MIC values were established by
spectrophotometric measurement (absorbance reading at 600 nm using BIOTEK SYNERGY-
HTX ELISA multi-mode reader). Each experiment was performed in triplicate and repeated
on at least three separate occasions.

Statistical analysis: For biological tests, significant differences between the means
of triplicate experiments and the control were determined by using one-way ANOVA
statistical analysis (significance difference was noted as * for p < 0.05, and ** for p < 0.01).
All data are presented as mean values + the standard deviations (SD).

3. Results and Discussion
3.1. Mixed Micelles Preparation and Non-Ideal Behavior in Mixed Pluronic F127-Cremophor EL
Aqueous Solutions

In this study, a novel carrier from mixtures of two nonionic polymeric surfactants
Cremophor EL and Pluronic F127 is proposed, in order to obtain a controlled drug delivery
for Norfloxacin with extended release and higher permeability through cell membranes.
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The adequate composition of the mixed polymeric micelles to ensure the minimum
content of surfactants and a low value of CMC was evaluated from the non-ideal behavior
of surfactant mixture, using Rubingh model. The self-assembling properties of the aqueous
solution of Cremophor EL and Pluronic F127 have been studied and CMC values were
calculated from the variation of pyrene fluorescence spectra, i.e, variation of the I3/I1 ratio
with concentration of surfactant, as described in the previous section. The point where
two linear fitting curves in premicellar (low concentration) and micellar region intersect is
considered as CMC value. To evaluate the ideal or non-ideal behavior in mixed micelles,
CMC theoretical values were calculated from the Clint Equation (1):

1 51 1-— 51

GG

@

where C* represents the CMC of the binary mixture of Surfactant 1 and 2, « is the mole
fraction of surfactant 1 in the mixed solution and C; and C, are the individual CMCs of
Surfactant 1 and Surfactant 2.

In order to calculate the intensity of interaction between the two surfactants from the
binary mixture, one can use a parameter, {3, calculated using Equation (2), from the model
proposed by Rubingh [33]:
aC*
x1Cy
(1-x1) @
where a4 is the mole fraction of surfactant (Cremophor EL) in the mixed micellar solution,
C* is CMC of mixed micelles, C; is the CMC of Surfactant 1 and x; is the micellar mole
fraction of Surfactant 1.

The micelle mole fraction x; can be calculated by iteratively solving Equation (3):

In
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The value of parameter of interaction 3 quantifies the interactions between the
molecules of surfactant. When attractive forces between the two surfactants are present,
the value of this parameter is negative, meaning that synergism is present in the mixed
micelles. Positive values for parameter 5 indicate an antagonistic effect, whereas in the
case of p = 0 the mixed micelles formation is considered ideal. The larger the value of 8
(both positive or negative) the stronger the interaction (repulsion or attraction) between the
two surfactants. The determination of 3 values allow to select mixture where synergistic
behavior is present, leading to the formation of micellar aggregates at lower concentration
that corresponding pure surfactants. More stable micellar systems with low surfactant
content could be obtained, with a certain advantage for pharmaceutical formulation.

In Table 1, the theoretical and experimental values of CMC, together with the molar
fraction in mixed micelles and parameter of interaction (3 are summarized for the mixture
containing Cremophor EL and Pluronic F127 in various molar ratio (« is expressed relative
to Cremophor EL as Surfactant 1 and Pluronic F127 as Surfactant 2).

As it is expected for a mixture with nonionic surfactants, a moderate synergistic effect
is observed [25], with low values of interaction parameter, ranging from —0.22 to —1.54.

Negatives values for 3 were obtained for all molar fractions of 0.2, 0.6 and 0.8, but
the higher value is recorded for the molar fraction 0.2, where the higher synergistic effect
appears. For further experiments mixture with molar ratio o« = 0.2 was selected since
contain the smallest amount of Cremophor EL and the CMC value for the mixture is
very low.
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Table 1. The micellization parameters in binary mixtures Cremophor EL and Pluronic F127 in various
molar ratio obtained from the Rubingh model.

A Experimental CMC * (M) Calculated CMC * (M) X B
0 8 x 1075 - - -
0.2 4x107° 6.0 x 107> 0.46 —1.54
0.4 45 % 107> 4.8 x 107 0.57 —0.82
0.6 3.0x107° 40 %1073 0.69 —0.45
0.8 2.8 x 107> 3.4 x 107 0.83 —0.22
1 3x107° - - -

* using Equation (1).

3.2. Micelles Characterization

The size and size distribution of the micelles formed in Cremophor EL, Pluronic F127,
and their mixture in aqueous solution was evaluated from DLS measurements (Figure 2).
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Figure 2. Size and size distribution of the micelles: (a) Cremophor EL, (b) Pluronic F127, (c) Mixed Cremophor EL-Pluronic
F127 micellar system, (d) Norfloxacin loaded mixed Cremophor EL-Pluronic F127 micellar system.

At 25 °C the DLS diagram for 6 x 10~* aqueous solution of Cremophor EL shows
a single population of scattering units, the surfactant micelles, with an average diameter
of 12.4 & 2.4 nm and zeta potential —0.98 = 0.4 mV. The polydispersity index PdI is
0.157 indicating high monodispersity of the sample. In contrast, the solution of Pluronic
F127 exhibits trimodal distribution, with three signals in intensity mode representation.
The main diameter of the empty micelles is 31.91 + 4.4 nm, within the range of reported
values [22]. The strong intensity signal at 6.88 nm is due to the presence of the polymeric
macromolecules unassociated, in equilibrium with the micellar aggregates and the signal
around 354 nm is probably due to some larger micelle—micelle aggregates, which have
been reported in other papers [34]. The polydispersity index of 0.669 is consistent with a
trimodal distribution. The sizes of the mixed micelles range from 14.90 nm to 27.54 nm
with the increase of Pluronic F127 in composition, and the presence of Pluronic non
associated polymeric chain is no longer evidenced. Also, the large aggregates disappear,
that confirm the increase in micellization tendency in binary mixtures as it is observed from
the synergistic behavior discussed in the previous section. The size of mixed micelles is
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lower that is expected from an ideal mixing, and it is also consistent with the data obtained
from Rubing model (Table 1), where the molar fraction of Cremophor EL in mixed micelle
is always higher than the one in mixed solution.

The solubilization of the drug in mixed micelle in a concentration of 100 ug/mL
produced a slightly increase in the micellar size, from 27.54 £ 8.4 nm for empty Cremophor
EL—Pluronic F127 mixed micelles F127 at « = 0.2 molar ratio to 28.42 4= 7.9 nm for Nor-
floxacin loaded micelles. The solubilization of hydrophobic drugs inside the inner core of
the micelles results in most of the case in more obvious increase of the loaded micelles [35].
Sometimes the encapsulation of the more complex molecule, such as Norfloxacin is simulta-
neously accompanied by a dehydration of the polymeric aggregate that produce a thinning
of the hydrophilic polyoxiethylene corona [36], thus the modification of the micelle size is
less evidenced.

The drug release from micelles do not produce observable changes in the size of mixed
aggregates (average size before the experiment 26.42 £ 0.95 nm compared to samples after
release experiment 26.90 &+ 2.53 nm).

The micropolarity of the micelles was determined by using Pyrene as fluorescence
probe, as recommended in literature [37]. The intensity of the vibronic bands in the
fluorescence spectrum of monomeric Pyrene are reported to be very strong dependent
with de polarity of the microenvironment. The ratio I3/I1 (where I1 is the first maximum
emission peak at 372 nm and I3 the third one, at 384 nm) are considered as micropolarity
index [38].

The 13/11 value obtained from pyrene in water is very high, in the range 1.79-1.82,
while smaller values in the range of 0.80-0.90 were determined for fluorescent probe inside
micelles of various surfactants, indicating that pyrene molecules are located in a less polar
environment, i.e., the hydrocarbonate core of the micellar aggregate.

For the evaluation of the microenvironmental polarity in the micelles, the ratio 13/11
(first to third vibronic peaks) at the plateau region in the I3/I1 versus surfactant concentra-
tion curve was used, which is consistent with micellar domain.

From the spectra of pyridine recorded in pure Cremophor, pure Pluronic and mixed
Cremophor-Pluronic micelles, the I3/11 values were found 0.89, 0.96, and 0.90, respectively.
The value of 13/11 ratio of 0.89 for the Cremophor micellar system is consistent with the
chemical structure of surfactant, which can produce a nonpolar core resembling to the
hydrocarbon media to accommodate pyrene molecules. In contrast, the higher value,
0.96 found for Pluronic F127 micelles suggests that these micelles provide a microenviron-
ment for the pyrene probe more polar than usual surfactants (in the domain of moderate
polarity), due to the tendency of water penetration at the core-corona border [37]. The
mixed Cremophor-Pluronic micelle exhibits an I3/11 value similar to the pure Cremophor
micelles, probably due to the higher molar ratio of Cremophor inside the mixed micelles
than the actual molar ratio in the bulk surfactant solution.

The resistance of the micelles against dilution and pH changes was also checked.

The samples of pure and mixed micelles diluted 10 times show similar values of
surfactant aggregates after dilution compared to concentrated ones. For drug loaded
Cremophor EL-Pluronic F127 mixed micelles at « = 0.2, for example, average size of
concentrated dispersion (1 x 1073 M) in PBS was 26.41 £ 0.95 nm while after a tenfold
dilution, the size was 26.33 + 0.95 nm.

The pH value of the dispersion media is expected to show negligible influence on the
micellar size and shape, since both surfactants are nonionic. Thus, the values of the average
size of mixed micelles Cremophor EL-Pluronic F127 at « = 0.2 are found 26.97 4= 1.41 nm
at pH =4, 26.94 £ 2.54 at pH = 6, and 26.41 & 0.95 nm at pH = 7.4, respectively. The
mixed micelles prove to be resistant to dilution and no effect of pH variation in the range
4-7 4 affect the aggregation.

The DLS measurements were also applied to the samples after four weeks storage at
room temperature. No significant changes were recorded in the size and size distribution
of the void and NFLX.
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3.3. Drug—Polymeric Micelle Interactions

To investigate the interaction of Norfloxacin molecules with the polymeric surfactants
in micelles Fourier transformed infrared spectroscopy were used. In Figure 3, the FTIR
spectra of pure Norfloxacin (1), Cremophor EL (2), Pluronic F127 (3), Norfloxacin in
Cremophor EL micelles 100 pug/mL (4), Norfloxacin in mixed micelles Cremophor EL-
Pluronic F127 (5) and Norfloxacin in Pluronic F127 micelles 100 ug/mL (6) are displayed.
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Figure 3. FTIR spectra of (1) Norfloxacin, (2) Cremophor EL, (3) Pluronic F127, (4) Norfloxacin in
Cremophor EL micelles 100 pg/mL, (5) Norfloxacin in mixed micelles Cremophor EL-Pluronic F127
and (6) Norfloxacin in Pluronic F127 micelles 100 ug/mL.

The FTIR spectrum of Norfloxacin shows specific absorption peaks, similar to those
reported in literature [13] as follows: the wide band centered at 3438 cm ™! is produced by
both imino moiety of piperazinyl groups (-NH stretching vibration) and -OH group from
acid and the band at 2881 cm ™! correspond to C-H stretching vibrations. The absorptions
at 1627 cm~! are characteristic for quinolones (-NH bending vibration) and the region
between 1500-1450 cm ! for =O-C-O- group of acid (vs stretching vibration). The bending
vibration of -OH was found at 1272 cm~! and the strong absorption at 1114 cm ™! was
related to C-F group.

For Cremophor EL were registered a broad band at 3436 cm ™! for the -OH group,
the band at 2926 cm™! attributed to C-H stretch and the very small absorption band
between 1715-1730 cm~! characteristic to C=O stretch for esters. The stretching band of
C=C was found at 1642 cm !, the band from 1101 cm ! was attributed to C-O stretch
from alcohols and the wide absorption of 636 cm~! to =C-H bend, similar to reported
data in the literature [39]. In the spectra of Pluronic F127 micellar systems specific signal
were observed as broad band at 3439 cm ™! for the -OH group, the bend of 2886 cm ™! was
attributed to C-H stretch, 1348 cm™ (in-plane O-H bend) and 1112 cm™" (C-O stretch) [40].

For the sample with Norfloxacin in Cremophor EL micelles, FTIR spectrum absorp-
tions at 2923 cm ! attributed to C-H stretch, 1643 cm ™, stretching band of C=C, 1101 cm !
attributed C-O stretch from alcohols (identical to that of Cremophor), 950 em™! attributed
to trans-CH=CH- group and 669 cm ! attributed to =C-H bend. The most evident change
is the broadening and increase intensity of the absorption band at 3438 cm ™!, probably due
to the formation of numerous hydrogen bonding with OH group from acid (Norfloxacin)
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and from alcohol (Cremophor) and other interactions with the imino moiety of piperazinyl
groups (NH stretching vibration).

As a result of the encapsulation of the Norfloxacin in Pluronic F127 micelles no
significant changes were observed in the peak intensities and positions, with the exception
of the wide absorption band in the 3500 cm ! region, which is wider and more intense, due
to the formation of hydrogen bonds between drug and polymer molecules. In the spectra
of encapsulated Norfloxacin in the mixed micelles changes in shape and position of peaks
could not be observed, except the same broadening and shifting to higher wavenumber of
the peak at 3438 cm ! to 3464 cm~! and a minor shift to higher wavenumber of the peak
corresponding to C-F bending. These changes are due to the interactions of the Norfloxacin
with Cremophor and Pluronic F127, as a result of encapsulation of the Norfloxacin in the
mixed micelles.

3.4. Drug Solubility and Encapsulation Efficiency

The maximum solubility of NFLX in micelles and encapsulation efficiency are tabu-
lated in Table 2.

Table 2. Amount of Norfloxacin (NFLX) solubilized in polymeric micelles and encapsulation effi-
ciency at 25 °C.

Micellar Dispersion NFL Solubilized (ug/mL) EE (%)
Cremohor EL 99.2 485+33
Pluronic F127 93.5 457 £ 1.5

Mixed CrEL-P1 F127 93.8 522421

The concentration in the micellar dispersion were selected to represent 20 time the
CMC value, in order to compare the solubility in micelle aggregates rather than conven-
tional procedure versus weight of the polymeric material. The drug loading capacity
expressed as % of NFLX from the weight of drug and micelle forming materials is 5% for
Cremohor EL, 4.67% for Pluronic F127 and 4.89% for mixed micelles Cremohor EL-Pluronic
F127 with molar ration ot = 0.2 (thus low content of Cremophor). One can conclude that a
high loading capacity is maintained in mixed micelles, even at a significantly decreased
surfactant concentration at the molar ratio where the synergistic effect is present, due to
the favored micellization process.

3.5. In Vitro Drug Release

The release kinetics of Norfloxacin from various micellar dispersions was evaluated
using PBS as receiving media and the results are presented in Figure 4.

The drug release profile is significantly dependent to the composition of micelles.
Norfloxacin encapsulated in Cremohor EL micelles exhibit a cumulative release less than
20% up to 48 h, probably due to the compact packing of the hydrophobic chains of the
surfactant inside the inner core and higher tendency of drug retention. The release profile
show a burst in the first hour, then a decrease in the release rate. The burst region is
present also in the Pluronic F127 micellar dispersion for the first 2.5 h, but cumulative
release is far more important, up to 64%. The Norfloxacin molecules could be located
both in the hydrophobic inner region of polypropylene oxide (PPO) and embedded in the
hydrophilic corona of polyoxyethylene (POE) groups in the Pluronic micellar aggregate
and lead to a higher extent of drug released than from Cremophor EL micelles. The release
from the mixed micelles retains the burst segment, less pronounced compared to the
situation in Cremophor micelles, due to the small amount of this polymeric surfactant in
o = 0.2 selected composition. The cumulative release is improved compared to Cremophor
EL micelles, due to the influence of the large Pluronic, content up to 49% at 48 h.
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Figure 4. In vitro drug release profile for NFLX in Cremohor EL, Pluronic F127 and CrEL-P1 F127
(e = 0.2) mixed micelles.

The influence of the temperature and pH on the release profile of NFLX in selected
mixed micelles (Cremophor-Pluronic F127 at molar ratio 0.2) is presented in Figure 5.
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Figure 5. In vitro drug release profile for NFLX in mixed CrEL-PI F127 (& = 0.2) micelles at various temperature (a) and pH

values (b).

Since both Cremophor EL and Pluronic F127 are nonionic surfactants the effect of
temperature up to 50 °C is negligible on the size and morphology of the micellar aggre-
gates, thus the release of Norfloxacin encapsulates in either pure or mixed micelles is not
significantly affected by the increase of the temperature from 25 °C to 37 °C. The kinetic
profile is similar for the two temperatures investigated up to 12 h, with a moderate increase
(from 51.8% at 25 °C to 72.0% at 37 °C) at 24 h, probably due to the increase in the aqueous
solubility of drug when rise the temperature.

The release profile at various pH values shows an increase of the cumulative drug
release at 24 h up to 60.80% at pH = 4, while at the pH = 6 a decrease of the total NFLX
release to 47% is observed. This unexpected variation could be the result of the complex
equilibrium of the drug species inside the micelles and release media, due to the peculiar
variation of the solubility of Norfloxacin with pH.
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This behavior is not the result of changes in micelle properties, but of the intrinsic
properties of the drug. Size and size distribution of the Cremophor-Pluronic F127 (& = 0.2)
micelles mixed micelles, as well as those for pure Cremophor or Pluronic micelles is not
affected by the modification of the pH, according to the DLS measurements presented in
Section 3.2.

The chemical structure of Norfloxacin produces amphiphilic, ionized and neutral
species with variation of the pH, i.e at pH = 7.4 existence of both neutral NFLX? and zwit-
terionic NFLX* was evidenced, at pH = 6 a quasi-equimolecular mixture of zwitterionic
NFLX* and ionic NFLX* is present and at pH = 4 only the ionic NFLX" is observed. This
ionization behavior is consistent with the dramatic changes in solubility of NFLX with the
pH, from 0.3Mat pH=5t029 x 107> Mat pH =6and 1.3 x 10~3 M at pH =7 [41].

From the significant increase of the aqueous solubility of Norfloxacin at pH =4, one
can expect a more obvious increase in the drug released. However, the fully charged
species NFLX" is stronger retained inside the micelles due to the interaction with the
—OH and -COOH groups from the Pluronic and Cremophor molecules. At pH = 6 the
coexistence of both zwitterionic and protonated Norfloxacin species results in a lower
content of drug released.

The combination of the two polymeric surfactants results in a sustained release of
NFLX form micelles that can ensure a long-term delivery of the antibiotic.

3.6. Biocompatibility of Mixed Micelles

The effect of surfactants on normal cells was studied in terms of cell viability by MTT
assay and cellular inflammation and membrane damage with nitric oxide (NO) release test.
The study was performed on human lung fibroblasts MRC-5 cells selected as model normal
cells with moderate sensibility to dispersions. The results are shown in Figures 6 and 7.

As shown in Figure 6, the Cremophor EL micellar solution in the range 5 x 10~°-
2 x 10~* M did not affect the number of viable cells after 24 h of incubation compared with
the control. Although no change in cell viability was measured for sample Cremophor
EL even at concentration approximative 5 times higher the CMC, a significant decrease
was noticed for the 3.2 x 10~% M concentration, after both time intervals of incubation
with surfactants.

CrEL m24h m48h
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Figure 6. Cont.
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Figure 6. Cell viability results obtained by MTT assay after 24 and 48 h of cell growth in the presence of surfactants. Results
are presented as mean =+ standard deviation of three independent experiments (* p < 0.05, ** p < 0.01 and *** p < 0.001

compared with control).

Relative nitric oxide level

(% of control)

Cr EL m24h m48h
120

ke

0 || || || || || || || || || || || || || || || ||

.05 0.10 0.20 0.40 0.80 1.60
Surfactants concentration (moles/L-10%)

1

o
o

©
o

=2
o

H
o

N
o

Figure 7. Cont.

55



Pharmaceutics 2021, 13, 435

120

2

2 100

3=

% 8 80

o'

28 60

=

<

e < 40

® 20

[}

& 0
120

2

2 100

3=

X2 80

o'

238 60

2o

c O

¢ 2 40

ks 20

Q

& 0

Pl F127 m24h m48h
0.00 0.20 0.38 0.75 1.50 3.00

Surfactants concentration (moles/L-10%)

Pl F127 - Cr EL, a=0.2 m24h m48h
0.13 0.25 0.50 1.00 2.00

Surfactants concentration (moles/L-10%)

Figure 7. NO release measured by Griess assay after 24 and 48 h of cell growth in the presence of surfactants. Results
are presented as mean =+ standard deviation of three independent experiments (** p < 0.01 and *** p < 0.001 compared

with control).

The micellar dispersions based on Pluronic F127 show lack of cytotoxicity up to
1.5 x 107* M, as it is reported in most paper for low concentrated polymeric solutions
below 8 x 107® M, in premicellar region [42]. An unexpected dose-dependent decrease
was obtained for Pluronic concentrated micellar disperions from 3 x 1074 Mto6 x 1074 M,
where the cellular viability decreased to 49% compared to control value after 48 h
of exposure.

In the mixed micelle system with molar ratio Cremophor EL- Pluronic F127 « = 0.2, the
dose dependent variation of the cytotoxicity is observed similar to Pluronic F127 micellar
dispersion, probably due to the small amount of the Cremophor in the mixture. Significant
decrease in the cellular viability is recorded after 24 and 48 h at higher concentration than
2 x 107* M of mixed surfactants.

Since the synergistic molar ratio o = 0.2 exhibits the low value of CMC 4 x 1075 M,
solutions with concentration 3-fold CMC will ensure the existence of the micellar aggregates
and remains in the region without evident toxicity.

The amount of NO released in the culture medium was assessed as a valuable indicator
of inflammation produced by the contact with surfactant solutions in premicellar and
micellar regions. As it is shown in Figure 7, no significant changes in NO release after cell

56



Pharmaceutics 2021, 13, 435

exposure to surfactants over whole range of studied concentrations could be observed.
Thus, it was concluded that even in the case of the Cremohore EL presence, the surfactant
micelles did not induce inflammation in human fibroblast cell cultures.

3.7. Antibacterial Activity

The qualitative screening of the antimicrobial activity evaluated the efficiency of the
Norfloxacin encapsulated in Cremophor EL and Pluronic F127 micellar carriers, by measur-
ing the diameters of the inhibition zone expressed by each tested bacterial strain. The value
of the diameters of the inhibition zones demonstrated the achievement of a concentration
gradient around the spot following the release of the antibiotic from the micellar carrier
(20 pg in 10 uL micellar solution), by comparison with the concentration gradient achieved
by the release of antibiotics from the standard disc (30 nug/disk) (Figure 8).

(@

(b) (0)

Figure 8. Aspect of the inhibition zones for microorganisms (a) Staphylococcus aureus ATCC 25923, (b) Pseudomonas aeruginosa
ATCC 27853 and (c) Escherichia coli ATCC 25922. The samples are denoted P1 = NFLX in water; P2 = NFLX in DMSO;
P3 = NFLX in Cremophor EL micellar solution; P4 = NFLX in Pluronic F127 micellar solution; P5 = NFLX in mixed micellar
solution, while M1, M2 and M3 are empty micelles of Cremophor EL, Pluronic F127 and mixed micelles, respectively.

It cannot be observed significant difference between Cremophor and Pluronic micellar
carriers (P3 and P4) or combination of them (P5) on the growth of standard bacterial strains.

In Figure 9 the values of the diameter of inhibition zone recorded for both clinical and
standard bacterial strains are presented.

As shown in Figure 9, different behaviors for the clinical and the standard bacterial
strains exposed to NFLX are recorded, with the clinical strains expressing larger diameters
of the inhibition zones in both cases standard disc and micellar carriers. The exception is
the P. aeruginosa 5399 clinical strain which shows low sensitivity to Norfloxacin in all the
tested systems. It seems that this bacterial strain is resistant to fluoroquinolone, given the
diameter of the inhibition zone for the norfloxacin (16 mm < 18 mm, according with CLSI
2021) and by using the micellar carrier for antibiotic the sensitivity pattern has not changed
when NFLX was encapsulated in Cremophor and mixed micelles compared to NFLX in
aqueous solution. A rather higher sensibility is recorded to the NFLX encapsulated in
Pluronic F127 (15 mm), probably due to the cellular membrane permeability induced by
the tri-block copolymer micelles.

For the E. coli strains, both standard and clinical strains, the diameter of inhibition
zones produced by NFLX encapsulated in micelles were larger than the antibiotic in
aqueous solution.

The quantitative results expressed by minimal inhibitory concentration values allowed
the quantitative evaluation of the carriers’ efficiency in terms of antibiotic release capacity
in the liquid medium (Figure 10).
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For E. coli ATCC 25922 strains the minimal inhibitory concentrations were similar for
the reference aqueous solution of NFLX and the drug encapsulated in various micellar
systems, with the exception of NFLX in mixed Cremophor EL- Pluronic F127 micelles,
which exhibited a lower MIC of 0.039 pg/mL compared to 0.078 ug/mL. The clinical strain
E. coli is less susceptible to NFLX encapsulated in Cremophor EL (MIC of 0.31 ug/mL) and
again the highest activity was observed for the formulation with mixed surfactants (MIC
0.078 ug/mL).

In the case of P. aeruginosa ATCC 27853, a similar efficiency was observed for NFLX
in aqueous solution and Pluronic micelles (MIC 0.625 pug/mL), while the presence of
Cremophor EL in pure and mixed micelles reduced the MIC value to 0.312 pg/mL. As
observed in the qualitative test, P. aeruginosa clinical strain proved to be more resistant to
NFLX, and the encapsulation in micelles leads to an unexpected increase of the MIC values
for all surfactants.
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In the case of the Gram-positive microorganisms there were also differences in the
results recorded for standard and clinical strains depending on the composition of the
micellar carrier. For standard E. fecalis ATCC 29212 the lowest efficiency was demonstrated
by the NFLX loaded Cremophor EL micelle dispersion (MIC value 0.312 ug/mL), while
the encapsulation in Pluronic F127 and in the mixed micelles reduced the MIC value to
quarter. The clinical E. fecalis VRE 2566 strain developed a high value of MIC in the case of
NFLX in Pluronic micelles (MIC value 0.625 ug/mL). Again, the encapsulation in mixed
micelles decreased the value of MIC up to 0.125 pug/mL.

For S. aureus standard strain ATCC 25923 the MIC values for NFLX in all micel-
lar systems proved to be double compared to the value recorded for aqueous solution
(0.625 pg/mL compared to 0.312 ug/mL).

In the case of resistant S. aureus strain, no significant improvement was observed with
the Pluronic F127 micelles, on the contrary the MIC value obtained is the higher obtained in
our study (1.25 pg/mL) for Gram positive microbial cultures. The presence of Cremohor EL
as pure micelles or in combination with Pluronic F127 increased the antibacterial efficiency
of the encapsulated drug.

The micelles of two polymeric surfactants used in this study had different effects on
the Norfloxacin antibacterial efficiency on different microorganisms, and a variation in
behavior could also observed between standard and clinical strains. A possible explanation
is the specific interaction between the cellular membrane and micelle forming surfactants,
that should be investigated in detail in order design drug delivery systems for NFLX with
enhanced activity against resistant microbial strains.

Pluronic polymeric surfactants have begun to be investigated to elucidate their role in
management of biofilm formation, but relevant data and explanations about the complex
interactions with the microbial cellular membrane are still lacking [43].

4. Conclusions

Polymeric micelles were prepared as drug delivery systems for model poorly soluble
antibiotic Norfloxacin in order to achieve better stability and controlled delivery of drug.
Two polymeric surfactants Cremophor EL and POE-PPO-POE triblock copolymer Pluronic
F127 and their mixtures in various molar ratio were studied. The non-ideal behavior of
the self-assembling process in surfactant mixtures reveal the existence of synergistic effects
over the whole range of composition, with a maximum value of interaction parameter in
mixed micelle for the molar ratio « = 0.2. The micelles were characterized in term of size,
size distribution and drug solubilization, and the selected composition with low content of
Cremophor EL show suitable performance to be used as Norfloxacin carrier.

The mixed micelles selected exhibit resistance against dilution and pH changes in the
range of 4-7.4. The encapsulation efficiency of NFLX in mixed CrEL—P1 F127 micelles
was 52.2 £ 2.1% and do not significantly change the size of nanocarrier after the drug
encapsulation.

The drug release profile exhibited an initial burst (more obvious in Cremophor EL
micelles) in all micellar dispersion, with a cumulative release up to 51.8% in mixed Cre-
mophor EL—Pluronic F127 system at 25 °C, intermediate from the value obtained for
Cremphor EL and Pluronic F127 pure micelles. The total amount released in 24 h was
increased to 72% at temperature of 37 °C. The results of cytotoxicity and inflammation tests
on normal fibroblast cells indicate that both studied surfactants and their mixtures prove
high biocompatibility for concentrations below 2-3 x 1074 M.

The analysis of qualitative and quantitative results showed an improvement of the
antibacterial properties of Norfloxacin against the majority of the tested bacterial strains,
both Gram positive and Gram negative, when the polymeric micelles were used as carriers.

The sample with NFLX encapsulated in the novel carrier prove to be effective on both
E. coli ATCC 25922 and clinical strains, with MIC value of 0.039 pug/mL and 0.078 ug/mL,
respectively. The minimum inhibitory concentrations were found to vary greatly with
nature and provenience of the microbial strain and with the surfactant composition of the
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formulation. As a general conclusion, the drug loaded mixed micellar formulation exhibits
good activity against clinical isolated strains, compared with the CLSI recommended
standard strains, thus Cremophor EL-Pluronic F127 mixed micelles can be considered as
novel controlled release delivery systems for hydrophobic antimicrobial drugs.
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Abstract: Quaternary ammonium surfactants (QACs) are microbicides, whereas poly (acrylates)
are biocompatible polymers. Here, the physical and antimicrobial properties of two QACs, cetyl
trimethyl ammonium bromide (CTAB) or dioctadecyl dimethyl ammonium bromide (DODAB) in
poly (methyl methacrylate) (PMMA) nanoparticles (NPs) are compared to those of QACs alone.
Methyl methacrylate (MMA) polymerization using DODAB or CTAB as emulsifiers and initiator
azobisisobutyronitrile (AIBN) yielded cationic, nanometric, homodisperse, and stable NPs. NPs’
physical and antimicrobial properties were assessed from dynamic light scattering (DLS), scanning
electron microscopy, and viability curves of Escherichia coli, Staphylococcus aureus, or Candida albicans
determined as log(colony-forming unities counting) over a range of [QACs]. NPs were spherical
and homodisperse but activity for free QACs was higher than those for QACs in NPs. Inhibition
halos against bacteria and yeast were observed only for free or incorporated CTAB in NPs because
PMMA/CTAB NPs controlled the CTAB release. DODAB displayed fungicidal activity against
C. albicans since DODAB bilayer disks could penetrate the outer glycoproteins fungus layer. The
physical properties and stability of the cationic NPs highlighted their potential to combine with other
bioactive molecules for further applications in drug and vaccine delivery.

Keywords: hybrid nanoparticles; biocompatible polymer; antimicrobial amphiphiles; dynamic light
scattering; scanning electron microscopy; cell viability from counting of colony-forming unities;
antimicrobial activity of nanoparticles; Escherichia coli; Staphylococcus aureus; Candida albicans

1. Introduction

Biocompatible synthetic or natural polymers can improve body functions without interfering
with its normal functioning or triggering side effects [1-7]. They have been useful in tissue
culture, tissue scaffolds, implants, artificial grafts, wound dressings, controlled drug release,
prosthetic replacements for bones, dentistry, etc [8]. Some examples of biocompatible polymers
are poly (lactic-co-glycolic acid) [9], poly (e-caprolactone) (PCL) [10], poly (lactic acid) [11], poly
(3- hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) [12], chitosan [13,14], cellulose [15], and poly
(acrylates) including poly (methyl methacrylate) (PMMA) [6,16-18]. Among the poly (acrylates),
several cationic latexes and coatings obtained from additives such as cationic surfactants, lipids,
antimicrobial polymers or co-polymers have been described [19-25]. In the case of PMMA, the
discovery of PMMA biocompatibility occurred when an optical technician placed a PMMA scleral lens
on his eye and found that it could be well tolerated. The first PMMA patent appearing in 1948 [16] was
acquired by Bausch & Lomb in 1972 [26].

In our laboratory, the good compatibility between PMMA and some antimicrobial quaternary
ammonium compounds (QACs) was first described both for PMMA/QAC coatings [19] and
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PMMA/QACs nanoparticles (NPs) [27]. The QACs were apparently able to impart their antimicrobial
activity [28-31] to the PMMA/QACsSs assemblies [19,27]. In the absence of PMMA, QACs in water
dispersion self-assemble to yield micelles or bilayers depending on the QAC chemical structure
and molecular shape [32,33]. Dioctadecyl dimethyl ammonium bromide (DODAB) assembles in
water solution as bilayer vesicles or bilayer fragments (BF) depending on the dispersion method;
sonication disrupts DODAB vesicles producing BF [34-36]. Cetyltrimethylammonium bromide (CTAB)
assembles in water solution as micelles above the critical micellar concentration [32]. Ion-dipole
interactions between the quaternary ammonium in DODAB and the carbonyl moiety in PMMA plus
other weak but cooperative van der Waals interactions led to hybrid materials where DODAB was
found well dispersed in the polymeric matrix [19]. This allowed for combining the bactericidal DODAB
property [29-31,37-42] with excellent DODAB immobilization and distribution in the PMMA polymeric
network [19]. Later on, determining the effect of QAC chemical structure on the antimicrobial activity
of PMMA/QAC coatings revealed that DODAB and CTAB behaved differently; CTAB diffused through
the film and reached bacteria in the outer medium, whereas DODAB impregnation in the polymeric
matrix killed bacteria upon contact without leakage [20].

In this work, PMMA/QAC NPs synthesized by emulsion polymerization of methyl methacrylate
(MMA) using azo-bis-isobutyronitrile (AIBN) as initiator and DODAB BF or CTAB as emulsifiers were
evaluated regarding their physical properties and antimicrobial activity as compared to the free QACs.
Scheme 1 illustrates the emulsion polymerization of MMA in the presence of DODAB BF or CTAB
using AIBN as the initiator.

* MMA fctaB S PMMA  fiDODAB

Scheme 1. Emulsion polymerization of methyl methacrylate (MMA) initiated by azobisisobutyronitrile
(AIBN) using dioctadecyl dimethyl ammonium bromide (DODAB) or cetyltrimethylammonium
bromide (CTAB) as emulsifiers. The cross sections of DODAB bilayer fragments (BF) and CTAB micelles
were schematically represented as loaded with the MMA monomer (in red) before adding AIBN to
initiate the polymerization.

Over a range of MMA or QAC concentrations, 0.4 M MMA and 2 mM QAC yielded optimal
physical properties for the PMMA/DODAB and PMMA/CTAB NPs (nanometric size, low polydispersity,
high and positive zeta-potential, high yield, and high colloidal stability). Inhibition halos by CTAB and
PMMA/CTAB NPs against bacteria and yeast showed that PMMA/CTAB NPs behaved as reservoirs
for the release of CTAB with time after dialysis. CTAB was able to move both through the dialysis
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membrane and the agar to inhibit microbial growth. In contrast, DODAB incorporated in the PMMA
polymeric matrix did not move in the agar and did not cross the dialysis membrane. For PMMA/DODAB
NPs or DODAB BF, inhibition halos were not observed due to the lack of DODAB diffusion in the
agar medium. The incorporation of QACs in the PMMA/QAC NPs reduced antimicrobial activity
in comparison to the QACs in dispersion. CTAB was the most active microbicidal agent against the
three microbes tested (E. coli, S. aureus, and C. albicans) reducing cell viability countings by 7 logs at
submicellar concentrations. CTAB mobility in hydrated medium favored its electrostatic interaction and
penetration through the microbes’ cell wall and membrane, imparting a lytic effect on the cells. DODAB
BF revealed an important fungicidal activity against C. albicans not described before; similar to rod-like
copolymers assemblies, the disk-like cationic DODAB BF possibly entered the outer glycoproteins
layer of the fungus penetrating the cell and causing a 5-log reduction in yeast viability. Besides
applications in antimicrobial chemotherapy, PMMA/QAC NPs here described may find interesting uses
also as immunoadjuvants due to their nanometric size, positive zeta-potential, narrow size distribution,
and high colloidal stability. They are expected to combine well with oppositely charged antigens,
such as proteins [43], peptides [44,45], or DNA [46—48] for subunit vaccines design as many cationic
adjuvants do.

2. Materials and Methods

2.1. Materials

Methyl methacrylate (MMA), hexadecyltrimethyl ammonium bromide (CTAB) dioctadecyldimethyl
ammonium bromide (DODAB), azobisisobutyronitrile (AIBN), agarose, Mueller-Hinton agar (MHA),
D-glucose, NaCl, ethanol 99.9%, and cellulose acetate membranes with a molecular weight cutoff
around 12,400 g/mol were obtained from Sigma-Aldrich (Darmstadt, Germany) and used without
further purification.

2.2. Preparation of CTAB or DODAB Dispersions in Water Solution

CTAB and DODAB are quaternary ammonium amphiphiles (QACs) that were separately weighted
and added to a 1-mM NaCl solution (pH 6.3) to yield a stock dispersion at 10 mM amphiphile. Whereas
CTAB yielded a homogeneous and transparent dispersion, typical of its assembly in water as micelles,
DODARB had to be dispersed ultrasonically with a macroprobe. The DODAB BF were obtained from
the DODAB powder added to the aqueous 1 mM NaCl solution dispersed by sonication with tip at
85 W for 15 min above 47 °C, before centrifuging the dispersion for precipitation of titanium ejected
from the tip (9300x g for 1 h at 4 °C). This yielded the DODAB BF as a somewhat turbid dispersion.
These DODAB dispersions were previously characterized as containing open bilayer fragments that
did not enclose a water compartment, were nano-sized, and able to incorporate hydrophobic drugs
in the bilayer or antimicrobial peptides or polymers [34,35,44,45,49-54]. Both CTAB and DODAB
dispersions were diluted from the stock dispersions to obtain the final desired concentrations. The
analytical CTAB or DODAB concentrations were determined from halide microtitration [55,56].

2.3. Synthesis of Waterborne PMMA/QACs Nanoparticles (NPs) by Emulsion Polymerization

The PMMA/CTAB or PMMA/DODAB hybrid and polymeric NPs were obtained by emulsion
polymerization of MMA using AIBN as the initiator of the MMA polymerization, similar to the
synthesis previously described using potassium persulfate (KPS) as the initiator [27]. The synthesis
protocol was similar to the one previously described for the synthesis of PMMA/PDDA NPs using
AIBN as the initiator [21-23]. In order to eliminate oxygen, a flow of nitrogen gas was applied for
a few minutes to 10 mL DODAB or CTAB dispersions in 1 mM NaCl added of the desired MMA
concentration and 0.0036 g AIBN. The reaction mixture inside the glass tube was then closed with a
cap, heated, and kept at 80 °C in a water bath for 1 h under periodic vortexing. Thereafter, the capped
tube containing the reaction mixture was withdrawn from the water bath and allowed to reach room
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temperature. The dispersions thus obtained were purified by dialysis against 2 L of ultrapure water
(3x) for 24 h. Particle characterization took place after dialysis using dilutions of the original dispersion
in 1 mM aqueous NaCl solution.

2.4. Determination of Sizes, Zeta-Potentials, and Polydispersity of PMMA/QAC Dispersions by Dynamic Light
Scattering (DLS)

Size distributions, zeta-average diameters (Dz), and zeta potentials ({ potentials) were obtained
by dynamic light scattering (DLS) using a Zeta plus—Zeta potential Analyzer (Brookhaven Instruments
Corporation, Holtsville, NY, USA) equipped with a 677-nm laser with measurements at 90°. The
polydispersity of the dispersions was determined by dynamic light scattering (DLS) following
well-defined mathematic equations [57]. The mean hydrodynamic diameters (mean Dz) were obtained
from the log-normal distribution of the light-scattering intensity curve against Dz. The ( potentials
were determined from the electrophoretic mobility (1) and the Smoluckowski equation, ¢ = un/e,
where 1 and ¢ are the viscosity and the dielectric constant of the medium, respectively. Samples that
underwent the DLS measurements were usually diluted from the original dispersions for optimal
readings (50-100 L. PMMA/QAC dispersions in 2 mL of 1 mM NaCl). All measurements were
performed in the DLS apparatus took place at 25 + 1 °C.

2.5. Visualization and Morphology of PMMA/QAC NPs from Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) was performed using Jeol JSM-7401F equipment. Silicon
<100> wafers were from Silicon Quest (Santa Clara, CA, USA) with a native oxide layer approximately
2 nm thick and used as substrates for casting the PMMA/QAC dispersions. The Si wafers with a
native SiO; layer were cut into small pieces of ca 1 cm?, cleaned with ethanol, and dried under an N,
stream. Samples of 0.050 mL PMMA/QAC dispersions were deposited on clean Si/SiO, wafers and
dried overnight in a desiccator. Then, the coatings were covered with a thin layer of gold before SEM
analyses, as required for contrast and visualization. Mean diameters (D) for dry NPs were evaluated
from Image] software Version 1.52u for 100 particles and presented as a mean value.

