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Antimicrobial peptides (AMPs) are potent, mostly cationic, and amphiphilic broad-spectrum host defense anti-
microbials that are produced by all organisms ranging from prokaryotes to humans. In addition to their antimi-
crobial actions, theymodulate inflammatory and immune responses and promotewound healing. Although they
have clear benefits over traditional antibiotic drugs, their wide therapeutic utilization is compromised by con-
cerns of toxicity, stability, and production costs. Recent advances in nanotechnology have attracted increasing in-
terest to unleash the AMPs’ immense potential as broad-spectrum antibiotics and anti-biofilm agents, against
which the bacteria have less chances to develop resistance. Topical application of AMPs promotes migration of
keratinocytes and fibroblasts, and contributes significantly to an accelerated wound healing process. Delivery
of AMPs by employing nanotechnological approaches avoids themajor disadvantages of AMPs, such as instability
and toxicity, and provides a controlled delivery profile together with prolonged activity. In this review, we pro-
vide an overview of the key properties of AMPs and discuss the latest developments in topical AMP therapy using
nanocarriers. We use chronic hard-to-heal wounds—complicated by infections, inflammation, and stagnated
healing—as an example of an unmet medical need for which the AMPs’ wide range of therapeutic actions
could provide the most potential benefit. The use of innovative materials and sophisticated nanotechnological
approaches offering various possibilities are discussed in more depth.

© 2021 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Antibiotics, from their discovery in the 1940s onwards, have revolu-
tionized medicine and provided cures for several serious or fatal infec-
tious diseases. Unfortunately, their widespread, uncontrolled, and
irrational use has promoted the development of drug-resistant micro-
bial strains. The increasing presence of resistant pathogens contributes
to a prolonged and complicated disease course, and eventually treat-
ment failures, thus compromising our seemingly successful fight against
infections (Ventola, 2015). Furthermore, the growth of pathogenic mi-
croorganisms as biofilms, complex communities of microbial cells
enclosed in their self-produced matrices, increases the pathogens’ abil-
ity to repel and tolerate antimicrobial regimens. This fuels infections to
become chronic, untreatable, and fatal. The public health threat of in-
creasing antimicrobial resistance (AMR) urgentlywarrants the develop-
ment of new antibiotics and therapies to fight microbial infections,
disrupt biofilms, and prevent any opportunistic infections arising from
antibiotic therapy-induced breakdown in the balance of a healthy and
diverse microbial ecosystem (Bjarnsholt, 2013).

Skin wounds are practically always contaminated with microbes,
but infection occurs only when the host defense mechanisms are
overwhelmed by microbial virulence and growth (Bowler, Duerden,
& Armstrong, 2001). Wound colonization is usually polymicrobial
and combines aerobic and anaerobic microorganisms. The leading
bacterial species present in wound infections are Staphylococcus au-
reus, Pseudomonas aeruginosa, Escherichia coli, and enterobacteria
(Berríos-Torres et al., 2017). Prolonged inflammation, recurrent mi-
crobial infections, and drug-resistant biofilms complicate chronic
non-healing wounds (Rahim et al., 2017). From the beginning of
the millennium, wound infections have been increasingly populated
bymethicillin-resistant S. aureus (MRSA). This has causedworldwide
surges in wound complications such as progressive necrotizing
damage to the surrounding tissue and bacteremia (Demling &
Waterhouse, 2007).

Antimicrobial peptides (AMPs), also termed host defense peptides
(HDPs), are widely expressed in prokaryotes and eukaryotes (Huan,
Kong, Mou, & Yi, 2020). Some of the common motifs of AMPs have
been dated back in evolution at least 500 million years (Zhu & Gao,
2013). In epithelia, AMPs are produced in response to pathogens to pre-
serve surface integrity and prevent any opportunistic infections in the
host. In skin cells, and especially in epidermal keratinocytes, the produc-
tion of AMPs is induced in response to microbial stimuli (Brandwein,
Bentwich, & Steinberg, 2017). Thus, in infected wounds, AMPs, such as
defensins and cathelicidins, are a crucial part of the skin’s active defense
mechanism (Pasupuleti, Schmidtchen, & Malmsten, 2012). Moreover,
AMPs have also immunomodulatory actions and aid in wound healing
(Pfalzgraff, Brandenburg, & Weindl, 2018)—a multi-level cascade in-
volving hemostasis, inflammation, and tissue remodeling (Rousselle,
Montmasson, & Garnier, 2019). Beginning from the very first identifica-
tion of an AMP, lysozyme by Alexander Fleming in the 1920s, the ther-
apeutic potential and applications of AMPs have fascinated both the
medical and scientific communities. However, the therapeutic efficiency
of AMPs is considerably compromised by their rapid degradation and
cytotoxicity at high concentrations.

In this review, we guide the reader through the actions of AMPs by
using wounds, especially chronic hard-to-heal wounds, as an example.
Such stagnated wounds are usually complicated by perturbations in in-
fection clearance and inflammation control, and as such they are well
suited for deconstructing the variety of actions of AMPs. Moreover, we
2

review the promising current advances in nanotechnology for the ther-
apeutic utilization of AMPs.

2. AMPs in the human skin host defense response: defensins and
cathelicidins

Skin acts as a physical barrier against pathogens (Brandwein et al.,
2017). AMPs are widely expressed in human skin under normal condi-
tions. As key effectors of the innate immune system, their expression is
induced in response to tissue damage or infections (Fig. 1). Two major
categories of AMPs are found in humans: defensins and cathelicidins
(Ganz, 2003). The defensins belong to the protective class of AMPs
found in keratinocytes, but also in epithelial cells of the gut and
respiratory-tract. The eukaryotic defensins can be divided according to
their structure into four groups containing 1) cysteine-free helices,
2) extended cysteine-free helices, 3) loop structures with one disulfide
bond, or 4) sheet structures with two or three disulfide bonds. The
defensins found in mammals belong to the latter group. They are
18–45 amino acid long, and are further classified into α, β, or θ subcat-
egories according to their molecular structural differences. In general,
their three disulfide bonds between six cysteine residues provide the
basis for distinctive surface and molecular interactions as well as anti-
microbial activity against different microorganisms (Schneider,
Unholzer, Schaller, Schäfer-Korting, & Korting, 2005). The α defensins,
also known as neutrophil peptides, were originally characterized in bo-
vine polymorphonuclear leucocytes (Selsted et al., 1993). In humans,
there are fiveα defensin genes that produce six types of human neutro-
phil peptides, HNP 1–6. The first four peptides (HNP1–4) are present in
neutrophils while HNP5 and 6 are located in the Paneth cells of the
small intestine (Lehrer & Lu, 2012). The human β-defensins (hBDs),
on the other hand, are four in number and, interestingly, are activated
in different layers of the skin. The human β-defensin 1 (hBD1) was
first found in a plasma filtrate from renal disease patients (Bensch,
Raida, Mägert, Schulz-Knappe, & Forssmann, 1995). It is expressed con-
stitutively and almost ubiquitously in all epithelia, including epithelia of
the skin, salivary glands, oral mucosa, urogenital tract, trachea, cornea
and colon. The hBD2 and 3 were recovered from the flakes of psoriatic
skin representing their role in defense and, besides skin, are also
expressed in the gastrointestinal and respiratory tracts (Harder,
Bartels, Christophers, & Schröder, 1997). High expression of hBD4 was
identified in neutrophil granulocytes, urogenital tissues, stomach and
thyroid. The hBD2 is inducible by inflammatory (e.g. interleukin-1)
and bacterial stimuli (e.g., live Pseudomonas aeruginosa). Moreover,
the state of cell differentiation (Liu et al., 2002) and inflammatory acti-
vation of lymphocytes or monocytes can affect hBD2 production
(Sørensen et al., 2005). hBD3, on the other hand, is inducible selectively
by interferon-γ. All hBDs promote chemotaxis of leukocytes, but differ
in their cell type selectivity (Röhrl, Yang, Oppenheim, & Hehlgans,
2010) (García et al., 2001). Production of hBD2–4 accelerates wound
healing through epidermal growth factor receptor (EGFR)-stimulated
keratinocyte migration (Niyonsaba et al., 2007).

Cathelicidins are a group of small cationic AMPs that vary by their
amino acid structure, size, and sequence. Although approximately thirty
cathelicidins have been identified in mammals, only one cathelicidin
has been discovered in humans (Kościuczuk et al., 2012). The
cathelicidins are generally produced by neutrophil granulocytes
(Sørensen, Arnljots, Cowland, Bainton, & Borregaard, 1997). For activa-
tion, they require cleavage and release of the functional C-terminal frag-
ments (Vandamme, Landuyt, Luyten, & Schoofs, 2012). The human



Fig. 1.Distribution of different antimicrobial peptides (AMPs) across human skin (Nakatsuji & Gallo, 2012). Key: hBD, humanβ defensin; HNP, humanneutrophil peptide; CGRP, calcitonin
gene-related peptide; SLPI, secretory leucocyte protease inhibitor; alpha-MSH, α-melanocyte-stimulating hormone; S100A7, psoriasin; S100A8/9, calprotectin; S100A15, koebnerisin;
S100, S100 family peptides with calcium-binding sites.
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cathelicidin, cationic antimicrobial protein (hCAP18), is cleaved by ser-
ineproteases (Kahlenberg &Kaplan, 2013) to release its 37-amino-acid-
long C-terminal peptide called LL-37 (Kościuczuk et al., 2012; Sørensen
et al., 2001). LL-37 forms an amphipathic helical structure and acts as
broad-spectrum antimicrobial (Turner, Cho, Dinh, Waring, & Lehrer,
1998). The peptide is mainly located in the epithelia of the skin, gastro-
intestinal and respiratory tracts as well as in inflammatory cells. LL-37
helps in controlling infection through antimicrobial action by binding
to and neutralizing lipopolysaccharides (LPS) and modulating the in-
flammatory process (Dürr, Sudheendra, & Ramamoorthy, 2006). Mice
with deletions in cathelicidin genes (e.g. Camp and Cnlp) show poor
skin immune responses and defense against skin infections e.g. by the
group A Streptococcus (GAS) (Nizet et al., 2001).

The cathelicidin LL-37 and hBDs are important functional compo-
nents of our innate immune system and are active against a wide
array of skin pathogenic microorganisms (Reinholz, Ruzicka, &
Schauber, 2012). The absence or deficiency of these effector molecules
contributes to the development of such skin conditions as atopic derma-
titis, eczema and psoriasis (Ong et al., 2002).

Apart from defensins and cathelicidin, many other antimicrobial
molecules also provide immunity in skin infections, including protein-
ase inhibitors, chemokines, neural proteins/peptides, neuropeptides,
and enzymes. For example, RNAase 7 is a 14.5 kDa antimicrobial ribonu-
clease active towards Gram-positive andGram-negative bacteria aswell
as fungi (Harder & Schröder, 2002). Dermcidin, on the other hand, is a
47 amino acid peptide secreted by sweat glands and transported to epi-
dermal surface. It has also been shown to have antimicrobial activity
against both microbial and fungal skin infections (Schittek et al.,
2001). Inflammatory conditions, such as psoriasis, can lead to the pro-
duction and expression of psoriasin (S100A7) in keratinocytes
(Algermissen, Sitzmann, LeMotte, & Czarnetzki, 1996). The expression
of S100A7 and other S100 protein family members is found in the epi-
dermis aswell as scattered across the sebaceous glands andhair follicles
(Eckert et al., 2004; Alowami, Qing, Emberley, Snell, & Watson, 2003).
S100A7 exerts its bactericidal activity by sequestration of Zn2+ (Lee &
3

Eckert, 2007) or pH-dependent permeabilization of bacterial mem-
branes (Michalek et al., 2009). It also increases production of chemotac-
tic agents that stimulate migration of neutrophils and T-lymphocytes
(Jinquan et al., 1996). Sequestration of zinc-ions has also been described
as the basis for antimicrobial activity of S100A8/A9, calprotectin
(Sohnle, Hunter, Hahn, & Chazin, 2000). In concert with these findings,
other members of the S100 protein family have been shown to harbor
antimicrobial and immunostimulatory activities against invading mi-
croorganisms aswell (Zackular, Chazin, & Skaar, 2015). The enzyme, ly-
sozyme (14–15 kDa) is a peptidoglycan hydrolase present in human
skin. It is abundant in the epidermis and provides the human skin
with gram positive bacterial cell wall peptidoglycan breakdown activity
of approximately 85 and 195 μg/g wet weight (Niyonsaba & Ogawa,
2005; Papini, Simonetti, Franceschini, Scaringi, & Binazzi, 1981). Inter-
estingly, lysozyme-derived peptides have also been shown to have anti-
bacterial properties independent of lysozyme enzymatic activity (Nash,
Ballard, Weaver, & Akinbi, 2006). The iron-binding glycoprotein
lactoferrin, secreted by glandular epithelial cells in the skin, exhibits
anti-inflammatory and anti-infective properties (Takayama & Aoki,
2011), and its expression has been reported to be induced in
keratinocytes and lymphocytes during an acute phase innate immune
reaction (Lindford et al., 2021). Inflammatory reactions are also regu-
lated by neuronal activity, for example through the production of neu-
ropeptides that cause vasodilation, plasma extravasation, and
inflammatory cell recruitment (Luger & Lotti, 1998). The neuropeptides
substance P, calcitonin gene-related peptide, neuropeptide Y, and vaso-
active intestinal peptide have been demonstrated to have antimicrobial
activity (El Karim, Linden, Orr, & Lundy, 2008).

Released at sites of extensive cellular damage (Silk, Zhao, Weng, &
Ma, 2017), extracellular histones work together with AMPs, such as
LL-37, to affect bacterial membrane permeability, DNA or RNA binding,
LPS binding, and killing of microorganisms by neutrophil extracellular
traps (NETs) (Doolin et al., 2020; Kawasaki & Iwamuro, 2008). As our in-
nate immune system’s first responder cells, the neutrophil granulocytes
have evolved multiple ways of microbial killing. They target their



Fig. 2. Representation of immunomodulation and cellular cross-talk with mediators and
receptors by antimicrobial peptides (AMPs) during wound healing. The inflammation
occurs by formyl peptide receptor-like 1 (FPRL1) receptor acting as chemoattract for
neutrophils, monocytes, and T cells (Yang et al., 2000; Tjabringa et al., 2003). For
example, the LL-37 AMP acts in various ways in the host immune system. These include
direct binding to immune ligands, competition of immune ligand receptor binding and
binding to surface receptors, such as FPR2 (FPRL-1), EGFR, and ERBb2 (Kuroda,
Okumura, Isogai, & Isogai, 2015). The permeability of apoptotic leukocytes controlled by
LL-37 can result in shifts of proinflammatory signals during the inflammatory process
(Björstad et al., 2009). Key: TLR, Toll-like receptors; LPS, lipopolysaccharide; P2X7, P2X
purinoceptor 7; EGFR, epidermal growth factor receptor; FPRL-1, formyl peptide receptor-
like 1; MAPK, mitogen-activated protein kinase; hBD-2/3, human β defensins; HNP1-4,
human neutrophil peptides; NFκβ, nuclear factor-kappa; Ca2+, calcium; TNF α, tumor
necrosis factor-alpha; Src-dependent Raf MEK1/2 ERK pathway, signaling pathway
following RAF kinases.
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actions both extracellularly and to specific granules, that upon fusion,
concentrate antimicrobial actions on intracellular phagosomes. Neutro-
phils also produce reactive oxygen species (ROS), AMPs, and with the
help of myeloperoxidase (MPO) enzymes produce toxic antimicrobial
intermediates to fight infections (Nauseef, 2014). NETosis is a specific
form of cell death or self-sacrifice of neutrophils (Thiam, Wong,
Wagner, & Waterman, 2020). It results in the formation of cobweb-
like NETs enriched with antimicrobial activity, including histones,
AMPs, and MPO (Brinkmann et al., 2004). Biological utilization of
AMPs suggests that they are most active when targeted at high concen-
trations and acting in synergism with other antimicrobial approaches.

3. Immunomodulatory actions of AMPs

In addition to their activity towards outside invaders, AMPs also
modify many host responses. They have dominant effects on the im-
mune system and in repair of tissue damage. Such activities of AMPs
involve the modulation of inflammation signaling pathways, T-cell
responses, differentiation of macrophages and dendritic cells,
wound repair (Heilborn et al., 2003) and apoptosis (Barlow et al.,
2010). Specifically, one identified mechanism of AMPs involves sup-
pression of LPS-induced inflammation and reduction of NFκβ activity
as well as cytokine secretion (Håversen, Ohlsson, Hahn-Zoric, Han-
son, & Mattsby-Baltzer, 2002). Moreover, AMPs can form complexes
with immune ligands such as double-stranded nucleic acids, single-
stranded RNA or bacterial surface molecules to modulate or enhance
their receptor-mediated host cell responses. Several down-stream
immunomodulatory activities have been assigned to AMP binding
to either immune cell receptors or immune ligands (Lee, Lee, &
Wong, 2019). These include regulation of phagocytic activity (Wan
et al., 2014), effector-molecule recruitment, chemotaxis (Tjabringa,
Ninaber, Drijfhout, Rabe, & Hiemstra, 2006), bacterial killing (Lee
et al., 2019) and endotoxin-neutralizing activity. Importantly, AMPs
can counterbalance excessive and damaging, even systemic, proin-
flammatory responses (Mahlapuu, Håkansson, Ringstad, & Björn,
2016).

Complex inter-regulatory networks contribute to a successful host
defense, controlled inflammatory activity and immune response.
AMPs participate in this regulation by interacting with the receptors of
immune-effectors, growth factors and chemokines (Fig. 2). Reciprocally,
certain growth factors, such as insulin-like growth factor 1 (IGF1) and
transforming growth factor-alpha (TGFα), stimulate the expression of
AMPs, for example LL-37 and hBD-3 (Pivarcsi, Nagy, & Kemeny, 2005;
Seeger & Paller, 2015). LL-37 has profound effects in controlling the
LPS induced pro-inflammatory mediators and combating infection
through 1) inhibition of LPS-facilitated nuclear factor kappa beta
(NFkβ); 2) altering the transcription of proinflammatory cytokines
and other proinflammatory genes; 3) modulation of the activation of
mitogen-activated protein kinase (MAPK) and phosphoinositide-3-ki-
nase (PI3K) signaling pathways; 4) inactivation of LPS through direct
binding and neutralization; and 5) decreasing the LPS-induced produc-
tion or secretion of pro-inflammatory mediators TNFα and IL6 (Hilchie,
Wuerth, & Hancock, 2013).

The evolutionarily conserved nature of AMPs manifests as their ac-
tivity across species. AMPs from other animals, insects, andmicroorgan-
isms as well as AMPs generated through chemical synthesis have
immunomodulatory effects in humans. For example bovine lactoferrin
andmicrobial nisin A have been shown to suppress inflammatory reac-
tions in LPS-activatedhuman keratinocytes, endothelial cells andmono-
cytes (Mattsby-Baltzer et al., 1996;Mouritzen, Andrea, Qvist, Poulsen, &
Jenssen, 2019). In general, AMPs exert dominant control over immuno-
logical responses at the interface of innate and adaptive immunity in an
interspecies conserved manner (Lai & Gallo, 2009), and thus a wide va-
riety of AMPs hold therapeutic potential for the treatment of chronic
wounds and wound infections.
4

4. Cellular toxicity and selectivity of AMPs

To enter clinical use as novel pharmaceutical preparations, AMP de-
livery should ideally be widely therapeutic and nontoxic tomammalian
cells. In theory, AMPs show selective toxicity only towards bacterial
cells and cationic AMPs do not interact with the eukaryotic host cells
due to their positive charge and amphiphilic nature. AMPs disrupt bac-
terial cell membranes and induce death of bacteria through self-
assembly, by inducing conformational changes or more commonly by
electrostatic or hydrophobic forces with the negatively charged lipids
present on the bacterial membrane (Galdiero et al., 2013). In practice,
and despite the neutral or zwitterionic lipids present on mammalian
cell surface, high spiking concentrations and repeated administration
required for the antimicrobial effectivity of free AMPs results in loss of
selectivity, binding and disruption of mammalian cell membranes.
Physicochemical features of AMPs such as charge, hydrophobicity
(Edwards, Elliott, Kavanagh, Blaskovich, & Cooper, 2017) and structure
are the main determinants for both their antimicrobial activity and
host cellular interactions (Pirtskhalava, Vishnepolsky, Grigolava, &
Managadze, 2021). Uncontrolled AMP delivery is thus associated with
local and systemic cytotoxicity (Falagas & Kasiakou, 2006;Dijksteel,
Ulrich, Middelkoop, & Boekema, 2021; Eckert, 2011; Hansen, Schäfer,
Knappe, Seibel, & Hoffmann, 2012; Magana et al., 2020; Marr,
Gooderham, & Hancock, 2006). Moreover, development of novel AMPs
with wider therapeutic indexes to prevent such untargeted adverse
host interactions has proven to be challenging (Aoki & Ueda, 2013).
Some advances to obtain increased bacterial selectivity have, neverthe-
less, been made with different strategies. For example, reducing AMP
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hydrophobicity helps to decrease their haemolytic toxicity (Chen et al.,
2007). Increased hydrophobicity of AMPs, such as identified in the frog
skin-derived AMP magainin, leads to higher affinity interactions with
bacterial cell membranes and enhanced bacterial killing (Tachi, Epand,
Epand, & Matsuzaki, 2002). Reduced toxicity is also achievable through
such structural and chemical modifications as introduction of D-amino
acids, cyclization, fluorinated amino acids and PEGylation (Matsuzaki,
2009). For example, substitution of the 15th amino acid threonine to ser-
ine in the insect-derived thanatin yields analogous S-thanatin, which
demonstrates high bacterial cell selectivity and broad antibacterial ac-
tivity (Wu et al., 2010). Unfortunately, results from in vitro toxicity test-
ing are methodologically highly variable and often do not correlate to
clinical situations (Greco et al., 2020). Nanocarrier controlled release
systems have emerged promising for sustained and concentration-
controlled AMP delivery methods that can circumvent the high-
concentration-spikes-associated toxicity accompanying more tradi-
tional and repeated free AMP delivery methods. Examples of such sys-
tems are provided in paragraph: “Novel nanocarrier delivery strategies
with AMPs and their significance”.

5. AMPs in wound infections and their mechanisms of action

Wounds compromise the skin’s barrier to the environment. Mi-
crobes are almost always present in skin wounds. Chronic, non-
healing wounds are characterized by failure of the host tissue to gain
control over the scene through coordination of intrinsicmicrobial killing
mechanisms, inflammation and immune responses. In patients suffer-
ing from chronic wounds, this setting is usually further compromised
by poor arteriovenous and lymphatic circulations, impaired innervation,
both local and systemic defects in metabolic control and formation of
drug resistant microbial biofilms (FrykbergRobert, 2015). In all their
complexity, such hard-to-heal infectedwounds emerge as optimal ther-
apeutic targets for AMPs with broad-spectrum antimicrobial activities
and immunomodulatory actions. Table 1 lists examples of AMPs and
their antimicrobial potential as candidates for wound infection treat-
ment.

