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Abstract: Antimicrobial peptides (AMPs), otherwise known as host defence peptides (HDPs), are
naturally occurring biomolecules expressed by a large array of species across the phylogenetic
kingdoms. They have great potential to combat microbial infections by directly killing or inhibiting
bacterial activity and/or by modulating the immune response of the host. Due to their multimodal
properties, broad spectrum activity, and minimal resistance generation, these peptides have emerged
as a promising response to the rapidly concerning problem of multidrug resistance (MDR). However,
their therapeutic efficacy is limited by a number of factors, including rapid degradation, systemic
toxicity, and low bioavailability. As such, many strategies have been developed to mitigate these
limitations, such as peptide modification and delivery vehicle conjugation/encapsulation. Oftentimes,
however, particularly in the case of the latter, this can hinder the activity of the parent AMP. Here, we
review current delivery strategies used for AMP formulation, focusing on methodologies utilized
for targeted infection site release of AMPs. This specificity unites the improved biocompatibility of
the delivery vehicle with the unhindered activity of the free AMP, providing a promising means to
effectively translate AMP therapy into clinical practice.

Keywords: antimicrobial peptide (AMP); multidrug resistance (MDR); delivery vehicles;
bioconjugation; encapsulation

1. Introduction

Antimicrobial peptides (AMPs), also known as host defence peptides (HDPs), have garnered
a recent surge in interest as weapons in the fight against multidrug resistant (MDR) bacteria due to
their broad spectrum activity, multimodal functionalities, and minimal resistance generation. Indeed,
many reviews regarding AMPs and their potential as drug candidates have been published in the last
couple of years [1-4]. These compounds are polypeptide sequences (typically 12-50 residues in length)
consisting of cationic and hydrophobic amino acids. They are considered to be interesting substitutes
to antibiotics because they can function in a variety of ways [2,3,5]. They act against pathogenic species,
such as viruses, fungi, and parasites [5-7] and can display anti-cancer activity [8-10] or modulate the
immune response [11-13]. HDPs can directly kill Gram-positive and/or Gram-negative bacteria in
the planktonic (i.e., free-swimming) or biofilm form [4,14,15]. Increasingly, HDPs are being found to
possess more than one of these functions at a time [2,8,16]. Notably, Mookherjee et al. [1] detailed the
mechanisms of action of AMPs against infection both by direct bacterial destruction and by modulation
of the host’s immune response, and touched upon the clinical potential of these AMP-based therapies.
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Despite all their promise, AMPs have not found wide spread use in the clinic for a number of reasons.
Firstly, because most AMPs consist of L-amino acids, they are susceptible to protease degradation
and rapid kidney clearance [17-19]. Furthermore, some AMPs are not specific to bacteria and hence
display systemic toxicity. Indeed, oral administration of AMPs can lead to proteolytic digestion by
enzymes in the digestive tract such as trypsin and pepsin. Moreover, systemic administration results
in short half-lives in vivo and cytotoxic profiles in blood [11]. Many strategies have been investigated
to circumvent these issues [3]. These include the chemical modification of AMPs [20] and the use of
delivery vehicles [21]. Recently, Martin-Serrano et al. [22] and Makowski et al. [23] highlighted the
nanoparticle and lipid systems being developed for AMP formulation. Here, we provide a broader view
of the methodologies being utilized to improve the properties of AMPs for their translation into clinical
use, highlighting recent developments in delivery vehicle formulation as well as peptide modification,
while focusing on the utilization of targeting and release mechanisms for site-specific treatment of
infection (Figure 1). The infection site release of AMPs marries the improved biocompatibility of the
delivery vehicle with the unhindered activity of the free peptide, thereby reducing off-site toxicity and
rapid degradation of the free peptide while maintaining high peptide concentration at the location
of interest.

Neo =

Passive Targeting

H*
H,0p H* H*+ - \% °
H+ (0) A 5 O, \ g
Infection = “ HO NH,)
Microenvironment n n Exogenous Targeting
Targeting Synthetic Polymers Polysaccharides
AMP (N
Au Ag &
(=
Metal F P A Antibodies and
Nanoparticles J\\J Polypeptides
Internal /
QQQQppD Modification & A
— 0
Ligand Targeting % §> c%%g{’% Enzyme Targeting
% )
GSID° %050
Lipid Encapsulations DNA Nanostructures
= Delivery Vehicles
Intracellular Targeting Macrophage-Mediated

Targeting

Targeting Strategies

Figure 1. Summary of all of the targeting strategies, delivery vehicles, and AMP modifications presented
in this review.

This review does not focus on specific AMP classes or subtypes, but rather examines a range
of delivery vehicles applied to a broad definition of AMPs (i.e., linear peptides, lipopeptides,
glycopeptides). The review also presents alternatives to delivery vehicles (i.e., p-amino acid substitution,
lipidation, rational amino acid substitution, cyclization/stapling and peptidomimetics). Further, as
the majority of AMPs being tested clinically are for topical administration where concerns regarding
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degradation, toxicity and specificity are lessened [24,25], we focus mainly on systemically administered
therapies that would benefit most from these advanced delivery systems, though some topical systems
are also mentioned. Indeed, AMPs are considered viable alternatives to conventional antibiotics and
have gathered significant support for clinical evaluation, but the difficulties associated with systemic
therapy necessitate additional formulation designs to improve stability and efficacy and to decrease
toxicity [25]. By examining the various strategies that are already available, this review aims to inspire
the future development of more robust delivery strategies.

2. Targeting of Delivery Vehicles

When utilizing delivery systems for drug delivery, oftentimes the payload is directly conjugated to
or encapsulated in the delivery vehicle without a release mechanism. Indeed, the majority of delivery
systems discussed in this review utilize this blueprint. Though this delivery system can improve the
drug’s biocompatibility, stability and pharmacokinetics greatly, it often hampers its efficacy. As a
partial solution, many formulations utilize non-specific release (e.g., hydrolytic release) for prolonged
drug delivery, but this can raise concerns regarding off-site toxicity, particularly as high drug dosages
are required to maintain suitable concentration at the target site [26]. Thus, there has been great interest
recently in developing strategies to release the payload from the delivery vehicle at the targeted disease
site—in the case for AMPs discussed herein, the site of infection. In this regard, infection-site release
can be achieved by targeting the unique biochemical microenvironment associated with infected tissue
(i.e., endogenous targeting), or by extrinsic guidance and spatiotemporal release by external stimuli
(i.e., exogenous targeting). Below, we discuss both endogenous and exogenous targeting, as well as
passive targeting, highlighting examples used for AMP delivery (Figure 1). Though few examples
of targeted AMP release have been published in literature to date, such release mechanisms can be
utilized to improve the specificity, stability, and activity of AMP therapeutics, as discussed below.

2.1. Passive Targeting

Hydrolytic cleavage is frequently used to allow for the continuous, prolonged release of payloads
that can range from days to months [26]. This is generally accomplished by incorporating ester [26] or
ketal [27] linkages between the delivery vehicle and the drug. However, this raises concerns regarding
off-site toxicity and dosage requirements. Alternatively, a process known as passive targeting can be
utilized for nanodelivery systems due to the increased vascular permeability associated with bacterial
infection [28-30]. This permeability arises from the local release of agents from dead or live bacteria,
such as lipopolysaccharide and lipoteichoic acid, which trigger inflammation and activate immune
cells, resulting in loose endothelial junctions and, correspondingly, leaky vasculature. Furthermore,
the resulting impaired lymphatic drainage associated with infection can potentially enable passive
accumulation of the drug at the infection site [28]. This is known as the enhanced permeability and
retention (EPR) effect, and has been studied extensively for the treatment of cancer, which also shows
inflammatory conditions similar to bacterial infection [28,29]. A number of nanoparticles have been
found to accumulate in infected tissue in this way; for example, polyethylene glycol (PEG)-coated
liposomes have exhibited this phenomenon in mouse soft tissue infected by Staphylococcus aureus [31-33].

2.2. Endogenous Targeting

For direct endogenous targeting, specific infection-associated ligands can be exploited.
Vancomycin [34,35], antibodies targeting bacterial surface proteins [36], aptamers [37,38], and
lectins [39,40] have all been conjugated to nanoparticles for bacteria-specific targeting. For example,
conjugating an antibody specifically binding to staphylococcal protein A, a species-specific surface
protein, to daptomycin-loaded polydopamine-coated gold nanocages enabled targeting of S. aureus
with no binding to mammalian cells [36]. However, ligand-based targeting can be limited by the
accessibility of the target cells as well the structural heterogeneity of the targeted molecules [41].
Similarly, the negative surface charge of bacteria can provide a means of targeting through the
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electrostatic interactions of cationic nanoparticles [28]. In this is one way, AMPs themselves are being
designed to promote specificity.

A number of characteristics unique to the microenvironment of the infection site can also be utilized
for targeted delivery of antibiotics. These include pH, redox gradients, and enzyme concentration.
Firstly, pH-sensitive linkers can take advantage of the local low pH environment associated with
bacterial infection and biofilms. This pH can reach as low as 4.5 in the case of biofilms [42-44] and is
associated with anaerobic fermentation and inflammation, both of which produce acidic products [41,42].
Targeting infection-associated pH allows for indiscriminate bacterial targeting, which can be useful in
broad-spectrum targeting. For example, Radovic-Morena et al. developed vancomycin-encapsulating
pH-responsive poly(p,L-lactic-co-glycolic acid)-b-poly(L-histidine-b-poly(ethylene glycol) nanoparticles
enabling pH-sensitive binding to bacteria [42]. A surface charge switch resulting from the protonation
of histidine imidazole groups at low pH resulted in strong electrostatic interactions with the negatively
charged bacterial cell surfaces. This method of delivery additionally mitigated the decrease in
vancomycin activity associated with lower pH, potentially due to the interactions of the nanoparticles
themselves with the bacteria. The resulting minimum inhibitory concentrations (MICs) of free
vancomycin and the pH-responsive vancomycin nanoparticles were 2.4 and 8.6 ug/mL at pH
6.0, denoting 2.0- and 1.3-fold increases from pH 7.4, respectively. Chu et al. utilized a similar
strategy for vancomycin release using pH-sensitive PEG-polycaprolactone-poly(3-amino ester) triblock
polymers [45].

Chemical moieties such as hydrazone, aconityl and acetal/ketal linkages are stable in blood
circulation but undergo rapid hydrolysis at lower pH, potentially allowing payload release at infection
sites [26,27,46—49]. These are used heavily for the selective release of drugs in mildly acidic tumour
environments [26]. Furthermore, these linkers can be used for tissue-specific release in the case of the
gastrointestinal tract, vagina and skin [42], where bacteria often inhabit, and for intracellular release
(vide infra). However, these linkers seem to exhibit low serum stability compared to other linker
types. To the best of our knowledge, no AMP bioconjugates utilizing this method for infection site
release have thus far been reported. Alternatively, redox-sensitive release can potentially be harnessed
for targeting infection due to the accumulation of reactive oxygen species (ROS) in inflammatory
tissue [41,50].

Finally, enzymatically cleavable linkers enable targeting of both enzymes secreted by the bacteria
themselves and/or enzymes released by the host in response to infection. The altered expression
of these enzymes (e.g., proteases, lipases and glycosidases) can allow for drug accumulation at
the site of infection [41]. Protease targeting is particularly appealing for AMP development as the
sequences can be directly adjoined to the N- or C-terminus of the peptide during expression or
chemical synthesis. For example, gelatinase, an enzyme secreted by a number of bacteria, including S.
aureus [51,52], and bacterial lipases [53] have been examined for this purpose. Enzymes secreted by the
host during the inflammatory response to infection can also potentially be harnessed here (e.g., matrix
metalloproteinases [54]).

Targeting Intracellular Bacteria

It is becoming increasingly apparent that intracellular bacteria play a large role in recurrent and
prolonged bacterial infection. During infection, the body’s most immediate defence against pathogenic
bacteria is the innate immune system [55]. This system houses a number of immune cells that recognize
the invading pathogen and remove it from the body. In particular, macrophages and neutrophils,
phagocytic cells acting as the first line of defence against infection, engulf bacteria within minutes of
infection [56]. The engulfed bacteria are then destroyed by fusion with acidic lysosomes, which deliver
digestive enzymes, bactericidal proteins (e.g., lysozyme), proton pumps, ROS and reactive nitrogen
species to the phagosome [57,58].

Although phagolysosomal killing is usually quite effective, a number of bacteria, including
Escherichia coli and S. aureus, have developed methods to survive this process, allowing them to
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reside within the cell for prolonged periods of time [56,58]. These pathogen-containing immune cells
can then disseminate the bacteria throughout the body, where they can infect other tissues, thereby
causing chronic or recurrent infections [56,59]. Treatment of intracellular bacteria can be particularly
troublesome due to their location within the cell, as they can avoid antibiotics unable to cross the cell
membrane and can enter dormant states (e.g., small colony variants and persister cells) that alter their
susceptibility to antibiotics [60].

However, the unique biochemistry of the intracellular environment can be harnessed for treatment
of these bacteria by intracellular payload release. Linker moieties such as disulphides and thioethers
can allow for cleavage within the highly reducing environment of the cell, while the acid-sensitive
linkers detailed earlier can allow for release after uptake by acidic endosomes and lysosomes [26,41].
Furthermore, linkers susceptible to cleavage by phagolysosomal proteases, such as cathepsin B, can
be utilized. Though no AMP conjugates have been utilized to target intracellular bacteria thus far
to our knowledge, certain AMPs (e.g., LL-37) have been shown to be effective against intracellular
bacterial strains including S. aureus [61] and Mycobacteria [62,63], suggesting they could be promising
therapeutics for intracellular bacteria killing.

One unique approach to targeting bacterial infection is to take advantage of the innate
targeting of phagocytic immune cells that spontaneously scavenge and destroy bacteria within
the body [28,58,64]. For example, Xiong et al. developed vancomycin-loaded nanogels covered in
mannosyl ligands for targeted delivery to macrophages, which express high levels of mannose
receptors [64]. Once the nanogel-containing macrophages engulfed bacteria at the site of infection, the
nanogel’s polyphosphoester core was degraded by bacterially produced phosphatase or phospholipase,
causing release of the vancomycin and subsequent bacterial destruction. More recently, in a method
using adoptive macrophage therapy, Hou et al. utilized vitamin lipid nanoparticles to deliver an mRNA
strand encoding an AMP-cathepsin B conjugate to cultured macrophages [58]. When delivered to the
cytosol of the cell, the mRNA was translated, and the resulting protein conjugate was subsequently
trafficked to the lysosome by its cathepsin B tag, where it was cleaved by the enzyme to release the
AMP. These macrophages, enhanced with a lysosomally localized broad spectrum AMP, displayed
efficient killing of drug resistant intracellular E. coli and S. aureus and recovered the immune system of
immunocompromised septic mice.