2.6. Microorganisms Cultures and Effect of CTAB, DODAB, or PMMA/QAC NPs on Cell Viability in the
Presence of the Cationic Amphiphiles Solutions or Dispersions

Escherichia coli ATCC (American Type Culture Collection) 25922, Staphylococcus aureus ATCC 29213
or Candida albicans ATCC 90028 were cultured from previously frozen stocks (kept at —20 °C in the
appropriate storage medium). Each microorganism was reactivated separately, seeded by streaking
technique on the plates of Mueller-Hinton agar, and incubated for 18-24 h at 37 °C. The turbidity of
either bacteria or fungus suspensions was adjusted according to tube 0.5 of the McFarland scale at
625 nm in isotonic 0.264 M D-glucose solution. The 0.264 M D-glucose solution was used instead of
any culture medium because cationic molecules are inactivated by the relatively high ionic strength or
negatively charged molecules, such as amino acids and polysaccharides. For the determination of cell
viability, 0.1 mL of the cell suspensions (around 10’-108 colony-forming unities per mL, CFU.mL"!)
were mixed with 0.9 mL of NPs dispersions diluted in the same D-glucose solution and interacted for
1 h. Thereafter, aliquots of 0.1 mL were withdrawn and either directly plated or diluted 10 to 10° times
before plating on MHA plates. The plates were incubated at 37 °C for 24 h. The CFU were counted
and plotted in a logarithmic or percentage scale as a function of QAC concentration (mM). When no
counting was obtained, since the log function does not exist for zero, the CFU counting was taken as 1
so that log CFU.mL~! could be taken as zero.

2.7. Determination of Growth Inhibition Zones by PMMA/QAC NPs

Escherichia coli ATCC (American Type Culture Collection) 25922, Staphylococcus aureus ATCC
29213, and Candida albicans ATCC 90028 from previously frozen stocks kept at —20 °C in an appropriate
storage medium were grown as described above, and the bacterial suspension prepared in 0.264 M
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D-glucose had its turbidity adjusted according to 0.5 of the McFarland scale, as previously described.
A softer growth medium containing 2.3% Muller-Hinton broth and 0.64% agar was prepared and
sterilized in steam autoclave at 121 °C for 20 min. In 50 mL of this growth medium, 0.5 mL of the
microorganism suspension was added and then carefully homogenized. Plates containing MHA were
previously prepared and used to place micropipette tips with their bases positioned on the MHA to
form wells with a 9 mm diameter. Before withdrawing the tips, ca. 20 mL of the microorganism culture
in the soft MHA was allowed to harden. After agar hardening, the tips were removed and, in each
well, 100 uL of the QAC dispersions at 0.01, 0.1,0.2,0.5, 1, 1.5, 2, and 2.5 mM or of the NPs dispersions
were added for incubation 18-24 h at 37 °C for determining the inhibition zones surrounding the wells.
From the comparison between inhibition zones for the standard QAC dispersions and the PMMA/QAC
NPs, the QAC concentration in the NPs dispersions was estimated.

2.8. Determination of QAC Concentration from Halide Microtitration

Bromide is the counterion of DODAB and CTAB. Similar to chloride, bromide can be determined
by halide microtitration [55], as given in a detailed protocol for halide microtitration [56].

3. Results and Discussion

3.1. Synthesis of PMMA/QACs NPs by Emulsion Polymerization and their Physical Characterization from
SEM and DLS

PMMA/QAC NPs” morphology, size, and homogeneity were assessed by SEM. Two different
PMMA/QAC NPs were synthesized and observed after drying under SEM (Figure 1). The QAC was
DODARB (Figure 1a) or CTAB (Figure 1b). Both syntheses employed 0.4 M MMA, 2 mM QAC, 0.0036 g
AIBN and 1 mM NaCl in 10 mL of reaction mixture. The NPs were spherical, displayed a narrow
size distribution and were homo dispersed. PMMA/DODAB and PMMA/CTAB mean diameters after
drying (D) were obtained for at least 100 particles from the Image]J software as 56 + 7 and 85 + 11 nm,
respectively (Figure 1).

(a)

Figure 1. Scanning electron micrographs (SEM) of original dispersions of poly methyl methacrylate
/dioctadecyldimethylammonium (PMMA/DODAB) (a) or PMMA/CTAB nanoparticles (NPs) on silicon
wafers (b). The magnification was either 25,000 (on the top) or 70,000 (on the bottom).
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The mean diameter of dry NPs (D) was compared to the one of NPs in water dispersion given by
dynamic light scattering (DLS) as the mean hydrodynamic diameter (Dz) (Table 1).

Table 1. Dry mean diameter (D) and mean hydrodynamic diameter (Dz) for PMMA/QAC NPs. D
was from scanning electron microscopy (SEM) and Dz was determined by dynamic light-scattering
(DLS). The nanoparticles (NPs) were obtained from 0.4 M methyl methacrylate (MMA), 2 mM
dioctadecyl dimethyl ammonium bromide (DODAB) or cetyl trimethylammonium bromide (CTAB),
and 0.36 mg~mL’l AIBN in 10 mL of 1 mM NaCl. The mean D was obtained using Image] software
from 100 particles.

NPs D (nm) Dz (nm)
PMMA/DODAB 56 +7 75+ 1
PMMA/CTAB 85+ 11 81+1

For NPs obtained from 0.4 M MMA, 2 mM DODAB, or CTAB using 0.0036 g AIBN, the mean
hydrodynamic diameters (Dz) were 75 + 1 and 81 + 1 nm for PMMA/DODAB and PMMA/CTAB NPs,
respectively. One would expect that the Dz values from DLS would be higher than D from SEM due to
an eventual hydration layer surrounding each NP. Indeed, this occurred for the PMMA/DODAB NPs
but did not occur for the PMMA/CTAB NPs. It is possible that the PMMA/CTAB NPs exhibited a less
hydrophilic surface at the particle/water interface than the PMMA/DODAB NPs. This was possibly
due to the mobile character of the CTAB molecules leaving the nanoparticles to the bulk water and the
large affinity of the DODAB molecules for the PMMA polymeric matrix [19,20]. Whereas DODAB
would improve the NP affinity for the surrounding water and the hydration layer, this would not be
very significant for CTAB so that, for CTAB, the dry, dehydrated diameter D would not be significantly
lower than the hydrodynamic diameter Dz. D was 56 + 7 nm for PMMA/DODAB NPs and 85 + 11 nm
for PMMA/CTAB NPs.

Curiously, DODAB behaved as a better emulsifier than CTAB during the emulsion polymerization
process remaining in the PMMA/DODAB NPs after polymerization due to its higher affinity for PMMA
than the one exhibited by CTAB [19,20]. At this point, one should recall the nanostructures present in
DODAB and CTAB dispersions in water: the DODAB bilayer fragments (DODAB BF) with Dz inside the
56-67 nm range, as determined by DLS or SEM [44,58,59] or CTAB micelles with 10-20 nm of diameter
determined by small-angle neutron scattering (SANS) [60]. IT is possible that the higher amount of
DODAB in DODAB BF as compared to the amount of CTAB in the micelle improved the emulsifying
effect of DODAB and resulted in a smaller NP size for the PMMA/DODAB NPs than the one for the
PMMA/CTAB NPs. Since CTAB has only one hydrocarbon chain, its hydrophilic-hydrophobic balance
is larger than the one for DODAB with two long hydrocarbon chains. The resulting emulsifying effect
during NP synthesis promoted by CTAB was inferior to the one promoted by the DODAB BF so that
sizes for the resultant NPs were larger than those synthesized with DODAB BE.

3.2. Effects of MMA Concentration, QAC Concentration, and Initiator Type on Physico-Chemical Properties of
PMMA/QAC NPs Obtained by Emulsion Polymerization

Over a range of [MMA] varying from 0.1 to 1 M MMA, PMMA/QAC dispersions exhibited
variable colloidal stability after synthesis and before dialysis. Above 0.4 M MMA, at 2 mM QAC,
aggregation and precipitation took place so that only the supernatants were dialyzed and used for DLS
and solid contents analysis. From 0.1-0.4 M MMA, no precipitation took place after synthesis and
before dialysis.

Table 2 and Figure 2 show the effect of [MMA] on the physical properties of PMMA/QAC NPs
obtained by emulsion polymerization at 2 mM QAC.

The data on Table 2 reveal that increasing [MMA] from 0.1 to 0.4 M at 2 mM DODAB, slightly
increased the Dz for the NPs, increased (, reduced P, increased the solid contents and conversion
of monomer into polymer, and slightly increased number density (N;,) for the NPs, in absence of
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aggregation. Above 0.4M MMA, poor colloidal stability associated with low zeta-potential was
depicted as precipitation at the bottom of the assay tubes (Table 2). For PMMA/CTAB NPs, similar
behavior took place for the physical properties except for the zeta-potential that remained low and
approximately constant 17-23 mV. These results for the compared zeta-potentials for PMMA/DODAB
and PMMA/CTAB NPs, again, suggest that increasing [MMA] leads to increased incorporation of
DODAB in the NPs, whereas the incorporation of CTAB remains low and practically unaffected by the
increased amount of solid contents.

Table 2. Physical properties of PMMA/QAC NPs obtained by emulsion polymerization of MMA
monomer over a range of [MMA] at 2 mM DODAB or CTAB using AIBN as the initiator. Zeta-average
diameter (Dz), zeta potential (), and polydispersity (P) were obtained by dynamic light scattering. The
conversion of monomer into polymer was expressed in percentile. The particles’ number density (Np),
in mL~!, was calculated from nanoparticle size (Dz) and the mass of lyophilized dispersions. Solid
contents, conversion, and Np were determined as previously described in [27].

Solid

[MMA] Dz 4 Conversion N,
QAC P Contents o P Aggregates
™ /nm /mV g1 % /mL-1 8818
DODAB 0.1 101 + 1 +20+2  0.355+0.002  0.0051 + 0.0001 51 8.35 x 1012 No
0.2 5241 +20+£1  0.265+0.003  0.0081 + 0.0001 40 9.52 x 1013 No
0.3 73+ 1 +27+1  0.038+0.010  0.0183 = 0.0009 61 7.76 x 1013 No
0.4 75+ 1 +49+5  0.037+0.005  0.0317 + 0.0001 79 1.26 x 1014 No
0.7 94+1 +26+£2  0.033+0.009  0.0479 + 0.0008 68 1.04 x 1014 Yes
0.9 103 + 1 +38+2  0.013+0.004  0.0697 + 0.0001 77 1.07 x 1014 Yes
1.0 109 + 1 +33 £ 1 0.020 +£0.010  0.0781 + 0.0005 78 1.02 x 101 Yes
CTAB 0.1 916 +56  +18+1 0477 +0.042  0.0021 + 0.0004 20 443 x 10° No
0.2 40+1 +20 £ 1 0.291 +0.003  0.0105 + 0.0004 53 2.82 x 10 No
0.3 70+1 +17 £ 1 0.078 £0.009  0.0197 + 0.0019 65 9.52 x 1013 No
0.4 81+1 +23+1 0.041 +0.008  0.0320 + 0.0019 80 1.01 x 10 No
0.7 100 + 1 +20+1 0.032+0.008  0.0363 + 0.0014 52 6.10 x 1013 Yes
0.9 121+1 +26+1 0.012+ 0.004  0.0692 + 0.0013 77 6.52 x 1013 Yes
1.0 121+ 1 +17+1 0046 £0.010  0.0702 + 0.0005 70 6.52 x 1013 Yes

Figure 2 gives an overview of the effect of [MMA] on the physical properties of the PMMA/DODAB
and PMMA/CTAB NPs’ dispersions. The green rectangle emphasizes the NPs obtained with desirable
characteristics, such as low size, low polydispersity, high zeta-potential, high yield, high particle
number density (Np), and high colloidal stability (absence of aggregates and precipitates). The
synthesis performed at 0.4 M MMA was selected as the one yielding the optimal NPs to be analyzed
regarding their antimicrobial properties. One should notice that at 0.1 M [MMA] in the presence
of DODAB BF, the high P and large sizes obtained might be explained from the intrinsically high
polydispersity of the DODAB BF; polymerization took place inside the bilayer fragments, and NPs
acquired their polydispersity.

The effect of [QAC] on the physical properties of the PMMA/QAC NPs is shown in Table 3.
Increasing [QAC] reduced Dz, decreased the zeta-potential of PMMA/DODAB NPs and increased
the one of PMMA/CTAB NPs, increased the polydispersity, and barely affected conversion or particle
number density. The highest zeta-potentials for PMMA/DODAB NPs occurred at the lowest [DODAB],
meaning that DODAB imparted high positive charges to the NPs but preferred to interact with other
DODARB BF in dispersion when [DODAB] increased. For PMMA/CTAB, similar behavior to the one
of PMMA/DODAB NPs was found except for the zeta-potential that decreased with [DODAB] and
increased with [CTAB]. This means that the low affinity of CTAB for PMMA again explained the low
incorporation of CTAB to this polymer over a range of low CTAB concentrations. Only when [CTAB]
increased did it become possible to cause an increase in the zeta-potential of the PMMA/CTAB NPs
from 15 to 40 mV due to increased CTAB incorporation in the NPs (Table 3). Increasing [QAC], affected
the polydispersity that also increased for both types of NPs. QACs indeed tend to increase the size of
their aggregates with increase in their concentration or on the ionic strength of the medium [60-62].
The selected concentration of MMA was 0.4 M because, above 0.4 M MMA, poor colloidal stability
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was depicted from a visual observation of precipitated material; in this case, the measurements were
performed with the dialyzed supernatants. Below 0.3 M MMA, low MMA concentrations resulted in
low conversion (yield %), high polydispersities (P), and comparatively low zeta-potentials (). The
green rectangle indicates the region of [MMA] yielding stable PMMA/QACs NPs at high conversion
rates, maximal particles number densities (Np), low P (0.03-0.06), high ¢ (20-50 mV), and low Dz
(70-75 nm).
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Figure 2. Physical properties of PMMA/QAC NPs obtained by emulsion polymerization over a range
of [MMA] at 2 mM DODAB (O) or CTAB (A). All dispersions were exhaustively submitted to dialysis
in pure water before measurements. Above 0.4 M MMA, poor colloidal stability was depicted from
the visual observation of precipitated material; the measurements were performed with the dialyzed
supernatants. Below 0.3 M MMA, low MMA concentrations resulted in low conversion (yield %),
high polydispersities (P), and comparatively low zeta-potentials ((). The green rectangle indicates the
region of [MMA] yielding stable PMMA/QACs NPs at high conversion rates, maximal particle number
densities (Np), low P (0.03-0.06), high ¢ (20-50 mV), and low Dz (70-75 nm).
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Table 3. Physical properties of PMMA/QAC NPs obtained by the emulsion polymerization of MMA
monomer at 0.4 M MMA over a range of [QAC] using AIBN as the initiator. Zeta-average diameter (Dz),
zeta potential (), and polydispersity (P) were obtained by dynamic light scattering. The conversion of
monomer into polymer was expressed in percentile. The particles number density (Np), in mL™!, was
calculated from nanoparticle size (Dz) and the mass of lyophilized dispersions.

QAC [QAC] Dz 4 P Solid Contents  Conversion Np
/mM /nm /mV /mg-mL-1 1% /mL-1
DODAB 0.3 99 +1 +50 +2 0.035 + 0.009 0.0303 + 0.0003 76 5.24 x 1013
0.5 93 +1 +44 +2 0.045 + 0.014 0.0300 + 0.0004 75 6.21 x 1013
1.0 85+1 +33+2 0.028 + 0.008 0.0303 + 0.0006 76 8.08 x 1013
2.0 75+ 1 +49 +5 0.037 + 0.005 0.0317 + 0.0001 79 1.26 x 1014
4.0 69 +1 +31+1 0.072 + 0.008 0.0349 + 0.0006 87 1.79 x 1014
5.0 62+1 +29 +2 0.068 + 0.010 0.0333 + 0.0006 83 231 x 10
8.0 58+ 1 +32+2 0.098 + 0.010 0.0365 + 0.0008 91 3.04 x 10
10.0 59+ 1 +35+3 0.123 + 0.007 0.0364 + 0.0021 91 292 x 10
CTAB 0.3 126 + 1 +15+1 0.055 + 0.013 0.0261 + 0.0001 65 2.16 x 1013
0.5 115+1 +15+1 0.069 + 0.016 0.0274 + 0.0001 68 3.02 x 1013
1.0 103 1 +27 +2 0.069 + 0.013 0.0319 + 0.0005 80 4.86 x 1013
2.0 811 +23+1 0.041 + 0.008 0.0320 + 0.0019 80 1.01 x 1014
4.0 67 1 +24+1 0.070 + 0.011 0.0282 + 0.0003 70 1.55 x 1014
5.0 67 +1 +31 %2 0.052 + 0.012 0.0234 + 0.0006 58 1.32 x 1014
8.0 60 +1 +34 +1 0.095 + 0.011 0.0320 + 0.0002 80 250 x 10
10.0 57+1 +41+2 0.092 + 0.008 0.0308 + 0.0001 77 272 x 10

Figure 3 showed the desired properties for the PMMA/QAC dispersions at 2 mM QAC (green line),
which was the concentration selected for the evaluation of antimicrobial activity. At 2 mM DODAB
or CTAB, there was low size, low polydispersity, high zeta-potential, high yield, high Np and good
colloidal stability for the PMMA/QAC NPs.

Two initiators were compared for the NPs synthesis: potassium persulfate (KPS) and AIBN.
The initiator effect on NP properties is shown in Table 4. The MMA concentration selected for the
comparison was identical to the one previously used in [27], where NPs had been synthesized with
0.56 M MMA using KPS as initiator.

Table 4. Comparison between nanoparticles of PMMA/QAC synthesized using either potassium
persulfate (KPS) or azobisisobutyronitrile (AIBN) as initiators, at 0.56 M MMA and 2 mM QAC.

NPs Initiator Dz/nm /mV P
KPS! 1260 + 43 -10+1 0.370
PMMA/DODAB AIBN 89 +1 +45+2 0.027 +0.010
Kps'! 395+ 5 -38+1 0.262
PMMA/CTAB AIBN 9 +1 +23+1 0.033 +0.012

1 Results taken from the reference [27].

Imparting the positive charge on the NPs was a difficult task in the presence of the negative
sulfate charges on the PMMA/ DODAB particles coming from the synthesis with KPS as the initiator;
at 2 mM DODAB during the NPs synthesis, the zeta-potential was still negative ({ = —10 + 1 mV)
and the particles were large (Dz = 1260 + 43) and very polydisperse (P = 0.370), suggesting poor
colloidal stability (Table 4). Naves and coworkers used large concentrations of the QACs, such as ca.
10 mM DODARB, to revert the KPS effect and obtain positively charged NPs [27]. AIBN was a much
more convenient initiator since, when using only 2 mM DODAB, the dispersion contained small NPs
(Dz = 89 + 1) that were positively charged (¢ = +45 + 2 mV) and homodispersed (P = 0.027 + 0.010).
Similar results were obtained from the comparison between PMMA/CTAB NPs synthesized with
KPS and PMMA/CTAB NPs synthesized with AIBN (Table 4). In summary, at 2 mM QAC, the
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comparison between NPs synthesized using KPS or AIBN indicated that the low sizes, the high positive
zeta-potentials, and the low polydispersities occurred only using AIBN.
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Figure 3. Physical properties of PMMA/QAC NPs obtained by emulsion polymerization over a range of
[QAC] at 0.4 M MMA during particle synthesis where QAC is DODAB (O) or CTAB (A). All dispersions
were exhaustively submitted to dialysis in pure water before measurements.

3.3. Incorporation of QACs in the PMMA/QAC NPs

DODAB and CTAB have a different hydrophobic-hydrophilic balance, as depicted from their
chemical structure. The double-chained DODAB tends to prefer more hydrophobic environments than
the single-chained CTAB. The determination of QAC incorporation in the PMMA polymeric matrix of
the NPs showed the higher incorporation of DODAB in comparison to the one of CTAB (Table 5).
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Table 5. Determination of QAC concentration [QAC] in PMMA/QAC NPs from halide microtitration in
the supernatants of PMMA/DODAB and PMMA/CTAB NP water dispersions before and after dialysis.
The PMMA/QAC dispersions were prepared in 2.0 mM QAC. The controls for the dialysis were QAC
dispersions in water and 1 mM NaCl solution.

Dispersion or Solution [QACYmM
Before Dialysis After Dialysis
CTAB dispersion in water 25+0.1 01+0.1
DODAB bilayer fragments in water 23+0.1 2.0+0.1
NaCl water solution 12+0.1 02+0.1
Supernatant of PMMA/DODAB dispersion 20+0.1 13+0.11
Supernatant of PMMA/CTAB dispersion 20+0.1 05+0.1"

1 Microtitration done for supernatants of dialyzed dispersions 3 days after dialysis.

A CTAB control solution with 2.5 mM CTAB before dialysis permeated the dialysis membrane
almost completely, yielding 0.1 mM CTAB just after dialysis (Table 5). DODAB BF at 2 mM DODAB,
on the contrary, did not permeate the dialysis bag. Similarl to CTAB, NaCl permeated the dialysis
membrane almost completely. On the third day after dialysis, the supernatants of centrifuged
PMMA/DODAB dispersions contained 1.3 mM DODAB, suggesting that 0.7 mM DODAB was still
incorporated by the PMMA/DODAB NPs. PMMA/CTAB NPs dispersions had contents of QAC
determined after dialysis and centrifugation, revealing the absence of CTAB in the supernatants just
after dialysis but its presence in the supernatant 3 days after dialysis showing its low affinity for the
PMMA/CTAB NPs. In contrast, 3 days after dialysis, 0.5 mM CTAB was determined in the supernatant
of PMMA/CTAB NPs showing CTAB leakage from the PMMA/CTAB NPs just after dialysis (Table 5).
In summary, DODAB incorporation in the NPs was substantial, whereas the one of CTAB was transient
and possibly almost lost after dialysis.

The evaluation of inhibition halos by CTAB against bacteria and yeast is in Figure 4. Just after
dialysis, CTAB was not found in the supernatants of PMMA/CTAB NPs. This contrasted with 0.5 mM
CTAB found in the supernatant 3 days after dialysis (Table 5). PMMA/CTAB NPs behaved as a reservoir
for the release of CTAB with time after dialysis. The experiment using CTAB to determine the inhibition
halos also showed that CTAB is able to move through the agar to inhibit microbial growth. Due to this
property, inhibition halos against seeded bacteria and fungus could be determined on Petri dishes as a
function of [CTAB] over a range of [CTAB] (0.01-2.5 mM CTAB) (Figure 4). Inhibition halos occurred
for PMMA/CTAB NPs before (B) dialysis but did not occur just after dialysis (A), confirming the
momentaneous absence of CTAB in the NPs supernatant. Estimated [CTAB] in the NPs’” supernatant
before dialysis resulted from the similarity with halo 3 against S. aureus (Figure 4b) or halo 3 against
C. albicans (Figure 4c), yielding 0.3 mM CTAB outside the NPs. If the added CTAB during particle
synthesis was 2 mM, after synthesis, 1.7 mM was incorporated in the NPs and 0.3 mM was in the
outer solution. However, the NPs dialysis after synthesis eliminated non-incorporated CTAB from the
dispersions, as depicted from the absence of halo in A (Figure 4). Regarding the antimicrobial activity
that will be determined just after dialysis, one will have to consider 1.7 mM as the CTAB concentration
in the NPs.
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Figure 4. (a) E. coli, (b) S. aureus, and (c) C. albicans inhibition halos induced by CTAB alone (numbered
from 1 to 8) or by PMMA/CTAB dispersions after (A) or before dialysis (B). From 1 to 8, [CTAB] inside
the wells was 0.01, 0.2, 0.3, 0.5, 1.0, 1.5, 2.0, and 2.5 mM.

For PMMA/DODAB NPs, the experiment based on inhibition halos was not possible since DODAB
BF are not able to diffuse in the agar medium as reported before [23].

3.4. Antibacterial and Antifungal Activity of QACs and PMMA/QAC NPs

A proper evaluation of the antimicrobial activity involves determining CFU counting over a range
of [QAC] and expressing the CFU countings on a logarithmic scale so that the effective potency of the
QACs becomes evaluated over ample range of magnitude.

Figure 5 shows the cell viability of Escherichia coli in the presence of CTAB (a), PMMA/CTAB NPs
(b), DODAB BF (c), and PMMA/DODAB NPs (d). Just after dialysis, the inhibition halo experiment
yielded an absence of free CTAB in the supernatant of PMMA/CTAB NPs and 1.7 mM CTAB in the
NPs. This [CTAB] initially incorporated in the NPs decreased E. coli viability by 1.5 logs (Figure 5b), in
contrast to free CTAB that reduced viability by 7 logs (Figure 5a). CTAB exhibited a remarkable activity
against E. coli that could not be identified before from experiments expressing only % cell viability
(limited to only 2 logs at most). CTAB incorporation in the PMMA/CTAB NPs reduced substantially its
activity but may be useful for controlled release in biomedical prosthetic devices [63] or agar-based
hydrogels [64].
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Figure 5. Viability of Escherichia coli in the presence of CTAB (a), PMMA/CTAB (b), DODAB (c), and
PMMA/DODARB dispersions (d). The NP dispersions of PMMA/CTAB and PMMA/DODAB were used
after dialysis. The counting of colony-forming unities (CFU) was expressed on a logarithmic scale.

The CTAB mechanism of action involves reaching the bacterial cell membrane causing its
disruption and cell lysis [65]. Therefore, the large reduction in CTAB activity was due to its location
in the PMMA/CTAB NPs instead of moving freely in the bulk solution to interact with the bacteria.
In another report, CTAB adsorbed by BiOBr nanosheets showed lower toxicity than the same level
of free CTAB, which was attributed to the adsorption or hindering effect of BiOBr nanosheets [66].
PMMA/CTAB NPs in this work released 0.5 mM CTAB on the third day after dialysis from an initial
concentration in the NPs of 1.7 mM CTAB (Table 5; Figure 4). This behavior was similar to the one of
the inorganic BiOBr nanosheets incorporating CTAB that exhibited a slow and sustained release of
CTAB or benzalkonium chloride for 8 h [66].

Among the biocompatible polymers, PMMA was used in combinations with CTAB or DODAB to
prepare spin-coated films able to kill bacteria upon release to the medium (CTAB) or upon contact on
the surface of the coating (DODAB) [19]. In pharmaceutics, polymers are often be used as reservoirs of
the active principle or drug so that the polymer can control the release of the active molecule over time
in vivo [3,67,68].

DODAB BF reduced the viability of E. coli by 2 logs (Figure 5c), whereas PMMA/DODAB NPs
reduced viability by 0.5 logs CTAB (Figure 5d). Possibly, the lack of mobility of the DODAB BF across
the bacterial cell wall to reach the cell membrane resulted in the much lower activity of DODAB in
comparison to the one of CTAB. In fact, no leakage of intracellular contents was detected for DODAB
BF interacting with E. coli in comparison to the pronounced leakage determined for CTAB and the
anionic sodium dodecylsulfate (SDS) [29].

The high affinity of DODAB for PMMA determined its incorporation in the NPs, which was
0.7 mM remaining 1.3 mM in the supernatant after dialysis and centrifugation (Table 5). For the
PMMA/DODAB NPs, the activity was lower than the one of DODAB BF (Figure 5¢,d). A possible
explanation for this is that the DODAB incorporated in the NPs was not leaving them to kill the
microbia; this meant that only DODAB BF outside the NPs was effective.

Figure 6 shows the compared activity of CTAB (Figure 6a) and PMMA/CTAB NPs (Figure 6b)
against S. aureus. Similar to the effect of PMMA/CTAB NPs against E. coli, before dialysis there was
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0.3 mM CTAB outside the PMMA/CTAB NPs with 1.7 mM incorporated in the NPs. The CTAB reservoir
effect of the NPs reduced its effect against the bacteria, as compared to free CTAB. The compared effect
for DODAB BF (Figure 6¢c) and PMMA/DODAB NPs (Figure 6d) revealed a similar and low activity.
Staphylococcus sp. developed a sensor system for cationic antimicrobial peptides based on a sensor
consisting of a short and negatively charged extracellular loop of amino acid residues able to interact
with cationic antimicrobial peptides [69]. The transduction of this interaction signal would trigger the
d-alanylation of teichoic acids and the lysylation of phosphatidylglycerol, resulting in a decreased
negative charge of the bacteria. It is possible that DODAB BF (but not CTAB molecules) were possibly
able to trigger this resistance mechanism in S. aureus due to the multipoint attachment of DODAB BF
to the negatively charged loop. CTAB, on the other hand, would kill microorganisms as individual
molecules below its critical micellar concentration (1 mM) [28,30], rapidly and extensively penetrating
the cell wall to reach the cell membrane.
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Figure 6. Viability of Staphylococcus aureus in the presence of CTAB (a), PMMA/CTAB (b), DODAB (c),
and PMMA/DODAB dispersions (d). The NP dispersions of PMMA/CTAB and PMMA/DODAB were
used after dialysis. The counting of colony-forming unities (CFU) was expressed on a logarithmic scale.

Against Candida albicans, free CTAB showed remarkable activity (Figure 7a) in contrast with the
reduced activity of PMMA/CTAB NPs (Figure 7b). The NP dispersion just after dialysis was used to
interact with the fungus so that no CTAB molecules were available outside the NPs to interact with
the cells. However, some CTAB leakage from the NPs was probably taking place to yield the 1.5-logs
reduction observed in Figure 7b. On the other hand, DODAB BF was surprisingly active against
C. albicans, resulting in a reduction of ca. 5 logs at 1.2 mM DODAB after a 1-h interaction (Figure 7c).
Neither Campanha and coworkers [40] nor Vieira and coworkers [31] could observe the good antifungal
activity of DODAB BF since they employed percentiles of viable cells to express the viability curves
as a function of DODAB concentration. Consistently, Fukushima and coworkers [70] also reported
a superior activity of supramolecular assemblies made of poly(lactide) (interior block) and cationic
polycarbonates (exterior block); upon testing the spherical and rod-like morphologies for antimicrobial
properties, they found that only the rod-like assemblies were effective against Candida albicans. This
showed that the shape of the antimicrobial supramolecular assembly was important to determine
antifungal activity. In the present case, the disk-like shape of the DODAB BF assemblies resulted in
good antifungal activity that was not described before (Figure 7c). This can possibly be ascribed to the

76



Pharmaceutics 2020, 12, 340

improved penetration of rod-like or disk-like nanostructures through the outer layer of glicoproteins
on the fungus cell wall as compared to vesicles, liposomes, or nanoparticles [42,52,71].
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Figure 7. Viability of Candida albicans in the presence of CTAB (a), PMMA/CTAB (b), DODAB (c), and
PMMA/DODARB dispersions (d). The NP dispersions of PMMA/CTAB and PMMA/DODAB were used
after dialysis. The counting of colony-forming unities (CFU) was expressed in a logarithmic scale. The
superior activity of QACs by themselves as compared to QACs in NPs is depicted from comparisons
between (a,b) or (c,d). CTAB was active as a monomer at submicellar concentrations (a). DODAB was
active as bilayer fragments (c).

In Figure 7d, the reduced activity of PMMA/DODAB NPs in comparison to the one of DODAB
BF (Figure 7c), again, can be understood from the incorporation of DODAB in the NPs reducing its
availability to interact with the fungus; there was 1.3 mM DODAB BF outside the NPs, whereas, in the
DODAB BEF, dispersion was 2.0 mM DODAB (Figure 7c; Table 5).

In Figure 8, the cell viability of Candida albicans as a percentile of viable cells (%) was obtained as a
function of CTAB (Figure 8a) or DODAB concentration (Figure 8b) and compared with previous data
from the literature [31]. There was a dependence of the viability curve on the initial concentration of
viable cells: around 10° CFU.mL ™, the sigmoidal curve occupied a range of lower QAC concentrations
than the one around 107 CFU.mL~!. This was consistent with the lower amounts of QAC required
to kill lower concentrations of cells. In addition, one should notice that achieving a reduction of two
logs in viable cells counting did not allow to discriminate whether the effect of the QACs reduced
the counting by more than 2 logs. It is necessary to express CFU counting on a logarithmic scale in
order to determine the complete effect of any antimicrobial, as done against C. albicans in Figure 7a,c.
Consequently, the CTAB and DODAB BF effects were fully revealed, showing important reductions in
CFU countings over 7 and 5 logs, respectively (Figure 7a,c).

Regarding the PMMA/CTAB NPs, the percentiles of viable countings plotted as circles in Figure 8c
did not reveal the 5-logs reduction observed against S. aureus in Figure 6b. Only in the case of a small
antimicrobial effect were the percentiles of viable cells sufficient to determine antimicrobial activity as
was the case of the 1.0-logs reduction caused by PMMA/DODAB NPs in Figure 8d corresponding to
Figure 6d expressed on a logarithmic scale.
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Figure 8. Candida albicans viability (%) (O) over a range of CTAB (a) or DODAB concentrations (b) in
QAC dispersions in water as compared to data from [31] (O). Staphylococcus aureus viability (%) (O) over
a range of CTAB (c) or DODAB concentrations (d) in the presence of PMMA/QAC NPs, as compared to
data from [27] (O). QAC dispersions in water are CTAB micelles or DODAB BF. In (c¢,d), PMMA/QAC
NPs were obtained by the emulsion polymerization of MMA in the presence of QACs. These NPs were
obtained either using AIBN (O) or KPS (O) as the initiator. [MMA] and [QAC] used during particle
synthesis were 0.56 M and 4.0 mM, respectively, for squares in (c), 0.4 M and 2.0 mM, respectively, for
circles in (¢,d), and 0.56 M and 10 mM, respectively, for squares in (d).

4. Conclusions

Over a range of MMA or QAC concentrations, 0.4 M MMA and 2 mM QAC yielded optimal
physical properties for the PMMA/DODAB and PMMA/CTAB NPs in dispersion, such as nanometric
size (Dz < 100 nm), low polydispersity (<0.05), high and positive zeta-potential (>20 mV), high yield
(>70%), high particle number density (>10'® particles.mL™"), and high colloidal stability (absence of
aggregates and precipitates). Among two initiators (KPS or AIBN), AIBN was the best one to obtain
optimal properties for the NPs synthesized at 2 mM QAC and 0.56 M MMA,; the low sizes, high positive
zeta-potentials, and low polydispersities occurred only using AIBN.

Inhibition halos by CTAB and PMMA/CTAB NPs against bacteria and yeast showed that
PMMA/CTAB NPs behaved as reservoirs for the release of CTAB with time after dialysis; CTAB was
able to move both through the dialysis membrane and the agar to inhibit microbial growth, highlighting
hydrogels as good vehicles for CTAB. In contrast, DODAB preferred to remain incorporated in the
PMMA polymeric matrix, did not move in the agar, and did not cross the dialysis bag membrane; for
PMMA/DODAB NPs or DODAB BF, inhibition halos were not observed due to the lack of DODAB BF
diffusion in the agar medium.
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The incorporation of QACs in the PMMA/QAC NPs reduced antimicrobial activity in comparison
to the QACs dispersions. CTAB was the most active microbicidal agent against the three microbes
tested (E. coli, S. aureus, and C. albicans), reducing cell viability countings by 7 logs at submicellar
concentrations. The controlled release of CTAB from PMMA/CTAB NPs, however, would be a
promising strategy for CTAB delivery. CTAB mobility in hydrated medium favored its electrostatic
interaction and penetration through the microbes’ cell wall and membrane, imparting a lytic effect on
the cells. DODAB BF revealed an important fungicidal activity against C. albicans not described before;
similar to rod-like, cationic supramolecular assemblies, the disk-like cationic DODAB BF possibly
entered the outer glycoproteins layer of the fungus penetrating the cell and causing a 5-logs reduction
in yeast viability.

The real potency of QACs antimicrobials should not be evaluated in percentiles of initial CFU
counting; potent agents often display reduction in microbial cell viability larger than the 2 logs of the
initial counting of viable cells.

The PMMA/QAC NPs here described still require further evaluation regarding their cytotoxicity
against mammalian cells before fulfilling their potential in drug and vaccine delivery. Due to their
nanometric size, positive zeta-potential, narrow size distribution, and high colloidal stability, they are
expected to combine well with oppositely charged antigens (proteins, peptides or DNA) for subunit
vaccines’ design, as many cationic adjuvants do. CTAB leakage and lytic property against eukaryotic
cells, such yeast C. albicans, would not recommend the PMMA/CTAB NPs for vaccines. DODAB, on the
other hand, remains embedded in the PMMA matrix, imparting a positive charge to the NPs without
leaking to the outer medium. These considerations suggest that PMMA/DODAB NPs should be kept
in perspective for further testing and prospective uses in drug and vaccine delivery.
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Abstract: Antimicrobial medicine and food packages based on bio-based film containing essential oils
have attracted great attention worldwide. However, the controlled release of essential oils from these
film nanocomposites is still a big challenge. In this study, a long-term antibacterial film nanocomposite
composed of zein film and cinnamon essential oil (CEO) loaded MCM-41 silica nanoparticles was
prepared. The CEO was loaded into MCM-41 particles via modified supercritical impregnation
efficiently with a high drug load (>40 wt%). The morphologies of the prepared nanoparticles and
film nanocomposite were characterized by a scanning electron microscope. The release behaviors
of CEO under different temperatures, high humidity, continuous illumination and in phosphate
buffer solution (PBS) solution were investigated. The results showed that the film nanocomposite
had an outstanding release-control effect. The addition of MCM-41 nanoparticles also improved the
mechanical properties of zein films. The antibacterial effect of CEO was significantly prolonged by
the film nanocomposite; indicating the CEO film nanocomposite fabricated via modified supercritical
CO, impregnation was a potential long-term antibacterial medicine or food package material.

Keywords: film nanocomposite; essential oil; supercritical CO,; long-term package

1. Introduction

With increasing concerns about the environment, ecology and safety in the last decade,
biodegradable medicine and food packaging materials have gained more and more attention all
over the world [1]. These film materials normally originated from regenerative resources such as
proteins, lipids, cellulose, polysaccharides, lactic acid, and so on [2—4]. Furthermore, for the purpose of
extending the shelf-life or avoiding microbial contamination, active packaging materials generated
via the incorporation of bio-based films and antimicrobial components such as essential oils, were
developed [5,6]. Several studies have shown that adding essential oils into polymeric films significantly
enhanced the antibacterial properties of the package [7-9]. However, the components in essential
oils generally have some inherent drawbacks such as high volatility and decomposing tendency.
Therefore, the essential oil was lost rather fast from the polymeric films, and this short lifespan of
active components could hardly meet the needs of long-term activity for package application [10].
Therefore, the development of controlled-release films was demanded.
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Encapsulating essential oil into nanoparticles and incorporating these nanoparticles with bio-based
film to fabricate film nanocomposite is an effective strategy to control the release of essential oils. It
has been reported that chitosan or silicate nanoparticles could help essential oils release in a slow but
sustained way, as well as improve their stability and long-term antimicrobial effect [11-13]. However,
encapsulating or loading essential oils into nanoparticles is still a big challenge. In most of the process
that was reported, large amounts of organic solvents or surfactants were used, and the drug loads
were unsatisfactory (<10 wt%) [11,14,15]. Thus, nanoparticles in some film nanocomposite containing
essential oil only played the role of improving the film mechanical properties, but not as a drug
carrier [16].

Supercritical CO, technology may be an alternative to loading essential oils into mesoporous
nanoparticles with high efficiency [17,18]. Many natural active components including essential oils
have considerable solubility in supercritical CO,, making the supercritical CO, a good vehicle for
transporting essential oil. Furthermore, supercritical CO, possesses strong permeability benefit from
its gas-like viscosity, and its solvation stability will be deprived after the phase transformation of
supercritical to gaseous state, which can be achieved readily by operation adjustment [19]. Therefore,
supercritical CO; can be a good vehicle for essential oil to transport into nanoparticles and make no
solvent residue after drug loading. In our previous study, essential oil was loaded into mesoporous
silica nanoparticles with a high drug load (>35 wt%) using a modified supercritical CO, impregnation
method [20].

Cinnamon essential oil (CEO) has been reported to have good antimicrobial effects [21,22], and
its leading component is cinnamaldehyde. The aim of this study was to develop a biodegradable
long-term antibacterial film nanocomposite for medicine or food packaging, based on the combination
of zein film and CEO loaded silica nanoparticles. To the best of our knowledge, this type of film
nanocomposite having a long-term antibacterial effect for medicine or food package has not been
reported. Supercritical CO, technology was used to load CEO into MCM-41 silicate nanoparticles.
Furthermore, the mechanical properties and antibacterial effect of the prepared film nanocomposite
were evaluated.

2. Materials and Methods

2.1. Materials

Zein powders extracted from corn germ were delivered by Sinopharm Chemical Reagent Co.,
Ltd. (Shanghai, China). CEO (Cinnamaldehyde content >95%) of pharmaceutical grade with quality
inspection meeting the Chinese Pharmacopoeia standards was supplied by Jiangxi Anbang Pharmacy
Co., Ltd. (Ji'an, China). Tetraethyl orthosilicate (TEOS, >99%), cetyltrimethyl ammonium bromide
(CTAB, >99%), diethanol amine (DEA, >99%), glycerol (>99.7%, GC), and standard substance of
cinnamyl aldehyde (>99.5%, GC) were purchased from Aladdin (Shanghai, China). Carbon dioxide
(99.99%) was obtained from Guangzhou Gas Factory Co., Ltd. (Guangzhou, China). Tryptone agar
and yeast extract were from Coolaber Science & Technology Co. Ltd. (Beijing, China). Stock culture of
Staphylococcus aureus (ATCC 27217) was obtained from Solarbio Science & Technology Co., Ltd. (Beijing,
China). Deionized water was produced by a Milli-Q system and acetonitrile was chromatographically
pure. Other reagents were analytical grade and used directly.

