
Characteristics and therapeutic applications
of antimicrobial peptides

Cite as: Biophysics Rev. 2, 011301 (2021); doi: 10.1063/5.0035731
Submitted: 2 November 2020 . Accepted: 31 December 2020 .
Published Online: 19 February 2021

Olga V. Makhlynets1,a) and Gregory A. Caputo2,3,a)

AFFILIATIONS
1Department of Chemistry, Syracuse University, 111 College Place, Syracuse, New York 13244, USA
2Department of Chemistry and Biochemistry, Rowan University, 201 Mullica Hill Rd., Glassboro, New Jersey 08028, USA
3Department of Molecular and Cellular Biosciences, Rowan University, 201 Mullica Hill Rd., Glassboro, New Jersey 08028, USA

a)Authors to whom correspondence should be addressed: ovmakhly@syr.edu and caputo@rowan.edu

ABSTRACT

The demand for novel antimicrobial compounds is rapidly growing due to the phenomenon of antibiotic resistance in bacteria. In response,
numerous alternative approaches are being taken including use of polymers, metals, combinatorial approaches, and antimicrobial peptides
(AMPs). AMPs are a naturally occurring part of the immune system of all higher organisms and display remarkable broad-spectrum activity
and high selectivity for bacterial cells over host cells. However, despite good activity and safety profiles, AMPs have struggled to find success
in the clinic. In this review, we outline the fundamental properties of AMPs that make them effective antimicrobials and extend this into
three main approaches being used to help AMPs become viable clinical options. These three approaches are the incorporation of non-natural
amino acids into the AMP sequence to impart better pharmacological properties, the incorporation of AMPs in hydrogels, and the chemical
modification of surfaces with AMPs for device applications. These approaches are being developed to enhance the biocompatibility, stability,
and/or bioavailability of AMPs as clinical options.
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I. INTRODUCTION

Peptides are “short” polymeric chains of amino acids linked via
peptide bonds between the carboxyl group of one amino acid and the

amino group of another amino acid. Peptides have a variety of func-
tions in biological systems, frequently serving as hormones, signaling
molecules, components of the immune system, and G protein-coupled
receptor (GPCR) modulators. These naturally occurring peptides typi-
cally range from 10 to 50 amino acids, although there is no definitive
length designation that delineates peptides from being categorized as
proteins. The physiochemical properties of peptides are inherently
determined by the amino acids that comprise the sequence, which
varies based on the source and/or the intended function of the peptide.
Similarly, the secondary and tertiary structures of peptides vary and
are inherently linked to the primary amino acid sequence of the
peptide.

Studies of peptides dramatically increased with the advent of
solid-phase peptide synthesis methods pioneered by Merrifield.1 This
method centers on the covalent linkage between an inert resin to the
COOH terminus of an amino acid, which is sequentially modified
to form the desired peptide sequence. Incoming amino acids are
NH2-terminal protected with a labile group to prevent unwanted poly-
merization in solution, thus driving the reaction of the incoming
amino acid to the free-amide of the peptide chain on the resin. After
the reaction is complete, the solid-phase resin is easily separated from
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unreacted materials and reaction byproducts by simple filtration. The
process is then repeated to add the next amino acid in sequence. The
iterative process is easily automated, allowing commercial peptide syn-
thesizers to effectively operate continuously, increasing the ease of
obtaining peptides for further investigation.2,3

Due to the relative ease of synthesis, peptides have emerged as a
widely used model system for investigating basic biological, biochemi-
cal, and biophysical interactions. In particular, biophysicists have
widely adopted synthetic peptides as a model system due to the unifor-
mity, purity, and compatibility with numerous physical and spectro-
scopic approaches. Peptide model systems have been extensively used
in the investigation of protein secondary structure, specifically looking
at amino acid propensities for secondary structure formation.4–8

Hydrophobic peptides have served as an attractive model system to
study protein-lipid and protein-protein interactions in a lipid bilayer
environment as an alternative to large membrane proteins that are
traditionally difficult to work with in the laboratory.9–15 Peptides have
also been an informative system for the de novo design of peptides with
specific functions due to the flexibility of the synthetic model.11,16–20

In this article, a background on antimicrobial peptides will be
presented, with a focus on the application of these molecules.
Specifically, a discussion of strategies to improve and expand the utili-
zation of these molecules, both in a traditional clinical/therapeutic
arena and as components of materials such as hydrogels and surface
coatings, will be presented (Fig. 1).

A. Peptide roles in biology

In biological systems, one of the primary roles of peptides is in
signaling between cells and tissues. Specifically, peptide hormones are
a common messenger between tissues. These peptides are secreted
from cells in one tissue and are transported to distal tissues via the
bloodstream. Once at the target tissue, these peptide hormones interact
with a cell surface receptor on the target cells, beginning an intracellu-
lar signaling cascade. The most widely characterized peptide hormone,
insulin, has been a focus of intensive study due to its direct role in the
manifestation of diabetes. Other well-known peptide hormones
include vasoactive intestinal peptide (VIP), follicle-stimulating hor-
mone (FSH), glucagon, and calcitonin.21–24 All these peptide hor-
mones have different structural conformations and binding targets
based on amino acid composition.

Beyond hormones, peptides play an integral role in the innate
immune and adaptive immune system of higher organisms. As they
are involved in the immune response, these peptides are often referred
to as host-defense peptides (HDPs). These HDPs are across both the
innate and adaptive systems and serve direct cytotoxic roles against
infectious agents as well as immunomodulatory roles to promote the
host response to the infection. The innate immune system is the first
line of defense against bacterial or viral infections, and a major compo-
nent of this system is antimicrobial peptides. These peptides act
directly on invading bacteria and/or viruses, leading to cell death or
facilitating attack from macrophages (see below). The adaptive

Linked peptides

Metal surface

Hydrogel

Antimicrobial peptide

Topical

Bacteria Skin cells

FIG. 1. Schematic example of different applications of AMPs such as topical applications, tethering to surfaces, components of hydrogels, or direct action on bacteria. Cationic
residues of the model peptide are shown as blue and hydrophobic residues are orange, to highlight the facile amphiphilicity of helical AMPs. The schematic portrays helical
peptides as they are the majority of AMPs; however, AMPs that adopt b-sheet structures are more frequently employed in hydrogel applications.
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immune system also relies on peptides for numerous functions. T-
cells, which function in a variety of roles in the immune system, pre-
sent peptide fragments of antigens via major histocompatibility com-
plexes (MHCs) on the cell surface to help immune cells to distinguish
“self” and “non-self” cells during the identification of infection. HDPs
also function in an immunomodulatory role, playing a role in affecting
chemotaxis, chemokine and cytokine release, reactive oxygen species
(ROS) production, and activation of leukocytes.25,26

B. Peptides as materials

Despite the significant improvements in peptide synthesis, purifi-
cation, and characterization over the past 50–75 years, there has been a
relatively small amount of translation beyond selected therapeutic
applications. One of the major challenges to the application of peptides
as therapeutics or materials is the limitations around scale-up to typi-
cal industrial quantities.27,28 The solid-phase synthetic routes used in
the laboratory are difficult to scale into batch volumes due to mixing
issues and solubility issues of protected amino acids. Additionally, the
solid-phase approach is generally atom-inefficient, not in the target
reaction, but in that there is significant waste generated at each step as
a result of the numerous protecting groups, activator byproducts, as
well as the solid-phase resin itself that is discarded after cleavage from
the final, complete peptide. Peptides also suffer from the expected
drawbacks of any protein material including temperature sensitivity,
pH sensitivity, and sensitivity to proteases.

