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Abstract: Macrolide drugs are among the broad-spectrum antibiotics that are considered as “miracle drugs” against infectious
diseases that lead to higher morbidity and mortality rates. Nevertheless, their effectiveness is currently at risk owing to the presence of
devastating, antimicrobial-resistant microbes. In view of this challenge, nanotechnology-driven innovations are currently being
anticipated for promising approaches to overcome antimicrobial resistance. Nowadays, various nanostructures are being developed
for the delivery of antimicrobials to counter drug-resistant microbial strains through different mechanisms. Metallic nanoparticle-based
delivery of macrolides, particularly using silver and gold nanoparticles (AgNPs & AuNPs), demonstrated a promising outcome with
worthy stability, oxidation resistance, and biocompatibility. Similarly, macrolide-conjugated magnetic NPs resulted in an augmented
antimicrobial activity and reduced bacterial cell viability against resistant microbes. Liposomal delivery of macrolides also showed
favorable synergistic antimicrobial activities in vitro against resistant strains. Loading macrolide drugs into various polymeric
nanomaterials resulted in an enhanced zone of inhibition. Intercalated nanomaterials also conveyed an outstanding macrolide delivery
characteristic with efficient targeting and controlled drug release against infectious microbes. This review abridges several nano-based
delivery approaches for macrolide drugs along with their recent achievements, challenges, and future perspectives.
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Introduction
The discovery of antibiotics in the last century can be considered as an ultimate success in pharmaceutical industry as
these medications enhanced the clinical outcomes of several infections that led to significant morbidity and mortality
rates.'” However, misuse of the potent and highly effective antimicrobial agents results in the emergence of multidrug-
resistance which consequently restricted the choice of antibiotics for treating mild and severe infections.”* The rise of
antimicrobial-resistant pathogens in turn causes a significant global health and socio-economic crisis. According to the
report from European Union (EU), nearly ten thousand tons of antibiotics are consumed annually, but more than twenty
five thousand peoples died because of the ailments related to resistant pathogens.’ The increase in allergic responses
linked to antibiotic use is another issue caused by antibiotic overuse, which limits the usage of some antimicrobials in
patients and endangers their wellbeing. If this trend continues, 300 million people worldwide are expected to die
prematurely due to antibiotic resistance over the next 35 years.® Antibiotic resistance has been deemed a “major threat
to public health” by the World Health Organization (WHO) as it directly and indirectly affects both human and animal
health. It has been estimated that antimicrobial resistance is associated with extra health-care costs and productivity
losses in the EU of at least €1.5 billion each year.’

Bacteria have evolved an array of mechanisms that enable them to resist the inhibitory action of the antibiotics.
Understanding the molecular patterns of these resistance mechanisms is not only an important issue but can also provide
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strategic intelligence to guide the thoughtful creation of novel delivery methods to counter or prevent the resistance.®’
Since bacterial infections are major causes of morbidity and mortality worldwide, attention has been focused on

emerging novel therapeutic approaches including the application of NP-based materials for antimicrobial delivery.'®'

Some examples of multi-drug resistant microbes and their mechanisms of resistance are shown in Table 1.'*7'8

Macrolide drugs are broad-spectrum antibiotics that inhibit protein synthesis by targeting the bacterial ribosome,
specifically inhibiting the conversion of a subset of cellular proteins. Their action crucially depends on the nascent
protein sequence and antibiotic structure.'® ! Initially, macrolides were primarily used for the treatment of upper
respiratory tract, skin, and soft tissue infections. Further investigations were then stretched for their improved pharma-
cologic effectiveness and broader microbial coverage.”? Macrolides are now effective in the treatment of infections
caused by gram-positive bacteria (Streptococcus pneumoniae, Streptococcus pyogenes, Staphylococcus aureus), some
gram-negative bacteria (Haemophilus influenzae), and atypical pathogens (Chlamydia trachomatis, chlamydia,
Treponema pallidum, Mycoplasma pneumoniae). It has also been noted that many of the infections that can be treated
with next-generation cephalosporin are treatable using macrolides as well.”> Microbial resistance towards various
antibiotics can be minimized through firm adherence to the guidelines of various antimicrobial stewardship programs
(ASPs) and implementing the recommendations from pharmacologic and clinical study reports.***> Collaborative efforts
of all stakeholders are needed in the provision of rational use of drugs in a way that can prevent or at least minimize the
risk of drug resistance.

Nanotechnology has recently been given significant attention for its application in pharmaceutical science, particu-
larly in the development and optimization of novel drug delivery systems. A NP is a microscopic particle with at least
one dimension less than 100 nm.?’*® On this scale, materials have unique physicochemical properties, including

Table | Some Examples of Multi-Drug Resistant Microbes with Their Mechanism of Resistance

Microorganisms Mechanism of Resistance Resistant Drugs Reference

S. pneumoniae Modification of the ribosomal target by methylation or Beta lactams and macrolides [12]

mutation and active efflux of the drug

Viridans and streptococci (I) Post-transcriptional target site modifications caused by | Beta lactams, aminoglycoside, [13]
rRNA methylases (erm-class genes); and macrolides

(Il) Target mutations (in 23S rRNA or ribosomal proteins L4
and L22); or

(Il) Acquisition of active efflux (mef genes)

Streptococcus pyogenes Mediated by two classes of methylases encoded by erm(B) and | Macrolide and penicillins [14]
erm(TR) genes

Gram positive anaerobes () Erythromycin-resistant methylase is encoded by erm genes. | Penicillins and macrolides [15]
(peptostreptococcus and (Il) Resultant structural changes to rRNA prevent macrolide
clostridium species) binding and allow synthesis of bacterial proteins to
continue.
S. aureus (I) Target-site modification by methylation or mutation that | Lincosamide, macrolides, [16]

prevents the binding of the antibiotic to its ribosomal
target,
(Il) Efflux of the antibiotic, and