AMPs have antimicrobial activity against microbial biofilms (Di
Somma, Moretta, Canè, Cirillo, & Duilio, 2020), and the microbes less
likely establish resistance to AMPs than to antibiotic drugs. This activity
has mainly been attributed to the AMPs’mode of action, combined kill-
ing and antigen neutralization, independent of microbial structure dy-
namics (Batoni, Maisetta, Lisa Brancatisano, Esin, & Campa, 2011;
Pulido, Nogués, Boix, & Torrent, 2012). Hence, the AMPs' mechanisms
of action are independent of bacterial metabolic processes in contrast
to antibiotics which utilise the microbes’ metabolic machineries for
their antimicrobial action. AMPs mainly interact with the bacterial cell
membranes causing pore formation and leakage of cellular components.
Classically, the activity of AMPs involves electrostatic interactions be-
tween their positive amino acid residues and negatively charged bacte-
rial surfaces (Kumar, Kizhakkedathu, & Straus, 2018). The membrane
lipid composition (anionic, cationic, or zwitterionic lipids) can deter-
mine the susceptibility of the bacteria to the action of certain antimicro-
bial agents (Epand & Epand, 2011). Moreover, the surface charge,
amino-acid composition, peptide structure, and peptide/lipid ratio
play roles in this interaction (Li et al., 2017). The AMP-bacteria interac-
tions are illustrated in Fig. 3, and include: barrel stave, carpet model
(Yang, Harroun,Weiss, Ding, &Huang, 2001), toroidal pore, and electro-
poration (Sengupta, Leontiadou, Mark, & Marrink, 2008). Oxidized
phospholipids are high affinity targets for AMPs and they increase
AMP adsorption to bacterial surfaces. The coupling of peptides and an-
ions with subsequent efflux disrupts the membrane potential. Subse-
quently, AMPs can then translocate across the membrane aided by the
electroporation process (Mahlapuu et al., 2016). Several models de-
scribe the AMP-bacterial membrane interactions and AMP permeation
(Nguyen, Haney, & Vogel, 2011; Toke, 2005). In the barrel stave
model, peptides align perpendicularly to each other to form
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transmembrane pore structures, in which the peptides hydrophobic re-
gions face themembrane's lipid corewhile hydrophilic regions form the
edges of the pore. According to the toroidal pore model, membrane in-
sertion of peptides causes the bending of phospholipids with pores
lined by both peptides and hydrophobic phospholipid groups. In the
carpet model, AMP binding evokes membrane tension causing forma-
tion of micelles (Yeaman & Yount, 2003). The leakage of important me-
tabolites and ions and respiratory inhibition then cause cell lysis
(Brogden, 2005). AMPs are also translocated to the cytoplasm or bacte-
rial protoplasm and can cause inhibition of nucleic acid DNA/RNA, dis-
ruption of protein folding and inhibition of cell wall synthesis leading
to cytotoxicity and cell death (Nicolas, 2009).

Although emerging at a slower rate compared to antibiotic resis-
tance, bacterial resistance to AMPs has also been described (Kubicek-
Sutherland et al., 2016; Andersson, Hughes, & Kubicek-Sutherland,
2016). Because the antimicrobial activity of AMPs relies on membrane
interactions, bacteria utilize membrane modifications as their primary
resistance mechanisms to AMPs. For example, Gram-negative bacteria
like E. coli, and Salmonella develop resistance through LPSmodifications
that alter the charge and fluidity of their membranes. Other mecha-
nisms involving changes in membrane channels and their expression
have been reported. These involve efflux pumps, membrane trans-
porters, ion transport, and ATP binding cassette (ABC) transporters
(Gunn, 2001). Bacterial resistance to AMPs can also develop through
bacterial capsule or biofilm formation, secretion of proteases, and se-
questering or efflux of AMPs. An intriguing mechanism involves bacte-
rial cleavage of host cell surface structures to bind and neutralize
AMPs (Band & Weiss, 2015). Increased hydrophobicity of bacterial LPS
by modifying lipid chains, glucosamine, lipid phosphates or acylation
(Guo et al., 1998) can increase LPS saturation and prevent the functional
incorporation of AMPs for example in Helicobacter pylori (Tran et al.,
2006). Gram-positive microorganisms like Bacillus, Clostridium, Staphy-
lococcus and Enterococcus spp develop resistance against AMPs through
for examplemembranemodifications, gene expression alterations, pro-
teases and other inactivation procedures (Assoni et al., 2020). Bacterial
resistance mechanisms to AMPs have been reviewed extensively and
readers are referred to the following references (Andersson et al.,
2016; Assoni et al., 2020; Gruenheid & Le Moual, 2012; Yeaman &
Yount, 2003). To combat antibiotic resistance, combinations of AMPs
with current antibiotics are suggested to be used. Such combinations
are less inclined to cause resistance or cross-resistance development
(Lewies, Du Plessis, & Wentzel, 2019).

6. Wound healing process and role of AMPs

Wound healing is a multistep biological process that progresses
through four overlapping phases—hemostasis, inflammation, prolifera-
tion, and tissue remodeling—to restore integrity and to drive regenera-
tion of the tissue (Singh, Young, & McNaught, 2017). Each phase has its
own characteristic fingerprint signaling networks of cell types, cell-cell
and cell-matrix interactions, and paracrine signals that contribute to
and drive wound healing progression to the next phase, and ultimately
to full repair (Guo & DiPietro, 2010). Cells active in the wound healing
response can be divided into three subsets: 1) neutrophils, T and B
cells, 2) monocytes and macrophages, and 3) non-leukocytic cells in-
cluding keratinocytes, fibroblasts and endothelial cells (Mirza & Koh,
2015). Importantly, all these cells produce AMPs, which kill microbes
and modulate the wound healing process. AMPs elicit varying actions
that are dependent of the stage of wound healing (Fig. 4) as evidenced
in in vitro cellmigratory studies and in vivohealing activities in small an-
imals (Table 2). For example, the LL-37 peptide aids wound healing by
regulating cell migration (Niyonsaba et al., 2002; Yang et al., 2000), in-
flammation, and angiogenesis (Ramos et al., 2011).

Wound healing commences with hemostasis to restrict blood loss
and promote the clotting process and matrix formation, also termed
as the lag phase, which persists from days to weeks and is followed by



Table 1
The efficacy of AMPs against common and resistant wound infections.

AMP Antimicrobial activity Efficacy determination Application Reference

A3-APO A. baumannii more efficacious and less toxic against MDR
Gram-negative pathogens, burn injury in mice

wound infections after burn injury (Ostorhazi
et al., 2010)

Brevinin-2Ta S. aureus, E. coli and C. albicans reduced inflammation and re-epithelialisation of K.
pneumoniae infected rat wounds

infected wounds (Liu et al.,
2017)

Cecropin P1 S. aureus and combination with P.
aeruginosa

accelerated granulation of the wound bed and marginal
epithelialization

wound healing activity (Lebedeva
et al., 2017)

DGL13K P. aeruginosa, S. aureus and MRSA low toxicity to human red blood cells and HEK cells, no
skin toxicity, killed P. aeruginosa in both the G.
mellonella model and a mouse burn wound infection
model

skin burn infections, topical treatment (Gorr, Flory, &
Schumacher,
2019)

DRGN-1 P. aeruginosa and S.aureus potent antimicrobial and anti-biofilm activity, migration
of keratinocyte and pathogen-directed and
host-directed activities in clearing of the polymicrobial
biofilm infected wounds

infected wounds (Chung, Dean,
Propst, Bishop,
& van Hoek,
2017)

Epinecidin MRSA skin injury in mice infected wounds (Huang et al.,
2013)

IDR-1018 S. aureus porcine wound healing model wound healing and infection control (Steinstraesser
et al., 2012)

IRIKIRIK
(IK8L),
IRIkIrIK
(IK8-2D),
irikirik
(IK8D)

MDR P. aeruginosa strains superior antibacterial killing than selected antibiotics,
membrane-lytic antimicrobial mechanism, effective in
the in vivo infected burn wounds

burn wound infections (Zhong et al.,
2017)

K11 A. baumannii early clearance of infection and wound clearance in
murine excision model

infected excision wound (Rishi et al.,
2018)

LL-37 MRSA human epidermal models burn wounds infected with MRSA (Haisma et al.,
2014)

Nisin S. aureus rabbit full thickness burn wound bacteria-infected chronic wound (Qu et al.,
2019)

Novispirin G10 P. aeruginosa radial diffusion assay burns or other wound infections (Steinstraesser
et al., 2002)

Pep 19-2.5 MRSA promotes artificial wound closure in keratinocytes and
in vivo cytosolic calcium and mitochondrial ROS e
P2X7R for peptide-induced phosphorylation of ERK1/2

non-infected and S. aureus-infected
wounds

(Pfalzgraff
et al., 2018)

PMAP 36PW
and
Myr-36PW

S. aureus and P. aeruginosa,
anti-biofilm activity against
gram-negative bacteria

kill bacteria by affecting membrane permeability,
promote abscess reduction and wound healing in
infected mice

wound healing and bacterial infection
control

(Liu et al.,
2020)

Pseudin-2 and
Pse-T2

MDR P.aeruginosa bacterial killing by marked pore formation and
permeabilization, facilitated wound closure

MDR bacterial skin strain infections (Kang, Seo,
Luchian, &
Park, 2018)

RP504, RP556
and RP557

Gram-positive and Gram-negative
bacteria and fungi, including
recalcitrant biofilm

in vitro assays against fungal and bacterial infections,
mammalian cell toxicity

cutaneous fungal infections (Woodburn,
Jaynes, &
Clemens,
2020)

SAAP-148 MDR gram-positive and
gram-negative ESKAPE pathogens, as
well as isolates of E. cloacae, E. coli,
and K. pneumoniae

ex vivo infection control in human skin and in vivo
murine skin

biofilm associated skin infections (de Breij et al.,
2018)

linSB056-1,
dendrimeric
derivative

P. aeruginosa reduction of P. aeruginosa biofilm formation tested in
in vitro wound model

antibiofilm properties in chronic wound
infections

(Grassi et al.,
2019)

SHAP1 S. aureus wound closure activity inducing HaCaT cell migration,
did not affect the cell viability of human keratinocytes

infected wound, topical treatment (Kim et al.,
2014)

TC19 MDR strains of ESKAPE panel, viable
MRSA and MDR A. baumannii

low cytotoxicity in human fibroblasts and effective in
mouse skin wound infections model

rapid killing of MDR bacterial stains,
neutralised proinflammatory, chemotaxis
to neutrophils, skin infection control,
topical treatment

(Riool et al.,
2020)

TCP 25 S. aureus and P. aeruginosa reduction of LPS-induced local inflammatory response in
porcine wound models, peptide prevented infection
with S. aureus and reduced proinflammatory cytokines

bacterial infection and associated
inflammation, topical treatment

(Puthia et al.,
2020)

Temporin A MRSA significant reduction of bacterial load, granulation tissue
formation and collagen deposition

wound infection management and repair
process

(Simonetti
et al., 2008)

Tilapia Piscidin
4 (TP4)

MRSA proliferation of a keratinocyte cell line (HaCaT) and
fibroblast cell line (Hs-68) combat infections in mice
through control of growth factors

antimicrobial and wound closure
activities

(Huang, Chan,
Wu, & Chen,
2015)

WRL3 MRSA rapid bactericidal activity against the proliferation of
MRSA in wound infections, synergistic effects with
antibiotics

MRSA burn wound infections and wound
healing

(Ma et al.,
2017)

A3, APO proline-rich antibacterial peptide; DGL13K, D-amino acid version of the peptide GL13K; DRGN-1, synthetic peptide inspired by a peptide identified from Komodo dragon; ERK,
protein-serine/threonine kinases; ESKAPE, an acronym comprising the scientific names of six highly virulent and antibiotic resistant bacterial pathogens including: Enterococcus faecium,
Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter spp; HaCaT, human keratinocyte cells; HEK cells, human embryonic kid-
ney cells; Hs-68, human fibroblast cells; IDR-1018, innate defense regulator 1018; IRIKIRIK (IK8L), IRIkIrIK (IK8-2D), irikirik (IK8D), synthetic β-sheet folding peptides; LPS, lipopolysac-
charide; K11, Lysine homopeptide with odd number of residues; LL-37, 37-amino-acid-long cathelicidin C-terminal peptide; MDR, multidrug resistance; MRSA, methicillin resistant
Staphylococcus aureus; Myr-36PW,; WRL3, engineered amphipathic peptide; Pep 19-2.5, synthetic peptide; PMAP 36PW, porcine antimicrobial peptide analog; RP504, RP556 and
RP557, synthetic designed AMPs; Pse-T2, Pseudin-2 analog; Pseudin-2, peptide isolated from the frog Pseudis paradoxa; ROS, reactive oxygen species; SAAP-148, synthetic peptide
which parent peptide is LL-37; linSB056-1, semi-synthetic peptide; SHAP1, 19-amino-acid designer peptide; TC19, Thrombocidin-1-derived synthetic peptide; TCP25, thrombin C-termi-
nal peptide; Temporin A, frog-derived small antimicrobial peptide; TP4, Tilapia piscidin 4, 23 amino acid pore-forming peptide.
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Fig. 3. Schematics showing the interaction at the cytoplasmic membrane upon antimicrobial peptides (AMPs) adsorption important for their antimicrobial activity and the action
mechanisms of free AMPs vs nanoencapsulated AMPs during wound infection treatment. Different models explain the interactions on the membrane and AMPs antimicrobial activity
mechanisms (upper panel). Antimicrobial activity and wound healing properties of free AMPs and nanoencapsulated AMPs using different carrier systems: 1. Conjugating hydrogels, 2.
Nanoparticles in hydrogels, 3. Nanofibers, 4. Gold nanoparticles, 5. Liposomes, 6. Polymeric nanoparticles, 7. Cubosomes (lower panel).
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an inflammatory process in an overlappingmanner. Hemostasis is char-
acterized by platelet activation, vasoconstriction, and activation of the
coagulation cascade. Innate immune mechanisms, such as complement
activation, that interact with these processes further contribute to the
hemostasis phase. Many AMPs are formed from protein fragments, in-
cluding C3a, which have antimicrobial properties (Pasupuleti et al.,
2007). Further, these processes lead to priming of the inflammatory
phase by increasing the vascular permeability and penetration of in-
flammatory mediators to the wound site, promoting the development
of nitric oxide, adenosine, and other vasoactivemetabolites, and causing
histamine release frommast cells and vasodilation (Sorg, Tilkorn, Hager,
Hauser, & Mirastschijski, 2017).

The inflammatory phase comprises the events of activation and mi-
gration of neutrophils and monocytes releasing growth factors and cy-
tokines, such as TNFα, IL6, -8 and vascular endothelial growth factors
(VEGF). This is accompanied by macrophages engulfing pathogens,
dying neutrophils and debris (Robson, Steed, & Franz, 2001). During in-
flammation, neutrophils are themost essential cells that produce AMPs
(Borregaard & Cowland, 1997). Defensins, present in the azurophilic
granules, and cathelicidins are examples of these AMPs. The ability of
LL-37 to dampen and modulate inflammation through the NFκB-TNF-
α axis (Alalwani et al., 2010) helps the inflammation from going un-
checked. In chronic wounds with delayed healing, an active and persis-
tent inflammatory process is associated with defects in the production
of LL-37 (Heilborn et al., 2003). LL-37 inhibits keratinocyte apoptosis
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and increases VEGF production through cellular inhibitor of apoptosis
protein 2 (cIAP-2) and hypoxia- inducible factor-1α signaling
(Rodríguez-Martínez, Cancino-Diaz, Vargas-Zuñiga, & Cancino-Diaz,
2008). Moreover, LL-37 stimulates keratinocyte migration via EGFR
transactivation (Tokumaru et al., 2005). PR-39 (proline and arginine-
rich peptide) is a potent angiogenic regulator that inhibits ubiquitin
proteasome-dependent degradation of hypoxia- inducible factor-1α
protein contributing to accelerated growth of vascular structures in
mice (Li et al., 2000). PR-39 can limit cell damage during inflammation
by limiting the NADPH oxidase-induced superoxide anion O2- produc-
tion (Shi, Ross, Leto, & Blecha, 1996).

The proliferation stage is aimed at re-epithelization and production
of cytokines such as interferons (IFNs), transforming growth factor β
(TGF-β), collagen deposition, fibronectin, and other essential sub-
stances required by fibroblasts for wound healing and for the produc-
tion of a new connective tissue matrix (Baum & Arpey, 2005). During
the proliferation stage of wound healing, most AMPs, such as hBD2,
hBD3, RNase7, and psoriasin, are produced by epidermal keratinocytes
(Roupé et al., 2010). For example, the expression of hBD2 and hBD3 is
induced in human skin wounds by EGFR activation (Roupé et al.,
2010). The subsequent phosphorylation of signal transducer and activa-
tor of transcription (STAT) proteins then stimulates cytokine produc-
tion, migration, and proliferation of keratinocytes (Niyonsaba et al.,
2007). TGF-β1 stimulates angiogenesis, fibroblast differentiation, ma-
trix deposition and regulates production of growth factors and



Fig. 4. The involvement of antimicrobial peptides (AMPs) in the wound healing process at
various stages. Key: AH90, wound healing promoting peptide (amino acid sequence
ATAWDFGPHGLLPIRPIRIRPLCG) from frog skin of Odorrana grahami; AMPs,
antimicrobial peptides; CaTx-II, Crotalus adamanteus toxin-II; CW49, wound-healing
promoting peptide (amino acid sequence APFRMGICTTN) from frog skin of Odorrana
grahami; ECM, extracellular matrix; HB107, peptide derived from the antimicrobial
cecropin B; hBD3, human β-defensin-3; OA GL-12, Odorrana andersonii, GL: two initial
amino acids, 12: peptide length; PR39, porcine cathelicidin; SR-0379, modified
metabolite peptide; Tiger 17, wound healing promoting small peptide (c
[WCKPKPKPRCH-NH2])
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cytokines such as TNF-α and IL-6 in the process of wounding (Ahmed &
Ikram, 2016; Peng et al., 2011). The production of TNF-αmarks the ac-
tivation of macrophages (Ashcroft et al., 2012), contributes to
keratinocyte migration (Banno, Gazel, & Blumenberg, 2004), modifies
their proliferative activity (Detmar & Orfanos, 1990), stimulates fibro-
blast proliferation (Battegay, Raines, Colbert, & Ross, 1995) and affects
angiogenesis in concentration dependent manner (Fajardo, Kwan,
Kowalski, Prionas, & Allison, 1992). IL-6 stimulates angiogenesis,
keratinocytes, as well as fibroblast proliferation (Johnson, Stevenson,
Prêle, Fear, & Wood, 2020).

The re-epithelialization process involves keratinocyte proliferation
and migration. Growth factors like IGF1 and TGF-α induce production
of AMPs in human keratinocytes (Sørensen et al., 2003). For example,
AMPs such as LL-37, hBD3, neutrophil gelatinase-associated lipocalin,
and secretory leukocyte protease inhibitor are produced throughout
the re-epithelization stage (Heilborn et al., 2003; Sørensen et al.,
2003). In human skin, LL-37 can induce re-epithelization after
wounding (Heilborn et al., 2003). LL-37 directly stimulates endothelial
cells initiating enhanced proliferation and growth of vessel structures
facilitated by formyl peptide receptor-like 1 (FPRL1) (Koczulla et al.,
2003). It can control tissue regeneration and neovascularization by in-
ducing the production of growth factors, especially VEGF (Kittaka
et al., 2013; Rodríguez-Martínez et al., 2008). Moreover, LL-37 contrib-
utes to angiogenesis through COX-1-dependent prostaglandin E2 re-
ceptor EP3 (PGE2-EP3) signaling in endothelial cells (Salvado, Di
Gennaro, Lindbom, Agerberth, & Haeggström, 2013). The absence of
cathelicidin-related antimicrobial peptide (CRAMP) in mice similar to
LL-37 in humans, delays the vascularization of wounds (Koczulla et al.,
2003). In addition to suppressing the production of proinflammatory
cytokines, LL-37 may also contribute to inhibition of fibroblast and
myofibroblast activities (Liu et al., 2016) to orchestrate the resolving
of inflammation (Inomata, Into, & Murakami, 2010), and control the
production of connective tissue collagens I and III.
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7. Novel nanocarrier delivery strategies with AMPs and their signifi-
cance

AMPs are effective disruptors of biologicalmembranes. Thus, it is not
surprising that at high concentrations their cytotoxic activity can also be
directed towards host cells, thereby limiting their therapeutic value.
Furthermore, as peptides, AMPs undergo relatively rapid enzymatic
degradation. This contributes to an unfavorable pharmacokinetic profile
as well as to issues with stability (Bradshaw, 2003). Attempts to solve
these concerns have been devised through the rational design of chem-
ical modifications aimed at enhancing the peptides’ antimicrobial or
wound-healing activity while reducing their cytotoxicity (Torres,
Sothiselvam, Lu, & de la Fuente-Nunez, 2019). An alternative or even ad-
ditive approach is the utilization of nanotechnology for the delivery of
AMPs to fight drug-resistant infections. Nanotechnology-based thera-
peutics enhance the stability and efficacy of AMPs and reduce their tox-
icity to host tissue cells (Pal et al., 2019). Nanomaterial-based antibiotic
delivery, termed as nano antibiotics, can provide improved solubility,
stability, bioavailability, and sustained activity, as well as increased in-
ternalization with reduced dose and side effects (Huh & Kwon, 2011).
The use of suitable nanocarriers to encapsulate the AMPs for improving
their therapeutic potential is called nanoencapsulation (Yadav, Kumari,
& Yadav, 2011). The encapsulation of AMPs in a nanomaterial holds
great potential due to their small size, high surface area, targeting abil-
ity, functionalization, specificity, lower toxicity, and higher efficacy
(Noorbatcha, Jaswir, & Ahmad, 2017). In addition, entrapment of
AMPs in nanocarriers can prevent the inherent problems of AMPs deliv-
ery, like proteolytic degradation and undesirable membrane interac-
tions (Brandelli, 2012). AMP-conjugated nanoparticles (NPs) offer
enhanced antimicrobial activity (Rai et al., 2016), lower toxicity and
provide higher stability compared to AMPs alone (Maleki et al., 2016).
Nanoencapsulation of AMPs is achievable by either active or passive
targeting-based systems. The passive delivery of AMPs involves encap-
sulation of peptides into nanocarriers without modifications or change
in surface chemistry. Encapsulation of AMPs in passive nanocarriers im-
proves their stability, shelf-life (da Silva Malheiros, Sant’Anna, Utpott, &
Brandelli, 2012), sustained release (Prombutara, Kulwatthanasal,
Supaka, Sramala, & Chareonpornwattana, 2012) and activity (Severino
et al., 2017) as well as limits undesired side-effects (Yousry,
Elkheshen, El-Laithy, Essam, & Fahmy, 2017). The active delivery sys-
tems are based on the addition of a target-specific high-affinity ligand
or functionalization agent that guides the AMPs specifically to their de-
sired site of activity: the surface of the microbe targeted for killing. Al-
ternatively, functionalization can be aimed against structures
presented by infected and activated cells. Nanocarriers with such sur-
face ligands interact specifically with the infected cells, provide higher
AMPs- or drug-loads and improved efficacy, and prevent off-site side ef-
fects (Biswaro, da Costa Sousa, Rezende, Dias, & Franco, 2018). The com-
monly used techniques for designing the biomaterial for encapsulation
of AMPs can be categorized into inorganic materials, polymeric carriers,
and lipid-based approaches (Fig. 3). Examples of nanocarriers encapsu-
lating AMPs explored for this purpose are listed in Table 3.

