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Polymeric nanocarriers (PNs) are a promising alternative for delivering intracellularly antimicrobials of high
toxicity, low solubility and low bioavailability to reduce dose and side effects and improve their
therapeutic efficacy. They may prevent unwanted drug interactions and degradation thus decreasing
the development of resistance in microorganisms.
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Polymeric nanocarriers (PNs) have demonstrated to be a promising alternative to treat intracellular infections. They
have outstanding performance in delivering antimicrobials intracellularly to reach an adequate dose level and
improve their therapeutic efficacy. PNs offer opportunities for preventing unwanted drug interactions and
degradation before reaching the target cell of tissue and thus decreasing the development of resistance in
microorganisms. The use of PNs has the potential to reduce the dose and adverse side effects, providing better
efficiency and effectiveness of therapeutic regimens, especially in drugs having high toxicity, low solubility in the

physiological environment and low bioavailability.

| 1. Introduction

In the frontier of different areas, nanochemistry uses a variety of methods to assemble materials at a nanometer-
scale size, with new unique features in respect to the bulk material counterparts, including electronic, magnetic,
optical, chemical, and mechanical properties. The interdisciplinarity of nanochemistry involves scientific and
technical knowledge from diverse fields such as natural- and material-sciences, engineering, medicine, and
pharmacy, among others. Although it is not an easy task, it is aimed at searching for new or existing (bio)materials,
understanding their interactions and providing new functionalities towards new products and unexpected
applications; these perspectives are encouraging and highly promising, up to the point of being able to generate a
revolutionary knowledge of the world at the nanoscale. Within the health care field, nanochemistry offers
outstanding opportunities for the design of diagnostic and therapeutic tools; for example, nanoconjugates and
nanoplatforms assembled for the controlled and site-specific delivery of active principles with enhanced

pharmacological properties against intracellular microorganisms.

Intracellular infectious diseases represent a major challenge in health care due to the low specificity of available
treatments and the appearance of co-infections and drug-resistant pathogens, which limits the existing therapies !

(21381415181, Recent advances in the field of nanotechnology offer alternatives to improve the biological activity of
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existing drugs, which is of great potential to help to overcome the drawbacks inherent in the treatment of
intracellular infectious diseases. Encapsulation of drugs into nanoparticles (NP) represents a valuable option to
improve drug solubility and biodistribution, prevent undesirable interactions and drug degradation before reaching
the target tissues and cells and non-specific accumulation of drugs in other tissues. In this context,
nanoencapsulated drugs hold the potential to increase the efficiency and effectiveness of therapeutic regimens,
particularly in drugs with low solubility, short half-life, variable absorption, and undesirable interactions [ZEI2]201[11]
(221" such improvement comes from the reduction of dose and drug frequencies in patients, which dramatically

impact on decreasing both toxic and side effects that drugs usually have intrinsically.

In the last years, the encapsulation of drugs into synthetic and natural polymeric nanocarriers (PNs) has been one
of the most explored systems for drug delivery. The resultant nanosystems enjoy high biocompatibility and
biodegradability, being very reproducible and amenable for mass production. PNs are usually designed to be
stable, have high drug loading capacity and the ability to transport one or more active ingredients (with similar or
different physicochemical properties), or a combination of therapeutic agents in the same formulation. Such
features are very appealing for delivering drugs by different routes and multipurpose clinical approaches 13I[14115]
Size, surface charge and morphology of PNs can be tailored on demand to produce solid capsules/nanopatrticles,
amphiphilic structures (micelles), and hyperbranched structures (dendrimers), and vesicles [18IL7][18][19][20][21](22]
which sizes can usually be smaller than 100 nm but eventually reach hundreds of nm, depending upon the active
ingredient or drug, the type and length of the polymer and the preparation method [23/241123] Besides, the polymers

can be chemically modified to encapsulate, adsorb, disperse, or bound the drug [2811271[28],

Along with modulation of size, form and physicochemical properties of the polymer, to functionalize PNs with
specific ligands may actively drive drugs to site-specific for the efficient drug uptaking, thereby readily reaching
therapeutic intracellular levels 29BAB1 Moreover, the PNs are extremely versatile in controlling the drug release
profile. For instance, PNs can be tuned for the immediate or sustained delivery of drugs in a localized place either
by natural diffusion of the drug or by osmotic, erosion or degradation processes. However, such mechanisms have
evolved towards more refined ones based on physical, chemical, or biochemical external stimuli. In this context,
triggered local changes in pH and temperature, in the number of reactive oxygen species (ROS), the reductive or

oxidative states, and conformational changes in the polymer have been extensively used 221,