(Il) Drug inactivation

Group B, C and G streptococci | Production of an additional PBP, designated PBP2a, with Penicillin, macrolide, and [17]
a reduction to the drug affinity. aminoglycoside
Coagulase-negative Extracellular enzyme, synthesized when staphylococci are Beta lactams, macrolides, [18]
staphylococci exposed to the antibiotics, hydrolyzes the drug structure, aminoglycoside, lincosamide,
rendering it inactive. and glycopeptide
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ultrasmall size, large surface-to-mass ratio, high reactivity, and unique interactions with biological systems.*’ Drugs in
nano formulations exhibit improved pharmacokinetics, therapeutic indices, and serum solubilities than their conventional
delivery forms. Additionally, NP-based drug delivery is characterized with additional therapeutic benefits such as
prolonged systemic circulation, sustained and controlled drug release, and targeted delivery of drugs to their site of
action.® Recent study reports demonstrated that metallic NPs, liposomes, polymeric NPs, and intercalated structures can
be potential alternatives for effective and efficient antimicrobial delivery means against resistant strains. Metallic NPs,
particularly silver and gold NPs (AgNPs & AuNPs), revealed a promising outcome owing to their stability, oxidation
resistance, and biocompatibility.>* Liposomal delivery of macrolides showed a promising in vitro antimicrobial activity
against resistant strains with synergistic activities, enhanced biofilm synthesis inhibition, and better stability.'
Macrolide-loaded polymeric nanomaterials (NMs) resulted in an enhanced antimicrobial activity (zone of inhibition)
and anti-inflammatory response.>* Macrolide-conjugated magnetic NPs resulted in an augmented antimicrobial activity
and reduced bacterial cell viability.*® Intercalated nanomaterials also conveyed an outstanding macrolide delivery
characteristics with efficient targeting and controlled drug release.**>’

The present review mainly focuses on the potential of NMs and related nanotechnology-based drug delivery
approaches against drug-resistant microbes with the ultimate goal of conveying the reader up-to-date and suggestive
information about countering macrolide resistance using the technology the time permits. The contemporary knowledge
and recent study reports on nano-based approaches to overcome the increasing macrolide resistance are summarized and
discussed with a comprehensive review of published information. To accomplish this task, literatures for review were
collected from hugely reputable electronic databases such as PubMed, Medline, Google Scholar, and Science Direct,
which provide access to scientific and medical research in different valuable journals. Books and related documents were
also used when necessary.

The Pattern of Macrolide Drug Resistance

Macrolides are synthesized from Saccharopolyspora erythraea, a bacterium found in soil. They prevent bacteria from
producing proteins by reversibly interacting with the P-site of the 50S ribosomal unit. Gram-positive cocci and intracellular
pathogens such as Mycoplasma, Chlamydia, and Legionella species are the principal targets of macrolides. While the
primarily discovered macrolide was erythromycin, some others, like azithromycin, clarithromycin, and roxithromycin were
discovered gradually.>® Macrolide antibiotics are of great significance in both medical and clinical practice. Macrolides may
exert bacteriostatic or bactericidal action depending on the bacterial type and the strength of the drug concentration. They play
imperative roles in the pharmacological management of respiratory infections.>” They are also recommended as alternatives
for penicillins and B-lactams in case of allergic history in patients. Awkwardly, their therapeutic outcome is being in question
nowadays owing to the emergence of resistant microbes infecting the respiratory system, mainly due to the mis-use and
improperly regulated outpatient consumption of these drugs. 202> Currently, there are evolving investigations on macrolide

resistance, types of resistant isolates, variations in location, levels of resistance, and the mechanisms of resistance.>®

The Prevalence and Factors Associated with Macrolide Resistance

Some study reports indicated that macrolides are being out of use for some particular respiratory infections like
pneumonia due to the occurrence of resistance.”” In Europe, a superior level (about 27.5%) of erythromycin resistance
has been reported between 1991 and 1992 where an increasing rate of 3.7% and 2.2% was seen among children aged 1-2
and 34 years, respectively. Notably, the resistant groups were also reported to be cross-resistant with penicillins.'?
A similar event was reported from Finland that the macrolide resistance of Group A streptococci is increasing in an
alarming rate with time.>® Reports on macrolide resistance in S. pneumoniae also clearly indicated that varying degrees
of resistances (3—74%) occurred with locational varieties among different nations. Additionally, significant differences
were observed within a nation depending on the cause of the strains (community or hospital level), patient age, sample
source, seasonal conditions, and pneumococcal serotype.”’** The incidence was typically higher in youngsters, in
pneumococci strains, and in middle ear fluid samples. These variations pose a significant impact in the effectiveness
of treating patients with MLS B class (macrolide, lincosamide, and streptogramin B) agents.”® Spiramycin is a medium-
spectrum 16-membered macrolide drug utilized for respiratory infection management but in vitro assessments indicated
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that pathogens like F. nucleatum became resistant for this drug in nearly half of the study groups.*’ Japan reported
macrolide-resistant M. pneumoniae strains earlier in 2000s from the pandemic which occurred between 2010 and 2012
among children in Japan. In 2012, 81.6% of M. pneumoniae cases were macrolide-resistant, followed by 59.3% in 2014,
and 43.6% in 2015. Other nations have also experienced similar pandemics with drug resistance.?®*'*?