7.1. Gold nanoparticles (AuNPs)

Encapsulation of AMPs into NPs is the most often used approach for
enhancing stability and preventing toxicity associated with high AMP
concentrations. Inorganic NPs, such as gold NPs (AuNPs), are an attrac-
tive approach for AMPs delivery. They are highly biocompatible and can
be easily functionalized using conjugation chemistry. Noncovalent AMP
conjugation with AuNPs is achieved through self-assembly of the pep-
tide through one-step synthesis. Using cysteine as the reducing and cap-
ping agent to achieve proper orientation of AMPs, the hydrophilic AMP
shell assembles around the Au core (Chen et al., 2015; Rai et al., 2016).
Self-assembled AMPs on the NP surface synergistically increase AMP af-
finity and specificity at the bacterial targets’ interacting sites through



Table 2
In vitro and in vivo evidence of AMPs efficacy in the wound healing process.

Peptide Source In vitro activity Mechanism In vivo wound healing effects Reference

Omiganan cytoplasmic
granules of bovine
neutrophils

limited recruitment of
neutrophils, lymphocytes,
histiocytes

improved re-epithelialization, neovascularization,
inflammation, and collagen depletion

(Lorenzi et al.,
2017)

Nisin A gram-positive
bacteria

migration of HaCaT and
HUVECs, decrease in TNFα, IL6,
IL8

immunomodulatory effect improved re-epithelization in ex vivo porcine
wound healing and survival from Gram-positive
bacteria G. mellonella

(Mouritzen
et al., 2019)

Myxinidin hagfish, fish,
animals

antimicrobial activity S.aureus,
A.baumannii, and P. aeruginosa

suppressed phosphorylation of
JNK, STAT3, and EGFR pathway

decreased IL6, IL8, TNFα, enhanced wound
healing in animals and re-epithelization by EGFR

(Han et al.,
2017)

Myticin C mollusk,
invertebrates,
animals

modulation of migration genes
myosin, transgelin, calponin,
and motility of hemocytes

gene encoding ECM proteins
HSPG2 and proteoglycan

larvae zebrafish models, tail-fin amputation,
chemotactic, and healing activity

(Rey-Campos
et al., 2020)

Coprisin insects, arthropods,
invertebrates,
animals

decreased
phosphorylated-Smad2/3 levels,
TGFβ pathway

wound closure neovascularisation and promotion
of re-epithelization

(Lee et al.,
2013)

Temporin A
and B

frogs, amphibians,
animals

wound healing in HaCaT cells EGFR signaling pathway ---- (Di Grazia,
Luca, Li-av,
Shai, &
Mangoni,
2014)

SHAP1 synthetic inducing HaCaT cell migration EGFR pathway S. aureus infection and improved wound healing
in a murine full-thickness excision model

(Lee et al.,
2014)

Tilapia
Piscidin 4
(TP4)

fish, animals Nile
tilapia
(Oreochromis
niloticus)

cell proliferation activated
collagen I, III, gene KGF in Hs-68
cells inducing production by
HaCaT cells

antimicrobial, EGF, TGF, and vascular VEGF
activity wound closure in mice

(Huang et al.,
2015)

AH90 frog skin, Odorrana
grahami

wound closure activity on
HaCaT cells

NF-β and c-Jun NH2-terminal
kinase MAPK signaling. Smad2/3
activation via the TGFβ
mechanism

wound healing in mice, increased TGFβ secretion,
peptide-induced granulation contraction

(Liu et al.,
2014)

CW49 frog skin of
Odorrana grahami

induces angiogenesis in vitro in
HUVECs

angiogenic proteins (HIF-1, eNOS
and iNOS) and inhibition of TNFα
and IL6

accelerated wound healing by angiogenesis and
prevention of inflammatory effect, affect
granulation and epithelium thickness

(Liu et al.,
2014)

Tiger 17 synthetic peptide proliferation in HaCaT and HSFs
cells

MAPK signaling pathway macrophages induction, migration, and
proliferation of keratinocytes and fibroblasts,
increased re-epithelization, granulation tissue
remodeling, TGFβ1, and IL6

(Tang et al.,
2014)

HB107 derived from
antimicrobial
cecropin B

IL8 secretion from cultured
HMVECs

leukocyte phagocytosis and
cytokine production

murine wound healing, full-thickness skin
decreases in wound diameter compared to vehicle
control

(Lee et al.,
2004)

K11
(Melittin,
Cecropin
A1 and
Magainin
2)

hybrid and
synthesized

cell lysis, leakage of cytoplasm antimicrobial and antioxidant
activity

Acinetobacter baumannii murine model complete
clearance of infection, wound enclosure, increased
antioxidant activity, wound remodeling,
re-epithelization

(Rishi et al.,
2018)

R 39 pigs, mammals;
animals

activity against Bacillus globigii
and Enterococcus faecalis.

induced ATP leakage and loss of
membrane, lytic and induce IL8 in
porcine macrophages, TNFα
production

---- (Veldhuizen
et al., 2014)

hBD3 primates,
mammals, animals

transgene expression, bacterial infection,
re-epithelialization, wound contraction, wound
fluid production, and blood vessel formation

(Hirsch et al.,
2009)

Lucifensins insect defensins,
hemolymph of the
fly larva

inhibition of neutrophils, fibroblast migration (Čeřovský &
Bém, 2014)

CaTx-II venom of
Crotalusadamanteus

bactericidal effects on S.aureus,
Burkholderia, pseudomallei and
Enterobacter aerogenes

NF-kβ activation, IL1β
suppression

treated mice wound closure in 16 days, enhanced
collagen synthesis, neovascularization.

(Samy et al.,
2014)

AG30/5C, angiogenic peptide; AKT, protein kinase B; ATP, adenosine triphosphate; CaTx-II, Crotalus adamanteus toxin-II; EGFR, epidermal growth factor receptor; eNOS, endothelial nitric
oxide synthase; ERK, extracellular-signal-regulated kinase;HaCaT, humankeratinocyte cells; hBD3, humanβ-defensin-3; HB107, peptide derived from the antimicrobial cecropin B;HIF-1,
hypoxia-inducible factors; HMVEC, humanmicrovascular endothelial cells; HSPG2, heparan sulphate proteoglycan; HSF, human skin fibroblasts; Hs-68,fibroblast cell line; HUVECs, human
umbilical vein endothelial cells; IGFβ, insulin-like growth factor beta; IL-6,8, interleukin 6 and 8; iNOS, inducible nitric oxide synthase; JAK, Janus kinase; JNK, c-JunN-terminal kinase; KGF,
keratinocyte growth factor; MAPK, mitogen-activated protein kinase; NF-kβ, nuclear factor kappa-light-chain-enhancer of activated B cells; NHDFs, primary normal human dermal fibro-
blasts; OA-GL12, Odorrana andersonii, GL: two initial amino acids, 12: peptide length; PI3K, phosphoinositide-3-kinase; PI3kinase-Akt-mTOR, phosphoinositide3-kinase protein kinase B-
mammalian target of rapamycin; PR-39, porcine cathelicidin; RAW 264.7, macrophage cell line; SHAP1, 19-amino-acid designer peptide; Smad2/Smad3, small mothers against
Decapentaplegic; SR-0379, modified metabolite peptide; STAT3, signal transducer and activator of transcription 3; TGF, transforming growth factor; TNF-α, tumor necrosis factor
alpha; VEGF, vascular endothelial growth factor.
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concentrated multiple similar binding interactions (Chen et al., 2015).
Moreover, this leads to high local AMPs concentrations on the bacterial
surface. Covalent conjugation of AMPs, on the other hand, is mostly
achievable by long ligand exchange reactions or hydrophobic interac-
tions between peptide side chains such as lysine and the Au surface.
The interactions between the AMP lysine groups and Au generate a
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randomly folded AMP cover onto the Au surface. The conjugation of
AMPs to AuNPs, proposed as one pot synthesis (Wadhwani,
Heidenreich, Podeyn, Bürck, & Ulrich, 2017), increases AMP stability
against trypsin digestion while allowing AMP conversion into active
conformations. Therefore, covalently conjugated AMPs to AuNPs can in-
duce strong bactericidal effects (create more and/or larger holes) and



Table 3
Examples of nanocarriers used for antimicrobial peptides (AMPs) delivery for wound-healing application

Polymers and
formulation

Method of incorporation Peptide Characterization
techniques

In vitro or In vivo activity Antimicrobial activity Reference

Polyvinyl alcohol
nanofibers

electrospinning A3-APO morphology, diameter/size,
SEM temperature effect

in vivo antimicrobial,
skin abrasion infection
and tissue analysis

MDR A. baumannii ESBL E.
coli, MBL P. aeruginosa

(Sebe et al., 2016)

Chondroitin
sulfate-based
nanogel

ring-opening
polymerization

Nisin FTIR, NMR, cloud point,
swelling, morphology,
loading, and entrapment

cytotoxicity studies on
HDFCs

S. aureus and E. coli (Ghaeini-Hesaroeiye,
Boddohi, &
Vasheghani-Farahani,
2020)

CHNPs ionotropic gelation Temporin B particle size, zeta potential,
loading capacity, and
release kinetics

cytotoxicity, bactericidal
assays

Strains of S. epidermidis (Piras et al., 2015)

GelMA and MeTro light-induced crosslinking Tet213 porosity, degradability,
swellability, mechanical,
and adhesive properties

biocompatibility and
biodegradation in vivo

MRSA and Gram-negative
E. coli

(Annabi et al., 2017)

AuNPs reduction by NaBH4,
mixing LL-37, and reacting
pDNA containing VEGF

LL-37 in vitro transfection,
cytotoxicity, cellular uptake
and intracellular
distribution

in vitro antibacterial and
in vivo wound healing

MRSA (Wang et al., 2018)

Collagen films mixing and pouring Pexiganan cytotoxicity binding
studies, swelling and
in vitro release studies

in vitro and in vivo
antibacterial activity

P.aeruginosa, S. aureus (Gopinath, Kumar,
Selvaraj, & Jayakumar,
2005)

NLCs modified double (w/o/w)
emulsion technique

Nisin Z size, zeta potential, TEM
analysis

MIC of antibiotics and
AMPs, toxicity, MTT and
LDH assay

S.aureus, S.epidermidis and
E. coli

(Lewies, Wentzel,
Jordaan, Bezuidenhout,
& Du Plessis, 2017)

Niosomes FDEL method Gallidermin vascular size, zeta potential,
entrapment efficiency

in vitro antibacterial
assays, transdermal
absorption

P. acnes, S.aureus (Manosroi et al., 2010)

Photoluminescent
gold nanodots

self-assembly SFT, 1-DT fluorescence staining and
TEM

in vitro cytotoxicity,
hemolysis, in vivo
wound healing

S. aureus, S. enteritidis,
MRSA, E. coli, P. vulgaris,
MRSA-infected wound
healing

(Chen et al., 2015)

Hydroxypropyl
cellulose gel

incorporation into gel PX150 luminescence
measurements in vivo
toxicity and local tolerance

P. aeruginosa in vitro and
in vivo infected burn
wound model in mouse

P.aeruginosa (Björn et al., 2015)

A3-APO, proline rich peptide; AuNPs, gold nanoparticles; CHNPs, chitosan nanoparticles FDEL, freeze-dried empty liposomes method; FTIR, Fourier transform infrared spectroscopy;
GelMA, gelatin methacrylamide; HDFCs, human dermis fibroblasts cells; HDF, human dermal fibroblasts; LL-37, 37-amino-acid-long C-terminal human cathelicidin peptide; LDH, lactate
dehydrogenase; NLCs, nanostructured lipid carriers; NMR, nuclear magnetic resonance; MBC, minimum bactericidal concentration; MIC, minimum inhibitory concentration; MDR, mul-
tidrug resistance; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide; MRSA, methicillin-resistant Staphylococcus aureus; MeTro, methacrylic anhydride modified
tropoelastin;NaBH4, sodium borohydride; SEM, scanning electron microscopy; Tet 213, peptide with amino acid sequence: KRWWKWWRRC; PX-150, synthetic antimicrobial peptide;
TEM, transmission electron microscopy; SFT, surfactin; 1-DT, 1-dodecanethiol; VEGF, vascular endothelial growth factor.
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massive membrane damage even in antibiotic-resistant bacteria. AMP-
Au-NPs may also enter the bacteria and induce DNA breaks or ROS-
induceddamage (Zheng et al., 2019). The combination of AMPswith an-
timicrobial NPs can produce synergy against bacterial resistance
(Allahverdiyev, Kon, Abamor, Bagirova, & Rafailovich, 2011). AMP-
conjugated AuNPs (AMP-AuNPs) have broad-spectrum efficacy in
treating infections caused by Gram-positive or -negative bacteria.
AMP-AuNPs have shown reduced toxicity against mammalian cells
andbetter activity againstmulti-resistant pathogens (Li et al., 2014). To-
gether with reduction synthesis techniques promoting the inherent an-
timicrobial activity of AuNPs, tailoring their sizes, shapes, and
chemistries to enhance their targeting have made AuNPs an invaluable
tool inmaterial and biomedical sciences (Tao, 2018). During thewound
healing process, the expression of extracellular matrix collagen and its
different types are key determinants of outcome. AuNPs have been
shown to promote wound healing by regulating collagen synthesis
and degradation (Volkova, Yukhta, Pavlovich, & Goltsev, 2016), by
exerting anti-inflammatory and angiogenic properties through reduc-
tion in proinflammatory cytokines interleukin IL6, 12, TNFα, and in-
creased production of VEGF and bFGF during the angiogenesis step
(Pivodová, Franková, Galandáková, & Ulrichová, 2015), by antioxidant
actions (Lau et al., 2017; Leu et al., 2012) and by increasing keratinocyte
proliferation (Lu et al., 2010). The typical wound-healing process gener-
ates several inflammatory mediators, including ROS. Oxidative stress is
directly related to high ROS production or impaired detoxification (Leu
et al., 2012) resulting in damage to themetabolicmachinery (DNA, RNA,
protein, cellular, metabolic functions) and impaired wound healing
(Cano Sanchez, Lancel, Boulanger, & Neviere, 2018). The topical
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application of AuNPs also possesses antioxidant and anti-
inflammatory properties which reduce oxidative stress during the
wound healing process (Vijayakumar, Samal, Mohanty, & Nayak, 2019).

Comune et al., 2017 studied thewound healing and regeneration ef-
fects of soluble andAuNPs-conjugated LL-37. The process of conjugation
involved a one-step synthesis process using Au as the core and the hy-
drophilic cationic peptide LL-37 as the shell. In this process, the peptide
acts as a capping agent affecting the kinetics of formation due to com-
plexation of Au ions with peptides (Fig. 5A). Both soluble and
immobilized peptides are internalized by keratinocytes and accumu-
lated in the EEA-1 (early endosome protein), RAB-7 (protein belonging
to small molecularweight GTPase associatedwith late endosomes), and
EGFR positive endo-lysosomal compartments (Fig. 5B). The EGFR antag-
onist, but not the FPRL-1 antagonist, considerably decreased the migra-
tion of keratinocytes upon treatment with LL-37 peptide/ LL-37 AuNPs
suggesting the role of EGFR transactivation in controlling migration of
keratinocytes. The in vivo studies in mice model resulted in enhanced
wound healing with LL-37 AuNPs (wound closure in10 days) more
than the peptide alone (70% wound closure in 10 days). LL-37 AuNPs
have higher collagen and IL6 expression and lower MPO activity than
LL-37, indicating that they have greater anti-inflammatory properties
than immobilized peptides. The fasterwound re-epithelization and con-
nective tissue deposition with LL-37 AuNPs as compared to pure LL-37
accounts for rapid wound healing (Fig. 5C) (Comune et al., 2017).

PEGylation of peptides can protect against degradation by enzymes,
immunogenic, antigenic epitopes, and can control uptake by the reticu-
loendothelial system (Roberts, Bentley, & Harris, 2002). Another in-
triguing technique for treating bacterial infection and wound healing



Fig. 5. A. The process of LL37-AuNP synthesis B. Intracellular trafficking of LL37-AuNPs in keratinocytes. Before confocal microscopy analysis, keratinocytes were exposed to rhodamine-
labeled LL-37-AuNPs, washed, and fixed. C. Histological analysis Key: AuNPs, gold nanoparticles; HEPES, (4-(2-hydroxyethyl)-1piperazineethanesulfonic acid; LL37AuNPs, cathelicidin
antimicrobial peptide encapsulated in gold nanoparticles; MPO, myeloperoxidase; IL6, Interleukin6; FPRL1 antag, formyl peptide like receptor-1 antagonist; WRW4, formyl peptide
receptor like 1; EGFR antag, epidermal growth factor receptor antagonist. Reprinted with permission from ref. (Comune et al., 2017). Copyright 2017, Elsevier B.V.
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is covalent binding of the peptide to AuNPs through the polyethylene
glycol (PEG) linker [168]. The frog skin AMP Esc (1–21) is a derivative
of esculentin-1a, and it is extremely effective against P. aeruginosa. The
PEG-coated AuNPs conjugated to this peptide by EDC/NHS conjugation
(1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride)/N-
hydroxysuccinimide were tested for antibacterial activity against
P. aeruginosa and biofilm formation. This nanoassemblywasmore active
than the free peptide against P. aeruginosa and resulted in higher killing
activity than the free peptide with approximately 12-fold lower mini-
mum bactericidal concentration. The improved antibacterial activity of
Esc (1–21)-conjugated PEG-coated AuNPs resulted from concentrated
amounts of the conjugated peptide on the bacterial surface and en-
hanced peptide half-life due to low accessibility to bacterial proteases
and degradation. The better wound healing action in this assembly
was attributed to higher resistance of peptide to enzymatic degradation,
enhanced antimicrobial action by perturbation of bacterial cell mem-
brane, and increased cell migration (Casciaro et al., 2017).

7.2. Polymeric carriers and formulations

The common natural polymers such as chitosan (CH), silk, collagen,
and synthetic polymers polycaprolactone (PCL) and polylactic-co-
glycolic acid (PLGA) are nontoxic, non-immunogenic, and biodegrad-
able polymers that help in controlled release, stabilization, and toxicity
reduction of AMPs (McClements, 2018). The encapsulation and release
of AMPs from these polymeric carriers dependgreatly onAMPandpoly-
meric NP characteristics such as their molecular weight, structure, hy-
drophobicity, charge, and crystallinity as well as the dispersity index
of polymeric NPs (Kamaly, Yameen, Wu, & Farokhzad, 2016).
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7.2.1. Chitosan nanoparticles (CHNPs)
CH is a linear chain polysaccharide obtained from the shrimp exo-

skeleton after alkaline deacetylation of chitin. The polymer contains
randomly distributed chains of β-linked D-glucosamine and N-acetyl-
D-glucosamine (Elieh-Ali-Komi & Hamblin, 2016). CH-based biomate-
rials are popular in tissue engineering due to their good biocompatibil-
ity and biodegradability (Sultankulov, Berillo, Sultankulova, Tokay, &
Saparov, 2019). CH is extensively used in many wound dressings and
formulations currently on the market as scaffolds, bandages, sponges,
matrices containing antibiotics or antimicrobials for wound healing
and infection control (Dai, Tanaka, Huang, & Hamblin, 2011). The poly-
mer provides a vast number possibilities as a delivery carrier in the form
of NPs, microcapsules, gels or films for wound healing purposes to-
gether with antimicrobial action (Dai et al., 2011). CH-polymers have
hemostatic activities depending on their molecular weight and
deacetylation (Hu et al., 2018). The wound healing properties of CH
can be enhanced by changing their N-acetylation. The presence of N-
acetyl groups on CH activates both resident tissue and infiltrated cells
leading to increased IL8 secretion, and forming an innate immune
response-boosting loop that stimulates large numbers of neutrophils
tomigrate and infiltrate thewound. Reducing these groups can improve
CH’s properties as a biomatrix (Park, Gabrielson, Pack, Jamison, &
Johnson, 2009). CH also fosters the production of growth factors TGF
β1 and PDGF from macrophages, and accelerates ECM production
(Ueno et al., 2001). CH affects the proliferation of keratinocytes and fi-
broblasts in skin defense depending on its physicochemical and func-
tional properties like polymer molecular weight, deacetylation and
functional groups (Howling et al., 2001). CH’s antimicrobial action and
capability of providing controlled release of drugs at the site of
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infections have kept it in the limelight among polymers for a long time.
Its antimicrobial action is attributed to a positive charge interactingwith
the negative charge on the bacterial membrane affecting bacterial per-
meability and causing the leakage of important intracellular compo-
nents from microbes (Je & Kim, 2006). CH and its derivative polymers
hold broad-spectrum antibacterial and anti-biofilm activity (Y. Tan,
Han, Ma, & Yu, 2011).

CH nanoparticles (CHNPs) can provide sustained release to prolong
and enhance the antibacterial activities of AMPs. The carboxymethyl de-
rivative of naturally occurring CH, carboxymethyl chitosan (CMCH), can
be used as a carrier for peptide delivery. CMCH improves the solubility
of CH in aqueous media without the use of the acidic environment, ex-
posing the active chains to pHwhile preserving biocompatibility, biode-
gradability, and other polymer properties (van der Lubben, Verhoef,
Borchard, & Junginger, 2001).

OH30, a naturally occurring cationic peptide from the king cobra, be-
longs to the cathelicidin family. The peptide has potent antibacterial
(Zhang et al., 2010; Zhao et al., 2018) selective immunomodulatory ac-
tions (Li et al., 2013), and low cytotoxicity to eukaryotic cells (Li, Lee, &
Zhang, 2012). Sun and colleagues explored carboxymethyl chitosan
CMCHNPs formulated by the ion gelation technique to encapsulate the
OH30 peptide and evaluated its wound-healing activity (Sun et al.,
2018). The authors demonstrated sustained release of OH30 from the
NPs and showed improved antimicrobial activity against E. coli. Treat-
ment with CMCH-NPs encapsulating OH30 resulted in improved
keratinocyte migration and accelerated wound healing compared to
the native peptide. The CMCS-OH30 NPs induced a higher wound clo-
sure rate because of increased re-epithelization and neovascularization
and decreased production of proinflammatory cytokines.

7.2.2. Poly (lactic-co-glycolic acid) nanoparticles (PLGA NPs)
PLGA is an FDA-approved andwidely used polymer with several ap-

plications in drug delivery. The popularity of PLGA lies in its biodegrad-
ability and compatibility for sustained drug release in different
therapeutic applications (Mir, Ahmed, & ur Rehman, A., 2017). PLGA
can be used for encapsulation of antimicrobial agents, antibiotics, or
anti-inflammatory drugs for wound healing purposes (Chereddy,
Vandermeulen, & Préat, 2016). PLGA is biodegraded by hydrolysis,
which breaks its ester bonds resulting in the formation of both lactic
and glycolic acids (Keles, Naylor, Clegg, & Sammon, 2015). Although
the acidic degradation of PLGA is considered harmful for applications
such as bone tissue engineering (Liu, Slamovich, & Webster, 2006),
the slow release of lactate from topically applied PLGA has been
shown to acceleratewound repair through enhanced VEGF-induced an-
giogenesis and migration of endothelial cells as well as increased colla-
gen synthesis (Porporato et al., 2012). Microencapsulation of AMPs in
PLGA microspheres increases their efficacy by protecting the AMPs
from degrading enzymes and enabling their controlled release
(Machado, Abercrombie, You, DeLuca, & Leung, 2013). The encapsula-
tion of LL-37 in PLGA NPs accelerates wound-healing activity through
the release of LL-37 and lactate. Importantly, the antimicrobial selectiv-
ity of AMPs depends on their net charge, and is affected by environmen-
tal pH. At low pH, AMPs exhibit effective killing of Gram-negative
bacteria, such as P. aeruginosa and E. coli, but their sterilizing efficacy
against Gram-positive bacteria, such as staphylococci, can decrease
(Walkenhorst, Klein, Vo, & Wimley, 2013). Because many skin infec-
tions are caused by Gram-positive bacteria (Chiller, Selkin, &
Murakawa, 2001), the antimicrobial efficacy of AMPs-loaded PLGA
NPs against skin infections should be carefully evaluated. In fact, use of
AMPs to fight infections caused by resistant Gram-negative organisms
could be preferable. PLGA-LL-37 NPs provided high peptide encapsula-
tion (70%) and stability (Chereddy et al., 2014). Chereddy et al. demon-
strated their efficacy to promotewound closure both in vitro and in vivo.
The PLGA-LL-37 NPs induced migration of keratinocytes and fibroblasts
in vitro (Fig. 6A), and an increased amount of CD31+ endothelial cells
was observed in vivo (Fig. 6B). Treatment with LL-37 increases the
12
expression of IL-6, -8, monocyte chemoattractant protein-1 (MCP-1)
and granulocyte-macrophage colony-stimulating factor (GM-CSF) as
well as their receptors in macrophages. Inncreased expression of IL-6
and VEGF after PLGA-LL-37 NP treatment can help explain their immu-
nomodulatory and pro-angiogenesis effects.