In recent years, a large number of drug delivery systems have been described in many medical areas, including
intracellular infections B3, |ndeed, the global infectious disease therapeutics market size was valued at $46.88
billion in 2018 and is estimated to reach $64.5 in 2023 B4l Yet, many challenges are still needed to face before
many antimicrobial-based nanoformulations hit the market. They are related to the fact that pathogenic
microorganisms are established mainly in phagocytic cells. Besides, nanocarriers injected intravenously are mostly
recognized and cleaned either by phagocytic cells from the endothelial reticulum system (RES) or by the
mononuclear phagocyte system (MPS) going “passively” to the macrophages, the reservoir of most intracellular
pathogens [22l. Another challenge of nanocarriers is the necessity to increase their drug loading capacity to
administrate less amount of material but sufficient to reach a therapeutic concentration of drug at the site of

infection that avoids toxicity and side effects [B8IB7IE8I391 Other imminent necessities are related to the increase of
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stability and better control of the drug release profile. Therefore, it is of paramount importance to design
antimicrobial-based nanocarriers, not only with high drug loading capacity and well-controlled release but site-
directed to infected cells.

This review provides an overview of the use of different organic nanoparticle precursors and the main assembly
methods to produce nanoplatforms of tuned physicochemical and morphological properties and surface chemistry
for controlled release of antimicrobials in a target cell or tissue, in a physiological environment, depending on the
active principle nature and administration route. It points out the remarkable versatility of these nanosystems and
details the facing challenges, as well as the opportunities of the nanoplatforms to deliver antimicrobial drugs to
efficiently and effectively treat intracellular infections. It finally mentions some nanotoxicology aspects essential to
be considered and prospects in the topic that expect to stimulate advances and new opportunities in this promising
field.

2. Polymeric Nanocarriers against Intracellular Infections:
General Aspects

The efficient treatment of intracellular infections by antimicrobials is highly challenging. Challenges are related to
the evasion of intracellular infectious agents by host phagocytic killing mechanisms, the establishment of
intracellular survival machinery and the worldwide misuse of antibiotics, which are rising multidrug resistance of
pathogens 4941 Besides, many conventional antimicrobial-based treatments possess low cellular penetration and
therefore, drug distribution at the subcellular level is not uniform; thus, the site of infection may remain without
treatment. Once inside the cell, antimicrobials activity can be influenced by enzymatic inactivation, and changes in
pH and chemical environment, as discussed in the next sections. It may result in a low intracellular concentration of

antimicrobials, thus limiting the efficacy and efficiency of the therapy [42143],

PNs are an alternative approach extensively studied to overcome some limitations of antimicrobial therapies by
encapsulating drugs to improve their ability to enter the cells and release the cargo intracellularly (44451461 Ag
detailed in the following sections, cellular internalization of PNs includes phagocytotic-mediated-, clathrin-
mediated-, caveolae-mediated- and receptor-mediated-endocytosis or a mixture of them (748l After cellular
uptake, it engineers the escape of endocytic vesicles formed to avoid lysosomal degradation for cytosolic delivery
as well as the possible intracellular trafficking of PNs targeting subcellular compartments where determined
intracellular pathogens reside. PNs protect antimicrobials of degradation, increase their solubility and bioavailability
for their controlled and targeted release.

They may reduce drug dose and adverse side effects and provide better efficiency and efficacy of therapeutic
regimens. By modulating properties and functionality of PNs they can specifically address the target tissue or cell

depending on the route of administration (oral, parenteral, intranasal, topical, and intravenous, among others).

PNs are commonly built by self-assembly of biocompatible and biodegradable polymeric materials to minimize non-

specific cytotoxicity on healthy tissues with convenient degradation kinetic profiles and complete metabolization of
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degradation products 4959 A myriad of nanoplatforms with specific morphological characteristics (nanorods,
nanoworms, nanodiscs, among others), size and surface chemistry, can be produced depending on a diversity of
precursors, fabrication methods and antimicrobials’ chemical nature. Among them, nanocapsules and nanospheres
are the most common. While nanocapsules of vesicular structure generally have the drug immersed in a liquid core
surrounded by a solidified polymeric shell, nanospheres are a solid/mass polymeric matrix in which drug is
encapsulated inside or over the structure surface. Active principles can be associated with nanostructures by
physical encapsulation, covalent conjugation, adsorption, electrostatic- and van der Waal-interactions. Modulation
of cellular uptake, extracellular transport and intracellular drug delivery is achieved by tuning size, shape, surface
chemistry, antimicrobials’ intrinsic properties and microenvironments that PNs need to overstep. Targeting can be
passive, activated by ligands attached to the outermost nanoparticle surface and drug release by natural ways or

triggered by an external or internal stimulus 211521,

In nanotherapeutics based on passive targeting, nanocarriers must reach the site of action by physiological or
physicochemical changes that occur naturally in the body. They include differences in the pH among tissues (tumor
microenvironment), defective vasculature enhanced permeability and retention effect (EPR), capture by the
mononuclear phagocytic system and differences in the redox properties of the systems. In active targeting, the
surface of nanocarriers is modified to generate affinity with bioreceptors or cellular biomarkers, tissues or organs
through ligand-receptor interactions 2!, Ligand-nanocarrier conjugation uses different coupling methodologies,
including the formation of disulfide bonds, cross-linking, covalent coupling, ionic interactions, layer-by-layer
assembly, among other strategies 24, Coating the nanocarriers with targeting ligands such as peptides, antibodies,
lectins, sugars, folate- and mannose-receptors, among others, drive them to the site of action, thereby increasing

the concentration of the active principle in the place and avoiding non-specific accumulations and the concomitant
adverse effects [52I56157],