2.2. Preparation of CEO Loaded Silica Nanoparticles (CEO@MCM-41)

The mesoporous silica nanoparticles MCM-41 were prepared using the method described
previously [23]. Typically, 0.4 mol CTAB and 0.062 mol DEA was mixed in 165 mL water and
stirred at 350 r/min under 95 °C, then 1 mol TEOS was dropwise added within 45 min. After reacting
for another 1 h, the white emulsion was centrifuged and washed with water and methanol several
times. Finally, the obtained particles were soaked in ethanol/HCl (8/1, v/v) at 60 °C for 24 h to remove
the surfactant template, resulting in CTAB free MCM-41.
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CEO was loaded into MCM-41 by modified supercritical CO, impregnation and the equipment
was described in a previous study [20]. In this step, 200 mg MCM-41 particles were firstly put in
a stainless basket with an air-permeable bottom and sealed in a high-pressure drug loading kettle,
where a magnetic stirring apparatus was loaded at the kettle base. Next, 2 mL CEO was injected into
the kettle to make the MCM-41 particles soaked for 15 min. Afterwards, CO, was delivered into the
kettle continuously until the pressure rose to 15 MPa, and the kettle was heated to 40 °C at the same
time. This supercritical state was kept for 1 h to load CEO into MCM-41 particles, then the kettle
temperature was cooled below 20 °C followed by depressurization. The procedure of “CEO injection,
soak, CEO loading under supercritical state and depressurization” was cycled five times to make an
almost saturated drug load. The final obtained CEO@MCM-41 particles were stored at 4 °C.

2.3. Film Nanocomposite Fabrication

Zein-based filmed nanocomposite was prepared by a casting method. Firstly,2 g zeinand 0.5 g
glycerol were dissolved in 97% ethanol solution (10 mL) at 70 °C and stirred for 1 h at 300 rpm through
magnetic stirring. Then, a certain amount of CEO@MCM-41 particles were added into the zein solution,
and stirred for another 30 min. Finally, the solution was casted in Teflon molds and dried at 40 °C for
8 h. Thus, the CEO@MCM-41/zein film nanocomposite was obtained and peeled off for later use.

By the same methods, zein-based film containing blank MCM-41 (blank film nanocomposite) or
CEO alone (CEO/zein film) were prepared, where the amounts of MCM-41 and CEO used were equal
to those in the film nanocomposite.

2.4. MCM-41 Particles Characterization

Brunner—Emmet—Teller (BET) and Barrett-Joyner-Halenda (BJH) measurements were carried out
to examine the internal pore structures of MCM-41 and nitrogen-adsorption-desorption isotherms were
plotted using a specific surface meter (JW-BK200C, JWGB Sci. & Tech. Co., Ltd., Beijing, China). The
morphology of MCM-41 particles were observed by a high-resolution scanning electron microscope
(SEM, Gemini500, Zeiss/Bruker, Karlsruhe, Germany).

2.5. Film Nanocomposite Characterization

2.5.1. Morphology

The morphology of the film nanocomposite was observed by a scanning electron microscope (SEM,
JSM-6330F, JEOL Ltd., Tokyo, Japan) of both surface and cross section. The samples were attached on
an electrically conductive adhesive stuck to an aluminum stub and then coated with platinum using a
sputter coater (1.2 kW, E-1045, Hitachi, Tokyo, Japan) for 120 s.

2.5.2. Film Thickness and Mechanical Properties

The film thickness was determined using a professional digital display thickness gauge (EXPLOIT,
Jinhua, China), which had a sensitivity of 0.001 mm. Different locations (>6) of the film were picked
randomly to be measured, and an average value was considered the final thickness value.

For tensile strength (TS) and elongation at break (EAB%) determination, the film was firstly stored
under 50% humidity for 60 h before being cut into 5 X 25 mm rectangular strips. The strips were then
determined by a fastener tension tester (QJ212, Qingji, Shanghai, China). Parallel determinations of ten
times for each sample were carried out.

2.6. Contents and Release Behavior of CEO

As only one effective peak referring to cinnamaldehyde was displayed in the chromatogram
(see Figure S1 in the Supporting Materials), the amount of CEO was calculated based on the
determination of cinnamaldehyde (96.8% in the CEO used) using a high-performance liquid
chromatography system (HPLC, UltiMate 300, Thermo Fisher Scientific Ltd., Waltham, MA, USA).
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During the determination, a Sharpsil-HC18 chromatography column (250 L x 4.6 mm L.D., S-5 um 100A)
was used, with a gradient acetonitrile/water mobile phase, in which the acetonitrile ratio increased
gradually from 35% to 38% within 0-10 min, and continued to rise to 50% within 10-15 min. The
samples were detected by UV at 290 nm, the temperature was 30 °C, and the flow rate was 1 mL/min.

The release behaviors of CEO from CEO/zein film, CEO@MCM-41 and film nanocomposite
under high temperature (40, 60 and 80 °C, humidity of 40%), high humidity (80%, 25 °C), continuous
illumination, and in phosphate buffer solution (PBS, pH 7.0) were investigated. For temperature and
humidity tests, several precisely weighed samples were put into a constant temperature and humidity
chamber (LHS-80HC-I, Yiheng, Shanghai, China), and one of them was taken out at preset time intervals.
The fetched samples were immediately dissolved in 90% ethanol solutions for HPLC determination.

For the illumination test, the samples were put in a clean fuming cupboard with the light open, but
the window of the cupboard was shielded by a thick black curtain from external light. The sampling
and determination methods were the same as the temperature and humidity tests.

For the release test in PBS, 50 mg CEO@MCM-41 nanoparticles or 100 X 100 mm film samples
(precisely weighed) were directly put into 120 mL PBS solution with 180 rpm magnetic stirring. At
each time interval, 1 mL solution was withdrawn from the same water level for HPCL determination,
and 1 mL PBS solution was replenished immediately.

2.7. Antibacterial Activity

The antibacterial activity of the CEO/zein film (1.0 wt%) and CEO film nanocomposite (1.0%
CEO@MCM-41 nanoparticles) were tested against Staphylococcus aureus (S. aureus, LA9190, Solarbio,
Beijing, China) using the plate diffusion method, as well as the CEO solution (2 mg/mL in ethanol) and
blank film nanocomposite for the control. 25 mL culture medium (Macklin, Shanghai, China) was
firstly put in a 100 mm diameter plate, and 0.4 mL inoculum containing 4 x 10* CFU/mL bacteria was
spread after the medium cooled. Then an oxford cup was set in the center, and 250 uL. CEO solution or
340 mg film sample was put together with 1 mL ethanol into the oxford cup carefully. Finally, the plates
were incubated at 36 °C for 20 h before observing the inhibitory zone surrounding the oxford cup.

3. Results and Discussion

3.1. Morphology and Structures of MCM-41 and CEO@MCM-41

The morphology of the prepared silica MCM-41 and CEO@MCM-41 particles were observed by
SEM, and the images are shown in Figure 1A,B, separately. Both powders had spherical particles
with uniform diameters around 50 nm, indicating that loading CEO into MCM-41 by supercritical
impregnation brought no change to the particle morphology. The nitrogen-adsorption-desorption
isotherms of MCM-41 displayed in Figure 1C demonstrated that uniform mesoporous channels were
formed in the particles, as well as CEO@MCM-41 in Figure 1D. Furthermore, it could be seen that
the adsorption/desorption volume of CEO@MCM-41was decreased compared to that of MCM-41,
indicating that CEO was loaded into the inner pore channels. The BET and BJH determination results
including specific surface area, pore volume and pore size are listed in Table 1. It can be seen that
MCM-41 had a high BET specific surface area value of 596.36 m?/g, and the BJH adsorption and
desorption values were close. However, BET surface area decreased to 264.47 mz/g for CEO@MCM-41,
indicating that CEO was successfully loaded into the mesoporous channels, which was also supported
by the obvious differences between the BJH adsorption and desorption values.
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Table 1. Results of BET and BJH determination for MCM-41 and CEO@ MCM-41.

Name MCM-41 CEO@MCM-41

BET surface area 596.36 mz/g 264.47 mz/g
BJH adsorption surface area 857.53 m?/g 407.73 m?/g
BJH desorption surface area 868.25 m?/g 455.03 m?/g
BJH adsorption pore volume 1.56 cm3/g 0.46 Cm3/g
BJH desorption pore volume 1.56 cm3/g 0.82 Cm3/g
BJH adsorption pore width 7.28 nm 4.54 nm

BJH desorption pore width 7.19 nm 7.19 nm
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Figure 1. Scanning electron microscope images of (A) MCM-41 and (B) CEO@MCM-41 particles, and
nitrogen-adsorption—desorption isotherms of (C) MCM-41 and (D) CEO@MCM-41 particles.

3.2. Drug Load of CEO in CEO@MCM-41

CEO was loaded into MCM-41 via modified supercritical impregnation and the circle time was a
crucial factor for the drug load of CEO@MCM-41. In this study, with the circle time increased, the
drug load increased rapidly to 44.5 + 0.6% at the first stage (before five times, Figure 2). However, the
growth stopped when the circle time went over five, indicating a saturated drug load was achieved.
Multiple circle operations were necessary for getting the maximum drug load and the reason has been
discussed in our early study [20]. Simply, partial CEO loaded in the MCM-41 particles during the
previous circle could hardly dissolve in supercritical CO, again (or the dissolution rate decreased
seriously) in the following circle, due to the strong absorption caused by the silanol groups of MCM-41.
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Figure 2. Drug load of CEO@MCM-41 prepared under different circle times by modified
supercritical impregnation.

3.3. Morphology of the Film Nanocomposite

The morphology of the zein-based film containing CEO@MCM-41 nanoparticles, that is film
nanocomposite, is shown in Figure 3. It can be seen that lots of pore channels existed in the film
nanocomposite, enabling the CEO@MCM-41 nanoparticles to become well dispersed, which impacted
the uniformity of film quality such as the mechanical properties and the local release behavior of the
loaded CEO. These channels could also help the CEO loaded in the nanoparticles release out from the
film. It was interesting to note, that the pore size on the film surface was much smaller than the size of
the inner channel, which might be able to slow the CEO release to some extent.

—500.0pym—

Figure 3. Scanning electron microscope images of the crack edge for the film nanocomposite.
3.4. Physical and Mechanical Properties of Zein-Based Films

The physical and mechanical properties of the prepared film nanocomposite is very important for
its use in medicine or food packaging, and the film thickness should be considered at first. Shown in
Table 2, compared to the blank zein film, adding MCM-41 particles made a thicker film nanocomposite,
and the thickness grew slowly with MCM-41 content increase. In comparison, the thickness had no
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significant change with the addition of 1% CEO. The thickness turned higher when MCM-41 existed,
probably attributed to the nanoparticle movement that caused an amplified cavity in the film.

Table 2. Film thickness of the zein-based film.

Samples MCM-41 Contents (%) Thickness (1m)
Zein film (blank) 0 186.0 £ 16.2
CEO/zein film - 183.3 +16.4
Film nanocomposite 0.5% 218.1 £21.6
Film nanocomposite 1.0% 216.5 + 16.7
Film nanocomposite 2.0% 2235+ 11.1
Film nanocomposite 3.0% 2272 +15.2
Film nanocomposite 4.0% 235.6 +£23.9
Film nanocomposite 5.0% 243.1+19.8

Tensile strength (TS) and elongation atbreak (EAB%) are also crucial parameters for the package-use
film nanocomposite. Figure 4 represents TS and EAB% of film nanocomposite with different MCM-41
contents. The TS of the film nanocomposite could be seen without the CEO in MCM-41, which increased
gradually with the MCM-41 content from 0.6 + 0.1 MPa (blank zein film) to 3.2 + 0.1 MPa (5% MCM-41),
while EAB% decreased from 85.9 + 2.7% to 22.0 + 3.1%, where a sharp decrease occurred when the
MCM-41 particle content increased from 1.0% to 2.0%. The TS reinforced the film nanocomposite
by MCM-41 addition, which may have been because of the netted internal hydrogen bonds formed
between the nanoparticles and the zein matrix, which enabled the MCM-41 particles to share the
drawing force. Similar results were also reported in other studies on film nanocomposite of different
types [16]. Meanwhile, although adding lipid substances might modify the mechanical properties
of protein-based films via crosslinking effect [24,25], the TS and EAB% had no significant change for
the film nanocomposite with or without CEO in this study, as the essential oil was loaded inside the
nanoparticles. According to the results, 1.0 wt% of MCM-41 nanoparticles in zein film was selected for
the following studies.
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Figure 4. Tensile strength (TS, bars) and elongation at break (EAB%, dots and line) of the film
nanocomposite with different MCM-41 particle contents.

3.5. Release Behavior of CEO from the Film Nanocomposite

The stability and shelf life of CEO in the film nanocomposite was crucial for the duration of the
antibacterial effect. In this study, the CEO losses from the CEO/zein film, CEO@MCM-41 and film
nanocomposite over time were investigated under different conditions including high temperatures,
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continuous illumination, high humidity and in PBS solutions. Under all conditions, no newly generated
component except for cinnamaldehyde was detected by HPCL, indicating the loss of CEO was mostly
caused by the release of cinnamaldehyde or its escape after decomposition.

Shown in Figure 5A-C, the release rates of CEO exposed to air, as well as in all three carries were
accelerated with the temperature increase. The CEO released very fast when exposed to air. For example,
it released 37.2% at 40 °C (Figure 5A) and was nearly exhausted at 60 °C (Figure 5B) after a 84 h test.
However, the accumulated release amounts of CEO from the CEO/zein film after 84 h at 40 °C and 60 °C
dropped to 16.0% (Figure 5A) and 74.56% (Figure 5B), while full release at 80 °C needed 60 h (Figure 5C).
Furthermore, the CEO release rate dropped drastically in the order of CEO/zein film, CEO@MCM-41 and
film nanocomposite. After 120 h temperature acceleration tests at 40 °C, CEO released only 4.0% and
1.2% from CEO@MCM-41 and film nanocomposite (Figure 5A), respectively. Their accumulated release
amounts at 80 °C after 60 h also decreased to 69.1% and 38.2%, compared to CEO/zein film. It could be
concluded that both the matrix structure of the zein film and the mesoporous structure helped prolong
the life-span of CEQ, probably attributed to the hydrogen-bond interaction of CEO molecules provided
by the silica hydroxyl inside the MCM-41 particles and the polar groups in the protein matrix.
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Figure 5. Release behavior of CEO from CEO/zein film, CEO@MCM-41 and film nanocomposite at
different conditions. Including: at a high temperature of (A) 40 °C, (B) 60 °C and (C) 80 °C, (D) under
continuous illumination at room temperature (the control CEO sample without illumination), (E) under
high humidity of 80% and room temperature, and (F) in neutral PBS solution.
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According to the comparison of CEO release behavior with or without illumination (Figure 5D),
it could be seen that illumination was able to accelerate the loss of CEO, which might be attributed
to the intensified decomposition and escaping of cinnamaldehyde under light. The release rate from
CEO/zein film had a slight decrease. After a 10-day test, CEO released 28.1% from the CEO/zein
film, while 32.8% CEO exposed to the air was lost. It was quite different for CEO@MCM-41 and film
nanocomposite that CEO gained very low release rate, as the cumulative release amounts of CEO after
10 days were only 4.2% and 3.3%, separately. This was because unlike the transparent zein film, the
wall of MCM-41 nanoparticles could prevent CEO molecules from contacting the light.

High humidity could also affect the release behavior of CEO (Figure 5E). After a 10-day test,
the cumulative release amounts of CEO exposed to air was 22.7%, which decreased to 22.1% from
CEO/zein, 11.6% from CEO@MCM-41, and only 3.5% from film/nanocomposite, respectively. The
interesting thing was the released amount from CEO/zein film was less than that of CEO exposed at
the beginning, but gradually rose close to the latter. This result indicated that the zein film would loose
its protective effect for CEO when it was wetted, because the internal hydrogen bonds were weakened
with a water increase. The water-isolation effect of MCM-41 nanoparticles was stronger than that of
zein film, since it was more difficult for water to permeate into the nanosized mesoporous channel
in the particle. However, high humidity had little effect under the combined use of a zein film and
MCM-41, because the matrix structure of the zein film had strong absorption to the permeated water
molecules, making the channels of MCM-41 dry.

Compared to the release behaviors in air, CEO released much faster in a PBS solution of pH
7.0 (Figure 5F). CEO/zein film had an initial burst release (22.3%) in the first 2 h, and then released
gradually to 49.3% after 24 h. The release rate dropped significantly for CEO@MCM-41 and the film
nanocomposite, and the cumulative released amounts were 13.6% and 5.5% at 24 h, respectively. The
results demonstrated that the film nanocomposite had an outstanding control-release effect for CEO
even in an aqueous solution. This unique property made the CEO film nanocomposite a potential
long-acting antibacterial package material for medicine or food.

3.6. Antibacterial Properties

Figure 6 shows the antibacterial effects of a CEO/zein film (1 w/w% CEO) and CEO film
nanocomposite (1 w/w% CEO@MCM-41) against S. aureus, as well as a CEO solution (2 mg/mL
in ethanol) and blank film nanocomposite (1 w/w% MCM-41 nanoparticles) for the control. The
large inhibition zone in Figure 6A demonstrated the significant antibacterial effect of CEO against
S. aureus, while the blank film nanocomposite had no such effect according to Figure 6B. Shown in
Figure 6C,D, it can be seen that the fresh CEO/zein film had a stronger antibacterial effect than that of
the fresh CEO film nanocomposite, attributing to more CEO being released in the same period from
the CEO/zein film. However, after being soaked in PBS solution for 4 days, the CEO/zein film lost its
antibacterial effect (Figure 6E), while the film nanocomposite remained with a similar antibacterial
effect as in the beginning (Figure 6F). The sustained but much slower release of CEO from the film
nanocomposite was the crucial factor for this long-term antibacterial effect, which is very important for
a medicine/food package.
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Samples soaked in
PBS afier 4 days

Dish diameter 100 mm

Figure 6. Antibacterial properties of different samples against S. aureus. (A) CEO solution (2 mg/mL) in
ethanol, (B) zein film containing blank MCM-41, (C) fresh CEO/zein film, (D) fresh film nanocomposite,
(E) CEO/zein film soaked in neutral PBS solution for four days and a (F) film nanocomposite soaked in
neutral PBS solution for four days.

4. Conclusions

A long-term antibacterial film nanocomposite containing CEO for medicine or food packaging
applications was prepared in this study. The method of modified supercritical CO, impregnation was
used to load CEO into MCM-41 silica nanoparticles, and the drug load of CEO@MCM-41 was up to
44.5 + 0.6 wt%. According to the SEM observation, MCM-41 particles around 50 nm were dispersed
uniformly in the polyporous matrix of the zein film. The TS of the zein film was reinforced with the
addition of MCM-41 particles, while the EAB% decreased sharply when the content of MCM-41 was
higher than 1.0 wt%. The release of CEO from the film nanocomposite was controlled under all extreme
test conditions. Whatever was under high humidity (80%) or continuous illumination conditions in air,
the cumulative release amounts of CEO were below 5% after 10 days, while CEO only released 5.5%
after 24 h in PBS solution. After being soaked in PBS solution for 4 days, the CEO film nanocomposite
still had a strong antibacterial effect against S. aureus, the same as the fresh one. It can be concluded
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that the CEO film nanocomposite can be proposed as a promising long-term antibacterial natural
packaging material for medicine and food.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4923/12/2/169/s1,
Figure S1: HPLC profile of CEO.
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Abstract: A series of hydrogels with a specific release profile of linezolid was successfully synthesized.
The hydrogels were synthesized by cross-linking polyvinyl alcohol (PVA) and aliphatic dicarboxylic
acids, which include succinic acid (SA), glutaric acid (GA), and adipic acid (AA). The three crosslinked
hydrogels were prepared by esterification and characterized by equilibrium swelling ratio, infrared
spectroscopy, thermogravimetric analysis, mechanical properties, and scanning electron microscopy.
The release kinetics studies of the linezolid from prepared hydrogels were investigated by cumulative
drug release and quantified by chromatographic techniques. Mathematical models were carried out
to understand the behavior of the linezolid release. These data revealed that the sustained release
of linezolid depends on the aliphatic dicarboxylic acid chain length, their polarity, as well as the
hydrogel crosslinking degree and mechanical properties. The in vitro antibacterial assay of hydrogel
formulations was assessed in an Enterococcus faecium bacterial strain, showing a significant activity
over time. The antibacterial results were consistent with cumulative release assays. Thus, these results
demonstrated that the aliphatic dicarboxylic acids used as crosslinkers in the PVA hydrogels were a
determining factor in the antibiotic release profile.

Keywords: hydrogel; polyvinyl alcohol; aliphatic dicarboxylic acids; sustained release; linezolid;
equilibrium swelling ratio; accumulative release; thermogravimetric analysis

1. Introduction

Multidrug-resistant (MDR) bacteria or “superbugs” represent one of the most important challenges
to public health and pose a huge economic burden on global health care [1,2]. Indeed, antibacterial
resistance causes 700,000 deaths per year worldwide [3]. The World Health Organization (WHO) has
classified Enterococcus faecium as one of the primary drug-resistant pathogens posing the most significant
risk to public health. This bacterium causes urinary tract infections, hospital-acquired bloodstream
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infections, abdominal and pelvic abscesses, endocarditis, and chronic periodontitis. The importance
of this pathogen in these types of infection is reinforced by their intrinsic and acquired resistance to
various antimicrobial agents, which renders them challenging to treat [4]. Linezolid is among the
few available antibiotics that can treat bacterial resistance. This antibiotic is the first clinically useful
oxazolidinone antibacterial agent [5]. This chemotherapeutic agent has been approved for the treatment
of complicated skin and skin-structure tissue infections principally caused by vancomycin-resistant
E. faecium [6]. Recent studies indicate that the effectiveness of antibacterial agents is better when
they are released through drug delivery systems. Furthermore, these systems could slow down
the progression of bacterial resistance to antibiotics [7,8]. In this context, hydrogels appear to be
excellent candidates as antibiotic delivery platforms [9]. Hydrogels are a form of 3D porous material;
these biomaterials consist of polymer chains with physical or chemical crosslinking [10]. Hydrogels
can be of natural and/or synthetic origin [11]. Polyvinyl alcohol (PVA) hydrogels have been deeply
explored due to their excellent biocompatibility properties and have been FDA (Food and Drug
Administration) approved [12]. Hydrogels have received growing attention as drug delivery systems
over the last decade due to their exclusive properties, such as high biocompatibility, tunable release
rate, and versatility to be loaded with different molecules [13,14]. The most relevant characteristics of
hydrogels are their porosity, pore size, and physicochemical environment of the matrix, which is tunable
by modifying the crosslink density and/or varying the crosslinker type in their network. Therefore,
the crosslinking agents such as aliphatic dicarboxylic acids (ADAs) could play a key role in the drug
release profile from the hydrogel. In the hydrogel network, the pore size, swelling capacity, affinity
with the drug, and subsequent sustained release have a very close relationship with the chemical
structure and length of ADAs [14,15]. New antibacterial therapy strategies based on the sustained or
prolonged release of linezolid could be an effective solution to fight pathogens. Thus, the purpose
of this study was to develop hydrogels with ADAs of variable chain lengths as crosslinker agents
featuring the tunable sustained release of linezolid.

2. Materials and Methods
2.1. Materials

Polyvinyl alcohol (PVA) 30-60 KDa, succinic acid (SA), glutaric acid (GA) adipic acid (AA),
NaHCO3, acetonitrile (HPLC grade), and linezolid analytical standards were purchased from
Sigma-Aldrich (St. Louis, MO, USA). HCl, methanol (HPLC grade), K;HPO,, and H3PO4 were
purchased from Merck (Darmstadt, Germany). All solutions were prepared using MilliQ water.
Enterococcus faecium ATCC® 19434 bacterial strain, brain heart infusion (BHI) agar, Luria—Bertani
(LB), and peptone water were purchased from Merck (Darmstadt, Germany). Distilled water was
utilized for the preparation of all the solutions in the antibacterial study. The mouse fibroblast cell line
1929 (ATCC® CCL-1™) was purchased from ATCC (Manassas, VA, USA). The cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM, Gibco®, Grand Island, N, USA) containing 10% fetal
bovine serum (FBS, Gibco®, Grand Island, N, USA) and antibiotics (100 U penicillin and 100 U/mL
streptomycin, Gibco®, Grand Island, NY, USA) under 5% CO, at 37 °C. Cells were harvested after
reaching confluence by using 0.05% trypsin-EDTA (Gibco®, Grand Island, NY, USA).

2.2. Synthesis of Hydrogels Based on PVA, ADAs, and Linezolid Loading

For this study, three hydrogels based on PVA and ADAs were synthetized. The methodology
for preparing the hydrogels was performed through the esterification of PVA with ADAs according
to the method from Rodriguez Nufiez et al. with minor modifications [16]. Briefly, the esterification
reactions were performed by mixing an aqueous solution of PVA with an aqueous solution of a specific
ADA (20 wt%) using HCI (1 x 107! mol-L™!) and temperature as catalysts of crosslinking. Then,
each reaction was performed under reflux at ~90 °C in a necked flask with magnetic agitation in the
presence of air. After 3 h, each pre-hydrogel solution was poured into a new flask, and 8 mg of linezolid
was added for its encapsulation, as depicted in Table 1. Then, each solution was vigorously stirred
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for 1 h and then sonicated for another hour until a homogenized solution was reached. After that,
each pre-hydrogel-linezolid solution was put in an oven at 45 °C overnight until the crosslinking was
complete. The hydrogel of PVA cross-linked with SA is named PSAH, the hydrogel of PVA cross-linked
with GA named PGAH, and the hydrogel of PVA cross-linked with AA named PAAH. Afterward,
the PSAH, PGAH, and PAAH hydrogels with the encapsulated linezolid were partially neutralized
with NaHCOj; to remove the excess acid and increase water uptake [17]. Then, the linezolid-loaded
hydrogels were lyophilized to obtain the xerogel. The linezolid-loaded PSAH, linezolid-loaded PGAH,
and linezolid-loaded PAAH were termed PSAH-Li, PGAH-Li, PAAH-LI, respectively. At the same
time, three hydrogels were prepared without linezolid to perform the following characterizations: ESR,
FT-IR, TGA, mechanical analysis, and SEM.

Table 1. Specifications of prepared hydrogels and the amount of linezolid loading.

Hydrogel Crosslinker Crosslinker Ratio (%) * Linezolid (%) *
PVA-Succinic Acid (PSAH) SA 20 2
PVA-Glutaric Acid (PGAH) GA 20

2
PVA-Adipic Acid (PAAH) AA 20 2
* % wyw respect to hydrogel; succinic acid (SA); glutaric acid (GA), and adipic acid (AA).

2.3. Swelling Behavior

The swelling behavior was calculated by the equilibrium swelling ratio (% ESR) at desired time
intervals. Each xerogel film was immersed in phosphate buffer saline (PBS) [18] and acetate buffer
(pH 3.0) at 25 °C for 21 h until swelling equilibrium was attained. The weight of the wet sample
(W (g)) was obtained after carefully eliminating moisture on the surface with an absorbent paper.
The weight of the dried sample (W4 (g)) was acquired after freeze-drying the hydrogel sample. The ESR
of the hydrogel samples was obtained as follows:

Wo — Wy
d

ESR (%) = x 100% 1)

2.4. FT-IR Analysis

The freeze-dried samples were ground into small fragments. After that, the PSAH, PGAH,
and PAAH were analyzed in KBr (potassium bromide) disks by Fourier transform infrared spectroscopy
(Nicolet Nexus 470 spectrometer, Thermo Scientific, Waltham, MA, USA). The wavenumber range
scanned was 4000-500 cm™!; 32 scans of 2 em™! resolution were signal-averaged and stored. The films
utilized in this analysis were sufficiently thin to obey the Beer-Lambert law.

2.5. Thermogravimetric Analysis

The thermal stability of PVA crosslinked films was evaluated using a thermobalance Cahn-2000
(Ventron Corp., CA, USA). Thermal analysis was carried out by heating samples (10 mg) from 25 to
600 °C at a heating rate of 10 °C/min under a nitrogen atmosphere (50 mL/min). The sample weight
loss was recorded as a function of temperature.

2.6. Mechanical Properties

The tensile strength (TS), tensile modulus (E), and elongation at break (eB) of the hydrogels were
measured according to American Society for Testing Materials (ASTM) D 882 test methods using an
Autograph AGS-X Universal Tester (Shimadzu, Kyoto, Japan). The tensile samples were cut into
rectangular shapes with dimensions of 100 mm in length and 10 mm in width. The gauge length was
fixed at 50 mm, and the speed of the moving clamp was 5 mm-min~!. Three samples were tested,
and the average values were taken as the reported results.
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2.7. Scanning Electron Microscopy Analysis

Scanning Electron Microscopy (SEM) studies were carried out for all three formulations.
The formulations morphology was evaluated using a scanning electron microscope (JEOL-JSM 6380,
JEOL, Tokyo, Japan) operated at 15 kV. Surface views of cryogenically fracture films were examined.
All samples were sputtered with a gold layer around 40 nm in thickness prior to the examination.

2.8. Release Kinetics Studies

The conformation of each proposed hydrogel is described in Table 1. Each linezolid-loaded
hydrogel with a weight of 400 mg was placed into a 10 mL tube, and 5 mL of PBS [18] was poured
over the formulation as a release medium. The tubes were transferred to an orbital shaking water bath
(Faraz teb, Tehran, Iran) at 33.5 + 0.1 °C [19] and shaken at 35 + 2 rpm. At specific time intervals, the PBS
was removed and replaced with an equal volume of PBS to maintain sink conditions throughout the
study. For the quantification of linezolid, a stock solution (3 mg/mL) was prepared in methanol and
stored at —18 °C. Standard solutions of the antibiotic were prepared with PBS (pH 7.4) in the range of
0.01-50 mg L!. The chromatographic system consisted of a Perkin Elmer series 200 HPLC system
(Norwalk, CT, USA) with a UV-vis detector and a C-18 Kromasil 100-5-C18 (250 mm X 4.6 mm i.d. X
5 um) column. Fifty microliters of the sample were injected into the HPLC apparatus. Isocratic elution
with methanol/water (50:50, 9/v) at a constant flow rate of 1.0 mL min~! was utilized as the mobile
phase. The analytical wavelength was 254 nm at room temperature The release rate of linezolid-loaded
hydrogels was acquired by applying the concentration of released linezolid to the following correlation
(Equation (2)):

100

Cumulative Li release (%) = Cumulative amount of Li released X ——————————
Inicial amount of Li

)
Linezolid release kinetics were performed by employing different mathematical models of drug release
equations, such as zero-order (Equation (3)), first-order (Equation (4)), Hixson-Crowell (Equation (5)),
Higuchi (Equation (6)), Korsmeyer-Peppas (Equation (7)), and Peppas—Sahlin (Equation (8)) [20,21]:

Q1/Qo = Kot 3)
In Q1/Qo = Kyt 4)

where Q; is the amount of linezolid released at time t, and Qy is the original linezolid concentration in
the formulation.
Co'® -G =kt ()

where C; is the amount of drug released in time ¢, Cy is the initial amount of linezolid in the formulation,
and K is the rate constant.
Q =Kt/ 6)

where Q is the cumulative linezolid release, K is the Higuchi release constant, and ¢ is the time.

M;

— = K¢t" 7

y )
where M/M is the cumulative linezolid release, K is the release constant, f is the time, and n is the

release exponent.

A% = Kdt" + Krt*" (8)

where M; and M, are the absolute cumulative amounts of linezolid release at time t and at infinite
time, respectively.
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2.9. Antibacterial Activity

The studies were performed according to Oscar Forero-Doria et al. [8]. First, 50 mg of each
linezolid-loaded hydrogel was placed into a tube with 5 mL of PBS [18] as “release medium”.
Concurrently, a tube with 5 mL of PBS loaded with 1 mg of linezolid was prepared and utilized as
a control. After that, the tubes were placed into an orbital shaking water bath (Farazteb, Iran) at
37 £ 0.1 °C. Depending on the assay, at certain time intervals (1, 3, 6, 24, and 48 h) 200 uL of release
medium was taken and replaced with an equal volume of PBS to maintain sink conditions throughout
the study. Lastly, the samples of each tube were evaluated by screening the antimicrobial activity and
quantitatively testing the antibacterial activity utilizing the following protocols.

2.10. Assessment of Antimicrobial Activity of Proposed Hydrogels against E. faecium

To estimate the inhibitory activity against E. faecium, a qualitative test with a ring-diffusion method
was implemented. With the aim of assessing the antibacterial activity of the prepared hydrogels,
the Gram-positive strain E. faecium ATCC® 19434 was used as a model pathogen. The bacteria were
grown overnight in MRS (de Man Rogosa Sharpe) broth at 37 °C. The inoculum (100 uL) containing
E. faecium (adjusted to ~1.0 x 10 CFU-mL™") was seeded previously on the agar. Next, wells (8§ mm
in diameter) were made on an agar plate and filled with 100 uL of release medium for the specific
interval times from Section 2.9. Additionally, two internal controls were treated with linezolid (10 and
15 ug-mL~!, respectively). The plates were incubated at 37 °C for 24 h, and the antibacterial activity
was calculated by the formation of bacterial inhibition zones surrounding the film disks. All tests were
performed in duplicate.

2.11. Quantitative Assay of the Antibacterial Activity of Proposed Hydrogels against E. faecium

In this analysis, E. faecium ATCC® 19434 (concentration range of 1.0 x 10°® CFU-mL™") was
inoculated in 1 mL of LB broth at 37 °C until reaching turbidity equivalent to a 0.5 McFarland standard.
Afterward, 150 uL of release medium from the samples and controls of Section 2.8 was added to
2 mL of the previous inoculation solution and then shaken at 200 rpm for 24 h at 37 °C. Afterward,
each culture was tested; serial dilutions were made in 0.1% sterile peptone water. From each of these
dilutions, 100 uL aliquots were collected, which were placed in plate count agar and incubated at 37 °C
for 24 h. Then, viable cell counts were performed. All trials were performed in triplicate.

2.12. Cytotoxicity and Cell Viability

The cytotoxicity of the proposed hydrogels was evaluated on fibroblast cells. For this goal,
the viability of the cells was assessed using the MTT technique according to the protocol of Mossman
et al. [22]. Briefly, the cells were seeded in 24-well plates (5 uL, 1.6 X 10* cells per well) and 150 puL
of Dulbecco’s Modified Eagle Medium (DMEM)-High medium was added and incubated for 24 h
at 37 °C in 5% CO,. Afterward, the medium was replaced by 100 uL of fresh DMEM-High per
well, which containing three diverse concentrations of PSAH, PGAH, and PAAH (500 ug-mL’l,
1500 pg-mL~!, and 2500 pg-mL~! per hydrogel). Fresh medium without a sample was utilized as a
control. Cell viability was assessed after 24 h by the MTT technique. Briefly, 5 uL of MTT solution
(3 mg-mL~! in PBS) and 50 pL of fresh medium were added to the respective sample and incubated
for 4 h in the dark at 37 °C; formazan crystals were then dissolved in 100 pL of DMSO and incubated
for 18 h. Supernatant optical density (0.d.) was analyzed at 570 nm (Spectrophotometer, Packard
Bell, Meriden, CT, USA). Unprocessed fibroblast cells were taken as control with 100% viability.
The hydrogels cytotoxicity was depicted as the relative viability (%), which correlates with the number
of viable cells compared with the negative cell control (100%).
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2.13. Statistical Analysis

In this work, all experiments were performed in triplicate. The SPSS 9.0 statistical software (IBM,
Chicago, IL, USA, 1999) was used to perform the ANOVA analysis and Tukey’s test (p < 0.05) to
determine the statistical significance in some experiments such as the mechanical properties, ESR analysis,
cumulative release test, quantitative test of antibacterial activity, and MTT assay. Graphs of the study
results were designed by utilizing GraphPad Prism 6. Statistical significance was set at p < 0.05.

3. Results and Discussion

3.1. Synthesis and Load of Hydrogels

In Figure 1 the preparation of the hydrogels is depicted. Each hydrogel was prepared by
esterification between PVA with a specific ADA (SA, GA, and AA). Once the pre-hydrogel was formed,
the linezolid was added for its encapsulation (see Table 1). By this simple methodology, it is possible to
achieve over 99% retention of the drug. Considering previous studies, a crosslinking degree of 10:2 of
PVA:ADA was prepared, which was kept constant due to its good characteristics, such as porosity,
mechanical properties, among others [14,16,23].

OH

(o
OH OH OH
A+ L=

HO |

PVA Linezolid

0HOHOH+oz) l : 3 ’3 . 0 N

PVA Glutaric acid Pre-hydrogel Linezolid

OH OH OH . é :>

HO

PVA Adipic acid Linezolid

Pre-hydrogel

(1) Reflux at 90 °C; HCI x 3 h
() Ovenat42°Cx5h

Figure 1. Synthesis and proposed structures of the linezolid-loaded hydrogels.
3.2. Swelling Behavior

This analysis allowed the confirmation of network formation in the three hydrogels. Since it
is desirable to study the release of the antibiotic under physiological pH conditions, the ESR was
evaluated at pH 7.4. Moreover, as a comparative analysis of swelling behavior, this analysis was also
assessed at pH 4.0. Figure 2 shows the ESR for all formulations. An increase in the swelling index
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rate of the three hydrogels over time was observed at both pH values. In the beginning, the hydrogel
swelling ratio increased fast and then slowed down to reach an equilibrium. This swelling behavior is
characteristic of the hydrogel matrix obtaining the maximum swelling capacity. Specifically, PSAH,
PGAH, and PAAH reached swelling equilibrium (zero-order) at approximately 3—4 h. On the other
hand, a significant difference (p < 0.05) in all the cases was observed between the two pH models.
For example, PSAH showed a better swelling degree at pH 7.4 with a value of approximately 600%,
while at pH 4.0 the swelling degree was about 500%. For the other samples, PGAH and PAAH showed
a swelling degree at pH 7.4 around 440% and 230%, and at pH 4.0 about 210% and 180%, respectively.
The ESR difference at both pH values is due to the protonation degree of the free aliphatic carboxylic
acids into the hydrogel network, which has different types of pKa [24]. Particularly, PGAH showed
a higher difference in swelling behavior between pH values; such behavior can be attributed to the
dissociation degree and ionization process of free COO- groups. These results are coherent, considering
that the glutaric acid has the lowest pKa2 (5.22) compared to that of succinic and adipic acid (pKa2:
5.64 and 5.41), respectively. Therefore, in the network of PSAH more free carboxylic acid groups are
susceptible to ionization by pH change.

PSAH PGAH
600: 600+
é 400 400
B3
200 200
- pH4.0 - pH74 -~ pH4.0 -+ pH74 - pH4.0 - pH74
T T T T T T T T
0 20 40 20 40 0 20 40
Time (h) Time (h) Time (h)

Figure 2. The swelling ratio of the hydrogels at 24-25 °C as a function of time, pH, and crosslinker
nature. Data are shown as mean + SD (n = 3).

When correlating the pH and Time variables for each formulation, it was found that for PSAH,
the p-value < 0.05 (0.0140) in the ANOVA, therefore, there is a statistically significant relationship
between the variables at the 95% confidence level. The highest p-value on the independent variables is
0.1175, belonging to pH. Thus, since the p-value> 0.05, pH is not statistically significant at the 95%
or higher confidence level. In the case of PGAH, the p-value< 0.05 (0.0045) in the ANOVA, there is a
statistically significant relationship between the variables at the 95% confidence level. On the other
hand, the highest P-value on the independent variables is 0.0415 (p-value< 0.05), belonging to Time.
In this context, Time is statistically significant at the 95% confidence level. Finally, in the case of PAAH,
given that the p-value> 0.05 (0.1243) in the ANOVA, there is not a statistically significant relationship
between the variables at the 95% or higher confidence level. The highest p-value on the independent
variables is 0.9926 (p-value> 0.05), belonging to pH. Because of this, pH is not statistically significant at
the 95% or higher confidence level. The correlation models are presented below:

PSAH correlation model:
% ESR = 167.86 + 6.5042¢ (R = 35.85) )

PGAH correlation model:
% ESR = 44.5875 + 37.3718pH + 2.867t (R? = 44.84) (10)

PAAH correlation model:
% ESR = 202.421 + 1.54335¢ (R? = 14.17) (11)
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3.3. FT-IR Analysis

The FT-IR analysis was conducted in the range from 4000 to 500 cm™! to confirm the effectiveness
of the crosslinking reaction between the PVA and different ADAs (SA, GA, and AA). Figure 3 shows
the FT-IR spectra of hydrogel films (PSAH, PGAH, and PAAH). For PVA, all FT-IR spectra showed
most of the characteristic infrared absorption bands (spectra not shown). The spectrum showed a
broad band at around 3270 cm ™!, which was attributed to inter- and intramolecular hydrogen bonds of
-OH groups in PVA [25]. After crosslinking, this band showed a significant shift to 3400 cm™! caused
by the chemical reaction, demonstrating a polymer structural change. Other FT-IR bands appeared
between 2840 and 3000 cm™!, around 1688 cm™!, and between 1150 and 1085 ecm™?, corresponding
to the vibrations of the -CH,, C=0, and C-O-C groups, respectively [26]. In addition, the evidence
of ester formation between the PVA hydroxyl groups and diacids carboxylic groups is the shifting
of the ADA’s -C=0 absorption peak from 1691 to 1704 cm~!. This result was in agreement with that
previously reported in [27]. It the intensity difference for the -CH stretching vibration (between 2840
and 3000 cm™!) between crosslinked films could also be noticed. The band intensity increased along
with the crosslinker agent carbon numbers, as shown in Figure 1. It is important to note that other
significant absorption bands recorded for PSAH, PGAH, and PAAH samples demonstrated the acid
compounds in the hydrogel structure [14]. Table 2 summarizes the leading characteristics bands and
their assignment for neat PVA and hydrogel samples. Finally, the spectral changes obtained in FT-IR
analysis demonstrated the success of the crosslinking reaction between the hydroxyl group of PVA and
the carboxylic groups from ADAs.
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3400-3200
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4000 3500 3000 2500 2000 1500 1000 500
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Figure 3. FT-IR spectra of PSAH, PGAH, and PAAH.