2.3. Exogenous Targeting

Externally applied (exogenous) stimuli can also be utilized for drug delivery. Unlike endogenous
targets, these responsive carriers do not have an innate localization method, so localization to the
site of infection is often accomplished by targeting ligands or by delivering the vehicles to the
site by external means, such as magnetic guidance. Once there, the payload is released by an
externally applied stimulus, such as temperature changes, electric or magnetic fields, ultrasound,
light, lasers, etc. [41,65]. For example, Meeker et al. developed photoactivatable daptomycin-loaded
polydopamine-coated gold nanocages conjugated with S. aureus-targeting antibodies [36]. These
nanocages released daptomycin in response to near-infrared light irradiation, which itself generated
localized bactericidal photothermal effects, thereby combining the localized release of antibiotic with
photothermal therapy to eradicate both planktonic and biofilm-associated S. aureus. The authors
suggested further development could allow for potential applications in the treatment of orthopedic
infections (e.g., surgical debridement), where surgeons would have direct access to the site to facilitate
laser irradiation. Similarly, thermo-responsive polymers have been explored for the controlled delivery
of alamethicin [66], as have nanoparticle-embedded chitosan microbeads for the magnetic release of
vancomycin [67]. Maleki et al. also developed antimicrobially active gold-coated superparamagnetic
iron oxide nanoparticles conjugated to the hybrid AMP cecropin mellitin for the potential translation
to site-specific targeting via external magnetic stimuli [68].
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3. Delivery Vehicles

Delivery vehicles are often harnessed for drug delivery to improve the biological properties of
the therapeutic. These vehicles generally aim to improve the biocompatibility, stability, solubility,
circulation time, and pharmacokinetics of the drug. They are particularly useful for AMPs, which
often innately exhibit high cytotoxicity, unpredictable activity due to protease susceptibility, and short
circulation time as a result of rapid degradation by blood proteases and removal by kidney filtration or
the reticuloendothelial system (RES) [69], which is highlighted by the limited number of systemically
administered AMPs in clinical trials [24,25]. Herein, we discuss the delivery vehicles developed in
recent years for the encapsulation or conjugation of AMPs for combatting bacterial infection. A number
of advantages and disadvantages of the delivery vehicles presented herein are summarized in Table 1.

Table 1. Summary of the delivery vehicles discussed herein, as well as some of their advantages
and disadvantages.

Delivery Vehicle Advantages Disadvantages References
e  Biodegradable e  Low stability in vivo due to
e  Low toxicity and immunogenicity phagocytic clearance
e  Easy surface modification e  Limited sterilization techniques for
e  Applicable to hydrophobic and scaling up
Liposomes hydrophilic content . Poor drug loading capacity [22,23,70,71]
e  Protect encapsulated peptide from e  Limited control over site-specific
proteolytic degradation drug release
e  Can passively target infection site e Can elicit pseudoallergic response
via the EPR effect during intravenous delivery

e  Higher stability and loading
capacity than liposomes
e  Long circulation by reducing uptake

Content leakage

by the RES e  Low stability upon environmental

Polymeric Micelles  ® Responsive to stimuli change (e.g., upon blood injection) [72-75]
Small in size, which can improve resulting in premature drug release
target site accumulation by and potential off-site toxicity

increasing tissue penetration
and distribution

Liquid Crystalline  ® Biodegradable e  Low encapsulation efficiency
Nanoparticles e Thermally stable e Poor shelf-life [22,23]
e  Biodegradable
e  Biocompatible e  Low encapsulation efficiency of
Nano-structured e  Improved stability and shelf-life polar content
Lipid Carriersand ~ ® Improved encapsulation efficiency ) Site-specific drug release
Solid Lipid e Feasible large-scale manufacturing not explored [23,71,76]
Nanoparticles e Suitable for a variety of e  Premature drug expulsion in storage
administration routes (e.g., oral, and/or upon administration
parenteral, ocular)
e High toxicity
e  Unknown interactions with
e Innate antimicrobial activity cellular functions
High surface area-to-volume ratio, e Poor clearance
allowing for high loading of and non-biodegradable
Metal multiple molecules (i.e., multimodal) e  Poor stability
Nanoparticles e  Easy functionalization e Poor shelf-life [23,77]
Magnetic, electrical, and thermal e Properties highly dependent on size,
properties can enable requiring
exogenous targeting individual characterization

e  Size disparity between
repeat syntheses
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Table 1. Cont.

Delivery Vehicle Advantages Disadvantages References

High biocompatibility

e  Easy surface modification for
enhanced targeting and
multi-functionality (e.g.,

e  Potential immunogenicity
. Non-biodegradable, except in
specific cases

~ dendritic polymers
Synthetic polymers Hieh solupbili}t, in v?rater e  Costly multistep synthesis when [22,70,78]
High drug pa}}llloa d functionalized polymers are used
11 affini
Easy to include controlled *  Lowcellaffinity
drug release
e High biocompatibility e Properties can vary significantly
e Low toxicit based on source
e Biodegra da}l;le e  Chemical modification often
. L required for uniform
- i e Often possess innate bioactive : : . -
Polysaccharides properpt)ies (e.g., wound healing, physiochemical properties o=t
bioadhesion, ar;timicrobial acti\;ity) * Unprec}mtlablehdegradatlon profiles,
. e particularly when
e  High solubility in water chemically modified
e  Biodegradable e High production cost
Polypeptide e Resistant to proteolytic degradation e  Laborious synthesis
Dendrimers due to steric hindrance e  Potential immunogenicity of [62,83]
e Increased antimicrobial activity larger dendrimers
e  High specificity, preventing
disruption of microbiome e  Extensive optimization required
. High biocompatibility ° High development and
Antibodies e  High stability scaling-up costs [84]
e  Long half-life e  Specificity may be non-ideal for
e  Innate targeting for site-specific polymicrobial infections
drug delivery
Bi 1
* Hm c}llegr? d;.?te . " e Susceptible to nuclease degradation
P 181 SOt 11 ! Ylm water if not chemically modified
. recise molecular .
DNA attachment possible e  Challenging a.nd costly large- [55]
Nano-structures scale production -

e Able to evade immune system
Stimuli-responsive, allowing for
spatiotemporal control of delivery

e  Complex, if functionality is required
e Off-target effects unknown

3.1. Lipid Encapsulations

Unlike other delivery vehicles that require covalent conjugation of AMPs, potentially the most
common vehicle for AMP delivery is lipid encapsulation. These formulations, ranging from liposomes
and micelles to liquid crystalline nanoparticles, are termed lipid nanoparticles (LNPs) as a result of
their size. Due to the natural lipid molecules utilized in their formulation, LNPs generally benefit from
high biocompatibility, safety, and biodegradability, which alleviates concerns regarding cytotoxicity
and organ accumulation that potentially arise with other nanoparticles [22,23]. In addition, their
amphiphilic nature allows them to encapsulate both hydrophilic and hydrophobic molecules, making
them particularly valuable for AMPs [22]. Interestingly, certain lipid nanostructures, such as liposomes,
reconstituted lipoproteins, and cell membrane-derived nanostructures, have also recently gained
attention as “nanodecoys” to trap and restrain pathogens and their toxins to treat infectious diseases [86],
potentially providing another advantage for AMP formulation. An example of these agents is CAL02,
a clinically tested liposomal antivirulence drug that entraps and neutralizes a large array of virulence
factors produced by both Gram-positive and Gram-negative bacteria [87]. By mimicking the cell
membrane lipid composition that many virulence effectors target, these liposomes can bind to these
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toxins with higher affinity than cells, thereby preventing the threatening complications these molecules
are associated with during severe infections (e.g., tissue damage and organ failure).

3.1.1. Liposomes

Used for decades in drug delivery, liposomes are lipid bilayer vesicles that contain a hollow,
aqueous center. The bilayer is generally comprised of phospholipids, though other lipids and membrane
components, such as cholesterol, are often added to improve their physiochemical properties. Due to
their amphiphilic nature, the phospholipids spontaneously form in aqueous solution, with their polar
head groups facing the outside/inside of the bilayer and their nonpolar fatty acid tails comprising the
interior of the bilayer [23] (Figure 1).

The size, lipid composition, and surface modifications of liposomes can be tuned extensively
to alter their physiochemical properties [22]. For example, lipid composition greatly influences the
packing, fluidity, and charge of the liposome, which can affect both stability and encapsulation efficiency.
In particular, size plays an important role in the efficacy of liposomes. Though they range from 50
to 500 nm in diameter, liposomes smaller than 200 nm are potentially best used for infection and
other inflammatory diseases, as they have been shown to accumulate at the target site due to the
previously described EPR effect [23,31-33]. In addition, liposomes can be coated with other materials
to improve their properties [88-91]. For example, coating AMP-containing liposomes with a nontoxic,
antimicrobial cationic polymer increased the stability of the liposomes.

While also significantly improving the activity of the encapsulated peptide up to 2000-fold against
food-borne pathogenic bacteria [89]. In addition, coating liposomes with neutral polymers such as
PEG has been shown to greatly increase their stability and circulation time [92,93].

For clinical practice, liposomes suffer from two major drawbacks: i. low in vivo stability due
to phagocytic cell clearance, and ii. limited practical sterilization techniques for scaling-up [22,94].
Though improvements in the latter are being made with advancements in various technologies,
particularly microfluidics [95-97], other delivery vehicles have become increasingly more popular for
AMP delivery.

3.1.2. Micelles

Similar to liposomes, micelles are another promising lipid-based carrier for AMP delivery. The
amphiphilic nature of a micelle allows for high loading capacity of low water-soluble therapeutics
in its hydrophobic inner core and improved in vivo circulation by reducing RES uptake via
its hydrophilic outer corona [98]. Furthermore, micelles tend to display higher stabilities than
liposomes and respond more strongly to stimuli than nanoparticles [72]. Most commonly, PEGylated
phospholipids, such as 1,2-distearoyl-sn-glycero-3-phosphoethanolamine- N-[amino(polyethylene
glycol)-2000] (DSPE-PEG2000), are utilized for this purpose, as they spontaneously form stabilized
micelles with a hydrophobic DSPE core surrounded by hydrophilic PEG molecules [99]. Recently,
our groups utilized DSPE-PEG2000 micelles as a delivery vehicle for AMPs derived from aurein
2.2 [99]. The peptide, along with its p-amino acid, retro-inverso and C-terminus cysteine-containing
versions, showed marked improvement in their hemolytic activity and cytotoxicity when encapsulated
in DSPE-PEG2000 micelles. Furthermore, the peptide formulations displayed no aggregation at
concentrations as high as 7.5 mg/kg in an in vivo mouse abscess infection model, where they were
administered by subcutaneous injection. Though all encapsulated peptides showed low to moderate
decreases in activity in vitro, they all maintained antimicrobial activity at 5 mg/kg in vivo, with the
most promising peptide reducing abscess size by 85% and bacterial count 510-fold. These results
highlight the potential of micelles for AMP delivery and also reveal the discrepancies between in vitro
and in vivo activity that can result in potentially clinically efficacious AMPs not being tested in vivo.
Similar work done by Lee et al. found that DSPE-PEG2000 micelles conjugated on their surface to a
cationic antimicrobial peptide improved the survival rate of septic mice [100].
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3.1.3. Liquid Crystalline Nanoparticles

Recently, lyotropic liquid crystalline nanoparticles (LCNPs) have been explored for AMP
formulation. These particles are similar to liposomes in that they are comprised of lipid bilayers,
but they are structured into highly organized crystal-like two- and three-dimensional nonlamellar
nanostructures that confer high thermal stability [22,23,101]. They are often termed cubosomes or
hexasomes depending on the dimensions of their internal phases [101]. Boge et al. found that
encapsulation of LL-37 in cubosomes substantially protected the AMP from proteolytic degradation
but was accompanied by a loss in the AMP’s broad-spectrum activity, with only activity against
Gram-negative bacteria remaining after encapsulation [102]. In 2019, these researchers further optimized
the use of cubosomes for topical LL-37 delivery by utilizing three different preparation protocols [103].
Here, they confirmed the encapsulated LL-37 retained activity after exposure to proteases and found
that the cubosomes did not display cytotoxicity against keratinocytes. Furthermore, the cubosomes
were effective in an ex vivo porcine skin wound infection model. The authors did note that due to
strong association with the cubosomes, almost no release of LL-37 was observed after 24 h; therefore,
they suggested formulations allowing triggered release of the AMP might mitigate the observed loss
of antimicrobial activity and allow for increased local peptide concentration. Similarly, nanostructured
lipid carriers (NLCs) and solid lipid nanoparticles (SLNs) have been studied for their use as liposome
alternatives for AMP carriers due to their improved stability, shelf life, encapsulation efficiency and
scalability [23]. For example, LL37 was encapsulated in a NLC for topical wound treatment, where
it maintained its immunomodulatory and antimicrobial activity while improving wound healing
compared to the free peptide [104]. This is mirrored by work performed by Fumakia and Ho, who found
that SLN formulations containing LL37 and the elastase inhibitor Serpin A1 accelerated wound healing
and displayed synergistic antimicrobial and anti-inflammatory activities [105]. Sans-Serramitjana et al.
also found that encapsulating colistin with NLC maintained the peptide’s antimicrobial activity, which
was more stable over time compared to SLN-encapsulated colistin [106].

3.2. Metal Nanoparticles

Metal nanoparticles possess unique physical, electronic, and magnetic properties that make them
useful for a variety of biomedical applications. Furthermore, their large surface area-to-volume ratio
enables a large multitude of molecules to be loaded onto their surface [77], making them particularly
attractive as drug delivery vehicles. In fact, many metal nanoparticles themselves have been shown to
disrupt the bacterial cell membrane and react with intracellular targets, thereby providing some of
their own antimicrobial activity that could compound with the activity of bound AMPs [77]. However,
cytotoxicity of metal nanoparticles tends to be high, especially at smaller sizes, and there remain
concerns regarding unknown interactions with cellular functions, insufficient clearance from the body,
and generation of ROS [77].

3.2.1. Gold Nanoparticles

In contrast to other metal nanoparticles, gold nanoparticles (AuNPs) generally show high
biocompatibility and non-immunogenicity, as gold is an inert, nontoxic element [77]. Furthermore,
gold itself is able to reduce ROS, mitigating those formed during administration of nanoparticles [77].
However, the toxicity of AuNPs still depends heavily on their size and functionalization and thus
requires individual optimization.

Nevertheless, AuNPs have been harnessed to improve the stability and activity of bound
AMPs [107]. AuNPs can be functionalized with a number of moieties for covalent conjugation (e.g.,
N-hydroxysuccinimide esters, maleimides, alkynes/azides), but the majority of AMPs are conjugated
directly using a metal thiolate Au-S bond via an incorporated N- or C-terminal cysteine residue [77].
This presents a simple method for conjugation within aqueous buffer. Site-specific conjugation using
cysteine is particularly useful in lysine-containing AMPs, as their amine groups can interact with the
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AuNP and potentially affect activity by holding the peptide close to the AuNP core, thereby preventing
sufficient access to bacterial membranes [108]. Conjugation to AuNPs has been shown to markedly
enhance the proteolytic stability of AMPs against trypsin while minimally affecting their in vitro
activity, thereby improving their active lifetimes [108]. Furthermore, Chowdhury et al. found that
AuNP-AMPs displayed good biocompatibility both in vitro and in vivo and were able to internalize
into epithelial and macrophage cells without toxicity to destroy internalized Salmonella pathogens, a
feat also mirrored in an in vivo mouse model [109]. Additionally, the conjugation of AMPs to AuNPs
has been utilized to improve the activity of the bound peptide. Recently, Zheng et al. conjugated
daptomycin to mercaptopyrimidine-functionalized gold nanoclusters shown to destroy bacteria via
ROS production, membrane damage and DNA destruction, to produce a synergistic antimicrobial
effect [110]. Palmieri et al. also found that conjugating a small synthetic AMP to AuNPs increased its
killing ability against both Gram-positive and Gram-negative bacteria at a concentration less than 100
nM [111].

