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Abstract: In recent years, the emergence of newly identified acute and chronic infectious disorders
caused by diverse combinations of pathogens, termed polymicrobial diseases, has had catastrophic
consequences for humans. Antimicrobial agents have been clinically proven to be effective in
the pharmacological treatment of polymicrobial diseases. Unfortunately, an increasing trend in
the emergence of multi-drug-resistant pathogens and limited options for delivery of antimicrobial
drugs might seriously impact humans’ efforts to combat polymicrobial diseases in the coming
decades. New antimicrobial agents with novel mechanism(s) of action and new pharmaceutical
formulations or delivery systems to target infected sites are urgently required. In this review, we
discuss the prospective use of novel antimicrobial compounds isolated from natural products to
treat polymicrobial infections, mainly via mechanisms related to inhibition of biofilm formation.
Drug-delivery systems developed to deliver antimicrobial compounds to both intracellular and
extracellular pathogens are discussed. We further discuss the effectiveness of several biofilm-targeted
delivery strategies to eliminate polymicrobial biofilms. At the end, we review the applications
and promising opportunities for various drug-delivery systems, when compared to conventional
antimicrobial therapy, as a pharmacological means to treat polymicrobial diseases.

Keywords: polymicrobial diseases; biofilms; antimicrobials; natural products; pharmacological
approach; drug delivery system

1. Introduction

Microorganisms commonly grow in multifaceted polymicrobial biofilm communities
in nature, attached to host mucosal sites and environmental surfaces [1]. By definition,
polymicrobial biofilm communities comprise multiple microbial organisms (fungi, bacteria,
and viruses) inhabiting a matrix that consists of microbes’” metabolic products and/or host-
derived components, usually in the form of polysaccharides [1]. Polymicrobial communities
exist in the human oral cavity, nasal cavity, gastrointestinal (GI) tract, respiratory tract, and
urogenital tract [2].
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The GI tract and oral cavity are inhabited either permanently or temporarily by a large
number of unique microbial species (approximately 600-1000) [1,3,4]. The great variety
of microbes in the mucosa and the limited space available led to physical and chemical
interactions over hundreds of years of evolution [5]. These interactions can take several
forms. The first is synergism, where one microbe forms a niche for another microbe to
inhabit or to infect. The second is predisposition, in which interaction between the host
and a microbe predisposes another microbe to colonize. Third, antagonism or microbial
interference describes host-microbe interactions that decrease or inhibit colonization by
another microbe. Finally, addition is when two non-pathogenic organisms can cause
infection only when combined [6].

Multispecies colonization of human tissue has been observed using microscopes. How-
ever, little is known about how multispecies interactions determine the extent, progress,
and severity of human disease or about how the body reacts to polymicrobial versus
monomicrobial infection [1,2]. Most infectious diseases were previously recognized to
be monomicrobial, perhaps due to the use of culture-dependent techniques. However,
using culture-independent community analysis methodologies, several diseases have
been characterized as polymicrobial infections, such as oral cavity disease, otitis media,
chronic infection in the cystic fibrosis lung, and diabetic foot wound infections. In those
polymicrobial-related infections, severity and disease outcomes can be predicted from the
microbial composition. Several measures may enhance surveillance of potential disease
risk factors, such as epidemiologic identification and pyrosequencing of the microbial
community when these diseases occur and study of the relationships between microbes.
Preventive and treatment strategies must be continuously improved to fight polymicrobial
diseases [1,7].

The availability of effective antimicrobial drugs is important for the successful treat-
ment of infectious diseases [8]. However, increasing cases of multi-drug-resistant pathogens,
the small selection of effective antimicrobials, and limitations to antimicrobial drug delivery
hamper treatment of these diseases [8-10]. In this Review, we present the pharmacolog-
ical approaches available and readily used to treat mono- and polymicrobial diseases
and the challenges facing the field. We further discuss the potential use of novel natural
product-derived active compounds with anti-polymicrobial properties that mainly play
a role in the inhibition of biofilm formation. We also discuss several newly developed
drug-delivery systems targeting intracellular and extracellular pathogenic microbes and
their potential applications in the pharmacological treatment of polymicrobial diseases.
These promising pharmaceutical technologies may provide important advances in the
treatment of polymicrobial diseases.

2. Types of Polymicrobial Interactions

Polymicrobial interactions can be broadly divided into two types: synergistic combi-
nations of two or more microbes to initiate infection, termed polymicrobial diseases, or
antagonistic interactions in which colonization by one microbe interferes with colonization
by another [7]. Polymicrobial diseases are acute and chronic diseases caused by diverse
combinations of bacteria, fungi, viruses, and/or parasites in a particular host (Table 1) [7].
In synergistic polymicrobial diseases, one microorganism creates a niche ideal for the
infection and colonization by other, frequently pathogenic microorganisms. Human metap-
neumovirus and coronavirus, for instance, co-exist in patients with respiratory syncytial
virus in bronchiolitis [11] and also with severe acute respiratory syndrome [12] and other
respiratory infections [13].

Polymicrobial interactions may also take the form of interference, in which one microbe
interferes with another to colonize or infect the host. Interference signature has been widely
documented in invertebrates (e.g., antiviral protection of intracellular bacteria Wolbachia
in Drosophila melanogaster) [14] and in vertebrates (e.g., co-infection of a human host with
human immunodeficiency virus (HIV) and non-pathogenic human GB virus C) [15]. In
the latter example, GB virus C can inhibit HIV replication, leading to the reduction in host
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mortality rate [15]. Furthermore, patients co-infected with HIV and GB virus C have higher
baseline CD4+ T cell counts, a slower rate of decline of CD4+ T cells, and lower plasma
levels of HIV RNA than HIV-positive patients without GB virus C co-infection [15].

This Review focuses on the occurrence and treatment of polymicrobial diseases,
commonly triggered by a synergistic combination of two or more pathogens [7]. An
example is the measles virus, a single-stranded, negative-sense, enveloped RNA virus
that causes death mostly by suppressing the host immune response, thereby promoting
the development of secondary bacterial infections [16,17]. It has been postulated that
an immunosuppressive factor generated by measles virus-infected lymphoid cells might
prevent the proliferation of antibody-producing B cells [16,18].

Some viruses of the family Retroviridae have been demonstrated to infect host im-
mune cells, impairing antigen recognition and/or antibody production. With such im-
munosuppression signatures, HIV and closely related viruses are the best examples of
“partner-in-crime” pathogens that lead to secondary bacterial infections [19,20]. Many
patients with HIV-AIDS in Africa are also co-infected with Mycobacterium tuberculosis and
malaria parasites [19-22] and with other bacteria, viruses, fungi, and protozoans [23,24].
Moreover, increasing cases of bladder and kidney infection have been reported in pa-
tients with human T-cell lymphotropic virus type I (HTLV-]), a retrovirus of the genus
Deltaretrovirus [25]. Likewise, incidences of acute bronchitis, bladder and kidney infec-
tion, arthritis, and asthma have been shown to rise in patients infected with HTLV-II [25],
another retrovirus.

In some cases of polymicrobial diseases, infection occurs in certain tissues or organs
as a consequence of preliminary colonization by another microbe [1,7]. Initial coloniza-
tion by one microbe might predispose the host to infection or colonization by a second
microbe in the same sites [1,7]. For example, the destruction of respiratory epithelium by
certain respiratory tract viruses, such as influenza virus and human respiratory syncytial
virus, can promote secondary bacterial adhesion [26]. Respiratory tract viruses can also
predispose a host to middle ear infections [27,28]. These viruses may cause bacterial super-
infections, mainly by suppressing host immune response, or by increasing the expression
of certain receptor-associated molecules that can facilitate bacterial attachment to the target
tissues [29]. In the additive type of polymicrobial interactions, two or more nonpathogenic
microorganisms synergistically colonize the host, resulting in bacteremia, which can man-
ifest in various organs from soft tissue to lung, liver, and brain [7]. Detailed types of
interaction and examples of combination of microorganisms involved in the polymicrobial
diseases are presented in Table 1.