Drugs are commonly released from nanocapsules rapidly or in a sustained fashion. It depends on the formulation.
Drug release can be by diffusion through the porous or polymeric chains of the PNs or by osmotic-, erosion- or
degradation-processes. However, natural release mechanisms are migrating towards more sophisticated ones
based on physical, chemical or biochemical external stimuli. For example, the response of PNs can be triggered by
stimulation with radiation, ultrasound, magnetic fields and temperature. The response can be modulated by
changes in the pH and ionic strength, the cellular environment, or by enzymes 8. Among stimuli-responsive PNs,
nanogel-based PNs establish three-dimensional polymeric networks at nanoscale level with high capacity to water
uptake and cross-linking. While they change their volume by absorbing water, the surrounding environment
influences their behavior, thus generating stimuli-responsive systems (pH, ionic strength, electric field or
temperature). Nanogels are prepared by natural or synthetic polymers, including chitosan, methylcellulose,
ethylcellulose, dextran, polysaccharide-based polymers, dextrin, poly(oleic acid-Y-N-isopropyl acrylamide),
polyvinyl alcohol, alginate, hyaluronic acid, poly(N-isopropyl acrylamide), among others. Nanoencapsulation of
active principles of different natures can be achieved either by nanohydrogels or by nano-organo-gels, having

higher loading capacity, controlled release and biocompatibility regarding other types of nanoparticles.
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Nanohydrogels encapsulate hydrophobic and hydrophilic compounds, where the cross-linked network functions as
a matrix holding the absorbed liquid medium, which modulates the diffusion of the active principles 2. In contrast,
nano-organo-gels have a micelle-like structure having hydrophobic regions (that hold oily compounds) attached to
the hydrophilic regions at the center of the nanostructure. Nanogels performance can be modulated by changing
their size and surface charge, or by incorporating targeting ligands, changes in cross-linking density or PEGylation
strategies. Encapsulated active principles are released by hydrolytic degradation of the gel network. Recent studies
have demonstrated the disruption of nanogels by using cross-linking agents sensible to temperature, light,
differences in pH, use of disulfide bond linkages and cleavage by glutathione (GSH) enzyme. Therefore, the active
principle can reach intracellular targets after nanogels are endocytosed, promoting endolysosome escape and
improving intracellular therapy [59I[601(61],

| 3. Future Outlooks

Attempts to fight intracellular infectious agents have given us important lessons, bringing out how urgently needs to
be the efforts to develop alternative antimicrobial therapies that manage to increase antimicrobial efficacy and
decrease microbial resistance as compared to conventional antimicrobial treatments. In this context, PNs have
emerged as a nanoplatform having broad prospects for the development of highly promising site-directed
antimicrobial therapies for the management of intracellular infections whose products on the market expect to be

established shortly, as judged by the number of research publications and patents currently granted in the field.

Recent advances in nanoparticulate formulations, including hybrid strategies, nanoencapsulation of natural
products, targeting ligand-based formulations and smart materials, have shown to allow tuning the bio-
physicochemical properties of PNs for enhanced antimicrobial efficacy. However, there are still many challenges to
face to improve PN-based antimicrobial technology towards scaling-up at the industrial level and reach the market.
For example, PNs captured by the immune system hinders the site-specific drug delivery facilitated by highly
selective targeting ligands leading to ineffective internalization. Nanosystems toxicity and nonspecific
biodistribution limit in vivo practical applicability. Furthermore, proper standardization is not trivial both in vitro and
in vivo, which limit systematic comparative studies. Therefore, it is necessary to continue researching to advance
the limited understanding of the fundamental processes of PNs in and out of the human body, given the multiple
interactions of antimicrobial nanotherapeutics among them, with the protein corona and with the vast diversity of

organs, tissues and cells on their journey from administration to therapeutic targets.

A higher number of standardized production methods, validated studies of toxicity, bioequivalence, clinical studies,
and the establishment of reference materials may impact on gaining a better knowledge of the antimicrobial
nanotherapeutic systems and their associated pro and contra, in the way to creating products that ensure quality,
safety and efficiency. The final balance of this process defines the scope of PN-encapsulated drugs, to quickly
reach high acceptance in the market, thereby offering added value as compared to conventional antimicrobial

therapies.
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