Interestingly, AMP-AuNPs utilizing DNA aptamers for targeting have been shown to be very
effective against intracellular bacteria [37,38]. These aptamers allow specific targeting with high
binding affinity and long-term stability, and the properties of the DNA oligonucleotides impart efficient
cellular uptake of the conjugated nanoparticles [112]. In both cases, the conjugates displayed low
toxicity in vitro and strong in vitro and in vivo antimicrobial activity against intracellular bacteria,
with the conjugates conferring complete subject survival compared to the complete lack thereof in
untreated mice [37,38]. The authors suggested the aptamers imparted an increased cellular uptake of
the conjugates, providing improved delivery for targeting intracellular pathogens.

3.2.2. Silver Nanoparticles

One of the most popular metals used in nanoparticle synthesis, silver is an attractive delivery system
for AMPs due to its own innate antimicrobial activity against both Gram-positive and Gram-negative
bacteria [23,113]. Like AuNPs, AgNPs are small in size, have high surface area-to-volume ratios, and
display unique electrical and optical properties resulting in high reactivity and chemical stability [23].
In addition, thiol chemistry can be utilized for direct conjugation to the AgNP, which allows for an easy
method of conjugation that has been shown to increase both the stability and activity of the bound
AMP [114-116]. However, AgNPs generally exhibit high cytotoxicity and are thus not necessarily a
great delivery vehicle for improving AMP tolerability. In fact, researchers have utilized surface peptide
conjugation to mitigate the cytotoxicity of AgNPs [117,118]. For example, Gao et al. conjugated AgNPs
with short peptides, which significantly reduced the cytotoxicity of the AgNPs to levels similar to those
of the free peptide while also improving their antimicrobial activity [118].

Nevertheless, many researchers have combined the antimicrobial activities of AgNPs and AMPs
for enhanced activity [116-119]. Recently, Pal et al. conjugated the AMP Andersonin-Y1 to AgNPs by
adding a cysteine on the N- or C-terminus of the peptide [119]. The conjugates, which contained nearly
200 peptides per AgNP, increased the activity of the non-cysteine AMP nearly 10-fold, though this
activity was comparable to the free cysteine-containing peptides. Interestingly, the hemolytic activity
of both the AMPs and the AgNP-AMP conjugates was low, indicating good biocompatibility.

3.3. Synthetic Polymers

Synthetic polymers have been extensively employed for drug delivery, with some conjugates
being the first formulations translated into clinical practice. In general, synthetic water-soluble
polymers impart improved solubility, enhanced biocompatibility and stability, and prolonged
circulation to the payload [26]. For AMP delivery, multiple polymeric structures have been studied,
including linear polymers (e.g., PEG), dendrimeric and dendrimer-like polymers (e.g., hyberbranched
polyglycerol, HPG), and polymeric nanoparticles (e.g., poly(lactide-co-glycolide), PLGA). Perhaps the
most well-known and well-studied polymer, PEG, imparts its biocompatibility on conjugated drugs
by steric repulsion, which shields antigenic epitopes and prevents proteolytic enzyme degradation
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and opsonisation [26]. Other water-soluble polymers likely improve the biocompatibility of their
therapeutic agents in the same manner.

PEGylation is one of the most extensively utilized methods to improve the biocompatibility of
drugs, garnering the most success in clinical trials thus far [26]. It has been used to drastically reduce
the cytotoxicity of a variety of AMPs, including the cyclic AMP tachyplesin I [120], a magainin 2
analogue [121], the heparin cofactor II fragment KYE28 [122] and the synthetic AMP CaLL [123], but in
each case listed, PEGylation also resulted in significant decreases in antimicrobial activity. However,
both the improved biocompatibility and decreased activity of PEGylated AMPs have been found
to be dependent on PEG length, so optimization of PEG length can potentially be used to improve
the selectivity toward bacteria in blood [122]. Nevertheless, the reduced activity associated with
PEGylation coupled to the limitations of PEG itself, including non-biodegradability, high intrinsic
viscosity, large hydrodynamic size, and singular functionality [3], has limited the use of PEG as an
AMP delivery vehicle.

As mentioned earlier, PLGA nanoparticles have been used extensively for the encapsulation of
AMPs, as they allow prolonged drug release as well as enhanced stability by protecting the AMP against
the biological environment. Furthermore, PLGA itself has been found to enhance wound healing,
which makes it particularly appropriate for wound treatment, where AMPs are often used [124], and
is biodegradable, minimizing the worries regarding bioaccumulation [125]. For AMP delivery, it
has been shown to improve the efficacy of the AMP plectasin against S. aureus-infected bronchial
epithelial cell monolayers [126], and to fully protect fish from pathogenic bacteria by providing
prolonged release of the AMP pleurocidin [127]. Furthermore, as mentioned earlier, pH-responsive
PLGA nanoparticles functionalized with poly-L-histidine have been used to improve delivery of
encapsulated vancomycin to bacteria [42]. AMP-conjugated PLGA nanoparticles entrapping growth
factors has also been investigated for the co-delivery of these two therapeutic agents for wound
healing, displaying moderate broad-spectrum antimicrobial activity with sustained growth factor
release [128]. Recently, Casciaro et al. showed that encapsulation of esculentin-1 AMP derivatives in
PLGA nanoparticles coated with poly(vinyl alcohol) to prevent aggregation improved their transport
through an artificial lung mucus and bacterial barrier [129]. Though the peptide’s in vitro activity
decreased upon encapsulation, it displayed 4-17-fold enhancement of activity in an in vivo lung
infection mouse model, suggesting these PLGA-AMP nanoparticles could have strong potential for the
treatment of bacterial pathogens in cystic fibrosis patients.

Our labs have also worked heavily on the use of hyperbranched polyglycerol (HPG) for the
delivery of AMPs. HPG is a dendrimer-like hyperbranched polymer that has garnered attention
due it its high biocompatibility, stability, tunability, and multi-functionality [78]. Furthermore, HPG
synthesis is simple, and the polymer can be made biodegradable by, e.g., incorporating acid-sensitive
moieties, to prevent in vivo bioaccumulation. Thus, HPG has been studied extensively for a wide
variety of biomedical applications ranging from cell surface engineering and organ preservation to
macromolecular therapeutics and drug delivery. An in-depth review of HPG and its applications can
be found in [78].

Our groups demonstrated that conjugating the AMP aurein 2.2 to a moderate molecular
weight HPG significantly improved its biocompatibility in vitro in both blood and cell culture [130].
Unfortunately, however, the conjugation also decreased the peptide’s activity against S. aureus and
Staphylococcus epidermidis, though to less of an extent than those exhibited by some PEGylated
AMPs [130]. It is thought that this decrease could be due to interactions of the peptides with the
polymer or changes in peptide folding. Interestingly, both the biocompatibility and antimicrobial
activity of the conjugates depended on their peptide density, which in this case ranged from 7-18
peptides per polymer, highlighting the promising capacity to tune HPG conjugates for specific drug
delivery. We further studied the tunability of HPG by conjugating an aurein 2.2-derivative with
improved antimicrobial activity to HPG of different molecular weights [131]. Once again, the conjugates
displayed excellent biocompatibility and also exhibited resistance to trypsin degradation. Though
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the activity of the peptide did decrease, the most promising conjugate, a low molecular weight
HPG containing 7-8 conjugated peptides, still displayed moderate activity in vitro against S. aureus.
Similarly, Haney et al. found that derivatized HPGs containing a hydrophobic polymer core capped
with carboxylic acid-functionalized PEG groups significantly reduced the aggregation of the synthetic
AMP IDR-1018 both in vitro and in vivo while maintaining the immunomodulatory activity of the
peptide [132]. This is of particular interest as peptide aggregation has been shown to inhibit the activity
of certain AMPs and is thought to be partially responsible for AMP toxicity [99,132]. Notably, this
formulation did not require covalent conjugation or modification of the parent peptide and was more
efficacious than other tested formulations utilizing hyaluronic acid, carboxymethyl cellulose, and
hydroxypropyl methyl cellulose.

3.4. Natural Biomolecules

Concerns regarding the potential immunogenicity and non-biodegradability of synthetic polymers
have generated interest in utilizing natural biomolecules for AMP delivery. These delivery
vehicles include natural polymers such as polysaccharides, polypeptides and antibodies, and
DNA nanostructures.

3.4.1. Polysaccharides

Being a linear polysaccharide made up of glucosamine and N-acetylglucosamine subunits [133],
chitosan is a biocompatible, non-toxic and biodegradable polysaccharide that also displays bioadhesive
and wound healing properties [79]. Furthermore, it itself displays mild antibacterial properties against a
broad spectrum of microorganisms, which can be tuned by molecular weight and chemical modification
via amine groups (e.g., deacetylation) [79]; as such, it has gained some attention as a promising delivery
vehicle for AMPs. Much work has been published detailing the utilization of chitosan to improve the
biocompatibility of peptides while maintaining or enhancing their antimicrobial activity [79,133-136].
For example, Hou et al. developed self-assembled short chain chitosan-polylysine AMP nanoparticles
that displayed strong broad-spectrum activity both in vitro and in vivo with very low hemolytic
activity and improved selectivity [136]. In a similar fashion, cyclic oligosaccharide cyclodextrins have
been harnessed for AMP delivery [137-139]. Not only have these formulations displayed high stability,
solubility, and protease protection, but they also maintained good antimicrobial activity.

3.4.2. Polypeptides

Cell penetrating peptides (CPPs) themselves have been harnessed to improve the antimicrobial
activity of AMPs. Interestingly, these CPPs often negligibly affect the cytotoxicity of the AMPs while
improving their antimicrobial activity and specificity, particularly when targeting Gram-negative
bacteria [140,141]. Hydrophilic polypeptides (e.g., XTEN and PAS) have also gained much interest
in recent years as alternatives to polymers for protein conjugation [26], though no examples of AMP
conjugation have yet been published. Recently, short polycationic hexa-arginine polypeptides were
conjugated to vancomycin to bypass multiple modes of vancomycin resistance, accompanied by a
1000-fold increase in antibacterial activity [142]. The peptide conjugates demonstrated efficacy in vivo
along with improved biodistribution and excretion profiles compared to free vancomycin. Interestingly,
the conjugates displayed no hemolytic activity or cell culture toxicity. Additionally, it has been shown
that certain AMPs can be structurally manipulated to form dendrimers by introducing branching
peptide chains via reactive amino acid side chain groups (e.g., lysine amines) [82]. These dendritic
structures have displayed strong antimicrobial activity alongside improved serum stability and reduced
hemolysis [82]. Likewise, tetrabranched AMP oligodendrimers, also termed multiple antigen peptides,
have exhibited strong in vitro and in vivo activity as well as stability against blood proteases. For
example, the branched AMP M33-L displayed strong activity against a wide variety of bacteria,
and also exhibited LPS neutralization, serum stability and efficacy in mouse sepsis models [143,144].
Extensive in vivo studies of M33-L also showed the peptide to be much less toxic than the clinically
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used peptide colistin [144]. Isomerization of the oligodendrimer further improved the AMP’s activity
against Gram-positive bacteria, potentially due to increased resistance to bacterial proteases such as
staphylococcal aureolysin and elastase [145].

3.4.3. Antibodies

Though research exploring antibodies as AMP delivery vehicles is limited, their efficacy against
both extracellular and intracellular drug resistant bacteria as antibody-antibiotic conjugates (AACs) in
recent years suggests they could behave as an attractive delivery vehicle for AMPs. On top of potential
pathogenic specificity that prevents native microbiome disruption, antibodies exhibit long half-lives,
slow clearance, and great biocompatibility [60], making them promising drug delivery vehicles. For
example, Lehar et al. conjugated a rifamycin analogue to an antibody that binds specifically to the
-N-acetylglucosamine residues of cell-wall teichoic acids (WTAs) on Gram-positive bacteria [56].
This antigen was selected due to its high abundance in S. aureus cell walls and due to the fact the
enzyme responsible for its incorporation into WTAs is conserved throughout all multidrug resistant
methicillin-resistant S. aureus (MRSA) strains owing to its role in -lactam antibiotic resistance [60].
The two components were connected by a cathepsin-cleavable dipeptide for specific release inside
the phagolysosome upon uptake of opsonized S. aureus. The conjugate showed strong activity in a
mouse bacteraemia model against MRSA, while simultaneously providing evidence for the role of
intracellular S. aureus in invasive infection.

In regards to antibody-AMP conjugation, Franzma et al. conjugated the AMP SMAP28 to
rabbit immunoglobulin (IgG) antibodies specific to the outer surface of a strain of Porphyromonas
gingivalis [146]. They found that the IgG-SMAP28 conjugate showed strong activity against the targeted
strain, but its specificity was limited, particularly at higher conjugate concentrations. In a similar vein,
antibody-antifungal peptide fusion proteins specific to the cell surface of Fusarium fungi conferred
protection against the fungal pathogen when expressed in a plant model [147].

More recently, Touti et al. developed antibody-macrocylic peptide conjugates specific
for E.coli[148]. The cathelicidin-derived AMPs were macrocyclized using cysteine arylation
macrocylization chemistry to protect against serum degradation, while the antibody targeted core
lipopolysaccharide glycans that are present in high density on the surface of the bacteria. The peptides
were conjugated enzymatically to the antibody using sortase A via acceptor and donor peptide tags on
the antibody and AMP, respectively. The most promising conjugates displayed strong bactericidal
activity against E. coli with negligible hemotoxicity, though once again, the specificity was diminished
at higher concentrations. It should be noted that half of the studied peptides lost their activity
upon conjugation, highlighting the challenges that could arise in the formulation of non-releasing
antibody-AMP conjugates.

As with all carriers, antibodies have some drawbacks for clinical translation. Firstly, their high
specificity (i.e., narrow spectrum), at times advantageous, can also present a disadvantage in the
broad-spectrum treatment of bacteria and polymicrobial infection. Furthermore, their specificity
requires extensive optimization, as detailed by the examples given earlier, which can be costly [84].
And secondly, their targeting ability has the potential to be thwarted by cell-wall components, such
as wall techoic acids in Gram-positive bacteria, which can conceal surface epitopes [149], potentially
enabling the development of resistance mechanisms. Nevertheless, the large number of human
monoclonal antibody (mAb) therapies currently being developed and tested in clinical trials to treat
bacterial infection, either by direct pathogen targeting or by toxin neutralization [84], highlights the
strong potential of these molecules for AMP delivery.