7.3. Wafer formations

Lyophilized wafers are created by freeze-drying of mixed solutions,
suspensions, or gels of natural polymerswith AMPs or other therapeutic
agents. They represent a novel delivery technique for infection control
and wound treatment (Pawar, Boateng, Ayensu, & Tetteh, 2014). The
wafers can be directly applied onto the wound. Their swelling and
flow properties can be modulated by viscosity modifiers, such as
Carbopol® resins, pregelatinized maize starch or PEG400, to provide
sustained release and maintain steady-state concentrations to cope
with either low or high suppurating wounds (Matthews, Stevens,
Auffret, Humphrey, & Eccleston, 2005). The most common polymers
for wafer preparation to deliver antimicrobial agents include gums
like guar, xanthan, karaya, and polymers such as sodium alginate and
carboxymethylcellulose. The wafers can provide controlled delivery of
AMPs and absorb excessive fluid at the injury site.While they transform
from a dehydrated solid porous form into viscous gels, their cargo is re-
leased at the infection site through controlled diffusion. New synthetic
cationic AMPs (CAPs), NP101 and NP108 hold great potential for the
treatment of bacterial, viral, and fungal infections, as well as preventing
biofilm formation (O'Driscoll, 2011). Moreover, they show activity
against S. aureus resistant to methicillin and mupirocin (Mercer et al.,
2017). NP108 induced a greater loss of intracellular potassium, as a
measure of antibacterial activity (Stephens, 2011), on E. coli than on
S. aureus and P. aeruginosa. In wounds, topical controlled-release deliv-
ery of CAPs embedded in a freeze-dried wafer produced from guar gum
helped to maintain CAP antimicrobial activity (O’Driscoll et al., 2013).

7.3.1. Hydrogel formulations and microgels
Hydrogels are drug delivery carriers of natural or synthetic poly-

mers, and form 3D systems with high water content. A moist environ-
ment is one of the important requirements for successful wound
healing (Ousey, Cutting, Rogers, & Rippon, 2016). Hydrogels can main-
tain a moist environment due to the presence of high water content,
and can thereby accelerate wound healing (Gupta et al., 2019). The
broad applications of hydrogels in the treatment of wound infections
and wound healing includes drug delivery of peptides, growth factors,
hormones, cytokines, and antimicrobial agents (Hoare & Kohane,
2008). These are essentially useful in commercial wound dressings as
they promote the optimal environment required for the healing process
owing to the following properties: hydrophilic nature, porous structure,
high water content, moist environment, ability to absorb the excessive
exudates from the wound, ability to incorporate antimicrobial agents,
biocompatibility, transparency, non-adhesiveness with additive effects
of cooling, and soothing or anti-inflammatory and/or anti-infective
properties (Jones & Vaughan, 2005). Antimicrobial hydrogels represent
an attractive tool for the delivery of anti-infectives like antibiotics,
AMPs, and cationic peptides (Ng et al., 2014). Hydrogelswith antimicro-
bial activity can be produced by covalent immobilization of AMPs, and
they provide good AMP stability without loss of antibacterial activity
(Cleophas, Sjollema, Busscher, Kruijtzer, & Liskamp, 2014). For example,
anionically charged hydrogels prepared from poly2-hydroxyethyl
methacrylate (polyHEMA) can entrap cationic AMPs through electro-
static interaction and extend their activity through controlled release
(Brannon-Peppas & Peppas, 1990; Davis & Watson, 1984). Laverty
et al. have reported the application of polyHEMA-based AMP-loaded
hydrogels as protective biomaterials against S. epidermidis (Laverty,
Gorman, & Gilmore, 2012). Delivered in a hydrogel matrix, the antimi-
crobial ultrashort peptides, lipopeptide, maximin-4 and C12-Orn-Orn-
Trp-Trp-NH20%, demonstrated greater efficacy against S. epidermidis



Fig. 6. A. The wound healing by PLGA-LL-37 and LL37 represented in different groups showingwound closure in representative pictures. B. Immunohistochemistry staining of endothelial
cells labelled with anti- CD 31 antibody. Key: PLGA, LL-37, Poly(lactic-co-glycolic acid)-LL-37 peptide; NP, nanoparticle; PLGA-NP, poly(lactic-co-glycolic acid) nanoparticles; pLL37,
plasmid encoding LL-37; anti-CD 31, antibodies against cluster of differentiation 31. Reprinted with permission from ref. (Chereddy et al., 2014). Copyright 2014, Elsevier B.V.

S. Gera, E. Kankuri and K. Kogermann Pharmacology & Therapeutics xxx (xxxx) xxx
than vancomycin. Their mechanism of action was based on the preven-
tion of adhesion of S. epidermidis, a common Gram-positive pathogen
which causes medical device-related infections (Laverty et al., 2012).

Zhou et al.(Zhou et al., 2011) developed a photopolymerizable hy-
drogen based on epsilon-poly-L-lysine (EPL)-grafted broad spectrum
methacrylamide (MA) and demonstrated its biocompatibility on
human keratinocytes (Zhou et al., 2011). EPL is a positively charged
AMP with a hydrophobic segment consisting of -(CH2)4 as a repeating
unit that interacts with microorganisms' anionic hydrophobic parts
causingmembrane damage. The hydrogel produced 3–6 log-fold reduc-
tion in bacterial growth and a more than one log-fold reduction in fun-
gal growth. The EPLMA hydrogel caused damage to the microbes
through adsorption at the surface of themicrobe followed by distortions
of their membrane surface and cytoplasm (Fig. 7).

Antimicrobial hydrogels functionalizedwith AMPs hold great poten-
tial in wound infections as dressing materials (Atefyekta et al., 2021).
They can be prepared through different techniques including spontane-
ous self-assembly or through either enzyme-controlled or physico-
chemical hydrogelation processes to meet the requirements of
delivery and tissue engineering applications (Li, Xing, Bai, & Yan,
2019). For example, hydrogels formed by enzymatic crosslinking of syn-
thetic peptides A9K2 and I4K2 with antimicrobial activity have
demonstrated low cytotoxicity and broad-spectrum activity against
Gram-positive and -negative bacteria (Bai et al., 2016; Bai, Gong,
Wang, &Wang, 2017). Hydrogels are also made from block copolymers
composed of repeating blocks of multiple chemically different mono-
mers (Feng, Lu, Wang, Kang, & Mays, 2017). For example polylactic
acid (PLA) and its block copolymers are useful in drug delivery and
have many biomedical applications like tissue regeneration and imag-
ing due to their good mechanical properties, low immunogenicity, bio-
degradability, and biocompatibility (Oh, 2011). The block copolymers of
PLA/Pluronic are biocompatible and biodegradable and offer a suitable
matrix for the controlled release of drugs (Peppas, Bures, Leobandung,
& Ichikawa, 2000).

Thermo-responsive in situ gels transition from solution to gel form,
conform to and seal the injured tissue. They can also be readily applied
as injections (Yan et al., 2019). Upon application to the wound as solu-
tions, these in situ gels transform into solid gels to then fill the defects
and subsequently, upon degradation, deliver their therapeutic payloads.
Li et al. have synthesized a low-cytotoxic and biodegradable block co-
polymer and demonstrated the promotion of wound closure by in situ
injectable gel prepared with this copolymer poly(L-lactic acid)-
PluronicL35-poly(L-lactic acid) to encapsulate AP-57 into NPs (Li et al.,
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2015). AP-57 is a human 57-aa-long, broad-spectrum antimicrobial
AMP that is expressed in parts of the gut mucosa as well as in the skin
epithelium (Yang et al., 2015). The NPs containing peptide AP-57, pre-
pared by the double emulsion technique, were loaded in thermo-
reversible gelswhich upon in vivo application transformed fromflowing
solutions into gels. This transition from solution to gel at thewound site
leads to the formation of local sustained drug depot and release of the
AMPs. The biomaterial demonstrated low cytotoxicity, near to
completely (96.78±3.12%) closed thewounds in 14days, and promoted
collagen deposition and re-epithelization in the wound tissue (Fig. 8).

The blending of polymers can help in tuning the toughness and
controlling the biodegradability of the polymers. Xie et al. designed a
partially degradable biomaterial for wound healing applications
based on biodegradable PEGmaleate citrate (PEGMC) and nondegrad-
able PEG diacrylate (PEGDA) for improving the mechanical properties
and degradation rate (Xie et al., 2015). To provide antimicrobial prop-
erties, they conjugated the AMPs CHRG01, ALA5, ABU, or TEMP-A to
the gels by carbodiimide coupling technique based on the free car-
boxyl groups in the PEGMC polymer. The antibacterial studies proved
that both PEGMC alone or conjugated to any of the peptides, improved
infection control compared to untreated wounds. Hydrogels conju-
gated with ABU or TEMP-A provided higher antibacterial activity as
compared to hydrogels with other conjugated peptides. The authors
observed significant antibacterial activity of in situ forming biodegrad-
able hydrogels against S. aureus. The in vivo studies in rats demon-
strated faster wound repair attributed to increased granulation
tissue formation, myofibroblast formation, and collagen deposition
compared to the plain polymer. The commercial antimicrobial
wound dressing Hydrofera Blue® served as control. As stated earlier,
PEGylation is generally used to improve protein delivery and stability
(Yan et al., 2019). However, the use of PEG can be limited by its asso-
ciated activation of the complement system, antibody-mediated
hypersensitivity reactions and immunogenecity as a hapten (Knop,
Hoogenboom, Fischer, & Schubert, 2010). Dextrins with a biodegrad-
able, non-immunogenic nature can provide an alternative approach
to provide stability and controlled release of proteins (Molinos,
Carvalho, Silva, & Gama, 2012). The dextrin-conjugated AMP,
LLKKK18, incorporation in carbogel demonstrated wound closure
and healing potential in rats (Silva et al., 2015). LLKKK18 is a cationic
analogue of LL-37. It has greater hydrophobicity and demonstrates en-
hanced antimicrobial and chemoattractant activities. Silva et al. con-
tributed the observed improved wound healing by the LLKKK18
carbogel to reduced oxidative stress (Silva et al., 2015).



Fig. 7. The effect of antimicrobial hydrogel A. Scanning electron microscope images of microbes on EPLMA hydrogels. A0 control and A2 hydrogel. B. Primary epidermal keratinocytes
examination by live/dead cell assays (a) on TCPS control and (b) A2 hydrogel. Key: EPLMA, Epsilon-poly-L-lysine-graft-methacrylamide; TCPS, tissue culture polystyrene. Reprinted with
permission from ref. (Zhou et al., 2011). Copyright 2011, Elsevier Ltd.
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Similar to hydrogels, microgels can be used as carriers for the deliv-
ery of AMPs (Borro, Nordström, & Malmsten, 2020). Microgels are col-
loids sometimes termed as nanogels, microspheres, or even macrogels
to describe their particles that vary according to formulation technique,
physicochemical properties, and application (Thorne, Vine, & Snowden,
2011). The micro- or nanogels obtained from biopolymers are hydro-
philic, cross-linked (either physical cross-linking or chemical
Fig. 8. A. The representation of reversible hydrogel formation encapsulating AP-57NPs B. phase
on different days after hydrogel application. Key: AP-57, human antimicrobial peptide; AP-57-N
normal saline vehicle; NPs-H, nanoparticles in the hydrogel. Reprinted with permission from r
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crosslinking) and solvent-swollen polymeric networks. Bysell et al.
have extensively worked on studying the electrostatic interactions be-
tween AMPs and microgel systems. The major forces behind peptide
binding and deswelling of microgel are electrostatic interactions
(Bysell & Malmsten, 2009). Deswelling or compaction of microgels is a
known phenomenon that may take place due to changed environmen-
tal conditions occurring in highly concentrated microgel suspensions
transition from liquid to gel C.SEM image of hydrogel AP-57-NPs-H. D. The wound closure
Ps, AP-57 loaded nanoparticles; AP-57-NPs-H, AP-57 loaded nanoparticles in hydrogel; NS,
ef. (Li et al., 2015). Copyright 2015, Elsevier B.V.
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(De Aguiar et al., 2017). The antimicrobial effect of human kininogen
AMPs, GKH17 and its truncated version KNK10, is reduced at physiolog-
ical salt concentrations (Nordahl, Rydengård, Mörgelin, & Schmidtchen,
2005; Schmidtchen et al., 2009), and they are readily released from
microgels. Hydrophobic end-tagging of the peptides with, for example
using tryptophan oligopeptide stretches, resulted in their improved re-
tention in hydrogels (Bysell, Hansson, Schmidtchen, &Malmsten, 2010),
and enhanced their antimicrobial potency and stability with lowered
cytotoxicity (Schmidtchen et al., 2009). Besides hydrophobicity, other
factors that affect AMP interactions with hydrogels are peptide size
and structure as well as their charge density (Bysell et al., 2010).

7.3.2. Electrospun fibers (nanofibers)
Nanofibers are produced by different techniques including phase

separation, self-assembly, and electrospinning (Hartgerink, Beniash, &
Stupp, 2001). Because of its relative simplicity and low-costs,
electrospinning is themost commonmethod for producing fibrousma-
trices. In electrospinning, a solution ormelted polymerwith appropriate
internal cohesion is ejected froma charged needle or nozzle towards the
groundedmetal collector under a high voltage electricfield. Birefringent
fibers are formed as the electric forces between the needle and collector
stretch the solution across this space, and as the polymer solvent evap-
orates during the process (Reneker & Yarin, 2008). The uniformity,
alignment and diameter of the fibers (Kai, Liow, & Loh, 2014) can be
modified by the choice of substrate and solvent (e.g., polymer concen-
tration, viscosity, surface tension, molecular weight, evaporation rate)
and the process environment as well as parameters related to
electrospinning (e.g., feed rate, applied electric field, needle type or
manifold) (Pelipenko, Kristl, Janković, Baumgartner, & Kocbek, 2013;
Yang, Murugan, Wang, & Ramakrishna, 2005). The wide variety of pos-
sibilities to control both fiber and resulting material properties provide
distinct fiber diameters and porosity which could result in different in-
teractions with eukaryotic and bacterial cells (Abrigo, Kingshott, &
McArthur, 2015; Lanno et al., 2020).

Different natural and synthetic polymers or their composite com-
binations can be used for electrospinning. Frequently used combina-
tions include CH with polyvinyl alcohol (PVA)/ gelatin/ polyethylene
oxide and the synthetic polymer PCL with natural gelatin or CH
(Preem & Kogermann, 2018). Sheets or mats of electrospun fibers ex-
hibit many benefits for wound-healing applications, including simi-
larity to natural skin surface, high surface area, tunable porosity
and adequate gas exchange. They are compatible with different
bio-active compounds, peptides and drugs (Boateng, Matthews,
Stevens, & Eccleston, 2008) that can be decorated onto the fibers or
embedded within the fibers either dispersed or as a core of fiber
sheathed by a shell using dual nozzles. The use of electrospinning
to prepare polymer matrices for wound dressing applications is
well-documented (Agarwal, Wendorff, & Greiner, 2008; Huang,
Zhang, Kotaki, & Ramakrishna, 2003). Functionalization of
electrospun fibers or fiber mats with AMPs, other antimicrobials or
growth factors can at best provide all: wound coverage, infection
control and stimulation of wound healing (Felgueiras & Amorim,
2017; T. Heunis, Bshena, Klumperman, & Dicks, 2011). The perfor-
mance of these fibers in the healing process depends on their poros-
ity, air permeability, and surface wettability. Higher hydrophilicity
and porosity are essential for wound healing as cells prefer attaching
to hydrophilic surfaces and require space for migration and prolifer-
ation (Liu et al., 2010).

Ideally, a nano- or microfiber mat designed for a wound-healing ap-
plication should allow high drug release rates tomaintain the local ther-
apeutic concentrations of AMPs and should be biodegradable apart from
being selectively porous and air permeable with sufficient strength and
adhesive nature. Such an ideal nanofibrous carrier should feature high
surface to volume ratio, high porosity, and ability to be easily function-
alized (Huang et al., 2003). The applications of electrospun nanofibers
include suture coating, multifunctional dressings, dermal replacements,
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engineered epidermis, and skin regeneration matrices (Chen et al.,
2017). Electrospun nanofibers incorporating LL-37 can retain their anti-
microbial activity and provide local controlled release with strong anti-
bacterial activity (Gatti, Smithgall, Paranjape, Rolfes, & Paranjape,
2013). The synthetic HDP dimer A3-APO has shown superior efficacy
in the treatment ofwound infections caused by Acinetobacter baumannii
and E. coli over conventional antibiotics (Ostorhazi et al., 2010). In one
study, the A3-APO peptide was loaded into PVA nanofibers which
were then used as solid patches for wound healing in mice infected
with a high dose of MDR A. baumannii. The wound healing improved
in terms of wound size, bacterial load, and wound appearance with
regenerated-epithelium and granulocytic infiltration when treated
with APO monomer patch compared to PVA nanofibers (Sebe et al.,
2016). Heunis et al. tested nanofiber wound dressings composed of
polyethylene oxide and poly (D, L-lactide) (50:50) loaded with com-
mercially available nisin (Nisaplin) (Heunis, Smith, & Dicks, 2013).
Nisin is a bacteriocin formed by the Lactococcus and Streptococcus spe-
cies of Gram-positive bacteria. It's a GRAS (generally recognized as
safe) peptide used to inhibit the outgrowth of Clostridium botulinum
spores and toxin formation in cheese. It has wide spectrum activity
against drug-resistant bacteria such as methicillin-resistant S. aureus,
Streptococcus pneumoniae, Enterococci, Clostridium difficile and
antibiofilm properties (Shin et al., 2016). Nisin-nanofiber formulations
resulted in active diffusion of nisin for up to 4 days and were active
against MRSA infections. The fibers reduced S. aureus bioburden from
2.2×107 CFU/wound in controls to approximately 4.3×102 CFU/wound
(Heunis et al., 2013). The nisin-nanofibers also accelerated wound clo-
sure as compared to control fiberswithout nisin andwere proven effec-
tive against wounds infected with S. aureus (Heunis et al., 2013).

To prevent cytotoxicity and preserve the stability of AMPs, they
are often immobilized on the surfaces of biomaterials for most potent
control of infections (Tan et al., 2014) and to promote wound healing
(Pedrosa, Mouro, Nogueira, Vaz, & Gouveia, 2014). Song and co-
workers immobilized Cys-KR12, the shortest peptide motif originat-
ing from LL-37, on the surface of silk fibroin (SF) electrospun nanofi-
bers using a combination of reactions 1-(3-Dimethylaminopropyl)-
3-ethylcarbodiimide/sulfo N-hydroxysuccinimide (EDC/NHS)
crosslinking and thiol maleimide coupling (Song et al., 2016). In ad-
dition to merely immobilizing the AMPs, these reactions align the
peptides optimally for best antimicrobial activity (Hilpert et al.,
2009). The immobilization of peptides on nanofibers occurs through
a covalent linkage between the thiol and maleimide groups (Fig. 9A).
It has been shown that the AMPs’ attachment on fibers reduces their
activity, but does not affect their antimicrobial spectrum (Bagheri,
Beyermann, & Dathe, 2009). The nanofibers prepared by Song et al.
demonstrated bactericidal activity against several pathogenic
wound bacteria such as S. aureus, S. epidermidis, E. coli, and
P. aeruginosa. Membranes made from these nanofibers significantly
suppressed bacterial growth compared to pure SF, and the inhibitory
effect was greater at higher fiber density (Fig. 9B). The Cys KR12-SF
fibers supported proliferation of keratinocytes and fibroblasts, and
in keratinocytes, they increased the protein expression of involucrin,
a marker for differentiation (Fig. 9C). Furthermore, in LPS-stimulated
monocytes the fibers reduced the secretion of TNF-α suggesting anti-
inflammatory activity. K200-loaded fibers were able to suppress bac-
terial growth and biofilm formation as compared to the pristine SF fi-
bers which showed attached bacteria in aggregates to create
biofilms.

7.4. Lipid carriers

Lipid colloidal systems can enhance the penetration of drugs, pep-
tides, proteins, and other biomolecules across the skin barrier. These
carriers are preferred colloidal systems for developing topical formula-
tions due to their well-tolerated biomimetic nature and their ability to
reduce excipient toxicity in the formulation (Souto & Muller, 2007).
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There is an increasing trend for using lipid systems like liposomes, solid
lipid NPs, liquid crystalline carriers, and nanoliquid carriers as effective
topical delivery carriers due to their ability to improve the skin trans-
port and solubilization of the pharmaceutical agents (Jain, Patel, Shah,
Khatri, & Vora, 2017). AMPs can be encapsulated into liposomes, solid
lipid NPs and liquid crystalline carriers to prevent their proteolytic deg-
radation and to provide sustained controlled release with reduced tox-
icity (Makowski, Silva, & Pais do Amaral, C., Gonçalves, S., & Santos, N. C.,
2019).

7.4.1. Solid lipid nanoparticles (SLNs) and lipid vesicles
The loading of peptides into SLNs can have several advantages, such

as decreased toxicity (no toxicity of the carrier itself and reduced toxic-
ity of AMPs due to incorporation into the carrier), protection against the
physical or chemical degradation of AMPs, improved AMP bioavailabil-
ity, and a desired sustained-release profile (Almeida & Souto, 2007).
Polymyxins are antibiotic polypeptides effective on Gram-negative bac-
teria, but are associated with high toxicity (Vaara, 2019). Therefore, it is
desirable to develop polymyxin controlled release formulations to pro-
vide extended release, enhanced bioavailability and reduced toxicity for
successful antimicrobial therapy (Dubashynskaya & Skorik, 2020).
Servino et al. demonstrated that polymyxin-loaded SLNs have small
particle size, high encapsulation efficiency (90%), and increased occlu-
sive properties offering protection against air, fluids and harmful con-
taminants. SLNs were able to provide sufficient and prolonged skin
hydration by forming a film which avoided the loss of water. These for-
mulations were effective against resistant strains of P. aeruginosa
(Severino et al., 2017).