Although numerous factors can be mentioned for the development of macrolide resistance, the extensive and
inappropriate utilization had inexorably led to the blowout of resistant microbial isolates. The irrational antibiotic use
leads not only to the occurrence of unpredictable adverse effects but also to the rise of health costs as older resistant
antibiotic drugs are being replaced by new expensive antibiotics.* Such complications from microbial resistance are seen
in the plasmid-borne New Delhi metallo-b-lactamase-1 (NDM-1) gene that is believed to be transmitted between the
bacterial species of Klebsiella pneumoniae and Escherichia coli and a nosocomial infection causing strain called
methicillin-resistant staphylococcus aureus (MRSA)."*>%** Even though the exact mechanism still not well understood,
such macrolide-resistant microbial strains are expected to interfere the pharmacologic activity of the drugs which is
related to the Erm methyltransferase functions.*> In order to investigate the association of antibiotic use pattern and the
rate of drug resistance, the determinant factors such as the specimen type, the study area, the presence of nosocomial
resistant strains, the study period, and the sample representation should be well considered.*® Moreover, other factors
including the overall antibiotic use pattern, the macrolide type, presence of setback resistance, the regimen, the drug
pharmacokinetics and pharmacodynamics, patient adherence, the presence of cross infection, and community deeds can
contribute to the emergence of resistance.*” Consumption of antimicrobial agents and the prevalence of antibiotic
resistance are intricately related. The two main factors influencing resistance are selective antibiotic pressure and the
spread of resistant bacteria with potential of transmission of resistance genes across bacteria. But, only certain bacterial

species and antibiotic drug classes are impacted by selective pressure.***°

Mechanisms of Macrolide Resistance
Various mechanisms are anticipated for resistance of microbes towards macrolides. These include: (i) target site modification
by methylases encoded by erm genes; (ii) modifying enzymes such as esterases encoded by ere A and B genes or
phosphotransferases encoded by mphA, B, and D genes; (iii) efflux pumps; and (iv) mutations in the rrl and rpl genes
encoding ribosomal proteins L22, L4, and 23S rRNA, which confer resistance in gram-positive bacteria. The existence of
more than one of the aforementioned genes will convene complete cross-resistance among two different macrolides.”’™>! The
central modes of acquired resistance to erythromycin encompass either a methylase mediated target site modification at the 23,
S rRNA ribosomal subunit, leading to the MLS B resistance phenotype encoded by erm genes, or an efflux mechanism (M
phenotype) encoded by mef genes. However, certain isolates may harbor both of these resistance mechanisms. The mef gene is
reported to account the highest proportion of the resistance mechanisms like the case of erythromycin-resistant isolates.’* On
the other hand, macrolide resistance-associated 23S rRNA gene mutations were discovered in 4.6% and 10% of study groups
in Russia and Estonia, respectively.*® These problematic groups hinder the effective use of macrolides for the treatment of
disease caused by detrimental pathogens. Moreover, microbes perpetually attained resistance to the majority of antimicrobials
shortly after their introduction. Hence, it became mandatory to either escalate doses or search for alternative antibiotic class.
Unfortunately, there has been inadequacy of new antibiotic classes in the preceding 20 years.>

Though various resistance mechanisms are enumerated for macrolide drugs, the commonly encountered mechanisms are
diversity in MLSB, ribosomal methylation, resistance expression drug modification, target mutation, and antibiotic efflux.
According to biochemical investigations, the methylation of the antibiotics’ ribosomal target, or the so-called MLSB
phenotype, results in cross-resistance to macrolides, lincosamides, and streptogramins B. Later, a vast number of bacteria
were found to have the MLSB phenotype, which is expressed by a variety of erm (erythromycin ribosome methylase) genes.>”
Ribosomal methylation is among the most common methods for macrolide and lincosamide resistance by impairing the ability
of these drugs to attach to their targets. It is also the responsible mechanism for cross-resistance to the three medication classes
macrolide, lincosamide, and streptogramin B due to overlapping at the binding sites in the 23S rRNA.*°>* On the other way,
MLSB resistance can be either constitutively expressed or induced. When a bacterial strain develops inducible resistance, its
mRNA becomes dormant and unable to encode methylase. Hence, the mRNA can become active only in the presence of
a macrolide inducer.”® In contrast, active methylase mRNA is generated during constitutive expression even in the absence of
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an inducer. The presence of an attenuator upstream of the structural erm gene for methylase is associated with induction. The
staphylococcal determinant erm(C), as well as the erm(A) and erm(B) determinants, exhibited post-transcriptional induction,
in accordance with the paradigm of translation attenuation.’’

Genetic modification is another mechanism of macrolide resistance which is caused by bacterial enzymes and
resulting in altered antimicrobial target site. For instance, mutations in erm group C and G streptococci inhibit the
affinity of MLS B against the target site.””® Similar occasions are predicted for E. coli mutants for their extreme
resistance against erythromycin in vitro. Most isolates of M. avium and H. pylori, if not all, exhibit clarithromycin
resistance owing to this mechanism. S. pneumoniae, Treponema pallidum and Propioni species have also been linked to
similar mutations.’>>” Furthermore, recent studies have shown that efflux mechanism is found to be another most
common mechanism for macrolide resistance. The efflux pumps which are encoded by mefE in S. pneumoniae and by
mefA in S. pyogenes have been revealed to be determinant for streptococci’s resistance to macrolides. Mef, which is
thought to be a membrane protein, is believed to be necessary for the energy-dependent efflux of 14- and 15-membered
macrolides out of the cell.**® Limited rate of influx and extreme drug efflux properties impede the required drug
concentrations at the target. Consequently, there will be a sublethal drug level at the desired location that results in an
enhanced target-based resistance.'>*' There are also chromosomally encoded pumps in gram-negative bacteria, fre-
quently originated from a family of proteins with 12 membrane-spanning regions, which facilitate an innate resistance
towards hydrophobic drug substances such as macrolides.” The destruction of antimicrobials by target-related factors
such as covalent binding leads to an inherent resistance mechanism to other antimicrobials with analogous structures.*'
Enterobacteria have been found to possess esterases and phosphotransferases that confer resistance to lincosamides, 14-
and 15-membered macrolides, and erythromycin. Although only a few strains have been documented thus far, the
discovery that clinical S. aureus strains produce phosphotransferases encoded by mph(C) genes is concerning.’
Generally, methylases and efflux genes are the furthermost significant and pervasive features in gram-positive
microbes.** The commonly predicted mechanisms of macrolide resistance are shown in Figure 1.'
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Figure | Multiple resistance mechanism of bacteria to MDR pathogen.
Notes: Reproduced from Imran M, Jha SK, Hasan et al. Overcoming Multidrug Resistance of Antibiotics via Nanodelivery Systems. Pharmaceutics. 2022;14(3):1-25 (https:/
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Combating Macrolide Drug Resistance