3. Targeting Polymicrobial Diseases: Current and Promising Approaches

Antimicrobial resistance is an ongoing and daunting issue nowadays, as this has put
humans at greater risk of death due to untreatable infection [9]. Bacterial diseases, such as
tuberculosis, salmonella, and pneumonia, have been shown to threaten global communities
and this unfortunate situation have been reported to be rising as numerous bacteria are
becoming tolerant to antibiotics [9,30]. The term “antimicrobial resistance” describes the
resistance of viruses, bacteria, fungi, etc., to medicines, which were originally efficient in
treating microbial infection [9,30]. To treat multiple infectious diseases and particularly to
counter drug-resistant microbes, the utilization of newly discovered antimicrobial agents
derived from natural products and microbial cultures present a potential approach in the
treatment of infectious diseases. In this section, the use of traditional antibiotics and the
potential utilization of natural products as promising antimicrobial candidates against
polymicrobial infections are discussed.

3.1. Antibiotics: Pharmaceutical Arsenals in Polymicrobial Diseases

Most polymicrobial diseases are characterized by virus-bacterium or bacterium—
bacterium interactions [1,7]. To treat these cases, we heavily rely on the availability of
effective antimicrobial agents. Since most of the alarming polymicrobial diseases involve
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secondary bacterial infections, especially in the case of HIV-related immunodeficiency, we
focus our Review on currently available antibacterial or antibiotic compounds. In general,
antibiotics are defined as substances that inhibit the growth or selectively kill pathogenic
bacteria [10]. Based on their clinical pharmacology properties, antibiotics can be divided
into several categories [8]. In this Review, we present the most significant antibiotics based
on their functions and sites, and mechanisms of action (Figure 1; Table 2).
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Figure 1. Sites of action for different types of antibiotics.

3.1.1. Cell-Wall Synthesis Inhibitors

The existence of polysaccharides in the cell wall of bacteria, commonly known as
peptidoglycan, distinguishes it structurally from that of other species [31]. Vancomycin,
beta-lactam drugs, and fosfomycin possess great therapeutic potency to interfere with
bacterial cell-wall synthesis. Beta-lactam drugs include carbapenems, cephalosporins, peni-
cillin derivatives, and monobactams. When beta-lactam drugs attach to penicillin-binding
proteins (PBPs), which are essential for catalyzing the cross-linking of the peptidoglycan
layer, cell-wall synthesis is disrupted [8,31]. Cell-wall hydrolysis then occurs, leading
to the aggregation of peptidoglycan and impairment of cell-wall formation [8,31]. This
further promotes peptidoglycan digestion and bacterial burst. Vancomycin and fosfomycin
primarily act by targeting the d-Ala-d-Ala (D-alanyl-D-alanine) terminus and MurA (UDP-
N-acetylglucosamine enolpyruvyl transferase), respectively, and disrupt the initial step of
peptidoglycan synthesis [31-33].

3.1.2. Membrane Function Inhibitors

The cytoplasmic membrane is vital to maintaining homeostatic regulation of physio-
logical function in microbial cells [8,34]. It serves as a selective barrier for ions and selected
macromolecules. Alteration of the membrane’s functions promotes the disproportion of
essential ions and macromolecules, which contributes to the breakdown or destruction of
the cell [34]. Polymyxins have long hydrophobic tails and are considered to have strong
antibacterial properties. Polymyxins B and E are potent and widely used for therapeutic
purposes. When polymyxins bind to the portion of lipopolysaccharide that exists on the
outer surface of Gram-negative bacteria, the selective barrier function is impaired due
to modification of the membrane structure [34]. This disrupts both the inner and outer
membranes of the affected microbes [34,35].
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3.1.3. Protein Synthesis Inhibitors

Protein synthesis, both in humans and bacterial cells, is an essential task for cellular
survival. The ribosome is the most important organelle in the translation of mRNA into
protein [8,36]. Bacterial ribosomes are comprised of two subunits, the 30S and 50S [36],
and differ structurally from human ribosomes, which have 40S and 60S subunits [37,38].
Bacterial ribosomes thus serve as a selective target to inhibit protein synthesis. Aminoglyco-
sides and tetracyclines block the 30S subunit where macrolides target 50S to inhibit protein
synthesis [39,40]. Aminoglycosides and tetracyclines function by preventing aminoacyl
tRNAs from accessing the ribosome and binding with the 165 rRNA component of the
30S subunit, respectively, inhibiting protein production [39,40]. It has been suggested
that aminoglycosides disturb all typical steps in protein biosynthesis, such as translation
initiation, peptide bond elongation, etc. [39]. In contrast, macrolides operate effectively by
either initiating or dislocating the peptidyl tRNAs, which prevents the peptidyl-transferase
reaction from lengthening the local peptide chains [38].

3.1.4. Nucleic Acid Synthesis Inhibitors

Nucleic acid synthesis is one of the most critical targets for antibiotics to treat com-
municable diseases [41]. To simplify classification, the antimicrobial agents in this class
are subdivided into DNA and RNA inhibitors. RNA blockers interact with bacterial tran-
scription by generating RNA transcripts of genetic material for further translation into
proteins [41]. Rifampin, a popular RNA inhibitor, primarily targets the DNA-dependent
RNA polymerase enzyme and impedes RNA elongation, which promotes bacterial cell
death [42]. DNA synthesis is inhibited by quinolones, metronidazole, etc. By targeting the
DNA gyrase, quinolones disrupt DNA replication, which leads to bacterial cell death [43].
In addition, metronidazole and nitrofurantoin are also associated with DNA biosynthesis
blocking. These drugs mainly act on the anaerobic bacteria by producing metabolites that
attach to the DNA strands and promoting bacterial cell rupture [34,36].

3.1.5. Metabolic Pathways Inhibitors

Sulfonamides and trimethoprim (TMP) are two metabolic pathway inhibitors used in
combination (in the form of sulfamethoxazole (SMX)-TMP) to negatively impair bacterial
folic acid metabolism synergistically [44]. TMP inhibits the action of the dihydrofolate
reductase enzyme, and SMX inhibits the conversion of para-aminobenzoic acid into dihy-
dropteroic acid by preventing the action of dihydropteroate synthetase. The action of both
antibiotics prevents the synthesis of folic acid, producing their bacteriostatic effect [44].

Table 1. Types of interaction and examples of combination of microorganisms involved in polymicrobial diseases (modified

and updated from [7]).

Type of Interaction

Examples of Microorganism Involved Diseases/Outcomes Refs.

Human metapneumovirus with

Synergism Virus—Virus . . L. SARS, Bronchiolitis [11-13]
coronavirus or respiratory syncytial virus
Synergism Virus—Virus Epstein-Barr virus and retrovirus Multiple sclerosis [45]
Synergism Virus-Virus HTLV-I, HTLV-IT, and/or HIV-1, HIv-2  Respiratory and urinary [46]
infections
Synergism Virus-Virus HTLV-I and HTLV-II AIDS [25]
. . . Concurrent infection of
Synergism Virus—Virus HBV or HCV and HIV-1 AIDS with hepatitis [47]
Synergism Virus—Bacteria Herpesvirus and Pseudomonas aeruginosa Kaposi’s Sarcoma [48]
Synergism Virus—Bacteria HIV and Mycobacterium tuberculosis Concurrent infection of [19]

AIDS with tuberculosis
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Table 1. Cont.

Type of Interaction

Examples of Microorganism Involved Diseases/Outcomes Refs.