Chronic wounds are characterized by persistent inflammatory activ-
ity with high levels of neutrophil-derived elastases (Wolcott, Rhoads, &
Dowd, 2008). Cells, including epithelial cells and cells of the immune
system, produce proteinase inhibitors that protect them from excessive
Fig. 9. A. The immobilization of Cys-KR12 peptide on silk nanomatrix B. FE-SEM images of S. au
human keratinocytes cultured on TCP, pristine SF, different density fibers K200 and K500 Key: C
ethylcarbodiimide; NHS, N-hydroxy succinimide; pristine SF, pure silk fibroin; TCP, Tissue cult
SEM, field-emission scanning electronic microscopy. Reprinted with permission from ref. (Son
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proteolysis and limit injury and inflammation (Henriksen, 2014). Ther-
apeutic use of proteinase inhibitors, such as serpin A1, inhibit neutrophil
elastase activity (Yager et al., 1997) and accelerate wound healing by
balancing the inflammatory reaction (Congote, Temmel, Sadvakassova,
& Dobocan, 2008). The synergistic combination of AMPs and elastase
inhibitors has been shown to increase their bactericidal potential.
Fumakia et al. demonstrated that administration of LL-37-
encapsulated NPs with serpin A1 resulted in sustained activity of the
compounds, suppressed inflammation, reduced bacterial infection and
promoted wound closure (Fumakia & Ho, 2016). These solid lipid NPs
were prepared by modified solvent diffusion double emulsion tech-
niques using glyceryl monostearate with phosphatidylcholine. They
have small particle size, high encapsulation efficiency and tend to accu-
mulate into the skin. They provided sustained LL-37-serpin A1 release
for days being effective against E. coli and S. aureus (Fumakia & Ho,
2016).

7.4.2. Liquid crystalline nanoparticles
Lyotropic liquid crystals (LLCs) are formed upon mixing amphi-

philes, cosurfactants, and solvent. They are thermodynamically stable
at definite conditions of temperature, pressure, and concentration, and
can exist in different modifications; collectively termed as LLCs
(Goodby, 2005). LLCs are prepared from amphiphilic lipids such as glyc-
erol monooleate (Milak & Zimmer, 2015) and phytantriol (Akbar,
Anwar, Ayish, Elliott, & Squires, 2017) which contain internal water
channels and are useful for loading polar drugs (in water channels),
nonpolar drugs (a lipophilic portion of lipids), and amphiphilic drugs
at the polar/nonpolar interface (Lancelot, Sierra, & Serrano, 2014).
These LLCs exist in three main 3D structures termed lamellar, hexago-
nal, and cubic. The preferred forms are cubic and hexagonal that protect
hydrophilic proteins and peptides against proteolytic degradation and
provide sustained release (Rizwan, Boyd, Rades, & Hook, 2010). The
reus and E. coli cultured on silk fibers and K200 C. Confocal immunofluorescence images of
ys-KR12, antimicrobial peptidemotif; SF, silk fibroin; EDC, 1-(3-Dimethylaminopropyl)-3-
ure plate; K200, K500, immobilization density; DAPI-4′,6, diamidino-2-phenylindole; FE-
g et al., 2016). Copyright 2016, Acta Materialia Elsevier Ltd.
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bulk gels can be disintegrated into liquid crystal nanoparticles (LCNPs)
using suitable stabilizers. Cubosomes are used to describe thedispersion
of the cubic phase, while hexosomes represent the dispersion of the
hexagonal phase (Yaghmur & Mu, 2021).

In recent years, the transdermal applications of these carriers have
increased, primarily due to their penetration-enhancing effects on the
skin’s outer layer, stratum corneum. They can interact with the lipids of
the stratum corneum and fluidize the membrane (Esposito et al., 2005;
Norlén & Al-Amoudi, 2004). The encapsulation of peptides in
cubosomes provides unique opportunities by providing stability
through encapsulation. Loading of the enzyme-sensitive AMP LL-37
onto cubosomes can provide sufficient protection against the elastase
enzymes, such as human neutrophil and P. aeruginosa elastases, and
thus maintaining the LL-37 AMP’s bactericidal activity and providing
proteolytic stability (Boge et al., 2017). AMPs (specifically AMPs with
a high positive net charge and pronounced amphiphilicity) are
adsorbed and do not penetrate or diffuse into the cubosomes, thus con-
tributing to the sustained AMPs release (Boge et al., 2017).

Glycerol monooleate (GMO)/water (cubic) and GMO/oleic acid/
water (hexagonal) are promising liquid crystalline (LC) carriers that
can deliver AMPs with preserved and sustained antimicrobial activity.
Boge et al.,(Boge et al., 2016) investigated the effect of incorporating
AMPs with different hydrophobicities and charges into cubic and
hexosomal gels. The cubic gel structure was more affected by the pep-
tide addition compared to hexagonal LC gel. In cubosomes, the peptide
charge and hydrophobicity controlled the curvature and phase-
transition during the incorporation of AMPs. Hydrophobic AMPs
interacted strongly with GMO groups leading to structures with nega-
tive curvatures and transition into hexagonal phase. Hydrophilic
AMPs, on the other hand, interacted strongly with the tips of the GMO
molecules and decreased the negative curvature to prefermore lamellar
structures. The incorporation of LL-37 in cubosomes influences its anti-
bacterial effects depending on the concentration and specific transfor-
mation of the colloid into different forms, such as sponge, lamellar
phase, or micelles (Gontsarik et al., 2016). Boge et al also evaluated
the different strategies of loading the peptide LL-37 into cubosomes to
understand the effect of these loading techniques on the particle size,
encapsulation, structure, and stability of cubosomes. The peptide can
be loaded in gel and later dispersed in NPs or it can be added to
preformed cubosomes, termed as pre-loading and post-loading tech-
niques respectively. Hydrotope loading introduces cargo, for example
an AMP, during the spontaneous creation of cubosomes from an etha-
nol/GMO mixture. Hydrotope pre-loaded cubosomes demonstrated
high LL-37 loading capacity, proteolytic protection, and sustained bacte-
ricidal activity without skin irritation (Boge et al., 2019).

8. Conclusions and future perspectives

The challenges related to increasing antimicrobial resistance aug-
ment and accentuate the need for novel effective antimicrobial thera-
pies. These issues converge and culminate in non-healing chronic
wounds characterized by multiresistant infections, polymicrobial
biofilms and compromised wound healing. As the populations age, the
prevalence of chronic metabolic diseases increases and the incidences
of hard-to-heal wounds and wound infections rise. AMPs have clear
benefits over traditional antibiotics attributed to their antimicrobial
and anti-biofilm activities as well as immense potential as broad-
spectrum antibiotics. Moreover, bacteria have reduced tendency to de-
velop resistance against AMPs, and the AMPs harbor immunomodula-
tory activities. The wound healing-promoting actions of AMPs are
attributed to their anti-inflammatory effects and abilities to drive ade-
quate cell proliferation and migration for tissue repair.

The instability and toxicity associated with AMPs during production
and clinical use restrict their topical use. The design and introduction of
chemical modifications, target-based rationalized approaches and
synthesis can enhance the efficacy of future AMPs. Carriers and
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nanoformulation strategies that protect the AMPs and provide con-
trolled release are needed to expose the AMPs’ optimal activities. Im-
proved therapeutic activity of AMP nanoscale delivery through
encapsulation, conjugation or functionalization aims at increasing
their specificity, biocompatibility, stability, and prolonged release
while reducing toxicity. Already currently available smart delivery
nanocarriers provide an effective way to stabilize and protect the pep-
tides against enzymatic degradation by encapsulation, sustained re-
lease, and prolonged activity.

The effectiveness of novel nanoformulation strategies is still limited
by production techniques, use of harsh solvents, physical and chemical
degradation of peptides, and cytotoxicity at higher doses. These chal-
lenges may be resolved by choosing the appropriate composition and
manufacturing strategies for AMPs during the formulation step, which
will aid in the avoidance of drawbacks during the scale-up and produc-
tion phase. Nanomaterials such as polymers, lipids, and inorganic
metals facilitate topical delivery through encapsulation and controlled
release of AMPs, providing necessary porosity, mechanical strength,
and protection from physiological and chemical degradation at the tar-
get site. Materials, used to produce such nanocarriers, need to be non-
toxic, biocompatible, stable during processing and suitable to be used
with AMPs. Although several suitable material candidates are available
and in use, some of their disadvantages have increased the need for in-
novative alternative materials. Depending on the nanocarrier formula-
tion (electrospun fibers vs nanoparticles vs hydrogels etc) specific
physicochemical properties and compatibility with other formulation
excipients (e.g. solvents, surfactants) are required. As an additional ad-
vantage suchmaterials can also have inherent antimicrobial andwound
healing properties of their own. Therefore, there is a need to search for
novelmaterials (polymers, lipids) to be used as nanocarriers. It is of spe-
cific interest to understand whether synergistic antimicrobial and im-
munomodulatory actions of nanocarrier materials and AMPs are
present in novel drug delivery systems. The incorporation of metal
nanoparticles and antimicrobial polymers into the formulation can pro-
vide combined synergistic effects for the protection from degradation,
antibacterial activity, and reduced toxicity. The nanocarriers encapsu-
lating AMPs provide a sophisticated way to control the complex
wound healing process through antibacterial, anti-inflammatory, cellu-
lar migration- and re-epithelization-stimulating, and remodeling ac-
tions. The nanoformulation strategies and lessons from nature’s
antimicrobial defense can be expected to drive and contribute to the de-
velopment of next-generation antibiotics.

Declaration of Competing Interest

The authors declare that there are no conflicts of interest.

Acknowledgements

This study is part of the EstonianResearch Council-funded project no
PRG726 (K.K.). The authors gratefully thankDr. Jennifer Rowland for the
professional language editing andMSc Sole Lätti for professional design
of the graphics.

References

Abrigo, M., Kingshott, P., & McArthur, S. L. (2015). Electrospun polystyrene fiber diameter
influencing bacterial attachment, proliferation, and growth. ACS Applied Materials &
Interfaces 7, 7644–7652.

Agarwal, Seema,Wendorff, Joachim H., & Greiner, Andreas (2008). Use of electrospinning
technique for biomedical applications. Polymer 49(26), 5603–5621. https://doi.org/
10.1016/j.polymer.2008.09.014.

Ahmed, S., & Ikram, S. (2016). Chitosan based scaffolds and their applications in wound
healing. Achievements in the Life Sciences 10, 27–37.

Akbar, S., Anwar, A., Ayish, A., Elliott, J. M., & Squires, A. M. (2017). Phytantriol based
smart nano-carriers for drug delivery applications. European Journal of Pharmaceutical
Sciences 101, 31–42.

Alalwani, S. M., Sierigk, J., Herr, C., Pinkenburg, O., Gallo, R., Vogelmeier, C., & Bals, R.
(2010). The antimicrobial peptide LL-37 modulates the inflammatory and host

http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0005
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0005
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0005
https://doi.org/10.1016/j.polymer.2008.09.014
https://doi.org/10.1016/j.polymer.2008.09.014
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0010
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0010
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0015
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0015
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0015
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0020


S. Gera, E. Kankuri and K. Kogermann Pharmacology & Therapeutics xxx (xxxx) xxx
defense response of human neutrophils. European Journal of Immunology 40,
1118–1126.

Algermissen, B., Sitzmann, J., LeMotte, P., & Czarnetzki, B. (1996). Differential expression
of CRABP II, psoriasin and cytokeratin 1 mRNA in human skin diseases. Archives of
Dermatological Research 288, 426.

Allahverdiyev, A. M., Kon, K. V., Abamor, E. S., Bagirova, M., & Rafailovich, M. (2011). Cop-
ing with antibiotic resistance: combining nanoparticles with antibiotics and other an-
timicrobial agents. Expert Review of Anti-Infective Therapy 9, 1035–1052.

Almeida, A. J., & Souto, E. (2007). Solid lipid nanoparticles as a drug delivery system for
peptides and proteins. Advanced Drug Delivery Reviews 59, 478–490.

Alowami, S., Qing, G., Emberley, E., Snell, L., & Watson, P. H. (2003). Psoriasin (S100A7)
expression is altered during skin tumorigenesis. BMC Dermatology 3, 1–7.

Andersson, D. I., Hughes, D., & Kubicek-Sutherland, J. Z. (2016). Mechanisms and conse-
quences of bacterial resistance to antimicrobial peptides. Drug Resistance Updates
26, 43–57.

Annabi, N., Rana, D., Sani, E. S., Portillo-Lara, R., Gifford, J. L., Fares, M. M., ... Weiss, A. S.
(2017). Engineering a sprayable and elastic hydrogel adhesive with antimicrobial
properties for wound healing. Biomaterials 139, 229–243.

Aoki, W., & Ueda, M. (2013). Characterization of antimicrobial peptides toward the devel-
opment of novel antibiotics. Pharmaceuticals 6, 1055–1081.

Ashcroft, G. S., Jeong, M. J., Ashworth, J. J., Hardman, M., Jin, W., Moutsopoulos, N., ...
McGrady, G. (2012). Tumor necrosis factor-alpha (TNF-α) is a therapeutic target
for impaired cutaneous wound healing. Wound Repair and Regeneration 20, 38–49.

Assoni, L., Milani, B., Carvalho, M. R., Nepomuceno, L. N., Waz, N. T., Guerra, M. E. S., ...
Darrieux, M. (2020). Resistance mechanisms to antimicrobial peptides in gram-
positive bacteria. Frontiers in Microbiology 11, 2362.

Atefyekta, S., Blomstrand, E., Rajasekharan, A. K., Svensson, S., Trobos, M., Hong, J., ...
Andersson, M. (2021). Antimicrobial Peptide-Functionalized Mesoporous Hydrogels.
ACS Biomaterials Science & Engineering 7, 1693–1702.

Bagheri, M., Beyermann, M., & Dathe, M. (2009). Immobilization reduces the activity of
surface-bound cationic antimicrobial peptides with no influence upon the activity
spectrum. Antimicrobial Agents and Chemotherapy 53, 1132–1141.

Bai, J., Chen, C., Wang, J., Zhang, Y., Cox, H., Zhang, J., ... Lu, J. R. (2016). Enzymatic regula-
tion of self-assembling peptide A9K2 nanostructures and hydrogelation with highly
selective antibacterial activities. ACS Applied Materials & Interfaces 8, 15093–15102.

Bai, J., Gong, Z., Wang, J., & Wang, C. (2017). Enzymatic hydrogelation of self-assembling
peptide I 4 K 2 and its antibacterial and drug sustained-release activities. RSC
Advances 7, 48631–48638.

Band, V. I., & Weiss, D. S. (2015). Mechanisms of antimicrobial peptide resistance in
Gram-negative bacteria. Antibiotics 4, 18–41.

Banno, T., Gazel, A., & Blumenberg, M. (2004). Effects of tumor necrosis factor-α (TNFα)
in epidermal keratinocytes revealed using global transcriptional profiling. Journal of
Biological Chemistry 279, 32633–32642.

Barlow, P. G., Beaumont, P. E., Cosseau, C., Mackellar, A., Wilkinson, T. S., Hancock, R. E., ...
Davidson, D. J. (2010). The human cathelicidin LL-37 preferentially promotes apopto-
sis of infected airway epithelium. American Journal of Respiratory Cell and Molecular
Biology 43, 692–702.

Batoni, G., Maisetta, G., Lisa Brancatisano, F., Esin, S., & Campa, M. (2011). Use of antimi-
crobial peptides against microbial biofilms: advantages and limits. Current Medicinal
Chemistry 18, 256–279.

Battegay, E. J., Raines, E. W., Colbert, T., & Ross, R. (1995). TNF-alpha stimulation of fibro-
blast proliferation. Dependence on platelet-derived growth factor (PDGF) secretion
and alteration of PDGF receptor expression. The Journal of Immunology 154,
6040–6047.

Baum, C. L., & Arpey, C. J. (2005). Normal cutaneous wound healing: clinical correlation
with cellular and molecular events. Dermatologic Surgery 31, 674–686.

Bensch, K. W., Raida, M., Mägert, H. -J., Schulz-Knappe, P., & Forssmann, W. -G. (1995).
hBD-1: a novel β-defensin from human plasma. FEBS Letters 368, 331–335.

Berríos-Torres, S. I., Umscheid, C. A., Bratzler, D. W., Leas, B., Stone, E. C., Kelz, R. R., ...
Mazuski, J. E. (2017). Centers for disease control and prevention guideline for the pre-
vention of surgical site infection, 2017. JAMA Surgery 152, 784–791.

Biswaro, L. S., da Costa Sousa, M. G., Rezende, T., Dias, S. C., & Franco, O. L. (2018). Antimi-
crobial peptides and nanotechnology, recent advances and challenges. Frontiers in
Microbiology 9, 855.

Bjarnsholt, T. (2013). The role of bacterial biofilms in chronic infections. Apmis 121, 1–58.
Björn, C., Noppa, L., Salomonsson, E. N., Johansson, A. -L., Nilsson, E., Mahlapuu, M., &

Håkansson, J. (2015). Efficacy and safety profile of the novel antimicrobial peptide
PXL150 in a mouse model of infected burn wounds. International Journal of
Antimicrobial Agents 45, 519–524.

Björstad, Å., Askarieh, G., Brown, K. L., Christenson, K., Forsman, H., Önnheim, K., ...
Hoekstra, D. (2009). The host defense peptide LL-37 selectively permeabilizes apo-
ptotic leukocytes. Antimicrobial Agents and Chemotherapy 53, 1027–1038.

Boateng, J. S., Matthews, K. H., Stevens, H. N., & Eccleston, G. M. (2008). Wound healing
dressings and drug delivery systems: a review. Journal of Pharmaceutical Sciences
97, 2892–2923.

Boge, L., Bysell, H., Ringstad, L., Wennman, D., Umerska, A., Cassisa, V., Eriksson, J., Joly-
Guillou, M. -L., Edwards, K., & Andersson, M. (2016). Lipid-based liquid crystals as
carriers for antimicrobial peptides: phase behavior and antimicrobial effect.
Langmuir 32, 4217–4228.

Boge, L., Hallstensson, K., Ringstad, L., Johansson, J., Andersson, T., Davoudi, M., ...
Andersson, M. (2019). Cubosomes for topical delivery of the antimicrobial peptide
LL-37. European Journal of Pharmaceutics and Biopharmaceutics 134, 60–67.

Boge, L., Umerska, A., Matougui, N., Bysell, H., Ringstad, L., Davoudi, M., Eriksson, J.,
Edwards, K., & Andersson, M. (2017). Cubosomes post-loaded with antimicrobial
peptides: characterization, bactericidal effect and proteolytic stability. International
Journal of Pharmaceutics 526, 400–412.
18
Borregaard, N., & Cowland, J. B. (1997). Granules of the human neutrophilic polymorpho-
nuclear leukocyte. Blood, The Journal of the American Society of Hematology 89,
3503–3521.

Borro, B. C., Nordström, R., & Malmsten, M. (2020). Microgels and hydrogels as delivery
systems for antimicrobial peptides. Colloids and Surfaces B: Biointerfaces, 110835.

Bowler, P., Duerden, B., & Armstrong, D. G. (2001). Wound microbiology and associated
approaches to wound management. Clinical Microbiology Reviews 14, 244–269.

Bradshaw, J. P. (2003). Cationic antimicrobial peptides. BioDrugs 17, 233–240.
Brandelli, A. (2012). Nanostructures as promising tools for delivery of antimicrobial pep-

tides. Mini Reviews in Medicinal Chemistry 12, 731–741.
Brandwein, M., Bentwich, Z., & Steinberg, D. (2017). Endogenous antimicrobial peptide

expression in response to bacterial epidermal colonization. Frontiers in Immunology
8, 1637.

Brannon-Peppas, L., & Peppas, N. A. (1990). Dynamic and equilibrium swelling behaviour
of pH-sensitive hydrogels containing 2-hydroxyethyl methacrylate. The Biomaterials:
Silver Jubilee Compendium (pp. 51–60). Elsevier.

de Breij, A., Riool, M., Cordfunke, R. A., Malanovic, N., de Boer, L., Koning, R. I., ... Boekema,
B. K. (2018). The antimicrobial peptide SAAP-148 combats drug-resistant bacteria
and biofilms. Science Translational Medicine 10.

Brinkmann, V., Reichard, U., Goosmann, C., Fauler, B., Uhlemann, Y., Weiss, D. S., ...
Zychlinsky, A. (2004). Neutrophil extracellular traps kill bacteria. Science 303,
1532–1535.

Brogden, K. A. (2005). Antimicrobial peptides: pore formers or metabolic inhibitors in
bacteria? Nature Reviews Microbiology 3, 238–250.

Bysell, H., Hansson, P., Schmidtchen, A., & Malmsten, M. (2010). Effect of hydrophobicity
on the interaction between antimicrobial peptides and poly (acrylic acid) microgels.
The Journal of Physical Chemistry B 114, 1307–1313.

Bysell, H., & Malmsten, M. (2009). Interactions between homopolypeptides and lightly
cross-linked microgels. Langmuir 25, 522–528.

Cano Sanchez, M., Lancel, S., Boulanger, E., & Neviere, R. (2018). Targeting oxidative stress
and mitochondrial dysfunction in the treatment of impaired wound healing: a sys-
tematic review. Antioxidants 7, 98.

Casciaro, B., Moros, M., Rivera-Fernández, S., Bellelli, A., Jesús, M., &Mangoni, M. L. (2017).
Gold-nanoparticles coated with the antimicrobial peptide esculentin-1a (1-21) NH2
as a reliable strategy for antipseudomonal drugs. Acta Biomaterialia 47, 170–181.

Čeřovský, V., & Bém, R. (2014). Lucifensins, the insect defensins of biomedical impor-
tance: the story behind maggot therapy. Pharmaceuticals 7, 251–264.

Chen, S., Liu, B., Carlson, M. A., Gombart, A. F., Reilly, D. A., & Xie, J. (2017). Recent advances
in electrospun nanofibers for wound healing. Nanomedicine 12, 1335–1352.

Chen, W. Y., Chang, H. Y., Lu, J. K., Huang, Y. C., Harroun, S. G., Tseng, Y. T., ... Chang, H. T.
(2015). Self-assembly of antimicrobial peptides on gold nanodots: against multidrug-
resistant bacteria and wound-healing application. Advanced Functional Materials 25,
7189–7199.

Chen, Y., Guarnieri, M. T., Vasil, A. I., Vasil, M. L., Mant, C. T., & Hodges, R. S. (2007). Role of
peptide hydrophobicity in the mechanism of action of α-helical antimicrobial pep-
tides. Antimicrobial Agents and Chemotherapy 51, 1398–1406.

Chereddy, K. K., Her, C. -H., Comune, M., Moia, C., Lopes, A., Porporato, P. E., ... Sonveaux, P.
(2014). PLGA nanoparticles loaded with host defense peptide LL37 promote wound
healing. Journal of Controlled Release 194, 138–147.

Chereddy, K. K., Vandermeulen, G., & Préat, V. (2016). PLGA based drug delivery systems:
Promising carriers for wound healing activity. Wound Repair and Regeneration 24,
223–236.

Chiller, K., Selkin, B. A., & Murakawa, G. J. (2001). Skin microflora and bacterial infections
of the skin. Journal of Investigative Dermatology Symposium Proceedings (Vol. 6, 170-
174): Elsevier.

Chung, E. M., Dean, S. N., Propst, C. N., Bishop, B. M., & van Hoek, M. L. (2017). Komodo
dragon-inspired synthetic peptide DRGN-1 promotes wound-healing of a mixed-
biofilm infected wound. npj Biofilms and Microbiomes 3, 1–13.

Cleophas, R. T., Sjollema, J., Busscher, H. J., Kruijtzer, J. A., & Liskamp, R. M. (2014). Charac-
terization and activity of an immobilized antimicrobial peptide containing bacteri-
cidal PEG-hydrogel. Biomacromolecules 15, 3390–3395.