Table 2. Vibration modes and band frequencies in polyvinyl alcohol (PVA) and PVA crosslinked with
SA, GA, and AA.

Sample Chemical Group Wave Numbers (cm~1)
PVA
PSAH O-H from the intermolecular and v ~3400
PGAH intramolecular hydrogen bonds
PAAH
PVA
PSAH
PGAH C-H from alkyl groups v 2840-3000
PAAH
PSAH v 1704
PGAH C=0 v 1695
PAAH v 1691
PVA -C=C v 1640
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Table 2. Cont.

Sample Chemical Group Wave Numbers (cm~1)
PVA CO (crystallinity) v 1100

PVA
PSAH
PGAH
PAAH

PVA
PSAH
PGAH
PAAH

C-O0-C v 1150-1085

CH, 51461-1417

3.4. Thermogravimetric Analysis

Thermogravimetric (TG) analysis has become a frequently used technique for studying the
thermal stability of complex materials. In this work, the thermal properties of the prepared hydrogels
based on PVA crosslinked with different ADAs are investigated using TG. The TG and Derivative
thermogravimetry (DTG) curves of hydrogel samples are presented in Figure 4, and the analysis results
are summarized in Table 3.

A 100 4 B
0.0
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60 —— PSAH
_ —— PGAH
g 7] 02+
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2 60 2
bt =
£ 5] < 044
k= ©
= 404 ) —— PAAH
—— PSAH
304 0.6+ —— PGAH
20
104 0.8
0 T T T T T T T T T T
100 200 300 400 500 60 100 200 300 400 500 600
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Figure 4. TG (A) and DTG (B) curves of the PSAH, PGAH, and PAAH recorded at 10 °C/min in the
N, atmosphere.

Table 3. Thermogravimetric analysis results from hydrogels.

s Temperature (°C) Weight Loss Char
ample
Onset Peak End (%) (%)
PSAH 36.5 137.6 175.1 11.8 74
177.5 2242 240.9 8.5
241.0 297.2 316.9 17.8
317.0 345.8 390.6 19.5
391.0 449.9 528.9 34.8
PGAH 36.1 138.7 174.8 8.8 9.3
175.0 2454 281.9 12.5
289.5 369.4 420.3 39.7
420.7 4354 528.1 27.8
PAAH 35.4 142.8 181.6 12.7 7.6
182.4 273.6 319.1 27.9
319.2 363.5 399.7 20.1
400.0 440.9 530.9 31.3
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It is known the degradation of neat PVA is observed over three temperature regions, which are
80-250 °C, 275-450 °C, and 475-525 °C peaking at 142, 287, and 440 °C, respectively [27]. For all
formulations, a first thermal effect with a maximum decomposition rate from 137 to 142 °C and an
associated mass loss from 8.8% to 12.7% were observed. This effect is related to the evaporation of the
bound and unbound water of the films [25]. The thermal degradation of crosslinked films occurred in
three temperature regions for PGAH and PAAH, but in four regions for PSAH. The second degradation
step showed two stages for PSAH; the first Tpeay appeared at 224 °C, and the second at 297 °C. The first
process could be due to the thermal degradation of the free SA remaining in the hydrogel and showed
a weight loss of 8.8%, whereas the second loss was 17.8%. In the case of PGAH and PAAH, the second
effect was peaking at 245 and 273 °C with associated weight losses of 12.5% and 27.9%, respectively.
All those peaks could correspond to a shift in PVA decomposition temperature (287 °C) (data not
shown). In this thermal effect, the scission of partially esterified but still uncrosslinked PVA chains were
co-occurring with polymer cyclization [27]. The third decomposition stage belonged to crosslinked PVA
chain decomposition. The maximum decomposition rate appeared from 345 to 369 °C, demonstrating
an increase in the thermal stability of formed hydrogels. Due to the formation of multiple inter-
and intrachain ester bonds, an interpolymeric network that modifies the PVA structure was created.
After crosslinking, an increase in the number of covalent bonds and hydrogen bonding between the
polymer chains occurred, making them more thermally stable. This finding agrees with results from
other authors that crosslinked PVA with AA and GA [28]. This thermal effect was more relevant
for the PGAH sample, showing 39.7% of weight loss. The last thermal effect showed a maximum
decomposition rate in the temperature interval of 435-449 °C and mass loss associated from 27.8% to
34.8%. Several authors reported that in this process the complete degradation of the PVA backbone
occurs and cyclized chains turn them into charring residue [25,27].

3.5. Mechanical Properties

The influence of the ADA'’s chain length on the mechanical properties of crosslinked PVA hydrogel
films is summarized in Table 4. Tensile strength (TS), tensile modulus (E), and elongation at break (eB)
were included in the evaluated tensile properties.

Table 4. Mechanical properties of PVA crosslinked films *.

Formulation  Tensile Modulus (E) (MPa)  Tensile Strength (TS) (MPa)  Elongation at Break (eB) (%)

PSAH 80+10a 14+1a 88+9a
PGAH 70+7a 25+5b 126 £26 b
PAAH 104 +4Db 17 +4b 66+ 13 a

* Different letters next to the standard deviation, in each column, indicate statistically significant differences using
Tukey HSD (honestly significant difference), at 95% confidence.

The results showed interesting mechanical properties of the hydrogel films prepared with ADAs.
We hypothesized that the formation of the ester bond between the ADAs and the PVA matrix would
play an important role in the mechanical properties, dependent on the chain length of the ADAs used.
Thus, the PGAH hydrogel exhibits better mechanical properties (TS: 25 MPa; eB: 126%) than the PSAH
and PAAH hydrogels. It was significantly different in TS values with the PSAH hydrogel and for
eB values with the PSAH and PAAH samples, respectively. On the other hand, the PAAH hydrogel
showed a significant difference in E values compared to the other ones, which means it is the stiffer
sample. This result could be due to the degree of crosslinking obtained between the PVA matrix and
glutaric acid chains during the formation of the hydrogel network. This fact agrees with the SEM
analysis (Figure 5) of this sample, which showed a rough and homogeneous surface that improves
mechanical strength. The mechanical properties of the materials are associated with their chemical
nature and the interactions among the forming components [29]. The results reveal that crosslinking
agents with intermediate chain lengths (GA) favor a higher chemical interaction with the PVA matrix.
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Moreover, thermal analysis results confirm this finding because a higher crosslinking degree was
found in this sample. Furthermore, previous hydrogels based on PVA found a linear relationship
between mechanical strength and the crosslinking degree [30]. These results are in agreement with the
FT-IR analysis regarding the ester band appearance around 1704 cm~!. On the other hand, the PAAH
hydrogel showed mechanical properties similar to the stiff and brittle materials with high tensile
modulus and low elongation at break. This behavior could be associated with the porosity and
the highly compact structure found in the fractured surface of hydrogel films observed by the SEM
(Figure 5). The lower mechanical behavior of the hydrogel films prepared with PAAH was associated
with the crosslinker characteristics, consisting of a larger molecule that restricts the formation of
crosslinking density in the hydrogel [31]. The tensile strength and tensile modulus indicate the
toughness, and the elongation at break indicates the elasticity of the materials, suggesting their possible
applications. The hydrogels of this study can be used for drug delivery applications such as antibiotic
release because they have adequate (strong and flexible) mechanical properties [32,33]. Thus, several
authors [34,35] reported the following values for the mechanical properties of wound dressing hydrogel
films (TS = 18 MPa; E = 98; eB = 200%) and drug delivery films (TS = 13-35; eB = 44-112%), respectively.

3.6. SEM Analysis

The hydrogel formulations with different crosslinkers were observed using Scanning Electron
Microscopy (SEM) to understand surface properties. As depicted in Figure 5, for all samples, a rough
surface is observed. In the case of PGAH (Figure 5B), a more uniform structure than those in the PSAH
sample could be observed (Figure 5B). Finally, the PAAH micrograph (Figure 5C) revealed a different
and more compact morphology with hollows fractures on the surface. It seems that in hydrogel
formulations, the surface morphology was highly influenced by the crosslinker chemical structure,
being stiff and dense when the ADA’s chain length is longer. Then the hydrogel supramolecular
structure could affect the drug release behavior.

Figure 5. SEM micrographics of PSAH (A), PGAH (B), and PAAH (C).

3.7. Release Kinetics Studies

The linezolid release profile analysis was carried out by HPLC with a 400 mg hydrogel charged with
linezolid. In vitro release kinetics of linezolid from each hydrogel were obtained under physiological
conditions (37 °C, PBS at pH 7.4). The cumulative percent released of the antibiotic was monitored
over time and results are shown in Figure 6.

For all loaded hydrogels (PSAH-Li, PGAH-Li, and PAAH-Li) a rapid antibiotic release into the
medium was observed. The cumulative release of PSAH was significantly higher than the other
samples from 2 h. From 6 h onward, all hydrogels showed a significantly different drug release
profile. At this time, 51%, 40%, and 29% of the linezolid had been released from PSAH-Li, PGAH-Li,
and PAAH-Li, respectively. The PAAH-Li revealed a slower release profile than the other two
formulations, and PSAH-Li a higher one. After 6 h, the formulations exhibited a significantly lower
and continuous antibiotic release into the medium. For PSAH-Li, PGAH-Li and PAAH-Li, the average
rapid-release phase was 0.68, 0.53, and 0.39 mg/h of linezolid, respectively. This rate changed after
6 h for all cases, and the average of the slow-release phase was 0.06, 0.05, 0.04 mg/h of linezolid,
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respectively. In Table 5, all the average release values of the antibiotic are shown. According to these
results and the graph depicted in Figure 6, the linezolid release profile follows the next order: PSAH-Li
> PGAH-Li > PAAH-Li.

100

75
u}
50
2

25

% Cumulative Release

cl L T T L] J 1 J

0 10 20 30 40 50 60 70
Time (hr)
- PSAH -0- PGAH -0- PAAH

Figure 6. Release profile of linezolid from prepared hydrogels in phosphate buffer saline (PBS) at
33.4 °C; mean Scanning Electron Microscopy (SEM) (n = 3). Different letters next to the standard
deviation on each point indicate statistically significant differences using Tukey HSD, at 95% confidence.

Table 5. Release profile of linezolid-loaded hydrogels.

Formulation PSAH-Li PGAH-Li PAAH-Li
Rapid * % Released 51+3¢ 40+£5b 29+46a
P Release rate (mg/h) 0.68 £0.04b 0.53 +£0.07 a 0.39 £ 0.06 a
Release phase
Slow ** % Released 42+36b 353 +3.5ab 303+35a

Release rate (mg/h) 0.06 £0.005b 0.05+0.005ab  0.04 + 0.005 a

* The rapid phase occurred over 6 h. ** The release rate was calculated in a specific time frame because, until 72
h, the formulation still released antibiotic. Different letters next to the standard deviation, in each row, indicate
statistically significant differences using Tukey HSD, at 95% confidence.

The release patterns of each formulation depend on the structure of the crosslinker agent,
the intermolecular interactions between the linezolid drug and hydrogel network [12], and mostly
on the swelling degree. Therefore, in light of the obtained outcomes, it could be deduced that the
release rate of PAAH-Li was slower because the expansion of the compact network was minimal,
as revealed by the water uptake process (% ESR). One of the reasons for this result is that the size of
AA aliphatic chain is larger than SA and GA, respectively, which could contribute to a more apolar
environment. Moreover, in concordance with the mechanical studies, PAAH showed a stiffer structure
with high tensile modulus and low elongation at break. This performance has a direct relation with its
highly compact morphology observed by SEM. The lower mechanical behavior of PAAH could be
associated with the larger crosslinker agent that limits the formation of crosslinking density in the
hydrogel. With a lesser crosslinking degree, there are less carboxylic groups potentially ionizable.
Therefore, there are fewer charges of the electrostatic repulsion between chains from networks and,
consequently, less capacity to generate an uptake of solvent into the matrix. This result is consistent
with swelling behavior. On the contrary, for the case of PSAH and PGAH with a higher crosslinking
degree, the increased swelling ability of the hydrogels contributes to the destruction of hydrogen
bonding between the polymer molecules, resulting in an increase in chain mobility and network
expansion [21]. The above mentioned results can explain the faster release of linezolid from PSAH-Li.
In contrast, in a lesser expanded, more compacted, and stiff hydrogel (PAAH-Li), the encapsulated
drug is released slower.

The average release profiles of samples were fitted through several mathematical models
to elucidate the mechanism of linezolid release. The coefficients of correlation (R) and release
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exponents (1) are shown in Table 6. According to R? value obtained, among all the studied models,
the Korsmeyer—Peppas model was the best fit for PSAH-Li and PGAH-Li with R? values of 0.9967
and 0.9845, respectively. In contrast, an with R? value of 0.9013, the Higushi model is the best fitted to
PAAH-Li. On the other hand, for the case of PSAH-Li and PGAH-Li the release mechanism for linezolid
was Fickian diffusion. For the case of PAAH-Li the mechanism for linezolid release was pseudo-Fickian.

Table 6. Linezolid release kinetics and correlation coefficient values from Fick, Hixon-Crowell, Higushi
and Korsmeyer-Peppas models.

Mathematical Model
Hydrogel Zero Order First Order Hixon-Crowell Higushi Korsmeyer-Peppas
R? K R? K R? K R? K R? K n

PSAH-Li  0.8382 1.0054 0.6736 0.0227 0.4724 -0.0324 0.9632 3.4568 0.9967 5.7570 0.5112
PGAH-Li 0.8326 1.2624 0.6678 0.0225 0.4671 —0.0348 0.9529 4.3222 0.9845 7.3148 0.5167
PAAH-Li  0.7585 1.6056 0.6558 0.0159 0.3590 —0.0324 0.9013 4.8923 0.8938 14.6218 0.3539

3.8. Antibacterial Studies

Some studies indicate that the effectivity of antibacterial agents is better when they are applied
through sustained release. Furthermore, this approach could lower bacterial resistance incidence [7,8,36].
Regarding the limitations presented by PSAH (faster release) and PAAH (reduced mechanical
properties), PGAH was selected to carry out the antibacterial analyses. The results obtained here
are consistent with the acquired data by HPLC. For instance, linezolid antibacterial activity was
significantly higher over time compared to the control, as shown in Figure 7. In this context, it is
concluded that a sustained release at a relatively constant dose from PGAH-Li maintains antibiotic
integrity, comprising better activity over time, as shown in Figure 7B,C. On the contrary, in the control
sample, linezolid displayed higher activity in the first hour; however, it loses effectiveness over time,
as depicted in Figure 7A,C. The control inhibition zone in the first hour was close to ~30 mm, but over
time was decreasing, reaching ~8 mm at 48 h. In contrast, PGAH-Li started with an inhibition zone of
~11 mm and progressively rose to complete an inhibition zone of 23 mm at 48 h. These results are
in concordance with the quantitative analysis of antibacterial activity against the E. faecium that is
exhibited in Figure 7D. The data revealed that, in the control, the bacterial colony forming unit (CFU)
increases over time, demonstrating that the antibiotic loses its activity until 72 h. Conversely, the assay
with the PGAH-Li release medium significantly inhibits bacterial proliferation, suggesting that the
linezolid acted as a bacteriostatic agent against Enterococcus faecium [37]. An additional experiment
with PGAH without linezolid was performed. However, the antibacterial activity was not observed
(data not shown). These data suggest that the hydrogel could improve the bioavailability of linezolid.

3.9. Cytotoxicity Studies

As potential biomaterials, it is pivotal that the designed formulations be innocuous. Therefore,
the cytotoxicity of each hydrogel was evaluated on fibroblast cells. The biocompatibility of the sterilized
PSAH, PGAH, and PAAH was investigated by a cell viability assay using 1.929 fibroblast cells after
24 h. Figure 8 displayed cell viability after exposure to three different concentrations of the respective
formulation (a concentration range of 500-2500 pg-mL~1). As specified in Figure 8, at 500 ug-mL ™" the
fibroblast cell viability is nearly 100% for three hydrogels. When drastically increasing the hydrogel
concentration from three to five-fold, the fibroblast cell viability only declines vaguely. That is to say,
for all cases, the cell viability was not less than 87%. The results revealed that the prepared hydrogels
have minimum toxicity to the fibroblast cell. These data could guarantee that these hydrogels can be
potential candidates for medical applications.
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Figure 7. Screening of the antibacterial effect of PGAH-Li. Control (A); PGAH-Li (B); Tp: 0 h, T;:
1h, T3: 3h, Ty: 6 h, Tyy: 24 h, Tag: 48 h; the antibacterial effect was expressed as the inhibition
area against E. faecium (C); quantitative test of antibacterial activity against E. faecium (D). (Equal
letters above the bars indicate that there are no statistically significant differences using Tukey’s HSD
procedure, at 95% confidence level). C; and C; in Figure 7B are positive controls of 15 and 10 pg-mL™!
linezolid, respectively.
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Figure 8. Percentage of cell viability obtained from the MTT assay of the L929 fibroblast cells compared
to that of a negative control (without hydrogel). Each bar indicates mean =+ relative standard deviations
(RSD) of three replications. Bars not labeled by the same letter represent statistically significant
differences with the negative control at p < 0.05 using ANOVA followed by Tukey’s HSD test.

4. Conclusions

A series of hydrogels based on PVA and ADAs of variable chain lengths with sustained
release of linezolid properties were successfully synthesized. The hydrogels were prepared by
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crosslinking of PVA and different ADAs of varying chain lengths, such as SA, GA, and AA, respectively.
The swelling response, FI-IR, TGA, mechanical properties, and SEM analysis validate the formation
of the three hydrogels. The swelling index data evidenced that all the proposed hydrogels are
responsive to pH. Moreover, the swelling index depends on the type of ADA and crosslinking degree.
The series of hydrogels showed a sustained release rate of linezolid according to the results shown
in the chromatographic analysis. The three hydrogels displayed significant differences regarding
the release rate of linezolid. This difference seems to be ruled by the intermolecular interactions
between linezolid and hydrogel matrix morphology, crosslinking degree, and mechanical properties.
These mentioned features have a direct relation with ADA type used as crosslinker. ADAs can
confer unique physicochemical and mechanical properties based on their specific structure. Therefore,
the ADAs could play a key role in the release profile of the drug. The linezolid release kinetic of
PSAH-Li and PGAH-Li were found to follow the Korsmeyer-Peppas release model, and the release
mechanism in both cases was Fickian diffusion. On the contrary, the Higushi model was the best fit
for PAAH-Li, and their mechanism for linezolid release was pseudo-Fickian. The antibacterial assays
confirmed that the sustained release of linezolid from PGAH-Li has a better antibacterial activity
compared with the conventional release. This suggests that the hydrogel has the capability to improve
the bioavailability of linezolid. The set of proposed hydrogels showed good biocompatibility with
L929 mouse connective tissue fibroblasts. The results exhibited viability over 87%. In conclusion,
drug delivery platforms based on hydrogels of PVA and specific crosslinker agents such as ADAs could
be potentially utilized as an antibiotic delivery system in potential infectious processes. Furthermore,
this approach could become a strategy to help stop bacterial resistance.
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Abstract: Bacterial infections have threatened the lives of human beings for thousands of years either
as major diseases or complications. The elimination of bacterial infections has always occupied a
pivotal position in our history. For a long period of time, people were devoted to finding natural
antimicrobial agents such as antimicrobial peptides (AMPs), antibiotics and silver ions or synthetic
active antimicrobial substances including antimicrobial peptoids, metal oxides and polymers to
combat bacterial infections. However, with the emergence of multidrug resistance (MDR), bacte-
rial infection has become one of the most urgent problems worldwide. The efficient delivery of
antimicrobial agents to the site of infection precisely is a promising strategy for reducing bacterial
resistance. Polymeric nanomaterials have been widely studied as carriers for constructing antimicro-
bial agent delivery systems and have shown advantages including high biocompatibility, sustained
release, targeting and improved bioavailability. In this review, we will highlight recent advances
in highly efficient delivery of antimicrobial agents by polymeric nanomaterials such as micelles,
vesicles, dendrimers, nanogels, nanofibers and so forth. The biomedical applications of polymeric
nanomaterial-based delivery systems in combating MDR bacteria, anti-biofilms, wound healing,
tissue engineering and anticancer are demonstrated. Moreover, conclusions and future perspectives
are also proposed.

Keywords: antimicrobial agent; polymeric nanomaterial; self-assembly; antimicrobial peptide; silver
nanoparticle; anti-biofilm; wound healing; multidrug resistance

1. Introduction

Infectious diseases induced by bacteria, virus and fungi have been considered as
one of the biggest enemies that threatened the lives of human beings for a long time [1].
Since the discovery of penicillin in 1928, antibiotics have played an unprecedented role in
saving lives of human beings and caused revolutionary changes in medicine. However,
with overuse and improper use of antibiotics, the emergence of bacterial drug resistance is
becoming a severe problem. In particular, combating MDR bacteria such as methicillin-
resistant Staphylococcus aureus (S. aureus) (MRSA) has drawn wide attention and efforts [2,3].
Non-antibiotic antimicrobial agents such as AMPs [4-6], silver nanoparticles (AgNPs) [7-9],
metal oxides [10-12], antimicrobial peptoids [13,14] and polymers [15-18] are alternatives
for treating infectious diseases that kill bacteria in a physical manner and avoid the genera-
tion of drug resistance. For instance, cationic compounds including AMPs, antimicrobial
peptoids and polymers, as well as their corresponding nanostructures, strongly interacted
with the negatively charged cell membrane of bacteria, resulting in the disruption of the cell
membrane and outflow of the content of bacteria [19,20]. Metal (oxide) nanoparticles such
as widely studied AgNPs kill bacteria via heavy metal ions induced by the denaturation
of proteins or genetic materials, while ZnO and TiO, nanoparticles eliminate bacteria by
reacting with reactive oxygen species (ROS) generated from photocatalytic process [12,21].
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Moreover, emerging antimicrobial agents including gases, photothermal sensitizers and
carbon materials were also developed to combat bacterial infections [17,22-24].

The efficient delivery of antimicrobial agents to the target preventing the defense
system of bacteria including efflux pump, degrading enzymes and resistance genes is
critical for reducing the emergence of drug resistance [25-27]. Polymeric nanomaterials
are promising vehicles for the efficient delivery of antimicrobial agents due to their tai-
lorable chemical compositions, microstructures and biological properties for a wide range
of biomedical applications [28-30]. For instance, low dimensional nanostructures including
dendrimers [31,32], polymeric nanoparticles [33,34], micelles [35,36], vesicles [37,38] and
nanogels [39,40] have shown superiorities in the delivery of antimicrobial agents to the
areas of infections and on-demand release. Polymeric nanofibers and hydrogels are bene-
ficial for the long-term release of antimicrobial agents and wound coverage [41,42]. Very
recently, metal organic frameworks (MOFs) have attracted attention as emerging carriers
for the efficient delivery of metal ions, metal nanoparticles, antibiotics and enzymes due to
their highly porous structures [43—46]. There are several advantages of using polymeric
nanomaterials as carriers to accomplish the on-demand delivery of antimicrobial agents:
(i) reduced dosage and drug resistance; (ii) increased in vivo circulation stability; (iii) en-
hanced penetration ability; (iv) prolonged antimicrobial performance; and (v) improved
bioavailability. Therefore, apart from the wide attentional broad spectrum antimicrobial
properties, biomedical applications including combating MDR bacteria, anti-biofilm, anti-
cancer, wound healing and tissue engineering based on the polymeric antimicrobial agent
delivery systems have been rapidly developed [47-50].

In this review, we aim to present the state of the art of polymeric nanomaterials
as carriers for the efficient delivery of antimicrobial agents from the following aspects:
(1) classification of polymeric nanoparticles based on their nanostructures; (2) the structural
features and corresponding advantages in delivery of antimicrobial agents; and (3) biomedical
applications benefiting from the constructed delivery systems, as illustrated in Figure 1.

ﬁ.‘i\i‘v v &:

Dendrimer

Antimicrobial oxides
Agents

Figure 1. Schematic illustration of polymeric nanomaterials for efficient delivery of antimicrobial
agents and their biomedical applications.

2. Efficient Delivery of Antimicrobial Agents by Diverse Polymeric Nanostructures
2.1. Self-Assembled Polymeric Nanoparticles

Polymer self-assembly has been recognized as one of the most versatile strategies for
preparing soft nanomaterials with various morphologies and functionalities from small
building blocks [51-56]. Typically, polymer micelles and vesicles are the most easily ob-
tained and widely studied nano-objects due to their well-organized structures [57-60].
Polymer micelles are formed by the regular arrangement of building blocks with hydropho-
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bic components forming the cores and hydrophilic polymer chains covering the surface.
Moreover, the hydrophobic cores facilitated the efficient encapsulation of hydrophobic
drugs [61,62], while polymer vesicles are hollow bilayer nanostructures with hydrophobic
membranes, hydrophilic coronas and interior cavities, endowing them with superiorities
in loading and delivering hydrophobic, hydrophilic and large-sized cargoes [63-66]. The
design of polymer vesicles for meeting the requirements of various applications mainly
focuses on the chemical composition and structure of coronas and membranes, such
as permeability and homogeneity of the membrane, symmetricity of the corona and so
forth [67-69]. Despite the wide applications of polymer micelles and vesicles in cancer
therapy, gene delivery and cell imaging, they also exhibit considerable potentials in the
efficient delivery of antimicrobial agents [36,70,71].

Polymer micelles, core-shell nanostructures that usually self-assembled from am-
phiphilic block copolymers, are regarded as one of the most extensively studied nanostruc-
tures for antimicrobial agent delivery [35,72]. Typically, hydrophobic antibiotics, AMPs and
AgNPs can be loaded in the hydrophobic core, and amphiphilic antimicrobial molecules are
usually decorated on the surface of polymer micelles by covalent bonding or electrostatic
interaction [73-76]. For instance, a poor water-soluble anti-fungi agent, amphotericin B,
could be encapsulated in the core of micelles and showed ultra-long sustained release for
150 h, resulting in reduced hemotoxicity and comparable anti-fungi activity compared
with free amphotericin B [77]. Xiong and coworkers [78] functionalized terpyridine on the
surface of polymer micelles; after chelating with Fe(II), the micelles displayed excellent
biofilm inhibition activity up to 99.9% at a concentration of 128 uM. Recently, Lee et al. [79]
prepared AMP-covered micelles by the co-assembly of chimeric antimicrobial lipopeptide
and a biodegradable amphiphilic polymer (poly-(lactic-co-glycolic acid)-b-poly(ethylene
glycol), (PLGA-b-PEG)). The chimeric peptide HnMc and PEG formed the shell of the
micelles in which PEG protected HnMc from proteolytic degradation. Moreover, HnMc
on the surface could help micelles in preferentially binding and killing bacteria. Due to the
synergy between HnMc and PEG, the micelles targeted a wide range of bacteria preferentially
including Escherichia coli (E. coli), Listeria monocytogenes, Pseudomonas aeruginosa (P. aeruginosa)
and S. aureus instead of mammalian cells. Moreover, in vivo experiments also demonstrated su-
perior anti-inflammatory effects of the micelles in a mouse model of drug-resistant P. aeruginosa
lung infection with highly targeted abilities, as shown in Figure 2.

Very recently, Wooley and coworkers [80] fabricated spherical micelles, cylinders and
nanoplates derived from the crystallization-driven self-assembly (CDSA) of an amphiphilic
block copolymer composed of zwitterionic poly(p-glucose carbonate) and semicrystalline
poly(r-lactide) segments (PDGC-b-PLLA). As illustrated in Figure 3, fluorescent molecule
and cysteine were modified on the polymer in order to afford tracing ability and to chelate
with silver ions, respectively. The morphology of the nanostructures could be well con-
trolled by the hydrophilic-to-hydrophobic ratios, which exhibited negligible cytotoxicity,
immunotoxicity and cytokine adsorption. However, the nanostructures offered substantial
silver ion loading capacity, extended release and in vitro antimicrobial activity. Compared
with spherical micelles, the cylinders and nanoplates exhibited enhanced association with
uroepithelial cells due to their high aspect ratio, resulting in improved inhibition of the
growth of E. coli in recurrent urinary tract infections.

Compared with polymer micelles, polymer vesicles are closed hollow spheres with
more complicated structures usually acting as simple mimics of biological cells [81]. There
are three compartmentalized regions that should be considered for realizing different func-
tions, namely the inner hydrophilic cavity, hydrophobic membrane and hydrophilic corona
in contact with external environments [82]. Therefore, both hydrophilic and hydrophobic
compounds and even nanoparticles could be encapsulated in the interior cavity or mem-
brane of vesicles, respectively. Moreover, hydrophilic molecules could also be linked onto
the coronas of polymer vesicles by covalent bonding. Considering the structural feasibility
of polymer vesicles, a large variety of antimicrobial agents could be loaded and delivered to
combat bacteria with high loading efficiency, controlled release manner, targeting capability
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and improved bioavailability [83,84]. For example, Du and coworkers [35] deposited ultra-
fine AgNPs with a diameter of 1.9 4= 0.4 nm on the membrane of polymer vesicles by in situ
reduction of silver ions to inhibit the growth of Gram-negative and Gram-positive bacteria.
Battaglia et al. [71] reported the intracellular delivery of metronidazole or doxycycline to
P. gingivalis-infected oral epithelial cells by polymer vesicles, which were disassembled in
early endosomes due to the acidic condition, resulting in the release of loaded cargoes.

(a) 2h 6h 24h 48 h
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Figure 2. Targeted antibacterial activity of HnMc micelles in the mouse model of drug resistant P. aeruginosa lung infection.
(a) Fluorescent imaging of infected mice after intravenous injection of fluorescent IR820-loaded HnMc micelles. (b) Survival
rate of infected mice after administration of HnMc micelles. (c) Number of remaining cells in the infected lungs after
administration of HnMc micelles. Inhibitory effects of HnMc micelles on the expression of TNF-« (d) and nitric oxide (e) in
the blood of infected mice. (f) H&E-stained lung tissues. (i): control; (ii): P. aeruginosa + PBS; (iii): P. aeruginosa + gentamicin
(5mgkg™1); (iv): P. aeruginosa + scrambled HnMc micelle (5 mg kg~1); (v): P. aeruginosa + HnMc micelle (2.5 mg kg~ 1); and
(vi): P. aeruginosa + HnMc micelle (5 mg kg~!) (reproduced with permission from Park et al. [79], ACS Applied Materials &
Interfaces; published by American Chemical Society, 2020).

Recently, Liu and coworkers [85] designed enzyme-responsive polymer vesicles for
bacterial strain-selective delivery of antimicrobials, as shown in Figure 4. Both hydrophilic
and hydrophobic antimicrobials including vancomycin, gentamicin, quinupristin and
dalfopristin could be encapsulated either in the interior cavity or membrane of the poly-
mer vesicles with high efficiency. The PEG chains covered on the surface of the vesicle
could reduce cytotoxicity and improve biocompatibility, while the self-immolative side
chains could be degraded by penicillin Gamidase (PGA) and B-lactamase (Bla), which are
overexpressed by drug resistant bacterial strains. Without the trigger by PGA and Bla,
the encapsulated antimicrobials were well protected by vesicles. Upon being exposed
to drug-resistant bacteria, the membrane of the vesicle was degraded, resulting in the
sustained release of antimicrobials, as well as the elimination of bacteria. Considering that
Bla is the main cause of bacterial resistance to f-lactam antibiotic drugs that are secreted by
MRSA, selective antimicrobial activity of the antimicrobials-loaded vesicles was achieved.
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Figure 3. Polymer micelles, cylinders and nanoplates derived from the CDSA of PDGC-b-PLLA and
their antimicrobial activity (* p < 0.05 and ** p < 0.01 by ¢ test) (reproduced with permission from
Song et al. [80], Nano Letters; published by American Chemical Society, 2021).
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Figure 4. Enzyme-responsive polymer vesicles for bacterial strain-selective delivery of antimicrobials
(reproduced with permission from Li et al. [85], Angewandte Chemie International Edition; published
by Wiley, 2015).

Loading bioactive enzymes by polymer vesicles to generate antimicrobial active
species triggered by external stimuli is another effective method for combating bacteria.
For example, Blackman et al. [86] prepared glucose oxidase-loaded semipermeable polymer
vesicles by polymerization-induced self-assembly inspired by honey. Hydrogen peroxide,
an effective antimicrobial agent, could be generated in response to glucose to switch
on antimicrobial activity of the vesicles. In the absence of glucose, the vesicles were
completely nontoxic to bacteria, while the vesicles showed seven-log reduction in bacterial
growth at high glucose concentrations against a range of Gram-negative and Gram-positive
bacterial pathogens including S. aureus, S. epidermidis, E. coli and Klebsiella pneumoniae
(K. pneumonia), even the MRSA clinical isolate. More importantly, the toxicity of the
vesicle toward human fibroblasts at different dosage and glucose concentrations was also
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evaluated, demonstrating that the optimal concentration of the vesicle was 0.69 mg mL ™!
at physiological blood glucose level to effectively eliminate bacteria while preserving good
compatibility to mammalian cells.

2.2. Dendrimers

Dendrimers are highly branched, globular macromolecules with many arms em-
anating from a central core, which have shown unique structural properties such as
high degree of branching, multivalency, globular architecture and well-defined molec-
ular weight, rendering them promising scaffolds for drug delivery [87,88]. Many com-
mercial drugs with anticancer and antimicrobial activity have been successfully loaded
within dendrimers including poly(amidoamine) (PAMAM), poly(propylene imine) (PPI)
and poly(etherhydroxylamine) (PEHAM), either via physical interactions or by chemical
bonding to improve their water solubility [89]. Dendrimers themselves could be used as
effective antimicrobial agents [90]. For instance, those with positively charged surfaces
usually have strong interaction with negatively charged bacterial cell membranes, while
those with metal cores can release active antimicrobial agents such as metal ions and ROS,
resulting in the death of bacteria [91].

Moreover, antimicrobial agents including antibiotics, AMPs, AgNPs and metal ox-
ide nanoparticles could be also effectively loaded by dendrimers [89,92]. For example,
Tang et al. [93] prepared silver-dendrimer nanocomposites by loading AgNPs in low gen-
eration poly(amido amine) dendrimers. The AgNPs were formed by an in situ reduction
of silver ions enriched by the amine groups of dendrimers. The factors that influenced
the size of AgNPs were discussed, and the average diameter of the AgNPs could be con-
trolled from 7.6 to 16.2 nm. The synthesized silver-dendrimer nanocomposite was used as
antimicrobial agent in the fabrication of cotton fabrics, which exhibited excellent antimi-
crobial activity against both of E. coli and S. aureus. Recently, Huang and coworkers [94]
reported PLGA nanoparticles and PAMAM dendrimers in order to effectively encapsu-
late and deliver platensimycin, a potent inhibitor for the synthesis of bacterial fatty acid,
respectively, to combat MDR bacteria. Benefiting from the improved pharmacokinetics,
both the platensimycin-loaded PLGA nanoparticles and PAMAM dendrimers showed en-
hanced antimicrobial activity and reduced cytotoxicity compared with free platensimycin,
resulting in an efficient inhibition of S. aureus biofilm formation and the full survival of
MRSA-infected mice.

Dendrimers are ideal platforms for compacting and delivering deoxyribonucleic acids
(DNAs) and ribonucleic acids (RNAs) for gene therapy due to their hyperbranched struc-
ture and strong positive charges, especially PAMAM [95,96]. Recently, antisense therapy
strategy has been developed to treat bacterial infections facilitated by the dendrimers-
based antisense delivery system [97]. For example, the G3 PAMAM dendrimer has good
antimicrobial activity, as shown in Figure 5. However, the cytotoxicity of the G3 PAMAM
dendrimer toward mammalian cells is also high. Luo et al. [98] conjugated LED209, a
specific inhibitor of quorum sensor QseC of Gram-negative bacteria, onto the surface of
G3 PAMAM to generate PAMAM-LED209 in order to reduce cytotoxicity to mammalian
cells while retaining the excellent antibacterial activity of the G3 PAMAM dendrimer. In
addition, PAMAM-LED209 also inhibited the virulence gene expression of Gram-negative
bacteria and prevented the generation of drug resistance. As shown in Figure 5, com-
pared with the control group (Figure 5A), entero-hemorrhagic E. coli (EHEC) were severely
damaged after being treated with G3 PAMAM and G3 PAMAM-LED209 for 300 min
(Figure 5B,C), demonstrating that G3 PAMAM-LED209 retained strong antibacterial ac-
tivity toward resistant Gram-negative bacteria after functionalization of LED209. The
induction of the resistance of G3 PAMAM-LED209 was also evaluated after 15 reproduc-
tions of bacteria, as illustrated in Figure 5D. The minimal inhibition concentration (MIC)
of G3 PAMAM-LED209 barely changed, while the MIC values of classical antimicrobials,
including ceftazidime, ampicillin and levofloxacin, increased by 8-fold to 64-fold. The
cytotoxicity and antibacterial activity of terminally modified PAMAM are related to the
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conjugated ligand and degree of modification, as shown in Figure 5E. With an increase
in modification ratio, the cytotoxicity of G3 PAMAM-PEG and G3 PAMAM-LED209 de-
creased dramatically to being almost nontoxic and then increased, while the antimicrobial
activity of the G3 PAMAM-PEG and G3 PAMAM-LED209 decreased with an increase in
modification ratio due to the shielding of positive charges. Therefore, there is an optimal
modification ratio range for balancing cytotoxicity and antimicrobial activity, as pointed out
by the arrow in Figure 5E. Moreover, the antibacterial potency of G3 PAMAM-LED209 is
also higher than that of G3 PAMAM-PEG, which is indicated by area A and B in Figure 5E,
demonstrating better biocompatibility and higher antibacterial potency than compared to
G3 PAMAM-PEG.

—— G3 PAMAM-LED209 to Bacteria
—— G3 PAMAM-LE D209 to Mammatian cell
G3 PAMAM-LED209 - - G3 PAMAM-PEG to Bacteria
= = G3 PAMAM-PEG to Mammalian cell
Levofloxacin
Ampicillin b
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0.1 1 10 100 300 400 50.0
Relative MIC values for ESBLS-E. ool Covarage of G3 PAMAM (%)

Figure 5. The morphology of EHEC was investigated by transmission electron microscopy (TEM) after different treatments
for 300 min. (A) Control; (B) 75 ug mL~! of G3 PAMAM,; and (C) 150 pg mL~! of G3 PAMAM-LED209. (D) Induction of
resistance to G3 PAMAM-LED209. (E) The influence of the conjugated ligand and degree of modification on cytotoxicity
and antibacterial activity of terminally modified G3 PAMAM dendrimer. Area A and B showed increased antibacterial
activity and reduced cytotoxicity with respect to G3 PAMAM-LED209 and G3 PAMAM-PEG, respectively (reproduced with
permission from Xue et al. [98], Nanomedicine: Nanotechnology, Biology and Medicine; published by Elsevier, 2015).

2.3. Polymer Nanofibers

Polymer nanofibers are one dimensional nanostructures with large aspect ratio and
high surface area and have shown significant potential for delivering antimicrobial agents
locally into an infected area, especially in wound healing [42,99]. Typically, there are several
methods for preparing nanofibers including self-assembly [100], template synthesis [101],
phase separation [102] and electrospinning [103], among which electrospinning is a supe-
rior technique for preparing nanofibers with desired chemical compositions and diameters
due to its simplicity and versatility [104-106]. Antimicrobial agents including antibiotics,
AMPs, AgNPs and metal oxide nanoparticles could be incorporated into nanofibers by
mixing with polymer precursors followed by electrospinning or attaching onto the sur-
face of the nanofibers by noncovalent interactions or chemical bonds [107]. For instance,
Schiffman et al. [108] immobilized zeolites nanoparticles with high silver ion change capa-
bility onto the surface of chitosan nanofibers. After ion exchange, silver ions were loaded
in the zeolites to function as molecular delivery vehicles, and their ion release profiles
and ability to inhibit E. coli were evaluated as a function of time. Interestingly, the zeo-
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lites immobilized on the nanofibers showed significantly enhanced antibacterial activity
11-times greater than that of the pure zeolites due to high porosity and hydrophilicity of
the nanofibers.