However, the applications landscape is not barren regarding pep-
tidic materials. The flexibility of the solid-phase synthetic approach to
incorporate non-proteinogenic (natural amino acids not normally
incorporated into proteins/peptides) and non-natural amino acids
greatly expands the chemical space available for functional group
interactions. Peptide synthesis also allows for site-specific modification
of peptides with abiotic functionalities such as fluorophores for bind-
ing/recognition, detection, or installing specific reactive groups.

Numerous groups have been working on peptide-based materials
at bench-scale, which have proven to be successful in multiple applica-
tions. Many of these applications have focused on incorporating bio-
compatibility, biodegradability, and greener materials as an alternative
to conventionally used materials. Due to the biological parallels, there
is a significant number of peptides that have been designed and devel-
oped that can bind metal ions and/or porphyrin molecules.29–38 These
systems display significant diversity in the peptide sequences, ligands,
ligand binding approach, and peptide secondary structure which,
taken together, highlight the flexibility of using peptides as a scaffold
for binding functional ligands. Peptide amphiphiles, peptides which
can self-assemble into micelles, have been developed to bind metals
and porphyrin molecules for electron transfer applications.39,40

Peptides as functional materials in theranostics have been widely
applied by exploiting native biological interactions.41,42 These thera-
nostic materials predominantly involve peptide-modified liposomes,
polymers, or nanoparticles. Other peptide-modified materials includ-
ing carbon nanotubes have been used to create patterning of proteins
on surfaces.43 Peptides have also been widely used to create supramo-
lecular aggregates and structures, with tremendous flexibility on shape,
which can be exploited for a variety of functions.42,44–46 The literature
also contains numerous examples of peptides used as scaffolds or
nucleation sites for crystal formation of non-biological materials.47,48

II. ANTIMICROBIAL PEPTIDES

Antimicrobial peptides are short, typically cationic and amphi-
philic molecules that have been isolated from organisms throughout
the evolutionary timeline from bacteria through humans. These pepti-
des exhibit remarkable selectivity for bacteria over host cells, have low
cytotoxicity, and have shown little potential for resistance develop-
ment. Only recently have these molecules begun to emerge as compo-
nents of materials to impart antimicrobial characteristics, rather than
being viewed as a direct alternative/replacement to existing or tradi-
tional small-molecule antibiotic therapeutics.

A. Background and importance of antimicrobial
peptides

Antibiotics have been described as a major contributing factor in
the advancement of human health in the 20th century. After the dis-
covery, purification, and widespread application of penicillin begin-
ning in the 1940s, a “golden age” of antibiotic discovery occurred
between the 1950s and 1970s. Antibiotics were developed and applied
to treat a wide variety of infectious diseases and became a fundamental
tool in the modern medical toolkit. Some of these antibiotics were
broad spectrum, treating numerous infections caused by a variety of
bacteria, while others were more narrow spectrum, with more specific
targets or types of bacteria that were susceptible (Gram-positive vs.
Gram-negative, for example).

Despite the leap forward in modern medicine that antibiotics
represented, there was a flipside to the coin. Shortly after widespread
clinical use, strains of bacteria that were resistant to antibiotics began
to be identified. For example, penicillin was approved for use in 1941,
and the first resistant strain of Staphylococcus aureus (S. aureus) was
isolated in 1942, with resistant strains of Streptococcus pneumoniae
isolated in 1967.49 Many resistant strains showed reduced sensitivity
to the antibiotic treatment, while others were completely resistant to
the antibiotics.50–53 These resistant bacteria present a significant hurdle
to the treatment of once-routine infections and highlight the need for
novel antimicrobial molecules, compounds, and approaches.

According the United States Center for Disease Control’s (US
CDC) 2019 Antibiotic Resistance threat report, �2.8 million
antibiotic-resistant infections occur annually in the United States.54

Both the US CDC and the World Health Organization (WHO) iden-
tify antibiotic resistance as a major and significant threat to public
health.54,55 These organizations have identified a number of high-
priority bacterial strains that are already exhibiting some level of resis-
tance and must be addressed due to the significant impact on human
health. These strains include carbapenem-resistant Acetinobacter,
Clostridioides difficile (C. difficile), Neisseria gonorrhoeae (N. gonor-
rhoeae), vancomycin-resistant Enterococci (VRE), multidrug-resistant
Pseudomonas aeruginosa (P. aeruginosa), and methicillin-resistant S.
aureus (MRSA), among others.54,55 The significant challenge posed by
these strains, and emerging ones, is that antibiotic resistance often
arises much faster than the development of novel antibiotics with simi-
lar or improved efficacy.56,57 Notably, there are often cross-resistance
phenotypes observed between different molecules within a class of
antibiotics, which means resistance development often differentially
impacts multiple therapeutics.58,59 Thus, development of novel mole-
cules with novel targets or mechanisms of action is the solution to the
antibiotic-resistance phenomenon.
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Antimicrobial peptides (AMPs) have emerged as an attractive
option for development in the fight against resistance.60 The first anti-
microbial peptides that were isolated and characterized were the gra-
micidins, isolated from the bacterium Bacillus brevis.61–63 Later, the
first true AMP isolated from higher organisms was magainin, a com-
ponent of skin secretions from Xenopus laevis.64 Since that time, thou-
sands of AMPs have been identified and characterized throughout the
evolutionary ladder from insects to fish to humans.65–68 The conserva-
tion of these molecules throughout evolution indicates that bacteria
cannot effectively evolve a fully resistant phenotype to these molecules.
This is not surprising as many AMPs are known to broadly target inte-
gral cellular components such as the cell membrane or cellular nucleic
acids (see below). While reports of increased resistance are present,
there is little to no evidence of complete insensitivity to AMPs, thus
making them an attractive target for further development.69,70