3.4.4. DNA Nanostructures

DNA nanostructures have gained much attention in recent years for a wide array of applications,
but they are particularly appealing for drug delivery due to their small size, high solubility, high
biocompatibility, biodegradability, responsiveness to stimuli, and their suitability for precise attachment
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of therapeutic agents [85,150]. Recent developments in their formulation and characterization
have suggested they could be promising delivery vehicles for AMPs. For example, DNA origami
nanostructures functionalized with aptamers targeting both Gram-positive and Gram-negative bacteria
have been used as vehicles for delivering lysozymes to target infection sites [151]. Recently, Obuobi et
al. developed DNA nanostructure hydrogels that released a broad spectrum AMP upon degradation by
nuclease-secreting MRSA [150]. The abundant anionic phosphate groups of the DNA nanostructures
allowed for encapsulation of the cationic peptide via strong electrostatic interactions, thereafter yielding
spontaneous formation of a hydrogel. The AMP-loaded nanostructures demonstrated sustained local
release of the peptide in response to environmental nucleases, significantly reducing the toxicity of the
peptide against mammalian dermal cell lines. Furthermore, the hydrogels maintained activity against
MRSA in vitro, and a single application of the hydrogel in an in vivo porcine skin model resulted in
significant bacterial reduction. Interestingly, the researchers also noted anti-inflammatory properties
of the hydrogel, which improved wound healing rates in vivo. These properties are thought to arise
from the DNA nanostructures themselves, highlighting another potential advantage of using these
structures for AMP delivery.

4. Alternatives: Internal Modification of AMPs

Though this review focuses on delivery vehicles for AMP administration, it is also necessary
to discuss the strategies being developed to modify the peptide itself for increased biocompatibility,
stability, activity and specificity. These chemical modifications include incorporation of p-amino acids,
lipidation, rational amino acid substitution, cyclization/stapling and peptidomimetics.

Firstly, replacement of L-amino acids for p-amino acids is a commonly utilized approach to protect
the AMP from stereospecific degradation by proteases [3]. The alteration of amino acid stereochemistry
often does not affect the antimicrobial activity of the peptide and can be used to prolong the activity in
the presence of proteases. For example, Jia et al. found that the AMP polybia-CP could be made resistant
to trypsin and chymotrypsin degradation by replacing all L-amino acids for p-amino acids without
compromising its antimicrobial activity against both Gram-positive and Gram-negative bacteria [152].
Interestingly, they also noted that a single substitution of the peptide’s L-lysine with p-lysine only
slightly decreased the AMP’s antimicrobial activity while both improving the peptide’s stability and
substantially decreasing its hemolytic activity [153]. It should be noted that p-peptide synthesis is
quite costly [154], which hinders its straightforward translation into clinical practice.

By attaching fatty acid chains to the amine groups of lysine or N-terminus residues, lipidation
can be harnessed to improve the activity of AMPs by improving their hydrophobic interactions
with bacterial membranes [155]. Recently, Kamysz et al. found that N-terminus conjugation of
C4-Cy4 fatty acid chains enhanced the activity of an alpha-helical LL-37 fragment against a variety
of MDR pathogens [156]. The activity varied with fatty acid chain length, with Cg chains displaying
the highest activity and larger Cy4 chains displaying lower activity due to self-assembly into large
aggregates. Unfortunately, however, lipidation increased the cytotoxicity of the peptides proportional
to carbon length [156], which is consistent with other reports [157]. Both the improved activity
and increased aggregation of higher carbon chain tails agree with previous work on N-terminal
lipidation [158]. In 2018, Siriwardena et al. developed Cyg-lipidated AMP dendrimers that showed
improved broad-spectrum antimicrobial activity against MDR bacteria in vivo, though once again,
hemolysis increased with lipid length [157]. Interestingly, Lombardi et al. harnessed the proclivity of
these lipidated AMPs to self-assemble to generate nanostructures with improved antibiofilm activity
and protease stability [155]. This was accomplished by linking the AMP to an aliphatic polyalanine
peptide attached to a Cy9 lipidic tail.

There has been a great interest in recent years to determine qualitative design principles that
could be utilized to strategically design AMPs with improved antimicrobial activity and reduced
hemolytic activity [154,159,160]. To generate this specificity, the positioning of positively charged
amino acids—in particular, lysine—within the hydrophilic and hydrophobic segments of the AMP
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seems to be especially important [154,159]. For example, substitution of lysine in the hydrophilic
face of an AMP has been shown to improve its antimicrobial activity against both Gram-positive and
Gram-negative bacteria with slight reductions in hemolytic activity; conversely, substitution in the
hydrophobic face decreases hemolysis but has variable consequences in activity, the extent of which
depends on the residue being replaced [154].

Cyclization of AMPs is a common method utilized to protect the peptide against protease
degradation. This can be accomplished by utilizing disulphide bridges via cysteine residues akin
to human defensins [161] or, more frequently, by incorporating one or more staples between i, i
+ 4 or i + 7 residues, which lock the peptide into an alpha-helical structure with twisted amide
bonds that are less favourable to protease degradation [154,162]. A number of techniques have
been developed to form these staples, including sulphur and nitrogen arylation of cysteine and
lysine residues, respectively [163,164]. Though staples do indeed increase proteolytic resistance and
alpha-helicity, these properties are often accompanied by unpredictable and undesired effects on
antimicrobial activity, mammalian membrane lysis, and peptide solubility [154,162]. Recently, however,
Mourtada and colleagues studied the structure-function-toxicity relationship of 58 stapled AMP
(StAMP) constructs of magainin II to devise an algorithm for the in silico design of stable, nontoxic
StAMPs [154]. By sequentially incorporating i, i + 4 staples at different positions in the magainin II
sequence, they determined that staple placement had minimal undesired effects on hemolytic activity
when placed within an already established hydrophobic face; conversely, placement in a region of
low hydrophobicity that expanded the entire hydrophobic space markedly increased the activity.
Through their designed algorithm, they were then able to generate three additional StAMPs with
strong antimicrobial activity and little to no hemolysis without having to generate a potentially costly
StAMP library.

Finally, we would be remiss to exclude the peptidomimetic approaches that have shown great
potential as alternatives to AMPs. These peptide mimics imitate the structure, activity and mode of
action of AMPs by conserving the overall amphiphilic structures of the peptides but changing the
chemical composition of the backbone, which is often done with modified amino acids or amino
acid-like units [3,165,166]. Consequently, peptidomimetics are able to improve in vivo half-life and
stability by removing the peptide’s inherent protease susceptibility, and can also improve toxicity and
synthesis costs [165-168]. Indeed, a number of these compounds have been successful in clinical trials,
such as the defensin mimetic brilacidin [168,169]. Notably, Luther et al. recently developed a class of
peptidomimetics consisting of a mixture of natural amino acids and synthetic building blocks arranged
into two linked macrocycles, one of which was derived from the polymixin and colistin peptides [170].
A number of the derived compounds exhibited good activity against a wide array of MDR pathogens,
low cell toxicity, maintenance of activity in complex media such as human serum, and strong efficacy
in several mouse models of infection alongside favourable tolerability and pharmacokinetics. As the
field of peptidomimetics is quite large and can be categorized into a number of families, we refer you
to in-depth reviews by Molchanova et al. [165], Ghosh et al. [166], and Kuppusamy et al. [168] for
more information.

5. Conclusions

AMPs provide a promising solution to the ever more pressing issue of bacterial multidrug
resistance. However, many hurdles block the successful translation of AMPs into clinical practice, as
they often display high toxicity, low stability and rapid clearance in biological systems. Moreover,
AMPs tend to display less direct antimicrobial activity compared to conventional antibiotics, which
immediately places them at a disadvantage, as regulatory agencies require that novel antimicrobial
agents exhibit similar or stronger activity, i.e., non-inferiority or superiority, compared to those currently
available [1,171,172]. As such, it is imperative to develop strategies to formulate these AMPs without
hampering their innate, often multimodal activities. In this regard, a multilayered approach combining
delivery vehicles, peptide modification, and infection site release strategies may provide the best
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solution. Harnessing these strategies will hopefully place these promising anti-infective compounds at
the forefront of infectious disease treatment in the near future.

Author Contributions: M.D. wrote the original draft. M.D., ].N.K,, and S.K.S. all contributed to the final version.
All authors have read and agreed to the published version of the manuscript.

Funding: S.K.S. acknowledges funding from the Natural Sciences and Engineering Research Council of Canada
(NSERC). JNK acknowledges funding from NSERC and Canadian Institutes of Health Research. JNK holds a
Career Investigator Scholar award from the Michael Smith Foundation for Health Research (MSFHR).

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Mookherjee, N.; Anderson, M.A.; Haagsman, H.P,; Davidson, D.]. Antimicrobial host defence peptides:
Functions and clinical potential. Nat. Rev. Drug Discov. 2020, 19, 311-332. [CrossRef] [PubMed]

2. Haney, E.E,; Straus, S.K.; Hancock, R.E.W. Reassessing the Host Defense Peptide Landscape. Front. Chem.
2019, 7, 43. [CrossRef] [PubMed]

3.  Kumar, P; Kizhakkedathu, J.N.; Straus, S.K. Antimicrobial peptides: Diversity, mechanism of action and
strategies to improve the activity and biocompatibility in vivo. Biomolecules 2018, 8. [CrossRef]

4. Raheem, N,; Straus, S.K. Mechanisms of Action for Antimicrobial Peptides With Antibacterial and Antibiofilm
Functions. Front. Microbiol. 2019, 10, 1-14. [CrossRef] [PubMed]

5. Hancock, R.E.W.; Sahl, H.-G. Antimicrobial and host-defense peptides as new anti-infective therapeutic
strategies. Nat. Biotechnol. 2006, 24, 1551-1557. [CrossRef] [PubMed]

6. Hancock, RE.W.; Falla, T.J. Antimicrobial peptides: Broad-spectrum antibiotics from nature. Clin. Microbiol.
Infect. 1996, 1, 226-229. [CrossRef]

7. Travkova, O.G.; Moehwald, H.; Brezesinski, G. The interaction of antimicrobial peptides with membranes.
Adv. Colloid Interface Sci. 2017, 247, 521-532. [CrossRef] [PubMed]

8.  Felicio, M.R;; Silva, O.N.; Gongalves, S.; Santos, N.C.; Franco, O.L. Peptides with Dual Antimicrobial and
Anticancer Activities. Front. Chem. 2017, 5, 5. [CrossRef]

9.  Hoskin, D.W,; Ramamoorthy, A. Studies on anticancer activities of antimicrobial peptides. Biochim. Biophys.
Acta -Biomembr. 2008, 1778, 357-375. [CrossRef]

10. Chernysh, S.; Kim, S.I.; Bekker, G.; Pleskach, V.A,; Filatova, N.A.; Anikin, V.B.; Platonov, V.G.; Bulet, P.
Antiviral and antitumor peptides from insects. Proc. Natl. Acad. Sci. USA 2002, 99, 12628-12632. [CrossRef]

11. Haney, E.F; Hancock, R.E.W. Peptide design for antimicrobial and immunomodulatory applications.
Biopolymers 2013, 100, 572-583. [CrossRef]

12.  Bowdish, D.M.E; Davidson, D.].; Scott, M.G.; Hancock, R E.W. Immunomodulatory Activities of Small Host
Defense Peptides. Antimicrob. Agents Chemother. 2005, 49, 1727-1732. [CrossRef] [PubMed]

13.  Bowdish, D.M.E.; Davidson, D.J.; Hancock, R.E.W. A re-evaluation of the role of host defence peptides in
mammalian immunity. Curr. Protein Pept. Sci. 2005, 6, 35-51. [CrossRef]

14. De la Fuente-Nufiez, C.; Cardoso, M.H.; De Souza Candido, E.; Franco, O.L.; Hancock, R.E.W. Synthetic
antibiofilm peptides. Biochim. Biophys. Acta Biomembr. 2016, 1858, 1061-1069. [CrossRef] [PubMed]

15.  Yasir, M.; Willcox, M.D.P;; Dutta, D. Action of antimicrobial peptides against bacterial biofilms. Materials
(Basel) 2018, 11. [CrossRef]

16. Raheem, N.; Kumar, P; Lee, E.; Cheng, ].T.J.; Hancock, R.E.W,; Straus, S.K. Insights into the mechanism of
action of two analogues of aurein 2.2. Biochim. Biophys. Acta Biomembr. 2020, 1862. [CrossRef] [PubMed]

17.  Jenssen, H.; Hamill, P.; Hancock, R.E.W. Peptide Antimicrobial Agents. Clin. Microbiol. Rev. 2006, 19, 491-511.
[CrossRef] [PubMed]

18.  Andersson, D.I; Hughes, D.; Kubicek-Sutherland, J.Z. Mechanisms and consequences of bacterial resistance
to antimicrobial peptides. Drug Resist. Updat. 2016, 26, 43-57. [CrossRef] [PubMed]

19. Vaara, M. New approaches in peptide antibiotics. Curr. Opin. Pharmacol. 2009, 9, 571-576. [CrossRef]
[PubMed]

20. Gentilucci, L.; De Marco, R.; Cerisoli, L. Chemical modifications designed to improve peptide stability:
Incorporation of non-natural amino acids, pseudo-peptide bonds, and cyclization. Curr. Pharm. Des. 2010,
16, 3185-3203. [CrossRef]


http://dx.doi.org/10.1038/s41573-019-0058-8
http://www.ncbi.nlm.nih.gov/pubmed/32107480
http://dx.doi.org/10.3389/fchem.2019.00043
http://www.ncbi.nlm.nih.gov/pubmed/30778385
http://dx.doi.org/10.3390/biom8010004
http://dx.doi.org/10.3389/fmicb.2019.02866
http://www.ncbi.nlm.nih.gov/pubmed/31921046
http://dx.doi.org/10.1038/nbt1267
http://www.ncbi.nlm.nih.gov/pubmed/17160061
http://dx.doi.org/10.1016/S1198-743X(15)60279-8
http://dx.doi.org/10.1016/j.cis.2017.06.001
http://www.ncbi.nlm.nih.gov/pubmed/28606715
http://dx.doi.org/10.3389/fchem.2017.00005
http://dx.doi.org/10.1016/j.bbamem.2007.11.008
http://dx.doi.org/10.1073/pnas.192301899
http://dx.doi.org/10.1002/bip.22250
http://dx.doi.org/10.1128/AAC.49.5.1727-1732.2005
http://www.ncbi.nlm.nih.gov/pubmed/15855488
http://dx.doi.org/10.2174/1389203053027494
http://dx.doi.org/10.1016/j.bbamem.2015.12.015
http://www.ncbi.nlm.nih.gov/pubmed/26724202
http://dx.doi.org/10.3390/ma11122468
http://dx.doi.org/10.1016/j.bbamem.2020.183262
http://www.ncbi.nlm.nih.gov/pubmed/32147356
http://dx.doi.org/10.1128/CMR.00056-05
http://www.ncbi.nlm.nih.gov/pubmed/16847082
http://dx.doi.org/10.1016/j.drup.2016.04.002
http://www.ncbi.nlm.nih.gov/pubmed/27180309
http://dx.doi.org/10.1016/j.coph.2009.08.002
http://www.ncbi.nlm.nih.gov/pubmed/19734091
http://dx.doi.org/10.2174/138161210793292555

Molecules 2020, 25, 3048 17 of 24

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Nordstrom, R.; Malmsten, M. Delivery systems for antimicrobial peptides. Adv. Colloid Interface Sci. 2017,
242,17-34. [CrossRef] [PubMed]