Recently, Tu and coworkers [109] reported the in situ deposition of AgNPs on
gold/polydopamine core-shell nanoparticles encapsulated by poly(lactic acid) (PLA)
nanofibers (PLA-Au@PDA@Ag), which could be applied to biological coatings for bac-
teriostatic functionality. The schematic illustration of the preparation and antimicrobial
capability of the PLA-Au@PDA@Ag is presented in Figure 6. Chloroauric acid was re-
duced by ascorbic acid to afford gold nanoparticles. Following the polymerization of
dopamine on the surface, Au@PDA core-shell nanoparticles formed, which were then
mixed with PLA solution to produce PLA-Au@PDA hybrid nanofibers by electrospinning.
Later, PLA-Au@PDA hybrid nanofibers were immersed in silver nitrate solution for in situ
reduction of adsorbed silver ions into AgNPs to yield PLA-Au@PDA@Ag nanofibers. The
hydrophilicity of the PLA-Au@PDA@Ag nanofibers significantly improved compared to
that of PLA nanofibers, resulting in the promoted release of silver ions. Benefiting from the
synergy between AuNPs, PDA and AgNPs, including AuNPs providing effective contact
with microorganisms, PDA as binder was used to immobilize AgNPs and facilitated the
release of silver ions; the PLA-Au@PDA@Ag nanofibers showed significant antibacterial
ability against both of E. coli and S. aureus.
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Figure 6. Schematic diagram illustrating the preparation of PLA-Au@PDA@Ag nanofibers and their
antibacterial capacity (reproduced with permission from Zhang et al. [109], Colloids and Surfaces B:
Biointerfaces; published by Elsevier, 2019).

Due to their large exposed surface area and nanoporosity, polymer nanofiber meshes
have shown distinct advantages in wound healing compared with hydrogels, films and
foams [110]. The extracellular matrix (ECM) mimicking the structure of nanofibers facili-
tated the interaction with cells in the wound bed. Moreover, small molecules such as water,
oxygen, nutrients and metabolic wastes could be efficiently exchanged due to the highly
porous structure of nanofibers [111]. In order to promote the healing rate and elimination
of bacteria, functional agents including enzymes, drugs and antimicrobial agents have
been incorporated in polymer nanofibers. Rath et al. [112] loaded ZnO nanoparticles and
cefazolin in the gelatin nanofibers to accelerate wound healing and prevented infection
concurrently. Cefazolin was used to inhibit bacterial reproduction, while zinc cations could
be released from ZnO nanoparticles to raise re-epithelialization, reduce inflammation and
inhibit bacterial growth. Moreover, ROS was also produced by ZnO nanoparticles, thereby

120



Pharmaceutics 2021, 13, 2108

optimizing cell adhesion, proliferation and migration via growth factor mediated pathways,
promoting the regeneration of the ECM.

2.4. Polymer Nanogels

Polymer nanogels are a class of nanoparticles composed of nanosized physically or
chemically cross-linked hydrophilic or amphiphilic polymer networks [113]. They are
of wide interest in various fields including drug delivery due to their flexible nanosize,
good stability and high loading capacity, etc. [114]. As their analogues, polymer hydro-
gels have been widely used in antimicrobial applications due to their high water content,
three-dimensional structure and stimuli-responsive sol-gel transition behavior [115]. There
are several reviews summarizing the recent advances of antimicrobial polymer hydro-
gels [116-118]. Therefore, we will not discuss this part and focus on the nanogels as carriers
for antimicrobial agent delivery in this section.

The stimuli-responsive swelling and collapsing of nanogels triggered by external
stimuli including pH, temperature, enzymes or ionic strength render them ideal candidates
in on-demand delivery and release of antimicrobial agents [119]. For instance, AMPs could
be encapsulated in nanogels with high loading content via strong electrostatic interaction
with negatively charged polymer chains, and they can be released when triggered by salt
ions in physiological conditions [120,121]. El-Feky et al. [122] loaded silver sulfadiazine in
alginate coated chitosan nanogels to heal burn wounds, and the nanogels showed a release
profile of an initial burst followed by a slow and continuous release, resulting in excellent
in vivo therapeutic efficacy.

In addition, loading and delivery of antimicrobials including berberine, cyclodextrin,
tetracycline hydrochloride and lincomycin hydrochloride by nanogels to combat bacteria
and MDR bacteria were widely studied by Paunov, Schaefer and so forth [123-126]. Wang
and coworkers [127] designed a lipase-sensitive polymeric triple-layered nanogel (TLN)
formed by a cross-linked polyphosphoester core, poly(e-caprolactone) (PCL) fence and
PEG shell to encapsulate and deliver vancomycin, as illustrated in Figure 7. In aqueous
solutions, hydrophobic PCL segments collapsed and covered the core to form a densely
packed molecular fence to prevent the leakage of vancomycin. Once TLN was exposed
to lipase secreting bacteria, the PCL chains were degraded to trigger the release of van-
comycin, resulting in the inhibition of bacterial growth. They found that all encapsulated
vancomycins were released within 24 h in the presence of S. aureus. Moreover, lipase secret-
ing bacteria inside the cells could also be inhibited by TLN, demonstrating the versatility
of the strategy of lipase-induced on-demand delivery and release of antimicrobials.

Recently, Knowles et al. [128] synthesized hybrid organic/inorganic AgNPs loaded
nanofibrillar silk microgels to effectively eradicate bacteria by a two-step mechanism in-
cluding bacterial adherence and consequent eradication. Compared with conventional
AgNPs and silver ions, the hemolysis and cytotoxicity of hybrid microgels toward mam-
malian cell lines were significantly reduced due to the protection of the silk matrix. van
Rijn and coworkers [129] prepared injectable nanogels loaded with hydrophobic triclosan
in hydrophobic domains inside the nanogel networks through intraparticle self-assembly
of aliphatic chains, which enhanced antimicrobial efficiency of triclosan up to 1000 times.
As shown in Figure 8, a three-stage antimicrobial mechanism of the nanogels was proposed.
Firstly, the nanogels attached onto the surfaces of the bacteria via electrostatic interaction
to disturb the balance of charge density of the cell membranes. Secondly, bacterial cell
membranes were destroyed by the insertion of hydrophobic aliphatic chains. Thirdly,
loaded triclosan was released from the hydrophobic domains inside the nanogels and
injected into the bacterial cell membranes, resulting in the death of bacteria. This approach
dramatically increases the effective concentration of triclosan inside the bacteria. More-
over, both the MIC and minimal bactericidal concentration (MBC) against Gram-positive
S. aureus and S. epidermidis decreased by three orders of magnitude compared with free
triclosan, resulting in a decrease in the dosage of triclosan and reduction in drug resistance.
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Figure 7. Schematic illustration of the on-demand delivery of vancomycin triggered by bacterial
lipase to treat the bacterial infections using TLNs, which contains a bacterial lipase-sensitive PCL
interlayer between the cross-linked polyphosphoester core and the shell of the PEG (reproduced
with permission from Xiong et al. [127], Journal of the American Chemical Society; published by
American Chemical Society, 2012).

Figure 8. Schematic illustration of the bactericidal mechanism of Triclosan-loaded nanogels (adapted
from Zu et al. [129], ACS Applied Polymer Materials; published by American Chemical Society, 2020).

2.5. Hybrid Delivery Systems

Incorporating polymer nanoparticles including dendrimers, micelles and vesicles with
high dimensional polymeric nanomaterials such as nanofibers, hydrogels and coatings as
hybrid delivery systems could combine the advantages of both and achieve the hierarchical
release of antimicrobial agents [130-133]. For example, Zhang and coworkers [130] devel-
oped a bioadhesive nanoparticle-hydrogel hybrid in order to enhance localized antimicro-
bial drug delivery. The antimicrobials ciprofloxacin was loaded in polymer nanoparticles
that were embedded in hydrogels adhering to biological surfaces. Hydrogel network
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properties could be tailored independently for adhesion, which maintained controlled and
prolonged ciprofloxacin release profiles from nanoparticles. Imae et al. [131] immobilized
AgNPs-loaded amine-terminated fourth generation poly(amido amine) dendrimers onto
the viscose rayon cellulose fibers, which exhibited excellent biocidal activity against E. coli
with low weight percentage of silver of 0.2%. Du and coworkers [132] embedded penicillin
encapsulated polypeptide polymersomes in the hydrogels to achieve quick and long-term
antibacterial capability in which penicillin could be released from the hydrogel networks
for quick bacteria elimination while the intrinsic antibacterial property of the polymer-
somes ensured long-term antibacterial activity. However, despite the advantages of hybrid
delivery systems, the development of incorporation of different polymeric nanostructures
as hybrid delivery platforms is still in its infancy, which may bring new opportunities in
efficient loading and delivery of antimicrobial agents.

3. Biomedical Applications of Polymeric Nanomaterials Based Antimicrobial Agent
Delivery Systems

3.1. Combating MDR Bacteria

The generation of drug resistance of pathogens is typically caused by the accumulation
of drug resistant genes through mutation with the long-term use, especially overuse and
improper use of antibiotics [25]. Therefore, the exploration of highly efficient delivery
system to reduce dosage and improve bioavailability of antibiotics, as well as the deliv-
ery of non-antibiotic antimicrobial agents including AMPs, AgNPs, metal oxides, gases
and so forth, is a promising strategy for reducing drug resistance [134,135]. Polymeric
nanomaterial-based antimicrobial agent delivery systems have widely been used in com-
bating MDR bacteria [136,137]. For instance, Liu et al. [138] conjugated quercetin and
acetylcholine on the surface of selenium nanoparticles to combat MDR bacteria, which
could effectively eliminate MRSA by destroying the membrane due to the synergy be-
tween quercetin, acetylcholine and selenium nanoparticles. Cationic polymeric star-shaped
nanoparticles or dendrimers have also shown excellent antimicrobial activity against MDR
bacteria even without loading antimicrobial agents [139-141], demonstrating the great
potentials of polymeric nanomaterials in combating MDR bacteria.

Hu et al. [142] prepared polyprodrug antimicrobials to combat MRSA by membrane
damage and concurrent drug release, as shown in Figure 9. Triclosan was covalently
linked with acrylic acid to produce a triclosan prodrug monomer (TMA). Then, TMA
was copolymerized with quaternized N,N-dimethylaminoethyl methacrylate (QDMA),
affording PQDMA-b-PTMA, which could self-assemble into prodrug micelles with pos-
itively charged surfaces. The hydrophilic-hydrophobic balance of the prodrug micelles
was optimized to enhance interaction with bacterial cell membranes, resulting in improved
antimicrobial activity. They proposed that the antimicrobial mechanism was as follows:
(1) the prodrug micelles attached onto the surface of MRSA due to strong electrostatic inter-
action; (2) the prodrug micelles fused with and inserted into the cell membrane of MRSA;
(3) the cell membrane of MRSA was damaged due to charge disorder, and prodrug micelles
were encapsulated into the cell; (4) prodrug micelles were disassembled, and the linkage
between triclosan and acrylic acid was broken due to the reductive milieu environment,
resulting in the in situ release of triclosan and death of MRSA. It was noteworthy that no
detectable resistance was observed due to the synergistic antibacterial mechanism, and
prodrug micelles exhibited remarkable bacterial inhibition and low hemolysis toward red
blood cells compared with commercial triclosan and vancomycin.

The combination of different classes of antimicrobial agents such as antimicrobials
and AgNPs could afford synergistic effects, resulting in the efficient inhibition of MDR
bacteria that is far better than its individual components [143,144]. Webster and cowork-
ers [145] prepared polymer vesicles to co-deliver ampicillin and AgNPs simultaneously in
the hydrophilic cavity and hydrophobic membrane, respectively. The AgNPs-embedded
polymersomes exhibited potent antibacterial activity against E. coli transformed with a
gene for ampicillin resistance in a dose-dependent fashion, while the free ampicillin, Ag-
NPs decorated polymersomes without ampicillin and ampicillin loaded polymersomes
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without AgNPs had no effect on bacterial growth. TEM images in Figure 10 revealed
that the interactions between vesicles, AgNPs and bacterial cells might result in the de-
formation and disruption of bacterial envelopes and consequently result in the death of
bacteria. Later, the same group [146] functionalized proline-rich AMP PR-39 on the corona
of polymer vesicles with AgNPs embedded in the membrane to combat MRSA with a
AMP / AgNPs ratio-dependent behavior. A ratio of AgNPs-to-AMP of 1:5.8 corresponding
to 11.6 ug mL~! of AgNPs and 14.3 x 10-% M of AMP exhibited the best MRSA inhibition
activity, demonstrating the potentials of binary or ternary antimicrobial agent co-delivery
systems in combating MDR bacteria.
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Figure 9. The polyprodrug antimicrobials with optimized hydrophilic-hydrophobic balance for
efficiently eradicating MRSA with remarkable membrane damage and concurrent drug release
profiles (reproduced with permission from Cao et al. [142], Small; published by Wiley, 2018).

Figure 10. TEM images of bacteria-polymer vesicles interactions. Scale bars are 100 nm for
(A-D,F-H) and 500 nm for (E), respectively. White arrows pointed out the indentation of bacterial
cell membrane in regions of AgNPs loaded polymer vesicles; yellow arrows implied the polarization
indicative of hydrophobic interactions of AgNPs inside the vesicles; black arrows revealed that
the regions of the outer membrane with little AgNPs loaded polymer vesicles contact appeared
morphologically normal (reproduced with permission from Geilich et al. [145], Nanoscale; published
by Royal Society of Chemistry, 2015).
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3.2. Anti-Biofilm

Biofilms are matrix-enclosed communities of bacteria that show increased drug resis-
tance and capability to evade the immune system [47]. It has been widely recognized that
bacteria exist in the form of biofilms in many instances, which is hard to eliminate due to
the protection of extracellular polymeric substances (EPS), a complex matrix composed
of proteins, nucleic acids, phospholipids, polysaccharides, blood components and humic
substances produced by bacteria [147]. Therefore, it is difficult for antimicrobials to pene-
trate the EPS to kill bacteria, resulting in the occurrence of drug resistance. The efficient
delivery of antimicrobial agents by polymeric nanomaterials is considered a promising
strategy for penetrating the biofilm and delivering antimicrobial agents to the deep end of
the matrix to kill pathogens [148-150]. For example, Deoxyribonuclease I functionalized
ciprofloxacin-loaded PLGA nanoparticles were prepared to target and disassemble the
P. aeruginosa biofilm by degrading extracellular DNA that stabilizes the biofilm matrix and
released ciprofloxacin inside the biofilm to effectively eliminate P. aeruginosa, as reported
by Torrents and coworkers [151].

Webster et al. [152] prepared bifunctional polymersomes with methicillin encapsu-
lated in the hydrophilic cavity and superparamagnetic iron oxide nanoparticles (SPIONs)
embedded in the membrane, as illustrated in Figure 11. The iron oxide-encapsulated poly-
mersomes (IOPs) penetrated into the S. epidermidis biofilm with high efficiency, promoted
by external magnetic field. Comparing with individual SPIONs, methicillin and SPION
co-encapsulated polymersomes showed enhanced penetration capability up to 20 um due
to the improved relaxivity and magneticity (Figure 11c). Thus, methicillin could be released
into the deep end of the biofilm, resulting in the effective eradication of pathogens. The
confocal microscopy images and the 3D reconstructions of z-stacks of the bacterial biofilm
revealed the capability of IOPs to eradicate biofilms with and without methicillin, as shown
in Figure 11d. When there was no methicillin, only bacteria in the bottom layer of the
biofilm were killed. On the contrary, all bacteria throughout the biofilm were eliminated by
the methicillin loaded IOPs. These organic/inorganic hybrid nanocarriers showed great
promise as new weapons for eradicating persistent biofilm or drug-resistant bacteria.

Recently, Du and coworkers [153] reported the treatment of periodontitis by efficiently
disrupting biofilms using a dual corona antimicrobials-loaded polymer vesicle with stealthy
poly(ethylene oxide) (PEO) corona to penetrate the biofilm and antibacterial polypeptide
corona to provide intrinsic antimicrobial activity, as shown in Figure 12. The dual corona
polymer vesicles were prepared by the co-assembly of two polymers PCL-b-poly(lysine-
stat-phenylalanine) [PCL-b-P(Lys-stat-Phe)] and PEO-b-PCL with the same hydrophobic
biodegradable PCL segment and different hydrophilic chains. Ciprofloxacin could be
efficiently encapsulated in the cavity of the vesicles. Due to the protein-repelling ability of
PEO, dual corona polymer vesicles penetrated the EPS of the biofilms with high efficiency,
while the positive charged P(Lys-stat-Phe) allowed the vesicle to target and kill bacteria via
electrostatic interaction. In addition, the encapsulated ciprofloxacin could be released as
the polymer vesicle reached the deep end of the biofilm, resulting in a reduced dosage of
the antimicrobials up to 50% to eradicate E. coli or S. aureus biofilms. In vivo experiment
results demonstrated excellent performance of the dual corona vesicles in reducing dental
plaque and alleviating inflammation using a rat periodontitis model.

Despite the strategy of delivering antibiotics to the deep end of biofilms by polymeric
nanocarriers in order to reduce dosage and enhance antimicrobial activity, the efficient
delivery of non-antibiotic antimicrobial agents including AMPs, AgNPs, photosensitizers
and so forth for eliminating biofilms was also widely studied [154-156]. For instance,
Haldar et al. [157] fabricated biodegradable polymer-coated AgNPs nanocomposite to
eradicate biofilms, which reduced MRSA burden both on the catheter (>99.99% reduc-
tion) and in tissues surrounding the catheter (>99.999% reduction) in a mice model. Ji
and coworkers [158] developed targeted photodynamic therapy strategies by using a
supramolecular delivery system for the treatment of biofilms. The photosensitizer Chlorin
e6 was grafted onto a-cyclodextrin, and the targeting group AMP Magainin I was covalently
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bound with PEG. Taking advantage of supramolecular recognition between a-cyclodextrin
and PEG, targeting supramolecular micelles loaded with Chlorin e6 were formed, which
exhibited excellent bacterial targeting effects and enhanced biofilm eradication ability
against P. aeruginosa biofilm and MRSA biofilm. These results proved the versatility and
great potential of polymeric nanomaterial-based antimicrobial agent delivery systems for
eradicating biofilms.
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Figure 11. (a) Synthesis of IOPs loaded with SPION and methicillin. (1) 5nm monodisperse hydropho-
bic SPIONSs are combined with mPEG-PDLLA co-polymer in organic solvent and ultrasonicated to
create a uniform suspension. (2) This organic phase is injected through an atomizer into an actively
stirring aqueous phase containing PBS and methicillin. (3) The mixture is dialyzed against pure
PBS to remove the organic solvent and unencapsulated drug to yield (4) highly stable polymersome
solution. (b) TEM image of SPIONs loaded polymersomes. (c¢) Magnetic field induced treatment
of biofilm using SPIONs and/or antimicrobials. (d) Confocal microscopy images of LIVE/DEAD
staining of S. epidermidis biofilms treated with IOPs with an external magnetic field (reproduced with
permission from Geilich et al. [152], Biomaterials; published by Elsevier, 2017).
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Figure 12. Schematic model showing the treatment of periodontitis by efficiently disrupting biofilms
via antimicrobials -loaded multifunctional dual corona vesicles (reproduced with permission from
Xi et al. [153], ACS Nano; published by American Chemical Society, 2019).

3.3. Wound Healing

Wound infections induced by pathogens have become one of the main problems in
wound care management systems, which impede the healing process and may result in
life threatening complications. One of the approaches for treating wound infection is the
use of wound dressings with antibacterial agents possessing broad-spectrum antimicrobial
activity [159]. Typically, the moisture environment provided by the dressing has been
shown to promote ulcer healing and to reduce pain experienced by patients [160]. More-
over, there are other requirements for wound dressings such as separating the wound
with external environments and providing good breathability to promote wound healing.
Polymeric nanomaterial-based delivery systems have shown considerable potentials in
wound healing, especially polymer nanofibers and hydrogels [99,161]. For example, Laksh-
minarayanan et al. [162] prepared polydopamine crosslinked polyhydroxy antimicrobials
loaded gelatin nanofiber mats for advanced wound dressings with long-term antimicrobial
activity up to 20 days. The morphology of the nanofiber mats was retained for 1 month
in an aqueous environment and showed comparable wound closure compared to com-
mercially available silver-based dressings. Cai and coworkers [163] prepared composite
hydrogels embedded with copper nanoparticles that could effectively convert NIR laser
irradiation energy into localized heat for photothermal therapy. The synergistic effect
of photothermal performance and rapid release of copper ions upon laser irradiation
were responsible for excellent antimicrobial activity, reduced inflammatory response and
promoted angiogenesis ability.
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Antimicrobial agents including AMPs [49], antibiotics [164], AgNPs [165], metal oxide
such as ZnO [166], photothermal sensitizers including porphyrin [167] and heavy metal
ions [163] are usually used to improve the antimicrobial activity of polymeric wound dress-
ings by covalent linkage, physical interaction or encapsulation. For example, Liu et al. [168]
decorated chloramine on the surface of chitosan films by electrostatic interaction to heal
MRSA infected wounds. Zhou and coworkers [167] prepared porphyrin containing alter-
nating copolymer vesicles for the disinfection of drug-resistant bacteria infected wounds
via photothermal effect. Fahimirad et al. [169] loaded recombinant LL37 AMP into chitosan
nanoparticles for the elimination of MRSA infection during wound healing process with
ultrahigh encapsulation efficiency of 78.52% and improved the activity and stability of LL37
AMP under thermal, salts and acidic pH treatments. Guo et al. [170] prepared injectable
antimicrobial conductive quaternized chitosan hydrogels by loading graphene oxide via
covalent bond for drug resistant bacterial disinfection and infectious wound healing, and
the hybrid hydrogels showed excellent performance in the treatment of MRSA infected
full-thickness defect mouse model.

Very recently, polymer vesicles loaded with antimicrobials have been explored as
dressings in promoting wound healing by spraying onto wounds [167,171-173]. Du and
coworkers [173] reported bifunctional polymer vesicles loaded with antimicrobials and
antioxidant for healing infected diabetic wounds, as presented in Figure 13. As one of
the chronically infected wounds, the diabetic wounds are difficult to heal due to high
ROS concentration and recurrent infections, resulting in the occurrence of diabetic ulcers
and chronic diabetic complications with very high mortality rate. Therefore, scavenging
ROS is very important in the treatment of diabetic wounds. In this study, well-dispersed
ceria nanoparticles were deposited on the membrane of ciprofloxacin-loaded polymer
vesicles (CIP-Ceria-PVs). The CIP-Ceria-PVs could inhibit peroxide free radicals up to
50% at extremely low cerium concentrations of 1.25 jig mL ™!, protecting normal L02 cells
from the damage of peroxide free radicals. Moreover, CIP-Ceria-PVs exhibited enhanced
antimicrobial activity compared with free ciprofloxacin due to scavenging ROS. In vivo
studies in Figure 13b demonstrated the excellent wound healing capability of CIP-Ceria-
PVs, and the diabetic wound was completely healed within 14 days. At the same time, they
developed a H,S delivery polymer vesicle, which was capable of long-term H,S generation
to promote the proliferation, migration of epidermal and endothelial cells and angiogenesis,
accelerating the complete healing of diabetic wounds [172].
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Figure 13. (a) Illustration of the preparation of CIP-Ceria-PVs and the combined antioxidant-
antimicrobials treatment of infected diabetic wounds. (b) Digital images of infected diabetic wounds
at different time intervals under treatment. Scale bar: 2 cm (reproduced with permission from
Wang et al. [173], ACS Nano; published by American Chemical Society, 2021).

3.4. Tissue Engineering

The regeneration of adult tissue following an injury or degeneration is quite a lim-
ited process. Usually, the injury site is vulnerable to bacterial infections, which causes
complications and delay of the regeneration of tissues [174]. Therefore, the prerequisite of
tissue regeneration is to eliminate localized bacterial infections, followed by the delivery of
bioactive molecules such as growth factor to the defected tissues. Antimicrobial polymer
coatings on the surface of implants can provide appropriate biointerfaces to promote the
regeneration of tissues. For instance, ZnO nanoparticles embedded PLA was dip coated
on magnesium alloy, which helped to control the degradation and increase antibacterial
activity [175]. Suteewong et al. [176] deposited polymethylmethacrylate (PMMA)/ chitosan-
silver hybrid nanoparticles on rubber substrate, which exhibited enhanced antibacterial
activity toward E. coli and S. aureus and reduced cytotoxicity to L-929 fibroblast cells,
demonstrating the potential of this hybrid nanoparticle coating at soft substrates. In addi-
tion, antimicrobial agents loaded with polymer nanomaterials can be used as bioadhesives
to repair damaged soft tissues. Gu and coworkers [177] developed fast and high strength
bioadhesives based on polysaccharides and peptide dendrimers with inherent hemostatic
ability and antibacterial properties. Moreover, the bioadhesive showed a remarkable 5-fold
increase in adhesion strength comparing with commercial bioadhesive Coseal.

Biocompatible polymeric nanoparticles have been investigated as delivery vehicles
for various tissue engineering applications [178]. For example, Du and coworkers [179]
prepared antibacterial peptide-mimetic alternating copolymers (PMACs) vesicles loaded
with growth factor for bone regeneration. They designed a series of PMACs with different
repeating units, and the PMAC with a repeating unit of 14 exhibited the best antibacterial
activity against both E. coli and S. aureus with ultralow MICs of 8.0 ug mL~!. After
self-assembling into vesicles in pure water, the antimicrobial activity of the vesicles was
well-preserved. Growth factor could be encapsulated in antimicrobial vesicles and released
during the long-term antibacterial process to promote the regeneration of bone with a
20 mm defect model in rabbits. Micro-CT, bone mineral content and BMD were used to
evaluate the repair of bone defects with scaffolds at 4 weeks and 6 weeks after implantation.
After 6 weeks, the defect in the rabbit bone was completely repaired, demonstrating the
excellent bone repair capability of antimicrobial growth factor-loaded vesicles.

129



Pharmaceutics 2021, 13, 2108

3.5. Anticancer

The anticancer application of antimicrobial agents is an attracting field since cancers
are often accompanied by inflammation, and the drug resistance of cancer cells is becoming
increasingly concerning [180]. Theoretically, antimicrobial agents that kill bacteria via
non-selective behaviors such as damage of the cell membrane [181], elevating tempera-
ture [182] and induced degeneration of proteins and genetic materials [183] can also kill
cancer cells. For instance, Shim et al. [183] prepared AgNPs loaded chitosan-alginate
composite, exhibiting broad-spectrum antimicrobial activity and high toxicity toward
breast cancer cell line MDA-MB-231; Jothivenkatachalam and coworkers [184] fabricated
chitosan-copper nanocomposite for the inhibition of various microorganisms and A549
cancer cells by photocatalytic effect. In addition, AMPs with specific sequences and proper
positive charge densities have shown anticancer and antiviral activities, such as cecropin
A and B, magainins, melittin, defensins, lactoferricin and so forth, as summarized by
Hoskin’s and Franco’s group, respectively [181,185]. However, the AMPs are vulnerable
to enzymes and can easily cause immune responses; thus, the delivery system is critical
for in vivo applications of AMPs. Hazekawa et al. [186] conjugated antimicrobial human
peptide, LL-37 peptide fragment analog, with a PLGA copolymer. The formed micellar
system significantly improved the permeability of the peptide to cancer cells, and the
proliferation, migration and invasion in various cancer cell lines were effectively exhibited.
The intracellular delivery of peptides by polymer carriers in oncology applications has
been summarized by Pun et al. very recently [187].

Another strategy for eliminating cancer cells using antimicrobial delivery systems is
the co-delivery of antimicrobial and anticancer agents simultaneously or loading anticancer
drugs with antimicrobial carriers [188,189]. For instance, Du and coworkers [190] proposed
the concept of “armed” carrier to co-deliver anticancer and antiepileptic drugs with an-
tibacterial polypeptide-grafted chitosan-based nanocapsules. Mahkam et al. [191] designed
pH-responsive antibacterial clay /polymer nanocomposite as a carrier to deliver anticancer
drug methotrexate and antibacterial agent ciprofloxacin with an ultrahigh efficiency of
>90%, which showed enhanced antimicrobial and anticancer activity compared with free
methotrexate and ciprofloxacin, demonstrating the potential of antibacterial nanocarriers
in cancer therapy. Lei and coworkers [192] developed a class of multifunctional polymeric
hybrid micelles (PHM) with high antibacterial activity for the efficient delivery of siRNA
to cancer cells, as illustrated in Figure 14. The PHM was prepared by the co-assembly
of EHP-FA and EHE, for which their structures were presented in Figure 14A. Due to
the existence of positively charged poly(ethylene imine) (PEI) and poly-e-L-lysine (EPL),
the PHM showed high antibacterial activity against S. aureus in vitro and in vivo. On the
contrary, PHM exhibited good hemocompatibility and lower cytotoxicity toward A549,
HeLa, HepG2 and C2C12 cells benefiting from the shield effect of PEG. siRNA could be
complexed onto PHM by electrostatic interaction, and PHM with folic acid decorated
on the surface could effectively target FA receptor overexpressed HeLa cells and other
low-expressed cancer cells, resulting in the targeted delivery of siRNA. In vitro experi-
ments revealed that the PHM showed a high p65 gene silencing efficiency above 90% in
various cancer cells, which is significantly higher than EHP-FA and EHE, demonstrating
the potential of PHM as a safe and effective siRNA vector with high antibacterial activity
for multifunctional gene therapy.
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Figure 14. Scheme showing the synthesis and potential application of the PHM copolymer in
siRNA delivery. (A) EHP and EHP-FA were synthesized by Michael addition and esterification
reaction, respectively; PHM micelles were prepared by mixing EHP-FA and EHE copolymer;
(B) schematic illustration of the application of PHM in siRNA delivery (reproduced with permission
from Zhou et al. [192], Nanoscale; published by Royal Society of Chemistry, 2018).

4. Conclusions and Future Perspectives

In summary, the recent progress of efficient loading, delivery and controlled release of
antimicrobial agents in vivo or in vitro by polymeric nanomaterial-based delivery systems
have been concluded. A large diversity of antimicrobial agents including antibiotics, AMPs,
AgNPs, metal nanoparticles, metal oxides, gases, photosensitizers and so forth could be
loaded and delivered by polymeric nanomaterials either by physical interactions or cova-
lent bonding while maintaining the intrinsic antimicrobial activity of these antimicrobial
agents. In order to fit the physiochemical properties of different kinds of antimicrobial
agents to construct highly efficient delivery systems with superiorities such as high loading
content and efficiency, good stability and on-demand release, polymeric nanomaterials
with different chemical compositions and nanostructures including micelles, vesicles, den-
drimers, nanofibers and nanogels etc. are developed. Benefiting from the versatility of
polymeric nanomaterials, the antimicrobial agent delivery systems have shown significant
potentials in a wide variety of biomedical applications, such as combating MDR bacteria,
anti-biofilm, wound healing, tissue engineering and anticancer. Despite the rapid devel-
opment of this field, the in vivo and intracellular delivery of antimicrobial agents is still
in its early stage, and there are numerous challenges that should be considered in the
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future, which may bring new opportunities in the biomedical applications of antimicrobial
agent-based delivery systems.

Non-covalent interactions such as hydrogen bonding, -7t stacking and coordination
should be introduced to enhance the interactions between antimicrobial agents and the
polymeric nanocarriers to increase loading content and efficiency. The strong interactions
could also prevent the leakage of cargoes before reaching the target and enhance the stabil-
ity of the delivery system. Modulation of the properties of different kinds of antimicrobial
agents and the structural features of carriers may maximize the efficiency of the loaded
antimicrobial agents. Targeting the infected area and high selectivity toward bacteria
rather than mammalian cells should always be considered, which is very important for
the reduction in side effects and drug resistance. Moreover, external stimuli, especially
non-invasive stimuli-triggered release of loaded antimicrobial agents (in other words, the
switchable antimicrobial activity of the delivery system), are also helpful for the reduc-
tion in side effects and drug resistance. However, the spatial and temporal sensitivity of
the stimuli-triggered response still needs to be improved to meet practical applications.
Furthermore, the generations of antimicrobial active species such as ROS or change of the
micro-circumstance including elevating temperature triggered by stimuli or chemicals se-
creted by bacteria are also effective methods for eliminating bacteria without the generation
of drug resistance. Regardless of the generation of drug resistance, taking advantage of
the synergistic effect of multiple antibacterial agents is an effective strategy for eradicating
MDR bacteria. In addition, the combination of antibacteria and anticancer simultaneously
will be of great significance in cancer therapy:.

The biosafety of polymeric nanomaterial-based delivery systems has always been
selectively ignored in previous studies. Although many biodegradable polymers have
been used, the cytotoxicity and hemolytic activity of the polymeric carriers, especially
those with positively charged surfaces, should be evaluated systematically. In addition,
the word “biocompatibility” is a comprehensive evaluation of in vivo delivery systems.
If we claim that the carrier is biocompatible, numerous parameters should be evaluated
more than cytotoxicity and hemolytic activity. The in vivo delivery of antimicrobial agents
has been reported in many studies. However, very few investigated the stability of the
delivery system in physiological conditions and the interactions between the carriers and
proteins, salts, glucose, fatty acids, antigens and so forth. Moreover, the immune response
of the delivery systems is also hardly investigated. Considering the complexity of the
physiological condition, it is necessary to reveal the stability and true circulation behavior
of the delivery systems in vivo and not only borrowing the results of in vitro experiments.
Furthermore, the full life-cycle assessment of polymeric carriers should be conducted to
explore blood circulation behavior, biodistribution, metabolism and organic accumulations,
etc., which will be very valuable for the instructive design of polymer carriers to promote
the clinical applications of polymeric nanomaterials-based antimicrobial delivery systems.
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Abstract: Site-Specific release of active molecules with antimicrobial activity spurred the interest
in the development of innovative polymeric nanocarriers. In the preparation of polymeric devices,
nanotechnologies usually overcome the inconvenience frequently related to other synthetic strategies.
High performing nanocarriers were synthesized using a wide range of starting polymer structures,
with tailored features and great chemical versatility. Over the last decade, many antimicrobial
substances originating from plants, herbs, and agro-food waste by-products were deeply investigated,
significantly catching the interest of the scientific community. In this review, the most innovative
strategies to synthesize nanodevices able to release antimicrobial natural extracts were discussed.
In this regard, the properties and structure of the starting polymers, either synthetic or natural, as
well as the antimicrobial activity of the biomolecules were deeply investigated, outlining the right
combination able to inhibit pathogens in specific biological compartments.

Keywords: nanotechnologies; plant extracts; agro-food-wastes; antimicrobial agents; polymeric
nanocarriers

1. Introduction

Nanotechnology involves different strategies by using natural and synthetic materials
in nanoscale dimensions to fabricate devices widely employed in the electronic and food
industries, as well as in the pharmaceutical and biomedical fields [1]. Polymeric nanocarri-
ers, due to their high surface area and small dimension (1-100 nm), are able to increase
permeability and solubility of the enclosed molecules, making them available for several
health applications, including diagnosis, disease treatments, and imaging [2—4]. In addition,
effectively modifying the key features of nanocarriers, i.e., size, constituents, shape, and
surface properties, it is possible to tune their mechanical, biological, and physicochemical
characteristics [5]. In particular, nanotechnologies have gained outstanding consideration
in the development of smart and effective pharmaceutical systems able to transport and
deliver bioactive components in a specific site, avoiding, at the same time, deterioration due
to enzymatic activity and pH values [6]. Among bioactive molecules, natural compounds
have always represented the most widely employed substances for their unique therapeu-
tic properties against several diseases [7]. In fact, natural bioactive extracts from plants,
herbals, or agro-food by-products represent a rich source of compounds (polyphenols, an-
thocyanins, flavonoids, and many others) useful in the treatment of various diseases, thus
suggesting their addition to pharmaceutical and cosmetic formulations, as well as to nu-
traceutical supplies [8]. In particular, many nanodevices (i.e., nanofibers and nanoparticles)
have been developed to serve as antimicrobial agents to avoid pathogens’ proliferation. In
literature, a large number of articles can be found, describing the transport of antimicrobial
agents, mainly, but not only, to the skin compartment in the wound treatment, in order to
prevent infections and/or to accelerate the healing process [9-11].
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In this review, highly innovative nanotechnology-based delivery systems loaded with
bioactive molecules recovered from natural matrices and showing antimicrobial activity
were described. The referenced papers were selected through the articles published from
the year 2010 and sorted based on the specific type of nanocarrier.

2. Natural Extracts with Antimicrobial Activity

The search for new therapeutically active compounds has spurred researchers over the
years to investigate natural compounds [12-17]. In particular, food and plant wastes repre-
sent interesting sources of biologically active molecules [18-24] and have been proposed
as indigenous remedies [25,26]. Specifically, secondary metabolites from plants represent
valuable bioactive ingredients [27-30] with remarkable antibacterial properties [31,32],
useful in the treatment of several diseases. Table 1 summarizes the main natural extracts
proposed for their antimicrobial features.

The valuable therapeutic power of Glycyrrhiza glabra L. var cordara is well known: its
extracts showed a panel of antibacterial features against various bacterial strains (128 < min-
imal inhibitory concentration (MIC < 512 ug/mL), the activity being mainly related to the
pinocembrin, recovered in the extract as free and fatty acids-conjugated form [14]. Similarly,
the nutritional properties of the male date palm flower, via defining its antibacterial actions,
were also scouted [33]. The chromatographic analysis identified the presence of several
phenolic compounds. Among them, quinic acid was recovered as the main component
(84.52% w/w) and significantly influenced the nutraceutical and pharmacological properties
of the extract.

Thin-layer chromatography (TLC) micro-fractionation of the organic extracts of Fer-
ula ferulioides [34], a traditional medicinal plant, served as a guiding tool to isolate two
compounds (dalpanitin and vicenin-3), with remarkable antimicrobial activity against
drug-resistant Staphylococcus aureus [35].

Antimicrobial activity of essential oil (EO) of Cyprus Citrus aurantium L. flowers was
analyzed, and the recorded minimum inhibitory concentrations (MIC) against Amoxycillin-
resistant Bacillus cereus was 1.562 mg/mL [36]. Moreover, the extracts of Psidium sp.,
Mangifera sp., and Mentha sp. and its mixtures displayed antimicrobial effects and strongly
reduced Streptococcus mutans [37].

The phytochemical study of the aerial part of Pulicaria undulata L. led to the isolation
of nine compounds. The organic extracts (methanol, ethyl acetate, and dichloromethane) of
the aerial parts were assayed by in vitro antimicrobial activity against a panel of sensitive
microorganisms [38]. Similarly, the phenolic compounds in the solvent extracts of Genista
saharae were analyzed. The chloroform extract, containing high amounts of quercetin
and naringenin, revealed the antioxidant potential and antibacterial activity against the
bacterial strains (MIC 0.02 mg/mL). These results seemed to indicate a high contribution
of quercetin and naringenin in the antimicrobial and antioxidant activities recorded [39].

The prevalence of different types of chronic wounds due to the aging population and
the increasing incidence of diseases is a worldwide clinical emergency. Various medicinal
plants used in folk medicine and showing wound healing and antimicrobial properties
have been widely assessed [40].

As known, some mushrooms and numerous other fungi exhibit innovative properties,
including antimicrobial features against bacteria, fungi, and protozoans. In particular,
in a study, 316 species of 150 genera from 64 fungal families were analyzed, showing
antibacterial activity against different bacteria and fungi [41].

The main component of extracts from white guava (Psidium guajava L. cv. Pearl) was
quercetin-glycosides. In particular, the micro-morphology of both Escherichia coli and S.
aureus was changed with a flavonoids concentration of 5.00 mg/mL and 0.625 mg/mL,
extracted from white guava leaves [42].
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The traditional use of Polyscias scutellaria Fosberg to treat body odor suggested that
this plant shows antibacterial properties. Most of the microorganisms hosted by human
skin are harmless and even useful against pathogenic bacteria. Furthermore, Acinetobacter
sp., formerly known as commensal bacteria, evolved into pathogenic bacteria and caused
outbreaks in the intensive care unit. In this context, the antibacterial activity of P. scutel-
laria Fosberg extracts against Acinetobacter sp. isolated from healthy human armpit was
investigated [43].

The ethyl acetate fraction from the leaves of Schismus fasciculatus contained kaempferol,
quercetin, and agathist flavone, which showed moderate antibacterial activity against dif-
ferent tested strains (ICsp 0.9 mg/mL) [44]. In addition, both cardamom (Elettaria cardamo-
mum) fruit and seed extracts exerted remarkable antibacterial effect against Aggregatibacter
actinomycetemcomitans, Fusobacterium nucleatum, Porphyromonas gingivalis, and Prevotella
intermedia [45].

The antimicrobial properties of oregano (Origanum vulgare), sage (Salvia officinalis),
and thyme (Thymus vulgaris) essential oils (EO) were assayed against Klebsiella oxytoca (MIC
of 0.9 mg/mL for oregano EO and 8.1 mg/mL for thyme EO) [46].