B. Antimicrobial peptides mechanism of action

The small size of most AMPs makes them an easily tractable sys-
tem to investigate, and thus significant amount of experimentation
was quickly devoted to determining the mechanism of action. It
became clear that there was no traditional consensus sequence that
imparted antimicrobial characteristics to these peptides, but rather a
more comprehensive set of physiochemical properties. A majority of
AMPs were found to be cationic-amphiphilic sequences that contained
significant fractions of both cationic and hydrophobic amino acids.
The cationic net charge imparts the selectivity to bacteria over host
cells, as bacterial cell surfaces present a net-negative charge while
mammalian and other higher organisms generally have a net-neutral
cell surface. This selection step driven by favorable electrostatic attrac-
tion between the cationic peptide and anionic bacterial cell surface is
also the first stage of the mechanism.71–74 Upon binding to the cell sur-
face, AMPs often undergo a conformational rearrangement facilitating
the burial of the hydrophobic residues in the bacterial cell membrane.
This structural rearrangement has been most often observed as a coil-
to-helix transition. Indeed, many of the naturally identified AMPs
adopt a facially amphiphilic structure, that is, one in which the cationic
residues segregate to one face of the a-helix while the hydrophobic res-
idues segregate to the opposite face of the helix.72,73,75–78 This structure
allows the cationic groups to maintain interactions with the anionic
bilayer surface while the hydrophobes become buried within the non-
polar core of the bilayer. However, not all naturally occurring AMPs
are helical, with more and more examples containing b-hairpin and
other b-sheet structures. Figure 2 shows several high-resolution struc-
tures of AMPs that have been experimentally determined by nuclear
magnetic resonance (NMR) or x-ray methods.

At this stage, many AMPs have been shown to induce membrane
disruption or destabilization.72,73,75,79,80 This destabilization can cause
breakdown of the proton-motive force (PMF) required for ATP pro-
duction, leakage of cellular material, disruption of ion balance, and
changes in osmotic pressure in the bacterial cell, which can all contrib-
ute to cell death. Not surprisingly, as with AMP primary sequences,
there is also no consensus on the molecular mechanism that causes
membrane disruption by these peptides. Generally, there are three
well-established models for the membrane active mechanism of
AMPs: the barrel-stave pore model, the toroidal pore model, and the
carpet model.81–84 The barrel-stave model involves the AMP inserting
into the bacterial membrane in a traditional transmembrane

orientation and subsequently self-associating into an oligomer with an
aqueous pore/channel at the center of the proteinaceous oligomer. The
toroidal pore model is similar to the barrel-stave pore model except
that this structure also involves the local deformation of the lipid
bilayer structure, causing a “bending” of the bilayer and resulting in a
pore lined with both peptides and lipid head groups. In both the
barrel-stave and toroidal pore mechanisms, the facially amphiphilic
structures of the AMPs allow the hydrophobic groups to maintain
contact with the nonpolar core of the bilayer, while the cationic groups
are involved in lining the aqueous interior of the newly formed pore.
The third model, often referred to as the “carpet” model, involves the
coating of the bacterial cell surface with AMPs. This results in tran-
sient pores driven by a mass imbalance between the outer and inner
leaflets of the bilayer or through a detergent-like removal of lipids
from the membrane (although there is growing evidence that the car-
pet model and the detergent-like model may be two distinct mechanis-
tic pathways). All of these mechanisms are affected by peptide primary
and secondary structure, membrane lipid composition, and bound
peptide concentration. The authors suggest recent reviews by Raheem
and Straus85 as well as Bechinger and co-workers86 for a thorough
review of the current literature on AMPs mechanism of action on
membranes.

There are also numerous AMPs that have been shown to act
through other non-membrane-disruptive mechanisms. Defensins have
been demonstrated to bind to lipid II, a precursor in the synthesis of
the bacterial cell wall.87 Other AMPs are known to translocate through
the lipid membrane without significant bilayer disruption and subse-
quently interact with cellular components such as RNA and

Thanatin Human b-defensin 1

Human b-defensin 2

PDBID: 6aab

PDBID: 6mi9

PDBID: 1fd4 PDBID: 1g89 PDBID: 2k6o

PDBID: 2mag PDBID: 6hn9
PaAMP1B3 Magainin 2

Indolicindin LL-37

Nicomicin

DFT 503
PDBID: 1iju PDBID: 6mk8

FIG. 2. Representative 3D structures of AMPs from the RCSB (rcsb.org). High-
resolution structures were solved either by NMR or x-ray crystallography methods.
The peptide name and PDBID accession numbers are listed under each peptide.
Colors are related to amino acid properties: blue, cationic (Arg, Lys); orange, hydro-
phobic (Leu, Val, Ile, Phe, Ala, Phe); green, all other amino acids. Structures were
visualized using PyMol.
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DNA.87–89 Notably, there are numerous reports in the literature
regarding peptides from the Trp-rich class of AMPs that do not induce
membrane permeabilization to significant degrees but are active anti-
microbials.88,90 The current hypothesis is that the aromatic Trp resi-
dues promote interaction with the nucleotide bases of RNA or DNA,
disrupting transcription or translation. It should be noted that other
members of this Trp-rich class do exhibit membrane permeabilization,
so it does not appear to be a universal mechanism within this class of
peptides.91,92 The AMPs lactoferricin B and C18G have been indicated
in the disruption of intracellular signaling through two-component
signaling systems.93,94 Many AMPs are also known to act in an immu-
nomodulatory role, promoting the activation and mobilization of fac-
tors in both the adaptive and innate immune systems.25

C. Applications and limitations of AMPs

Despite the high selectivity, low cytotoxicity, and low propensity
for resistance development, AMPs have not been particularly success-
ful in translating into clinical applications. Despite the thousands of
identified AMPs and synthetically designed AMP mimetics, only
about 10 molecules have made it through the entire FDA approval
process in the USA, and two of that class are antiviral compounds
(telaprevir and enfuvirtide).95–97 Notably, none of these are traditional
linear AMPs, but instead have cyclic structures and often contain non-
standard amino acids in their structures, such as polymyxin, vancomy-
cin, and daptomycin. Equally important are the formulations and
route of administration for these approved peptide antimicrobials
which, aside from vancomycin, all require injection or topical applica-
tion. Intravenous and intramuscular injections reduce the widespread
utility of AMPs as routine antibiotic therapies for outpatient use.