Martin-Serrano, A.; Gémez, R.; Ortega, P; Mata, FJ.D. La Nanosystems as vehicles for the delivery of
antimicrobial peptides (Amps). Pharmaceutics 2019, 11, 1-24. [CrossRef]

Makowski, M.; Silva, I.C.; Do Amaral, C.P; Gongalves, S.; Santos, N.C. Advances in lipid and metal
nanoparticles for antimicrobial peptide delivery. Pharmaceutics 2019, 11. [CrossRef]

Koo, H.B.; Seo, J. Antimicrobial peptides under clinical investigation. Pept. Sci. 2019, 111. [CrossRef]
Czaplewski, L.; Bax, R.; Clokie, M.; Dawson, M.; Fairhead, H.; Fischetti, V.A.; Foster, S.; Gilmore, B.F,;
Hancock, R.E.W.; Harper, D.; et al. Alternatives to antibiotics-a pipeline portfolio review. Lancet Infect. Dis.
2016, 16, 239-251. [CrossRef]

Ekladious, L; Colson, Y.L.; Grinstaff, M.W. Polymer—drug conjugate therapeutics: Advances, insights and
prospects. Nat. Rev. Drug Discov. 2019, 18, 273-294. [CrossRef] [PubMed]

Abbina, S.; Abbasi, U.; Gill, A,; Wong, K.; Kalathottukaren, M.T.; Kizhakkedathu, J.N. Design of Safe
Nanotherapeutics for the Excretion of Excess Systemic Toxic Iron. ACS Cent. Sci. 2019, 5, 917-926. [CrossRef]
Gao, W.; Thamphiwatana, S.; Angsantikul, P.; Zhang, L. Nanoparticle approaches against bacterial infections.
Wiley Interdiscip. Rev. Nanomed. Nanobiotechnol. 2014, 6, 532-547. [CrossRef] [PubMed]

Azzopardi, E.A ; Ferguson, E.L.; Thomas, D.W. The enhanced permeability retention effect: A new paradigm
for drug targeting in infection. J. Antimicrob. Chemother. 2013, 68, 257-274. [CrossRef]

Lee, W.L,; Liles, W.C. Endothelial activation, dysfunction and permeability during severe infections. Curr.
Opin. Hematol. 2011, 18, 191-196. [CrossRef]

Boerman, O.C.; Storm, G.; Oyen, WJ.G.; Van Bloois, L.; Van der Meer, ] WM.; Claessens, R A.M.J.;
Crommelin, D.J.A.; Corstens, FH.M. Sterically stabilized liposomes labeled with Indium-111 to image focal
infection. J. Nucl. Med. 1995, 36, 1639-1644. [PubMed]

Boerman, O.C.; Oyen, W.J.G.; Van Bloois, L.; Koenders, E.B.; Van Der Meer, ] W.M.; Corstens, FH.M.; Storm, G.
Optimization of technetium-99m-labeled PEG liposomes to image focal infection: Effects of particle size and
circulation time. J. Nucl. Med. 1997, 38, 489-493. [PubMed]

Laverman, P.; Dams, E-TM.; Storm, G.; Hafmans, T.G.; Croes, H.J.; Oyen, WJ.G.; Corstens, EH.M.;
Boerman, O.C. Microscopic localization of PEG-liposomes in a rat model of focal infection. J. Control. Release
2001, 75, 347-355. [CrossRef]

Kell, AJ.,; Stewart, G.; Ryan, S.; Peytavi, R.; Boissinot, M.; Huletsky, A.; Bergeron, M.G.; Simard, B.
Vancomycin-modified nanoparticles for efficient targeting and preconcentration of gram-positive and
gram-negative bacteria. ACS Nano 2008, 2, 1777-1788. [CrossRef]

Chen, M.,; Xie, S.; Wei, J.; Song, X.; Ding, Z.; Li, X. Antibacterial Micelles with Vancomycin-Mediated
Targeting and pH/Lipase-Triggered Release of Antibiotics. ACS Appl. Mater. Interfaces 2018, 10, 36814-36823.
[CrossRef]

Meeker, D.G.; Jenkins, S.V.; Miller, EK.; Beenken, K.E.; Loughran, A.J.; Powless, A.; Muldoon, T.J.;
Galanzha, E.I; Zharov, V.P; Smeltzer, M.S.; et al. Synergistic Photothermal and Antibiotic Killing of
Biofilm-Associated Staphylococcus aureus Using Targeted Antibiotic-Loaded Gold Nanoconstructs. ACS Infect.
Dis. 2016, 2, 241-250. [CrossRef]

Yeom, J.H.; Lee, B.; Kim, D.; Lee, ].K.; Kim, S.; Bae, J.; Park, Y.; Lee, K. Gold nanoparticle-DNA aptamer
conjugate-assisted delivery of antimicrobial peptide effectively eliminates intracellular Salmonella enterica
serovar Typhimurium. Biomaterials 2016, 104, 43-51. [CrossRef]

Lee, B.; Park, J.; Ryu, M,; Kim, S.; Joo, M.; Yeom, J.H.; Kim, S.; Park, Y.; Lee, K.; Bae, J. Antimicrobial
peptide-loaded gold nanoparticle-DNA aptamer conjugates as highly effective antibacterial therapeutics
against Vibrio vulnificus. Sci. Rep. 2017, 7, 1-10. [CrossRef]

Chen, J.; Zhang, C.; Liu, Q.; Shao, X.; Feng, C.; Shen, Y.; Zhang, Q.; Jiang, X. Solanum tuberosum
lectin-conjugated PLGA nanoparticles for nose-to-brain delivery: In vivo and in vitro evaluations. J. Drug
Target. 2012, 20, 174-184. [CrossRef]

Umamaheshwari, R.B.; Jain, N.K. Receptor mediated targeting of lectin conjugated gliadin nanoparticles in
the treatment of Helicobacter pylori. J. Drug Target. 2003, 11, 415-424. [CrossRef]

Mura, S.; Nicolas, J.; Couvreur, P. Stimuli-responsive nanocarriers for drug delivery. Nat. Mater. 2013, 12,
991-1003. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.cis.2017.01.005
http://www.ncbi.nlm.nih.gov/pubmed/28159168
http://dx.doi.org/10.3390/pharmaceutics11090448
http://dx.doi.org/10.3390/pharmaceutics11110588
http://dx.doi.org/10.1002/pep2.24122
http://dx.doi.org/10.1016/S1473-3099(15)00466-1
http://dx.doi.org/10.1038/s41573-018-0005-0
http://www.ncbi.nlm.nih.gov/pubmed/30542076
http://dx.doi.org/10.1021/acscentsci.9b00284
http://dx.doi.org/10.1002/wnan.1282
http://www.ncbi.nlm.nih.gov/pubmed/25044325
http://dx.doi.org/10.1093/jac/dks379
http://dx.doi.org/10.1097/MOH.0b013e328345a3d1
http://www.ncbi.nlm.nih.gov/pubmed/7658225
http://www.ncbi.nlm.nih.gov/pubmed/9074545
http://dx.doi.org/10.1016/S0168-3659(01)00402-3
http://dx.doi.org/10.1021/nn700183g
http://dx.doi.org/10.1021/acsami.8b16092
http://dx.doi.org/10.1021/acsinfecdis.5b00117
http://dx.doi.org/10.1016/j.biomaterials.2016.07.009
http://dx.doi.org/10.1038/s41598-017-14127-z
http://dx.doi.org/10.3109/1061186X.2011.622396
http://dx.doi.org/10.1080/10611860310001647771
http://dx.doi.org/10.1038/nmat3776
http://www.ncbi.nlm.nih.gov/pubmed/24150417

Molecules 2020, 25, 3048 18 of 24

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Radovic-Moreno, A.F; Lu, TK, Puscasu, V.A; Yoon, CJ.; Langer, R.; Farokhzad, O.C. Surface
charge-switching polymeric nanoparticles for bacterial cell wall-targeted delivery of antibiotics. ACS
Nano 2012, 6, 4279-4287. [CrossRef] [PubMed]

Wu, J; Li, F; Hu, X.; Lu, J; Sun, X.; Gao, J.; Ling, D. Responsive Assembly of Silver Nanoclusters with a
Biofilm Locally Amplified Bactericidal Effect to Enhance Treatments against Multi-Drug-Resistant Bacterial
Infections. ACS Cent. Sci. 2019, 5, 1366-1376. [CrossRef] [PubMed]

Gupta, A.; Das, R.; Yesilbag Tonga, G.; Mizuhara, T.; Rotello, V.M. Charge-Switchable Nanozymes for
Bioorthogonal Imaging of Biofilm-Associated Infections. ACS Nano 2018, 12, 89-94. [CrossRef] [PubMed]
Chu, L.; Gao, H.; Cheng, T.; Zhang, Y.; Liu, J.; Huang, F; Yang, C.; Shi, L.; Liu, J. A charge-adaptive
nanosystem for prolonged and enhanced: In vivo antibiotic delivery. Chem. Commun. 2016, 52, 6265-6268.
[CrossRef] [PubMed]

Coessens, V.; Schacht, E.; Domurado, D. Synthesis of polyglutamine and dextran conjugates of streptomycin
with an acid-sensitive drug-carrier linkage. J. Control. Release 1996, 38, 141-150. [CrossRef]

McCombs, J.R.; Owen, S.C. Antibody Drug Conjugates: Design and Selection of Linker, Payload and
Conjugation Chemistry. AAPS J. 2015, 17, 339-351. [CrossRef]

Heffernan, M.J.; Murthy, N. Polyketal nanoparticles: A new pH-sensitive biodegradable drug delivery
vehicle. Bioconjug. Chem. 2005. [CrossRef]

Shenoi, R.A.; Narayanannair, ] K.; Hamilton, J.L.; Lai, B.EL.; Horte, S.; Kainthan, R.K.; Varghese, J.P;
Rajeev, K.G.; Manoharan, M.; Kizhakkedathu, ].N. Branched multifunctional polyether polyketals: Variation
of ketal group structure enables unprecedented control over polymer degradation in solution and within
cells. J. Am. Chem. Soc. 2012. [CrossRef]

Alfadda, A.A.; Sallam, R.M. Reactive oxygen species in health and disease. J. Biomed. Biotechnol. 2012, 2012.
[CrossRef]

Li,L.L.; Ma, H.L.; Qi, G.B.; Zhang, D.; Yu, F; Hu, Z.; Wang, H. Pathological-Condition-Driven Construction of
Supramolecular Nanoassemblies for Bacterial Infection Detection. Adv. Mater. 2016, 28, 254-262. [CrossRef]
[PubMed]

Qi, G.-B.; Zhang, D,; Liu, E-H.; Qiao, Z.-Y.; Wang, H. An “On-Site Transformation” Strategy for Treatment of
Bacterial Infection. Adv. Mater. 2017, 1703461, 1703461. [CrossRef] [PubMed]

Xiong, M.H.; Bao, Y.; Yang, X.Z.; Wang, Y.C.; Sun, B.; Wang, ]J. Lipase-sensitive polymeric triple-layered
nanogel for “on-demand” drug delivery. . Am. Chem. Soc. 2012, 134, 4355-4362. [CrossRef] [PubMed]
Vanlaere, I; Libert, C. Matrix metalloproteinases as drug targets in infections caused by gram-negative
bacteria and in septic shock. Clin. Microbiol. Rev. 2009, 22, 224-239. [CrossRef]

Chaplin, D.D. Overview of the immune response. J. Allergy Clin. Immunol. 2010, 125, S3-523. [CrossRef]
Lehar, S.M,; Pillow, T.; Xu, M,; Staben, L.; Kajihara, K.K; Vandlen, R.; DePalatis, L.; Raab, H.; Hazenbos, W.L.;
Hiroshi Morisaki, J.; et al. Novel antibody-antibiotic conjugate eliminates intracellular S. aureus. Nature 2015,
527,323-328. [CrossRef]

Peyron, P.; Maridonneau-Parini, I.; Stegmann, T. Fusion of human neutrophil phagosomes with lysosomes
in vitro: Involvement of tyrosine kinases of the Src family and inhibition by mycobacteria. J. Biol. Chem.
2001, 276, 35512-35517. [CrossRef]

Hou, X.; Zhang, X.; Zhao, W.; Zeng, C.; Deng, B.; McComb, D.W,; Du, S.; Zhang, C.; Li, W.; Dong, Y. Vitamin
lipid nanoparticles enable adoptive macrophage transfer for the treatment of multidrug-resistant bacterial
sepsis. Nat. Nanotechnol. 2020, 15, 41-46. [CrossRef]

Kamaruzzaman, N.F,; Kendall, S.; Good, L. Targeting the hard to reach: Challenges and novel strategies in
the treatment of intracellular bacterial infections. Br. J. Pharmacol. 2017, 174, 2225-2236. [CrossRef]
Mariathasan, S.; Tan, M.W. Antibody-Antibiotic Conjugates: A Novel Therapeutic Platform against Bacterial
Infections. Trends Mol. Med. 2017, 23, 135-149. [CrossRef]

Noore, J.; Noore, A.; Li, B. Cationic antimicrobial peptide 11-37 is effective against both extraand intracellular
Staphylococcus aureus. Antimicrob. Agents Chemother. 2013, 57, 1283-1290. [CrossRef] [PubMed]

Sonawane, A.; Santos, J.C.; Mishra, B.B.; Jena, P.; Progida, C.; Sorensen, O.E.; Gallo, R.; Appelberg, R.;
Griffiths, G. Cathelicidin is involved in the intracellular killing of mycobacteria in macrophages. Cell.
Microbiol. 2011. [CrossRef] [PubMed]

Gutsmann, T. Interaction between antimicrobial peptides and mycobacteria. Biochim. Biophys. Acta Biomembr.
2016. [CrossRef] [PubMed]


http://dx.doi.org/10.1021/nn3008383
http://www.ncbi.nlm.nih.gov/pubmed/22471841
http://dx.doi.org/10.1021/acscentsci.9b00359
http://www.ncbi.nlm.nih.gov/pubmed/31482119
http://dx.doi.org/10.1021/acsnano.7b07496
http://www.ncbi.nlm.nih.gov/pubmed/29244484
http://dx.doi.org/10.1039/C6CC01269H
http://www.ncbi.nlm.nih.gov/pubmed/27077219
http://dx.doi.org/10.1016/0168-3659(95)00111-5
http://dx.doi.org/10.1208/s12248-014-9710-8
http://dx.doi.org/10.1021/bc050176w
http://dx.doi.org/10.1021/ja305080f
http://dx.doi.org/10.1155/2012/936486
http://dx.doi.org/10.1002/adma.201503437
http://www.ncbi.nlm.nih.gov/pubmed/26568542
http://dx.doi.org/10.1002/adma.201703461
http://www.ncbi.nlm.nih.gov/pubmed/28782856
http://dx.doi.org/10.1021/ja211279u
http://www.ncbi.nlm.nih.gov/pubmed/22304702
http://dx.doi.org/10.1128/CMR.00047-08
http://dx.doi.org/10.1016/j.jaci.2009.12.980
http://dx.doi.org/10.1038/nature16057
http://dx.doi.org/10.1074/jbc.M104399200
http://dx.doi.org/10.1038/s41565-019-0600-1
http://dx.doi.org/10.1111/bph.13664
http://dx.doi.org/10.1016/j.molmed.2016.12.008
http://dx.doi.org/10.1128/AAC.01650-12
http://www.ncbi.nlm.nih.gov/pubmed/23274662
http://dx.doi.org/10.1111/j.1462-5822.2011.01644.x
http://www.ncbi.nlm.nih.gov/pubmed/21790937
http://dx.doi.org/10.1016/j.bbamem.2016.01.031
http://www.ncbi.nlm.nih.gov/pubmed/26851776