The water and ethanolic extracts of Myristica fragrans (Myristicaceae) wood displayed
interesting antimicrobial, anti-inflammatory, and antioxidant activities [47].

The phenolic composition, antimicrobial activities, and antioxidant activity of Euphor-
bia tirucalli L. extracts were evaluated by agar dilution methods, and MIC values were
recorded. In all samples, ferulic acid resulted as the main phenolic compound identified
and quantified through LC-UV. The extracts demonstrated inhibitory potential against
Staphylococcus epidermidis and S. aureus [48].

The methanol leaf extract of Tradescantia zebrina showed the highest antioxidant content
and activity, exhibiting antibacterial activity against six species of Gram-positive and two
species of Gram-negative bacteria in a range of 5-10 mg/mL [49].

The aqueous extracts of Adiantum caudatum leaves, obtained by Soxhlet extraction,
resulted as more powerful than the hexanoic one against Pseudomonas aeruginosa [50].
The methanol extracts from the flowers of Agastache rugosa (Korean mint) showed high
antibacterial activities [51]. Finally, the carotenoid fucoxanthin was observed to have a
significantly stronger impact on Gram-positive than Gram-negative bacteria [52,53].

3. Agro-Food Wastes as Antimicrobials

The processing of agro-products generates huge amounts of waste materials every
year in the form of peels, seeds, and oilseed meals, thus representing serious environmental
concerns. Besides, the cost of drying, storage, or transportation poses a severe financial
limitation to wastes utilization. To support the transformation and exploitation of these
by-products, there is a growing interest in recycling waste biomass of agro-products in
particular, considering their therapeutic properties (Table 2).

For example, the major wastes for industrial apple juices are the seeds. After a Soxhlet
extraction, oil was recovered, and this apple seed oil was completely active against bacteria,
showing MIC values ranged from 0.3-0.6 mg/mL [54].

About a quarter of the total tomato production undergoes processing, leading to
derivatives like sauces, canned tomatoes, ketchup, or juices, largely consumed worldwide.
At the same time, the tomato industry generates huge quantities of wastes, up to 5-0%
of the total production. These by-products are used as livestock feed or discarded in
landfills, creating many environmental problems. However, considering that valuable
phytochemicals, such as carotenoids, polyphenols, tocopherols, some terpenes, and sterols,
resist industrial treatment, tomato by-products represent also a precious resource. An
interesting experimental work reported that the most active peel tomato extract against S.
aureus and Bacillus subtilis (MIC: 2.5 mg tomato peels/mL) belonged to the Taranesti roz
variety, owing to its high carotenoid amount [55].
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Fennel and carrot, two species belonging to the Apiaceae family, are, like many others
(e.g., tomatoes, potatoes, and onions), the most commonly consumed vegetables worldwide.
They are aromatic and have been used as spices and condiments. Their EO, related to the
fruits, is well characterized, whereas the chemical composition of the leaves, a by-product,
is poor. Wiem Chiboub and co-workers performed a hydrodistillation of fresh leaves of
carrot and Daucus carota subsp. sativus orange roots and yellow roots and F. vulgare subsp.
vulgare var. azoricum and F. vulgare subsp. vulgare var. latina. The recorded results
showed that the Daucus carota subsp. sativus yellow roots oil was significantly more
effective against Gram-negative than Gram-positive bacteria, and the MIC values were in
the range 6.25-50 mg/mL [56].

In order to reuse agro-wastes, the betel leaf stalk extract was found to be a potent
antimicrobial agent, showing activity against Gram-positive and Gram-negative bacteria.
The MIC values were in the range 25-250 j1g/mL, measured against ciprofloxacin as a
standard [57].

Among agro-food wastes, those derived from the olive oil production represent the
most representative, especially in the Mediterranean area. Their composition was found to
be rich in hydroxytyrosol and secoiridoids derivatives, important for their healthy proper-
ties. Inass et al. investigated the in vitro antimicrobial potential of olive mill wastewater
and olive cake extracts. Oleuropein and verbascoside, already pointed out in various
studies for their important antimicrobial potential, were also detected in these extracts.
Furthermore, the elenolic acid, the main fragment of the oleuropein degradation, was
mostly found in the olive cake extract. It can be considered as an important antimicrobial
and antiviral agent, justifying the reuse of this kind of wastes [58].

Besides, the fruits belonging to the Citrus sinensis family produce large amounts of
wastes, mostly seeds and peels, endowing suitable biological value. Seed 0il demonstrated
better activities than peel oil, with remarkable inhibitions obtained against S. aureus and
Candida albicans at a concentration as low as 2.5 mg/mL [59]. Furthermore, the orange
peel of 12 cultivars of Citrus sinensis from central-eastern was extracted through steam
distillation and using hexane. In all the cultivars, the main component was D-limonene
(73.9-97%). The antimicrobial activity was investigated against S. aureus, Listeria monocyto-
genes, and P. aeruginosa. ‘Sanguinello” and ‘Solarino Moro’ essential oils were significantly
active against L. monocytogenes, while ‘Valencia” hexanoic extract against all the tested
microorganisms [60].

In this context, the winemaking process is also involved in smart wastes management.
Grape seeds are the by-products of the fruit juice and wine industries. Nowadays, more
attention is devoted to the valorization of these kinds of wastes due to the valuable
phytochemicals content. A study performed on different varieties of grape seeds, extracted
with 70% ethanol, showed that all the tested varieties possessed a considerable antibacterial
activity. Particularly, the variety Shiraz showed a large zone of inhibition (17 mm) [61].
Different fractions of wine residue (pomace, including seed and skin, seeds, or skin) from
two red varieties of Vitis vinifera grapes (Pinot noir and Pinot Meunier) grown in New
Zealand were extracted using different water-organic solvent mixtures. It was found that
all the extracts exhibited antibacterial and antifungal effects, with MIC values ranging
between 0.195 and 100 mg/mL [62].

Similarly, lavender and melissa wastes were proved to be rich in polyphenols (es-
pecially rosmarinic acid) and exhibited high antimicrobial activity [63]. The processing
of jackfruit (Arfocarpus heterophyllus Lam) yields large amounts of bio-wastes. The ethyl
acetate extracts obtained from the peel, fiber, and core of the jackfruit showed antibacterial
activity against Xanthomonas axonopodis pv. manihotis [64].

Apple and Sabine mango kernel extracts exhibited significantly high inhibition zones
of 1.93 and 1.73 compared to Kent and Ngowe with 1.13 and 1.10, respectively, against
E. coli. For C. albicans, the inhibition of Kent mango kernel extract, 1.63, was significantly
lower than that of Ngowe, Apple, and Sabine with 2.23, 2.13, and 1.83, respectively [65].
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The Vaccinium meridionale Swartz pomace is a source of bioactive compounds with
remarkable antibacterial activity. Quercetin derivatives represented 100% of the total
flavonols in the extracts, and S. aureus was the most sensitive strain [66].

The walnut green husk is an agro-forest waste obtained during walnut (Juglans regia
L.) processing; its aqueous extracts were found to be able to inhibit the growth of Gram-
positive bacteria [67]. Another study reported the antioxidant and antimicrobial activities of
extracts of pecan nutshell. The MIC and minimum bactericidal concentration (MBC) values
against L. monocytogenes, Vibrio parahaemolyticus, S. aureus, and B. cereus were significantly
lower (p < 0.05) for the extract obtained through infusion, followed by atomization in
a spray dryer when compared to the other extracts [68]. Water, methanol, ethanol, and
50% (v/v) aqueous solutions of methanol and ethanol extracts of disposed garlic husk
displayed antimicrobial activity against Gram-positive bacteria when applied at different
concentrations (1-10 mg/mL). These interesting biological properties could be attributed to
specific phenolic compounds, such as caffeic, p-coumaric, ferulic, and di-ferulic acids [69].

Extracts prepared from mangosteen bark or fruit pericarp exhibited strong pH-dependent
bacteriostatic and bactericidal effects against L. monocytogenes and S. aureus [70]. Ethyl acetate
extract of Newhall orange peel showed the best antimicrobial effect due to the presence
of sinensetin, 4',5,6,7-tetramethoxyflavone, nobiletin, 3,3’ 4’ 5,6,7-hexamethoxyflavone, and
narirutin [71]. Punica granatum peels (Bhagwa) furnished extracts, endowing interesting
antibacterial properties. LC analysis of the extract recorded the punicalagin (163.52 mg/g
of waste) as a major ellagitannin compound. Peel extract exerted high antibacterial activity
against both Gram-positive and Gram-negative bacteria [72].

Extracts from brewer’s spent grain, the major by-product of the brewing industry,
proved to be a rich source of bioactive compounds with antimicrobial activity (especially
against C. albicans) [73].

The phytochemical screening of the aqueous extract of the Agave sisalana Perrine juice
(waste) revealed the presence of saponins, glycosides, phlobatannins, terpenoids, tannins,
flavonoids, and cardiac glycosides and had the potential to be used against pathogenic
organisms [74].

The antimicrobial activity of three abundantly available fruits peel waste (orange,
yellow lemon, and banana) was evaluated on a wide range of microorganisms. Methanol,
ethyl acetate, ethanol, and distilled water were used for extraction, and the results showed
that, among the used solvents, the extracts exhibiting better performances were in decreas-
ing order: Distilled water > Methanol > Ethanol > Ethyl acetate, reflecting the suitability
of solvent for fruit peel extraction. Additionally, the effectiveness of fruit peel extracts
was evaluated, showing Yellow lemon > Orange > Banana peel. It was observed that
Gram-negative bacteria were more sensitive to the extracts, and, among them, Klebsiella
pneumoniae showed the highest sensitivity against the extract of yellow lemon peel with the
highest zone of inhibition [75]. Beet stalk, peanut peel, Pinot Noir grape marc, Petit Verdot
grape seed and marc, red grapes fermentation lees, and guava bagasse wastes showed
antimicrobial activity against S. aureus and L. monocytogenes. Analyses by GC-MS identified
relevant concentrations of compounds exhibiting antimicrobial activity, such as caffeic, gal-
lic, ferulic, and r-coumaric acids, and flavonoids quercetin, myricetin, and epicatechin. This
study confirmed that agro-industrial wastes from wine and food industries could be used
in the research about new antimicrobial compounds to be used as natural preservatives in
the food and beverage industry with promising applications also in the pharmaceutical
and biomedical fields [76].

With a growing world production, mango represents one of the most important
tropical fruits produced worldwide. India is one of the most important producers where
any mango-based products are also commonly consumed. Mango is mostly used in food
processing industries, such as juice, jam, jelly, and pickle industries. This processed food
leads to an enormous generation of mango peel as a waste product. It needs a huge capital
to decompose these peels and to make sure that it does not pollute the environment. The
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EO of both mango indica cultivars pulp and peel showed a wide range of antibacterial and
antifungal activities [77].

The peel of Camu-camu (Myrciaria dubia (Kunth) McVaugh) displayed the richest
phenolic profile as well as the most significant antibacterial activity (MICs recorded were
in the range 0.625-10 mg/mL) [78].

Interesting results showed that the fraction with the highest content of phenolic and
secoiridoid compounds from crude olive mill wastewater had a relevant antibacterial
activity against a large panel of strains with a strain-dependent character [79].

The natural food colors market is trying to fit the consumer needs by increasingly
replacing synthetic additives with natural ones. Besides being a natural product, the biolog-
ical relevance of the carotenoids is related to their potential antioxidant and antimicrobial
features, boosting their wide application in the food and pharmaceutical industry. The
production of carotenoids by microorganisms using agricultural waste has been reported,
employing coffee pulp and husk using a non-conventional yeast [80]. Despite the high
antimicrobial activity exhibited by these extracts, their bioavailability is poor when used
as such. In this context, the inclusion of nanocarriers seems to be an innovative tool to
overcome this limit.

4. Nanofibers as Carriers of Antimicrobial Natural Products

During the last years, an increasing interest in the biomedical use of polymeric
nanofibers was recorded due to their high porosity, outstanding mechanical strength,
and simplicity of fabrication [10]. In particular, nanofibers have been proposed as systems
for the delivery of bioactive molecules [81] or in regenerative medicine [82] and also as
wound dressings devices [83]. Usually, polymeric nanofibers can be fabricated by template
synthesis [84], self-assembly [85], phase separation [86], and electrospinning [87]. Among
these, the electrospinning technique is the most used strategy for applications in tissue en-
gineering and drug delivery due to its high-throughput, easy handling, and reproducibility
(Figure 1).
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Figure 1. Electrospinning process and the different experimental parameters affecting the diameters of the produced
nanofibers. Reproduced with permission from [10], Elsevier, 2020.
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Additionally, electrospun meshes significantly increase adhesion and drug loading
due to the structural similarity to the extracellular environment of the living tissues [88].
Literature data clearly indicate that electrospun nanofibers have the remarkable potential
to amplify effectively the biological properties of medicinal plant extracts, essential oils,
or pure single components with antimicrobial features. For this reason, they were largely
employed as bioactive molecules to fabricate delivery systems, tissue engineering scaffolds,
and regenerative medicine devices (Figure 2) [11].

a =
Soxhlet's apparatus )~ { ,I A
for crude product \ SRS
extraction

s 1. Extraction
e, N 2. Separation e
P ’: 3. Isolation i G o HNE |
WV‘ ¥ ’ \chn nr'(l e ﬂ
' % i ' Single active |
J e on phytoconstituents ~ ’ ‘/ \l
Medicinal Plants )Qg“ _— J \ﬁ[ RER =
g Is 2 =
\ weon TR T Spparatus
Clevenger's 1
apparatus for
oil extraction Applications
~ 1. Bone Tissue Engineering
‘:E' 2. Wound healing and skin reg ion
= 3. Delivery of plant bioactives
Essential Oils

Figure 2. Schematic representation for the use of extracts isolated from medicinal plants and their nanofibers fabrication
useful for pharmaceutical and biomedical applications. Reproduced with permission from [11]; Elsevier, 2020.

Specifically, in order to obtain polymeric nanofibers able to protect bioactive molecules
and to ensure their controlled and site-specific delivery, both synthetic (polyesters, polyvinyl
pyrrolidone (PVP), polyvinyl alcohol (PVA), or polyacrylates) and/or natural (polysac-
charides or proteins) macromolecular structures have been proposed [89,90]. Synthetic
constituents are usually cheaper and stronger, more easily electrospinnable, and show a pre-
cise structure [91]. Among the synthetic polymers used in the preparation of the nanofibers,
PVA, PVP, and polyesters, such as polylactic, polylactic-co-glycolic acid, polyurethane, and
polycaprolactone, were widely used with significant results (Table 3). On the contrary,
natural polymers can be obtained by environment-friendly sources, offer good biocompat-
ibility, thus reducing the adverse effects that could be observed when introduced to the
human body [65] (Table 4). However, synthetic polymers are often required to strengthen
the weak mechanical resistance of natural polymers [66].
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4.1. Synthetic Polymer-Based Nanofibers
4.1.1. Polyacrylates

Among polyacrylates, polyacrylonitrile (PAN) has been well documented to be a
very important material for easy manufacturing of synthetic fibers with unique thermal
and mechanical stability, as well as excellent resistance to the solvents [144,145]. In the
biomedical field, PAN nanofibers loaded with moringa leaf extracts, rich in phytochemicals,
such as zeatin, quercetin, amino acids, and phenolic compounds, have been proposed for
wound healing applications [92,146]. The antibacterial properties of the loaded nanofibers
were evaluated against E. coli and S. aureus. Results displayed that the activity of the device
strictly depended on the concentration of the extract in the PNA nanofibers, confirming its
promising potential as an effective wound dressing. Alternatively, electrospinning PNA
nanofibers loaded with Syzygium aromaticum oil, containing unexplored natural bioactive
molecules (eugenol and caryophyllene), were found to be highly effective against both
Gram-positive and Gram-negative bacteria in in vitro delivery studies [93,147]. The release
profile of Syzygium aromaticum was characterized by an initial burst, followed by controlled
diffusion kinetics. Similarly, PNA fibers were loaded with EO of lavender (Lavendula
angustifolia) [94]. This natural product is largely exploited in aromatherapy as a holistic
relaxant and has been exploited for its excellent antimicrobial features. Lavender oil, highly
encapsulated in PAN fibers with a loading content equal to 13.6%, displayed a release
profile with an initial burst effect, reaching a 35% of active release after 24 h in a buffer
medium (pH 7.4). The loaded polymeric device showed also in vitro antibacterial activity
after an incubation time of 24 h (MIC equal to 100 mg-mL~1).

4.1.2. Polyesters

Poly (lactic acid) (PLA) is an outstanding polymeric material largely employed in
the pharmaceutical and biomedical sectors due to its excellent biodegradability and bio-
compatibility [148]. PLA represents the most extensively used synthetic polymer in the
fabrication of nanofibers [149]. Electrospinning of PLA fibers containing EO derived from
Leptospermum scoparium and Melaleuca alternifolia at different concentrations has been pro-
posed for the treatment of microbial infections induced by S. epidermidis [95], a bacterium
abundant on human skin and often responsible for infections and formation of biofilms
on the medical devices [150]. The antibacterial activity of Leptospermum scoparium EO
was mainly ascribed to triketone species, such as flavesone and leptospermone [151],
while terpinen-4-ol and a-terpinene determined the antimicrobial activity of Melaleuca
alternifolia EO. Although Melaleuca alternifolia oil showed remarkable activity against S.
epidermidis, its efficacy was largely limited due to the low amount of active molecules
available after the electrospinning process. On the contrary, the antimicrobial activity of the
PLA-Leptospermum scoparium oil system was preserved during the electrospinning process.

In order to improve its water solubility, PLA was successfully modified by hyper-
branched polyglycerol, a highly hydrophilic polymer with excellent biocompatibility and
water solubility [152]. Nanofibrous dressing with PLA and the hyperbranched polyglyc-
erol blend was fabricated using electrospinning technique and loaded with curcumin, a
polyphenolic biologically active ingredient of turmeric isolated from the dry rhizomes of
Curcumin Longa L. [153]. Curcumin release profiles, recorded at 37°C in PBS and displayed
as the increased hydrophilicity of the device, allowed to achieve a complete delivery in
72 h, suggesting its use as potential wound patch dressing for chronic and acute wound
diseases.

Alternatively, fibers based on poly(D,L-lactide-co-glycolide) (PLGA) have been suc-
cessfully proposed as delivery systems due to their high biodegradability. In particular, the
electrospinning technique was employed to fabricate ultrafine PLGA fiber mats containing
a methanolic extract of Grewia mollis (7.5% w/w). The antimicrobial effect of the device was
tested against pathogenic bacteria, such as E. coli and S. aureus, suggesting its use in the
treatment of dermal bacterial infections or as a wound dressing agent [96]. Garcia-Orue
and coworkers developed a PLGA-based nanofibrous membrane in which the antibacterial
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properties of the natural extract and the ability of the epidermal growth factor to enhance
fibroblast proliferation allowed the fabrication of an efficient device against S. aureus and S.
epidermidis, reducing, at the same time, the wound healing time [97].

Polycaprolactone (PCL) represents a biodegradable aliphatic polyester, largely em-
ployed to produce nanofibers by electrospinning techniques. The incorporation of suitable
natural extracts allowed the fabrication of devices with remarkable antimicrobial properties.
Specifically, crude extract of biophytum sensitivum was loaded, and experimental release
displayed a controlled delivery of the bioactive molecules (59% in 72 h) [98]. The antimi-
crobial performances of the device were evaluated against some common wound bacteria,
such as S. aureus (27 mm inhibition) and E. Coli (47 mm inhibition). Similarly, electrospun
PCL-based nanofiber mats containing natural leaves extracts of Gymnema sylvestre [99] or
Clerodendrum phlomidis [100] were proposed as a wound dressing with remarkable antimi-
crobial characteristics. The cumulative delivery profiles depicted an intense burst effect,
mainly due to bioactive desorption release mechanisms, while a constant delivery of the
therapeutic was reached after 24 h.

Althea officinalis extract is also well known as a traditional herbal drug with noteworthy
wound healing capacity and antimicrobial properties. In particular, Althea officinalis extract
was loaded in nanofibers based on PCL and gelatin [101]. The blending of synthetic and
natural macromolecules was proposed as an efficient strategy to optimize the mechanical
properties of the scaffolds. In addition, the superior viscoelastic properties of PCL with
respect to other polyesters made it more compatible with natural macromolecules, allowing
the construction of multilayer structures. Cumulative release experiments highlighted a
release of bioactive molecules proximately to 100% after 24 h. Similarly, the PCL layer was
deposited onto the gelatin films by electrospinning to obtain complex structures able to
vehicle black pepper oleoresin bioactive components. Strong antimicrobial properties of
the multilayer were recorded over time (10 days) against S. aureus [102].

Blended polymer-based electrospun nanofibers have gained great attention because
of the mechanical properties of the matrices and easy monitoring of the release profiles,
depending on the ratio of the components in the polymer chains. By coupling the strength
of PCL with polyvinyl pyrrolidone (PVP), PCL/PVP nanofibers containing crude bark
extract of Tecomella undulata were fabricated, and their antimicrobial behavior was evaluated
against S. aureus, E.coli, and P. aeruginosa [103]. Recently, in order to improve antimicrobial
properties of PCL-nanofibers loaded with Nephelium lappaceum extract, they were decorated
with silver nanoparticles [154], providing a multi-component device with synergistic
antibacterial properties [104]. The antimicrobial activity was evaluated against E. coli,
S. aureus, and P. aeruginosa, and the results suggested a synergistic effect between silver
nanoparticles and extract-loaded nanofibers.

Polyurethane (PU) is a biocompatible hydrophobic polymer, largely used for biomedi-
cal and pharmaceutical scopes, owing to its excellent oxygen permeability and good barrier
and mechanical properties [155]. Nanofibers based on PU were successfully prepared to
load emu oil, a natural mixture derived from the emu (Dromaius novaehollandiae), which
originated in Australia and positively tested against both Gram-positive (B. subtilis) and
Gram-negative (E. coli) pathogens [105]. Similarly, PU nanofibers were proposed as poly-
meric carriers of propolis [84], a resinous substance produced by bees from plant exudates,
containing different bioactive compounds [156]. In addition, the adhesive properties of
propolis afford the point-bonding to the PU nanofibers, improving their mechanical issues.
The antimicrobial properties of propolis/PU nanofibers were evaluated against E. coli, and
the results showed that the bacterial inhibition zone was progressively increased with
increasing the propolis amount in the nanocomposite. More recently, herbal extracts of
Agrimonia eupatoria, Satureja hortensis, and Hypericum perforatum were loaded on several PU
composite nanofibers, and their antimicrobial properties were evaluated against S. aureus
and P. aeruginosa [110]. Finally, antibacterial and elastic nanofibers from thermoplastic PU
were produced by coating process with Syzgium aromaticum extract, gained by Soxhlet
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extraction of clove oil [107]. All coated nanofibers (2-10 mg cm~2) showed antibacterial
activity against S. aureus and E. coli.

Nanomaterials to be employed as antimicrobial clothing materials or bedding materi-
als for allergic patients often required a lamination process. In this regard, the nanofibers
of PU/Juniperus chinensis extracts were prepared by laminating electrospraying PU adhe-
sive resin on polyethylene terephthalate-based fabric and an electrospun PU nanofiber
web [108]. The antibacterial experiments performed at 110 and 130°C against S. aureus and
K. pneumoniae confirmed that the combination between laminating and electrospinning
represents an interesting way to project useful composites to be employed in the biomedical
field. Finally, in order to improve the absorption ability of wound exudates, hydrophilic
blend materials based on a different weight ratio between PU and carboxymethyl cellulose
(CMC) and containing Malva sylvestris extract were prepared. The new materials proved to
efficiently deliver the bioactive compounds to diabetic wounds [109]. The release profile
of the active compounds resulted in a complete delivery in 85 h, and strong antibacterial
activity against E. coli and S. aureus was recorded.

4.1.3. Poly(Vinyl Alcohol)

Synthetic biodegradable polymers, such as PLA, PLGA, and poly(glycolic acid), are
poorly soluble in water. It follows that the production of nanofiber mats often requires
the use of organic solvents, incompatible with the preparation of carriers for pharmaceu-
tical and biomedical uses. On the contrary, biocompatible, biodegradable, and no-toxic
poly(vinyl alcohol) (PVA) can be easily employed to prepare nanofibers in aqueous environ-
ments [157]. Different natural extracts, as sources of antimicrobial molecules, were enclosed
in PVA nanofibers. In particular, Lawsonia inermis leaves’ hydroalcoholic (ethanol /water
90/10 v/v) extracts were loaded to achieve antibacterial nanofibers (2.8% w/w) with bacte-
riostatic action towards E. coli. and bactericidal efficiency against S. aureus [110]. Similarly,
the methanolic extracts of Tridax procumbens leaves [111] and the aqueous extracts of
Coptis chinensis [112] were employed to prepare nanofibrous mats with antimicrobial ac-
tivity. PVA/Tridax procumbens nanofibers showed an outstanding zone of inhibitions and
improved resistivity power against S. aureus and E. coli, whereas PVA /Coptis chinensis
nanofibers, evaluated against different Gram-positive bacteria, displayed the highest an-
tibacterial activity against S. epidermidis. The ethyl acetate Rhodomyrtus tomentosa extract,
rich in myricetin and rhodomyrtosone, was involved in the fabrication of electrospun
nanofibers; the antimicrobial experiments against the common human pathogens (E. coli,
P. aeruginosa, B. subtilis, and E. faecalis) displayed a clear inhibition zone (7-12 mm) by
loading the extract in the concentration range of 1.5-2.5% (w/w) [113]. Finally, nanofibers
containing Coptidis rhizoma extracts (10, 20, and 30% w/w) were fabricated using PVA as a
carrier [114]. The release experiments performed at physiological pH of 5.5, set by acetate
buffer solution, displayed an initial fast release, followed by a gradual release for 48 h. In
addition, high antimicrobial activity was recorded against S. aureus (max inhibition zone
17.0 mm) and S. epidermidis (max inhibition zone 6.2 mm).

In addition, PVA was employed in combination with a natural polymer to achieve
bio-nanocomposites fibrous mats. Specifically, a PVA-based device enclosing nanocel-
lulose from pineapple was loaded with Stryphodedron barbatimao extract (water-alcohol
solution 96:4 v/v) [115], a well-known mixture employed in medicine as an antiseptic, anti-
inflammatory, and anti-bacterial remedy [158]. More recently, PVA /guar gum composite
nanofibers were proposed as a carrier of alcoholic extract of Acalypha indica, a traditionally
acclaimed plant for wound healing [116]. The release profiles displayed a constant and
slow delivery throughout the experimental time, while a complete release was observed
after 38 h. The antimicrobial experiments against E. coli, B. subtilis, S. aureus, P. fluorescens
highlighted bacteriostatic action against all microbial strains. Finally, several EOs (cinna-
mon, clove, and lavender at a concentration of 0.5, 1, and 1.5% w/w) were involved in the
synthesis of PVA /sodium alginate (SA) polymeric nanofibers, allowing the preparation
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of devices able to efficiently inhibit S. aureus [117]. Cinnamon oil (1.5% w/w)/PVA/SA
nanofibers exhibited the best results (inhibition zone of 2.7 cm).

4.1.4. Polyvinylpyrrolidone

Polyvinylpyrrolidone (PVP) exhibits unique properties because it is biocompatible,
water-soluble, and non-toxic, allowing its application in the biomedical area [159].

Sophora flavescens extract was incorporated into PVP nanofibers, and the device was
proposed as antimicrobial air filtration [118]. Filtration and antimicrobial performances of
the PVP-based nanofiber filter were evaluated, employing S. epidermidis bioaerosols as test
airborne particles; the results displayed excellent antimicrobial activity and highly effective
air filters (99.99% filtration efficiency).

Nutraceutical properties of the cinnamon EO were exploited by enclosing the oil in
the PVP-based nanofibers by oil-in-water emulsion electrospinning, and its antimicrobial
properties were recorded against S. aureus, E. coli, P. aeruginosa, C. albicans [119]. The
outstanding antimicrobial activity of the device was proved to be related to the size
of the fibers and mainly ascribed to the high eugenol concentration in the cinnamon
oil. Experimental tests were highlighted as the antimicrobial activity was recorded with
cinnamon EO concentration into PVP in the range 2—4% (w/w).

4.2. Natural Polymer-Based Nanofibers
4.2.1. Polysaccharides

Materials based on cellulose acetate (CA) have been largely employed in the biophar-
maceutical processing industry as wound dressings, tissue engineering scaffolds, and drug
delivery systems [160]. Electrospun CA nanofibers encapsulating lemongrass, cinnamon,
and peppermint EOs were employed to fabricate scaffold devices able to inhibit bacteria
growth. Results demonstrated the complete inhibition of E. coli, while C. albicans yeast
showed a remarkable resistance, mainly due to its diameter more than four times larger
than E. coli [120]. More recently, CA-based nanofibers enclosing rosemary and oregano
EOs were evaluated against S. aureus, E. coli, and C. albicans [121]. Nanofibers loaded with
the oregano oil (containing a high concentration of carvacrol and thymol) displayed the
best anti-biofilm and antimicrobial performances. Electrospun nanofibrous mats based
on carboxymethyl cellulose (CMC) and SA were proposed as functional wound dressing
materials able to load olive leaf extracts [122]. The antibacterial properties of oleuropein
and hydroxytyrosol contained in this aqueous extract allowed to fabricate a device able to
inhibit pathogens mostly responsible for infections by skin wounds. The analysis of the
release profile from the nanofibers depicted a substantial burst effect (50%) and a complete
delivery within 24 h.

Nanofibers have also been proposed as reinforcing agents to improve the mechanical
and physical performances of other polymeric devices, such as films, hydrogels, and
sponges [161]. Nanocomposites based on CMC and cellulose nanofibers (CNF) were loaded
with Salvadora persica hydro-alcoholic extract to obtain a device with good antimicrobial
properties against both S. aureus and E. coli. [123]. The incorporation of CNF (5% w/w)
into the CMC matrix caused a significant improvement of the mechanical properties in
comparison with CMC. Similarly, composite biosponges of SA reinforced with CNF were
prepared [124], determining a noteworthy enhancement in the mechanical performances
and the thermal stability for SA-based composite biosponges. Moreover, the sponges
loading with Oryza sativa and Tinospora cordifolia extracts imparted additional antibacterial
functionality to the composite against E. coli and P. aeruginosa.

The encapsulation into nanofibers of the EOs gained from natural plants often requires
a strong electric field and high-voltage. This could lead to adverse reactions, frequently
involving the species able to impart pharmacological and nutraceutical properties to the
extracts. To overcome this inconvenience, the employment of the 3-cyclodextrin represents
an endearing strategy [162]. Litsea cubeba EO was first encapsulated in the cavity of the 3-
cyclodextrin, and the inclusion complex was then loaded by electrospinning into nanofibers
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based on the dandelion polysaccharide [125], a natural polymer used for the preparation
of active nanofibers [163]. The release profiles of the EO in PBS solution (pH 7.2) showed a
good sustained release (about 70% after 100 h), ensuring also a long-lasting antibacterial
effect against S. aureus.

Biomedical devices based on chitosan (CT) were exploited for developing nanofibrous
wound dressing materials [164]. Additionally, CT is also known for its strong antibacterial
activity against different fungi, bacteria, and viruses [165-167]. However, CT viscosity,
as well as the high charge of the polysaccharide chains, made difficult the electrospin-
ning process, and the application of highly acidic and toxic solvents was required [168].
These drawbacks can be overcome by co-spinning CT with other spun polymers, such as
poly(ethylene oxide) (PEO), PCL, and PVA [169].

CT-ethylenediaminetetraacetic acid and PVA were selected for the preparation of
nanofibrous mats to be employed as carriers of extracts gained by maceration (acetone/water
70/30 v/v) of Garcinia mangostana fruit hull [126], known to exert important antimicrobial
properties due to the presence of the ax-mangostin (13.20% w/w) [170]. a-Mangostin release
experiments from the nanofiber mats loaded with the extracts revealed that active molecules
were rapidly released, reaching 80% within 1 h. Additionally, the fiber mats loaded with the
natural extracts exhibited antibacterial activity against S. aureus and E. coli. More recently, CT
and PVA were successfully used to fabricate electrospun nanofibers containing Bidens pilosa
extract. Composite nanofibers were effective against E. coli (growth inhibition 91% and MIC
10 mg/mL) and S. aureus (growth inhibition 86% and MIC 10 mg/mL) bacteria due to the
combined effect of CT and natural extract [127]. Polymeric devices with multi-antibacterial
activity were prepared by electrospinning of CT and honey, a carbohydrate-rich syrup, show-
ing a relevant wound healing activity and remarkable antibacterial performances [171]. The
synthesis of honey-based nanofibers was frequently hard due to the viscosity of the honey
that permits its use in the electrospinning process only at small concentrations (<10%) [172].
Electrospinning of CT and honey at high concentration, with PVA and using eco-friendly
solvents, was performed, and the antimicrobial activity of the fiber mats was evaluated
against E. coli and S. aureus [128,129]. In addition, two aqueous extracts (Cleome droserifolia
and Allium sativum) were loaded within honey, PVA, and CT nanofibers; in vitro antimicro-
bial experiments revealed a complete inhibition of E. coli and S. aureus [130]. However, only
the fibers simultaneously loaded with both the extracts exhibited some antimicrobial activity
against methicillin-resistant S. aureus. In addition, preliminary in vivo study (wound closure
rates in mice and histological examination of the wounds) revealed the beneficial effects of
the extract-loaded device on the wound healing process in comparison with the untreated
control.

Alternatively, CT-based nanofibers can be fabricated employing PEO, which allows
the use of solutions at pH 4, thus not requiring an extremely acid environment. CT/PEO
solutions were successfully electrospun, by oil-in-water emulsion technique, into fibrous
mats and loaded with cinnamaldehyde (0.5 and 5.0% w/w), a volatile EO derived from
cinnamon bark [131]. The delivery/antimicrobial experiments of cinnamaldehyde EO from
the CT/PEO nanofibers displayed a strong inactivation of P. aeruginosa (81% after 180 min).
Finally, a green tea extract was proposed as an antibacterial enhancer to be enclosed in the
electrospinning process involving CT/PEO chains [132]. In vitro tests revealed that this
device had an antibacterial effect against E. coli and S. aureus.

4.2.2. Proteins

Gelatin (GL) is a hydrophilic biopolymer, which has been widely used in the biomed-
ical field [173]. Nanofibrous material based on GL was proposed as a carrier of active
ingredients gained from natural sources. Specifically, electrospinning of GL in the presence
of a small amount of the Phaeodactylum tricornutuma extracts provided a device with re-
markable antimicrobial properties against E. coli and multidrug-resistant S. aureus [133,174].
Similarly, Centella asiatca, a traditional herbal medicine able to facilitate the wound-repair
process, was involved in the fabrication of GL-based nanofibrous mats [175]. This device

159



Pharmaceutics 2021, 13, 230

exhibited remarkable antimicrobial properties against S. aureus, E. coli, and P. aeruginosa
and dermal wound-healing activity in the rat model. More recently, GL fibers loaded with
Curcuma comosa Roxb. extract displayed antibacterial activities against S. aureus (Inhibition
zone of 7.77 mm) and S. epidermidis (Inhibition zone of 7.73 mm) [135], while the loading of
Chromolaena odorata crude extract [136] allowed the fabrication of a system with excellent
antimicrobial activity against S. aureus (100% of inhibition). However, nanofibers only
based on natural polymers, such as GL, are often not useful for biomedical applications
due to their low mechanical strength and high rate of degradation [103]. Baghersad et al.,
(2018) fabricated hybrid scaffolds, based on GL, PCL, and aloe vera, as an active extract,
displaying good antibacterial activity against E. coli (inhibition 85.63%) and S. aureus
(inhibition > 99%) [137].

Silk fibroin (SF) nanofibers were largely employed in the biomedical field due to
their valuable properties, such as biocompatibility, electrospinnability, low inflammatory
response, and therapeutic features [176]. SF/PEO nanofibers, incorporating Manuka
honey [177], have been successfully fabricated by electrospinning and evaluated as a
potential antimicrobial tissue engineering scaffold [138]. Manuka honey/SF nanofibers
exhibited antibacterial properties against methicillin-resistant S. aureus, P. aeruginosa, E.
coli, and S. aureus. Similarly, SF/PVP nanofibers loaded with baicalein, a Chinese herbal
extract, were prepared by electrospinning technique and proposed as wound healing
devices [139]. Experimental release displayed that almost 65% of baicalein was delivered
within 24 h, reaching the lag phase after 48 h. In addition, in vitro antibacterial test against
S. aureus displayed complete inhibition of the pathogen, while in vivo experiments in
mice treated with SFP/PVP /baicalein exhibited a significant acceleration of the wound
closure process. SF was employed with hyaluronic acid to fabricate nanofibers by coaxial
electrospinning [140], an innovative synthetic methodology able to produce nanofibers
with sheath/core morphology, utilizing two needles that, coaxially placed, allowed to
feed core and shell solutions throughout two different channels. Specifically, the device
was structured by a shell of SF, while hyaluronic acid and olive leaf extract, a source of
bioactives, formed the core. The analysis of the release profiles showed an almost complete
delivery (>90%) in nine days, reaching the lag time after two weeks. Olive leaf extract-
loaded nanofibers also revealed remarkable antibacterial features against S. aureus and
E. coli bacteria. The same synthetic methodology was proposed to fabricate core-shell
nanofibers from zein (core) and tragacanth gum (shell) [141] for the encapsulation of
saffron extract [175,178]. Release values in the range 16.1-43.9% after 2 h were recorded
in saliva, water, and in media, simulating gastric and intestinal fluids. Zein nanofiber
mats loaded with ethanol propolis extracts were also effectively fabricated by the classic
electrospinning method, and their antimicrobial activities were investigated against various
microorganisms, highlighting that the nanofibers were able to mainly inhibit the growth of
the Gram-positive species [142].

Finally, electrospun nanocomposite fibers were fabricated, employing soy protein
isolate, PEO, and raspberry extract, a natural mixture containing high levels of anthocyanin,
displaying a significant growth inhibition of S. epidermidis [173].

5. Nanoparticles as Carriers of Antimicrobial Natural Products

Several examples are present in the literature, describing the involvement of nanoparti-
cles in chemical reactions to form new effective carriers to deliver antimicrobial agents from
natural sources in order to eliminate pathogens without introducing chemical undesirable
preservatives (Table 5) [179,180].

The different methodology can be involved in the fabrication of nanoparticles with
suitable properties, including soft lithography, mechanical stretching, microfluidics, or
self-assembly, using suitable starting materials, such as small molecules or polymeric
structures. When loading bioactive molecules into nanoparticle carriers with the aim to
control pathogens growth and/or to prevent infection, different physicochemical and
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mechanical parameters should be considered, including size, shape, surface, and interior
properties (Figure 3).

)
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Figure 3. Size, shape, surface, and interior properties of nanoparticles important for their use in
infection control. Reproduced with permission from [5], RSC, 2019.

Nanoparticles size plays a crucial role in their penetration into biofilm-bacteria, en-
suring to overcome the inconvenience usually related to the multidrug-resistant strains.
Ideal nanoparticle sizes to fight bacterial infections range between 5 and 500 nm. Generally,
to improve the nanocarriers’ efficiency, their size should not exceed the dimensions of
water-filled channels into biofilms. In addition, nanoparticles sizes above 500 nm can be
easily recognized by the immune system and eliminated from the bloodstream [5]. Surface
properties should be also considered during nanoparticle design to ensure the inhibition
of bacteria proliferation. Specifically, stealth transport through the bloodstream can be
accomplished by decorating nanoparticles with suitable uncharged (polyethylene glycol)
or zwitterionic hydrophilic polymers. Contact-killing capacity is strongly influenced by the
nanoparticle shape that affects local adhesion forces and subsequently the extent of damage
to the bacterial membrane [5]. In this regard, nano-blades or nano-knives by puncturing
bacteria membranes determine the dispersion of intracellular components and cell death.
Finally, the hydrophobic/hydrophilic balance into the interior of the nanoparticles should
be designed to guarantee high loading capacity towards antimicrobial substances, avoiding
the unnoticed loss of the cargo on their way to the infection site.
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Cinnamon bark extract was embedded in PLGA /PVA nanoparticles synthesized by
an emulsion evaporation method using different ratios of lactide/glycolide (65:35 and
50:50); TEM images revealed that nanoparticles were all spherical with a darker perimeter
on the edge of the spheres attributed to the PVA. These products were able to gradually
release active molecules and effectively inhibit S. enterica serovar Typhimurium and L.
monocytogenes after 24 and 72 h at concentrations ranging from 224.42-549.23 pg/mL
(Table 4) [181]. Acerola, guava, and passion fruit by-product extracts were also embedded
in PLGA/PVA nanoparticles with a spherical shape and smooth surface. The antimicrobial
performances against L. monocytogenes Scott A and E. coli K12 were concentration and time-
dependent, with MIC values ranging from 200-1000 pg/mL, higher than the corresponding
isolated extracts (from 500-3000 ug/mL) [182]. Passion fruit by-products (seed and cake)
extracts were encapsulated into nanospheres synthesized by emulsion solvent evaporation
method, involving different PLGA (lactide to glycolide ratios equal to 50:50 and 65:35) as
organic phase and PVA aqueous solution (0.5 % w/w). The antimicrobial properties of the
systems were evaluated against E. coli and L. innocua, and PLGA 65:35 particles showed a
MIC value of 188 pg/mL against L. innocua, while the best PLGA against E. coli was PLGA
50:50 particle with a MIC of 226 pg/mL. In all the cases, the extracts were derived from
cake extracts [183].