An additional two to three dozen clinical trials of AMPs have
recently emerged, but of those trials, approximately 10 ended in with-
drawn or discontinued trials due to lack of improved efficacy or
adverse events.95–97 Interestingly, some of the ongoing or recent trials
have focused on traditional, linear AMPs and target a number of dif-
ferent types of bacterial and fungal infections.95 The majority of these
ongoing trials involve topical or intravenous applications, although
two trials on orally delivered peptides, delmitide acetate and NVB-302,
are still ongoing.98,99 Also within this group of ongoing trials are mole-
cules that act as traditional membrane-disruptive AMPs,100,101 immu-
nomodulators,102 and synthetic AMPmimetics.103

With a review of the successes and failures in the clinic, several
important aspects of AMP translation can be gleaned. One of the
major hurdles to AMP success is lack of bioavailability, specifically via
oral administration. Traditional linear AMPs are readily digested by
proteases in the gut, making it impossible for them to reach the target
of infection.104–106 There is also an apparent reduction in efficacy
observed for many AMPs between in vitro and in vivo studies, likely
caused by a combination of pH, ionic strength/salt concentration, and
nonspecific binding to serum proteins, which is not faithfully repli-
cated in the in vitro screens.105,107,108

Taken together, one common characteristic of many of the
AMPs successful in the clinic is the presence of non-natural or non-
proteinogenic amino acids in the sequences. Published reports show
that both overcoming ionic strength/salt challenges77,109,110 and
increasing protease resistance92,111–113 can be achieved through the
incorporation of nonstandard amino acids. This approach is gaining

popularity due to the accessible chemical routes and expanded chemi-
cal space available using atypical amino acids.

D. Expanding the chemical space of AMPs

Based on the limited success thus far in the clinic, what can be
done to improve the successful translation of these molecules into
therapeutics? The AMP platform provides a number of advantages for
the development of novel therapeutics and materials. One such advan-
tage is the low propensity for resistance development as mentioned
above.69,70 Another significant advantage for wider development of
AMPs is the facile synthesis of these molecules. Specifically, the ability
to synthesize these molecules in vitro allows for incorporation of non-
biological functional groups, amino acids, and spectroscopic labels.
This dramatically expands the chemical space available to these mole-
cules, well beyond the limitations of the 20 naturally occurring amino
acids. The commercial availability of numerous non-natural amino
acids compatible with solid-phase peptide synthesis (SPPS) chemistry
further aids in the synthesis and characterization of these AMPs.

One strategy is to incorporate non-natural amino acids into the
AMP sequence. This approach, while taking advantage of the SPPS
method, has parallels in nature, as numerous naturally occurring
AMPs have non-canonical amino acids in their sequences.114–116

Incorporation of these non-natural amino acids range from isosteres
and isomers of naturally occurring amino acids to structures that are
significantly different compared to natural amino acids. Conservative
replacements in AMP sequences have allowed a systematic approach
to the investigation of the structure-activity relationship (SAR) in
AMPs,117–119 while other SAR approaches employ more significant
modifications to peptide structures.120–122 Not surprisingly, the major-
ity of research has focused on non-natural replacements of either cat-
ionic or hydrophobic amino acids in AMPs. A number of examples of
these amino acids can be found in Fig. 3.

Replacement of cationic amino acids with non-natural ones can
generally fall into two categories: changing the overall shape/structure
of the amino acid side chain or changing the cationic moiety that
imparts the charge. These modifications can be as conservative as the
lengthening or shortening of an amino acid side chain by a single
methyl group.123–126 Our own work along with that of other groups
have shown the shortening of the Lys side chain (4 methylenes) by
replacing it with ornithine (Orn, 3 methylenes), di-aminobutyric acid
(Dab, 2 methylenes), or di-aminopropionic acid (Dap, 1 methylene)
reduces the antimicrobial activity of several AMPs,123,124 while it has
little impact on others although improving cytotoxicity.92,125

Mechanistically, the shortening of the side chain appears to force the
peptide into a shallower location in the bilayer, potentially reducing
the ability to destabilize the membrane.123,126,127 This mechanism is
consistent with what has been known regarding cationic amino acids
“snorkeling” out of the nonpolar core of the bilayer to allow hydro-
phobic amino acids to remain buried while the charged group is
allowed to interact with the polar membrane surface and aqueous
milieu.14,127–130

The replacement of hydrophobic amino acids in AMPs with
non-natural versions has been even more widely studied than the cat-
ionic replacements. This is likely due to a greater variety of nonpolar
amino acids that are commercially available in SPPS-compatible
forms. One of the most common approaches is to investigate the effect
of non-natural amino acids that are isomers or isosteres on a naturally
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occurring residue, such as leucine and norleucine (Nle), valine and
norvaline (Nva), or phenylalanine and cyclohexanoic acid (Cha).
These variants are generally conservative to the original residue, but
allow a fine-tuning of structural parameters for function or SAR

studies.72,131–136 Cyclic and aromatic residues contribute to the hydro-
phobic character of AMPs, but also, the bulky structure of these resi-
dues likely participates in different membrane interactions than
standard alkyl chains.137–140 Non-natural aromatic and cyclic residues
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FIG. 3. Chemical structures of natural and non-natural amino acids used in AMP sequences, highlighting related structures side by side. Images were created in ChemDraw.
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have only recently begun to be explored in SAR of Trp-rich peptides.
Our groups have undertaken investigations of the Trp isostere
b-azulenyl-alanine (AzAla), which exhibits unique and beneficial
fluorescence properties compared to Trp.141,142 AzAla was shown to
be a conservative replacement in the helical membrane active peptide
melittin.140 The residues Tic (tetrahydroisoquinoline-3-carboxylic
acid) and Oic (octahydro-indole-2-carboxylic acid) as well as Tic-Oic
dipeptides have been extensively studied in a number of AMP sequen-
ces for SAR studies, as these residues add hydrophobicity and struc-
tural restrictions due to the conformationally restricted backbone
structures of the amino acids.120,143–145 A number of peptides contain-
ing these residues were demonstrated to have good activity against the
high-threat “ESKAPE” pathogens (Enterococcus faecium, S. aureus,
Klebsiella pnemoniae, Acinetobacter baumannii, P. aeruginosa, and
Enterobacter species).144

The expansive chemical space associated with non-natural or
non-proteinogenic amino acids is only a small fraction of the novel
structures based on AMPs. An early approach involved the incorpora-
tion of one or more D-enantiomers of amino acids into the AMP
sequence.111,146–150 In many cases, D-enantiomers of AMPs exhibit
similar antimicrobial activity to the natural L-enantiomer, but have
exhibited increased resistance to protease degradation.146–148 Beyond
chirality, b-amino acids, which contain an extra -CH2 group in the
peptide backbone, have been investigated both as a/b hybrid AMPs
and as pure b-peptides.151–156 b-Amino acids are inherently more
hydrophobic than a-peptides, due to the additional backbone methyl,
which may play a role in the membrane binding of these AMPs. Other
more non-natural modifications to AMPs such as incorporation of
amino acids containing nonstandard atoms such as fluorine, bromine,
or silicon are also commonly studied. These atoms change the proper-
ties of molecules and can add steric bulk, hydrophobicity, polarity, or
electronegativity depending on the atom(s) incorporated.157–160

