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Antimicrobial peptides (AMPs) are ubiquitous host defense peptides characterized by their antibiotic
activity and lower propensity for developing resistance compared to classic antibiotics. While several
AMPs have shown activity against antibiotic-sensitive and even multi-drug resistant strains, some
bottlenecks to further development and clinical applications are still present, for instance, low
antimicrobial activity, instability under physiological conditions, systemic toxicity and the potential for
compromising the innate host defense immunity. Conjugation to molecules such as proteins, synthetic

Received 15th December 2021, polymers, small molecules and nanoparticles are strategies under investigation to boost the therapeutic

Accepted 22nd February 2022 efficacy of AMPs. This review focuses on the design and application of AMPs' conjugates. In silico tools
for creating new AMPs and AMPs’ conjugates and their clinical development are also discussed.

Furthermore, key future considerations regarding the major achievements and challenges of AMPs’
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Introduction

Antimicrobial resistance refers to the ability of microorganisms
to develop mechanisms to bypass the action of drugs used
against them. Infections caused by resistant microorganisms
cause a significant increase in the length of stay, morbidity and
mortality in hospitals, in addition to limited treatment and the
possibility of recurrence.' More specifically, more than 700 000
deaths are globally estimated to be caused by infections from
resistant bacteria.”

With the rapid increase in antimicrobial resistance due to
excessive and improper use of antibiotics, alternatives are being
sought to overcome this public health problem. According to
Mahlapuu et al. (2016), we are moving towards a post-antibiotic
era in which current therapeutic strategies might no longer
work, generating an urgency for novel categories of therapeutic
agents. Several studies point to antimicrobial peptides (AMPs)
as promising alternatives® as they might present rapid bacter-
icidal action,® low resistance incidence,® antimicrobial activity
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conjugates in the antimicrobial resistance context are presented as a take-home message.

in the micromolar range® and multifunctional mechanism of
action.®

AMPs are constituents of the innate immune response and
are ubiquitous in nature, in addition to having wide structural
and functional diversity.” Commonly, AMPs are small mole-
cules with less than 50 amino acids.® Although the peptide
structure is diverse in length and primary structure, most AMPs
are naturally amphipathic and positively charged. Conse-
quently, the mode of action of AMPs involves permeabilization
of the microbial membrane, compromising its integrity and
leading to cell lysis. More complex mechanisms of action are
also of importance, such as the formation of nanonets and
metabolic and translational inhibition.°™* In addition, AMPs
are selective to bacteria, as the combination of their hydro-
phobic and cationic components interacts more effectively with
highly anionic bacterial membranes, and less with more neu-
tral membranes like those of mammalian cells.'> However,
challenges regarding the clinical use of AMPs are still present,
such as degradation and rapid elimination, which make their
clinical use difficult. In this sense, conjugation to molecules
such as polymers, small molecules and nanoparticles may
increase the therapeutic potential of AMPs, bringing several
benefits to the molecules.”

Some recent papers review the important aspects of AMPs’
conjugation to polymers, such as the chemistry employed.'**?
Nonetheless, each day new data are generated and, also, con-
jugation to other types of molecules is of interest. A compila-
tion of such data is of great help to those investigating the
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conjugation of AMPs. In this review, the conjugation of AMPs to
different types of molecules, such as polymers, lipids, and
antibiotics, is presented and discussed, highlighting their
positive and negative aspects. AMP nanoparticle systems are
also reviewed. In addition, we discuss in silico tools to help the
development and understanding of new AMPs and AMP
conjugates.

Classification

Usually AMPs are relatively short (10 to 50 amino acids), with an
overall positive charge ranging from +2 to +11 and with
significant hydrophobicity (usually 50% of the residues).'®"”
Based on their secondary structure, AMPs are divided into three
groups: o-helical, B-sheet and extended peptides (Fig. 1), with
the majority of AMPs belonging to the first two categories
(Table 1)."®'° The largest group, the o-helical, corresponds to
structures with up to 40 amino acid residues and a positive
charge at physiological pH, resulting in an amphipathic
character.”® In non-polar environments, such as bacterial mem-
branes, they form the a-helical structure.*" Magainin is one of
the most common representatives of o-helical peptides. The B-
sheet AMPs present two or more disulfide bridges that stabilize
the conformation and result in amphipathic molecules.'®
Owing to rigidity, they do not undergo conformational changes
after interaction with membranes, as a-helical peptides do.®
Finally, extended AMPs usually form irregular secondary struc-
tures and are characterized by the presence of arginine and
proline, as well as histidine and/or tryptophan residues.®*?

Mechanism of action

The interaction of AMPs with membranes is extremely impor-
tant for antimicrobial activity, both to target the membrane
itself, disturbing the physical integrity of the cell, as well as
to reach intracellular targets.>*>® AMPs of cationic nature are
attracted towards the negative charge of the bacterial

Magainin Hepcidin Indolicidin

2MAG 1G8C

Fig. 1 Examples of different categories of antimicrobial peptides based
on the secondary structures: a-helical — magainin, B-sheet — hepcidin and
extended AMP - indolicidin, along with their Protein Data Bank identifi-
cation (PDB ID) codes: 2MAG, 2KEF and 1G8C.

2KEF
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membrane composed of lipopolysaccharides and lipoteichoic
acid.?®?” On the other hand, mammalian cell membranes
consist mainly of zwitterionic phospholipids and, therefore,
have an approximately neutral net charge. They also present
cholesterol which results in better packing and stabilizes the
phospholipid bilayer, reducing the activity of AMPs.'>'%28

Following the electrostatic interaction with the microbial
membrane, AMPs adopt a well-defined secondary structure
essential for microbial membrane permeabilization, leading
to its rupture.>*° Several models are proposed for membrane
permeabilization, in particular the barrel-stave model, the
toroidal-pore model and the carpet-like model (Fig. 2).