Similarly, PLGA/PVA nanoparticles (size range from 145-162 nm) were encapsu-
lated with guabiroba extract (GE), a rich source of polyphenols and carotenoids. Release
experiments, performed at 37°C and neutral pH, displayed an initial burst effect, more
pronounced decreasing the lactide/glycolide ration in the PLGA chain, followed by a
slower release rate of carotenoids. Nanoparticles based on PLGA 65:35 released 77% of
the enclosed molecules after 6 h, while PLGA 50:50 displayed a marked burst effect (92%
after 1 h). This behavior was a consequence of the highest lactide content able to delay the
diffusion of the lipophilic carotenoids through the polymeric chains. Nanoparticles showed
the growth inhibition of L. innocua within the concentration range tested (<1200 mg/mL),
not displayed by the free extract [184]. The same authors improved the synthetic method-
ologies to achieve polymeric nanoparticles, proposing a modified emulsion-evaporation
encapsulation method, allowing the synthesis of delivery devices able to preserve the
extract’s phenolic content for a prolonged time during release. In this study, GE showed
improved antioxidant efficacy and an interesting MIC value of 2.251 pg/mL for PLGA
65:35 nanoparticles against L. innocua [185].

In the search for new antibacterial materials, silica mesoporous nanoparticles (SMN)
have also attracted burgeoning attention due to high surface area, good biodegradabil-
ity, high biocompatibility, tunable pore/particle size, and easy surface functionaliza-
tion [186]. In addition, the presence of a significant porous structure allows designing
high-performance devices to be applied as a carrier in the pharmaceutical and biomedical
fields. Sol-gel chemistry is the synthetic strategy usually proposed to prepare SMN, mainly
involving two reaction steps: (i) synthesis of silica precursor around a template by reac-
tions of hydrolysis and condensation; (ii) removing of the template by solvent extraction
and calcination [187]. The synthetic strategy deeply determined physicochemical and the
morphological properties of the SMNSs, such as size, porosity, and surface properties, as
well as their cytotoxicity and biocompatibility, which represent important peculiarity to
their employment in biological fluids. In this regard, SMNs are hydrolyzed to the nontoxic
silicic acid, easily and safely excreted, and/or absorbed by the human body [188].

By using tetra-alkylammonium and pluronic surfactants with different molecular
weights, it was possible to easily tune SMN pore sizes to better control loading capacity
and cargo release rate. In addition, a relevant concentration of silanol groups on the
SMN s surface permitted the preparation of hybrid inorganic/organic nanodevices, mainly
through condensation reactions, grafting methodology, or direct incorporation of organic
moieties into the silica wall [189].

MCM-41 represents a member of SMN with specific morphological and structural
properties: uniform hexagonal array and channels with pores ranging from 2-50 nm [190].
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This structure was proposed as a carrier of red propolis [191], showing remarkable antibac-
terial, antioxidant, and anticancer properties [192]. MCM-41 nanocarrier was fabricated by
the co-condensation method using n-cetyl-n,n,n-trimethyl ammonium bromide as a tem-
plate. In this view, different amounts of red propolis were embedded in silica mesoporous
nanoparticles and tested against S. aureus at concentrations of 1050, 750, 500, 375, 225, and
150 pg/mL, finding an inhibition zone of approximately 19, 20, 21, 17, 16, and 17 mm in
diameter, respectively.

Table 5. Synthetic polymers employed in the fabrication of nanoparticles for the delivery of antimicrobial natural extracts.

Antimicrobial

Nanoparticle Incorporated Species Activity Against Applications Ref.
. . Salmonella enterica serovar . .
POIY(D.’ L-lactide-co-glycolide)/ Cinnamon bark extract ~ Typhimurium, Listeria An't 1I'mcr0b1al [181]
poly(vinyl alcohol) activity
monocytogenes
Poly(D,L-lactide-co-glycolide) / Acer.ola, suava, and L. monocytogenes Scott A, Improvement of
! passion fruit waste Y . . [182]
poly(vinyl alcohol) Escherichia coli K12 physical texture
extracts
Poly(D,L-lactide-co-glycolide) / Passion fruit S Chemical
poly(vinyl alcohol) by-products E. coli, Listeria innocua disinfectants [183]
Poly(D., L-lactide-co-glycolide)/ Guabiroba extract L. innocua Delivery systems [184,185]
poly(vinyl alcohol)
Silica mesoporous nanoparticles  Red propolis Staphylococcus aureus aACr:itérir;;croblal [191]
S. enterica, Shigella flexneri
serotype 2b, Enterococcus faecalis,
. . Salvia officinalis L. and E. coli, Pseudomonas aerug mosu‘, 5. Antimicrobial
Silica mesoporous nanoparticles aureus, Streptococcus pneumoniae, - [193]
Thymus serpyllum L. activity

Streptococcus pyogenes, Bacteroides
fragilis, Candida albicans, Candida
parapsilosis

MCM-41 was also synthesized by the sol-gel method assisted by hydrothermal treat-
ment and employing tetraethyl orthosilicate and n-cetyl-n,n,n-trimethyl ammonium bro-
mide as silica source and template, respectively. Polyphenolic extracts of Salvia officinalis L.
and Thymus serpyllum L. were encapsulated in these matrices and tested against S. enferica,
S. flexneri serotype 2b, E. faecalis, E. coli, P. aeruginosa, S. aureus, S. pneumoniae, S. pyogenes, B.
fragilis, C. albicans, and C.n parapsilosis, although showing milder improved antibacterial
properties with respect to the parent extracts [193].

6. Conclusions and Future Perspectives

Nanotechnologies have been proposed as a valuable tool to overcome the problems
frequently related to the employment of natural products with pharmacological activities.
Indeed, most of the clinical trials involving natural products fail due to their poor water
solubility, unsuitable molecular weight, and low lipophilicity, which produce unstable
structures undergoing high metabolic rate and fast clearance. In addition, if the bioactive
molecules are accumulated in non-targeted tissues and organs, significant side effects can
be detected.

Currently, different studies proposed polymeric nanocarriers as favorable devices
to increase bioavailability and activities of natural products, representing a plausible
approach for the treatment of a variety of diseases. In particular, the perspectives of a
multidisciplinary approach, expecting the combination between nanotechnology-based
delivery systems and antimicrobial features from natural extracts, are promising in the
infection control in order to produce multi-component devices able to avoid the multidrug-
resistance, usually associated with the infections. Nanodevices, such as nanofibers or
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nanoparticles, were effectively proposed as carriers of extracts from plants, herbals, and
agro-food by-products with remarkable antimicrobial properties.

Electrospun nanofibers, usually fabricated by single-fluid electrospinning, represent
a valuable approach to produce high performing nanodevices. This goal was reached by
employing both natural and synthetic polymers. However, the best results were recorded,
fabricating blended macromolecular structures able to conjugate the feature of synthetic
constituents (cheapness, mechanical resistance, and electrospinnability) with the highest
biocompatibility of the natural polymers, reducing the adverse effects, potentially affect-
ing the different biological compartments. In addition, the loading of several bioactive
molecules within nanofibers required the optimization of different key factors, such as
burst release reduction and/or low delivery efficiency. Recently, coaxial electrospinning
was proposed as an innovative tool to fabricate core-shell nanostructures able to optimize
the distribution of bioactive molecules according to the required function. In this way, the
burst effect was highly reduced, and the antimicrobial effect against both Gram-positive
and Gram-negative pathogens was recorded.

Alternatively, polymeric nanoparticles represent a valuable device with tailored
physicochemical features to become a therapeutic revolution against human pathogens.
They have shown to be biocompatible, non-toxic, safe, biodegradable, and easily eliminated,
providing many advantages to release natural molecules with antimicrobial activity.

However, the transfer of these polymeric systems from the laboratory to practical
healthcare applications remains a significant obstacle. In general, rigorous protocols of
validation of in vitro and in vivo procedures are required to simplify translation from the
bench to the clinical trials. Nowadays, some formulations are in clinical or preclinical
stages in order to verify long-term toxicity, as well as degradation and metabolism. In the
future, the clinical potential of these complex nanostructures should be deeply investigated,
employing effective devices in the pharmaceutical and biomedical fields as delivery systems
and/or tissue engineering scaffolds, useful to ensure infection control, to speed up skin
regeneration, enhancing, in this way, patient’s quality of life.

Similarly, the challenges for large scale fabrication necessitate novelty from engineers
and chemists, and regulatory policies have to facilitate access to trials and patients. Thus,
employing these nanocarriers in clinical practice remains challenging and will represent a
major focus in the next decades.
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Abstract: Infectious diseases along with various cancer types are among the most significant public
health problems and the leading cause of death worldwide. The situation has become even more
complex with the rapid development of multidrug-resistant microorganisms. New drugs are urgently
needed to curb the increasing spread of diseases in humans and livestock. Promising candidates
are natural antimicrobial peptides produced by bacteria, and therapeutic enzymes, extracted from
medicinal plants. This review highlights the structure and properties of plant origin bromelain and
antimicrobial peptide nisin, along with their mechanism of action, the immobilization strategies, and
recent applications in the field of biomedicine. Future perspectives towards the commercialization of
new biomedical products, including these important bioactive compounds, have been highlighted.

Keywords: bromelain; nisin; bioactivity; antimicrobial agent; biomedicine; carrier

1. Introduction

One of the tremendous burdens on human health worldwide is infectious diseases [1],
where antibiotics act as first-line therapy in treating infections caused by bacteria. Still,
their widespread use, over-utilization and improper consumption in humans and animals
cause an increase in the number of resistant bacterial strains. Furthermore, one pathogen
organism is gaining resistance to more than one antibiotic, leading to the development of
multidrug resistance strains for various species, such as Staphylococcus aureus (S. aureus),
Pseudomonas aeruginosa (P. aeruginosa), Salmonella spp., Enterococcus faecium (E. faecium),
Campylobacter, Neisseria gonorrhoeae (N. gonorrhoeae), Streptococcus pneumonia (S. pneumno-
nia) [2], etc. Consequently, the cost of hospitalization and healthcare, together with morbid-
ity and death are increasing [3]. According to World Health Organization and Organisation
for Economic Co-operation and Development at least 700,000 patients die every year from
infections caused by resistant microorganisms [2] and approximately 2.4 million people
in Europe, North America, and Australia are expected to die due to diseases caused by
drug-resistant pathogens over the next 30 years, which means $3.5 billion in economic
cost per year [4]. Furthermore, multidrug resistance of cancer cells against conventional
chemotherapeutic agents [5] is another problem that needs to be solved. Therefore, it is nec-
essary to search for innovative alternative therapies and new drug candidates [6]. Various
studies exhibit promising results when natural antimicrobial peptides and proteins are used
as therapeutics [7], especially since their conjunction with conventional chemotherapeutic
agents promotes effectiveness, decreases antibiotics use and possibly reduces instances of
chemotherapy resistance [8].

This review gives a comprehensive overview on two compounds obtained from two
different natural sources, i.e., nisin as a bacterial origin representative and bromelain as a
plant origin representative. With nearly 50 years of safe usage in the food industry, and
very little evidence of cross-resistance compared with that of conventional antibiotics [7,8],
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non-toxicity and low immunogenicity [9], researchers have begun to explore the nisin,
an antimicrobial peptide with a broad-spectrum of antibacterial activity [6] as a potential
alternative agent for infectious diseases [7]. On the other hand, the demand for medicinal
plants with therapeutic agents has been rising [10] as natural plant products are increas-
ingly recognized as non-toxic, side-effect free, readily available and affordable [1]. Among
them, pineapple has been identified to possess valuable qualities for medical purposes,
especially its proteolytic enzyme bromelain due to its antimicrobial, anti-inflammatory, anti-
thrombotic, fibrinolytic and anti-cancer functions [11]. The present review comprehensively
discusses the structure, isolation and suggested bioactivity mechanisms, as well as immobi-
lization strategies and application of nisin and bromelain in the last 10 years. Published
reports were collected using the Web of Science and Scopus databases, with search terms

i i i i

“bromelain”, “nisin”, “bioactive”, “antimicrobial”, “anticancer”, “anti-inflammatory”, “tox-
icity”, “immobilization”, “adsorption”, “encapsulation”, “entrapment” and “carrier”. Our
aim is to emphasize the importance and relevance of these bioactive compounds, where
the researchers and relevant stakeholders may gain the latest fundamental knowledge
to explore the new possibility of bromelain- or nisin-based products in biomedicine and
pharmacy. Moreover, giving comprehensive information for two different origin bioactive
compounds can allow direct comparison of their ultimate properties and action, giving the
ease of selecting the suitable candidate for a particular biomedical application. Relating
to this, we also point to very limited clinical trials (and even fewer approved products)
involving bromelain and nisin, as contradictory to the potential they hold in this segment.
As a hypothetically written, future perspective, the possibility to combine both bioactive
components in an attempt to merge and even boost their multiple bioactivities, utilising
diverse immobilization routes, have been brought forward.

2. Bromelain
2.1. Structural and Biological Properties

Bromelain is a protein purified from a crude aqueous extract of pineapples (Bromeliaceae
family) [1]. Pineapple is a common name of Ananas comosus, also known as Ananassa sativa,
A. sativus, Bromelia ananas or B. comosa, grown in several (sub)tropical countries such as
Costa Rica, Philippines, Brazil, Thailand, China, Indonesia, India, Malaysia, Hawaii and
Kenya [1,12]. In the pineapple plant, bromelain acts as a defensive protein; it protects the
pineapple throughout the development, maturation and ripening process [13,14].

Bromelain was identified for the first time in 1891 by Vicente Marcano, a Venezuelan
chemist, while its isolation and analysis started in 1894. However, its commercial pro-
duction began in 1957 with Heinecke’s discovery that the pineapple fruit contains less
bromelain than the pineapple stem [15], making a waste by-product stem bromelain more
commercialized [13].

Bromelain belongs to the class of proteases also known as proteinases or peptidases,
a group of enzymes that catalyzes proteolytic reactions where the breakdown of proteins
into smaller polypeptides or single amino acids occurs [13,16,17]. More specifically, it is
classified as cysteine proteinase (EC 3.4.22, CP, also known as thiol proteinase) due to the
cysteine thiol in its active site [1,13]. Crude bromelain (crude extract of the pineapple)
contains various cysteine endopeptidases and other components, including phosphatases,
glucosidase, peroxidases, cellulases, glycoproteins, carbohydrates, ribonucleases, protease
inhibitors and organically bound calcium [1,12,15]. Among them, the specific activity of
proteases is the highest, e.g., the specific activity of protease, peroxidase, acid phosphatase,
alkaline phosphatase and amylase studied in the crude bromelain extracted from pineapple
crown leaf was 45 U/mg, 2.19 U/mg, 1.12 U/mg, 0.98 U/mg, 0.65 U/mg, respectively [18].
At least four evolutionarily and structurally related cysteine endopeptidases can be synthe-
sized from crude bromelain: stem bromelain (EC 3.4.22.32), fruit bromelain (EC 3.4.22.33),
ananain (EC 3.4.22.31) and comosain (Table 1) [1,13,15]. Stem bromelain is the major pro-
tease present in the stem of the pineapple plant, and fruit bromelain is the major protease
in the pineapple fruit [1,19]. Ananain and comosain were detected only in minor quantities
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in stem pineapple [1]. All the endopeptidases of the pineapple plant have generally been
referred to as “the bromelains” and the name “bromelain” was originally used to describe
any protease of the Bromeliaceae family [15].

All four cysteine endopeptidases possess distinguished physicochemical properties, as
summarized in Table 1. Fruit bromelain is an acidic protein, unlike stem bromelain, which
is alkaline (isoelectric point 4.6 and >9.5, respectively). Generally, the molecular weight
of stem and fruit bromelain is from 23.8 to 37.0 kDa and 23.0 to 32.5 kDa, respectively.
This heterogeneity in molecular weight may be due to heterogeneity of the amino acid
sequence and the glycosylation pattern [20], both being a consequence of the formation
of various forms of bromelain isolated from crude bromelain [21]. Furthermore, different
purification methods and several purification steps could also contribute to molecular
weight heterogeneity. The optimum temperature range for stem bromelain is between 40
and 60 °C (37-70 °C for fruit bromelain) and its optimum pH range is 4-8 (3-8 for fruit
bromelain) [1,13,15,22-24]. However, its activity is no longer susceptible to the effect of the
pH once it is combined with a substrate [1]. Bromelain preferentially cleaves glycyl, alanyl
and leucyl peptide bonds [25]. Its activity can be determined using different substrates,
including casein [16,26-28], gelatin [1], azocasein [19,29], azoalbumin, hemoglobin, sodium
caseinate [23,30], and synthetic peptide substrates (N«-CBZ-(-Lysine p- nitrophenyl ester,
Z-Arg-Arg-pNa, Bz-Phe-Val-Arg-pNA, H-Val-Ala-pNA, Suc-Ala-Ala-Val-pNA, Suc-Ala-
Pro-Leu-Phe-pNA, Suc-Phe-Leu-Phe-pNA, Z-Phe-Arg-pNA and Z-Phe-pNA) [31,32]. The
value of Michaelis—-Menten constant (K,) vary significantly when different substrates
(azoalbumin, azocasein, sodium caseinate, casein and hemoglobin) are used for fruit brome-
lain activity determination, being the lowest (0.026 mM) for azoalbumin and the highest
(0.165 mM) for hemoglobin [33]. The most suitable substrate for the fruit bromelain activity
is azocasein, followed by azoalbumin, casein, sodium caseinate and hemoglobin according
to the enzyme catalytic power parameter (Vmax/Km ratio), being 0.104, 0.096, 0.022, 0.020
and 0.014, respectively [33]. Bromelain inactivation rate follows first-order kinetics at 55 °C
and 60 °C, but not above 70 °C, while its thermal deactivation is entirely irreversible and
follows a two-stage mechanism, including the formulation of an intermediate between
native and denatured states [15]. Bromelain retains more than 50% of its original proteolytic
activity after 30 min incubation at 60 °C, from 9% to 22% after 15 min incubation at 70 °C,
and becomes utterly inactive when heated for 10 min at 100 °C [34]. Aqueous proteolytic
activity of bromelain decreases rapidly at 21 °C, while its concentrated forms (>50 mg/mL)
are stable for one week at room temperature and can be repeatedly frozen and thawed [35].

Table 1. Physiochemical properties of cysteine endopeptidases derived from pineapple plants
[1,13,15,22-24].

Stem Bromelain Fruit Bromelain Ananain Comosain
Source Pineapple stem Pineapple fruit Pineapple stem Pineapple stem
Molecular weight [kDa] 23.8-37.0 23.0-32.5 23.4-25.0 24.4-24.5

Isoelectric point >9.5 4.6 >10 >10

Amino acid sequence 212,291, 285 326, 351 216 186
Optimum T [°C] 40-60 37-70 / /
Optimum pH 4-8 3-8 / /

Presence of Yes Yes/No No Yes

Glycoproteins

The activation energy of bromelain is 41.7 kcal/mol [23], and same can be activated
by many chemical agents, including calcium chloride, cysteine, sodium cyanide, bisul-
fate salt, hydrogen sulfide, sodium sulfide and benzoate [13,36,37]. Stem bromelain is
reversibly inhibited during reaction with organic mercury, ions of mercury and tetrathion-
ate. Its irreversible inhibition occurs by reacting with N-ethylmaleimide, N-(4-dimethyl-
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3,5-dinitrophenyl) maleimide, monoiodoacetic acid and 1,3-dibromine acetone due to
alkylation of the thiol group, an essential group for the activity of the enzyme [15].

Until now, several different (fruits or stem) bromelain amino acids sequences have
been deposited in the National Center for Biotechnology Information (NCBI) Genbank
database with around 90-100% similarity. Alanine, glycine and serine are the most abun-
dant amino acids in stem and fruit bromelains, while histidine is present in the lowest
amount [13]. Bromelain amino acid sequence is highly similar to papain, actinidin, pro-
teinase () and chymopapain [24]. A single polypeptide chain constitutes the primary
structure of bromelain with amino acids folded into two structure domains: «-helix domain
(domain cathepsin propeptide inhibitor—I29) and antiparallel 3-sheet domain (domain
peptidase C1) (Figure 1). Mainly, the 129 domains are located between amino acids number
1 and 100 of the N-terminal sites. The structure domains are stabilized by disulfide bridges
and numerous hydrogen bonds. Stem bromelain differs from the fruit bromelain in the
number of polar amino acids (arginine and lysine), and acidic amino acids (aspartate and
glutamate). The stem bromelain contains more polar amino acids, and the fruit bromelain
has more acidic amino acids, leading to a difference in isoelectric point (4.6 and >9.5 for
fruit and stem bromelain, respectively). The active site is located on the surface molecules
between domains and the proposed catalytic residues for the modeled BAA21848 structure
is composed of three amino acids Cys-121, His-254 and Asn-275; for CAA08861 struc-
ture Cys-147, His-281 and Asn-302 are proposed, which fall into approximately the exact
locations as in papain catalytic residues (Cys-25, His-159 and Asn-175) [13,38].

(@) (b)

Figure 1. Model domain organisation of (a) fruit bromelain (sequences with the accession number of
BAA21848 in the NCBI Genbank database and 352 amino acids) and (b) stem bromelain (sequences
with the accession number of CAA08861 in the NCBI Genbank database and 357 amino acids). «-
helix domain (domain 129 at the N-terminal region) is colored in green, 3-sheet domain (domain
peptidase C1 at the C-terminal region) is colored in orange. The catalytic amino acids of both
models are represented as sticks (Reproduced with permission from [13], Elsevier, Amsterdam,
The Netherlands, 2018).

2.2. Isolation, Extraction and Purification

Bromelain can be isolated from all parts of the pineapple plant (stem, core, peel, crown
and leaves), which affect the concentration and composition. The stem and pineapple
fruit allow the production of high amounts of bromelain, while the pineapple core, peel
and leaves contain smaller quantities, yet, together with pineapple stem and crown, they
represent up to 50% (w/w) of the total pineapple waste [16], making extraction of bromelain
from pineapple waste economically and environmental attractive [28]. Consequently, the
most commercially available bromelain is usually obtained from pineapple stem, which
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is also therapeutically more effective and shows higher proteolytic activity than fruit
bromelain [17].

Numerous strategies have been developed for the extraction and purification of brome-
lain. The bromelain production process consists of several sequential steps, as depicted in
Figure 2. Fresh pineapple stem parts or any other parts of the pineapple are washed, cut
into small pieces, crushed in an industrial blender to disrupt the plant cells and separate
the enzyme from the cells, filtered to remove the fibrous material and centrifugated to
remove insoluble materials [1,38—40]. The obtained supernatant is called crude extract
and is further purified as impurities and by-products (e.g., proteins, pigments, polysaccha-
rides) can react with bromelain and inhibit its activity [17]. Purification can be done using
chromatographic processes (among them ion-exchange chromatography with prior precip-
itation by adding ammonium sulfate is the most relevant), a two-phase aqueous system
(e.g., PEG/K;SO4, PEG/MgSOy4, PEG/poly(acrylic acid), PEG/(NH4)2504) or a reverse
micellar system [1,17,41], the selection primarily depends on the application. Purification
can also be performed by membrane-based processes (microfiltration, ultrafiltration) [40] or
precipitation, followed by centrifugation and solubilization in phosphate buffer [38]. The
residual specific activity of crude pineapple extract purified by fractionation using ammo-
nium sulfate at 20-50% saturation level is 70 U/mg with the total activity of 167.3 U, total
protein content of 2.39 mg and the purity level of 5.3 fold compared to the crude enzyme
extract [16]. When acetone (50-80% saturation) was used as fractionating agent, the residual
specific activity of bromelain fraction was 19.7 U/mg [16]. The crude bromelain of pineap-
ple fruit purified by high-speed counter-current chromatography coupled with the reverse
micelle solvent system yielded 3.01 g of bromelain from 5.00 g crude extract in 200 min [42].
The choice of a purification method determines the purity of the enzyme and the enzyme
production cost [40]. Commercially available bromelain is produced by a lengthy and
costly purification method that yields bromelain in varying degrees of purity [32]. The
purification steps correspond to 70-90% of the total production costs [38], implying the
need to develop innovative, cost-efficient methods for pure bromelain production in fewer
steps [39].

Isolation of bromelain from pineapple fruit and its various parts is not the only way
to obtain bromelain; researchers are also trying to clone the bromelain gene in multiple
hosts, such as E. coli BL21-AlI [32,43,44], E. coli BL21-CodonPlus(DE3) [45], E. coli BL21
DE3pLysS [14], Pichia pastori [46] and Chinese cabbage (Brassica rapa) [47], leading to re-
combinant bromelain—an intracellular enzyme abundant in the cytoplasm of the host cell,
meaning that the host cell wall needs to be disrupted using homogenization, chemical lysis,
sonication with lysozyme or freeze-thawing to release the bromelain [44]. Amid et al. [32]
reported about higher specific activity of recombinant bromelain (1.231 U/mg) in com-
parison to commercial bromelain (0.846 U/mg) when the release of p-nitrophenol from
a synthetic substrate Na-CBZ-(-Lysine p-nitrophenyl ester was monitored. The recom-
binant bromelain obtained in a single step immobilized metal affinity chromatography
was purified 41-fold and showed optimum activity at pH 4.6 and 45 °C [32]. In contrast,
George and co-workers [14] reported a higher protease activity of native bromelain ob-
tained from Sigma (a purified form of crude stem bromelain) in comparison to recombinant
bromelain when casein was used as a substrate. Crude bromelain showed even higher
proteolytic activity than native bromelain due to its composition of a mixture of protease
complexes which can cleave substrate even more effectively. However, the effectiveness
of the extraction of the (recombinant) bromelain and its residual activity are related to
the choice of buffer, presence of chelating agents (ethylenediaminetetraacetic acid (EDTA),
cyclohexane-1,2-diaminoetetraacetic acid (CDTA), hydroxyethyl ethylenediamine triacetic
acid (HEDTA)), reducing agents and protease inhibitors [44].
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Figure 2. Scheme of a typical bromelain production.

2.3. Bioactivity

Bromelain has been a valuable compound in traditional medicine in Southeast Asia,
Kenya, India, and China for a long time [28,48] due to its numerous therapeutic effects
(Figure 3), including antimicrobial [16,49,50], anti-inflammatory [30,51], anticoagulant [52],
anticancer [53,54], antiplaque [55,56], and antiulcer properties [50]. Furthermore, it is
also beneficial for wound healing [57-60], dermatological disorders [19], post-surgery
recovery, enhanced antibiotic absorption [1], treatment of osteoarthritis [61], sinusitis and
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diarrhea [17]. Recently, bromelain is suggested as an antiviral agent against COVID-19
due to the inhibition of different versions of SARS-CoV-2 [62]. Some of its therapeutic
mechanisms are discussed below.

e
[j Anti-ulcer . Bro@‘g]ain Anticancer

e - Ca.

urgery recovery

Figure 3. Overview of the bromelain bioactivity.

Antibiotic absorption

The mechanism behind the antimicrobial activity of bromelain is not well known,
yet, is believed that bromelain may hinder bacterial growth by hydrolyzing some peptide
bonds in the bacterial cell wall [14]. When bromelain digests the surface proteins, the cell
wall is damaged, allowing the cell to leak, swell, and open [1]. Bromelain also inhibits
the growth of some bacteria by preventing bacterial adhesion to specific glycoprotein
receptors on the surface [1,48]. Furthermore, bromelain inhibits enterotoxin production
of Escherichia coli (E. coli) and prevents diarrhea caused by E. coli [17]. Bromelain shows
antimicrobial activity against both Gram-positive and Gram-negative bacteria, including
E. coli, Aggregatibacter actinomycetemcomitans (A. actinomycetemcomitans), Porphyromonas
gingivalis (P. gingvalis), Streptococcus mutans (S. mutans) [56], Bacillus subtilis (B. subtilus), (S.
aureus), Pseudomonas aeruginosa (P. aeruginosa), Proteus spp., Acinetobacter spp., ... [1,63].
Additionally, synergistic use of bromelain and antibiotics increases the antibacterial effect
due to increased absorption of antibiotics induced by bromelain, leading to better drug
distribution in the microbes [1,17]. Bromelain has also been reported to act as an inhibitor
of fungal pathogens [39,64].

Inflammation is the body’s attempt to protect itself [28]. It is a complex biological
mechanism primarily regulated by the disruption of tissue homeostasis [17]. Most of-
ten, non-steroidal anti-inflammatory drugs are prescribed to combat the classic signs of
inflammation (heat, pain, redness and swelling), leading to severe damage to the gastroin-
testinal tract and numerous side effects. In such cases, the bromelain can be used as an
alternative [28] due to its anti-inflammatory activity mediated by (Figure 4):
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e increased serum fibrinolytic activity, reduced plasma fibrinogen levels and decreased
bradykinin levels (resulting in reduced vascular permeability), thereby reducing
edema and pain;

e modulating the formation of pro-inflammatory prostaglandins (by lowering lev-
els of prostaglandin E2 (PGE2) and thromboxane A2 (TXA-2)), enhancing the anti-
inflammatory mediators and the levels of prostaglandin 12 (PGI-2);

e  modulating specific immune cell surface adhesion molecules—acting on the migration
of neutrophils to inflammation sites [28,61,65].

* Bradykinin (vascular

permeability, pain) * TNF (leukocytes adhesion)

N
€\-P‘\ * IL-1 (leukocytes adhesion)

d
¢ TXA-2 (vasoconstriction, e 6@0“\ e

platelet aggregation)  Mediators of acute Medlatoisol acuts: PGI-2 (Va_SOd'Iatlon: platelet
+ PGE-2 (vasodilation) inflammation inflammation aggregation)

Blood clotting

* Degradation of fibrin
* Prothrombin reduction
* Prekallikrein reduction

Figure 4. Anti-inflammatory and anticoagulant mechanisms of action of bromelain (Adapted with
permission from [65], MDPI, Basel, Switzerland, 2021).

Because of these actions, bromelain is potentially effective in several conditions and
diseases associated with inflammation, including rheumatoid arthritis, osteoarthritis, car-
diovascular diseases, skin wounds and burns, perioperative sports injuries and chronic
rhinosinusitis [65]. Furthermore, inflammation is also associated with cancer; suppress-
ing chronic inflammation may inhibit cancer progression due to reduced PGE-2 and
prostaglandin-endoperoxide synthase 2 (COX-2) after bromelain administration [17]. The
anti-inflammatory effect of bromelain is also the most traditional and established one [17].

Bromelain affects blood clotting by increasing the fibrinolytic capacity of serum and
inhibiting the synthesis of the blood-clotting protein fibrin (Figure 4). It also decreases
prekallikrein—a proenzyme that must be converted to kallikrein to help in coagulation.
Consequently, it inhibits the generation of bradykinin, leading to pain and edema reduction,
and increased circulation on the side of the injury [17,28,39].

The molecular mechanisms of bromelain’s anticancer activity are also not fully under-
stood [11]. However, some research has suggested that the bromelain anticancer mechanism
is mainly attributed to its protease components and proteolysis [11,35]. One of the described
anti-tumor mechanisms of bromelain includes induced differentiation of leukemic cells,
leading to apoptosis of tumor cells [1]. Bromelain inhibits the growth of cancer cells by
increasing the expression of two activators of apoptosis in mouse skin—p53 and Bax [66].
It also decreases the activity of cell survival regulators such as Akt and Erk, promoting
apoptotic cell death in tumors. Expression of promoters of cancer progression—nuclear
factor kappa B (NF-kB) and Cox-2 are also inhibited by bromelain in mouse papillomas
and models of skin tumorigenesis [1,11].

Bromelain is well tolerated and considered a safe nutraceutical with no serious ad-
verse effects [30,65]. It has already received FDA approval for clinical use as an orally
administered anti-inflammatory and anticoagulant therapeutic [52]. Its oral administration
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is well tolerated even in high doses (up to 3 g/day) for prolonged therapy periods, even
up to several years [11]. It has a very low level of toxicity [48]. The lethal dose (LD50) for
intraperitoneal administration is 37 mg/kg and 85 mg/kg for mice and rabbits, respectively,
and 30 mg/kg and 20 mg/kg for intravenous administration [65], with no immediate toxic
reactions [25]. Daily oral administration of 500 mg/kg of bromelain did not provoke any al-
teration in food intake, growth, histology of the heart, kidney and spleen, or hematological
parameters in rats [25]. After daily bromelain administration up to 750 mg/kg no toxicity
was observed in dogs after 6 months [17]. No relevant side effects have been observed in
humans at doses of up to 2000 mg/kg, even with prolonged oral administration [65]. How-
ever, clinical trials have reported some side effects, mainly gastrointestinal (i.e., diarrhea,
nausea and flatulence), headache, tiredness, dry mouth, allergic reactions, and bleeding
risk, especially in individuals treated with other anticoagulant drugs [17,61,65].

2.4. Immobilization Strategies

One of the issues related to enzymes (such as bromelain) utilization is a decline of
their activity with time or after processing. Indeed, enzymes, isolated from their natural
environments, are susceptible to process conditions, such as pH, temperature, strong acids
and bases, and non-aqueous solvents, which may affect their activity [67], health benefits
and pharmaceutical applicability [68]. A promising strategy to secure their efficiency is
immobilization [69], which requires selecting supporting material (inorganic components,
synthetic polymers or natural polymers) with suitable surface chemistry for controlled
enzymatic attachment. The next step is optimizing the immobilization process towards
desired immobilization yield, activity retention of even amplification, stability and reusabil-
ity [69] (Figure 5). Successful immobilization requires thorough knowledge and control
of the interactions between the carrier and the enzyme [70]. The choice of immobilization
method and carrier depends on the nature of the immobilized compound and the goal of
immobilization (resistance against high temperature, pH, controlling the release, preventing
negative interactions ... ) [71].

6 ~ conditions
- Immobilization yield
Attachement - Activity
- Physical adsorption - Stability
- Covalent bonding - Reusability
‘ - Entrapment

- Encapsulation

Support material  _ crosslinking

- Natural polymers
- Synthetic polymers
- Inorganic components

Figure 5. Steps for immobilization of bioactive enzymes.

Immobilization methods and carriers utilized for immobilization of bromelain in the
last 10 years are summarized in Table 2 and Figure 6. Bromelain has been combined mostly
with nanoparticles, hydrogels, fibers and matrices with the aim to improve the properties
of the final formulation [29]. Baker and co-workers [72] encapsulated bromelain in silica
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nanosphere aggregates, using sodium metasilicate as a silica precursor and ethyleneamines
(diethylenetriamine (DETA), triethylenetetramine (TETA), tetraethylenepentamine (TEPA),
and pentaethylenehexamine (PEHA)) of different chain lengths as initiators. They found
out that increased loading mass of bromelain resulted in the increased activity of bromelain,
being 61.7% when 10 mg of bromelain was encapsulated in silica and only 12.1% when
2 mg of bromelain was used. The encapsulation also increases the thermostability with
maximum activity at 40 °C for free bromelain and at 50 °C for encapsulated bromelain. At
70 °C free bromelain lost its activity while encapsulated bromelain retained approximately
30% of its activity [72]. Chitosan-methyl cellulose hydrogel [73], freeze-dried chitosan
nanoparticles [29], chitosan microspheres [74], poly(lactide-co-glycolic) acid nanoparti-
cles [75] and katira gum nanoparticles [76] have also been studied for encapsulation of
bromelain, showing various immobilization yield and bromelain activity. Esti et al. [77]
covalently immobilized stem bromelain on chitosan beads by direct mechanism, involving
the bromelain carboxyl groups of Asp or Glu residues and the amino groups of the chi-
tosan. Ataied et al. [78] studied bacterial nanocellulose as a support material for physical
adsorption of bromelain and reported about 9-times increased antimicrobial activity of
adsorbed bromelain. Holyavka et al. [70] also used the adsorption method for immobi-
lization of cysteine proteases onto chitosan and observed significant loss of the bromelain
catalytic activity due to: (a) nonspecific binding, (b) structural changes of bromelain upon
interaction with the carrier, and (c) diffusional and steric limitations, leading to impeded
access of the active bromelain center [70]. All the studies clearly show the influence of the
carrier and immobilization method on bromelain’s immobilization yield, residual activity,
and thermal stability. By choosing a suitable carrier and immobilization method, it is
possible to significantly reduce the influence of the carrier on the structural and functional
properties of the bromelain [70], enhance its stability and activity upon exposure to a wide
range of pH and high temperatures and improve its antimicrobial and anti-inflammatory
activity. However, there is not yet a standard, highly efficient immobilization approach for
bromelain delivery [29].

Table 2. Review of bromelain immobilization methods.

Immobilization Carrier/Support Crosslinking Agent or
Method Material Initiator Outcomes References
1-ethyl-(3-
mo diﬁefipr?eissg orous dimethylaminopropyl) - Enhanced diffusion of MSN
o P carbodiimide/N- within the tumor extracellular [52]
silica nanoparticles o .
(MSN) hydroxysuccinimide matrix
(EDC/NHS)
Chitosan beads / Tighe resstance 10 1 S0, skin (7]
(Chitopear] BCW-3010) 5 ° 2
and seed tannins
- 88.14% activity yield of
Covalent Epichlorohydrin + immobilized bromelain at pH 7
immobilization Lyocell fibres glutaraldehyde (GA), - High stability of immobilized [79]

EDC, and APTES + GA  bromelain at pH range 6-8
- pH 7 is ideal for immobilization

- 77% immobilization binding

Chitosan—cobalt— - 85 & 2% of the initial catalytic
magnetite GA activity retained [80]
nanoparticle - 50% of the initial catalytic activity
after the fifth use

(montmorillonites/bentonites

Chitosan—clay - Increased immobilization yield,

GA decreased catalytic activity of the [81]

ioli . e .
or sepiolite) immobilized bromelain

nanocompositefilm
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Table 2. Cont.

Immobilization Carrier/Support

Crosslinking Agent or

Method Material Initiator Outcomes References
- Increased stability of bromelain
concerning UV irradiation in
Chitosan matrix / comparison with free enzymes [82]
- Chitosan matrix acts as
photoprotector
Chitosan - D.estruction of a part of the
. helical structure
colloidal / . .. [70]
. - Decreased catalytic activity of
particles b lai
romelain
- Adsorption followed
second-order kinetics
Magnetic carbon / - Bromelain (c = 100 pug/mL) alone [66]
nanotubes and in combination with
nanotubes efficiently inhibited the
HT-29 colorectal cancerous cells
. - Spontaneous interaction of AgNP
Adsorption with bromelain
Ag / - Main forces are electrostatic and 83]
nanoparticles hydrophobic interactions
- Adsorption follows
pseudo-second-order kinetics
Magnetic - Red 120-CS-MNP are suitable
nanoparticles with carrior
chitosan and reactive / - Adsorption isotherm fitted the (841
red 120 Freundlich model well
(Red 120-CS-MNP)
- Improved stability and activity of
Spores of the / the bromelain upon exposure to a [85]
probiotic Bacillus wide range of pH and high
temperatures
nar]?zzglzlr:ﬁi)se / - Improved antimicrobial activity [78]
N- - New release system evolving
isopropylacrylamide / hydrogels and bromelain for [86]
(PNIPAAm) hydrogels wound healing
Entrapment -
Alginate—arabic gum - 19% of bromelain was . -
/ incorporated, 227% swelling ratio [87]

hydrogels

of final hydrogel
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Table 2. Cont.

Immobilization Carrier/Support

Crosslinking Agent or

Method Material Initiator Outcomes References
Silica nanoparticles DETA, TETA, TEPA, or Increased thermal stability [72]
PEHA
Chitosan—methyl - Bromelain as a drug for digestion
GA [73]
cellulose hydrogel problem
- 85.1 & 1% encapsulation
efficiency
Chitosan-bromelain-nanoparticles
presented 4.9 U/mL of enzymatic
Freeze-dried chitosan Sodium activity (104.7% of free bromelain [29]
nanoparticles tripolyphosphate activity)
- Freeze-dried
chitosan-bromelain-nanoparticles
improve bromelain and
nanoparticle stability (maltose as
lyoprotectant)
Katira eum - Enhanced anti-inflammatory
st / activity of bromelain against [76]
nanoparticles
carrageenan
Glutaraldehyde
crosslinked chitosan / - 84.75% encapsulation efficiency [74]
microspheres
Encapsulation ide-co-
P Poll yc(ifgiiicdo / - 48 & 4.81% entrapment efficiency [75]
&Y . - Enhanced antitumor effect
nanoparticles
- Oral administration of
encapsulated nanoparticles
reduced the tumor burden of
Poly(lactide-co- Ehrlich ascites carcinoma in mice
glycolic) acid / and increased their life-span [53]
nanoparticles (160.0 £ 5.8%) when compared
with free bromelain (24 + 3.2%)
- Enhanced anti-carcinogenic
potential upon oral administration
- 85.42 + 5.34% entrapment
efficiency
. - Lyophilized formulation ensured
Eudragit L 100 / 2-year shelf-life at room [88]
nanoparticles
temperature
- Oral bromelain delivery in
inflammatory conditions
- ~77% entrapment efficiency
Nanostructured lipid ) ]?lmmlshed of p.a w edema, 101nt
. . . stiffness, mechanical allodynia,
carrier (lecithin-steric tisste damage
acid-Span-80) & [89]

emulsified with PVA
solution

- Alleviation of oxidative stress
and immunological markers

- Application in rheumatoid
arthritis
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Figure 6. Schematic illustration and SEM micrographs of immobilization methods of bromelain:
(a) entrapment into hydrogels (Reproduced with permission from [86], Elsevier, Amsterdam, The
Netherlands, 2018); (b) adsorption onto chitosan matrix (Reproduced with permission from [70],
Elsevier, Amsterdam, The Netherlands, 2021); (c) covalent immobilization (Reproduced with per-
mission from [81], Elsevier, Amsterdam, The Netherlands, 2018); (d) entrapment into nanoparticles
(Reproduced with permission from [29], Elsevier, Amsterdam, The Netherlands, 2021); (e) SEM
micrographs of encapsulated silica nanoparticles formed without bromelain (left) and with bromelain
(right) (Reproduced with permission from [72], John Wiley and Sons, Hoboken, NJ, USA, 2014).