Despite the efforts exerted incessantly in the discovery of new antibiotics, the treatment of intracellular infections often
fails to completely eradicate the causative pathogens. It is indisputable that antibiotic resistance is life-threatening in the
same sense as cancer, both in the number of cases and in the likely outcomes; thus, the actions have to be taken as
a matter of extreme urgency.’” Indeed, there are many debates and arguments between the development of novel
antibacterial agents and the discovery of novel delivery approaches for the available antimicrobials to overcome this
situation via collaborative approaches.*' Reports are clearly dictating that the emergence of multi-drug-resistant (MDR)
pathogens raises the specter of a future in which we will be out-of a pharmaceutical defense mechanism against
infections caused by those pathogens. To date, microbes have been able to stay up with or even surpass human
innovations in the antibiotic development.’ In light of this pressing issue, there has been much interest in alternative
antimicrobial therapies, including the use of nanotechnology, which has become the most important and impactful
innovation to tackle this troublesome situation.** Beyond the discovery of novel antimicrobials and delivery systems, all-
embracing effort should be exerted towards the development of effective strategies to combat multi drug resistance by
improving patient compliance and awareness for infection prevention.***” Adjuvant antimicrobial therapeutic approaches
such as antibiotic—antibiotic combination strategy and antibiotic—adjunct combination strategy can be considered as
possible alternative strategies to circumvent antibiotic resistance. However, nanotechnology-based antibacterial formula-
tion and delivery approaches are currently being a marvelously promising strategy, even for the treatment of infections
with MDR microbes.” NPs are used as “magic bullets” to deliver drugs at the desired concentration, location, and timing.
Nanotechnology offers a vast opportunity to command and modify molecular structures on nano scale to attain specific
target actions.®' Nano-bullet targeting is advantageous over conventional systems because it enhances the therapeutic
capacity by preventing microbial resistance, frequent drug intakes, and associated side effects. Therefore, nanoscience
enhances patient compliance by protecting their natural microbiome. NPs can also be applied to overcome drug
resistance owing to their multifunctionality, as they can tackle simultaneous, multiple gene mutations by the bacteria.”

Nano-Based Macrolide Delivery Innovations Against Resistant Microbes

Application and Mechanisms of Nanomaterials in Countering AMR

Nanotechnology is nowadays being recognized significantly in medicine for its indispensable roles in combating multi-
drug resistance. The unique characteristics of nano-sized materials such as controllable size, shape, and physicochemistry
make them promising for efficient and effective drug development and delivery application.*** Nanotechnology
provides special drug delivery systems that can address the difficulties related to targeting, resistance, and stability.
These nano-sized delivery systems have transformed the pharmaceutical research and development activities towards
a more advanced innovation with better treatment outcomes. The superior surface area from the reduced sizes of NPs and
nanocarriers enabled targeted drug delivery to the desired disease areas, minimizing harmful effects on healthy
tissues.®>®* NMs also resulted in better aqueous solubility, enhanced enzymatic stability, and sustained or controlled
release of the drug that collectively bring improved therapeutic outcomes.”’ Antimicrobial agents integrated with
nanotechnology come-up with promising broad spectrum, synergistic, and flexible antimicrobial activities.” NPs repre-
sent a promising alternative as they can fight against bacteria intrinsically, conjugate with current antimicrobials, or/and
serve as transporters or carriers for naturally occurring antimicrobials.”’> Common platforms for antibacterial drug
delivery include metallic NPs, vesicular delivery systems, solid-lipid NMs, and polymeric NPs.®* Nanomedicine was
regarded as one of the front coming agendas in the 2006 report of Food and Drug Administration (FDA) under “The
Critical Path Opportunities List and Report” recognizing the significance of encouraging research in the field of
nanotechnology. The FDA outlined the need for promotion of science and investment towards advancing nano-
regulation, applying nanomedicine for health promotion and protection, innovating qualitative and quantitative analytical
techniques for nanomaterial safety, and developing systems for risk prediction and assessment.*>>!

The numerous characteristics of NPs make them advantageous carriers of medications for combating disease-causing
microorganisms. These include improved drug solubility, enhanced stability, simplicity of synthesis, biocompatibility
with the agents used as targets, and regulation of release under stimuli-responsive conditions. Their acquired character-
istic of greater surface-to-volume ratio enables their specific functionality in drug delivery.! The parameters that
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determine the pharmaceutical application of NPs are shown in Table 2.2*°!*5"7! The application of specially designed
NMs brings a reasonable benefit compared to the conventional modalities against infections disease instigated from
intracellular and MDR microbes.?* Antimicrobials can be functionalized with metallic, organic, polymeric, and magnetic
NPs. These functionalizing NPs are reported to have intrinsic antibiotic activities and will elicit synergistic effects when
combined with antimicrobial drugs. Although they face challenges with respect to passing through biologic membranes,
other types of transport such as vesicular or endocytosis can facilitate their intracellular entry.>® Their special interaction
with surface lipids is also predicted as one mechanism of their enhanced intracellular delivery.’':”> Apart from their
intracellular delivery mechanisms, various mechanisms are hypothesized for the antimicrobial activities of NPs. They can
directly interact and disrupt bacterial cell wall; inhibit biofilm formation; activate and stimulate host immune responses;
produce reactive oxygen species (ROS), and interact with the intracellular components. These diverse ways of anti-
microbial activities, most of them being different to the drug actions, make them exciting for application in fighting
against drug resistance.’” In addition, NPs can possess physical barrier against the drug resistance mechanisms.”> NP-
based antibiotic drug delivery is believed to overcome the commonly reported drawbacks of the conventional adminis-
trations which are associated with resistance, lower margin of safety, adverse events, poor specificity, and
inconvenience.”* They are also promising delivery systems of chemical compounds for nanodiagnostics, nanotherapeu-
tics, and nanotheranostics.®>”°