According to the barrel-stave model, AMPs are inserted
perpendicularly into the bilayer, and line up laterally like strips
in a barrel, in which the hydrophobic regions of the peptide
interact with the membrane and the hydrophilic regions face
inwards pores, forming aqueous transmembrane pores/chan-
nels.*’ The toroidal-pore model states that AMPs lead to an
induction of the positive curvature of the membrane, generat-
ing unfavorable deformation energy.>> The peptides are
inserted perpendicularly in the membrane, and hydrophobic
regions bind to the hydrophobic portions, while hydrophilic
regions interact with the headgroups of the phospholipids,
resulting in curvature and pore formation.*" Finally, according
to the carpet-like model peptides display a detergent-like
activity, which causes the formation of micelles and pores in
the membrane.?’ More specifically, the peptides cover the
surface like a carpet and, at a critical concentration, destabi-
lizes the membrane, leading to the formation of mixed micelles
(peptide + lipid).*®

Antimicrobial peptide conjugates

AMPs have been gaining attention as drug leads and/or drug
candidates, especially to treat resistant bacterial infections.??
Nonetheless, some challenges still prevent the clinical use of
AMPs, such as (i) degradation by serum and gastrointestinal
proteases; (ii) low oral absorption and solubility; (iii) toxicity
and immunogenicity; (iv) rapid elimination by renal filtration;
(v) low target-specificity and (vi) high production cost.>**” For
the synthetic production of 1 g of peptide, costs can vary from
100 to 600 dollars.’® Toxicity studies have also shown that AMPs
could bind directly to mammalian cells, causing undesirable
effects. In addition, broad-spectrum AMPs can lead to the
elimination of natural microflora.*

Conjugation is a strategy to tackle these drawbacks and the
choice of appropriate conjugation must be based on the
characteristics of each AMP. The rational design of conjugation
needs to overcome the deficiencies in the use of AMPs, in
addition to controlling the response of the host to the AMPs,
maintaining antibiotic activity in the appropriate range and
activity against the chosen microorganism.”® Several papers
are found in the literature referring to the development of
modified peptides, including hybrid AMPs, immobilized AMPs,

This journal is © The Royal Society of Chemistry 2022
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Table 1 Classes of antimicrobial peptides based on secondary structures
Category Peptide Unique structural/sequence feature Organism PDB ID
a-Helical peptide Piscidin — Mast cells of striped bass 2JOS
LAH4 Histidine rich Synthetic construct 2KJN
Acanthaporin Five disulfide bonds Acanthamoeba culbertsoni 2LRD
LL-37 Amidated C-terminus Homo sapiens 2K60
Magainins — Xenopus laevis 2MAG
Cecropin Amidated C-terminus Papilio xuthus 2LA2
Aurein 1-2 Amidated C-terminus Australian frog 1VM5
Maculatins Amidated C-terminus Ranoidea genimaculatus 2MM]
B-sheet peptide Defensins
- o defensins Three disulfide bonds Homo sapiens 2PM4
- B defensins Three disulfide bonds Homo sapiens 1E4Q
- 0 defensins Three disulfide bonds and cyclic Homo sapiens 2LYE
Gomesin Cysteine rich and two disulfide bonds Acanthoscurria gomesiana 1KFP
Protegrins Two disulfide bonds Sus scrofa 2NC7
Hepcidin Four disulfide bonds Homo sapiens 2KEF
LEAP-2 Two disulfide bonds Homo sapiens 211Q
Capitellacin Amidated C-terminus Capitella teleta 7ALD
Extended Tachyplesin-1 Arginine rich Tachypleus tridentatus 1MA4
VG16KRKP Lysine rich Dengue virus 2MWL
Tritrpticin Tryptophan and arginine rich Neutrophil granules 1D6X
Indolicidin Rich in tryptophan and proline Bovine 1G89
sk ¢ sk activity against Gram-negative bacteria.*® Also, to increase the
0 S e . . . . .
o oy Sy & antibiotic activity against Salmonella typhimurium, the marine
npss Vg Ve, ; : X
nRS 5 Vi, .....‘;:»«,0 COPIPPOIRIIRRD AMP N2 was conjugated to CPPs bLFcin6 and Tat11 and MICs
:;g?g of 91.4% and 98.9% were reached, respectively, while the MIC
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N of pure N2 was 69.7%.
Eksteen and colleagues (2020) explored the conjugation of
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Fig. 2 Mechanisms of action of antimicrobial peptides on bacterial mem-
branes: (A) initial interaction of PAMs; (B) barrel-stave model; (C) toroidal
pore model; and (D) carpet-like model. Based on Raheem & Straus
(2019).

conjugated AMPs and nanostructured AMPs (Table 2). All these
alternatives will be discussed in this review.?’

Conjugation of AMPs to proteins and
peptides

AMPs can be conjugated to other peptides such as cationic cell-
penetrating peptides (CPPs). Typically composed of 5 to 30
amino acids, CPPs are able to cross tissues and cell mem-
branes, allowing better systemic distribution and, therefore,
antimicrobial activity.**! In addition, CPPs can help target
anti-cancer drugs in tumor tissues, increasing their effective-
ness and reducing the side effects of chemotherapy.”” In a
recent study, Lee et al. (2019) conjugated the CPP R9 to the AMP
magainin and to the AMP M15; the conjugation resulted in a 2-
to 4-fold increase in antimicrobial activity against Gram-
positive bacteria and a 4- to 16-fold increase in antimicrobial

This journal is © The Royal Society of Chemistry 2022

short AMPs to a histidine-rich vector (GHHPH) via the sterically
hindered disulfide linker system and found that the AMPs can
be converted to anticancer compounds. Accordingly, the posi-
tive charge resulting from the HIS vector results in electrostatic
interactions between the AMPs and glycosaminoglycans often
overexpressed on cancer cell membranes.*> Other forms of
carcinogenic cell selectivity are based on the conjugation of
an AMP to a low pH Insertion Peptide (pHLIP), in which
reachable targeting is based on the acidic microenvironment
of the tumor.*® Burns et al. (2016) showed that derivatives of
cationic AMP (KLAKLAK), conjugated to the C-terminal of
PHLIP led to selectivity to breast cancer cells based on the
pH."” Another alternative makes use of the increased levels of
matrix metalloproteinases (MMPs) in many types of cancer.
Buforin llb is an antitumor CPP/AMP that has been fused to the
anionic peptide MMIS (modified magainin intervening
sequence) so that the positive charge of AMP is neutralized
and rendered inactive through a cleavable MMP ligand; the
MMIS:buforin 1lb conjugate was completely inactive in cells
that do not produce MMPs. However, when administered to
cancer cells it regained anticancer activity, showing a signifi-
cant improvement compared to buforin 1Ib alone.*®