Measles and M. tuberculosis and

Synergism Virus-Bacteria Staphylococcus aureus Measles [17]
Synergism Bacteria—Bacteria Streptococcus gordoni, Fusobaci‘ferz.um . Periodontitis [49]
nucleatum and Porphyromonas gingivalis
. . . Stenotrophomonas maltophilia and . .
Synergism Bacteria—Fungi Aspergillus fumigatus Corneal infection [50]
Cystic fibrosis,
Synergism Bacteria—Fungi Candida albicans and S. aureus ventilator-associated [51]
pneumonia
Synergism Fungi-Fungi C. albicans with C. glabrata Denture stomatitis [52]
Interference Virus—Virus Flavivirus and HIV AIDS [15]
Interference Bacteria—Bacteria Streptococcus pneumoniae S taphylococc.us 53]
and S. aureus aureus-related diseases
Interference Bacteria—Bacteria Strepi:‘oc?ccus sanguinis and Dental caries [54]
S. gordonii with Streptococcus mutans
Interference Bacteria—Fungi Porp hyromonqs spp- with Periodontal diseases [55]
C. albicans
Interference Bacteria—Fungi P. aeruginosa with C. albicans Periodontal diseases [56]
Pljedlsp.osmg Virus—Bacteria Inﬂuenza. A virus with Otitis media [57,58]
infections S. pneumoniae and S. aureus
PlTedlsp.osmg Virus—_Bacteria Varicella-zoster virus and Streptococcus Invasive group A [59]
infections pyogenes streptococcal disease
P. aeruginosa, S. maltophilia, Prevotella oris,
Fusobacterium gonidoformans, Bacteroides
Additive Bacteria—Bacteria  fragilis, Leptotrichia-like spp., Abiotrophia Cystic fibrosis [60]
defecta, Citrobacter murliniae, Lautropia
mirabilis, and Sarcina ventriculi
Additive Bacteria-Fungi Aerobic and anaerobic Gram-positive and Periodontal diseases [1]

Gram-negative bacteria and Candida spp.

HLTV: Human T-cell lymphotropic virus; HBV: Hepatitis B virus; HCV: Hepatitis C virus; HIV: Human immunodeficiency virus; AIDS:
Acquired Immunodeficiency Syndrome; SARS: Severe Acute Respiratory Syndrome.

3.2. Natural Products: Alternative Effort in Combating Polymicrobial Diseases

Antibiotics have been clinically shown to exert potent pharmacological activity against
diverse bacterial pathogens. However, these drugs have been reported to cause multiple
adverse effects on the human body [88]. Certain antibiotics have been associated with
the increasing incidence of neurotoxicity in high-risk populations, such as the elderly and
patients with renal insufficiency or prior central nervous system disease [89]. In recent
years, natural products, including those derived from plants and microbes, have been seen
as promising alternatives to antibiotics, mainly due to their potential novel mechanism(s)
of action [90,91]. Our Review focuses on prospective natural products derived from plants
(Table 3).
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Table 2. Classification of antimicrobial agents on the basis of function and site of action.
. Recommended
Types Examples Targets Functions Common Uses Refs.
Dosage
MRSA
Fosfomycin: MurA % :?tl;lllthg_
Vancomycin, 3-Lactams: Inhibit cell wall Adult:1g aureus) ’
Cell wall synthesis Beta-lactam Penicillin-binding synthesis and every 12h Pneumor{ia [61-67]
inhibitors drugs, Proteins (PBPs) promote microbial Children: 40 . ¢
. . Urinary tract
Fosfomycin Vancomyecin: death mg/kg/day . .
. infections,
d-Ala-d-Ala terminus S
meningitis,
Colitis
Alter the Intravenous
composition of the polymyxin B: Intestinal
cell membrane by 15t02.5 . )
demonstrating mg/kg/day infections by
Membrane function Polymyxins Lipopolysaccharide . . . multidrug- )
T specialty in the CMS (Colis- . [34,35,68-71]
inhibitors Band E (LPS) . resistant
outer surface of timethate .
- L. Gram-negative
Gram-negative sodium): bacteria
bacteria against 6.67—13.3
polysaccharide mg/kg/day
1. Ribosomal
structuri ;s altered Adults: 1
Tetracyclines, Ammoglycomde: 305 aminoglycosides. 8/ .day. . Pelvic
: ribosome . Pediatric inflammatory
. . macrolides, . 2. Macrolides . .
Protein synthesis Ami Macrolides: 50S . . patients: 25-50  disease, Lyme
R minoglyco- . impede peptidyl . [36,40,72]
inhibitors . ribosome mg/kg disease,
side . transfer .
o Tetracyclines: 30S . In severe Pneumonia,
antibiotics . 3. Protein . -
ribosome o infections: 2 Cholera
translation is /da
disturbed by g/day
tetracyclines
The synthetic Infections in
quinolone of the urinary
. . antimicrobials is tract,
pua  Metondaele, Qundenes DN i Rerommended oy
synthesis . ’ gyrase, alteration of cell Y tract, skin, gas- [43,73-78]
. Nitrofuran- metronidazole: . generally 500 : !
inhibitor toin DNA strands division, DNA m trointestinal
Nucleic synthesis, and & (GI) tract, and
acid syn- mRNA Bone, and
thesis transcription Pyelonephritis
in- RNA inhibi
hibitors . A mhlbltors Adults:
interact with the 10me/k
RNA transcription 5758 Tuberculosis,
. . . DNA-dependent . For )
synthesis Rifampin RNA polvmerase mechanism of the 10-vears-olds: Traveler’s [79-82]
inhibitor poly bacteria and build Y ; diarrhea
R 450 mg once a
a wall inhibiting month
RNA elongation
(1) Decreased
affinity of .
dihydrofolate Es;ﬁgilia
Trimethoprim: reductase . . P .
. . . . Trimethoprim Prostatic
o . Trimethoprim, Dihydrofolate (2) Intrinsic . .
Inhibitors of metabolic . . . and infections,
Sulfonamide reductase resistance if use . . [83-87]
pathways . Sulfonamide: Bacterial
and Dapsone Sulfonamide: exogenous A
. I 4 30 mg/kg meningitis,
p-aminobenzoic acid thymidine ,
X Traveler’s
(3) Preventing .
diarrhea

synthesis of folic
acid

3.2.1. Essential Qils (EOs)

Essential oils (EOs) are some of the most effective natural products with broad an-
timicrobial activity, mainly via the suppression of growth and proliferation [92]. EOs have
been demonstrated to treat bacterial infections [93]. Specific antimicrobial activities against
Pseudomonas, Salmonella, Staphylococcus, and others have been reported for clove, cinna-
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mon, and rosemary EOs [94]. Of these, the most potent is clove oil. The key components
derived from Melaleuca alternifolia, such as y-terpinene, terpinene-4-ol, and terpinene-4-ol,
are used to inhibit the development of certain bacteria in the human body, like Escherichia
coli, Staphylococcus epidermidis, Staphylococcus aureus, Streptococcus pneumonia, and Pseu-
domonas aeruginosa [95,96]. These bioactive compounds provide antibacterial action via the
inhibition of bacterial DNA and protein synthesis [97].

EOs and their derivatives possess a high degree of efficacy against fungal diseases,
with the most impactful ones obtained from spices [98]. Experimental testing of crude
extract of garlic and clove demonstrated the inhibition of fungal growth of some Candida
species [98]. Oregano and thyme EOs were the strongest inhibitors of fungi; they contain
phenolic compounds, such as thymol and carvacrol, which can impair the function of
fungal cell membranes [99]. In addition to their antibacterial and antifungal activities, EOs
have activity against certain viral pathogens. Crude extracts from Origanum acutidens and
callus cultures have antiviral properties. EO from Salvia fruticosa has a cytotoxic effect
against African green monkey kidney cells and enhanced virucide activity against human
herpes simplex virus (HSV)-1 [100-103].

3.2.2. Alkaloids

Alkaloids from natural sources are secondary metabolites that possess strong thera-
peutic activities. One study investigated the potential effect of alkaloids from the leaves
of Vernonia adoensis and Callistemon citrinus on the growth, proliferation, and efflux pump
function of P. aeruginosa and S. aureus [104]. Callistemon citrinus-derived alkaloids have
high therapeutic potency against S. aureus (minimal inhibitory concentration (MIC) of
0.0025 mg/mL) [104]. In addition, the alkaloid extract possesses bacteriostatic effects
on P. aeruginosa. The strong bacteriostatic effects of alkaloid extract differ in contrast to
P. aeruginosa because of the pathogen’s thick outer membrane that is very hydrophobic,
which may provide a permeability barrier to the extract [104]. Moreover, alkaloids obtained
from the fruits of Cucumis metuliferus are highly efficacious against infectious bursal disease
virus [105], and natural alkaloids are also effective against influenza virus. Naturally
occurring alkaloids impair the synthesis of viral proteins on the different stages of viral
replication and influence modifications in the other groups of alkaloids. The chemical mod-
ifications in the nature of the various alkaloid derivatives have also shown their enhanced
effects on influenza viruses [106].