In a comprehensive view, NMs generally have two main proposed activities in antibacterial drug delivery. Firstly,
they can be functionalized with available antibiotics to enable powerful penetration of the drugs through bacterial
membranes. Vesicular NMs (nanosomes, dendrimers, and micelles), nano-polymers, and inorganic NPs are applied to

Table 2 Parameters That Determine the Pharmaceutical Application of Nanoparticles

Parameters Factor Importance Examples Reference
Surface area Smaller or ® larger surface area the contact o the NPs | Azithromycin loaded with noisomes in [50,65-67]
and particle larger in size to the microorganism combination with levofloxacin showed an increase
size ® Lengthy nanoparticles extend the drug | in contact angle between the NPs and the
release microbes with increasing surface area and
decreasing size
Particle shape | Sphere, It can determine the basis of wavering ZnO NPs of various shapes (sphere, pyramid, and | [68]
pyramid, degrees of damage to pathogens through plate) exhibit varied photocatalytic activities with
plate periplasmic enzymes [-galactosidase leading to functional and
conformational change in the enzyme
Environmental | pH, ® Affect the antimicrobial potency Reduced pH shows high dissolution of ZnO NPs | [69]
Condition Temperature [® NPs function beyond optimum tempera- | and adhesion of NPs on the bacterial membrane
ture and NPs targeting these enzymes of MRSA and E. coli
would be ineffective with elevated T°.
Roughness/ Rougher or It can decrease the adhesion of microbes, as | Clarithromycin using PGLA-Ag NPs with rougher | [65,70]
particle smoother the size and surface area-to-mass ratio surface showed improved adsorption of the
surface surface stimulate the adsorption of bacterial microbes and better effect.
proteins
Zeta potential | Neutral, Resiliently impacts microbial adhesion Mg(OH), NPs, being positively charged are [71]
anions or adsorbed on microbial surfaces and this
cations accumulation at the site of infection ascends the
permeability
Doping n-doping, Allow proper dispersal of NPs in hydrophilic | Cr doping on the ZnO NPs significantly enhanced | [29]
modifications p-doping or aqueous environments their antimicrobial activity against a wide range of
pathogenic bacteria
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functionalize antimicrobial agents by incorporation or surface modification approaches.”® These ways of antibiotic
delivery results in boosted drug response through effective microbicidal activities which might be from two directions:
from upgraded delivery and drug transportation features as contrasting to the antibiotic drug alone, and/or the synergistic
effects of the functionalized drug-nanomaterial combinations.*>”’”-’® Secondly, NMs can elicit various intrinsic anti-
microbial properties. Various inorganic NMs demonstrated well-established and investigable activities against a wide
range of microbes. Even though vast similarities with the conventional antimicrobials are reported in their mechanisms,
the way antibiotic resistance is occurring is far from those NMs.'**> Their distinctive physicochemistry is utilized in
formulating novel antimicrobials devoid of the short-comings from the conventional drugs. Their resemblance to the
bacterial intracellular components with respect to size and surface area provides a multidirectional interaction and
loading to the microbe intracellularly.”” Furthermore, suitable physicochemical modifications on the NPs can prevent
predetermined mechanisms of drug resistance.®® The different mechanisms underlying the intrinsic antibacterial effects

of NPs are summarized in Figure 2.%°

Nanomaterials for Macrolide Delivery
Nanotechnology is advancing therapeutic systems against complicated acute and chronic disorders by improving the drug
delivery, synergizing pharmacologic responses, and preventing resistance mechanisms. Nanofabrication of therapeutic
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Figure 2 Different mechanisms of action of NPs in bacterial.
Notes: Reproduced from Baptista PV, McCusker MP, Carvalho A, Ferreira DA. Nano-Strategies to Fight Multidrug Resistant Bacteria — “A Battle of the Titans”. Front
Microbiol. 2018;9:1-26 (https://creativecommons.org/licenses/by/4.0/).29
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agents by applying proper organic, inorganic, or polymeric NMs has shown a promising antimicrobial therapy.®' Their
vital role in interrupting major microbial cellular functions such as cell wall permeability, efflux activity, reactive species
formation, and metabolism and reproduction is of utmost importance in countering AMR. Hence, nano-based approaches
should be in place as a potential alternative for particular circumstances where they can bring a thorough impression on
quality of life though the expensiveness of nanomedicine makes the conventional therapy more preferable.” In addition
to the cost-effectiveness considerations in applying nanomedicine, integrating the health and safety with the technology
led engineering should be done with generous scientific considerations.® At the moment, about 75% of the market
available nanomedicine products reside on drug delivery systems.*> Drug manufacturers are nowadays shifting towards
nanomaterial-based drug delivery systems as these systems recognizably advanced the health-care system with numerous
merits that were impractical and difficult to achieve previously with the conventional approaches. Common NMs with
promising antimicrobial drug delivery outcomes are shown in Figure 3.%% Table 3. 27493 also presents some examples
of NMs used for the delivery of various macrolide drugs.