In more recent studies, AMPs have been conjugated to
antibodies for more effective targeting of Gram-negative bac-
teria. Touti et al. (2018), for example, developed antibody-
bactericidal macrocyclic peptide conjugates (ABCs) with low
hemolytic activity, preserved bioactivity (in the nanomolar
range), and preferential activity against Escherichia coli.*

J. Mater. Chem. B, 2022,10, 3587-3600 | 3589
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Table 2 Examples of molecules conjugated to AMPs and its applications
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AMP/sequence Conjugation molecule(s) Treatment/application Ref.
Magainin 2 (GIGKFLHSAKKFGKAFVGEIMNS) Vancomycin Antimicrobial 60
Dhvar-5 (LLLFLLKKRKKRKY) Chitosan Antimicrobial 61
CysHHC10 (HCKRWWKWIRW-NH,) P(EEP-co-PEP) Antimicrobial 62
KR12-NH,, (KRIVQRIKDFLR-NH,) n-Alkyl fatty acids (C,~C,4) and aromatic acids (benzoic and Antimicrobial 63
trans-cinnamic)
ILPWRWPWWPWRR-NH, Pluronic F-127 Antimicrobial 64
GH12 (variants) Methacrylate Antimicrobial 65
CysHHC10 Chitosan Antimicrobial 66
KRFRIRVRV/RWRWRWRW Poly(glycolic acid-co-caprolactone) Sutures on in vitro wound 67
healing
Tet213 (KRWWKWWRRC) Alginate/hyaluronic acid/collagen Wound dressings for wound 68
healing

RWAAC-NH,/CAAWR-NH,/PWKISIHLAAC-NH, Chitosan Antimicrobial 69
Daptomycin NHS-PEG3400-DSPE Antimicrobial 70
Vancomycin Transportan 10 Antimicrobial 71
Polymyxin Porphyrin Photobactericidal 72
Aurein 2.2A3-cys (GLFDIVKKVVGALC-CONH,) Hyperbranched polyglycerol (HPG) Antimicrobial/resistance to 73
and variants proteolysis

Poly(Lys),(Ala), 6-Arm PEG Wound healing 74
LL-37 and indolicidin Carbon nanotubes Antimicrobial 75
Indolicidin (ILPWKWPWWPWRR) Levofloxacin Antimicrobial 76
KG18 and VR18 Tungsten disulfide (WS,) quantum dots Antimicrobial/bioimaging 77
CKRWWKWIRW-NH, PEG-based hydrogels Antimicrobial 78
K4 (NH,-KKKKPLFGLFFGLF-COOH) Poly(lactic-co-glycolic acid) (PLGA) Wound healing 79

Conjugation of AMPs to polymers

An interesting strategy to improve the AMP activity and stability
is their conjugation to polymers with tailored characteristics for
specific applications. The polymer design must take into
account the (i) availability of suitable functional groups, (ii)
biocompatibility, (iii) biodegradability, and (iv) molecular
weight of the conjugate under the renal excretion limit."**® A
balance between amphiphilicity and hydrophobicity must be
established to select the adequate AMP and polymer structures
for conjugation. Higher hydrophobicity enhances susceptibility
to o-helical folding, resulting in higher antimicrobial and
hemolytic activities. In contrast, a balanced amphiphilicity
usually improves antimicrobial activity and selectivity.”">>

AMP-polymer conjugates can be synthesized mainly by two
methods: grafting to and grafting from.>>>* Grafting to is the
most common modification and is based on the attachment of
a reactive group of the peptide to the pre-formed polymer
chain. The major advantage of this technique is that the
polymer is synthesized independently of the protein. Yet, the
major disadvantages are the low conjugation yields and
the difficulty in separating the polymer-peptide from the
remaining free polymer.>* Grafting from is defined as the
modification of a protein or peptide with a small molecule
from which the polymerization can start. Some advantages of
this method are the ease of purification and a high conjugation
yield. However, this method may result in polymers affecting
the activity or folding of the conjugate.”*

Regarding the polymerization technique itself, priorities are
controlling the molecular weight of the polymer, i.e. low poly-
dispersity, and, most importantly, the improvement - or at least
the maintenance - of the AMP biological activity. Controlled
radical polymerizations (CRPs), especially atom transfer

3590 | J Mater. Chem. B, 2022, 10, 3587-3600

polymerization (ATRP) and radical addition-fragmentation
chain transfer (RAFT), are useful alternatives to promote the
construction of well-defined polymer architectures with low
polydispersity;**”® ring-opening polymerization allows features
like biodegradability to be controlled; anionic polymerization
to obtain poly(ethylene glycol) (PEG) is widely used for enhan-
cing stability in aqueous environments.’**”

PEGylation

One of the most common polymers used for conjugation to
AMPs is PEG.”® This strategy, known as PEGylation, extends
half-life, enhances water solubility, lowers renal clearance,
prevents degradation by proteolytic enzymes and lower immu-
nogenicity by shielding antigenic epitopes, overall improving
pharmacokinetics. A molecule of PEG can be designed to be
conjugated to a specific functional group, and thus the cou-
pling chemistry differs according to the functional group.®® The
most common modification takes place in amine groups (N-
terminus or lysine), involving mainly N-hydroxysuccinimide
(NHS) esters (Fig. 3). NHS groups can bind to available amines
with high linkage efficiency."

Despite the several advantages of PEGylation, purification is
still a challenge owing to the excess of unreacted PEG mole-
cules and the similar molecular weight of the reactive PEG and
PEGylated AMPs.®® The excess of reactive PEG in the reaction
media results from premature hydrolysis before linking to the
peptide/protein.®’ Another concern refers to random PEGyla-
tion at different sites in the AMP and, therefore, polydispersity.
To circumvent this drawback, PEGylation is widely implemen-
ted attaching a molecule of PEG at site-directed regions such as
thiol groups and the N-terminus, for example.