3.2.3. Terpenes

The usage of terpenes and their derivative products against microbial disorders is
popular due to their large potential effect. Terpenes have been demonstrated to work well
against multi-drug-resistant bacteria [107]. For example, the increasing prevalence and
growth of S. aureus biofilm can be disrupted by terpenes [108]. Furthermore, terpenes
possess a potent synergistic effect with certain antibiotics, decreasing the development of
antibiotic-resistant bacteria. For example, synergistic effects have been established between
terpene and gentamicin (antibiotic) when both are applied together, and the consequences
have been noted in the significant decrease in microbial growth [109]. Terpene and its
byproducts have also been successfully tested against the herpes simplex virus. These
compounds significantly inhibit the action of viral DNA polymerase during the production
of new viral progenies [110].

3.2.4. Phenolic Compounds

Phenolic compounds are important secondary metabolites that can be collected from
various natural sources, mainly plants, and possess a large number of bioactive prop-
erties. These compounds have been shown to constrain the development of foodborne
contagious agents, promoting their broad application as a research tool in the field of food
science [111-113]. Numerous types of bacteria can induce severe food poisoning [114].
Phenolic compounds have been reported to prevent nutrition decay due to pathogens
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and/or toxins [112,115]. Additionally, phenolic byproducts are also potent against the
Xylella fastidiosa bacterium, which may affect commercially valuable crops and plants.
Crops with enhanced tolerance to the X. fastidiosa-induced disease will effectively be devel-
oped by growing the endogenous anti-xylella phenolic concentration rather than adding
novel antibacterial agents [116].

Phenolic acids, tannins, coumarins, and quinines are among the phenolic compounds
commonly extracted from medicinal plants and herbs [117-119]. Phenolic compounds
such as curcumin, carvacrol, and thymol have been shown to inhibit the growth of
Candida albicans, the causative agent of candidiasis. The suppressive effects of phenolic com-
pounds are attributed to their molecular structure: a non-polar portion that enables them
to move through the membranes and a hydroxyl group coupled with a delocalized electron
system that offers the molecules an acidic characteristic, leading to the instability of the
fungal cell membrane [120]. Furthermore, thymol, carvacrol, and eugenol have also been
demonstrated to yield antifungal activity against Aspergillus sp. [121]. Phenolic compounds
are also well known for their antiparasitic activity. For instance, Guazuma ulmifolia Lam.,
a plant that belongs to the Malvaceae family, is a valuable source of quercetin that yields
pharmacological activity against some parasites, such as Leishmania braziliensis, L. infantum,
Trypanosoma cruzi and others via its cytotoxic action. The cytotoxicity that is determined in
ethanol extract makes it is a potential candidate to have antineoplastic activity in tumor
cells [122].

3.2.5. Quinones

Owing to their potent antimicrobial properties, quinones are considered one of the
most important natural products in the fight against bacteria and parasites [123,124]. Sev-
eral quinones have been shown to yield antimicrobial activities: thymoquinone, plumbagin,
and embelin. Nigella sativa plant seeds, a key source of thymoquinone, have the poten-
tial to inhibit the growth of microbial pathogens [125]. The utilization of thymoquinone
with MIC of 8-64 pg/mL suppresses the growth of Gram-positive bacteria [126]. In ad-
dition, thymoquinone has been reported to be effective for certain bacterial pathogens
with biofilm formation ability, such as P. aeruginosa and S. aureus [127]. Thymoquinone
was successfully shown to reduce the virulence of Fasciola gigantica, the causative agent of
fasciolosis in the tropical regions [128]. An in vitro study concluded that thymoquinone
was able to reduce the expression of glutathione-S-transferase (GST) and superoxide dis-
mutase (SOD) thus inhibited the detoxication ability of F. gigantica [128]. Two other studies
demonstrated that the antiparasitic activity of thymoquinone against Encephalitozoon in-
testinalis [129], Entamoeba histolica [130], L. tropica and L. infantum [131], all of which are
clinically-important to humans. Thymoquinone continues to undergo either nonenzymatic
or enzymatic semiquinone radical redox cycling to cause superoxide anion radicals. Re-
active oxygen species (ROS)-triggered oxidative stress irreversibly destroys the bacterial
proteins and DNA [132].

Plumbago spp., naturally occurring plants, are the source of the phenolic compound
plumbagin. Plumbagin possesses potential therapeutic properties against diverse microbes,
including mycobacteria [133]. Plumbagin isolated from P. scandens yielded antibacterial ef-
fect against both S. aureus and C. albicans with MICs of 1.56 and 0.78, respectively [134]. An-
other source of plumbagin is P. zeylanica, which is highly efficacious against Mycobacterium
xenopi, M. smegmatis, and M. chelonae [123,133]. Plumbagin demonstrated fasciolicidal effect
against immature stages of F. gigantica parasites [135] and using both in vitro and in vivo
model systems, a study demonstrated the antimalarial activity of plumbagin at a dose as
low as 25 mg/kg body weight [136]. Another quinone is embelin, a compound present
in Embelia ribes that is effective against pathogenic bacteria and fungi [137,138]. Oxalis
erythrorhiza, a source of embelin, is particularly effective against Trichophyton mentagrophytes,
T. rubrum, and Microsporum canis with MICs of 50-100 nug/mL [123,139]. Studies reported
that embelin displayed bacteriostatic and bactericidal activities against Gram-negative and
Gram-positive bacteria, respectively [123,140]. Embelin has also been shown to yield a
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dose-dependent in vivo antimalarial activity at doses from 100 to 400 mg/kg body weight
(BW) [141]. In addition to that, embelin also demonstrated a potent anthelmintic activity
against hookworm Necator americanus larva (in vitro) and Hymenolepis nana (in vivo) [142].

3.2.6. Flavonoids and Its Derivatives

Flavonoids are available in the entire world and are collected from a variety of plant
parts, such as seeds, stems, flowers, and fruit [143,144]. These natural products have a
number of therapeutic features, including anti-inflammatory, antioxidant, and antimicrobial
activities [143,145]. As a complement to antibiotics, flavonoids have come to researchers’
attention due to their prospective use against antibiotic-resistant bacteria [146]. Flavonoids
have been reported to have various modes of action to yield their antimicrobial activities.
Inhibition of DNA synthesis in Proteus vulgaris and RNA synthesis in S. aureus is induced
by flavonoids [144,147]. Several research groups have conducted laboratory trials to
investigate whether flavonoids can act as bactericidal or bacteriostatic agents. Using
epigallocatechin and 3-O-octanoyl-(+) catechin as examples of flavonoids, two independent
research groups demonstrated the bactericidal activities of flavonoids against antibiotic-
resistant S. aureus [148,149].

In addition to their antibacterial activity, flavonoids also demonstrate potent antifun-
gal actions against Aspergillus, Candida, Pneumocystis, and Cryptococcus [150]. In general,
flavonoids exert their antifungal actions by several mechanisms, such as inhibition of cell
wall formation, plasma membrane destruction, mitochondrial dysfunction, interruption of
cell proliferation, and inhibition of DNA replication [150]. While flavonoids have shown
great antibacterial and antifungal potential, research on the antiviral activities of flavonoids
is still in its infancy. Preliminary in vitro screening experiments have shown promising
antiviral activities of flavonoids against several viruses, such as murine norovirus and
feline calicivirus [151] as well as HIV-1 [152].