Inorganic NPs

Inorganic NMs were being applied for centuries and are currently under development and investigation as antimicrobials.
Noble metals (eg, Ag, Au, Pt, and Pd), carbon-based materials (carbon nano-fibers and different types of carbon
nanotubes), semiconducting materials (CdSe, CdS, ZnS, TiO,, PbS, InP, Si/SiO,), magnetic materials (Fe;O,4, Co,
CoFe,04, FePt, CoPt, and their composites), and lanthanides (Gd,O3 and Eu,O3) are among the most important inorganic
NMs*>¢ which are used as antimicrobial agents and delivery systems.’” Inorganic NPs exhibit a variety of activities
such as catalysis and sensing to optics, microbicidal effects, cytotoxic properties, and as data storages based on their
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Table 3 Example of Nanomaterials Based Drug Formulation of Various Macrolide Drugs

NCs

Drug Utilized NPs | Outcome Reference
Clarithromycin | PLGA NPs Significantly higher mean inhibition zone diameters against S. aureus. [3]
The increased potency of CLR NPs may be related to some physicochemical properties of NPs
like modified surface characteristics, lower drug degradation, and increased drug adsorption and
uptake.
CdS/NiO NPs | The loading involved physical complex formation rather than chemical modification with the [89]
high percent surface loading of the drugs on the NPs.
Significantly higher solubility/dissolution improvement in the solubility of the drug from the NPs
LCHNPs Effectively disrupted biofilm architecture, removed EPS, prevented reformation of biofilm by [81]
effectively inhibiting bacterial adhesion and eliminated pathogens. Thus, exhibiting an excellent
eradicating ability to H. pylori biofilm.
GECM coated | The affinity of H. pylori with the biomimetic nanocarriers was 10-fold higher than that with non- | [82]
PLGA coated NPs. The bacterial burden in stomach of the infected mice was reduced significantly by
oral delivery of the biomimetic nanoparticles.
Liposomal NPs | Exhibited enhanced therapeutic effect towards biofilm-forming P. aeruginosa. [83]
Enhanced susceptibility than the free drug
Azithromycin Gold NPs Numerous reports suggested that inorganic nanomaterials, specifically gold nanoparticles [87,91]
(AuNPs), have converted unresponsive antibiotics into potent ones against multi-drug resistant
pathogenic strains.
Niosomal Mean minimal inhibitory concentration significantly lower than free AZM. [92]
Delivery More effective against extensively drug-resistant K. pneumoniae
Liposomal NPs | Synergized the antibacterial effect of the entrapped AZT. [27]
The MIC values of AZT-LPs were marginally lower than those of free AZT.
PAMAM-DA Improved penetration and retention inside biofilms, enhanced permeabilization of the bacterial | [88,93]
NPs membrane, and increased internalization of AZM, thus exhibiting excellent anti-biofilm
activities. Provided an effective way for the management of biofilm-associated infections,
including chronic lung infection.
Erythromycin SLNPs Provided desired drug release, protection of drug degradation and resistance, and avoidance of | [94]
organic solvents.
PAMAM Sustained-release erythromycin delivery. [95]
Dendrimer A high drug payload, enhanced solubilization, and resulted in higher activity
PCL-PEG Able to rapidly enter S. aureus and to provide sustained release cargoes [84,90]
micelle Effectively inhibited S. aureus proliferation.
A new platform for the rational and effective use of hydrophobic antibiotics to treat infections.
Roxithromycin | PEG-PLGA Increased bioavailability and decrease resistance to various pathogens [85]
NPs
Cyclodextrin Significantly inhibited the Staphylococcus aureus biofilm resulting in bacterial death. [86]

Abbreviations: GECM, gastric epithelial cell membrane; LCHNPs, lipid-coated hybrid nanoparticles; CdS/NiO NPs, Cadmium sulfide (CdS) and Nickel oxide (NiO)
Nanoparticles; PAMAM, poly(amidoamine); NCs, nano Carriers.

particle properties.®**¢ Presently, metallic NPs, particularly silver and gold NPs (AgNPs & AuNPs), have been

investigated for vast medical applications and demonstrated a promising outcome owing to their stability, oxidation

resistance, and biocompatibility.*
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AuNPs offer countless rewards in drug development studies as their core is chemically inert and non-cytotoxic.
Moreover, nano-sized engineering of gold particles is accompanied by efficient drug loading for targeted antimicrobial
delivery.***” In one study, the macrolide drug clarithromycin demonstrated a better activity against S. aureus and
S. pyogen when loaded with CdS & NiO NPs than the free drug and the unloaded NPs.” Another study on AuNP-based
functionalization of azithromycin and clarithromycin reported an improved minimum inhibitory concentrations (MIC)
and cytotoxicity profiles against oral pathogenic bacteria and fungi both in vitro and in vivo.®’ Another study on
azithromycin loaded AuNP and clarithromycin loaded AuNP also exhibited enhanced antibacterial effect with higher
mean zone of inhibition than the respective drugs alone against known resistant pathogens.”® AgNPs have size and
ionization dependent bacterial cell penetration ability through interactions with the thiol groups of the membrane, which
then can disrupt the bacterial DNA and its physiologically important enzymes. These, then, results in inability to
reproduction and cell death.°*”* More importantly, AgNPs have multi-target activities and interactions inside the
bacterial cell which helps them escape resistance that can enhance antibacterial activities and reduce the microbial
resistance when they are functionalized with macrolides.””*® The diverse mechanisms of antimicrobial action of AgNPs
are summarized in Figure 4.**! In one study, azithromycin was functionalized with silver NPs and nanoprisms (AgNPs &
AgNPrs). Nanoprism conjugates of the drug resulted in a better and efficient antimicrobial activities against E. coli and
S. aureus than the non-conjugate forms and AgNP conjugates.'®