Comune, M., Rai, A., Chereddy, K. K., Pinto, S., Aday, S., Ferreira, A. F., ... Rodrigues, R.
(2017). Antimicrobial peptide-gold nanoscale therapeutic formulation with high
skin regenerative potential. Journal of Controlled Release 262, 58–71.

Congote, L. F., Temmel, N., Sadvakassova, G., & Dobocan, M. C. (2008). Comparison of the
effects of serpin A1, a recombinant serpin A1-IGF chimera and serpin A1 C-terminal
peptide on wound healing. Peptides 29, 39–46.

Dai, T., Tanaka, M., Huang, Y. -Y., & Hamblin, M. R. (2011). Chitosan preparations for
wounds and burns: antimicrobial and wound-healing effects. Expert Review of Anti-
Infective Therapy 9, 857–879.

Davis, S., & Watson, M. (1984). The adsorption of cationic antimicrobial agents onto
polyhema. Colloids and Surfaces 12, 203–212.

De Aguiar, I. B., Van de Laar, T., Meireles, M., Bouchoux, A., Sprakel, J., & Schroën, K. (2017).
Deswelling and deformation of microgels in concentrated packings. Scientific Reports
7, 1–11.

Demling, R. H., & Waterhouse, B. (2007). The increasing problem of wound bacterial bur-
den and infection in acute and chronic soft-tissue wounds caused by methicillin-
resistant Staphylococcus aureus. Journal of Burns and Wounds, 7.

Detmar, M., & Orfanos, C. (1990). Tumor necrosis factor-alpha inhibits cell proliferation
and induces class II antigens and cell adhesion molecules in cultured normal
human keratinocytes in vitro. Archives of Dermatological Research 282, 238–245.

Di Grazia, A., Luca, V., Li-av, T., Shai, Y., & Mangoni, M. L. (2014). Temporins A and B stim-
ulate migration of HaCaT keratinocytes and kill intracellular Staphylococcus aureus.
Antimicrobial Agents and Chemotherapy 58, 2520–2527.

Di Somma, A., Moretta, A., Canè, C., Cirillo, A., & Duilio, A. (2020). Antimicrobial and
antibiofilm peptides. Biomolecules 10, 652.

http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0020
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0020
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0025
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0025
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0025
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0030
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0030
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0030
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0035
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0035
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0040
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0040
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0045
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0045
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0045
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0050
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0050
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0055
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0055
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0060
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0060
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0065
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0065
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0070
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0070
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0075
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0075
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0075
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0080
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0080
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0080
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0085
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0085
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0085
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0090
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0090
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0095
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0095
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0095
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0100
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0100
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0100
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0105
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0105
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0105
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0110
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0110
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0110
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0110
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0115
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0115
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0120
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0125
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0125
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0130
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0130
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0130
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0135
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0140
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0140
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0140
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0145
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0145
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0150
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0150
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0150
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0155
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0155
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0155
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0160
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0160
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0165
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0165
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0165
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0170
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0170
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0170
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0175
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0175
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0180
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0180
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0185
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0190
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0190
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0195
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0195
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0195
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0200
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0200
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0200
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0205
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0205
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0210
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0210
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0215
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0215
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0220
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0220
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0220
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0225
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0225
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0230
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0230
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0230
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0235
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0235
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0240
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0240
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0245
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0245
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0250
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0250
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0250
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0255
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0255
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0255
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0260
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0260
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0265
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0265
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0265
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0270
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0270
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0270
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0275
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0275
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0275
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0280
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0280
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0285
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0285
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0285
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0290
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0290
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0290
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0295
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0295
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0300
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0300
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0305
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0305
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0305
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0310
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0310
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0310
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0315
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0315
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0315
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0320
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0320


S. Gera, E. Kankuri and K. Kogermann Pharmacology & Therapeutics xxx (xxxx) xxx
Dijksteel, G. S., Ulrich, M. M., Middelkoop, E., & Boekema, B. K. (2021). Lessons learned
from clinical trials using antimicrobial peptides (AMPs). Frontiers in Microbiology
12, 287.

Doolin, T., Amir, H. M., Duong, L., Rosenzweig, R., Urban, L. A., Bosch, M., ... Siryaporn, A.
(2020). Mammalian histones facilitate antimicrobial synergy by disrupting the bacte-
rial proton gradient and chromosome organization. Nature Communications 11, 1–16.

Dubashynskaya, N. V., & Skorik, Y. A. (2020). Polymyxin delivery systems: Recent ad-
vances and challenges. Pharmaceuticals 13, 83.

Dürr, U. H., Sudheendra, U., & Ramamoorthy, A. (2006). LL-37, the only humanmember of
the cathelicidin family of antimicrobial peptides. Biochimica et Biophysica Acta (BBA) -
Biomembranes 1758, 1408–1425.

Eckert, R. (2011). Road to clinical efficacy: challenges and novel strategies for antimicro-
bial peptide development. Future Microbiology 6, 635–651.

Eckert, R. L., Broome, A. -M., Ruse, M., Robinson, N., Ryan, D., & Lee, K. (2004). S100 pro-
teins in the epidermis. Journal of Investigative Dermatology 123, 23–33.

Edwards, I. A., Elliott, A. G., Kavanagh, A. M., Blaskovich, M. A., & Cooper, M. A. (2017).
Structure–activity and− toxicity relationships of the antimicrobial peptide
tachyplesin-1. ACS Infectious Diseases 3, 917–926.

El Karim, I. A., Linden, G. J., Orr, D. F., & Lundy, F. T. (2008). Antimicrobial activity of neu-
ropeptides against a range of micro-organisms from skin, oral, respiratory and gastro-
intestinal tract sites. Journal of Neuroimmunology 200, 11–16.

Elieh-Ali-Komi, D., & Hamblin, M. R. (2016). Chitin and chitosan: production and applica-
tion of versatile biomedical nanomaterials. International Journal of Advanced Research
4, 411.

Epand, R. M., & Epand, R. F. (2011). Bacterial membrane lipids in the action of antimicro-
bial agents. Journal of Peptide Science 17, 298–305.

Esposito, E., Cortesi, R., Drechsler, M., Paccamiccio, L., Mariani, P., Contado, C., Stellin, E.,
Menegatti, E., Bonina, F., & Puglia, C. (2005). Cubosome dispersions as delivery sys-
tems for percutaneous administration of indomethacin. Pharmaceutical Research 22,
2163–2173.

Fajardo, L. F., Kwan, H. H., Kowalski, J., Prionas, S., & Allison, A. (1992). Dual role of tumor
necrosis factor-alpha in angiogenesis. The American Journal of Pathology 140, 539.

Falagas, M. E., & Kasiakou, S. K. (2006). Toxicity of polymyxins: a systematic review of the
evidence from old and recent studies. Critical Care 10, 1–13.

Felgueiras, H. P., & Amorim, M. T. P. (2017). Functionalization of electrospun polymeric
wound dressings with antimicrobial peptides. Colloids and Surfaces B: Biointerfaces
156, 133–148.

Feng, H., Lu, X., Wang,W., Kang, N. -G., & Mays, J. W. (2017). Block copolymers: Synthesis,
self-assembly, and applications. Polymers 9, 494.

FrykbergRobert, G. (2015). Challenges in the treatment of chronic wounds. Advances in
wound care.

Fumakia, M., & Ho, E. A. (2016). Nanoparticles encapsulated with LL37 and serpin A1 pro-
motes wound healing and synergistically enhances antibacterial activity. Molecular
Pharmaceutics 13, 2318–2331.

Galdiero, S., Falanga, A., Cantisani, M., Vitiello, M., Morelli, G., & Galdiero, M. (2013).
Peptide-lipid interactions: experiments and applications. International Journal of
Molecular Sciences 14, 18758–18789.

Ganz, T. (2003). Defensins: antimicrobial peptides of innate immunity. Nature Reviews
Immunology 3, 710–720.

García, J. -R. C., Krause, A., Schulz, S., Rodríguez-Jiménez, F. -J., Klüver, E., Adermann, K., ...
Forssmann, W. -G. (2001). Human β-defensin 4: a novel inducible peptide with a
specific salt-sensitive spectrum of antimicrobial activity. The FASEB Journal 15,
1819–1821.

Gatti, J. W., Smithgall, M. C., Paranjape, S. M., Rolfes, R. J., & Paranjape, M. (2013). Using
electrospun poly (ethylene-oxide) nanofibers for improved retention and efficacy
of bacteriolytic antibiotics. Biomedical Microdevices 15, 887–893.

Ghaeini-Hesaroeiye, S., Boddohi, S., & Vasheghani-Farahani, E. (2020). Dual responsive
chondroitin sulfate based nanogel for antimicrobial peptide delivery. International
Journal of Biological Macromolecules 143, 297–304.

Gontsarik, M., Buhmann, M. T., Yaghmur, A., Ren, Q., Maniura-Weber, K., & Salentinig, S.
(2016). Antimicrobial peptide-driven colloidal transformations in liquid-crystalline
nanocarriers. The Journal of Physical Chemistry Letters 7, 3482–3486.

Goodby, J. (2005). Microscopy Applications| Liquid Crystals.
Gopinath, D., Kumar, M. S., Selvaraj, D., & Jayakumar, R. (2005). Pexiganan-incorporated

collagen matrices for infected wound-healing processes in rat. Journal of Biomedical
Materials Research Part A 73, 320–331.

Gorr, S. -U., Flory, C. M., & Schumacher, R. J. (2019). In vivo activity and low toxicity of the
second-generation antimicrobial peptide DGL13K. PLoS One 14, Article e0216669.

Grassi, L., Batoni, G., Ostyn, L., Rigole, P., Van den Bossche, S., Rinaldi, A. C., ... Crabbé, A.
(2019). The antimicrobial peptide lin-SB056-1 and its dendrimeric derivative prevent
Pseudomonas aeruginosa biofilm formation in physiologically relevant models of
chronic infections. Frontiers in Microbiology 10, 198.

Greco, I., Molchanova, N., Holmedal, E., Jenssen, H., Hummel, B. D., Watts, J. L., ... Svenson, J.
(2020). Correlation between hemolytic activity, cytotoxicity and systemic in vivo tox-
icity of synthetic antimicrobial peptides. Scientific Reports 10, 1–13.

Gruenheid, S., & Le Moual, H. (2012). Resistance to antimicrobial peptides in Gram-
negative bacteria. FEMS Microbiology Letters 330, 81–89.

Gunn, J. S. (2001). Bacterial modification of LPS and resistance to antimicrobial peptides.
Journal of Endotoxin Research 7, 57–62.

Guo, L., Lim, K. B., Poduje, C. M., Daniel, M., Gunn, J. S., Hackett, M., & Miller, S. I. (1998).
Lipid A acylation and bacterial resistance against vertebrate antimicrobial peptides.
Cell 95, 189–198.

Guo, S. a., & DiPietro, L. A. (2010). Factors affecting wound healing. Journal of Dental
Research 89, 219–229.
19
Gupta, A., Kowalczuk, M., Heaselgrave, W., Britland, S. T., Martin, C., & Radecka, I. (2019).
The production and application of hydrogels for wound management: A review.
European Polymer Journal 111, 134–151.

Haisma, E. M., de Breij, A., Chan, H., van Dissel, J. T., Drijfhout, J. W., Hiemstra, P. S., ...
Nibbering, P. H. (2014). LL-37-derived peptides eradicate multidrug-resistant Staph-
ylococcus aureus from thermally wounded human skin equivalents. Antimicrobial
Agents and Chemotherapy 58, 4411–4419.

Han, H. M., Ko, S., Cheong, M. -J., Bang, J. K., Seo, C. H., Luchian, T., & Park, Y. (2017).
Myxinidin2 and myxinidin3 suppress inflammatory responses through STAT3 and
MAPKs to promote wound healing. Oncotarget 8, 87582.

Hansen, A., Schäfer, I., Knappe, D., Seibel, P., & Hoffmann, R. (2012). Intracellular toxicity
of proline-rich antimicrobial peptides shuttled into mammalian cells by the cell-
penetrating peptide penetratin. Antimicrobial Agents and Chemotherapy 56,
5194–5201.

Harder, J., Bartels, J., Christophers, E., & Schröder, J. -M. (1997). A peptide antibiotic from
human skin. Nature 387, 861.

Harder, J., & Schröder, J. -M. (2002). RNase 7, a novel innate immune defense antimicro-
bial protein of healthy human skin. Journal of Biological Chemistry 277, 46779–46784.

Hartgerink, J. D., Beniash, E., & Stupp, S. I. (2001). Self-assembly and mineralization of
peptide-amphiphile nanofibers. Science 294, 1684–1688.

Håversen, L., Ohlsson, B. G., Hahn-Zoric, M., Hanson, L.Å., & Mattsby-Baltzer, I. (2002).
Lactoferrin down-regulates the LPS-induced cytokine production in monocytic cells
via NF-κB. Cellular Immunology 220, 83–95.

Heilborn, J. D., Nilsson, M. F., Sørensen, O., Ståhle-Bäckdahl, M., Kratz, G., Weber, G., &
Borregaard, N. (2003). The cathelicidin anti-microbial peptide LL-37 is involved in
re-epithelialization of human skin wounds and is lacking in chronic ulcer epithelium.
Journal of Investigative Dermatology 120, 379–389.

Henriksen, P. A. (2014). The potential of neutrophil elastase inhibitors as anti-
inflammatory therapies. Current Opinion in Hematology 21, 23–28.

Heunis, T., Bshena, O., Klumperman, B., & Dicks, L. (2011). Release of bacteriocins from
nanofibers prepared with combinations of poly (D, L-lactide)(PDLLA) and poly (eth-
ylene oxide)(PEO). International Journal of Molecular Sciences 12, 2158–2173.

Heunis, T. D., Smith, C., & Dicks, L. M. (2013). Evaluation of a nisin-eluting nanofiber scaf-
fold to treat Staphylococcus aureus-induced skin infections in mice. Antimicrobial
Agents and Chemotherapy 57, 3928–3935.

Hilchie, A. L., Wuerth, K., & Hancock, R. E. (2013). Immune modulation by multifaceted
cationic host defense (antimicrobial) peptides. Nature Chemical Biology 9, 761.

Hilpert, K., Elliott, M., Jenssen, H., Kindrachuk, J., Fjell, C. D., Körner, J., ... Ulrich, A. S.
(2009). Screening and characterization of surface-tethered cationic peptides for anti-
microbial activity. Chemistry & Biology 16, 58–69.

Hirsch, T., Spielmann, M., Zuhaili, B., Fossum, M., Metzig, M., Koehler, T., ... Steinstraesser,
L. (2009). Human beta-defensin-3 promotes wound healing in infected diabetic
wounds. The Journal of Gene Medicine 11, 220–228.

Hoare, T. R., & Kohane, D. S. (2008). Hydrogels in drug delivery: Progress and challenges.
Polymer 49, 1993–2007.

Howling, G. I., Dettmar, P. W., Goddard, P. A., Hampson, F. C., Dornish, M., & Wood, E. J.
(2001). The effect of chitin and chitosan on the proliferation of human skin fibro-
blasts and keratinocytes in vitro. Biomaterials 22, 2959–2966.

Hu, Z., Lu, S., Cheng, Y., Kong, S., Li, S., Li, C., & Yang, L. (2018). Investigation of the effects of
molecular parameters on the hemostatic properties of chitosan. Molecules 23, 3147.

Huan, Y., Kong, Q., Mou, H., & Yi, H. (2020). Antimicrobial peptides: classification, design,
application and research progress in multiple fields. Frontiers in Microbiology 11.

Huang, H. -N., Chan, Y. -L., Wu, C. -J., & Chen, J. -Y. (2015). Tilapia Piscidin 4 (TP4) stimu-
lates cell proliferation and wound closure in MRSA-Infected wounds in mice. Marine
Drugs 13, 2813–2833.

Huang, H. -N., Rajanbabu, V., Pan, C. -Y., Chan, Y. -L., Wu, C. -J., & Chen, J. -Y. (2013). Use of
the antimicrobial peptide Epinecidin-1 to protect against MRSA infection in mice
with skin injuries. Biomaterials 34, 10319–10327.

Huang, Z. -M., Zhang, Y. -Z., Kotaki, M., & Ramakrishna, S. (2003). A review on polymer
nanofibers by electrospinning and their applications in nanocomposites. Composites
Science and Technology 63, 2223–2253.

Huh, A. J., & Kwon, Y. J. (2011). “Nanoantibiotics”: a new paradigm for treating infectious
diseases using nanomaterials in the antibiotics resistant era. Journal of Controlled
Release 156, 128–145.

Inomata, M., Into, T., & Murakami, Y. (2010). Suppressive effect of the antimicrobial pep-
tide LL-37 on expression of IL-6, IL-8 and CXCL10 induced by Porphyromonas
gingivalis cells and extracts in human gingival fibroblasts. European Journal of Oral
Sciences 118, 574–581.

Jain, S., Patel, N., Shah, M. K., Khatri, P., & Vora, N. (2017). Recent advances in lipid-based
vesicles and particulate carriers for topical and transdermal application. Journal of
Pharmaceutical Sciences 106, 423–445.

Je, J. -Y., & Kim, S. -K. (2006). Chitosan derivatives killed bacteria by disrupting the outer
and inner membrane. Journal of Agricultural and Food Chemistry 54, 6629–6633.

Jinquan, T., Vorum, H., Larsen, C. G., Madsen, P., Rasmussen, H. H., Gesser, B., ... Thestrup-
Pedersen, K. (1996). Psoriasin: a novel chemotactic protein. Journal of Investigative
Dermatology 107, 5–10.

Johnson, B. Z., Stevenson, A.W., Prêle, C. M., Fear, M.W., &Wood, F. M. (2020). The Role of
IL-6 in Skin Fibrosis and Cutaneous Wound Healing. Biomedicines 8, 101.

Jones, A., & Vaughan, D. (2005). Hydrogel dressings in the management of a variety of
wound types: A review. Journal of Orthopaedic Nursing 9, S1–S11.

Kahlenberg, J. M., & Kaplan, M. J. (2013). Little peptide, big effects: the role of LL-37 in in-
flammation and autoimmune disease. The Journal of Immunology 191, 4895–4901.

Kai, D., Liow, S. S., & Loh, X. J. (2014). Biodegradable polymers for electrospinning: to-
wards biomedical applications. Materials Science and Engineering: C 45, 659–670.

http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0325
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0325
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0325
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0330
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0330
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0335
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0335
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0340
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0340
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0340
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0345
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0345
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0350
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0350
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0355
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0355
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0360
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0360
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0360
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0365
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0365
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0365
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0370
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0370
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0375
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0375
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0375
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0380
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0380
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0385
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0385
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0390
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0390
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0390
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0395
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0395
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0400
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0400
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0405
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0405
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0405
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0410
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0410
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0415
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0415
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0420
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0420
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0420
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0425
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0425
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0425
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0430
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0430
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0430
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0435
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0435
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0440
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0445
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0445
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0445
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0450
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0450
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0455
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0455
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0455
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0460
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0460
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0465
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0465
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0470
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0470
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0475
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0475
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0480
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0480
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0485
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0485
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0490
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0490
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0490
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0495
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0495
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0500
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0500
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0500
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0500
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0505
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0505
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0510
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0510
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0515
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0515
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0520
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0520
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0525
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0525
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0525
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0530
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0530
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0535
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0535
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0535
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0540
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0540
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0540
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0545
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0545
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0550
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0550
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0555
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0555
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0560
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0560
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0565
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0565
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0570
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0570
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0575
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0575
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0580
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0580
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0580
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0585
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0585
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0585
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0590
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0590
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0590
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0595
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0595
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0595
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0600
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0600
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0600
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0600
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0605
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0605
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0605
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0610
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0610
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0615
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0615
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0620
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0620
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0625
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0625
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0630
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0630
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0635
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0635


S. Gera, E. Kankuri and K. Kogermann Pharmacology & Therapeutics xxx (xxxx) xxx
Kamaly, N., Yameen, B., Wu, J., & Farokhzad, O. C. (2016). Degradable controlled-release
polymers and polymeric nanoparticles: mechanisms of controlling drug release.
Chemical Reviews 116, 2602–2663.

Kang, H. K., Seo, C. H., Luchian, T., & Park, Y. (2018). Pse-T2, an antimicrobial peptide with
high-level, broad-spectrum antimicrobial potency and skin biocompatibility against
multidrug-resistant Pseudomonas aeruginosa infection. Antimicrobial Agents and
Chemotherapy 62, e01418–e01493.

Kawasaki, H., & Iwamuro, S. (2008). Potential roles of histones in host defense as antimi-
crobial agents. Infectious Disorders-Drug Targets (Formerly Current Drug Targets-
Infectious Disorders) 8, 195–205.

Keles, H., Naylor, A., Clegg, F., & Sammon, C. (2015). Investigation of factors influencing
the hydrolytic degradation of single PLGA microparticles. Polymer Degradation and
Stability 119, 228–241.

Kim, D., Lee, Y., Park, M., Shin, J., Lim, K., Cho, J., & Kim, S. (2014). Efficacy of the designer
antimicrobial peptide SHAP1 in wound healing and wound infection. Amino Acids 46.

Kittaka, M., Shiba, H., Kajiya, M., Ouhara, K., Takeda, K., Kanbara, K., Fujita, T., Kawaguchi,
H., Komatsuzawa, H., & Kurihara, H. (2013). Antimicrobial peptide LL 37 promotes
vascular endothelial growth factor-A expression in human periodontal ligament
cells. Journal of Periodontal Research 48, 228–234.

Knop, K., Hoogenboom, R., Fischer, D., & Schubert, U. S. (2010). Poly (ethylene glycol) in
drug delivery: pros and cons as well as potential alternatives. Angewandte Chemie
International Edition 49, 6288–6308.

Koczulla, R., Von Degenfeld, G., Kupatt, C., Krötz, F., Zahler, S., Gloe, T., Issbrücker, K.,
Unterberger, P., Zaiou, M., & Lebherz, C. (2003). An angiogenic role for the human
peptide antibiotic LL-37/hCAP-18. The Journal of Clinical Investigation 111, 1665–1672.

Kościuczuk, E. M., Lisowski, P., Jarczak, J., Strzałkowska, N., Jóźwik, A., Horbańczuk, J., ...
Bagnicka, E. (2012). Cathelicidins: family of antimicrobial peptides. A review.
Molecular Biology Reports 39, 10957–10970.

Kubicek-Sutherland, J. Z., Lofton, H., Vestergaard, M., Hjort, K., Ingmer, H., & Andersson, D.
I. (2016). Antimicrobial peptide exposure selects for Staphylococcus aureus resis-
tance to human defence peptides. Journal of Antimicrobial Chemotherapy 72, 115–127.

Kumar, P., Kizhakkedathu, J. N., & Straus, S. K. (2018). Antimicrobial peptides: diversity,
mechanism of action and strategies to improve the activity and biocompatibility
in vivo. Biomolecules 8, 4.

Kuroda, K., Okumura, K., Isogai, H., & Isogai, E. (2015). The human cathelicidin antimicro-
bial peptide LL-37 and mimics are potential anticancer drugs. Frontiers in Oncology 5,
144.

Lai, Y., & Gallo, R. L. (2009). AMPed up immunity: how antimicrobial peptides have mul-
tiple roles in immune defense. Trends in Immunology 30, 131–141.