Further beyond the traditional peptide backbone, numerous
groups have developed peptidomimetic structures and backbones
designed to mimic the facile amphiphilicity of AMPs but offer some
alternative advantages to the traditional a-amino acid structure, such
as structural differences, protease resistance, or otherwise. Peptoids,
which have the side chain attached to the amino nitrogen instead of
the a-carbon, also have a wide range of R-groups available and a dif-
ferent set of constraints driving structure formation due to the loss of
the amide hydrogen involved in helix stabilization. These peptoids
exhibit the same selective binding of bacteria based on electrostatics
and hydrophobic membrane interaction as the peptide counter-
parts.161–165 Small, polymeric peptidomimetics based on arylamide,
methacrylate, ethyleneimine, thiophenes, polynorbornenes, and others
have been investigated.166–176 These polymers are typically synthesized
in solution resulting in greater polydispersity of the product molecules
and lack of a uniform 3D structure but are effectively immune to pro-
teolytic degradation. The arylamide peptidomimetics are generally
smaller than typical AMPs or the other polymers and have yielded one
molecule in clinical trials (brilacidin).103,170,171 The polymethacrylates
have been extensively examined for SAR regarding antimicrobial activ-
ity due to the availability and flexibility of functional groups that can
be incorporated into this polymeric backbone structure. These poly-
mers exhibit a clear link between overall hydrophobicity and cytotox-
icity, as well as similar SAR patterns in cationic and hydrophobic
content to AMPs.172–176

Overall, there are a number of approaches researchers are taking
to improve the activity and overcome drawbacks of antimicrobial pep-
tides as therapeutic alternatives. These molecules have strong potential
for future application. However, combining AMPs with other materi-
als and platforms is another emerging approach to gain applied func-
tionality from this class of molecules.

III. ANTIMICROBIAL HYDROGELS

Hydrogels are highly hydrated biomaterials that are often
produced from peptides or natural/non-natural polymers.
Hydrogels have a great potential for tissue engineering applications
and drug delivery.177–179 An especially attractive area of applica-
tion is wound dressings because hydrogels provide a moist envi-
ronment, facilitating a wound-healing process. However, high
water content in hydrogels could also lead to microbial infection,
and therefore, antimicrobial properties in hydrogels are desirable.
Hydrogels with antimicrobial properties can be obtained by (1) the
inclusion of known antimicrobial agent, or (2) the peptide itself
can be designed to be antimicrobial [Fig. 4(a)].

Peptide hydrogels can serve as a platform to deliver antimi-
crobial agents (such as antibiotics). Many examples of hydrogels
loaded with antibiotics have been developed.180,181 Another widely
used strategy is incorporation of metal nanoparticles (NPs; such as
silver nanoparticles, AgNPs) in the hydrogel; however, AMPs are
never used as a scaffold for such hydrogels, and antimicrobial
properties come from NPs.180,182–185 As an antimicrobial agent,
silver nitrate is commonly used186–188 and has recently gained
more attention as antibiotic-resistant bacteria are on the
rise.189–194 Silver-containing antimicrobials are attractive for topi-
cal applications, including wound healing and burns.195,196

However, high concentration of silver has been shown to be toxic
to mammalian cells,197,198 limiting the use of silver-containing
products.199 For example, some recent studies have shown toxicity
of silver sulfadiazine (commonly used to treat burn wounds) for
various host cells and a delayed wound-healing process.200–202 To
minimize silver toxicity while harnessing its desirable antimicro-
bial properties, our group developed an antimicrobial hydrogel
material that binds to Ag(I) and releases only small quantities of it,
providing sufficient concentration of the metal ion for bactericidal
activity but at a safe concentration for the host organism.203 In our
approach, we incorporated non-natural amino acid pyridyl alanine
into a peptide and used its power to coordinate Ag(I) ions in order
to release only small amounts of this metal into the solution. Using
pyridyl alanine for silver coordination provides a major benefit
over histidine and cysteine previously utilized in similar applica-
tions204,205 due to stronger association of Ag(I) with pyridyl
ligands. Additionally, the low pKa value of the non-natural amino
acid allows for operation at reduced pH values often found in heal-
ing wounds.206

Some hydrogels have inherently antimicrobial properties due to
gelation of AMPs. Schneider and Pochan labs developed peptides that
contain positively-charged residues (Lys, Arg) that self-assemble into
b-sheet rich hydrogels, which are active against both Gram-negative
and Gram-positive bacteria.207–209 We, and others, have demonstrated
that Arg-rich peptide-based hydrogels have antimicrobial and
fracture-healing properties.203,210
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A. Self-healing properties

Self-healing hydrogels have reversible cross-links and could be
injected.211,212 Injectable hydrogels represent a novel class of biomate-
rials with potential application in tissue engineering [Fig. 4(b)]. A
major advantage of peptide-based materials is biocompatibility, easy
incorporation of sequence modifications (such as cell adhesion motif
RGD); these materials can often be made biodegradable and antimi-
crobial. One of the strategies to prepare self-healing hydrogels is the
use of non-covalent cross-links, such as formation of metal complexes,
inspired by the material that mussels use underwater to adhere to sur-
faces.187,213–217 In addition to serving as a cross-link, metal ions can
confer antimicrobial properties onto peptide-based hydro-
gels.203–205,218 The observed self-healing behavior is likely due to the
plasticity of the coordination bonds between the metal and the pepti-
des and the absence of covalent cross-links. This opens the path for
delivery of the preset hydrogel into any wound shape using a syringe.

B. Stimuli-responsive peptide-based hydrogels

Biomaterials that change their properties in response to environ-
mental stimuli [Fig. 4(c)] are being increasingly studied for application
in regenerative medicine (also in wound healing). In addition to the
practical application of such materials, the fundamental knowledge
generated by studying switchable hydrogels will contribute to develop-
ment of the wider fields of dynamic nanomaterials, drug delivery, and
biosensing.219–222 While many hydrogels consist of polymers221,223–227

(natural or unnatural), here we will focus on hydrogels made from

peptides. Hydrogels have been designed to respond to various environ-
mental stimuli such as light, temperature, pH, enzymes, and redox
state.181,219,220,228–231 Peptide-based hydrogels often change their
supramolecular structure in response to pH. The peptide designed in
the Schneider and Pochan labs called MAX1 consists of alternating
valine and lysine residues; the latter are protonated at low pH
(Table I). Gelation of this peptide can be triggered by neutralization of
lysine residues through increasing the pH to 9.0.232 Peptide amphi-
philes consisting of histidine and serine amino acids and palmitoyl tail
were reported to form a hydrogel above pH 6.5 (233). The resulting
hydrogel has been demonstrated to be compatible with fibroblast
cells (fibroblasts are a major cell type involved in skin reparatory
processes234). A 21-residue helical peptide has been reported to form a
hydrogel in pH range 5.8–6.0235 that later has been modified to gel at
physiological conditions (pH¼ 7.4), giving a hydrogel nontoxic to
fibroblast cells.236 Antimicrobial peptide has been developed to
undergo a transition from a random coil to a hydrogel when exposed
to stimuli such as pH.237