Some metallic oxide and magnetic NPs provide a discriminatory poisonousness to the microbial cell without
significant alterations to the physiologic human cells. ZnO NPs demonstrated an appreciable level of growth inhibition
against MRSA, S. epidermidis, K. pneumoniae, L. monocytogenes, S. enteritidis, S. mutans, Lactobacillus, and E. coli."
Their main antimicrobial activity is described to be disruption of the bacterial membrane due to their interaction with bio-
macromolecules inside the membrane and by generating ROS."* A study on erythromycin-loaded ZnO NPs against
macrolide-resistant GABHS isolates confirmed that the functionalization resulted with an enhanced antimicrobial activity
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Figure 4 General mechanism of action for silver nanoparticles.
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and a higher anti-GABHS response with an increase in ZnO NP compositions.”” Magnetic NPs (MNPs) are usually built
from a magnetic substance and an element that functionalizes its surface. Hence, they are able to be guided by a magnetic
field towards their target sites.'’’ Commonly utilized magnetic elements include Fe, Co, and Ni. The functionalizing
material is selected based on the planned application and outcome to be achieved. Inorganic MNPs such as Fe,O5 and
FeO NPs can be coated with a functionalizing layer synthesized from other inorganic materials like silica and gold or
using organic macromolecular and bimolecular polymers. The preparation can finally be formulated as NPs (5-500 nm)
or microbead forms (500-500 pum).” The flexible nature of MNPs enables them to be coated in various ways in order to
achieve synergistic effects under stimuli responsive conditions with different sensors. Targeted drug delivery, which is
a limitation of the conventional, and still for some of the advanced delivery technologies, can also be attained effectively
with a well-controlled magnetic filled system.?’ For accomplishing this objective, a drug can be conjugated with
biocompatible MNPs for delivery, with an external magnetic field applied or focused towards the target sites of
therapeutic response in vivo. The magnetic fields will then guide the drug-MNP conjugate towards the target tissue to
enhance targeted delivery and physiologic interaction of the drug.®® With this principle, erythromycin-conjugated FeNPs

resulted in an augmented antimicrobial activity and reduced bacterial cell viability against S. pneumoniae.>

Solid Lipid Nanocarriers
Solid lipid NPs (SLNPs) have been potential candidates for advanced antimicrobial drug delivery as they are biocompa-
tible, stable, and tolerable. Their formulation process is relatively easier for large-scale production and needs a less strict
regulation as they can be formulated from physiologically acceptable lipids while avoiding the use of organic solvents.
They are characterized with efficient incorporation of lipophilic drugs within their core and providing an effective shield
for products susceptible to degradation. Their nanometric size makes them easier for administration through almost all
routes of drug administration and for numerous types of disorders.®*!°* They share most of the merits from the orthodox
NPs while concurrently excluding several NP-related downsides associated with cost, stability, maintaining drug
bioactivity, and leakage of hydrophilic drugs.®®> However, they are not completely devoid of limitations as they still
need further effort to enhance their drug-loading capacities, to optimize their complex nature of lipid physicochemistry,
and for the availability of more advanced vesicular delivery systems.'®

Stearic acid SLNPs, loaded with azithromycin, resulted in higher entrapment efficiency and acceptable particle
property required for lymphatic absorption. Evaluation of the loaded formulation showed an improved solubility, better
oral bioavailability, and higher percentage of in vitro release of that poorly soluble drug.®’ In vitro antibacterial study of
clarithromycin-loaded SLNPs against E. coli, H. influenza, S. typhi, S. aureus, and S. pneumoniae demonstrated
significantly higher zone of inhibition. The cumulative effect of NP characteristics resulted in an improved potency of
clarithromycin.® Another study on azithromycin-loaded SLNPs to determine the associated role of the lipid concentration
indicated that the medication-to-polymer ratio had a significant impact on the physicochemical parameters with a drug-to
-polymer ratio of 1:3 demonstrating maximum entrapment efficiency. The azithromycin-loaded NPs displayed valuable
physicochemical properties for oral administration and enhanced antibacterial capabilities against S. fyphi.'® Another
group of lipid-based NMs, liposomes, also demonstrated an interesting macrolide delivery characteristics. Liposomal
delivery of azithromycin showed a promising in vitro antimicrobial activity against E. coli strains characterized with
synergistic activities, efficient inhibition of biofilm synthesis, and enhanced formulation stability.>' Liposomal delivery of
macrolides is also reported as an effective means of topical application for skin infections. A study was done on
liposomal delivery of azithromycin against infectious microbes on the skin with four different liposomal formulation
types: conventional liposomes, deformable liposomes, propylene glycol-containing liposomes, and cationic liposomes.
All these formulations offered good entrapment and drug retaining efficiency. The cationic, deformable, and glycol-based
liposomes successfully subdued the bacterial strain growth and prevented the biofilm formation which enables them for

being a potential approach for improved topical treatment of skin infections from multidrug resistant microbes.'*®

Polymeric Nanoparticles
Biodegradable NPs synthesized from polymers such as chitosan, gelatin, sodium alginate, polycyanoacrylate or poly (D,
L-lactide) and poly (lactide-co-glycolide) (PLGA) are more efficient and effective for drug delivery than the traditional
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polymeric matrix systems.®® Several foregoing studies invigorated the potential application of this polymeric NMs for
effective antimicrobial drug delivery.””'®® A study on an in vitro anti-inflammatory and antimicrobial activity of
azithromycin-loaded chitosan reported enhanced antimicrobial activity (zone of inhibition) and anti-inflammatory
responses from the study formulations.**'%” Similarly, PLGA nanocapsules loaded with clarithromycin provided
enhanced bacterial cell permeation and an apposite aerosol delivery with 1000 times higher reduction in the number
of intracellular S. aureus cells in vitro. These formulations also demonstrated 70-80% bactericidal effect against
M. abscessus.”® Clarithromycin-loaded chitosan NPs against S. pneumonia also showed more antibacterial property
than the intact drug.'®® Self-assembling supramolecular amphiphilic polymers have appeared as promising application
tools in drug delivery and development due to their superior performance compared to their monomeric forms. These
formulations possess integral unoccupied lipophilic hollow spaces for additional guest-host interactions.””'® Various
groups of synthetic amphiphilic macrocycles, such as calixarenes and pillarenes, are nowadays being preferred for the
generation of nanocargos for drug delivery because of their stability, potentials for amendment, and inherent extra guest—
host interactions. Loading of clarithromycin in calixarene amphiphiles showed an interesting anti-biofilm and bactericidal
effects improving the antibacterial activity of clarithromycin.® Another similar investigation on loading the hydrophobic
drug clarithromycin into self-assembling amphiphilic nanostructures demonstrated a well augmented antibacterial
activity of clarithromycin against the drug-resistant strains of S. pneumonia with additional immune-regulatory effects