This journal is © The Royal Society of Chemistry 2022


https://doi.org/10.1039/d1tb02757c

Published on 22 februar 2022. Downloaded on 02.06.2024 00.29.07.

Journal of Materials Chemistry B

m
o o. )
2) Me” ‘I\/\o]l/\y( S \
" + H,N— o o r@
o ' A A

PEG-NHS o g y
m °© Magainin 2 N-terminal

(o]

N-O

H
DAL (s 7YY Y,
N 4 L
b) H,0/HO" -
Fig. 3 AMP site specific N-terminal PEGylation reaction using N-
hydroxysuccinimidyl ester PEG (mPEG-NHS). (a) Nucleophilic attack by

the nucleophile of magainin 2. (b) Conjugation of magainin 2 to mPEG-
NHS.

Pelegri-O’'Day et al. (2012) showed that the AMP CaLL
PEGylated at the N-terminal portion demonstrated increased
biocompatibility and preserved membrane binding sites; none-
theless, the antimicrobial activity was found to be 50% of the
original activity. In a more recent study, PEGylation was applied
to improve the half-life of an arginine-rich AMP by temporarily
masking the arginine residues with methoxy poly(ethylene
glycol) (mPEG) using phenylglyoxal units.*> The strategy
involved the gradual release of AMPs and this method is known
as releasable-PEGylation (rPEGylation). The outcome of this
study showed that the conjugation was effective to prolong the
half-life and shield the AMP from protease degradation. PEGy-
lation can also be adopted for nanogel delivery systems. Nord-
strom (2019) demonstrated the conjugation of 48 ethylene
glycol units either at the N- or C-terminal of the AMP KYE28
(and variants). After attachment, the AMPs were bound to
poly(ethyl acrylate-co-methacrylic acid) microgels. As a result,
KYE28 (and PEGylated variants) was observed to be ordered
inside the microgel core and the AMPs formed hydrophobic
domains upon microgel loading. However, PEGylation did not
play a major role in the release of the AMPs.??

Dennison and collaborators (2021) studied the C-terminal
PEGylation of host defense peptides (aurein 2.1, aurein 2.6, and
aurein 3.1) and their potential to kill bacteria.’* The PEGylated
peptides presented lower bactericidal activity (the minimum
lethal concentration was approximately one and a half to
threefold lower, but still in the micromolar range), but reduced
hemolytic activity (from 10% to 3%) and an enhanced relative
therapeutic index (RTI), at least 3-6-fold higher than those of
the native aureins. The authors defined the RTI as the ratio of
the antibacterial activity to the hemolytic activity.

To promote higher therapeutic indices and active AMPs
against multi-drug resistant bacteria, Brito and colleagues
(2021) PEGylated LyeTxI-b, a synthetic peptide derived from
native LyeTx I, originally isolated from Lycosa erythrognatha
spider venom, at the cysteine-21 site by Michael addition. The
authors used carbapenem-resistant A. baumannii (CRAB) to
verify the ability of the PEGylated peptide in reducing resis-
tance. PEGylated LyeTx I-b presented MIC values similar to the
non-PEGylated peptide, showed anti-biofilm activity and a

This journal is © The Royal Society of Chemistry 2022
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synergistic effect with commercial antimicrobial agents, and
did not induce resistance.®

The covalent attachment of an AMP to a polymer can be
based on PEGylation, ring opening polymerization (ROP),
RAFT, and other techniques. But, most importantly, AMPs
and polymers to be associated must have functional groups
available to react with each other. End-functionalized groups in
the polymer are crucial to determine the coupling method
applied. Thus, the coupling chemistry can be based on reac-
tions of amidation, urethane bond formation, Michael addi-
tion, copper(1)-catalyzed alkyne-azide cycloaddition (CuAAC),
thioester linkage, disulfide bond formation and nucleophilic
addition.""** On the other hand, noncovalent strategies are
used for reversible coupling of proteins to polymers. For
instance, releasable PEGylation is a common method for the
screening of therapeutic proteins in vivo.**®” The conjugation
is based on a cleavable linkage, which is hydrolyzed or reduced
(in vivo) by a certain kinetic rate, resulting in the PEG. We
believe noncovalent strategies might also be useful to grant
AMPs temporal stability under certain conditions (time, pH,
temperature).®®%8

Amidation is one of the most common coupling techniques,
involving several functional groups like activated esters and
aldehydes interacting with amine side chains (N-terminus and
lysine). Regardless of the success of this method, the number of
amine residues in peptides is considerably high, resulting in
random conjugations. Nonetheless, amine coupling is still
interesting for its ease of synthesis and results in improved
pharmacokinetics for AMPs.*

PEGylation by thioester linkage has also been receiving
attention more recently. Cysteines are rare in the backbone of
peptides and proteins, and therefore when present they provide
specific sites for conjugation. Pranantyo and collaborators
(2016) used thiol-yne based click chemistry for the conjugation
of the AMP HHC10 to phosphoester copolymers.®®> The immo-
bilization resulted in slightly lower bactericidal activity but no
hemolytic effect at 4000 pg mL ™"

Conjugation to synthetic/natural
organic polymers

AMPs can also be associated to antiadhesive polymer brushes
to decrease the effect of biofilms.** Muszanska and collabora-
tors (2014) coupled the amphiphilic copolymer of poly(ethylene
oxide)-poly(propylene oxide)-poly(ethylene oxide), Pluronic
F127, to an AMP (ILPWRWPWWPWRR-NH,) by amidation at
the C-terminal, protecting the AMP from proteolytic
degradation.