Table 3. Antimicrobial potential of natural products based on experimental studies.
Natural Sources of . . Inhibitm:y
Products Natural Target Microbiota Concentrations Outcomes Refs.
Products (V/V)/Amounts
Syzygium aromaticum L.  Streptococcus suis 0.0125 to 0.2% MIC50 at 0.5%, MIC90 at 0.1%  [153]
Eugenia Aspergillus niger, Reduced the growth of
caryophyllata Fusarium oxysporulm 350 to 450 ppm A. niger from 50% to 70%, and  [154]
F. oxysporum to 40%
Clove oil did not show any
n. m. E. coli n. m. activity against E. coli, having  [155]

Essential oils
(Clove oil)

S. aromaticum L.

S. aromaticum L.

a negative effect on the same.
Clove oil inhibited the growth
Vibrio harveyi (FP8370), of

Edwardsiella tarda (ED47) 0-125t0 0.5% Gram negative pathogenic [156]
bacteria
Clove oil inhibited the growth
Streptococcus iniae (S186), o of
Lactococcus garvieae (FP5245) 025t00.5% Gram positive pathogenic [156]
bacteria

Trichophyton mentagrophytes,
Microsporum canis,
Aspergillus flavus and
C. albicans

Showed strong antifungal
10 to 100% activity against tested isolated  [157]
fungi
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Table 3. Cont.
Natural Sources of Inhibitory
Products Natural Target Microbiota Concentrations Outcomes Refs.
Products (V/V)/Amounts
C. citrinus-derived alkaloid
. extracts at 0.0025 and
Cal'l istemon S. aureus, P. aeruginosa 0.0025 and 0.21 mg/mL showed MIC on  [104]
citrinus 0.21 mg/mL .
S. aureus and P. aeruginosa,
. respectively
Alkaloids V. adoensis derived alkaloid
021 and extracts at 0.21 and
Vernonia adoensis S. aureus, P. aeruginosa i 0.42 mg/mL showed MIC on  [104]
0.42 mg/mL :
S. aureus and P. aeruginosa,
respectively
He’llch'rysum Resistant Enferobacter 2 5% Efflux pump inhibition [158]
T italicum aerogenes
erpenes Polyalthia Antibiotic potentiation efflux
ya MRSA 25t0 10 pg/mL p . [159]
longifolia pump modulation
Callicarpa farinosa MRSA 2 to 512 pg/mL Growth inhibition detected [160]
Guazuma Trypanosoma cruzi, L. Displayed higher
o brasiliensis, 500 ug/mL leishmanicidal activity due to  [122]
ulmifolia Lam. . .
. L. infantum the presence of quercetin
Phenolic
S. aureus 1750 ug/mL .. . ..
compounds ; Antimicrobial activity
P. aeruginosa 500 mg/mL .
n. m. L detected against four [161]
Listeria monocytogenes 2000 mg/mL athogenic bacteria
E. coli 1500 mg/mL pathos
. . . P. aeruginosa, S. aureus, o s .
Quinones Nigella sativa Bacillus subtilis, E. coli 1.56 to 100 pg/mL Inhibited biofilm formation [132]
Bacillus cereus, Micrococcus Embelin offered a remarkable
Al d Embelia ribes luteus, 19+01g bacteriostatic and bactericidal  [134]
avonoids S. aureus, E. coli activity
Enemccs s, i
n. m. S. aureus, 500-1000 pug/mL [162]

activity against all bacterial

P. aeruginosa, E. coli .
strains

MIC: Minimum inhibitory concentration; MRSA: Methicillin-resistant Staphylococcus aureus; n. m.: Not mentioned.

4. Potential Role of Drug-Delivery Approaches in the Treatment of
Polymicrobial Diseases

Despite the significant achievement accomplished by the application of antibiotics
against polymicrobial infectious diseases, bacterial infections remain a significant problem
worldwide [163-165]. Elimination of numerous bacterial infectious diseases has been
hampered by the complicated mechanisms of the bacterial pathogen in disrupting the
immune system of its host. Furthermore, barriers to delivery prevent antibiotics from
reaching the sites of infection [165-167]. On the other hand, several potent antimicrobial
agents, such as fluoroquinolones, aminoglycosides and other antibiotics, produce severe
side effects and are reserved only for serious infections [165,168,169]. Essentially, the
presence of biofilms in the area of infections has led to an increase in resistance of numerous
bacterial to antimicrobial agents [9,170]. This emphasizes the requirement for alternative
and efficient antimicrobial approaches to overcome challenges in the delivery systems.

Recently, nanotechnology, especially nanoparticles (NPs), has been applied to drug
delivery [165,171-175]. Several NP approaches, including polymeric NPs, liposomes, metal
NPs and lipid NPs, have been widely investigated as delivery platforms for antimicro-
bial agents. Drug molecules incorporated into NPs via several encapsulation methods,
including physical encapsulation, chemical conjugation or adsorption, exhibit an enhanced
pharmacokinetic profile and therapeutic index in comparison with their free drug equiva-
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lents [176]. Other benefits of nanocarrier delivery methods, such as enhancement in the
solubility of drugs, extended systemic circulation, specific drug targeting, controlled and
sustained release manners, and simultaneous delivery of numerous drugs, have also been
confirmed in many studies [165,173,177-188]. Consequently, the application of several
antibiotic-loaded NP delivery approaches has been accepted for clinical studies in the
management of numerous bacterial infections. Additionally, numerous NP formulations
containing antimicrobial agents are presently under investigation in several stages of
pre-clinical and clinical studies [175].

4.1. Polymeric NPs

Polymeric NPs have been used in the area of controlled release for over 25 years
for both systemic and local administration of drugs, and, importantly, have been used in
clinical studies. This type of NP is categorized into nanometric assemblies in the range
of 10-1000 nm, offering physicochemical characteristics, including small size and large
surface area, as well as different surface charge properties, which make them significant
release systems. Essentially, the properties of polymeric NPs can be easily adjusted by
varying their composition and functionalizing their surface [185,186,188-191].

Poly (lactic-co-glycolic acid) (PLGA) NPs are one of the most extensively investi-
gated types of NP for the delivery and the application of antimicrobial agents. PLGA is
a biodegradable and biocompatible polymer. An in vitro study evaluated the antibacte-
rial activity of rifampin loaded into PLGA NPs for 24 h using zone-of-inhibition study
performed in agar plates. The results showed that rifampin-loaded PLGA NPs exhibited
higher bactericidal activity against S. aureus and methicillin-resistant S. aureus (MRSA), and
Bacillus subtilis in comparison with the free drug (Figure 2A,B). This might be because the
encapsulation of rifampin into PLGA NPs could potentially improve the penetration of
rifampin into bacterial cells and targeted delivery of rifampin to the area of action [192].

Ciprofloxacin was formulated into PLGA NPs for pulmonary delivery as a treatment
option for cystic fibrosis. In this study, Tiireli et al. (2017), by utilizing the MicroJet
Reactor (MJR), were able to obtain NPs with a particle size of 190.4 + 28.6 nm with 0.089
polydispersity index (PDI). Furthermore, the encapsulation efficiency of ciprofloxacin
was 79%. The formulation of ciprofloxacin into NPs was able to control the release in
medium independent including phosphate-buffered saline (PBS), PBS + 0.2% Tween 80,
and simulated lung fluid. Importantly, with regard to MIC, the NPs were found to be non-
toxic, evaluated by cytotoxicity assays with Calu-3 cells and CF bronchial epithelial cells
(CFBE4107). This study showed that the antibacterial activity of ciprofloxacin increased
significantly when formulated in PLGA NPs. Moreover, the NPs were stable in the mucus
environment, and the turbidity of mucus decreased when incubated with NPs. Therefore,
this approach could be a promising delivery system of ciprofloxacin against P. aeruginosa
infections of the lung in cystic fibrosis [183].

With the same purpose, Casciaro et al. (2019) developed PLGA NPs to deliver antimi-
crobial peptides (AMPs) (Esc peptide) to the lung (Figure 2C). The NPs were prepared using
the solvent diffusion-emulsion method. The NP formulation was also able to enhance the
antimicrobial activity of AMPs. Interestingly, in the in vivo study, Esc-peptide-loaded NPs
were administered intratracheally in a mouse model of P. aeruginosa lung infection, and the
results showed that after 6 h of administration, there was a reduction of three logarithms in
P. aeruginosa bioburden [184].