and satisfactory safety. The proposed mechanism for this augmented antibacterial activity is illustrated in Figure 5.7
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Notes: Reproduced from Liu X, Li Z, Wang et al. Novel antimicrobial peptide—modified azithromycin-loaded liposomes against methicillin-resistantStaphylococcus aureus.
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Intercalated Nanostructures

Intercalated NMs conveyed an outstanding delivery characteristics for targeted and controlled drug delivery against
infectious microbes.***> They are currently under substantial consideration in novel drug development due to their
promising properties with respect to cost, biocompatibility, safety, and drug loading and release efficiency.”® Several
formulations of medicinal products intercalated with constructive organic anions, such as DNA, amino acids, and
polymers have been set effectively, thus intensifying their variety of applications.'>''® Intercalated structures incorpo-
rated by antibiotic drugs also showed improved antimicrobial effects.”” A preliminary study on docking macrolides to be
intercalated in natural biomaterials like actin demonstrated that residues on the actin binding site formed important
hydrophobic and hydrogen-bonding interactions with the ligands for the macrolide drug. The binding site possessed three
key segments: a lipophilic pocket that can intercalate the huge lipophilic “anchor” of the macrolide; a lipophilic “cleft” to
interpolate the lipophilic tail of the drug and depolarize the molecules, and an opposite end of a lipophobic area for
integration of hydrophilic components or drugs.''" A biosynthetic and phylogenetic intercalation of a newly discovered
macrolide anthracimycin, involving an intramolecular cycloaddition in a natural microorganism-based biosynthetic gene
cluster, provided an enhanced antimicrobial activity and development of novel analogues with new structural architec-
tures and novel modes of action against Gram-positive pathogens including B. anthracis and methicillin-resistant and
vancomycin-resistant S. aureus (MRSA and VRSA)."'? This promising intercalation investigation result might further be
boosted by the application of advanced nanostructured delivery systems.

Conclusion

Microbial resistance has become the world’s most jeopardizing public health concern after the nuclear war, as it
significantly imparts overall global health and economic challenges. Like that of other antimicrobial drugs, macrolide
resistance has been increasing alarmingly, rendering it difficult to treat infections using conventionally available drugs.
Hence, it is now the right time to address those challenges by innovating unconventional approaches. In light of these
events, integration of biological and nanomaterial sciences is proving itself as an emerging solution to be utilized in
medicine for the delivery of antimicrobials and other therapeutic agents in a way that prevents resistance, promotes
targeting, reduces non-specific cytotoxicity, and enhances overall treatment outcome. Metallic NPs, polymeric NMs,
vesicular delivery systems, and some other nanostructures enhanced the antibacterial activities of macrolide drugs by
improving their pharmacokinetics, carrying and delivering more efficiently at target sites, minimizing toxicities, and most
importantly, exerting novel mechanisms for combating drug resistance. Among these delivery systems, polymer-based
NPs have gained considerable attention due to their possession of enhanced targeting towards the infectious regions and
their higher stability in biological environments.

The Future Perspective

Though nanotechnology is spectacularly innovating and advancing the health care delivery systems, there are still
challenges that require further efforts for its clinical translation at extraordinary levels. The main areas to be focused
include NM safety, biocompatibility, intellectual property, regulations, production time, and cost.”""*!''*> Majority of the
challenges are associated with the complexity of adjusting size and shape of the NPs with an acceptable level of stability
through the production process. Most NPs have an intrinsic ability to infuse through membranes and blowout to diverse
body compartments.*’-''* Though this property is regarded as beneficial for drug transport, it may induce a risk for non-
target accumulation posing possible health intimidations. Enhanced enter-/intracellular membrane transportation, on the
other hand, may lead the NPs escape the body’s defense mechanisms and elicit inflammatory and/or toxic effects.''> NPs
can produce ROS that cause inflammation and toxicity with other associated acute and chronic major organ complica-
tions. Additionally, the biological-NP interactions are not still entirely investigated.>*''® Therefore, it is prudent to
conduct a thorough exploration to further characterize the likely mechanisms of the interaction between the NPs and the
biological systems. The inconsistent in vitro evaluations on NP activities should be amplified and complemented by
thorough in vivo investigations.’® The toxicity of NPs on human cells, particularly neurotoxicity, should be given more
emphasis to plainly understand the mechanisms that NPs cross the blood-brain barrier. Although only a few studies have
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reported that NPs enter bacterial cells through porins, it is crucial to further understand the precise mechanisms for
bacterial cell penetration of NPs.!'” Researchers should emphasize on using safe and environmentally acceptable natural
reducing agents for NP synthesis and they should master translating the nanoformulations into clinical applications.”’*''®
In sum, dedicated multidisciplinary efforts are still in-need for advanced quality research, assured NM safety, successful
therapeutic outcome, cost effective production, well recognized regulatory framework, clinical extrapolation, and

commercialization of antimicrobial nanodelivery.
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