Molecules 2020, 25, 3048 19 of 24

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Xiong, M.H.; Li, Y.J.; Bao, Y.; Yang, X.Z.; Hu, B.; Wang, J. Bacteria-responsive multifunctional nanogel for
targeted antibiotic delivery. Adv. Mater. 2012, 24, 6175-6180. [CrossRef] [PubMed]

Canaparo, R.; Foglietta, F.; Giuntini, F; Pepa, C.D.; Dosio, E,; Serpe, L. Recent developments in antibacterial
therapy: Focus on stimuli-responsive drug-delivery systems and therapeutic nanoparticles. Molecules 2019,
24. [CrossRef]

Dong, P; Zhou, Y.; He, W.; Hua, D. A strategy for enhanced antibacterial activity against Staphylococcus
aureus by the assembly of alamethicin with a thermo-sensitive polymeric carrier. Chem. Commun. 2016, 52,
896-899. [CrossRef]

Mohapatra, A.; Harris, M.A.; LeVine, D.; Ghimire, M.; Jennings, J.A.; Morshed, B.I,; Haggard, W.O.;
Bumgardner, J.D.; Mishra, S.R.; Fujiwara, T. Magnetic stimulus responsive vancomycin drug delivery system
based on chitosan microbeads embedded with magnetic nanoparticles. J. Biomed. Mater. Res. Part. B Appl.
Biomater. 2018, 106, 2169-2176. [CrossRef]

Maleki, H.; Rai, A.; Pinto, S.; Evangelista, M.; Cardoso, R.M.S.; Paulo, C.; Carvalheiro, T.; Paiva, A.; Imani, M.;
Simchi, A.; et al. High Antimicrobial Activity and Low Human Cell Cytotoxicity of Core-Shell Magnetic
Nanoparticles Functionalized with an Antimicrobial Peptide. ACS Appl. Mater. Interfaces 2016, 8, 11366-11378.
[CrossRef]

Mahlapuu, M.; Hakansson, ]J.; Ringstad, L.; Bjorn, C. Antimicrobial peptides: An emerging category of
therapeutic agents. Front. Cell. Infect. Microbiol. 2016, 6, 1-12. [CrossRef]

Irimie, A.L; Sonea, L.; Jurj, A.; Mehterov, N.; Zimta, A.A.; Budisan, L.; Braicu, C.; Berindan-Neagoe, I. Future
trends and emerging issues for nanodelivery systems in oral and oropharyngeal cancer. Int. ]. Nanomedicine
2017, 12, 4593-4606. [CrossRef]

Naseri, N.; Valizadeh, H.; Zakeri-Milani, P. Solid lipid nanoparticles and nanostructured lipid carriers:
Structure preparation and application. Adv. Pharm. Bull. 2015. [CrossRef] [PubMed]

Kwon, G.S.; Kataoka, K. Block copolymer micelles as long-circulating drug vehicles. Adv. Drug Deliv. Rev.
2012, 64, 237-245. [CrossRef]

Jhaveri, A.M.; Torchilin, V.P. Multifunctional polymeric micelles for delivery of drugs and siRNA. Front.
Pharmacol. 2014, 5 APR, 1-26. [CrossRef]

Ahmad, Z.; Shah, A ; Siddiq, M.; Kraatz, H.B. Polymeric micelles as drug delivery vehicles. RSC Adv. 2014, 4,
17028-17038. [CrossRef]

Lu, Y;; Zhang, E.; Yang, J.; Cao, Z. Strategies to improve micelle stability for drug delivery. Nano Res. 2018,
11, 4985-4998. [CrossRef] [PubMed]

Ghasemiyeh, P.; Mohammadi-Samani, S. Solid lipid nanoparticles and nanostructured lipid carriers as novel
drug delivery systems: Applications, advantages and disadvantages. Res. Pharm. Sci. 2018, 13, 288-303.
[CrossRef] [PubMed]

Rajchakit, U.; Sarojini, V. Recent Developments in Antimicrobial-Peptide-Conjugated Gold Nanoparticles.
Bioconjug. Chem. 2017, 28, 2673-2686. [CrossRef] [PubMed]

Abbina, S.; Vappala, S.; Kumar, P; Siren, EM.].; La, C.C.; Abbasi, U.; Brooks, D.E.; Kizhakkedathu, J.N.
Hyperbranched polyglycerols: Recent advances in synthesis, biocompatibility and biomedical applications.
J. Mater. Chem. B 2017, 5, 9249-9277. [CrossRef]

Petrin, TH.C.; Fadel, V.; Martins, D.B.; Dias, S.A.; Cruz, A, Sergio, LM.; Arcisio-Miranda, M.;
Castanho, M.A.R.B.; Dos Santos Cabrera, M.P. Synthesis and Characterization of Peptide-Chitosan Conjugates
(PepChis) with Lipid Bilayer Affinity and Antibacterial Activity. Biomacromolecules 2019, 20, 2743-2753.
[CrossRef]

Shelke, N.B.; James, R.; Laurencin, C.T.; Kumbar, S.G. Polysaccharide biomaterials for drug delivery and
regenerative engineering. Polym. Adv. Technol. 2014, 25, 448-460. [CrossRef]

Miao, T.; Wang, J.; Zeng, Y.; Liu, G.; Chen, X. Polysaccharide-Based Controlled Release Systems for
Therapeutics Delivery and Tissue Engineering: From Bench to Bedside. Adv. Sci. 2018, 5. [CrossRef]
[PubMed]

Siriwardena, T.N.; Capecchi, A.; Gan, B.H,; Jin, X.; He, R,; Wei, D.; Ma, L.; Kéhler, T.; van Delden, C.; Javor, S.;
et al. Optimizing Antimicrobial Peptide Dendrimers in Chemical Space. Angew. Chemie Int. Ed. 2018, 57,
8483-8487. [CrossRef] [PubMed]

Scorciapino, M.A; Serra, I.; Manzo, G.; Rinaldi, A.C. Antimicrobial dendrimeric peptides: Structure, activity
and new therapeutic applications. Int. J. Mol. Sci. 2017, 18. [CrossRef] [PubMed]


http://dx.doi.org/10.1002/adma.201202847
http://www.ncbi.nlm.nih.gov/pubmed/22961974
http://dx.doi.org/10.3390/molecules24101991
http://dx.doi.org/10.1039/C5CC07054F
http://dx.doi.org/10.1002/jbm.b.34015
http://dx.doi.org/10.1021/acsami.6b03355
http://dx.doi.org/10.3389/fcimb.2016.00194
http://dx.doi.org/10.2147/IJN.S133219
http://dx.doi.org/10.15171/apb.2015.043
http://www.ncbi.nlm.nih.gov/pubmed/26504751
http://dx.doi.org/10.1016/j.addr.2012.09.016
http://dx.doi.org/10.3389/fphar.2014.00077
http://dx.doi.org/10.1039/C3RA47370H
http://dx.doi.org/10.1007/s12274-018-2152-3
http://www.ncbi.nlm.nih.gov/pubmed/30370014
http://dx.doi.org/10.4103/1735-5362.235156
http://www.ncbi.nlm.nih.gov/pubmed/30065762
http://dx.doi.org/10.1021/acs.bioconjchem.7b00368
http://www.ncbi.nlm.nih.gov/pubmed/28892365
http://dx.doi.org/10.1039/C7TB02515G
http://dx.doi.org/10.1021/acs.biomac.9b00501
http://dx.doi.org/10.1002/pat.3266
http://dx.doi.org/10.1002/advs.201700513
http://www.ncbi.nlm.nih.gov/pubmed/29721408
http://dx.doi.org/10.1002/anie.201802837
http://www.ncbi.nlm.nih.gov/pubmed/29767453
http://dx.doi.org/10.3390/ijms18030542
http://www.ncbi.nlm.nih.gov/pubmed/28273806

Molecules 2020, 25, 3048 20 of 24

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

Zurawski, D.V.; McLendon, M.K. Monoclonal antibodies as an antibacterial approach against bacterial
pathogens. Antibiotics 2020, 9, 1-12. [CrossRef]

Madhanagopal, B.R.; Zhang, S.; Demirel, E.; Wady, H.; Chandrasekaran, A.R. DNA Nanocarriers:
Programmed to Deliver. Trends Biochem. Sci. 2018, 43, 997-1013. [CrossRef]

Rao, L.; Tian, R.; Chen, X. Cell-Membrane-Mimicking Nanodecoys against Infectious Diseases. ACS Nano
2020, 14, 2569-2574. [CrossRef]

Silveira, S.A.; Shorr, A.F. Critical Parameters for the Development of Novel Therapies for Severe and Resistant
Infections — A Case Study on CAL(2, a Non-Traditional Broad-Spectrum Anti-Virulence Drug. Antibiotics
2020, 9, 94. [CrossRef]

Yang, Z.; Liu, J.; Gao, J.; Chen, S.; Huang, G. Chitosan coated vancomycin hydrochloride liposomes:
Characterizations and evaluation. Int. |. Pharm. 2015, 495, 508-515. [CrossRef]

Cantor, S.; Vargas, L.; Rojas, O.E.A.; Yarce, C.J.; Salamanca, C.H.; Onate-Garzoén, J. Evaluation of the
antimicrobial activity of cationic peptides loaded in surface-modified nanoliposomes against foodborne
bacteria. Int. J. Mol. Sci. 2019, 20. [CrossRef]

Lopes, N.A,; Pinilla, C.M.B.; Brandelli, A. Pectin and polygalacturonic acid-coated liposomes as novel
delivery system for nisin: Preparation, characterization and release behavior. Food Hydrocoll. 2017, 70, 1-7.
[CrossRef]

Pu, C,; Tang, W. A chitosan-coated liposome encapsulating antibacterial peptide, Apep10: Characterisation,
triggered-release effects and antilisterial activity in thaw water of frozen chicken. Food Funct. 2016, 7,
4310-4322. [CrossRef] [PubMed]

Milla, P; Dosio, E.; Cattel, L. PEGylation of Proteins and Liposomes: A Powerful and Flexible Strategy to
Improve the Drug Delivery. Curr. Drug Metab. 2011, 13, 105-119. [CrossRef] [PubMed]

Suk, J.S.; Xu, Q.; Kim, N.; Hanes, J.; Ensign, L.M. PEGylation as a strategy for improving nanoparticle-based
drug and gene delivery. Adv. Drug Deliv. Rev. 2016. [CrossRef] [PubMed]

Toh, M.-R.; Chiu, G.N.C. Liposomes as sterile preparations and limitations of sterilisation techniques in
liposomal manufacturing. Asian J. Pharm. Sci. 2013, 8, 88-95. [CrossRef]

Gdowski, A ; Johnson, K.; Shah, S.; Gryczynski, I.; Vishwanatha, J.; Ranjan, A. Optimization and scale up of
microfluidic nanolipomer production method for preclinical and potential clinical trials. J. Nanobiotechnol.
2018, 16, 1-10. [CrossRef]

Shah, VM.; Nguyen, D.X.; Patel, P.; Cote, B.; Al-Fatease, A.; Pham, Y.; Huynh, M.G.; Woo, Y.; Alani, A.W.
Liposomes produced by microfluidics and extrusion: A comparison for scale-up purposes. Nanomed.
Nanotechnol. Biol. Med. 2019, 18, 146-156. [CrossRef]

Webb, C.; Forbes, N.; Roces, C.B.; Anderluzzi, G.; Lou, G.; Abraham, S.; Ingalls, L.; Marshall, K.; Leaver, T.J.;
Watts, J.A.; et al. Using microfluidics for scalable manufacturing of nanomedicines from bench to GMP: A
case study using protein-loaded liposomes. Int. J. Pharm. 2020, 582, 119266. [CrossRef]

Fang, J.; Nakamura, H.; Maeda, H. The EPR effect: Unique features of tumor blood vessels for drug delivery,
factors involved, and limitations and augmentation of the effect. Adv. Drug Deliv. Rev. 2011, 63, 136-151.
[CrossRef]

Kumar, P; Pletzer, D.; Haney, E.F.; Rahanjam, N.; Cheng, ].T]J.; Yue, M.; Aljehani, W.; Hancock, R.EW.;
Kizhakkedathu, J.N.; Straus, S.K. Aurein-Derived Antimicrobial Peptides Formulated with Pegylated
Phospholipid Micelles to Target Methicillin-Resistant Staphylococcus aureus Skin Infections. ACS Infect. Dis.
2019, 5, 443-453. [CrossRef]

Lee, W,; Park, E.J.; Min, G.; Choi, ].; Na, D.H.; Bae, ].S. Dual functioned PEGylated phospholipid micelles
containing cationic antimicrobial decapeptide for treating sepsis. Theranostics 2017, 7, 3759-3767. [CrossRef]
Zhai, J.; Fong, C.; Tran, N.; Drummond, C.J. Non-Lamellar Lyotropic Liquid Crystalline Lipid Nanoparticles
for the Next Generation of Nanomedicine. ACS Nano 2019, 13, 6178-6206. [CrossRef] [PubMed]

Boge, L.; Umerska, A.; Matougui, N.; Bysell, H.; Ringstad, L.; Davoudi, M.; Eriksson, J.; Edwards, K.;
Andersson, M. Cubosomes post-loaded with antimicrobial peptides: Characterization, bactericidal effect
and proteolytic stability. Int. . Pharm. 2017, 526, 400—412. [CrossRef] [PubMed]

Boge, L.; Hallstensson, K.; Ringstad, L.; Johansson, ].; Andersson, T.; Davoudi, M.; Larsson, P.T.; Mahlapuu, M.;
Hakansson, J.; Andersson, M. Cubosomes for topical delivery of the antimicrobial peptide LL-37. Eur. .
Pharm. Biopharm. 2019, 134, 60-67. [CrossRef]


http://dx.doi.org/10.3390/antibiotics9040155
http://dx.doi.org/10.1016/j.tibs.2018.09.010
http://dx.doi.org/10.1021/acsnano.0c01665
http://dx.doi.org/10.3390/antibiotics9020094
http://dx.doi.org/10.1016/j.ijpharm.2015.08.085
http://dx.doi.org/10.3390/ijms20030680
http://dx.doi.org/10.1016/j.foodhyd.2017.03.016
http://dx.doi.org/10.1039/C6FO00858E
http://www.ncbi.nlm.nih.gov/pubmed/27713959
http://dx.doi.org/10.2174/138920012798356934
http://www.ncbi.nlm.nih.gov/pubmed/21892917
http://dx.doi.org/10.1016/j.addr.2015.09.012
http://www.ncbi.nlm.nih.gov/pubmed/26456916
http://dx.doi.org/10.1016/j.ajps.2013.07.011
http://dx.doi.org/10.1186/s12951-018-0339-0
http://dx.doi.org/10.1016/j.nano.2019.02.019
http://dx.doi.org/10.1016/j.ijpharm.2020.119266
http://dx.doi.org/10.1016/j.addr.2010.04.009
http://dx.doi.org/10.1021/acsinfecdis.8b00319
http://dx.doi.org/10.7150/thno.20734
http://dx.doi.org/10.1021/acsnano.8b07961
http://www.ncbi.nlm.nih.gov/pubmed/31082192
http://dx.doi.org/10.1016/j.ijpharm.2017.04.082
http://www.ncbi.nlm.nih.gov/pubmed/28476579
http://dx.doi.org/10.1016/j.ejpb.2018.11.009