2.5. Applications

Bromelain finds widespread applications in several areas, including medicine, health,
food, and cosmetics [15]. In the food industry, it is used for meat tenderization [90-92]
(together with papain representing 95% of the enzymes used to tenderize meat in the
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USA [32]), baking process [93], protein hydrolysate production [94], as a food supple-
ment [95-97] and as an anti-browning agent in fruit juices [98]. Furthermore, bromelain
also shows antimicrobial activity against Alicyclobacillus acidoterrestris (A. acidoterrestris),
Gram-positive bacteria often related to the deterioration of acidic products (citrus juices,
iced tea, isotonic drinks and tomato extract) [99]. Still, its main application continues to be
in the pharmaceutical industry [24].

Several experimental data and clinical studies showed better burns and wound healing
under the influence of bromelain due to its proteolytic, anti-inflammatory, antibacterial,
and anti-edematogenic effects [58,59,73,86,100-102]. Recently, Chen et al. demonstrated
reduced inflammation and improved wound healing rate in a rat model when treated with
bromelain-immobilized electrospun poly(e-caprolactone) fibres [100]. These fibres also
effectively prevented wound infections due to their antibacterial activity against Gram-
positive bacteria S. aureus, dominant in the initial stage of chronic wound formation, and
Gram-negative bacteria E. coli [100]. Aichele et al. confirmed the effect of bromelain
on myofibroblast reduction, resulting in attenuated fibrotic development [58]. Topical
application of bromelain is effective in the eschar removal (debridement) of uncomplicated
gunshot wounds when used as an adjunct to a simple wound incision and simplifies the
conventional wound excision treatment [103]. Bromelain treatment has a characteristic of
attacking mainly necrotic tissue, while healthy tissue seems unaffected [58]. One example is
bromelain-based enzymatic debridement product NexoBrid (produced by MediWound Ltd.,
Yavne, Israel), which reduced infection, blood loss, length of hospital stays, and the need
for skin grafting in treating deep partial and full-thickness burns due to early non-surgical
eschar removal without harming surrounding viable tissue (Figure 7) [59,101,104,105]. The
NexoBrid, a topically-applied concentrate of proteolytic enzymes enriched in bromelain,
was clinically approved in 2012 by the European Medicines Agency (EMA) to remove
dead tissue in severe skin burns, and until now is the only clinical-approved application of
bromelain [106]. Moreover, EscharEx (MediWound Ltd., Yavne, Israel) is another bromelain-
based enzymatic debridement currently in development for chronic wounds [107,108].
Several researchers have also incorporated bromelain into various hydrogels [73,86,87,102]
to create a dressing that ensures a moist environment around the wound and provides a
barrier against infection [87].

Bromelain has clinical potential for the treatment of skin problems such as acne
owing to its antimicrobial activity against microbial flora that is often associated with acne
infection, including P. acne, S. aureus, C. diphtheria and E. coli, among which S. aureus was the
most susceptible organism to the action of bromelain extracts, followed by P. acne [16,19].

In addition, bromelain can be used to inhibit the growth of bacteria that causes dental
caries due to the intense antimicrobial activity against P. ginguvalis (diameter of clear zone
of 21 mm) [56]. The minimum inhibitory concentration (MIC) of bromelain against mi-
croorganisms associated with periodontal diseases was also determined by Praveen and
co-workers, being 2 mg/mL, 4.15 mg/mL, 16.6 mg/mL and 31.25 mg/mL for S. mutans,
P. gingivalis, A. actinomycetemcomitans and Enterococcus fecalis (E. fecalis), respectively [50].
The minimum bactericidal concentration (MBC) of crude bromelain of pineapple fruit to
multidrug-resistance Gram-negative P. aeruginosa is 0.75 g/mL [109]. P. aeruginosa is a lead-
ing cause of nosocomial infections, responsible for 10% of hospital-acquired infections [109].
Crude bromelain, extracted from pineapple fruit, exhibited a 12 mm zone of inhibition
against Streptococcus pneumoniae (S. pneumoniae), P. aeruginosa and S. aureus at a concen-
tration of 1.0 g/mL [63]. Crude bromelain extracted from pineapple crown leaf (aqueous
extract of pineapple crown leaf) showed 70-95% inhibition of microbial growth with MIC
range of 1.65-4.95 mg/mL against laboratory strain Saccharomyces cerevisiae (S. cerevisiae)
and E. coli XL1 blue, type strain S. aureus, drug-resistant strain E. coli DH5x pet16b Amp”
and two pathogenic strain B. subtilis and Candida albicans (C. albicans) [18]. It is also hypothe-
sized that bromelain inhibits the development and progression of periodontitis through the
elimination of important cell surface molecules (CD25) in leucocytes (proteolytic activity
of bromelain), decreased growth of periodontal microorganisms (anti-adhesion property),
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reduced migration of neutrophils to periodontal sites (the hyperactivity of the neutrophils
leads to damage of the periodontium), downregulating of inflammatory mediators (COX-2,
tumor necrosis factor (TNF)), decreased osteoclastogenesis process with reduction in alveo-
lar bone loss (Figure 8a,b) [110,111]. A clinical study conducted by Odresi et al. confirmed
the anti-edematous action of bromelain in third molar surgery. The group treated with
bromelain showed a reduced inflammatory response compared to the control group [112].

Figure 7. Bromelain-based treatment (BBT): (a) venous insufficiency ulcer; 1—pre-existing for
5 months, 2—after first BBT 4-h application, 3—after fourth BBT 4-h application (16 h total ex-
posure to bromelain-based debridement), 4—one week post-split-thickness skin grafting, 5—seven
weeks post-split-thickness skin grafting (Adapted with permission from [108], John Wiley and Sons,
Hoboken, NJ, USA, 2018); (b) large venous leg ulcers; 1—venous leg ulcer pre-existing 10 weeks,
2—after 7 BBT, and 3—two months after split-thickness skin grafting (Reproduced with permission
from [107], John Wiley and Sons, Hoboken, NJ, USA, 2021); (c) hand burn; 1—before BBT, 2—after
BBT, 3—outcome 38 days post-burn (Reproduced with permission from [104], Baoshideng Publishing
Group Inc., Pleasanton, CA, USA, 2017).

The anticarcinogenic effect of bromelain has been investigated through in vitro studies
involving various cancer cell lines [66]. It can inhibit the growth and proliferation of mouse
breast carcinoma 4T1, human breast adenocarcinoma GI-101A and MCF7, human prostate
carcinoma PC3 and human gastric carcinoma AGS in a dose-dependent manner [43,113-115].
Bromelain concentration >75 pg/mL remarkably decreased cell viability in MCF7, PC3 and
AGS human cell lines as a single therapy [113]. Moreover, it is also effective as an anticancer
agent against cell lines of melanoma (A375), epidermoid carcinoma (A431) [116], gastric
carcinoma (KATO-III and MKN45) [117], colorectal cancer (human colon adenocarcinoma
(Caco-2)) [118], ovarian cancer (A2780), colon cancer (HT29) [119], lung cancer [120], pan-
creatic [121] and liver cancer (hepatocellular carcinoma HepG2) [10]. The absorption and
efficiency of chemotherapy drugs (5-fluorouracil, vincristine, cisplatin, idarubicin, doxoru-
bicin), antibiotics (amoxicillin and tetracycline) or blood pressure medication (captopril and
lisinopril) [17,122-124] can be potentiated when combined with oral, subcutaneous or intra-
muscular administration of bromelain [17]. Higashi et al. [121] investigated whether bromelain
could be used to degrade the barrier of dense extracellular matrix (ECM), a characteristic
inhibitor of penetration of anticancer drugs in the treatment of pancreatic cancer. Due to
the short half-life of the bromelain in the blood, they prepared reversibly PEGylated brome-
lain using “self-assembly PEGylation retaining activity (SPRA)” technology, thus retaining
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high bromelain activity and causing ECM degradation and increase of anticancer drugs in
tumor tissue of pancreatic cancer (Figure 8c) [121]. Encapsulated bromelain also enables slow
delivery, thus being favorable for cancer treatment [66].
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Figure 8. (a) Comparison of the control group (normal gingiva), periodontitis group and group
treated with bromelain 15 mg/kg (arrow shows the first molar and the letter T shows the tongue).
Group treated with bromelain indicates improvement of gingival papilla staining, reduction in edema,
absence of bleeding and moderate bone loss (Reproduced with permission from [111], John Wiley and
Sons, Hoboken, NJ, USA, 2020); (b) morphometric analyses of alveolar bone height; * p < 0.05 indicates
the Periodontitis groups versus the Control group and # p < 0.05 indicates the Periodontitis groups
versus the Bromelain group (Reproduced with permission from [111], John Wiley and Sons, Hoboken,
NJ, USA, 2020); (c) the scheme of the SPRA-bromelain suggested a mechanism of ECM-degradation
in pancreatic cancer (Reproduced with permission from [121], ACS Publications, Washington, DC,
USA, 2020).

Bromelain effectively reduces the risk of clots-associated problems, including stroke or
heart attack [15,17,25] due to the breaking down of the blood-clotting protein fibrin [125].
Bromelain has been shown to be effective in treating rheumatoid arthritis [86], exercise-
induced muscle injuries [125] and edema caused by post-surgical trauma [19]. It was
also used in treating patients with osteoarthritis, where it worked similarly to diclofenac
treatments [126]. In combination with Boswellia serrata (B. serrata), bromelain improved the
quality of life of patients suffering from different forms of osteoarthritis [96].
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3. Nisin
3.1. Structural and Biological Properties

Antimicrobial peptides (AMPs) are cationic, hydrophobic or amphipathic natural
antibiotics, consisting of amino acid residues of varying lengths (up to 100) in a linear or
cyclic arrangement [127], derived from bacteria, insects, plants, birds, amphibians, fish,
and mammals [128-130]. AMPs have attracted much attention because of their potent
antibacterial activity against a broad spectrum of microorganisms, multiple modes of
action, a low bacterial resistance rate, ability to destroy target cells rapidly and low cyto-
toxicity [127,131-134], therefore showing potential to overcome the growing problems of
antibiotic resistance [135,136]. An example of AMPs is also an odorless, colorless, tasteless
substance—mnisin [131]. It is a cationic, amphiphilic, antimicrobial polypeptide [137,138], ri-
bosomally synthesized and posttranslationally modified to its biologically active form [139].
It is a member of bacteriocins, classified as a Type A (I) lantibiotic [140], identified in 1928
in fermented milk cultures [6]. It contains the hydrophobic residues at the N—terminus
and hydrophilic residues at the C—terminus (Figure 9a) [138], five thioether rings and
four amino acids, usually not found in nature: lanthionine (Lan), 3-methyl lanthionine
(MeLan), and two dehydrated amino acids—dehydroalanine (Dha) and dehydrobutyrine
(Dhb) (Figure 9b,c) [141,142]. These amino acids result from posttranslational modification
of serine, threonine, and cysteine [143]. Moreover, the thioether rings give nisin unique
properties, including nanomolar antimicrobial activity, resistance against proteolytic degra-
dation and high heat stability [135]. The first two thioethers rings can bind lipid II, the
flexible hinge region together with the last two thioethers rings can flip into the membrane
and create a pore [3]. Unmodified prenisin contains 57 amino acids: the first 23 from the
leader peptide and the last 34 residues from the core peptide [144]. The leader peptide
renders the propeptide inactive and must be cleaved for a nisin to gain antimicrobial
activity [142]. Therefore, active nisin consists of only 34 amino acids [3].
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Figure 9. (a) Primary structure of nisin Z with highlighted residues involved in crucial aspects of the
antimicrobial activity (Adapted with permission from [145], Elsevier, Amsterdam, The Netherlands,
2018); (b) chemical formula of dehydroalanine (Dha), dehydrobutyrine (Dhb), lanthionine (Lan),
and p-methyl lanthionine (MeLan) (Adapted with permission from [145], Elsevier, Amsterdam, The
Netherlands, 2018); (c) chemical structure of nisin A (Reproduced with permission from [146], RSC,
Cambridge, UK, 2012).

Nisin is mainly produced by Gram-positive bacteria that include Lactococcus and
Streptococcus species [7] (e.g., Lactococcus lactis (L. lactis) [137], Streptococcus hyointestinalis
(S. hyointestinalis) [147], ... ). Various production strains also lead to different naturally
occurring variants of nisin (nisin A, nisin Z, nisin F, ... ). The molecular weight of nisin
depends on the production strain; usually, it is between 3.0 and 3.5 kDa [147]. This
polypeptide has an amphipathic property [140], is cationic at neutral pH and has an
isoelectric point above 8.5 [148]. Nisin has no absorbance at 280 nm due to the absence of
aromatic amino acids [149].

Nisin has been approved by the Joint Food and Agriculture Organization World Health
Organization (FAO/WHO, 1969), the US Food and Drug Administration (FDA, 1988) [7],
the European Food Safety Authority (acceptable uptake of 0.13 mg/kg/day/person [150])
and the Food Standards Australia New Zealand [151]. It was generally regarded as safe
(GRAS) [151,152]. So far, it is the only bacteriocin in the market allowed to be used as a
food additive [153].
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3.2. Isolation

Since the first discovery of nisin (nisin A) in fermented milk cultures, several natural
and bioengineered variants of nisin have been identified [7,147], which differ in their
structure and properties (solubility, chemical reactivity, and spectra) [154]. Up to now,
there are eleven reported natural occurring nisin analogues: nisin A, nisin Z, nisin F,
nisin Q, nisin H, nisin O A1-A3, nisin O A4, nisin U, nisin U2, nisin P, nisin J (Table 3),
isolated from various bacterial genera such as Lactococcus, Streptococcus, Staphylococcus,
and Blautia, located in dairy products, human gastrointestinal tract, bovine mammary
secretions, human skin microflora, porcine intestine, an alimentary tract of ruminants, fish
gut and river water in Japan [7,155]. Nisin analogues from the same genera are more like
each other than analogues from different genera. Nisin A and nisin Z are both isolated from
L. lactis, found in dairy products, and differ only in one amino acid at position 27; histidine
(His) in nisin A is substituted with asparagine (Asp) in nisin Z (Table 3, highlighted in
yellow). This substitution mainly affects the solubility of the polypeptide. It causes nisin Z
to be more soluble at neutral pH than nisin A due to a more polar side chain of the Asp in
comparison to His at neutral pH; it has minimal effect on antimicrobial activity, resistance
to pH changes, sensitivity to proteolytic enzymes and thermal stability [149,155]. Nisin F
differs from nisin A due to Asp and valine (Val) at positions 27 and 30. Nisin Q differs in
comparison to nisin A in three amino acids at four positions: valine (Val, in position 15
and 30), leucine (Leu, in position 21), and asparagine (Asp, in position 27) [155]. Nisin O
(A1-A3 and A4), nisin U and U2, and nisin P are shorter than previously described nisin
analogues; they contain 33, 32, and 31 amino acids, respectively. With 35 amino acids, nisin
J is the longest natural nisin analogue identified to date [147].

Table 3. Primary structures of nisin natural analogues. The changes in amino acids compared to nisin
A are highlighted in yellow (not valid for Nisin J).

Natural nisin analogues represented with a primary structure
(Reproduced with permission from [147,155], ASM Journals, Washington, USA, 2020
and Springer Nature, London, UK, 2020)

Production strain ~ Molecular weight
[7,155] [Da] [147]

Lactococcus lactis

Nisin A (dairy products) 3354
Lactococcus lactis
Nisin Z NIZO 22,186 (dairy 3331
products)
Nisin F Lactococcus lactis 3315

F10 (fish gut)
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Table 3. Cont.

Natural nisin analogues represented with a primary structure
(Reproduced with permission from [147,155], ASM Journals, Washington, USA, 2020
and Springer Nature, London, UK, 2020)

Production strain ~ Molecular weight
[7,155] [Da] [147]

Lactococcus lactis
61-14 (Japanese 3327
river water)

Nisin Q

Streptococcus
hyointestinalis 3453
(porcine intestine)

Nisin H

Blautia obeum
A2-162 (human
gastrointestinal

tract)

Nisin O

A1-A3 3546

Blautia obeum
A2-162 (human
gastrointestinal

tract)

Nisin O

A4 3259

Streptococcus uberis
42 (bovine
mammary
secretions)

Nisin U 3029

Streptococcits uberis
D536 (bovine
mammary
secretions)

Nisin U2 3015

Streptococcus
gallolyticus subsp.
Pasteurianus 2989
(alimentary tract of
ruminants)

Nisin P

Staphylococcus
capitis APC 2923 3458
(human skin)

Nisin J

Aside from natural nisin analogues, the bioengineered forms of nisin have been devel-
oped in the last twenty years by genetic modification tools [156], with an attempt to alter
the solubility, stability and efficiency of nisin. A large number of generated bioengineered
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forms of nisin revealed that modifying amino acids at the hinge-region (three amino acids
asparagine-methionine-lysine at position 20-21-22 in the center of the peptide, Figure 9a)
and at position 29, respectively, displayed an essential role in enhancing activity against
Gram-negative bacteria, and both Gram-positive and Gram-negative pathogens [7,156].
Nisin A K22T, A N20P, A M21V, A K225, A S29A, A S29D, A S29E, A 529G, Z N20K and Z
M21K are some genetically modified nisin derivatives with changes in those positions and
more significant activity against foodborne and clinical pathogens [6,7,156]. The names indi-
cate the substitution position and the replaced amino acid; for example, nisin A K22T means
that the amino acid sequence is the same as in Nisin A, the only difference is at position 22,
where lysine (K) is substituted with threonine (T). Nisin derivative Z N20K and Z M21K
showed enhanced activity against Gram-negative bacteria, including Shigella, Pseudomonas
and Salmonella species, and displayed more significant thermal stability and solubility at
neutral or alkaline pH [7]. Nisin A K22T exhibit enhanced activity against human and
bovine pathogen Streptococcus agalactiae (S. agalactiae). Nisin A M21V showed enhanced
antimicrobial activity against medically significant pathogens, including heterogenous Van-
comycin intermediate S. aureus (hVISA), methicillin-resistant S. aureus (MRSA), Clostridium
difficile (C. difficile), S. agalactiae and Listeria monocytogenes (L. monocytogenes). The S29G and
S29A nisin variants showed enhanced activity against Gram-positive and Gram-negative
pathogens, differentiating them from all nisin derivatives generated to date [156].

3.3. Bioactivity

Nisin is known for its broad-spectrum of antibacterial activity against a wide range
of Gram-positive bacteria [7,140], even better than conventional antibiotics [157], due to
its stability at a higher temperature, tolerance to low pH, and dual-mode of antimicrobial
activity [6]. The latter includes binding of nisin molecule to an essential precursor for bacte-
rial wall biosynthesis (the lipid II) through electrostatic interaction between the positively
charged nisin and the negatively charged membrane phospholipids. This results in the
formation of the complex within the bacterial cell membrane, which creates 2 nm wide
pores, thus preventing the growth of the peptidoglycan network and increased membrane
permeability, leading to leakage of essential cellular components, and eventually to cell
death (Figure 10) [71,139,149,158,159].

Nisin is active against a wide variety of Gram-positive Lactococcus, Enterococcus, Strep-
tococcus, Staphylococcus, Listeria and Micrococcus bacterial strains, as well as the vegetative
forms and outgrowing spores of Bacillus and Clostridium species [138,142,158]. The Gram-
negative bacteria (e.g., E. coli) are usually resistant to nisin due to their outer lipopolysac-
charide membranes, which act as a barrier/shield and impede its access to the cytoplasmic
membrane [160,161]. Additionally, nisin shows no inhibitory activity against yeast cells,
filamentous fungi and viruses [149]. However, many studies [6,7,142,156,158,160,162-164]
demonstrate that bioengineered variants of nisin, high purity nisin, nisin-antibiotics, nisin-
chelating agents (e.g., EDTA), nisin-inorganic nanoparticles (silver, gold, magnesium oxide,
... ) or other outer membrane destabilizing component/processes (e.g., heat treatment,
freezing) could also be effective against Gram-negative bacteria.

Required nisin concentration for efficient bacteria inhibition depends on several param-
eters, such as pH, heat treatment intensity, storage time and storage conditions. Aqueous
solubility and structural stability of nisin are also pH dependent. The antimicrobial activity,
solubility, and thermal stability of nisin are higher at acidic pH and deactivate under alka-
line conditions due to irreversible structural changes of the nisin molecule. Nisin has higher
antimicrobial activity in a liquid medium than a solid medium. Nisin is highly stable at
low temperatures (e.g., during freezing), but undergoes a loss of activity during long-time
heating. Proteolytic enzymes such as pancreatin, a-chymotrypsin and ficin can inactivate
nisin due to their ability to break down the peptide chain of nisin. Other enzymes such as
trypsin, pepsin and carboxypeptidase have no significant effect on its antimicrobial effect.
The antimicrobial activity of nisin is also inhibited by the titanium dioxide and sodium
metabisulphite due to the oxidation of disulfide bridges in the nisin molecule [149,165].
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Figure 10. Schematic representation of the bactericidal mechanism of nisin: (a) nisin reaches the
bacterial membrane; (b) adsorption of nisin to docking molecule (lipid II) via electrostatic interactions;
(c) stable transmembrane orientation of nisin (cationic region of nisin interact with the negatively
charged phospholipid heads, while the hydrophobic region of nisin interacts with the membrane
core); (d) assembly of nisin-lipid II pore complex (consisting of 4 lipids II and 8 nisin molecules)
(Reproduced with permission from [71,149], Elsevier, Amsterdam, The Netherlands, 2019 and Taylor
& Francis, Abingdon, UK, 2016).

3.4. Immobilization Strategies

Various immobilization methods have been developed to protect nisin from envi-
ronmental stresses, degradation by biological fluids or biocomponents (i.e., proteolytic
enzymes) or deactivation under alkaline conditions [4,165], including covalent immobiliza-
tion, encapsulation, entrapment, adsorption and co-culture fermentation, summarized in
Table 4 and Figure 11. Most of the reported strategies for nisin immobilization required
special pre-treatment of used support material / carrier, chemical modifications, crosslinking
agents (carbodiimide/N-hydroxysuccinimide (EDC/NHS), hexamethylene diisocyanate,
glutaraldehyde, ... ) or a variety of other spacer molecules to obtain a composite with
optimal, target-directed antimicrobial action against pathogenic bacteria [4,9,161]. In re-
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cent years, great emphasis has been placed on developing innovative nano-engineered
approaches and nanostructured materials with enhanced antimicrobial activity in com-
parison to free nisin, including lipid-based nanoencapsulated nanoparticles (nanolipo-
somes, nanoemulsions, nanomicelles, solid lipid nanoparticles and nanostructured lipid
carriers, Figure 12a), polymeric-based nanoencapsulated nanoparticles (nanocapsule and
nanosphere, Figure 12b) and nanofibers [71,166]. Natural and synthetic materials studied as
carrier or support material for immobilization of nisin includes liposomes [164,167], silica
xerogels [168], polystyrene sheets [138], polyethylene oxide brush layer [169], soy lecithin
liposomes [170], bacterial cellulose nanocrystals [151], chitosan nanoparticles [171], alginate
beads [172] or a mixture of pectin-chitosan microcapsules [165], alginate-starch microcap-
sules [173], alginate-pectin microbeads [174] or chitosan-alginate microparticles [175],...
having antimicrobial activity against various Gram-positive and Gram-negative bacteria
(Table 4).
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Figure 11. Schematic illustration of immobilization methods of nisin: (a) covalent immobilization
onto multi-walled carbon nanotubes with PEG1qgg as a linker and hexamethylene diisocyanate as
a crosslinking agent (Adopted with permission from [176], RSC, 2011); (b) co-culture fermentation
of nisin-producing (Lactococcus lactis N8) and bacterial cellulose-producing (Enterobacter sp. FY-
07) bacteria (Adopted with permission from [153], Elsevier, Amsterdam, The Netherlands, 2021);
(c) covalent immobilization onto plasma-treated, EDC/NHS ester functionalized polystyrene sheets
(Adopted with permission from [138], RSC, 2017); (d) covalent immobilization onto plasma-treated
polystyrene sheets (Adopted with permission from [138], RSC, 2017); (e) nisin loaded chitosan-
poly-y-glutamic acid nanoparticles (encapsulation) (Reproduced with permission from [179], RSC,
Cambridge, UK, 2016); (f) adsorption of nisin on blank and HGFI-coated polystyrene surface together
with antimicrobial activity of both surfaces (Adopted with permission from [9], Elsevier, Amsterdam,
The Netherlands, 2021).
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surfactant
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polymeric matrix polymeric membrane
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Figure 12. Scheme of (a) lipid-based nanoparticles and (b) biopolymeric nanoparticles for encapsula-
tion of nisin (Adopted with permission from [71], Elsevier, Amsterdam, The Netherlands, 2019).
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Table 4. Immobilization methods of nisin and antimicrobial activity against Gram-positive and

Gram-negative bacteria.

Immobilization Carrier/Support Crosslinking Agent or Antimicrobial Property References
Method Material Initiator against
Multi-walled carbon E. coli,
nanotubes grafted with Hexamethylene P. aeruginosa, [176]
poly(ethylene glycol) diisocyanate S. aureus,
(PEG1000) B. subtilis
Polystyrene (PS) sheets Atmospheric-pressure Gram-positive S. aureus [138]
Covalent plasma and L. monocytogenes
immobilization Gram-positi
. . S positive S. aureus
Poly(vinyl alcohol) films Glutaric acid and Gram-negative E. coli [177]
Sodium alginate/ gglatm CA S. aureus 4]
wet-spun porous fibers
S. aureus, E. coli, S.
N-succinyl chitosan films EDC enteritidis, Pseudomonas [178]
tolaasii (P. tolaasii)
. B. cereus, L. monocytogenes,
Silica xerogel / S. aureus, E. coli, S. enterica [168]
Bacterial cellulose / L. rhamnosus LBM1 [151]
nanocrystals
. . E. coli and
Chitosan nanoparticles / S aureus [171]
. . . Brochothrix thermosphacta (B.
Ca-alginate microparticles / thermosphacta) 7R1 [172]
Pectin-chitosan S. aureus, weak bactericidal
) / effect on E. coli under [165]
microcapsules L i,
acidic conditions
Encapsulation Alginate-starch / Pediococcus acidilactici (P. [173]
microcapsules acidilactici) UL5 -
Chltlosan-al.gmate / N/A [175]
microparticles
Chitosan-poly-y-glutamic .
. ; / E. coli and L. monocytogenes [179]
acid nanoparticles
Phosphatidylcholine
liposomes containing
chitosan or chondroitin / L. monocytogenes [180]
sulfate
L. monocytogenes,
Soybean lecithin or / Clostridium perfringens (C. [181]
Phospholipon® liposomes perfringens) and Bacillus
cereus (B. cereus)
Phosphatidylcholine (PC)
nanoliposomes coated with / L. monocytogens, Salmonella [167]
pectin or polygalacturonic Enteritidis (S. Enteritidis)
Co-encapsulation acid
. . L. monocytogenes, S.
Phosphatidylcholine (PC) / Enteritidis, E. coli and S. [164]

nanoliposomes

aureus
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Table 4. Cont.

Immobilization

Carrier/Support

Crosslinking Agent or

Antimicrobial Property

Method Material Initiator against References
Low density polyethylene
films treated with acrylic / Listeria innocua (L. innocua) [182]
acid
Montmorll}onlte / E. faecium C1 [183]
suspension
Adsorption Polyethylene oxide brush / N/A [169]
layers
HGFI (class I
hydrophobin)-coated / S. aureus [9]
polystyrene films
ZnAl layered double
hydroxides nanohybrids / N/A [184]
Co-cultu.re None S. aureus, E. coli [153]
fermentation
Polyethylene oxide brush / Pediococcus pentosaceous (P. [185]
layer pentosaceous)
PET (polyethylene
terephthalate) woven
fabrics with thin alginate / 5. aureus [186]
coating
Entrapment Staphylococcus epidermidis
Poly-ethylene-co-vinyl / (S. epidermidis) ATCC [187]
acetate films 35984, S. aureus 815 and L.
monocytogenes ATCC 7644
Canine oral enterococci
. collection (including E.
Guar gum gel (biogel) / faecalis and E. [188]
faecium)

However, different hydrophilic/hydrophobic surface properties of these carriers affect
the orientation of the nisin (Figure 13). It is proposed that the hydrophobic region of the
nisin binds to the hydrophobic surface, leading to the reduced number of hydrophobic
regions available to interact with the bacterial cell membrane. Similarly, the hydrophilic
region of nisin binds to the hydrophilic surface, allowing the hydrophobic region to interact
with the bacterial cell membrane [138]. Furthermore, nisin reacts with EDC/NHS function-
alized surface through its amine group at the N-terminus, which could cause inefficient
adsorption to the carrier due to steric barriers of the hydrophobic region [138].

3.5. Applications

Nisin’s properties, such as inhibitory efficiency against a wide range of microorgan-
isms, low probability of developing microbial resistance, no effect on the normal microbiota
of the intestine, non-toxicity, colourless and tasteless, enable its use in both the biomedicine
and food industry [137,189], especially in the second segment, where use as food bio preser-
vative is already much exhausted [190]. Nisin is used to preserve pasteurized milk, aged
cheeses, canned soups, juice, meat and vegetables [71,149]. It shows a better choice for
prolonging the shelf life of meat (Tan sheep meat) in comparison to preservative potas-
sium sorbate due to reduced nutrient loss [191]. Furthermore, it can be combined with
other pasteurization preservation treatments to increase inhibition effectiveness against
heat-resistant spore-former and extend the food shelf life [149]. As a food additive, it is
assigned as E234 [149] and has been approved for use in over 60 countries around the
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world as a natural agent to prevent food spoilage due to its low toxicity or non-toxicity,
high efficiency [153], thermal stability, and colourless and tasteless properties [157]. Saini
et al. [150] studied covalent immobilization of nisin on the surface of TEMPO-oxidized
CNF and thus developed antimicrobial films, which could be used as active food pack-
aging. Nisin was also studied to develop impedimetric label-free biosensors for bacterial
contamination detection of Salmonella spp. [192].

(a) (b) (©)
drophobic surface ‘ rophilic surface EDC/NHS
’ Hydrophobi : Hydcpniic srfas functionalized surface

Figure 13. Proposed orientation of nisin on (a) hydrophobic surface, (b) hydrophilic surface and (c)
with EDC/NHS functionalized surface (Adopted with permission from [138], RSC, 2017).

In light of biomedical potential, the nisin already demonstrates promising results as
an alternative to traditional antimicrobial therapeutics due to its activity against specific
(antibiotic-resistant bacterial) pathogens and disease conditions, particularly concerning mas-
titis in lactating women and dairy cows (inhibition of S. aureus and S. epidermidis [193-198]),
respiratory infections (inhibition of S. aureus [199]) and skin infections, e.g., atopic dermati-
tis [200] and MRSA skin infections (inhibition of S. aureus) [147,201-204]. It can be used
either as a single agent or in combination with other agents [7,157,189,201,205]. Furthermore,
it showed potential in oral diseases, such as caries and periodontal diseases, due to inhi-
bition of oral bacteria, including Streptococcus sanguinis (S. sanguinis), Streptococcus sobrinus
(S. sobrinus), Streptococcus gordonii (S. gordonii), P. gingivalis, Prevotella intermedia (P. intermedia),
A. actinomycetemcomitans and Treponema denticola (T. denticola) [140,206,207]. Shin and co-
workers [140] studied nisin’s antimicrobial efficiency against the formation of saliva-derived
multi-species oral biofilms. They reported on reduced biofilm biomass in a dose-dependent
manner (Figure 14); no apoptotic changes of human oral cells were observed at nisin con-
centration <200 pg/mL [140]. Nisin also has the potential to control periodontal disease in
dogs [208].

Additionally, nisin has been studied as a possible anticancer agent due to the multidrug
resistance of cancer cells and drastic side effects of traditional chemotherapeutics [209,210].
Hosseini and co-workers reported a significant decrease in the growth rate of SW480
colorectal cancer cell line after being treated with nisin [211]. Similar conclusions are re-
ported by Tavakoli et al. [212]. Nisin also showed a significant efficiency as an adjuvant
to conventional chemotherapeutic agents. Preet et al. studied synergism between dox-
orubicin, a chemotherapeutic drug traditionally used to treat breast cancer, lymphoma,
bladder cancer, acute lymphocytic leukemia [8], and nisin against skin carcinogenesis [209].
They reported on augmented anticancer activities when both these agents were used in
conjunction with each other [209]. Rana and colleagues studied the possible use of a 5-
fluorouracil-nisin combination as a topically applied chemotherapeutic drug against skin
cancer [210]. They observed faster clearance of tumors and a reduced dose of 5-fluorouracil
when a 5-fluorouracil-nisin combination was used [210]. Joo et al. reported on increased
cell apoptosis and decreased cell proliferation at head and neck squamous cell carcinoma
by nisin treatment [159]. Furthermore, nisin A has been demonstrated to have a potential
for treating nonhealing wounds, as it increases the mobility of skin cells, dampens the effect
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Figure 14. Confocal microscopy images of the influence of nisin concentration on oral biofilm
formation under the controlled microfluidic model system. A green signal indicates viable live cells
(Syto 9) and a red signal indicates damaged/dead cells (propidium iodide). No biofilm was observed
at a nisin concentration of 4 ug/mL (Reproduced with permission from [140], Meta UCL, 2015).

4. Combination of Bioactive Compounds

Simultaneous use of (bio)active agents is common practice to collect multiple activities
and even augment their efficiency to a higher level than their simple sum. The use of
enzymatic mixtures, comprising enzymes with wide diversity in the reactions they are
catalyzing, is one frequent case of simultaneous use of multiple bioactive compounds.
Moreover, the “crude enzymatic cocktails” (as crude bromelain itself) are more frequently
present in nature than a single, specific type. Aside from simple mixtures, more than
one enzyme’s co-immobilization was found very efficient in terms of product yield and
thermal stability increment, as present in the triple enzyme system [213]. Another example
is antibiotics, where the combined therapy utilizing more than one antibiotic at the time
is practiced in particular cases in order to broaden the antibacterial spectrum, to treat the
polymicrobial infections, to obtain synergistic effect bringing higher efficiency at lower
doses and finally, to tackle the emergence of bacterial resistance [214].

The bacteriocin nisin offers a range of advantageous features that include protease and
heat stability; its efficacy can be further boosted via combination with other antimicrobials
or membrane-active substances. Nisin demonstrates synergistic activity with the antibiotics
colistin and clarithromycin against P. aeruginosa [215] with ramoplanin and other-f-lactam
antibiotics against many strains of MRSA and VRE [216] with penicillin, streptomycin,
chloramphenicol and rifampicin against Pseudomonas fluorescens [217]. Combinations of
derivatives nisin V + penicillin or nisin 14V + chloramphenicol had an enhanced inhibitory
effect against S. aureus SA113 and S. pseudintermedius DSM21284, respectively, compared to
the equivalent nisin A + antibiotic combinations or when each antimicrobial was adminis-
tered alone [218].

Reported studies demonstrate that such mixtures boost the antimicrobial action, but
the same does not introduce new bioactive functions. One-pot (co-immobilisation, simulta-
neous immobilisation), or successive immobilization of bioactive compounds, together with
diverse immobilisation strategies, all together present modalities to be used in obtaining a
multi-active system including different types of bioactive compounds. Such an example is
a two-step polydopamine-based surface modification strategy, used to co-immobilize an
antimicrobial peptide Palm and an enzyme targeting an important component of biofilm
matrix (DNase I). This immobilization approach imparted polydimethylsiloxane surfaces
with both anti-adhesive and antimicrobial properties against the adhesion of relevant
bacteria as single and dual-species, with excellent stability and biocompatible and anti-
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biofilm properties, holding, therefore, great potential in the development of catheters able
to prevent the catheter-associated infections [219].

To date, the co-immobilization of bromelain and nisin as proteolytic enzymes and
protease-resistant antimicrobial peptide, respectively, has not been trialled. Aside from
obstacles anticipated to such an experimental design, the potential success may offer a
merge of an extensive portfolio of bioactive functions brought by both components. Both
components are complementary in many terms, including the type of bacteria they are
acting against, i.e., Gram-positive for nisin and Gram-negative for bromelain.

5. Conclusions and Prospects

Bromelain and nisin are undoubtedly among more perspective, natural bioactive
components with outstanding potential in biomedicine due to diverse therapeutic benefits,
demonstrated by several research groups in the recent decade. In vitro studies of bromelain
and nisin show their potential in human medicine and healthcare, in the treatment of
skin infections, caries, periodontal diseases, and many other conditions. Importantly, the
bromelain shows promise within several in vitro studies involving cancer cell lines, yet,
the clinical trials in this segment are in a premature stage, with only two examples at the
moment (one for treatment of solid tumors in advanced stage of lung, breast, colon, ovary,
cervix, uterus, prostatic, and liver and second for treatment of Pseudomyxoma Peritonei,
Peritoneal Cancer, Mucinous Adenocarcinoma and Mucinous Tumor) [220]. The plant
extract bromelain interacts with several biological processes that lead to its multi-action
bioactivity, including antimicrobial, anti-inflammatory, anticarcinogenic and antithrombotic
activity. Unlike bromelain, which has already gained FDA approval in topical product
NexoBrid, the nisin is only approved as a food additive despite its effectiveness against
drug-resistant organisms also in biomedical research. Nonetheless, much effort has been de-
voted to widening the nisin efficiency from Gram-positive bacteria towards Gram-negative
bacteria, where biotechnological approaches or combination with other components (an-
tibiotics, inorganic nanoparticles, chelating agents, ... ) have been applied, which paves its
way towards use in more demanding clinical set-ups. Further, the production of different
variants (from native and gene-modified bacterial species) with a high degree of purity,
securing the safeness of final products are evidencing recognized the potential of this
bioactive compound.

To the best of our knowledge, the synergistic action of both bioactive components is
yet to be explored as an attractive topic. Before going ahead with a cost-demanding clinical
translation of bromelain- or nisin-containing materials developed in a lab, much remains
to be learned, particularly about different variants and combinations with conventional
antibiotics and cancer drugs, their complex mechanism of action on the human body
and pathogens, consequences of long-term clinical trials and choosing suitable optimized
immobilization method with high immobilization yield and secured activity/efficiency.
As said, most data for bromelain and nisin demonstrated an in vitro efficiency, and the
extrapolation of in vitro to in vivo outcome is not that straightforward, yet, same present
a solid background, important in future translation in a clinic. With all this, it will be
possible to offer novel, safe and efficient natural therapeutic solutions to our society without
significant risks to developing resistance in pathogenic organisms and cells.
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Abbreviations

AMP antimicrobial peptide

APTES  (3-aminopropyl)-triethoxysilane

Asp asparagine

BBT bromelain-based treatment

CDTA cyclohexane-1,2-diaminoetetraacetic acid
COX-2  prostaglandin-endoperoxide synthase 2

CcpP cysteine proteinase
DETA diethylenetriamine
Dha dehydroalanine
Dhb dehydrobutyrine
ECM extracellular matrix

EDC 1-ethyl-(3-dimethylaminopropyl) carbodiimide
EDTA ethylenediaminetetraacetic acid
EMA European Medicines Agency

GA glutaraldehyde

HEDTA  hydroxyethyl ethylenediamine triacetic acid
IL interleukin

Lan lanthionine

LDsg lethal dose

Leu leucine

Km Michaelis—-Menten constant

MBC minimum bactericidal concentration
MeLan  B-methyl lanthionine

MIC minimum inhibitory concentration
MRSA  methicillin-resistant Staphylococcus aureus
MSN mesoporous silica nanoparticles

NCBI National Center for Biotechnology Information
NF-xB Nuclear factor kappa B
NHS N-hydroxysuccinimide

PC phosphatidylcholine

PEG poly(ethylene glycol)
PEHA pentaethylenehexamine
PET polyethylene terephthalate

PGE-2 prostaglandin E;
PGI-2 prostaglandin I,

pl isoelectric point
PS polystyrene
SEM scanning electron microscopy

SPRA self-assembly PEGylation retaining activity
TEPA tetraethylenepentamine
TETA triethylenetetramine

TNF tumour necrosis factor
TXA-2 thromboxane A2

Vinax maximum reaction velocity
Val valine
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