Lancelot, A., Sierra, T., & Serrano, J. L. (2014). Nanostructured liquid-crystalline particles
for drug delivery. Expert Opinion on Drug Delivery 11, 547–564.

Lanno, G. -M., Ramos, C., Preem, L., Putrinš, M., Laidmäe, I., Tenson, T., & Kogermann, K.
(2020). Antibacterial Porous Electrospun Fibers as Skin Scaffolds for Wound Healing Ap-
plications. ACS Omega.

Lau, P., Bidin, N., Islam, S., Shukri, W. N. B. W. M., Zakaria, N., Musa, N., & Krishnan, G.
(2017). Influence of gold nanoparticles on wound healing treatment in rat model:
photobiomodulation therapy. Lasers in Surgery and Medicine 49, 380–386.

Laverty, G., Gorman, S. P., & Gilmore, B. F. (2012). Antimicrobial peptide incorporated poly
(2-hydroxyethyl methacrylate) hydrogels for the prevention of Staphylococcus
epidermidis-associated biomaterial infections. Journal of Biomedical Materials
Research Part A 100, 1803–1814.

Lebedeva, A., Zakharchenko, N., Trubnikova, E., Medvedeva, O., Kuznetsova, T., Masgutova,
G., Zylkova, M., Buryanov, Y., & Belous, A. (2017). Bactericide, immunomodulating,
and wound healing properties of transgenic Kalanchoe pinnata synergize with anti-
microbial peptide cecropin P1 in vivo. Journal of Immunology Research 2017.

Lee, E. Y., Lee, M. W., & Wong, G. C. (2019). Modulation of toll-like receptor signaling by
antimicrobial peptides. Seminars in Cell & Developmental Biology (Vol. 88, pp. 173-
184): Elsevier.

Lee, J., Han, S. Y., Ji, A. R., Park, J. K., Hong, I. H., Ki, M. R., ... Hwang, J. S. (2013). Antimicro-
bial effects of coprisin on wounds infected with S taphylococcus aureus in rats.
Wound Repair and Regeneration 21, 876–882.

Lee, K. C., & Eckert, R. L. (2007). S100A7 (Psoriasin)–mechanism of antibacterial action in
wounds. Journal of Investigative Dermatology 127, 945–957.

Lee, P. H., Rudisill, J. A., Lin, K. H., Zhang, L., Harris, S. M., Falla, T. J., & Gallo, R. L. (2004). HB-
107, a nonbacteriostatic fragment of the antimicrobial peptide cecropin B, accelerates
murine wound repair. Wound Repair and Regeneration 12, 351–358.

Lee, Y. W., Park, M. K., Shin, J. R., Lim, K. J., Cho, J. H., & Kim, S. C. (2014). Efficacy of the
designer antimicrobial peptide SHAP1 in wound healing and wound infection.
Amino Acids 46, 2333–2343.

Lehrer, R. I., & Lu, W. (2012). α-Defensins in human innate immunity. Immunological
Reviews 245, 84–112.

Leu, J. -G., Chen, S. -A., Chen, H. -M., Wu, W. -M., Hung, C. -F., Yao, Y. -D., Tu, C. -S., & Liang,
Y. -J. (2012). The effects of gold nanoparticles in wound healing with antioxidant epi-
gallocatechin gallate and α-lipoic acid. Nanomedicine: Nanotechnology, Biology and
Medicine 8, 767–775.

Lewies, A., Du Plessis, L. H., & Wentzel, J. F. (2019). Antimicrobial peptides: the Achilles’
heel of antibiotic resistance? Probiotics and Antimicrobial Proteins 11, 370–381.

Lewies, A., Wentzel, J. F., Jordaan, A., Bezuidenhout, C., & Du Plessis, L. H. (2017). Interac-
tions of the antimicrobial peptide nisin Z with conventional antibiotics and the use of
nanostructured lipid carriers to enhance antimicrobial activity. International Journal of
Pharmaceutics 526, 244–253.

Li, J., Koh, J. -J., Liu, S., Lakshminarayanan, R., Verma, C. S., & Beuerman, R. W. (2017).
Membrane active antimicrobial peptides: translating mechanistic insights to design.
Frontiers in Neuroscience 11, 73.

Li, J., Post, M., Volk, R., Gao, Y., Li, M., Metais, C., ... Rosenberg, R. D. (2000). PR39, a peptide
regulator of angiogenesis. Nature Medicine 6, 49–55.
20
Li, J., Xing, R., Bai, S., & Yan, X. (2019). Recent advances of self-assembling peptide-based
hydrogels for biomedical applications. Soft Matter 15, 1704–1715.

Li, S. -A., Lee, W. -H., & Zhang, Y. (2012). Efficacy of OH-CATH30 and its analogs against
drug-resistant bacteria in vitro and in mouse models. Antimicrobial Agents and
Chemotherapy 56, 3309–3317.

Li, S. -A., Xiang, Y., Wang, Y. -J., Liu, J., Lee, W. -H., & Zhang, Y. (2013). Naturally occurring
antimicrobial peptide OH-CATH30 selectively regulates the innate immune response
to protect against sepsis. Journal of Medicinal Chemistry 56, 9136–9145.

Li, X., Fan, R., Tong, A., Yang, M., Deng, J., Zhou, L., Zhang, X., & Guo, G. (2015). In situ gel-
forming AP-57 peptide delivery system for cutaneous wound healing. International
Journal of Pharmaceutics 495, 560–571.

Li, X., Robinson, S. M., Gupta, A., Saha, K., Jiang, Z., Moyano, D. F., ... Rotello, V. M. (2014).
Functional gold nanoparticles as potent antimicrobial agents against multi-drug-
resistant bacteria. ACS Nano 8, 10682–10686.

Lindford, A. J., Juteau, S., Jaks, V., Klaas, M., Lagus, H., Vuola, J., & Kankuri, E. (2021). Case
Report: Unravelling the mysterious Lichtenberg fig. skin response in a patient with
a high-voltage electrical injury. Frontiers in Medicine 8, 861.

Liu, A. Y., Destoumieux, D., Wong, A. V., Park, C. H., Valore, E. V., Liu, L., & Ganz, T. (2002).
Human β-defensin-2 production in keratinocytes is regulated by interleukin-1, bacte-
ria, and the state of differentiation. Journal of Investigative Dermatology 118, 275–281.

Liu, H., Duan, Z., Tang, J., Lv, Q., Rong, M., & Lai, R. (2014). A short peptide from frog skin
accelerates diabetic wound healing. The FEBS Journal 281, 4633–4643.

Liu, H., Mu, L., Tang, J., Shen, C., Gao, C., Rong, M., Zhang, Z., Liu, J., Wu, X., & Yu, H. (2014).
A potential wound healing-promoting peptide from frog skin. The International
Journal of Biochemistry & Cell Biology 49, 32–41.

Liu, H., Slamovich, E. B., & Webster, T. J. (2006). Less harmful acidic degradation of poly
(lactic-co-glycolic acid) bone tissue engineering scaffolds through titania nanoparti-
cle addition. International Journal of Nanomedicine 1, 541.

Liu, S., Long, Q., Xu, Y., Wang, J., Xu, Z., Wang, L., Zhou, M., Wu, Y., Chen, T., & Shaw, C.
(2017). Assessment of antimicrobial and wound healing effects of Brevinin-2Ta
against the bacterium Klebsiella pneumoniae in dermally-wounded rats. Oncotarget
8, 111369.

Liu, X., Lin, T., Fang, J., Yao, G., Zhao, H., Dodson, M., & Wang, X. (2010). In vivo wound
healing and antibacterial performances of electrospun nanofibre membranes.
Journal of Biomedical Materials Research Part A 94, 499–508.

Liu, Y., Li, S., Shen, T., Chen, L., Zhou, J., Shi, S., Wang, Y., Zhao, Z., Liao, C., & Wang, C.
(2020). N-terminal myristoylation enhanced the antimicrobial activity of antimicro-
bial peptide PMAP-36PW. Frontiers in Cellular and Infection Microbiology 10, 450.

Liu, Y., Li, Y., Li, N., Teng, W., Wang, M., Zhang, Y., & Xiao, Z. (2016). TGF-β1 promotes scar
fibroblasts proliferation and transdifferentiation via up-regulating MicroRNA-21.
Scientific Reports 6, 32231.

Lorenzi, T., Trombettoni, M. M. C., Ghiselli, R., Paolinelli, F., Gesuita, R., Cirioni, O., ...
Piangatelli, C. (2017). Effect of omiganan on colonic anastomosis healing in a rat
model of peritonitis. American Journal of Translational Research 9, 3374.

Lu, S., Xia, D., Huang, G., Jing, H., Wang, Y., & Gu, H. (2010). Concentration effect of gold
nanoparticles on proliferation of keratinocytes. Colloids and Surfaces B: Biointerfaces
81, 406–411.

van der Lubben, I. M., Verhoef, J. C., Borchard, G., & Junginger, H. E. (2001). Chitosan and
its derivatives in mucosal drug and vaccine delivery. European Journal of Pharmaceu-
tical Sciences 14, 201–207.

Luger, T., & Lotti, T. (1998). Neuropeptides: role in inflammatory skin diseases. Journal of
the European Academy of Dermatology and Venereology 10, 207–211.

Ma, Z., Han, J., Chang, B., Gao, L., Lu, Z., Lu, F., Zhao, H., Zhang, C., & Bie, X. (2017).
Membrane-active amphipathic peptide WRL3 with in vitro antibiofilm capability
and in vivo efficacy in treating methicillin-resistant Staphylococcus aureus burn
wound infections. ACS Infectious Diseases 3, 820–832.

Machado, H., Abercrombie, J., You, T., DeLuca, P. P., & Leung, K. (2013). Release of a
wound-healing agent from PLGA microspheres in a thermosensitive gel. BioMed
Research International, 2013.

Magana, M., Pushpanathan, M., Santos, A. L., Leanse, L., Fernandez, M., Ioannidis, A., ...
Ferguson, A. L. (2020). The value of antimicrobial peptides in the age of resistance.
The Lancet Infectious Diseases. 20(9), e216–e230.

Mahlapuu, M., Håkansson, J., Ringstad, L., & Björn, C. (2016). Antimicrobial peptides: an
emerging category of therapeutic agents. Frontiers in Cellular and Infection
Microbiology 6, 194.

Makowski, M., Silva, Í. C., & Pais do Amaral, C., Gonçalves, S., & Santos, N. C. (2019). Ad-
vances in lipid and metal nanoparticles for antimicrobial peptide delivery.
Pharmaceutics 11, 588.

Maleki, H., Rai, A., Pinto, S., Evangelista, M., Cardoso, R. M., Paulo, C., ... Simchi, A. (2016).
High antimicrobial activity and low human cell cytotoxicity of core–shell magnetic
nanoparticles functionalized with an antimicrobial peptide. ACS Applied Materials &
Interfaces 8, 11366–11378.

Manosroi, A., Khanrin, P., Lohcharoenkal, W., Werner, R. G., Götz, F., Manosroi, W., &
Manosroi, J. (2010). Transdermal absorption enhancement through rat skin of
gallidermin loaded in niosomes. International Journal of Pharmaceutics 392, 304–310.

Marr, A. K., Gooderham, W. J., & Hancock, R. E. (2006). Antibacterial peptides for thera-
peutic use: obstacles and realistic outlook. Current Opinion in Pharmacology 6,
468–472.

Matsuzaki, K. (2009). Control of cell selectivity of antimicrobial peptides. Biochimica et
Biophysica Acta (BBA) - Biomembranes 1788, 1687–1692.

Matthews, K., Stevens, H., Auffret, A., Humphrey, M., & Eccleston, G. (2005). Lyophilised
wafers as a drug delivery system for wound healing containing methylcellulose as
a viscosity modifier. International Journal of Pharmaceutics 289, 51–62.

Mattsby-Baltzer, I., Roseanu, A., Motas, C., Elverfors, J., Engberg, I., & Hanson, L.Å. (1996).
Lactoferrin or a fragment thereof inhibits the endotoxin-induced interleukin-6 re-
sponse in human monocytic cells. Pediatric Research 40, 257–262.

http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0640
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0640
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0640
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0645
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0645
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0645
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0645
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0650
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0650
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0650
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0655
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0655
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0655
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0660
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0660
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0665
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0665
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0665
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0670
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0670
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0670
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0675
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0675
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0680
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0680
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0685
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0685
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0690
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0690
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0690
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0695
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0695
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0695
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0700
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0700
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0705
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0705
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0710
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0710
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0715
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0715
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0720
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0720
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0720
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0720
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0725
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0725
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0725
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0730
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0730
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0730
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0735
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0735
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0740
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0740
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0740
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0745
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0745
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0745
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0750
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0750
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0755
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0755
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0755
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0760
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0760
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0765
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0765
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0765
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0765
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0770
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0770
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0775
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0775
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0780
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0780
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0785
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0785
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0785
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0790
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0790
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0790
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0795
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0795
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0795
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0800
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0800
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0805
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0805
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0805
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0810
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0810
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0815
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0815
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0820
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0820
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0825
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0825
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0825
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0830
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0830
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0830
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0835
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0835
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0835
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0840
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0840
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0845
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0845
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0845
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0850
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0850
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0855
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0855
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0855
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0860
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0860
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0860
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0865
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0865
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0870
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0870
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0870
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0875
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0875
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0875
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0880
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0880
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0885
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0885
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0885
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0890
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0890
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0890
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0895
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0895
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0895
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0900
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0900
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0905
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0905
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0905
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0910
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0910
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0915
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0915
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0915
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0920
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0920


S. Gera, E. Kankuri and K. Kogermann Pharmacology & Therapeutics xxx (xxxx) xxx
McClements, D. J. (2018). Encapsulation, protection, and delivery of bioactive proteins
and peptides using nanoparticle and microparticle systems: A review. Advances in
Colloid and Interface Science 253, 1–22.

Mercer, D. K., Katvars, L. K., Hewitt, F., Smith, D. W., Robertson, J., & O’Neil, D. A. (2017).
NP108, an antimicrobial polymer with activity against methicillin-and mupirocin-
resistant Staphylococcus aureus. Antimicrobial Agents and Chemotherapy 61.

Michalek, M., Gelhaus, C., Hecht, O., Podschun, R., Schröder, J. M., Leippe, M., & Grötzinger,
J. (2009). The human antimicrobial protein psoriasin acts by permeabilization of bac-
terial membranes. Developmental & Comparative Immunology 33, 740–746.

Milak, S., & Zimmer, A. (2015). Glycerol monooleate liquid crystalline phases used in drug
delivery systems. International Journal of Pharmaceutics 478, 569–587.

Mir, M., Ahmed, N., & ur Rehman, A. (2017). Recent applications of PLGA based nano-
structures in drug delivery. Colloids and Surfaces B: Biointerfaces 159, 217–231.

Mirza, R. E., & Koh, T. J. (2015). Contributions of cell subsets to cytokine production during
normal and impaired wound healing. Cytokine 71, 409–412.

Molinos, M., Carvalho, V., Silva, D. M., & Gama, F. M. (2012). Development of a hybrid dex-
trin hydrogel encapsulating dextrin nanogel as protein delivery system.
Biomacromolecules 13, 517–527.

Mouritzen, M. V., Andrea, A., Qvist, K., Poulsen, S. S., & Jenssen, H. (2019). Immunomodu-
latory potential of Nisin A with application in wound healing. Wound Repair and
Regeneration 27, 650–660.

Nakatsuji, T., & Gallo, R. L. (2012). Antimicrobial peptides: old molecules with new ideas.
Journal of Investigative Dermatology 132, 887–895.

Nash, J. A., Ballard, T. N. S., Weaver, T. E., & Akinbi, H. T. (2006). The peptidoglycan-
degrading property of lysozyme is not required for bactericidal activity in vivo. The
Journal of Immunology 177, 519–526.

Nauseef, W. M. (2014). Myeloperoxidase in human neutrophil host defence. Cellular
Microbiology 16, 1146–1155.

Ng, V. W., Chan, J. M., Sardon, H., Ono, R. J., García, J. M., Yang, Y. Y., & Hedrick, J. L. (2014).
Antimicrobial hydrogels: A new weapon in the arsenal against multidrug-resistant
infections. Advanced Drug Delivery Reviews 78, 46–62.

Nguyen, L. T., Haney, E. F., & Vogel, H. J. (2011). The expanding scope of antimicrobial pep-
tide structures and their modes of action. Trends in Biotechnology 29, 464–472.

Nicolas, P. (2009). Multifunctional host defense peptides: intracellular-targeting antimi-
crobial peptides. The FEBS Journal 276, 6483–6496.

Niyonsaba, F., Iwabuchi, K., Someya, A., Hirata, M., Matsuda, H., Ogawa, H., & Nagaoka, I.
(2002). A cathelicidin family of human antibacterial peptide LL-37 induces mast
cell chemotaxis. Immunology 106, 20–26.

Niyonsaba, F., & Ogawa, H. (2005). Protective roles of the skin against infection: implica-
tion of naturally occurring human antimicrobial agents β-defensins, cathelicidin LL-
37 and lysozyme. Journal of Dermatological Science 40, 157–168.

Niyonsaba, F., Ushio, H., Nakano, N., Ng, W., Sayama, K., Hashimoto, K., Nagaoka, I.,
Okumura, K., & Ogawa, H. (2007). Antimicrobial peptides human β-defensins stimu-
late epidermal keratinocyte migration, proliferation and production of proinflamma-
tory cytokines and chemokines. Journal of Investigative Dermatology 127, 594–604.

Nizet, V., Ohtake, T., Lauth, X., Trowbridge, J., Rudisill, J., Dorschner, R. A., ... Gallo, R. L.
(2001). Innate antimicrobial peptide protects the skin from invasive bacterial infec-
tion. Nature 414, 454–457.

Noorbatcha, I. A., Jaswir, I., & Ahmad, H. (2017). Nano-encapsulation of Proteins and Pep-
tides. Current Nanomaterials 2, 76–83.

Nordahl, E. A., Rydengård, V., Mörgelin, M., & Schmidtchen, A. (2005). Domain 5 of high
molecular weight kininogen is antibacterial. Journal of Biological Chemistry 280,
34832–34839.

Norlén, L., & Al-Amoudi, A. (2004). Stratum corneum keratin structure, function, and for-
mation: the cubic rod-packing and membrane templating model. Journal of
Investigative Dermatology 123, 715–732.

O’Driscoll, N. H., Labovitiadi, O., Cushnie, T. T., Matthews, K. H., Mercer, D. K., & Lamb, A. J.
(2013). Production and evaluation of an antimicrobial peptide-containing wafer for-
mulation for topical application. Current Microbiology 66, 271–278.

O’Driscoll, N. H. (2011). Investigation into the antimicrobial activity of cationic antibacterials.
Robert Gordon University.

Oh, J. K. (2011). Polylactide (PLA)-based amphiphilic block copolymers: synthesis, self-
assembly, and biomedical applications. Soft Matter 7, 5096–5108.

Ong, P. Y., Ohtake, T., Brandt, C., Strickland, I., Boguniewicz, M., Ganz, T., ... Leung, D. Y.
(2002). Endogenous antimicrobial peptides and skin infections in atopic dermatitis.
New England Journal of Medicine 347, 1151–1160.

Ostorhazi, E., Rozgonyi, F., Sztodola, A., Harmos, F., Kovalszky, I., Szabo, D., ... Wade, J. D.
(2010). Preclinical advantages of intramuscularly administered peptide A3-APO
over existing therapies in Acinetobacter baumannii wound infections. Journal of
Antimicrobial Chemotherapy 65, 2416–2422.

Ousey, K., Cutting, K., Rogers, A. A., & Rippon,M. G. (2016). The importance of hydration in
wound healing: reinvigorating the clinical perspective. Journal of Wound Care 25,
122–130.

Pal, I., Bhattacharyya, D., Kar, R. K., Zarena, D., Bhunia, A., & Atreya, H. S. (2019). A peptide-
nanoparticle system with improved efficacy against multidrug resistant bacteria.
Scientific Reports 9, 1–11.

Papini, M., Simonetti, S., Franceschini, S., Scaringi, L., & Binazzi, M. (1981). Lysozyme dis-
tribution in healthy human skin. Archives of Dermatological Research 272, 167–170.

Park, C. J., Gabrielson, N. P., Pack, D. W., Jamison, R. D., & Johnson, A. J. W. (2009). The ef-
fect of chitosan on the migration of neutrophil-like HL60 cells, mediated by IL-8.
Biomaterials 30, 436–444.

Pasupuleti, M., Schmidtchen, A., & Malmsten, M. (2012). Antimicrobial peptides: key
components of the innate immune system. Critical Reviews in Biotechnology 32,
143–171.
21
Pasupuleti, M., Walse, B., Nordahl, E. A., Mörgelin, M., Malmsten, M., & Schmidtchen, A.
(2007). Preservation of antimicrobial properties of complement peptide C3a, from in-
vertebrates to humans. Journal of Biological Chemistry 282, 2520–2528.

Pawar, H. V., Boateng, J. S., Ayensu, I., & Tetteh, J. (2014). Multifunctional medicated
lyophilised wafer dressing for effective chronic wound healing. Journal of
Pharmaceutical Sciences 103, 1720–1733.

Pedrosa, M., Mouro, C., Nogueira, F., Vaz, J., & Gouveia, I. (2014). Comparison of the anti-
bacterial activity of modified-cotton with magainin I and LL-37 with potential as
wound-dressings. Journal of Applied Polymer Science 131.

Pelipenko, J., Kristl, J., Janković, B., Baumgartner, S., & Kocbek, P. (2013). The impact of rel-
ative humidity during electrospinning on the morphology andmechanical properties
of nanofibers. International Journal of Pharmaceutics 456, 125–134.

Peng, S., Liu, W., Han, B., Chang, J., Li, M., & Zhi, X. (2011). Effects of carboxymethyl-
chitosan on wound healing in vivo and in vitro. Journal of Ocean University of China
10, 369–378.

Peppas, N., Bures, P., Leobandung,W., & Ichikawa, H. (2000). Hydrogels in pharmaceutical
formulations. European Journal of Pharmaceutics and Biopharmaceutics 50, 27–46.

Pfalzgraff, A., Bárcena-Varela, S., Heinbockel, L., Gutsmann, T., Brandenburg, K., Martinez-
de-Tejada, G., & Weindl, G. (2018). Antimicrobial endotoxin-neutralizing peptides
promote keratinocyte migration via P2X7 receptor activation and accelerate wound
healing in vivo. British Journal of Pharmacology 175, 3581–3593.

Pfalzgraff, A., Brandenburg, K., &Weindl, G. (2018). Antimicrobial peptides and their ther-
apeutic potential for bacterial skin infections and wounds. Frontiers in Pharmacology
9, 281.

Piras, A. M., Maisetta, G., Sandreschi, S., Gazzarri, M., Bartoli, C., Grassi, L., ... Batoni, G.
(2015). Chitosan nanoparticles loaded with the antimicrobial peptide temporin B
exert a long-term antibacterial activity in vitro against clinical isolates of Staphylo-
coccus epidermidis. Frontiers in Microbiology 6, 372.

Pirtskhalava, M., Vishnepolsky, B., Grigolava, M., & Managadze, G. (2021). Physicochemi-
cal features and peculiarities of interaction of AMP with the membrane.
Pharmaceuticals 14, 471.

Pivarcsi, A., Nagy, I., & Kemeny, L. (2005). Innate immunity in the skin: how keratinocytes
fight against pathogens. Current Immunology Reviews 1, 29–42.