In addition to PLGA, poly(e-caprolactone) (PCL) has also been explored as a suitable
polymer to deliver antimicrobial agents to infection sites. A study described the synthesis
of bacterial lipase-sensitive PCL nanogel for selective delivery of antibiotics to an infec-
tion area. Significantly, research findings exhibited that the release of drugs from this
delivery system only occurred in the presence of a lipase enzyme produced by S. aureus
strains [184]. Using this reason, a study developed carvacrol loaded into PCL NPs for
improved antimicrobial activity against polymicrobial biofilm-infected wounds [193-195].
The encapsulation of carvacrol in PCL NPs could potentially increase antimicrobial activity
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2—4-fold against several strains of S. aureus and P. aeruginosa. To prove the selectivity of
this approach, the release study was performed in the presence and the absence of vari-
ous bacterial cultures. The results showed that the release of carvacrol was significantly
enhanced in the presence of S. aureus and P. aeruginosa, and the enhancement of antibiofilm
activity was also confirmed in an ex vivo biofilm model when delivered intradermally
using a microneedle delivery systems.
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Figure 2. The zone of inhibition of ciprofloxacin and its nanoparticle (NP) formulation against
P. aeruginosa (A) and illustrative results after normalization to released amount of ciprofloxacin NPs
compared to free ciprofloxacin (B) [192]. TEM images of the Esc NPs (C) [184]. All figures are
reprinted with permission of the publishers.

Similarly, a study developed different types of polymeric NPs, namely PLGA NPs,
PCL NPs, chitosan NPs, PLGA-decorated chitosan NPs, and PCL-decorated chitosan NPs,
to encapsulate doxycycline for enhanced antibiofilm activity in polymicrobial-infected
wound models [196]. The results showed that the release of doxycycline was affected by
the selection of the polymers. In addition to PCL, PLGA [197] and chitosan [198] have also
been reported to be hydrolyzed by lipase enzyme produced by S. aureus and P. aeruginosa.
It was found that the release of doxycycline was higher from PCL NPs than from PLGA
NPs. This might be because the PCL chains are more flexible than PLGA chains [199],
resulting in rapid hydrolysis by lipase esterase produced by S. aureus and P. aeruginosa in
the release media. Importantly, when delivered by dissolving microneedles intradermally,
the antimicrobial activity of doxycycline increased significantly in an ex vivo biofilm model
in porcine skin. Several studies have shown the effectiveness of microneedles to deliver
antimicrobial agents to the skin [200,201].

A recent study formulated clarithromycin into PLGA NPs to target intracellular
S. aureus and M. abscessus [181]. After encapsulation into PLGA, clarithromycin could
reduce 1000 times the viability of intracellular S. aureus and M. abscessus with 70-80%
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killing percentage, when compared to free clarithromycin. In their study, the antimicrobial
activity of clarithromycin-loaded NPs was also evaluated in vivo, using murine and ze-
brafish models. The in vivo studies showed that the permeability of clarithromycin across
Calu-3 monolayers was improved in NP formulations compared with free clarithromycin,
suggesting enhanced delivery to sub-epithelial tissues.

4.2. Metal NPs

Metal NPs have been reported to have antimicrobial activity for decades. However,
the toxicity issue of metallic NPs has not been fully understood. Several studies have
shown that these NPs could be accumulated in tissues and organs [178]. In terms of
immunogenicity, research related to the physical-chemical characteristics of metallic NPs
and their possible impacts on the immune system is limited. More investigations are
required to obtain a more detailed understanding of these potential effects [202].

Metallic NPs from cerium oxide (CeO;) have been investigated by Selvaraj et al. (2015)
for alternative therapy of severe sepsis. The size of NPs was found to be 140 & 53 nm, and
the antimicrobial activity study showed that these NPs were able to inhibit the growth of
E. coli (ATCC 35150) and S. aureus (ATCC 29213) in concentrations of 50 and 100 mg/mL,
respectively. An in vivo study in a polymicrobial sepsis model in rats showed that the
administration of CeO, NPs intravenously increased the survival of infected rats from 20%
to 90% after 48 h. Administration of these NPs also decreased organ damage in infected
rats [203].

A recent study prepared gold NPs synthesized using phytoconstituent from the extract
of Acalypha indica. The NPs were approximately 20 nm in size. The gold NPs possessed
strong antibacterial activity against S. epidermidis and E. coli bacterial strains [182].

A study developed gold NPs prepared using the hydrogen-producing hyperther-
mophilic bacterial strain Caldicellulosiruptor changbaiensis. The NPs obtained had remark-
able antibacterial activity against both Gram-positive and Gram-negative bacteria. In this
study, the NPs also possessed antibiofilm activity in vitro. Furthermore, the authors devel-
oped biofilm models in BALB/c mice, and the administration of gold NPs intravenously
was able to eradicate bacterial biofilms [204].

Another type of metallic NP, silver NPs, has shown a wide range of antimicrobial ac-
tivity compared to other metallic NPs. Using glycolic acid as a reducing agent, Kumar et al.
(2020) synthesized silver NPs as antibacterial compounds for the potential treatment of
skin infections. The NPs were found to be 18 & 2 nm in size. Importantly, NPs obtained
showed excellent antimicrobial activities against Klebsiella pneumoniae, E. coli, S. marcescens,
P. aeruginosa, Serratia marcescens, Salmonella typhimurium, S. aureus and Staphylococcus epi-
dermidis. Moreover, biocompatibility and cytotoxicity studies performed in skin cell lines
(HaCaT) showed that the silver NPs were non-toxic [205].

Hajji et al. (2019) prepared chitosan-PVA-silver NPs using the green technique. In
their study, chitosan and PVA were used as stabilizers (Figure 3A). Particle size analysis
showed that NPs were consistently distributed in the matrix with diameters of 190-200 nm.
The in vitro antibacterial activities revealed that these NPs were active against four Gram-
negative bacteria, E. coli, P. aeruginosa, Salmonella enterica serovar Typhi, and four Gram-
positive bacteria, S. aureus, Micrococcus luteus, Bacillus cereus, and Enterococcus faecalis.
Furthermore, the silver NPs showed low cytotoxicity at concentrations of 5-200 ng/mL in
Chinese Hamster Ovary (CHO-K1) cells. Interestingly, the authors also evaluated in vivo
wound healing activity in Wistar rats (Figure 3B). The results showed that the NPs could
stimulate wound healing, due to their antibacterial and antioxidant synergistic activities,
making them suitable for wound care treatment [177].
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Figure 3. TEM images of chitosan (CS)-silver NPs (A) and illustrative images of macroscopic

appearance of the in vivo wounds healing studies after the administration of CS-Ag NPs gels
compared to different type of treatments (B) [177]. All figures are reprinted with permission of the
publishers.

Recently, Permana et al. (2020) developed bacterial responsive microparticles contain-
ing silver NPs synthesized from green tea extract (Figure 4). The selective microparticles
were developed to avoid the toxicity issue of silver NPs in the non-infected area. The
microparticles were prepared from PCL and chitosan. The results showed that incorpo-
ration of silver NPs into this approach was able to avoid unnecessary release of silver
NPs without the presence of bacteria. Furthermore, using dissolving microneedles (MNs),
this combination approach was found to be effective in the treatment of bacterial biofilm
infection (S. aureus and P. aeruginosa) in ex vivo infection models in rat skin [206].

4.3. Liposomes

Liposomes were developed in the early 1960s and, due to their lipid bilayer, were ini-
tially applied in research to model the plasma membrane [207]. Thanks to their unique char-
acteristics, including low toxicity, nanometric size, high biocompatibility and biodegrad-
ability, capability to traverse membranes, and ability to load hydrophobic and hydrophilic
compounds, liposomes have been extensively applied in the delivery of various drugs,
including antimicrobial compounds [208].