Xie et al. (2020) demonstrated the conjugation via amidation
of the AMP GH12 to the carboxylic acid group of methacrylate
(MA). Spacers were inserted to provide flexibility between the
peptide and the resin material. The MA-AMP conjugates were
copolymerized into dental adhesives and the bactericidal activ-
ity was similar to the initial AMPs with the spacers conferring
higher stability to the conjugates.®® Kumar et al (2017)

J. Mater. Chem. B, 2022,10, 3587-3600 | 3591
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modified the peptide structure of the AMP aurein 2.2 and
conjugated it to hyperbranched polyglycerol (HPG) of different
molecular weights, resulting in stable low MW HPG conjugates
protected from proteolytic enzymes. In particular, peptide 77¢
(modified from aurein) presented a MIC value of 8 ug mL ™", 4-8
times more active than aurein (MIC 32 pg mL™ "), and when
conjugated to a 22 kDa HPG, a small loss of microbial activity
was observed, with a MIC of 50 ug mL™~'. Nonetheless, the
conjugate was found to be biocompatible and resistant to
tryptic degradation.”® This result is commonly seen in AMP
conjugation, ie. there is a loss of microbial activity, but a
considerable gain in biocompatibility, reduced toxicity, and
increased half-life. Conjugating to polysaccharides is also an
efficient way to improve AMPs and chitosan is one of the most
used biopolymers of this class. Its cationic nature leads to an
increase in antimicrobial activity. In addition, chitosan is
biocompatible and biodegradable, being considered safe for
human use.””®" Different applications of chitosan-AMP con-
jugates have been investigated. Ju et al. (2020) produced a
conjugate of chitosan-poly(ethylene glycol)-peptide AMP
LK13 (CS-PEG-LK13) which was more efficient in preventing
the formation of P. aeruginosa biofilms in vitro (72.7% of
efficiency) than LK13 alone (15.24%) and the antibiotic tobra-
mycin (33.57%). Nonetheless, we cannot clearly attribute the
increase in activity to a synergistic effect since the authors did
not quantify the antimicrobial activity of chitosan or a simple
mixture of chitosan and LK13, and chitosan is well-known for
its antimicrobial activity.”” In addition, self-assembled cationic
nanoparticles of chitosan-grafted-oligolysine (CSM5-K5) selec-
tively kill bacteria, eliminating multi-drug resistant S. aureus
(MRSA) in a murine excisional wound model.”” In another
study, thermo-responsive chitosan hydrogels (TCTS) were
synthesized associated with different concentrations of the
AMP piscidin-1, and the highest concentration of AMP-TCTS
(16 pg ml™") was effective in decreasing the concentration of
resistant A. baumannii in vitro.”

Another biopolymer is the thermally responsive elastin-like
polypeptide (ELP), which can passively accumulate in tumors,
increasing the permeability and retention of drugs conjugated
to it. Walker et al (2012) conjugated the anticancer drug
doxorubicin (DOX) to ELP and three different CPPs derived
from the bactenecin family of AMPs, also presenting antimi-
crobial activity, as a strategy to inhibit the growth of tumor
cells. All complexes showed phase transition changes under
hyperthermic conditions and CPPs increased DOX internaliza-
tion, highlighting the CPP synB1 that displayed twice as much
inhibition as free DOX and reduced toxicity under the same
conditions.”

Dextran (Dex) is a polysaccharide available for conjugation
to AMPs as its hydroxyl groups bring more solubility to the
peptide. Chen et al. (2019) synthesized a series of Dex-g-KnFm
copolymers (cationic antimicrobial polymer-AMP derivatives)
by a simple thiol-ene click chemistry method and showed that
Dex-g-K12.5F12.5-50% was the most promising conjugate, with
a MIC of 62.5 ug mL ™", against MRSA. It showed high selectivity
and did not induce drug resistance when compared to the

3592 | J Mater. Chem. B, 2022, 10, 3587-3600
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aminoglycoside antibiotic amikacin, demonstrating high ther-
apeutic efficacy in sepsis models.”®

Conjugation of AMPs to small
molecules

Conjugation of peptides to small molecules is of great clinical
value and might direct the small molecules to specific tissues,
improving pharmacokinetic and pharmacodynamic properties,
as well as therapeutic windows.’® Also, AMPs can be conjugated
to small molecules to increase antimicrobial activity. Organo-
metallic AMPs (OM-AMPs) are widely studied as materials to
potentiate antimicrobial agents. Albada & Metzler-Nolte (2017)
described the mechanism of action of OM-AMPs optimized by
the use of more active synthetic AMPs (synAMPs), such as the
ruthenocene-derived Re-WRWRW-NH,. Upon interaction with
the bacterial membrane, it causes biophysical changes by
displacing the vital enzyme MurG and cytochrome c in the cell
membrane, thus preventing the formation of cell wall lipids II
and making the bacteria more vulnerable.’” In another study by
the same authors, the replacement of an N-terminal arginine
residue by a metallocenoyl group (such as ferrocene and
ruthenocene) in the AMP WRWRW resulted in modulation of
the activity against Gram-positive and Gram-negative bacteria
with promising results.”®

Lipidation of AMPs

Lipidation is acylation with long-chain fatty acids, usually
occurring at the N-terminal or lysine residue. It increases the
ability to fold short peptides, inducing or stabilizing their
secondary structures, improves the antimicrobial activity and
promotes the association with cell membranes.”

The short synthetic AMP (Arg-Trp); was modified on the
lysine side chain positioned at the C- or N-terminal and
lipidated in the amino group, increasing the activity against
pathogenic Gram-negative bacteria.' Albada et al. (2013) also
optimized AMPs by short lipid chains resulting in lower toxi-
city, decreased hemolytic activity and improved antimicrobial
activity against MRSA. According to the authors, the peptides’
lipophilicity and different combinations of 1- and p-amino acid
residues affect hemolysis and the antibiotic activity."*"

AMPs designed through N-terminal lipidation and Cys-Cys
dimerization serve as a model for the development of more
potent AMPs, with up to a 10-fold increase in antimicrobial
activity, neutralization of endotoxins and membrane
permeabilization.’®® Singh et al. (2018) developed heteroge-
neous lipid AMPs to mimic Host Defense Peptides (HDPs)
and observed that lipidation, positive charge, hydrophobicity
and spatial arrangement are important aspects for selectivity to
Gram-negative bacterial cells."®