The transition to hydrogel can be also caused by reduction-
oxidation. The most common example is formation of disulfide bonds
between peptides, which could be reduced by a number of reductants.
This strategy has been demonstrated using a cysteine derivative, which
formed a gel due to disulfide bond formation, but the gel decomposed
in the presence of reductant [tris(2-carboxyethyl)phosphine
(TCEP)].238 The Nilsson lab developed a peptide Ac-C(FKFE)2CG-
NH2 that cyclizes through disulfide bonding; however, when this bond
is reduced by TCEP, the peptide adopts a linear form and assembles
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FIG. 4. Hydrogels and the properties that make them attractive for biomedical application (including wound healing). (a) Peptide-based hydrogels could be made antimicrobial
through use of AMPs for gelation or incorporation of antimicrobial agents (NPs, metal ions, or antibiotics). (b) Self-healing hydrogels could be delivered by syringe. (c) Stimuli-
responsive hydrogels could change their state between liquid and gel in response to pH, light, temperature, redox state, or biological stimuli (enzyme).
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into hydrogel.239 Disulfide bond formation was also used to modulate
strength of another peptide-based hydrogel, formed by Ac-
E(CLSL)3E-NH2.

240 Disulfide linker has been developed to induce
gelation upon reduction by dithiothreitol (DTT) or glutathione
(GSH), and these gels could be used to support 3D culture of fibro-
blasts.241,242 Ferrocene (Fc) has also been used to create redox-
responsive hydrogels.219 The first hydrogel with Fc and redox response
has been developed by the Zhang group.243 The redox properties of Fc
were used to create a dipeptide-Fc that forms a gel upon reduction of
iron.244 Another example of a redox-triggered transition from hydro-
gel to solution is reported for Fc-VFF.245 Reduction of metal to modu-
late the gelation of peptide derivatives has been demonstrated by the
use of Ru(III)-tripeptide conjugate.246

The ferrocene complex with Trp dipeptide also has been shown
to be temperature-dependent, as cooling leads to gel formation but
heating dissolves the gel.244 Thermoresponsive materials have been of
great interest for medical use because physiological temperature
(37 �C) is common in many organisms and presents a convenient
point for phase transition, which could be used to release biomolecules
or cells. Another example of temperature-responsive gel came from
the Bing Xu lab, where it was reported that Fmoc-DA-DA peptide
formed a hydrogel at lower temperature, but higher temperature

induced dissolution of the gel.247 The Woolfson lab reported a design
of a-helical peptide dimer that displays transition to liquid with an
increase in temperature.248

Pochan and Schneider labs modified MAX1 peptide, replacing
one of the valines with cysteine that was photocaged by a-carboxy-2-
nitrobenzyl. Exposure of the resulting MAX7 peptide to light of
�300nm for 30min resulted in release of photocage and assembly of
peptide into a hydrogel. The surface of the hydrogel was shown to be
nontoxic to fibroblast cells,249 which is the first step for application in
wound healing. Another peptide-based hydrogel has been developed
to undergo cross-linking of the tyrosine in the presence of Ru complex.
After illumination with white light, the resulting hydrogel increases its
mechanical stability by 10,000-fold.250 Most of the light-sensitive
hydrogels need UV light to trigger the solution to gel transition, and
thus, application is limited due to low penetration of this light through
tissues. In comparison, near-infrared (NIR) light is less damaging and
can penetrate through tissues. The Messersmith lab developed a 16-
residue peptide (FEK16) that self-assembles into a hydrogel in
response to a photochemical trigger.251 When a mixture of peptide
and light-sensitive liposomes with Ca(II) was exposed to NIR light, the
vesicles became leaky and released Ca(II), which led to peptide
gelation.

TABLE I. Responsive system based on peptide hydrogels.

Entry Name Peptide sequence Stimulus References

1 MAX1 VKVKVKVK-VDPPT-KVKVKVKV pH 232
2 C16GSH SSSGGK�GGHHH, where K� is conjugated to a fatty acid pH 233
3 AFD36 LKELAKV LHELAKL VKEALHA pH 235, 236
4 ASCP1 (KIGAKI)3-T

DPPG-(KIGAKI)3 pH 237
5 — C(FKFE)2CG Redox 239
6 Pep5 E(CLSL)3E Redox 240
7 2 Nap-GFFYE-CS-EERGD, where Nap

is naphthalene and CS is cystamine succinate
Redox 241

8 — Fc-F Redox 243
9 1 Fc-(CO-WW-OMe)2 Redox, t� 244
10 1 Fc-(CO-VFF-OMe) Redox 245
11 3 (Nap-FFK)2-dicarboxyl-bipyridine-Ru Redox 246
12 1 Fmoc-DA-DA t� 247
13 hSAFQQQ K IQQLKQK IQQLKQE IQQLEQE NQQLEQ t� 248
14 MAX7CNB VKVKVKVK-VDPPT-KVKXKVKV,

where X is Cys(a-carboxy-2-nitrobenzyl)
Light 249

15 — FmocFFGGGY þ Ru(bpy)3
2þ Light 250

16 FEK16 (FEFEFKFK)2 þ Ca2þ-encapsulated vesicles Light, t� 251
17 2 Fmoc-Y(P�), where P� is phosphate AP 254
18 1 Nap-FF(KA�)Y(P�), where A� is azobenzene AP, light 255
19 — FF þ Fmoc-F Thermolysin 256
20 — FEFK Thermolysin 257
21 — GCRD-GPQGIWGQ-DRCG þ PEG MMP 258
22 PA1 (Palmitic acid)-GTAGLIGQES MMP 259
23 D1 Acceptor-AAPV-donor Elastase 260
24 4 PEG4-

DR-DR-DSP-LTPR-gelator Thrombin 261
25 MDP4 KSLSLSLRGSLSLSLK Collagenase 262
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Enzymes trigger hydrogelation by converting precursor into
active hydrogelator that undergoes self-assembly or enzymes can
degrade the existing hydrogel.252,253 One of the classic examples of
enzyme-triggered hydrogelation is the use of alkaline phosphatase
(AP), which hydrolyzes the phosphate group,254 a strategy that was
later expanded to create a peptide that forms a gel in response to both
AP and light.255 The enzyme thermolysin and reverse hydrolysis have
been used to form a bond between diphenylalanine peptide and
Fmoc-Phe to make a tripeptide hydrogel,256 which was also used to
drive self-assembly of tetrapeptide into an octapeptide that formed a
hydrogel.257 Hydrogels that can report protease activity have been
reported. An early example by the Hubbell group describes a matrix
metalloproteinase (MMP)-responsive hydrogel that consists of poly-
ethylene glycol (PEG) gel cross-linked with peptides.258 Hydrogels that
can indicate protease activity have also been reported in the litera-
ture.259 Later hydrogels have been reported for detection of MMP and
elastase,260 enzymes that are overexpressed in chronic wounds.
Enzyme-triggered gelation has been shown to detect protease activity,
and thrombin-activated gelation could be used to trigger artificial
blood clots.261 Another example of enzyme-sensitive hydrogel was
provided by the Hartgerink lab.262 Incorporation of enzyme-sensitive
motif into peptide sequence allowed to obtain hydrogel sensitive to
degradation with collagenase IV and MMP-2.