Meers et al. (2008) formulated amikacin into a liposomal delivery system for improved
treatment of chronic pulmonary infection of P. aeruginosa. The liposomes were prepared
using 1,2-dipalmitoyl-sn-glycerol-3-phosphocholine (DPPC) and cholesterol. The chronic
pulmonary infection model was developed in female rats after intratracheal administration
of P. aeruginosa. The results showed that amikacin liposomal exhibited a better in vivo
antimicrobial activity against P. aeruginosa in comparison with the free amikacin. Accord-
ingly, the formulation of liposomal of amikacin could potentially be used as an alternative
therapy for chronic pulmonary infections [209].

Polymyxin B-related colistin was reported to have antimicrobial activity against sev-
eral Gram-negative bacilli. However, the cytotoxicity and low permeability of the drug
limited its utilization [210]. In order to increase the effectiveness of this drug, while avoid-
ing these drawbacks, Li et al. (2016) formulated colistin in the liposome delivery system.
They investigated its bioavailability and antimicrobial activity against E. coli. In their for-
mulation, to enhance the permeability and the electrostatic interaction of the phospholipid
bilayer of bacteria with colistin, the liposomes were functionalized with sodium cholesteryl
sulfate. The findings revealed that the incorporation of colistin into liposomes could poten-
tially decrease colistin toxicity, increase the concentration and circulation time of colistin in
the bloodstream, improve the efficiency of colistin to localize to the infectious targets, and
improve its antimicrobial activity [211].
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Figure 4. SEM images of different type of microparticles (MPs) laden with silver NPs (A-E). In vitro
release of silver NPs from MPs without (F) and with the presence of Staphylococcus aureus (G) and
Pseudomonas aeruginosa (H) [206]. All figures are reprinted with permission of the publishers.

Most recently, Cai et al. (2020) developed a liposome formulation containing van-
comycin and investigated its use in combination with a polylactide (PLA) composite
fracture fixator. In this study, the cationic liposome was prepared, and the incorporation of
vancomycin could potentially increase antibacterial activity against S. aureus and E. coli
and sustain the release of vancomycin from the lipid matrix, as well as decrease in vivo
toxicity of vancomycin. More importantly, the combination of vancomycin liposome with
PLA composite internal fixator was found to possess outstanding osteogenic activity and
antimicrobial capabilities in both in vitro and in vivo studies in a fracture model in adult
male C57BL/6 mice. These results offer an alternative antimicrobial material for application
in the clinical fracture field [212].
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4.4. Solid Lipid NPs

Solid lipid NPs (SLNs) were initially investigated in the 1990s, and their use has
been expanded to deliver numerous types of drugs, including antimicrobial agents. SLNs
contain a core of solid lipid enclosed by a single lipid layer creating an outer covering. In
the formulation, different types of solid lipids can be used, such as triglycerides, fatty acids,
steroids, and waxes [213-216]. The use of this system by the pharmaceutical industry has
grown, as it provides greater drug solubility, prolonged release, low toxicity and greater
protection from drug degradation [179,187].

A study incorporated ofloxacin into hybrid SLNs by combining chitosan as a cationic
biopolymer having antimicrobial activity and eugenol as a phenolic agent interfering with
bacterial quorum sensing into a lipid myristic myristate matrix using a hot homogeniza-
tion/ultrasonication technique [217]. The SLNs developed were found to be approximately
300 nm in diameter, and the release of ofloxacin was sustained for 24 h. Importantly, the
ofloxacin-loaded SLNs showed improved antimicrobial activity against P. aeruginosa and
S. aureus. The MIC of ofloxacin-loaded SLNs was 6.1-16.1 times lower than that of free
ofloxacin, indicating improved antimicrobial activity. Furthermore, it was found that the
SLNs could interrelate with the cell membrane of bacteria tested. Importantly, the toxicity
study revealed no toxicity of the formulation in human cell models (A549 and Wi-38)
following exposure for 24 h and 48 h. Finally, the in vivo study showed that the inhalation
administration of ofloxacin-loaded SLNs was able to deliver ofloxacin to the lungs at a
therapeutic concentration [217].

Kalhapure et al. (2017) synthesized a cleavable acid lipid to formulate pH-responsive
SLNss to deliver vancomycin specifically to infection sites with acidic environments. The
SLNs were 132.9 £ 9.1 nm in size with an encapsulation efficiency of 57.80 & 1.1%. To
evaluate the pH-sensitive release of vancomycin from the lipid matrix, a release study at
different pHs was carried out, showing that the release of vancomycin at pH 6.5 (pH at
infection site) was significantly higher compared to the release at pH 7.4 (normal physiology
pH). Importantly, the antimicrobial activities of vancomycin in SLN formulations against
methicillin-susceptible S. aureus (MSSA) and methicillin-resistant S. aureus (MRSA) were
also significantly higher at pH 6.5 than pH 7.4. Finally, an in vivo study in an infection
model in mice revealed that the viability of MRSA in the skin was significantly reduced
following the administration of SLNs laden with vancomycin. Moreover, no inflammation
was found in the skin of mice after treatment with SLNs, showing the safety of this
approach [180].

Permana et al. (2019) developed SLNs to deliver antifilariasis drugs, doxycycline,
diethylcarbamazine, and albendazole, separately to infection sites in the lymphatic system.
The SLNs were prepared using glyceryl monostearate and stabilized with Tween 80. The
SLNs were less than 100 nm, acceptable for lymphatic targeting. In an in vivo study, the
drugs could be delivered using dissolving MNs to the lymph nodes of rats effectively,
when compared to oral administration of free drugs as standard therapy for antifilariasis
drugs, offering an efficient treatment for lymphatic filariasis [218].

5. Other Potential Approaches in the Treatment and/or Prevention of
Polymicrobial Diseases

The unsuccessful treatment of polymicrobial infections sometimes can be attributed to
the reduction in antimicrobials’ efficacy [219-221]. For example, P. aeruginosa exoproduct pro-
tect S. aureus against vancomycin, a drug used for treatment of methicillin-resistant S. aureus
in cystic fibrosis patients [221]. P. aeruginosa exoproduct 4-hydroxy-2-heptylquinoline-N-
oxide (HQNO) was also reported to protect S. aureus from tobramycin [222]. In addition,
the failure of polymicrobial infections therapy is also caused by the formation of biofilms
that protect microbes from antimicrobial drugs and host defense factors. For instance,
fluconazole is not effective against C. albicans, due to the protection of S. epidermidis by
releasing extracellular polymeric substance (EPS) that forms a biofilm [223]. In the biofilm,
plasmid-mediated transfer of antibiotic-resistant gene(s) from one to other bacteria may
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also occur, leading to the escalation of antibiotic-resistant strains [224]. To prevent catas-
trophic consequences of polymicrobial diseases, novel approaches targeting biofilm and
multiple pathogenic microbes are urgently needed.

Biofilm formation is critical for in the emergence of polymicrobial diseases. Examples
of biofilm-associated polymicrobial diseases are infections in the oral cavity, inner ear, lung,
urinary tract, and in wounds. Of these, most are due to the introduction of medical device
to the hospitalized patients [225]. Biofilm has been defined as a complex three-dimensional
structure comprising microbial communities that are surface-adherent and enclosed in a
protective layer of exopolymeric substance [226]. Although myriad combinations of mi-
croorganisms can be hypothetically grown using the available in vitro and in vivo models,
the most frequently documented interactions that lead to the formation of biofilm in the
clinical settings are either bacteria—bacteria or fungi-bacteria [225,226]. For example, the
concurrent presence of C. albicans and E. coli or S. aureus on various medical devices, such
as endotracheal tubes and urinary catheters, are commonly reported [227,228]. In addition,
another fungi-bacteria combination of A. fumigatus and P. aeruginosa has been reported to
harbor the lungs of cystic fibrosis patients [229].