Lipidation can improve tolerance to various physiological
conditions, such as different pH values, salt and protease, and
increase the antimicrobial activity, but this is not always the
case. Modifications with longer carbon chains significantly
decrease the bioactivity of the peptide.'®* Thus, antimicrobial
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activity is dependent on acyl chain length and increasing it
leads to an increasing tendency to self-assemble, which
decreases the peptide-membrane interaction.'®® Kamysz et al.
(2020) reinforce how toxicity depends on the length of acyl
chains; the longer the chains the higher the cytotoxicity against
mammalian cells.®* Furthermore, bioactive lipids are usually
susceptible to oxidation, which may increase the instability of
lipidated AMPs.'%®

Conjugation of AMPs to antibiotics

One of the major public health problems today is the antibiotic
resistance of pathogens in the ESKAPE group (Enterococcus
faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acineto-
bacter baumannii, Pseudomonas aeruginosa, and Enterobacter
species) and conjugation of AMPs to the state-of-the-art anti-
biotics is an interesting alternative to increase activity and
reduce cytotoxicity.'”” The antibiotic kanamycin, for example,
was linked to the AMP P14LRR, giving rise to the P14KanS
conjugate which demonstrated potent antibiotic activity
against ESKAPE pathogens, prevented the formation of bacter-
ial biofilms and did not exhibit cytotoxicity.'®® In another
study, the broad-spectrum antibiotic levofloxacin was conju-
gated to an amphiphilic cyclic AMP [R,W,] and the resulting
molecule significantly reduced the bacterial infection by MRSA
and K. pneumoniae.'” Ptaszynska et al. (2019) studied the
conjugation of the AMP HLopt, to the antibiotics levofloxacin
(LVX) and ciprofloxacin (CIP), and the antifungal fluconazole;
however, the antimicrobial activity increased only for the CIP
conjugate (up to 4-fold). Both LVX and CIP were soluble only at
pH 5. Nonetheless, all the drugs conjugated to HLopt, pre-
sented improved solubility regardless of pH, thus overcoming
limitations on the administration of these drugs.'*’

Vancomycin (VAN) is an antibiotic used to treat infections by
Gram-positive bacteria; however, cases of vancomycin-resistant
S. aureus (VRSA) infections have been reported. To improve
activity, VAN was conjugated to the AMP Hecate (Hec) and the
conjugate (VAN-Hec) presented broad antibiotic activity against
VRSA, in addition to non-toxicity."'" More recently, VAN was
conjugated to polycationic peptides, increasing antimicrobial
activity up to 1000 times.'"

AMP nanoparticle system

The discovery of antimicrobial peptides brought a new spec-
trum of alternatives to combat disease-causing microbial
agents. However, as mentioned before, challenges in clinically
implementing these AMPs are still present and justify the short
number of drugs in use.*® In this sense, nanostructures have
the potential to modulate the pharmacokinetics and pharma-
codynamics of drugs, including AMPs,""*''* protect against
serum proteases and biodegradation, promote chemical stabi-
lity, preserve the activity of the drug and minimize side
effects."™ A variety of materials can be used to produce
nanocarriers for AMPs, including inorganic (metal
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nanoparticles and carbon tubes) and organic nanomaterials
(lipid based) (Fig. 4).

Inorganic nanoparticles/metallic nanoparticles

Metallic nanoparticles, such as gold (AuNPs) and silver
(AgNPs), present antimicrobial properties, and therefore when
combined with AMPs lower doses can be used to decrease the
toxicity of nanoparticles to mammalian cells. Alteriis et al.
(2018) studied the conjugation of the AMP indolicidin to AuNPs
(nano-complex AuNP-indolicidin), which demonstrated signifi-
cantly higher in vitro activity against C. albicans biofilms
(50-65% inhibition) compared to pure AuNPs (10-20% of
inhibition) and pure indolicidin (30-40% inhibition), suggest-
ing that the nano-complex is more stable and protects AMP
against protease degradation."'® Casciaro et al. (2017) proposed
the conjugation of the linear AMPs esculentin-1a and Esc (1-21)
to AuNPs via poly(ethylene glycol). In particular, Esc (1-21) is
found in frog skin and has strong activity against the bacterium
P. aeruginosa. The AuNPs-Esc(1-21) conjugated nano-complex
showed a 15-fold increase in the antipseudomonal activity
compared to pure Esc (1-21), with no toxicity to human
keratinocytes (in vitro) as well as favoring the re-
epithelialization and increasing the bioavailability.'*”

In a study involving the AMP Andersonin-Y1 and variants
(CAY1 and AY1C) conjugated to AgNPs, the nano-conjugates
also presented higher antibacterial activity than the isolated
molecules (peptides and AgNPs), with changes in the cell
morphology of the bacterium, followed by rupture of the
membrane in multi-resistant strains. AY1C-AgNPs and CAY1-
AgNPs presented MIC values of 15 pM and 10 pM against
K. pneumonia, and of 12 uM and 10 pM against P. aeruginosa,
respectively. More specifically, 80% of bacterial death resulted
from the use of these nano-conjugates.'*®

Carbon nanotubes (CNTs)

CNTs belong to the family of fullerenes; according to the final
structure formed by rolled-up tubular shells of graphene, they
are classified as the single-walled carbon nanotube (SWCNT) or
multiwalled (MWCNT) structure.'*® They are promising agents
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for drug delivery due to their intrinsic stability, structural
flexibility and surface functionalization."*® Nonetheless,
chronic toxicity is still a concern. Chaudhari and collaborators
(2016) proposed the covalent and non-covalent conjugation of
the antimicrobial peptide TP359 with SWCNTs-Ag, resulting in
FSWCNTs-Ag and SWCNTs-Ag-M nano-complexes, respectively.
The antimicrobial activity was measured against S. aureus,
S. pyogenes, S. enterica serovar, Typhimurium and E. coli, as well
as cellular toxicity by ICso, including the pure peptide and
nanoparticles as controls. The nano-conjugate FSWCNTs-Ag
was more active at lower concentrations with a MIC of
7.8-3.9 pug mL™ ', in comparison to 62.5-31.3 pg mL ™" for
SWCNTs-Ag-M (against Gram negative bacteria).'**

Conjugation of the AMP indolicidin to CNTs led to the
expression of genes related to the innate immune system, also
suggesting that the CNT-indolicidin complex protects host
cells against bacterial infections at a concentration 1000 times
lower compared to free indolicidin. Regarding the gene expres-
sion profile, the nano-conjugate is more effective in activating
pro-inflammatory genes.'?* Recently, Pradhan and colleagues
(2017) conjugated LL-37 and indolicidin to short multi-walled
carbon nanotubes (SMCNTs); the in vitro immunoregulatory
activity of nano-conjugates was significantly higher than that of
the dissociated forms of indolicidin and LL-37, and peptide
activity was maintained even at a concentration that is 1000
times lower (0.02 pg mL™" of nano-conjugates and 20 pg mL
of free peptides).””