C. Wound-healing applications

Antimicrobial hydrogels not only treat infection but also provide
a moist hydrated environment to facilitate wound healing;263,264 thus,
hydrogels that inherently retain moisture have been successfully used
in wound dressings.227,265–268 In addition to being antimicrobial,
hydrogels should also possess self-healing properties, which would
allow them to be delivered using a syringe and re-anneal in the wound
bed. One of the advantages of using peptides over polymeric materials
is ease of RGD motif incorporation. RGD269–271 is an integrin binding
sequence present in extracellular matrix (ECM) proteins, which has
been widely utilized to enhance cell adhesion toward mammalian
cells.272–278 For example, peptide RADA16 has been functionalized
with RGD, and the resulting hydrogel helps proliferation and migra-
tion of the skin cells279 (fibroblasts and keratinocytes). Short peptides
functionalized with RGD also have been shown to form a hydrogel
that promotes adhesion of fibroblasts and subsequent cell spreading
and proliferation.275 The use of self-healing peptide-based hydrogels is
a relatively new area of research, and their application in wound heal-
ing is limited.280 Several peptide-based hydrogels for cell encapsulation
have been developed by the Schneider and Pochan labs and demon-
strated to be nontoxic to mesenchymal stem cells.281 Short peptide-
based hydrogels with self-healing properties have been reported for
primary cortical neuron transplantation. Most cells were live after the
injection of cells in hydrogel.282 Although the latter hydrogel has been
designed for neurological injury repair, it shows that self-healing pep-
tide-based hydrogels present a good scaffold for cell delivery. Peptide-
based hydrogel formed from MAX1 peptide has been shown to be
cytocompatible with fibroblasts, even supporting cells without serum
in the media.283

The integration of protease-sensitive peptides into the hydrogel
was shown by the Hubbell lab. Incorporation of peptides had resulted
in faster decomposition of the hydrogels upon exposure to MMP and

resulted in increased fibroblast spreading and invasion, important
properties for wound-healing application.284

IV. PEPTIDE-MODIFIED SURFACES

There is a significant body of literature regarding the functionali-
zation and modification of surfaces for specific applications, which has
been a major focus of materials scientists for years. These surface mod-
ifications range from metals to small organics to large proteins.
Similarly, the applications of these modified surfaces include photovol-
taics, biosensors, antimicrobials, and electron conductors, among
others.285–288 These surface coatings are another emerging area for the
application of AMPs.

In general, modifications of surfaces to impart antimicrobial
properties are of great interest to the medical device community.
Providing an antimicrobial surface on hospital devices and surfaces is
known to reduce and prevent the spread of nosocomial infections in
the healthcare setting.289,290 Metal and metal-alloy coatings on medical
devices have been widely studied using metals such as gold, silver, cop-
per, and zinc.289–295 These coatings are usually very thin films but,
depending on the substrate material and coating methodology, may
result in changes to material properties of the device or ineffective
adhesion to the device. This avenue of investigation was further
expanded to include silver nanoparticles, which have also shown some
success.296 Notably, some metallic coatings present an issue of cytotox-
icity, which has limited wider application of these coatings.297 Polymer
coatings are another alternative to impart antimicrobial character to a
surface. These can be inherently antimicrobial or can be a suitable
matrix to store and deliver another molecule that exerts antimicrobial
activity. Polymers such as PEG and heparin have been demonstrated
to resist bacterial adhesion and biofilm formation.298,299 Inert porous
polymer materials have been loaded with antimicrobials such as chito-
san, biosurfactants, or traditional small-molecule antimicrobials300–302

as well as have been covalently modified to attach antimicrobial
functionalities.303

Peptide and protein interactions with surfaces have long been an
interest, both in creating protein-functionalized surfaces and in the
prevention of nonspecific protein binding to a surface. Peptides have
been used as a functional material adhered to surfaces to promote tis-
sue adhesion, act as biosensors, promote biocompatibility of implanted
medical devices, and serve as components of semiconductors.288,304–307

In the context of antimicrobial surfaces, the attachment of AMPs to a
material surface has been of great interest to many research groups,
primarily because it avoids one of the major roadblocks facing AMP
translation into clinical application: delivery. These functionalized sur-
faces could provide a long-lived, biocompatible, antimicrobial surface
with little concern of local resistance development.

When discussing any peptide-functionalized surfaces, the first
aspect is surface chemistry and the method by which the peptide is
attached to the surface. Naturally, this depends on the surface material
and chemistry, but is also often limited by the functional groups avail-
able in the peptide. As most helical AMPs require facile amphiphilicity
for antibacterial activity, disrupting this 3D orientation would impede
function. Gold has been widely used as a surface material in both elec-
tronic and medical devices and is thus a common material for func-
tionalization by proteins or peptides. Covalent attachment of peptides
and proteins to gold surfaces is often achieved using gold functional-
ized with maleimide reactive groups, which react with the sulfhydryl
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of Cys residues forming a stable thioether linkage;308 however, an oxi-
dized gold surface can also react directly with Cys, forming an Au–S
bond.309 Single-walled carbon nanotubes (SWCNTs) have also been
functionalized with proteins and peptides, both covalently and non-
covalently.310 Chemically harsh treatments are required to introduce
carboxyl groups to the SWCNT structure, allowing reaction with pep-
tide amine groups. Generally, non-covalent methods are preferred for
SWCNTs, as the introduction of the reactive carboxyls often interferes
with the materials properties of the SWCNT.311–313 Instead, patterned,
designed, non-covalent interactions between peptides and SWCNTs
can be used as a scaffold for further protein binding.43,314 Polymer-
based materials have inherently more chemical flexibility, which is
determined by the polymer matrix and any additives. The chemical
attachment of peptides to a polymer material is inherently dependent
on the functional groups present in the polymer but is also open to
introduction of small amounts of reactive monomers to allow func-
tionalization. Some groups have taken an approach similar to the non-
covalent coating of SWCNTs by adsorbing a layer of bulk protein onto
the polymer surface, which is then used as the platform for attachment
of peptides of interest,315,316 while other groups rely on porous poly-
mers to imbed peptides within the matrix.317–319