Biofilm formation is one of important virulence mechanisms used by numerous medi-
cally important bacterial and/or fungal pathogens. Therefore, biofilm remediation either
by inhibition and/or dispersal of the targeted biofilm have been considered as potential
strategies to treat polymicrobial diseases [226]. This can be achieved by inhibition of quo-
rum sensing to prevent microbial cell-to-cell communication, which leads to the inhibition
of biofilm formation. One of methods to do so is by the use of small molecule biofilm
inhibitors, such as phenols, imidazole, furanone, indole, bromopyrrole, and other or biofilm
dispersal agents. However, the use of biofilm dispersal agents remains challenging since
the disperser cells have to be targeted immediately to prevent infection on another sites.
The combination of biofilm dispersal agents shall be combined with the use of appropri-
ate antibiotics [226]. Alternatively, the utilization of antimicrobials such as antimicrobial
peptide LL-37 [230], and oritavancin [231,232] to target and eradicate biofilm-residing cells,
defined as biofilm eradication agents (BEAs), is a possible standalone treatment that can be
used. While this approach seems promising, it remains to be seen whether the use of BEA
will work well in clinical settings. In the end, prevention of bacterial adherence and/or
biofilm formation on the implanted medical devices and biomaterials by the coating of
these materials with potent antimicrobial agents, for example silver nanoparticles, is one of
methods that can be taken.

In addition to the drug delivery system, there are new pharmaceutical approaches to
coat medical materials with antibiotics to avoid hospital-acquired infections, which also
use polymers to prolong the drug release. Wang et al. (2017) developed a nanostructured
surface containing nanopillars with various interpillar spacing on a new orthopedic im-
plant chemistry, poly-ether-ketone-ketone (PEKK) [233]. In their study, following a 5-day
evaluation, more than 37% of S. epidermidis viability on the PEKK surface was decreased
in comparison with the orthopedic industry standard PEKK. Importantly, after one day
of treatment, 28% of P. aeruginosa attachment was removed from PEKK surface and more
than 50% of bacterial population was eradicated compared to the standard PEKK [233].
Furthermore, Garcia-Arnaez et al. (2019) fabricated metallic bone implants coated with
organic—inorganic hybrid coating materials. In this study, two bactericide agents widely
applied to prevent bacterial infections, namely octenidine dihydrochloride and chlorhexi-
dine diacetate were used to dope the coating materials. The results showed that the coating
possessed sufficient mechanical and chemical properties and, therefore, this coating was
suitable to be applied in the implant materials. Importantly, they showed antibacterial
activity and did not show any toxicity in the human osteoblasts [234].

Kim et al. (2017) developed an implantable medical device based a polydimethylsilox-
ane (PDMS) film coated with AgNPs. The AgNPs attached in the films were evaluated
for UV-vis spectroscopy, scattering electron microscope and induced coupled mass spec-
troscopy. The concentration of AgNPs was found to be about less than 0.05% of the weight
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of PDMS. Although the concentration was low, it was found that the attachment of Ag-
NPs on the surface of the film was able to decrease the burden of E. coli with values of
log1g 4.8 and S. aureus with values of logyg 5.7. Importantly, the coating process did not
result in significant cytotoxicity [235]. With respect to the development of medical devices
coated with sustained release material, Sikder et al. (2018) coated titanium alloy (Ti6Al4V)
substrate with single-phase silver-doped antibacterial calcium deficient hydroxyapatite
(CDHA) with a sustained release profile. These medical devices showed antibacterial activ-
ity against E. coli and S. aureus. Furthermore, they were found to be cyto-compatible with
MC3T3 pre-osteoblasts cells. Importantly, the release of Ag+ was controlled and sustained
for 14 days [236]. These methods have been shown to have potential in the mitigation of
growth of diverse pathogens but mostly at the monomicrobial state. It would be interest-
ing to see whether these approaches can prevent the rise of medical equipment-related
polymicrobial infections in the future.

In addition to the use of potent antimicrobial and antibiofilm substances, there are
several approaches such as the application of bacteriophage to combat bacterial pathogens
or the clustered, regularly interspaced short palindromic repeats (CRISPR)-mediated gene
silencing that has been considered promising to inhibit the formation of biofilm. Bacterio-
phages are ubiquitous in the biosphere, where bacteria survive [237]. A bacteriophage, or
simply a phage, is a virus that targets certain bacteria as host for its propagation [238]. It
can be categorized on the basis of its mode of action, i.e., lytic and lysogenic bacteriophages.
Lytic bacteriophages, for example the T4 phage, follow the lytic cycle pathway which
culminates in the immediate destruction of the host cell upon phage replication [238]. In
contrast, temperate bacteriophages such as phage lambda of E. coli do not lyse its host
immediately but integrate its genome to the bacterial host DNA and remain dormant
until a certain condition is achieved, for example nutrient deprivation, to trigger their
propagation [238]. Both types can be used in bacteriophage therapy as a means to combat
bacterial pathogens.

Bacteriophage therapy has been suggested as an alternative to antibiotics in the
management of infectious diseases with polymicrobial etiologies [1]. With their high
specificity, bacteriophages may target specific bacterial pathogens, leaving mammalian cells
and/or normal flora remain unharmed [239]. In addition, bacteriophages can exert potent
enzymatic activity against certain bacterial exopolymeric compounds via the expression of
depolymerases [1], thus they might be effective in targeting biofilm-associated pathogens.
The biofilm clearance properties of bacteriophage were demonstrated by several studies
including the ones carried out by Cerca et al. (2007) for the significant reduction in
planktonic and biofilm cultures of S. epidermidis by bacteriophage K [240] and Glonti et al.
(2010) for the breakage of the P. aeruginosa polysaccharide alginate matrix by alginase
of bacteriophage PT-6 [241]. While this approach is promising, the clinical efficacy of
bacteriophage therapy remains limited in humans. Further research and clinical trials are
warranted to advance the bacteriophage therapy into mainstream therapeutical approaches
in combating biofilm-associated polymicrobial pathogens.

Another novel approach that can be harnessed to tackle the biofilm-related issues is
the use of a clustered, regularly interspaced short palindromic repeats (CRISPR)-mediated
method. Studies have revealed the potential use of the CRISPR interference (CRISPRi)
system as a strategy to inhibit bacterial biofilm [242,243]. Using the CRISPRi method,
Zuberi et al. demonstrated that inhibition of genes that are directly involved in quorum
sensing could lead to the inhibition of biofilm formation in E. coli [242]. Taking a similar
step using P. fluorescens as a model, Noirot-Gros et al. (2019) investigated the gene network
that leads to the disruption in the biofilm formation [243]. It seems that the silencing of
bacterial genes responsible in the formation of biofilm by CRISPRi may hold a strategic
advantage in the management of biofilm-associated polymicrobial diseases.
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6. Conclusions and Future Perspectives

Polymicrobial diseases, caused by a complex, complicated, mixed, dual, synergistic, or
concurrent milieu of bacteria, fungi, archaea, and viruses, are due to polymicrobial biofilm
formation. Polymicrobial infections are resistant to antibacterial agents and usually present
delivery barriers at the infection sites, leading to the unsuccessful use of antibiotics. There-
fore, they require complex management to modify the clinical course of the disease and
avoid selection problems of antimicrobial therapy. Natural products such as EOs, alkaloids,
terpenes, quinone, and tannins offer potential in combating polymicrobial diseases.

Based on numerous published articles discussed in this review, the use of emerg-
ing drug delivery systems, such as polymeric NPs, metal NPs, liposomes, SLNs, and
others in combination with the knowledge of pathogenesis of infectious diseases, has
enabled significant improvement in antimicrobial drug delivery. Furthermore, these drug-
delivery systems have been considered as promising approaches to treat several infectious
polymicrobial diseases. These delivery approaches have shown outstanding results in the
treatment of diseases caused by bacterial pathogens by allowing responsive, targeted, and
combination use of antimicrobial agents. It is projected that these delivery approaches will
continue producing developments to delivery systems of antimicrobial agents for efficient,
cost-effective therapeutics, patient compliance, and selective delivery in the treatment
of various infectious diseases. However, further studies including clinical trials of these
approaches are required to investigate their effectiveness. Moreover, strategies to modify
colonization of specific microbes by means of bacteriophage therapy, CRISPR-mediated
technologies, and other novel strategies might offer a potential avenue for the successful
management of polymicrobial diseases.
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