Bioinformatics analysis for discovering
new and effective AMP and AMP
conjugates

Bioinformatics tools have gained attention in recent years to
accelerate and optimize drug development.'**™**” Several soft-
ware programs based on different machine learning methods
and databases are available for the prediction and character-
ization of new antimicrobial peptides.*®*'** In general, these
tools operate based on the features of amino acid sequences,
either by alignment with known sequences with proven activity
or by the search for similarity patterns within these
sequences.”** Among the most popular databases is CAMP
(Collection of Anti-Microbial Peptides), a free online web ser-
vice available at http://www.bicnirrh.res.in/antimicrobial devel-
oped by using the random forest (RF), support vector machine
(SVM) and discriminant analysis (DA) machine learning algo-
rithms. It includes experimentally tested peptides, patented
peptides and sequences predicted as antimicrobial.’**> An evo-
lution of CAMP is CAMPg; (Wwww.camp3.bicnirrh.res.in), com-
prising sequences, structures, and family-specific signatures of
prokaryotic and eukaryotic AMPs."*® The SVM algorithm was
also applied in C-PAmP (Collection of Anti-Microbial Peptides),
a database comprising high scoring computationally predicted
antimicrobial peptides from a great variety of plant species."?’
Although plants are a valuable source of peptides, PhytAMP
(http://phytamp.pfba-lab-tun.org/statistics.php) is the only
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database additional to C-PAmP exclusively dedicated to collect
validated plant antimicrobial peptides.’*® Another essential
software program, AmPEP, is of particular interest; while the
other tools use a combination of characteristics such as amino
acid composition and pseudo-amino acid code, AmPEP is
based on several distribution descriptors corresponding to
the physicochemical properties of peptides as hydrophobicity,
normalized van der Waals volume, polarity, charge, and sec-
ondary structure, among others. This tool was developed using
the RF classifiers, standing out from the existing methods in
terms of performance.'®® A recent web platform, ADAPTABLE
(Antimicrobial PeptiDescAffold by Property alignmenT. A weB
platform for cLustering and dEsign), found at http:/gec.
u-picardie.fr/adaptable/, is a unified database that allows the
design of new antimicrobial peptides active towards a well-
defined target organism and predicts the antimicrobial activity
of a generic peptide sequence.'*® Despite the extensive devel-
opment of tools and databases to predict AMPs, conjugated
AMPs are a different class of molecules. To our knowledge,
only two options are available to predict chemically modified
AMPs. One of them is CS-AMPPred (Cysteine-Stabilized Anti-
microbial Peptides Predictor; http://sourceforge.net/projects/
csamppred/), a predictive model generated with the SVM algo-
rithm for antimicrobial activity prediction in cysteine-stabilized
peptides."" Another tool recently created corresponds to Anti-
MPmod (http://webs.iiitd.edu.in/raghava/antimpmod/), a web
server developed with the SVM and RF algorithms to predict the
antimicrobial properties of chemically modified peptides based
on their tertiary structure.'*?

The advent of the bioinformatics era has been of great
importance, not only for the search and discovery of new
peptides with antimicrobial activity but also for the elucidation
of mechanisms and structural aspects related to how AMPs act
at the molecular level. Regarding that, molecular dynamics
simulations and QSAR (quantitative structure-activity relation-
ship) studies offer vast possibilities for the design of more
powerful peptides with low toxicity and to understand the
structural aspects that define their activity, facilitating detailed
visualization of the interactions between peptides and
membranes.***™*” These bioinformatics techniques have also
been used to generate knowledge about the influence of a
particular modification on AMP activity, such as conjugation to
nanoparticles.'*®*®

Additionally, mass spectrometry could be useful as a com-
plementary technique to validate results based on computa-
tional methods for identifying new AMPs,***"*>2 characterizing
conjugated AMPs,">® and evaluating susceptibility to
proteases.'*