The fabrication of AMP-modified surfaces is taking advantage of
all of the approaches mentioned above. Cys and DOPA residues,
respectively, can directly bind metal surfaces such as gold and tita-
nium. Cecropin P1 was shown to retain 3D structure upon binding to
gold surfaces, while the peptide Tet-124 efficiently bound to Ti surfa-
ces but lost activity upon binding.320,321 The peptide minTBP-1 has
been shown to promote binding to titanium surfaces, and AMPs con-
jugated to the minTBP-1 motif retained antimicrobial efficacy.322

More recently, the one-pot synthesis of P-13 AMP-modified silver
nanoparticles was reported and demonstrated both enhanced antimi-
crobial activity and reduced cytotoxicity,323 while similar results were
shown for a synthetic AMP attached to a silver nanoparticle via click
chemistry.324 AMPs have also been modified to attach to silver nano-
particles using a peptide-polymer linker (see below). This is especially
promising as there have been several reports in the literature regarding
synergistic interactions between silver and AMPs.325,326

Polymeric materials are also very widely studied, primarily
because of the sheer volume of applications that polymers and plastics
have in manufacturing. Embedding of AMPs within electrospun fibers
of poly(ethylene oxide) (PEO) mixed with polycaprolactone (PCL) or
poly(D,L-lactide) (PDLLA) have shown to be effective in the encapsula-
tion, release, and delivery of active AMPs using a number of different
AMP sequences.317,327–329 Other approaches use a polymer layer-by-
layer assembly in which the AMP is physically deposited between
layers of polymers such as alginic acid, poly(-amino ester), chondroitin
sulfate, or poly(methylmethacrylate).330,331 The insect-derived AMP
Ponericin G1 showed significant efficacy and good release profiles
using this approach.330 Similar to the protein layers described above,
poly(DOPA-r-PEGMEMA-r-FuMaMA) [dopamine methacrylamide
(DOPA), furan-protected maleimide methacrylate (FuMaMA), and
poly(ethylene glycol) methyl ether methacrylate (PEGMEMA)] poly-
mers have been applied as the coating agent in which dopamine bound
directly to a titanium substrate, and the maleimide was used to bind a
Cys in the AMPs.332 However, the most widely studied approach is
direct covalent attachment of AMPs to polymeric materials. One com-
mon approach, providing the appropriate polymeric reactive groups,

is to directly modify the polymer surface with the peptide. Four differ-
ent peptides (melimine, lactoferricin, LL-37, and Mel-4) were directly
linked to poly-hydroxyethylmethacrylate (pHEMA) surfaces and
retained activity and did not result in cytotoxicity.333 The peptide
GL13K was attached to a Ti microgrooved surface that was subse-
quently silanized. This coating retained antimicrobial activity but also
promoted adhesion and patterned growth of human gingival fibro-
blasts.334 Another example demonstrated that the AMP E6 was conju-
gated to polyurethane catheter surfaces that were first modified with
the brush copolymer PDMA-co-APMA [N,N-dimethylacrylamide
and N-(3-aminopropyl)methacrylamide hydrochloride, respectively].
This copolymer-brush coupled to the E6 peptide significantly reduced
infections in a murine urinary tract infection model and showed no
indications of cytotoxicity.335 An alternative approach to functionaliz-
ing poly(urethane) surfaces was achieved by adding mixed poly(3-
[dimethyl-[2-(2-methylprop-2-enoyloxy)ethyl]azaniumyl]propane-1-
sulfonate) (PDMAPS) and poly(methacrylic acid) (PMAA) brushes to
which the AMP HHC36 was covalently attached. This mixed-polymer
brush coating retained in vitro and in vivo anti-infective activity while
exhibiting good biocompatibility.336

PEG is a very commonly used polymeric linker between the pri-
mary surface because of the favorable biocompatibility, FDA approval
for use in humans, and the compatibility with peptide synthetic chem-
istry methods. Soluble compounds of AMPs modified with PEG have
shown enhanced activity for the peptide Maximin H5.337 The AMP
KR12 was attached to a PEG linker that was bound to a carbohydrate
sponge and was shown to have broad-spectrum antimicrobial activity
over a multi-day period.338 Similarly, the AMP 6K8L was attached to a
polystyrene surface using a PEG linker and exhibited both broad-
spectrum activity and a robust performance over a wide range of pH
and temperature conditions.339 Recent work has also demonstrated
the synthesis and efficacy of multifunctional peptides attached to silver
nanoparticles. This work demonstrated the targeted use of the PEG-
modified AMP tachyplesin-1 coupled to a protease cleavage sequence
that linked the PEG peptide to the nanoparticle.340

Taken together, AMPs appear to have multiple available routes
for surface modification toward development of antibacterial surfaces.
These hybrid approaches using non-natural amino acids, polymers,
and other linkers are generating renewed interest in AMPs as func-
tional material components.

V. FUTURE PERSPECTIVE

One of the most challenging aspects of translating AMPs into
clinical application has been the fact that AMPs are, inherently, too
biocompatible. These molecules can be broken down and degraded
before ever reaching the target site of infection. In response, research-
ers have developed approaches using non-natural amino acids and
peptidomimetics, hydrogels, and surface modification approaches to
facilitate the application of these effective and selective AMPs for infec-
tion control. In many cases, these approaches overlap, combining
effective methods to enhance antimicrobial activity and biocompatibil-
ity. The most successful applications leverage the inherent properties
that drive antimicrobial activity in the peptides, namely, cationic and
amphiphilic properties, with physical or chemical modifications that
enhance delivery or reduce protease sensitivity.

There are still a number of poorly understood aspects of AMPs
that need significant further research to develop into a mature field.
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First, greater clarity on the mechanism of action and how amino acid
sequence length, composition, and properties determine the mecha-
nism of action is necessary. This will allow for greater control over
activity in designed peptides and peptidomimetics, allowing for tai-
lored applications. Next, the role of structural and dynamic plasticity
in these molecules is also of interest, specifically relating to the applica-
tions where the AMPs may be physically tethered or restricted by
another material. Does this limit the ability of the AMP to adopt the
“active” 3D structure, interact with the bacterial membrane, or access
internal cytoplasmic targets and thereby limit the efficacy?

Overall, while AMPs have struggled to find widespread efficacy
in the clinic as stand-alone antimicrobial therapeutics, the expansion
of these molecules as components of materials appears to be a poten-
tial avenue for success. The ongoing work in this field will undoubtedly
bring AMPs into new clinical trials in the near future.
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