Molecules 2020, 25, 3048 21 of 24

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

Garcia-Orue, I; Gainza, G.; Girbau, C.; Alonso, R.; Aguirre, J.].; Pedraz, J.L.; Igartua, M.; Hernandez, R M.
LL37 loaded nanostructured lipid carriers (NLC): A new strategy for the topical treatment of chronic wounds.
Eur. ]. Pharm. Biopharm. 2016, 108, 310-316. [CrossRef] [PubMed]

Fumakia, M.; Ho, E.A. Nanoparticles encapsulated with LL37 and serpin Al promotes wound healing and
synergistically enhances antibacterial activity. Mol. Pharm. 2016, 13, 2318-2331. [CrossRef] [PubMed]
Sans-Serramitjana, E.; Fusté, E.; Martinez-Garriga, B.; Merlos, A.; Pastor, M.; Pedraz, ]J.L.; Esquisabel, A.;
Bachiller, D.; Vinuesa, T.; Vifias, M. Killing effect of nanoencapsulated colistin sulfate on Pseudomonas
aeruginosa from cystic fibrosis patients. J. Cyst. Fibros. 2016, 15, 611-618. [CrossRef]

Casciaro, B.; Moros, M.; Rivera-Fernandez, S.; Bellelli, A.; de la Fuente, ].M.; Mangoni, M.L. Gold-nanoparticles
coated with the antimicrobial peptide esculentin-1a(1-21)NH2 as a reliable strategy for antipseudomonal
drugs. Acta Biomater. 2017, 47, 170-181. [CrossRef]

Wadhwani, P.; Heidenreich, N.; Podeyn, B.; Biirck, J.; Ulrich, A.S. Antibiotic gold: Tethering of antimicrobial
peptides to gold nanoparticles maintains conformational flexibility of peptides and improves trypsin
susceptibility. Biomater. Sci. 2017, 5, 817-827. [CrossRef]

Chowdhury, R;; llyas, H.; Ghosh, A.; Ali, H.; Ghorai, A.; Midya, A.; Jana, N.R.; Das, S.; Bhunia, A. Multivalent
gold nanoparticle-peptide conjugates for targeting intracellular bacterial infections. Nanoscale 2017, 9,
14074-14093. [CrossRef]

Zheng, Y.; Liu, W,; Chen, Y,; Li, C; Jiang, H.; Wang, X. Conjugating gold nanoclusters and antimicrobial
peptides: From aggregation-induced emission to antibacterial synergy. J. Colloid Interface Sci. 2019, 546, 1-10.
[CrossRef]

Palmieri, G.; Tate, R.; Gogliettino, M.; Balestrieri, M.; Rea, I.; Terracciano, M.; Proroga, Y.T.; Capuano, F,;
Anastasio, A.; De Stefano, L. Small Synthetic Peptides Bioconjugated to Hybrid Gold Nanoparticles Destroy
Potentially Deadly Bacteria at Submicromolar Concentrations. Bioconjug. Chem. 2018, 29, 3877-3885.
[CrossRef] [PubMed]

Ryou, S.M.; Yeom, ].H.; Kang, H.].; Won, M.; Kim, ].S.; Lee, B.; Seong, M.].; Ha, N.C.; Bae, J.; Lee, K. Gold
nanoparticle-DNA aptamer composites as a universal carrier for in vivo delivery of biologically functional
proteins. J. Control. Release 2014, 196, 287-294. [CrossRef] [PubMed]

Le Ouay, B.; Stellacci, F. Antibacterial activity of silver nanoparticles: A surface science insight. Nano Today
2015, 10, 339-354. [CrossRef]

Poblete, H.; Agarwal, A.; Thomas, S.S.; Bohne, C.; Ravichandran, R.; Phospase, J.; Comer, J.; Alarcon, E.I
New Insights into Peptide-Silver Nanoparticle Interaction: Deciphering the Role of Cysteine and Lysine in
the Peptide Sequence. Langmuir 2016, 32, 265-273. [CrossRef]

Pal, I; Brahmkhatri, V.P,; Bera, S.; Bhattacharyya, D.; Quirishi, Y.; Bhunia, A.; Atreya, H.S. Enhanced stability
and activity of an antimicrobial peptide in conjugation with silver nanoparticle. J. Colloid Interface Sci. 2016,
483, 385-393. [CrossRef]

Pandit, R.; Rai, M.; Santos, C.A. Enhanced antimicrobial activity of the food-protecting nisin peptide by
bioconjugation with silver nanoparticles. Environ. Chem. Lett. 2017, 15, 443-452. [CrossRef]

Liu, L.; Yang, J.; Xie, J.; Luo, Z; Jiang, J.; Yang, Y.Y.; Liu, S. The potent antimicrobial properties of cell
penetrating peptide-conjugated silver nanoparticles with excellent selectivity for Gram-positive bacteria
over erythrocytes. Nanoscale 2013, 5, 3834-3840. [CrossRef] [PubMed]

Gao, J.; Na, H.; Zhong, R.; Yuan, M.; Guo, J.; Zhao, L.; Wang, Y.; Wang, L.; Zhang, F. One step synthesis of
antimicrobial peptide protected silver nanoparticles: The core-shell mutual enhancement of antibacterial
activity. Coll. Surfaces B Biointerfaces 2020, 186, 110704. [CrossRef]

Pal, I.; Bhattacharyya, D.; Kar, RK.; Zarena, D.; Bhunia, A.; Atreya, H.S. A Peptide-Nanoparticle System
with Improved Efficacy against Multidrug Resistant Bacteria. Sci. Rep. 2019, 9, 1-11. [CrossRef]

Imura, Y.; Nishida, M.; Ogawa, Y.; Takakura, Y.; Matsuzaki, K. Action mechanism of tachyplesin I and effects
of PEGylation. Biochim. Biophys. Acta Biomembr. 2007, 1768, 1160-1169. [CrossRef]

Imura, Y.; Nishida, M.; Matsuzaki, K. Action mechanism of PEGylated magainin 2 analogue peptide. Biochim.
Biophys. Acta Biomembr. 2007, 1768, 2578-2585. [CrossRef]

Singh, S.; Papareddy, P.; Morgelin, M.; Schmidtchen, A.; Malmsten, M. Effects of PEGylation on membrane and
lipopolysaccharide interactions of host defense peptides. Biomacromolecules 2014, 15, 1337-1345. [CrossRef]
[PubMed]


http://dx.doi.org/10.1016/j.ejpb.2016.04.006
http://www.ncbi.nlm.nih.gov/pubmed/27080206
http://dx.doi.org/10.1021/acs.molpharmaceut.6b00099
http://www.ncbi.nlm.nih.gov/pubmed/27182713
http://dx.doi.org/10.1016/j.jcf.2015.12.005
http://dx.doi.org/10.1016/j.actbio.2016.09.041
http://dx.doi.org/10.1039/C7BM00069C
http://dx.doi.org/10.1039/C7NR04062H
http://dx.doi.org/10.1016/j.jcis.2019.03.052
http://dx.doi.org/10.1021/acs.bioconjchem.8b00706
http://www.ncbi.nlm.nih.gov/pubmed/30352512
http://dx.doi.org/10.1016/j.jconrel.2014.10.021
http://www.ncbi.nlm.nih.gov/pubmed/25450403
http://dx.doi.org/10.1016/j.nantod.2015.04.002
http://dx.doi.org/10.1021/acs.langmuir.5b03601
http://dx.doi.org/10.1016/j.jcis.2016.08.043
http://dx.doi.org/10.1007/s10311-017-0626-2
http://dx.doi.org/10.1039/c3nr34254a
http://www.ncbi.nlm.nih.gov/pubmed/23525222
http://dx.doi.org/10.1016/j.colsurfb.2019.110704
http://dx.doi.org/10.1038/s41598-019-41005-7
http://dx.doi.org/10.1016/j.bbamem.2007.01.005
http://dx.doi.org/10.1016/j.bbamem.2007.06.013
http://dx.doi.org/10.1021/bm401884e
http://www.ncbi.nlm.nih.gov/pubmed/24588750

Molecules 2020, 25, 3048 22 of 24

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

Morris, C.J.; Beck, K.; Fox, M.A; Ulaeto, D.; Clark, G.C.; Gumbleton, M. Pegylation of antimicrobial peptides
maintains the active peptide conformation, model membrane interactions, and antimicrobial activity while
improving lung tissue biocompatibility following airway delivery. Antimicrob. Agents Chemother. 2012, 56,
3298-3308. [CrossRef] [PubMed]

Chereddy, KK.; Her, C.H.; Comune, M.; Moia, C.; Lopes, A.; Porporato, PE.; Vanacker, J.; Lam, M.C.;
Steinstraesser, L.; Sonveaux, P.; et al. PLGA nanoparticles loaded with host defense peptide LL37 promote
wound healing. J. Control. Release 2014, 194, 138-147. [CrossRef]

Makadia, H.K; Siegel, S.J. Poly Lactic-co-Glycolic Acid (PLGA) as biodegradable controlled drug delivery
carrier. Polymers (Basel) 2011, 3, 1377-1397. [CrossRef] [PubMed]

Water, J.J.; Smart, S.; Franzyk, H.; Foged, C.; Nielsen, H.M. Nanoparticle-mediated delivery of the antimicrobial
peptide plectasin against Staphylococcus aureus in infected epithelial cells. Eur. J. Pharm. Biopharm. 2015, 92,
65-73. [CrossRef]

Ko, J.C,; Chuang, S.C.; Yang, C. Da Amidated pleurocidin peptide encapsulated in biodegradable
poly(lactide-co-glycolide) microparticles sustains its antibacterial activity against Photobacterium damselae
subsp. piscicida in cobia. Aquaculture 2019, 512, 734290. [CrossRef]

Vijayan, A.; James, P.P.; Nanditha, C.K.; Vinod Kumar, G.S. Multiple cargo deliveries of growth factors
and antimicrobial peptide using biodegradable nanopolymer as a potential wound healing system. Int. J.
Nanomedicine 2019, 14, 2253-2263. [CrossRef]

Casciaro, B.; D’Angelo, I.; Zhang, X.; Loffredo, M.R.; Conte, G.; Cappiello, F; Quaglia, F; Di, Y.P.P;
Ungaro, F; Mangoni, M.L. Poly(lactide- co-glycolide) Nanoparticles for Prolonged Therapeutic Efficacy of
Esculentin-1a-Derived Antimicrobial Peptides against Pseudomonas aeruginosa Lung Infection: In Vitro
and in Vivo Studies. Biomacromolecules 2019, 20, 1876-1888. [CrossRef]

Kumar, P;; Shenoi, R.A.; Lai, B.EL.; Nguyen, M.; Kizhakkedathu, ].N.; Straus, S.K. Conjugation of Aurein 2.2
to HPG Yields an Antimicrobial with Better Properties. Biomacromolecules 2015, 16. [CrossRef]

Kumar, P; Takayesu, A.; Abbasi, U.; Kalathottukaren, M. T.; Abbina, S.; Kizhakkedathu, J.N.; Straus, S.K.
Antimicrobial Peptide-Polymer Conjugates with High Activity: Influence of Polymer Molecular Weight and
Peptide Sequence on Antimicrobial Activity, Proteolysis, and Biocompatibility. ACS Appl. Mater. Interfaces
2017, 9. [CrossRef]

Haney, E.F; Wuerth, K.C.; Rahanjam, N.; Nikouei, N.S.; Ghassemi, A.; Noghani, M.A.; Boey, A.;
Hancock, R.E.W. Identification of an IDR peptide formulation candidate that prevents peptide aggregation
and retains immunomodulatory activity. Pept. Sci. 2019. [CrossRef]

Piras, A.M.; Maisetta, G.; Sandreschi, S.; Gazzarri, M.; Bartoli, C.; Grassi, L.; Esin, S.; Chiellini, F.; Batoni, G.
Chitosan nanoparticles loaded with the antimicrobial peptide temporin B exert a long-term antibacterial
activity in vitro against clinical isolates of Staphylococcus epidermidis. Front. Microbiol. 2015, 6, 1-10.
[CrossRef] [PubMed]

Almaaytah, A.; Mohammed, G.K.; Abualhaijaa, A.; Al-Balas, Q. Development of novel ultrashort antimicrobial
peptide nanoparticles with potent antimicrobial and antibiofilm activities against multidrug-resistant bacteria.
Drug Des. Devel. Ther. 2017, 11, 3159-3170. [CrossRef]

Sahariah, P.; Serensen, K.K.; Hjalmarsdoéttir, M.A.; Sigurjonsson, O.E.; Jensen, K.J.; Masson, M.; Thygesen, M.B.
Antimicrobial peptide shows enhanced activity and reduced toxicity upon grafting to chitosan polymers.
Chem. Commun. 2015, 51, 11611-11614. [CrossRef]

Hou, Z.; Shankar, Y.V,; Liu, Y.; Ding, F.; Subramanion, J.L.; Ravikumar, V.; Zamudio-Vazquez, R.; Keogh, D.;
Lim, H.; Tay, M.Y.E; et al. Nanoparticles of Short Cationic Peptidopolysaccharide Self-Assembled by
Hydrogen Bonding with Antibacterial Effect against Multidrug-Resistant Bacteria. ACS Appl. Mater.
Interfaces 2017, 9, 38288-38303. [CrossRef]

Li, J.E; Zhang, ].X.; Wang, Z.G.; Yao, Y.J.; Han, X.; Zhao, Y.L.; Liu, J.P; Zhang, S.Q. Identification of a
cyclodextrin inclusion complex of antimicrobial peptide CM4 and its antimicrobial activity. Food Chem. 2017,
221,296-301. [CrossRef] [PubMed]

Zhang, M.K,; Lyu, Y.; Zhu, X.; Wang, ].P; Jin, Z.Y,; Narsimhan, G. Enhanced solubility and antimicrobial
activity of alamethicin in aqueous solution by complexation with y-cyclodextrin. J. Funct. Foods 2018, 40,
700-706. [CrossRef]


http://dx.doi.org/10.1128/AAC.06335-11
http://www.ncbi.nlm.nih.gov/pubmed/22430978
http://dx.doi.org/10.1016/j.jconrel.2014.08.016
http://dx.doi.org/10.3390/polym3031377
http://www.ncbi.nlm.nih.gov/pubmed/22577513
http://dx.doi.org/10.1016/j.ejpb.2015.02.009
http://dx.doi.org/10.1016/j.aquaculture.2019.734290
http://dx.doi.org/10.2147/IJN.S190321
http://dx.doi.org/10.1021/acs.biomac.8b01829
http://dx.doi.org/10.1021/bm5018244
http://dx.doi.org/10.1021/acsami.7b09471
http://dx.doi.org/10.1002/pep2.24077
http://dx.doi.org/10.3389/fmicb.2015.00372
http://www.ncbi.nlm.nih.gov/pubmed/25972852
http://dx.doi.org/10.2147/DDDT.S147450
http://dx.doi.org/10.1039/C5CC04010H
http://dx.doi.org/10.1021/acsami.7b12120
http://dx.doi.org/10.1016/j.foodchem.2016.10.040
http://www.ncbi.nlm.nih.gov/pubmed/27979206
http://dx.doi.org/10.1016/j.jff.2017.12.021