Clinical development of AMPs and
conjugated AMPs

From the 1980s to now, extensive research in the field of AMPs
has been carried out. Thousands of AMPs from different
sources, including insects, plants, fungi, bacteria and
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Table 3 List of anti-microbial peptides (AMPs) approved by the FDA
MW
Peptide Source (Da) Indication Mechanism of action Ref.
Bacitracin  Homodetic cyclic peptide produced by 1423 Skin and eye infections Interferes with bacterial cell-wall 158
Bacillus subtilis and Bacillus biosynthesis and
licheniformis 159
Gramicidin Heterogeneous mixture of lineal pep- 1882 Bacterial eye infections Formation of small pores in the 160
tides obtained from the soil bacterium cell membrane and
Bacillus brevis 161
Dalbavancin Semi-synthetic lipoglycopeptide 1817 Acute skin infections Induces cell wall lysis 4
and
162
Daptomycin Naturally occurring lipopeptide found 1620 Complicated skin and skin structure infections Membrane disruption 163
in the soil saprotroph Streptomyces and
roseosporus 164
Enfuvirtide Synthetic peptide 4565 HIV-1 Selective inhibition of viral and 165
cellular membrane fusion
Oritavancin Semi-synthetic lipoglycopeptide, an 1793 Complicated skin and skin structure infections Inhibit bacterial cell wall for- 166
analogue of vancomycin mation. Membrane disruption
Telavancin Semisynthetic derivative of 1756 Complicated skin and skin structure infections Inhibition of cell wall synthesis 167
vancomycin and hospital-acquired/ventilator-associated and disruption of the bacterial and
bacterial pneumonia cell membrane 168
Vancomycin Amphoteric glycopeptide antibiotic =~ 1449 Treatment of serious, life-threatening bacterial Inhibition of the second stage of 169
produced by the soil bacterium Amy- infections cell wall synthesis and
colatopsis orientalis 170
Colistin Cyclic lipopeptide isolated from Bacil- 1155 Treatment of most multidrug-resistant Gram- Disruption of the cell membrane 171
lus polymyxa negative bacteria and
172
Table 4 Main physicochemical and biological properties of antimicrobial peptides in the clinical stage
My Length
Peptide Source (Da) (aa) Indication Mechanism of action Company  Ref.
Phase I clinical trials
hLF1-11 Derived from the N- 1374 11 Systemic infections with C. albicans, S. aur- Modulatory activities on AM- 173-
terminus of human eus, and A. baumannii strains monocytes, thus enhancing ~ Pharma 175
lactoferrin their actions in innate immune
responses
WAP-8294A Synthetic cyclic 1563 12 Potent activity against methicillin-resistant Membrane disruption aRigen 176
lipodepsipeptides S. aureus and
177
Phase II clinical trials
CZEN-002 Dimeric peptide 971 8 Vaginal candidiasis cAMP accumulation in Can-  Zengen 7
derived from o- dida albicans and disrupts
melanocyte- related signaling pathways
stimulating hormone
DPK-060 Synthetic peptide 2503 20 Broad-spectrum activity in vitro against both Membrane disruption and ProMore  178-
structurally derived Gram-positive and Gram-negative bacteria. immunomodulation Pharma 180
from human protein Study of topical application for atopic
kininogen dermatitis
PAC-113 Derived from natural 1564 12 Candida infections. Fungal/yeast infections. Membrane disruption and Demegen 181
histatin found in Inflammation and ulceration immunomodulation and
human saliva 182
Lytixar Synthetic host defense 788 3 Skin infection caused by Gram-positive bac- Membrane-degrading peptide Lytix 183
peptide- mimicking teria, impetigo and nasally colonized with S. biopharma and
aureus 184
LL-37 Human cathelicidin- 4491 37 Wound healing, regeneration and Immunomodulation and pore ProMore  185-
derived peptide angiogenesis formation on the bacterial Pharma 187

Novexatin ~ Synthetic cyclic pep- 1093 7
tide based on human
o- and B-defensins

Glutoxim  Synthetic thiopetin 657 6
analog of key
metabolites

Phase II clinical trials

Omiganan Synthetic analog of 1961 12

pentahydro- indolicidin

chloride
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Topical treatment of recalcitrant fungal
infections in toenails

Tuberculosis

Prevention of catheter-related infections.
Treatment of acne and rosacea

2022

membrane
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permeabilization

Immunomodulation

Membrane disruption and
immunomodulation

NovaBiotics 188

Pharma
BAM

Cutanea
life
sciences

J. Mater. Chem. B, 2022, 10, 3587-3600 |

and
189
190
and
191

192-
194

3595


https://doi.org/10.1039/d1tb02757c

Published on 22 februar 2022. Downloaded on 02.06.2024 00.29.07.

Review

animals,"> are currently registered in data repositories.">®
Despite the advances in this field, only a few AMPs were
approved by the Food and Drug Administration (FDA) to treat
conditions such as bacterial conjunctivitis, infections by drug-
resistant Gram-positive pathogens and skin infections.*'*’
Table 3 summarizes the currently available AMPs approved by
the FDA.

Some peptides are currently undergoing clinical trials and
another 10 AMPs have failed during phase II or III of evalua-
tion. Table 4 shows a summary of the main AMPs in clinical
trials and their key features. On the other hand, despite several
conjugated AMPs developed for different applications, none
has reached the clinical investigation stage. Owing to the
structural complexity, they require a series of additional char-
acterization tests. Also, antimicrobial peptide conjugates are a
relatively new strategy, and we expect to see potential alter-
natives within the next few years.

Summary and future outlook

Modified AMPs should be designed considering three funda-
mental issues: stability, toxicity, and costs, since usually bio-
conjugation increases the price of the final product. As
discussed in this review, different strategies can lead to stability
enhancement, lower toxicity, less susceptibility to proteolytic
attack and reduction of immunogenicity. In some cases,
increased antimicrobial activity can also be obtained, but not
frequently. We believe that sustained-release dosage forms can
also be achieved through a variety of formulations of AMPs
including liposomes and polymer conjugates. The controlled
release of AMPs not only prolongs the antimicrobial activity but
might also keep drug levels within the therapeutic window to
avoid potentially harmful peaks of drug concentration follow-
ing ingestion or injection. In situ tools are another ally for the
design of new tailor-made AMP conjugates with a specific
improvement over the original drug. Nonetheless, the
increased cost associated to AMPs’ conjugation and drug
delivery systems is still a challenge.

Concerns regarding the safety of peptides when compared to
conventional and widely used antibiotics are still present.’®® A
considerable number of AMPs failed in clinical trials due to
side effects, for example, NVB-302 (phase I), POL7080 (phase II),
and Iseganan, Omiganan, Surotomycin (phase IIT)."***°® This
has drawn the efforts of the pharmaceutical industry towards
investing on AMPs for topical use rather than parenteral
application. However, conjugation and/or encapsulation could
be alternatives to improve safety, as presented in this review. In
this sense maintaining the AMP integrity, identifying the
suitable polymer for conjugation, and achieving optimum drug
loading are key issues to consider while developing the process.

While several conjugation and bioconjugation techniques
have been explored so far, novel nanobiotechnological
approaches show high potential for creating follow-on antimi-
crobial peptide drugs. Genetic engineering advances allow the
development of effective AMP conjugates that can be real
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alternatives to treat antibiotic-resistant bacterial infections
and septic shock, to preserve food, or to sanitize surfaces both
in vitro and in vivo. The attachment of cleavable PEGs, conjuga-
tion to FDA-approved smart polymers and the use of nano-
particles will be hot trends.
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