Molecules 2020, 25, 3048 23 of 24

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

Jiao, J.B.; Wang, G.Z.; Hu, X.L.; Zang, Y.; Maisonneuve, S.; Sedgwick, A.C.; Sessler, ].L.; Xie, J.; Li, J.; He, X.P;
et al. Cyclodextrin-Based Peptide Self-Assemblies (Spds) That Enhance Peptide-Based Fluorescence Imaging
and Antimicrobial Efficacy. . Am. Chem. Soc. 2020, 142, 1925-1932. [CrossRef]

Lee, H.; Lim, S.I; Shin, S.H.; Lim, Y.; Koh, ] W.; Yang, S. Conjugation of Cell-Penetrating Peptides to
Antimicrobial Peptides Enhances Antibacterial Activity. ACS Omega 2019, 4, 15694-15701. [CrossRef]

Ho, PL.; Ong, HK;; Teo, J.; Ow, D.S.W.; Chao, S.H. HEXIM1 peptide exhibits antimicrobial activity against
antibiotic resistant bacteria through guidance of cell penetrating peptide. Front. Microbiol. 2019, 10, 1-10.
[CrossRef] [PubMed]

Umstitter, F.; Domhan, C.; Hertlein, T.; Ohlsen, K.; Miihlberg, E.; Kleist, C.; Zimmermann, S.; Beijer, B.;
Klika, K.D.; Haberkorn, U.; et al. Vancomycin Resistance is Overcome by Conjugation of Polycationic
Peptides. Angew. Chemie Int. Ed. 2020, 59, 8823-8827. [CrossRef]

Pini, A.; Falciani, C.; Mantengoli, E.; Bindi, S.; Brunetti, J.; Iozzi, S.; Rossolini, G.M.; Bracci, L. A novel
tetrabranched antimicrobial peptide that neutralizes bacterial lipopolysaccharide and prevents septic shock
in vivo. FASEB J. 2010, 24, 1015-1022. [CrossRef] [PubMed]

Brunetti, J.; Falciani, C.; Roscia, G.; Pollini, S.; Bindi, S.; Scali, S.; Arrieta, U.C.; Gomez-Vallejo, V.; Quercini, L.;
Ibba, E.; et al. In vitro and in vivo efficacy, toxicity, bio-distribution and resistance selection of a novel
antibacterial drug candidate. Sci. Rep. 2016, 6, 1-12. [CrossRef] [PubMed]

Falciani, C.; Lozzi, L.; Pollini, S.; Luca, V.; Carnicelli, V.; Brunetti, J.; Lelli, B.; Bindi, S.; Scali, S.; Di Giulio, A.;
et al. Isomerization of an Antimicrobial Peptide Broadens Antimicrobial Spectrum to Gram-Positive Bacterial
Pathogens. PLoS ONE 2012, 7, 1-8. [CrossRef]

Franzman, M.R,; Burnell, K. K.; Dehkordi-Vakil, FH.; Guthmiller, ] M.; Dawson, D.V.; Brogden, K.A. Targeted
antimicrobial activity of a specific IgG-SMAP28 conjugate against Porphyromonas gingivalis in a mixed
culture. Int. ]. Antimicrob. Agents 2009, 33, 14-20. [CrossRef]

Peschen, D.; Li, H.P; Fischer, R.; Kreuzaler, F,; Liao, Y.C. Fusion proteins comprising a Fusarium-specific
antibody linked to antifungal peptides protect plants against a fungal pathogen. Nat. Biotechnol. 2004, 22,
732-738. [CrossRef]

Touti, F; Lautrette, G.; Johnson, K.D.; Delaney, J.C.; Wollacott, A.; Tissire, H.; Viswanathan, K.; Shriver, Z.;
Mong, SK.; Mijalis, AJ.; et al. Antibody—Bactericidal Macrocyclic Peptide Conjugates To Target
Gram-Negative Bacteria. ChemBioChem 2018, 19, 2039-2044. [CrossRef]

Gautam, S.; Kim, T.; Lester, E.; Deep, D.; Spiegel, D.A. Wall teichoic acids prevent antibody binding to
epitopes within the cell wall of Staphylococcus aureus. ACS Chem. Biol. 2016, 11, 25-30. [CrossRef]

Obuobi, S.; Tay, HK.L.; Tram, N.D.T.; Selvarajan, V.; Khara, J.S.; Wang, Y.; Ee, PL.R. Facile and efficient
encapsulation of antimicrobial peptides via crosslinked DNA nanostructures and their application in wound
therapy. J. Control. Release 2019, 313, 120-130. [CrossRef]

Mela, I; Endo, M.; Sugiyama, H.; Henderson, R.M.; Kaminski, C.F. DNA Origami as a Tool in the Targeted
Destruction of Bacteria. Biophys. J. 2019, 116, 324a. [CrossRef]

Jia, E; Wang, J.; Peng, J.; Zhao, P; Kong, Z.; Wang, K.; Yan, W.; Wang, R. D-amino acid substitution enhances
the stability of antimicrobial peptide polybia-CP. Acta Biochim. Biophys. Sin. 2017, 49, 916-925. [CrossRef]
[PubMed]

Zhao, Y.; Zhang, M,; Qiu, S.; Wang, ].; Peng, J.; Zhao, P; Zhu, R.; Wang, H.; Li, Y.; Wang, K ; et al. Antimicrobial
activity and stability of the d-amino acid substituted derivatives of antimicrobial peptide polybia-MPI. AMB
Express 2016, 6. [CrossRef] [PubMed]

Mourtada, R.; Herce, H.D.; Yin, D.J.; Moroco, ].A.; Wales, T.E.; Engen, ].R.; Walensky, L.D. Design of stapled
antimicrobial peptides that are stable, nontoxic and kill antibiotic-resistant bacteria in mice. Nat. Biotechnol.
2019, 37, 1186-1197. [CrossRef] [PubMed]

Lombardi, L.; Shi, Y.; Falanga, A.; Galdiero, E.; De Alteriis, E.; Franci, G.; Chourpa, I.; Azevedo, H.S;
Galdiero, S. Enhancing the Potency of Antimicrobial Peptides through Molecular Engineering and
Self-Assembly. Biomacromolecules 2019, 20, 1362-1374. [CrossRef] [PubMed]

Kamysz, E.; Sikorska, E.; Jaskiewicz, M.; Bauer, M.; Neubauer, D.; Bartoszewska, S.; Barariska-Rybak, W.;
Kamysz, W. Lipidated Analogs of the LL-37-Derived Peptide Fragment KR12—Structural Analysis,
Surface-Active Properties and Antimicrobial Activity. Int. J. Mol. Sci. 2020, 21, 887. [CrossRef]


http://dx.doi.org/10.1021/jacs.9b11207
http://dx.doi.org/10.1021/acsomega.9b02278
http://dx.doi.org/10.3389/fmicb.2019.00203
http://www.ncbi.nlm.nih.gov/pubmed/30800117
http://dx.doi.org/10.1002/anie.202002727
http://dx.doi.org/10.1096/fj.09-145474
http://www.ncbi.nlm.nih.gov/pubmed/19917670
http://dx.doi.org/10.1038/srep26077
http://www.ncbi.nlm.nih.gov/pubmed/27169671
http://dx.doi.org/10.1371/journal.pone.0046259
http://dx.doi.org/10.1016/j.ijantimicag.2008.05.021
http://dx.doi.org/10.1038/nbt970
http://dx.doi.org/10.1002/cbic.201800295
http://dx.doi.org/10.1021/acschembio.5b00439
http://dx.doi.org/10.1016/j.jconrel.2019.10.013
http://dx.doi.org/10.1016/j.bpj.2018.11.1759
http://dx.doi.org/10.1093/abbs/gmx091
http://www.ncbi.nlm.nih.gov/pubmed/28981608
http://dx.doi.org/10.1186/s13568-016-0295-8
http://www.ncbi.nlm.nih.gov/pubmed/27900727
http://dx.doi.org/10.1038/s41587-019-0222-z
http://www.ncbi.nlm.nih.gov/pubmed/31427820
http://dx.doi.org/10.1021/acs.biomac.8b01740
http://www.ncbi.nlm.nih.gov/pubmed/30735368
http://dx.doi.org/10.3390/ijms21030887

Molecules 2020, 25, 3048 24 of 24

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

Siriwardena, T.N.; Stach, M.; He, R.; Gan, B.H.; Javor, S.; Heitz, M.; Ma, L.; Cai, X.; Chen, P.; Wei, D.; et al.
Lipidated Peptide Dendrimers Killing Multidrug-Resistant Bacteria. J. Am. Chem. Soc. 2018, 140, 423-432.
[CrossRef]

Chu-Kung, A.E; Nguyen, R.; Bozzelli, K.N.; Tirrell, M. Chain length dependence of antimicrobial peptide-fatty
acid conjugate activity. J. Colloid Interface Sci. 2010, 345, 160-167. [CrossRef]

Jiang, Z.; Vasil, A.L; Gera, L.; Vasil, M.L.; Hodges, R.S. Rational Design of «-Helical Antimicrobial Peptides
to Target Gram-negative Pathogens, Acinetobacter baumannii and Pseudomonas aeruginosa: Utilization of
Charge, “Specificity Determinants,” Total Hydrophobicity, Hydrophobe Type and Location as Design Para.
Chem. Biol. Drug Des. 2011, 77, 225-240. [CrossRef]

Torres, M.D.T.; Pedron, C.N.; Higashikuni, Y.; Kramer, R.M.; Cardoso, M.H.; Oshiro, K.G.N.; Franco, O.L.;
Silva Junior, PI; Silva, ED.; Oliveira Junior, V.X,; et al. Structure-function-guided exploration of the
antimicrobial peptide polybia-CP identifies activity determinants and generates synthetic therapeutic
candidates. Commun. Biol. 2018, 1, 1-16. [CrossRef]

Nguyen, L.T.; Chau, ].K,; Perry, N.A.; de Boer, L.; Zaat, S.A ].; Vogel, H.]. Serum stabilities of short tryptophan-
and arginine-rich antimicrobial peptide analogs. PLoS ONE 2010, 5, 1-8. [CrossRef] [PubMed]

Migon, D.; Neubauer, D.; Kamysz, W. Hydrocarbon Stapled Antimicrobial Peptides. Protein J. 2018, 37, 2-12.
[CrossRef] [PubMed]

Spokoyny, AM.; Zou, Y,; Ling, ].].; Yu, H; Lin, Y.S,; Pentelute, B.L. A perfluoroaryl-cysteine SNAr chemistry
approach to unprotected peptide stapling. J. Am. Chem. Soc. 2013, 135, 5946-5949. [CrossRef] [PubMed]
Lautrette, G.; Touti, F; Lee, H.G.; Dai, P; Pentelute, B.L. Nitrogen Arylation for Macrocyclization of
Unprotected Peptides. J. Am. Chem. Soc. 2016, 138, 8340-8343. [CrossRef]

Molchanova, N.; Hansen, PR.; Franzyk, H. Advances in development of antimicrobial peptidomimetics as
potential drugs. Molecules 2017, 22. [CrossRef]

Ghosh, C.; Sarkar, P,; Issa, R.; Haldar, J. Alternatives to Conventional Antibiotics in the Era of Antimicrobial
Resistance. Trends Microbiol. 2019, 27, 323-338. [CrossRef]

Méndez-Samperio, P. Peptidomimetics as a new generation of antimicrobial agents: Current progress. Infect.
Drug Resist. 2014, 7, 229-237. [CrossRef]

Kuppusamy, R.; Willcox, M.; Black, D.S.C.; Kumar, N. Short cationic peptidomimetic antimicrobials.
Antibiotics 2019, 8, 1-31. [CrossRef]

Kowalski, R.P.; Romanowski, E.G.; Yates, K.A.; Mah, ES. An independent evaluation of a novel peptide
mimetic, Brilacidin (PMX30063), for ocular anti-infective. J. Ocul. Pharmacol. Ther. 2016, 32, 23-27. [CrossRef]
Luther, A.; Urfer, M.; Zahn, M.; Miiller, M.; Wang, S.Y.; Mondal, M.; Vitale, A.; Hartmann, J.B.; Sharpe, T.;
Monte, EL.; et al. Chimeric peptidomimetic antibiotics against Gram-negative bacteria. Nature 2019, 576,
452-458. [CrossRef]

Theuretzbacher, U.; Piddock, L.J.V. Non-traditional Antibacterial Therapeutic Options and Challenges. Cell
Host Microbe 2019, 26, 61-72. [CrossRef] [PubMed]

Rex, J.H.; Fernandez Lynch, H.; Cohen, I.G.; Darrow, ].J.; Outterson, K. Designing development programs for
non-traditional antibacterial agents. Nat. Commun. 2019, 10, 1-10. [CrossRef] [PubMed]

Sample Availability: Samples of the compounds are not available from the authors.

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1021/jacs.7b11037
http://dx.doi.org/10.1016/j.jcis.2009.11.057
http://dx.doi.org/10.1111/j.1747-0285.2011.01086.x
http://dx.doi.org/10.1038/s42003-018-0224-2
http://dx.doi.org/10.1371/journal.pone.0012684
http://www.ncbi.nlm.nih.gov/pubmed/20844765
http://dx.doi.org/10.1007/s10930-018-9755-0
http://www.ncbi.nlm.nih.gov/pubmed/29330644
http://dx.doi.org/10.1021/ja400119t
http://www.ncbi.nlm.nih.gov/pubmed/23560559
http://dx.doi.org/10.1021/jacs.6b03757
http://dx.doi.org/10.3390/molecules22091430
http://dx.doi.org/10.1016/j.tim.2018.12.010
http://dx.doi.org/10.2147/IDR.S49229
http://dx.doi.org/10.3390/antibiotics8020044
http://dx.doi.org/10.1089/jop.2015.0098
http://dx.doi.org/10.1038/s41586-019-1665-6
http://dx.doi.org/10.1016/j.chom.2019.06.004
http://www.ncbi.nlm.nih.gov/pubmed/31295426
http://dx.doi.org/10.1038/s41467-019-11303-9
http://www.ncbi.nlm.nih.gov/pubmed/31366924
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Targeting of Delivery Vehicles 
	Passive Targeting 
	Endogenous Targeting 
	Exogenous Targeting 

	Delivery Vehicles 
	Lipid Encapsulations 
	Liposomes 
	Micelles 
	Liquid Crystalline Nanoparticles 

	Metal Nanoparticles 
	Gold Nanoparticles 
	Silver Nanoparticles 

	Synthetic Polymers 
	Natural Biomolecules 
	Polysaccharides 
	Polypeptides 
	Antibodies 
	DNA Nanostructures 


	Alternatives: Internal Modification of AMPs 
	Conclusions 
	References