Pivodová, V., Franková, J., Galandáková, A., & Ulrichová, J. (2015). In vitro AuNPs' cytotox-
icity and their effect on wound healing. Nanobiomedicine 2, 7.

Porporato, P. E., Payen, V. L., De Saedeleer, C. J., Préat, V., Thissen, J. -P., Feron, O., &
Sonveaux, P. (2012). Lactate stimulates angiogenesis and accelerates the healing of
superficial and ischemic wounds in mice. Angiogenesis 15, 581–592.

Preem, L., & Kogermann, K. (2018). Electrospun Antimicrobial Wound Dressings: Novel
Strategies to Fight Against Wound Infections.

Prombutara, P., Kulwatthanasal, Y., Supaka, N., Sramala, I., & Chareonpornwattana, S.
(2012). Production of nisin-loaded solid lipid nanoparticles for sustained antimicro-
bial activity. Food Control 24, 184–190.

Pulido, D., Nogués, M. V., Boix, E., & Torrent, M. (2012). Lipopolysaccharide neutralization
by antimicrobial peptides: a gambit in the innate host defense strategy. Journal of
Innate Immunity 4, 327–336.

Puthia, M., Butrym, M., Petrlova, J., Strömdahl, A. -C., Andersson, M.Å., Kjellström, S., &
Schmidtchen, A. (2020). A dual-action peptide-containing hydrogel targets wound
infection and inflammation. Science Translational Medicine 12.

Qu, W., Yang, K., Liu, J., Liu, K., Liu, F., Ji, J., & Zhang, W. (2019). Precise management of
chronic wound by nisin with antibacterial selectivity. Biomedical Materials 14, Article
045008.

Rahim, K., Saleha, S., Zhu, X., Huo, L., Basit, A., & Franco, O. L. (2017). Bacterial contribution
in chronicity of wounds. Microbial Ecology 73, 710–721.

Rai, A., Pinto, S., Evangelista, M. B., Gil, H., Kallip, S., Ferreira, M. G., & Ferreira, L. (2016).
High-density antimicrobial peptide coating with broad activity and low cytotoxicity
against human cells. Acta Biomaterialia 33, 64–77.

Rai, A., Pinto, S., Velho, T. R., Ferreira, A. F., Moita, C., Trivedi, U., ... Simões, P. N. (2016).
One-step synthesis of high-density peptide-conjugated gold nanoparticles with anti-
microbial efficacy in a systemic infection model. Biomaterials 85, 99–110.

Ramos, R., Silva, J. P., Rodrigues, A. C., Costa, R., Guardão, L., Schmitt, F., ... Gama, M. (2011).
Wound healing activity of the human antimicrobial peptide LL37. Peptides 32,
1469–1476.

Reinholz, M., Ruzicka, T., & Schauber, J. (2012). Cathelicidin LL-37: an antimicrobial pep-
tide with a role in inflammatory skin disease. Annals of Dermatology 24, 126–135.

Reneker, D. H., & Yarin, A. L. (2008). Electrospinning jets and polymer nanofibers. Polymer
49, 2387–2425.

Rey-Campos, M., Moreira, R., Romero, A., Medina-Gali, R. M., Novoa, B., Gasset, M., &
Figueras, A. (2020). Transcriptomic analysis reveals the wound healing activity of
mussel myticin C. Biomolecules 10, 133.

Riool, M., de Breij, A., Kwakman, P. H., Schonkeren-Ravensbergen, E., de Boer, L.,
Cordfunke, R. A., ... Zaat, S. A. (2020). Thrombocidin-1-derived antimicrobial peptide
TC19 combats superficial multi-drug resistant bacterial wound infections. Biochimica
et Biophysica Acta (BBA) - Biomembranes 1862, 183282.

Rishi, P., Vashist, T., Sharma, A., Kaur, A., Kaur, A., Kaur, N., ... Tewari, R. (2018). Efficacy of
designer K11 antimicrobial peptide (a hybrid of melittin, cecropin A1 and magainin
2) against Acinetobacter baumannii-infected wounds. Pathogens and Disease 76
fty072.

Rizwan, S. B., Boyd, B. J., Rades, T., & Hook, S. (2010). Bicontinuous cubic liquid crystals as
sustained delivery systems for peptides and proteins. Expert Opinion on Drug Delivery
7, 1133–1144.

Roberts, M., Bentley, M., & Harris, J. (2002). Chemistry for peptide and protein PEGylation.
Advanced Drug Delivery Reviews 54, 459–476.

Robson,M. C., Steed, D. L., & Franz, M. G. (2001).Wound healing: biologic features and ap-
proaches to maximize healing trajectories. Current Problems in Surgery 2, 72–140.

http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0925
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0925
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0925
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0930
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0930
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0935
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0935
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0940
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0940
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0945
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0945
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0950
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0950
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0955
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0955
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0955
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0960
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0960
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0960
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0965
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0965
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0970
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0970
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0970
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0975
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0975
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0980
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0980
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0985
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0985
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0990
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0990
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0995
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf0995
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1000
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1000
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1000
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1005
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1005
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1005
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1010
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1010
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1015
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1015
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1020
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1020
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1020
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1025
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1025
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1025
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1030
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1030
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1035
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1035
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1040
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1040
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1045
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1045
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1050
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1050
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1050
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1055
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1055
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1055
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1060
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1060
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1060
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1065
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1065
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1070
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1070
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1070
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1075
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1075
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1075
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1080
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1080
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1085
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1085
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1085
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1090
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1090
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1090
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1095
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1095
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1095
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1100
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1100
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1100
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1105
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1105
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1110
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1110
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1110
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1115
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1115
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1115
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1120
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1120
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1120
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1125
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1125
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1125
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1130
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1130
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1135
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1135
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1140
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1140
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1145
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1145
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1150
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1150
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1155
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1155
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1155
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1160
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1160
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1165
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1165
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1165
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1170
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1170
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1175
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1175
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1180
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1180
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1185
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1185
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1190
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1190
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1195
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1195
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1200
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1200
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1205
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1205
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1205
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1210
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1210
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1210
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1210
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1215
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1215
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1215
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1220
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1220
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1225
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1225


S. Gera, E. Kankuri and K. Kogermann Pharmacology & Therapeutics xxx (xxxx) xxx
Rodríguez-Martínez, S., Cancino-Diaz, J. C., Vargas-Zuñiga, L. M., & Cancino-Diaz, M. E.
(2008). LL-37 regulates the overexpression of vascular endothelial growth factor
(VEGF) and c-IAP-2 in human keratinocytes. International Journal of Dermatology 47,
457–462.

Röhrl, J., Yang, D., Oppenheim, J. J., & Hehlgans, T. (2010). Human β-defensin 2 and 3 and
their mouse orthologs induce chemotaxis through interaction with CCR2. The Journal
of Immunology 184, 6688–6694.

Roupé, K. M., Nybo, M., Sjöbring, U., Alberius, P., Schmidtchen, A., & Sørensen, O. E. (2010).
Injury is a major inducer of epidermal innate immune responses during wound
healing. Journal of Investigative Dermatology 130, 1167–1177.

Rousselle, P., Montmasson, M., & Garnier, C. (2019). Extracellular matrix contribution to
skin wound re-epithelialization. Matrix Biology 75, 12–26.

Salvado, M. D., Di Gennaro, A., Lindbom, L., Agerberth, B., & Haeggström, J. Z. (2013).
Cathelicidin LL-37 induces angiogenesis via PGE2–EP3 signaling in endothelial cells,
in vivo inhibition by aspirin. Arteriosclerosis, Thrombosis, and Vascular Biology 33,
1965–1972.

Samy, R. P., Kandasamy, M., Gopalakrishnakone, P., Stiles, B. G., Rowan, E. G., Becker, D., ...
Chow, V. T. (2014). Wound healing activity and mechanisms of action of an antibac-
terial protein from the venom of the eastern diamondback rattlesnake (Crotalus
adamanteus). PLoS One 9, Article e80199.

Schittek, B., Hipfel, R., Sauer, B., Bauer, J., Kalbacher, H., Stevanovic, S., Schirle, M.,
Schroeder, K., Blin, N., & Meier, F. (2001). Dermcidin: a novel human antibiotic pep-
tide secreted by sweat glands. Nature Immunology 2, 1133–1137.

Schmidtchen, A., Pasupuleti, M., Mörgelin, M., Davoudi, M., Alenfall, J., Chalupka, A., &
Malmsten, M. (2009). Boosting antimicrobial peptides by hydrophobic oligopeptide
end tags. Journal of Biological Chemistry 284, 17584–17594.

Schneider, J. J., Unholzer, A., Schaller, M., Schäfer-Korting, M., & Korting, H. C. (2005).
Human defensins. Journal of Molecular Medicine 83, 587–595.

Sebe, I., Ostorhazi, E., Fekete, A., Kovacs, K. N., Zelko, R., Kovalszky, I., ... Otvos, L. (2016).
Polyvinyl alcohol nanofiber formulation of the designer antimicrobial peptide APO
sterilizes Acinetobacter baumannii-infected skin wounds in mice. Amino Acids 48,
203–211.

Seeger, M. A., & Paller, A. S. (2015). The roles of growth factors in keratinocyte migration.
Advances in Wound Care 4, 213–224.

Selsted, M. E., Tang, Y. -Q., Morris, W. L., McGuire, P. A., Novotny, M. J., Smith, W., ... Cullor,
J. S. (1993). Purification, primary structures, and antibacterial activities of beta-
defensins, a new family of antimicrobial peptides from bovine neutrophils. Journal
of Biological Chemistry 268, 6641–6648.

Sengupta, D., Leontiadou, H., Mark, A. E., &Marrink, S. -J. (2008). Toroidal pores formed by
antimicrobial peptides show significant disorder. Biochimica et Biophysica Acta (BBA)
- Biomembranes 1778, 2308–2317.

Severino, P., Silveira, E. F., Loureiro, K., Chaud, M. V., Antonini, D., Lancellotti, M., ... Souto,
E. B. (2017). Antimicrobial activity of polymyxin-loaded solid lipid nanoparticles
(PLX-SLN): Characterization of physicochemical properties and in vitro efficacy.
European Journal of Pharmaceutical Sciences 106, 177–184.

Shi, J., Ross, C. R., Leto, T. L., & Blecha, F. (1996). PR-39, a proline-rich antibacterial peptide
that inhibits phagocyte NADPH oxidase activity by binding to Src homology 3 do-
mains of p47 phox. Proceedings of the National Academy of Sciences 93, 6014–6018.

Shin, J. M., Gwak, J. W., Kamarajan, P., Fenno, J. C., Rickard, A. H., & Kapila, Y. L. (2016). Bio-
medical applications of nisin. Journal of Applied Microbiology 120, 1449–1465.

Silk, E., Zhao, H., Weng, H., & Ma, D. (2017). The role of extracellular histone in organ in-
jury. Cell Death & Disease 8, 1–11 e2812.

Silva, J. P., Dhall, S., Garcia, M., Chan, A., Costa, C., Gama, M., & Martins-Green, M. (2015).
Improved burn wound healing by the antimicrobial peptide LLKKK18 released from
conjugates with dextrin embedded in a carbopol gel. Acta Biomaterialia 26, 249–262.

da Silva Malheiros, P., Sant’Anna, V., Utpott, M., & Brandelli, A. (2012). Antilisterial activity
and stability of nanovesicle-encapsulated antimicrobial peptide P34 in milk. Food
Control 23, 42–47.

Simonetti, O., Cirioni, O., Goteri, G., Ghiselli, R., Kamysz, W., Kamysz, E., Silvestri, C.,
Orlando, F., Barucca, C., & Scalise, A. (2008). Temporin A is effective in MRSA-
infected wounds through bactericidal activity and acceleration of wound repair in a
murine model. Peptides 29, 520–528.

Singh, S., Young, A., & McNaught, C. -E. (2017). The physiology of wound healing. Surgery
(Oxford) 35, 473–477.

Sohnle, P. G., Hunter, M. J., Hahn, B., & Chazin, W. J. (2000). Zinc-reversible antimicrobial
activity of recombinant calprotectin (migration inhibitory factor—related proteins 8
and 14). The Journal of Infectious Diseases 182, 1272–1275.

Song, D. W., Kim, S. H., Kim, H. H., Lee, K. H., Ki, C. S., & Park, Y. H. (2016). Multi-
biofunction of antimicrobial peptide-immobilized silk fibroin nanofiber membrane:
Implications for wound healing. Acta Biomaterialia 39, 146–155.

Sørensen, O., Arnljots, K., Cowland, J. B., Bainton, D. F., & Borregaard, N. (1997). The human
antibacterial cathelicidin, hCAP-18, is synthesized inmyelocytes andmetamyelocytes
and localized to specific granules in neutrophils. Blood, The Journal of the American So-
ciety of Hematology 90, 2796–2803.

Sørensen, O. E., Cowland, J. B., Theilgaard-Mönch, K., Liu, L., Ganz, T., & Borregaard, N.
(2003). Wound healing and expression of antimicrobial peptides/polypeptides in
human keratinocytes, a consequence of common growth factors. The Journal of
Immunology 170, 5583–5589.

Sørensen, O. E., Follin, P., Johnsen, A. H., Calafat, J., Tjabringa, G. S., Hiemstra, P. S., &
Borregaard, N. (2001). Human cathelicidin, hCAP-18, is processed to the antimicro-
bial peptide LL-37 by extracellular cleavage with proteinase 3. Blood, The Journal of
the American Society of Hematology 97, 3951–3959.

Sørensen, O. E., Thapa, D. R., Rosenthal, A., Liu, L., Roberts, A. A., & Ganz, T. (2005). Differ-
ential regulation of β-defensin expression in human skin by microbial stimuli. The
Journal of Immunology 174, 4870–4879.
22
Sorg, H., Tilkorn, D. J., Hager, S., Hauser, J., & Mirastschijski, U. (2017). Skinwound healing:
an update on the current knowledge and concepts. European Surgical Research 58,
81–94.

Souto, E. B., & Muller, R. (2007). Nanoparticulate Drug Delivery Systems. Vol. 166. (pp.
213–233). CRC press, 213–233.

Steinstraesser, L., Hirsch, T., Schulte, M., Kueckelhaus, M., Jacobsen, F., Mersch, E. A., ...
Hancock, R. E. (2012). Innate defense regulator peptide 1018 in wound healing and
wound infection. PLoS One 7, Article e39373.

Steinstraesser, L., Tack, B. F., Waring, A. J., Hong, T., Boo, L. M., Fan, M. -H., ... Wang, S. C.
(2002). Activity of novispirin G10 against Pseudomonas aeruginosa in vitro and in in-
fected burns. Antimicrobial Agents and Chemotherapy 46, 1837–1844.

Stephens, P. (2011). Dysfunctional wound healing in chronic wounds. Advanced Wound
Repair Therapies (pp. 3–38). Elsevier.

Sultankulov, B., Berillo, D., Sultankulova, K., Tokay, T., & Saparov, A. (2019). Progress in the
development of chitosan-based biomaterials for tissue engineering and regenerative
medicine. Biomolecules 9, 470.

Sun, T., Zhan, B., Zhang,W., Qin, D., Xia, G., Zhang, H., Peng, M., Li, S. -A., Zhang, Y., & Gao, Y.
(2018). Carboxymethyl chitosan nanoparticles loaded with bioactive peptide OH-
CATH30 benefit nonscar wound healing. International Journal of Nanomedicine 13,
5771.

Tachi, T., Epand, R. F., Epand, R. M., &Matsuzaki, K. (2002). Position-dependent hydropho-
bicity of the antimicrobial magainin peptide affects themode of peptide− lipid inter-
actions and selective toxicity. Biochemistry 41, 10723–10731.

Takayama, Y., & Aoki, R. (2011). Roles of lactoferrin on skin wound healing. Biochemistry
and Cell Biology 90, 497–503.

Tan, X.W., Goh, T. W., Saraswathi, P., Nyein, C. L., Setiawan,M., Riau, A., ... Beuerman, R.W.
(2014). Effectiveness of antimicrobial peptide immobilization for preventing periop-
erative cornea implant-associated bacterial infection. Antimicrobial Agents and
Chemotherapy 58, 5229–5238.

Tan, Y., Han, F., Ma, S., & Yu, W. (2011). Carboxymethyl chitosan prevents formation of
broad-spectrum biofilm. Carbohydrate Polymers 84, 1365–1370.

Tang, J., Liu, H., Gao, C., Mu, L., Yang, S., Rong, M., Zhang, Z., Liu, J., Ding, Q., & Lai, R. (2014).
A small peptide with potential ability to promote wound healing. PLoS One 9, Article
e92082.

Tao, C. (2018). Antimicrobial activity and toxicity of gold nanoparticles: research prog-
ress, challenges and prospects. Letters in Applied Microbiology 67, 537–543.

Thiam, H. R., Wong, S. L., Wagner, D. D., & Waterman, C. M. (2020). Cellular mechanisms
of NETosis. Annual Review of Cell and Developmental Biology 36, 191–218.

Thorne, J. B., Vine, G. J., & Snowden, M. J. (2011). Microgel applications and commercial
considerations. Colloid and Polymer Science 289, 625.

Tjabringa, G. S., Aarbiou, J., Ninaber, D. K., Drijfhout, J. W., Sørensen, O. E., Borregaard, N., ...
Hiemstra, P. S. (2003). The antimicrobial peptide LL-37 activates innate immunity at
the airway epithelial surface by transactivation of the epidermal growth factor recep-
tor. The Journal of Immunology 171, 6690–6696.

Tjabringa, G. S., Ninaber, D. K., Drijfhout, J. W., Rabe, K. F., & Hiemstra, P. S. (2006). Human
cathelicidin LL-37 is a chemoattractant for eosinophils and neutrophils that acts via
formyl-peptide receptors. International Archives of Allergy and Immunology 140,
103–112.

Toke, O. (2005). Antimicrobial peptides: new candidates in the fight against bacterial in-
fections. Peptide Science: Original Research on Biomolecules 80, 717–735.

Tokumaru, S., Sayama, K., Shirakata, Y., Komatsuzawa, H., Ouhara, K., Hanakawa, Y.,
Yahata, Y., Dai, X., Tohyama, M., & Nagai, H. (2005). Induction of keratinocyte migra-
tion via transactivation of the epidermal growth factor receptor by the antimicrobial
peptide LL-37. The Journal of Immunology 175, 4662–4668.

Torres, M. D., Sothiselvam, S., Lu, T. K., & de la Fuente-Nunez, C. (2019). Peptide design
principles for antimicrobial applications. Journal of Molecular Biology 431, 3547–3567.

Tran, A. X., Whittimore, J. D., Wyrick, P. B., McGrath, S. C., Cotter, R. J., & Trent, M. S. (2006).
The lipid A 1-phosphatase of Helicobacter pylori is required for resistance to the an-
timicrobial peptide polymyxin. Journal of Bacteriology 188, 4531–4541.

Turner, J., Cho, Y., Dinh, N. -N., Waring, A. J., & Lehrer, R. I. (1998). Activities of LL-37, a
cathelin-associated antimicrobial peptide of human neutrophils. Antimicrobial
Agents and Chemotherapy 42, 2206–2214.

Ueno, H., Nakamura, F., Murakami, M., Okumura, M., Kadosawa, T., & Fujinaga, T. (2001).
Evaluation effects of chitosan for the extracellular matrix production by fibroblasts
and the growth factors production by macrophages. Biomaterials 22, 2125–2130.

Vaara, M. (2019). Polymyxins and their potential next generation as therapeutic antibi-
otics. Frontiers in Microbiology 10, 1689.

Vandamme, D., Landuyt, B., Luyten, W., & Schoofs, L. (2012). A comprehensive summary
of LL-37, the factotum human cathelicidin peptide. Cellular Immunology 280, 22–35.

Veldhuizen, E. J., Schneider, V. A., Agustiandari, H., Van Dijk, A., Tjeerdsma-van Bokhoven,
J. L., Bikker, F. J., & Haagsman, H. P. (2014). Antimicrobial and immunomodulatory ac-
tivities of PR-39 derived peptides. PLoS One 9, Article e95939.

Ventola, C. L. (2015). The antibiotic resistance crisis: part 1: causes and threats. Pharmacy
and Therapeutics 40, 277–283.

Vijayakumar, V., Samal, S. K., Mohanty, S., & Nayak, S. K. (2019). Recent advancements in
biopolymer and metal nanoparticle-based materials in diabetic wound healing man-
agement. International Journal of Biological Macromolecules 122, 137–148.

Volkova, N., Yukhta, M., Pavlovich, O., & Goltsev, A. (2016). Application of cryopreserved
fibroblast culture with Au nanoparticles to treat burns. Nanoscale Research Letters 11,
22.

Wadhwani, P., Heidenreich, N., Podeyn, B., Bürck, J., & Ulrich, A. S. (2017). Antibiotic gold:
tethering of antimicrobial peptides to gold nanoparticles maintains conformational
flexibility of peptides and improves trypsin susceptibility. Biomaterials Science 5,
817–827.

http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1230
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1230
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1230
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1235
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1235
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1235
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1240
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1240
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1245
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1245
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1250
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1250
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1250
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1255
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1255
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1255
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1260
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1260
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1265
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1265
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1270
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1275
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1275
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1275
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1280
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1280
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1285
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1285
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1285
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1290
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1290
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1290
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1295
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1295
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1295
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1300
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1300
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1300
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1305
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1305
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1310
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1310
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1315
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1315
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1320
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1320
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1320
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1325
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1325
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1325
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1330
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1330
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1335
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1335
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1335
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1340
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1340
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1340
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1345
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1345
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1345
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1345
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1350
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1350
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1350
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1355
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1355
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1355
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1360
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1360
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1360
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1365
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1365
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1365
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1370
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1370
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1375
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1375
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1380
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1380
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1385
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1385
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1390
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1390
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1390
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1395
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1395
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1395
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1400
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1400
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1400
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1405
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1405
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1410
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1410
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1410
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1415
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1415
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1420
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1420
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1425
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1425
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1430
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1430
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1435
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1435
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1440
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1440
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1440
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1445
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1445
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1445
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1445
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1450
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1450
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1455
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1455
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1455
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1460
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1460
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1465
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1465
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1470
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1470
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1470
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1475
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1475
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1480
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1480
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1485
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1485
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1490
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1490
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1495
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1495
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1500
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1500
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1500
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1505
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1505
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1505
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1510
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1510
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1510
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1510


S. Gera, E. Kankuri and K. Kogermann Pharmacology & Therapeutics xxx (xxxx) xxx
Walkenhorst, W. F., Klein, J.W., Vo, P., &Wimley,W. C. (2013). pH dependence ofmicrobe
sterilization by cationic antimicrobial peptides. Antimicrobial Agents and
Chemotherapy 57, 3312–3320.

Wan, M., van der Does, A. M., Tang, X., Lindbom, L., Agerberth, B., & Haeggström, J. Z.
(2014). Antimicrobial peptide LL-37 promotes bacterial phagocytosis by humanmac-
rophages. Journal of Leukocyte Biology 95, 971–981.

Wang, S., Yan, C., Zhang, X., Shi, D., Chi, L., Luo, G., & Deng, J. (2018). Antimicrobial peptide
modification enhances the gene delivery and bactericidal efficiency of gold nanopar-
ticles for accelerating diabetic wound healing. Biomaterials Science 6, 2757–2772.

Wolcott, R. D., Rhoads, D. D., & Dowd, S. E. (2008). Biofilms and chronic wound inflamma-
tion. Journal of Wound Care 17, 333–341.

Woodburn, K. W., Jaynes, J. M., & Clemens, L. E. (2020). Designed Antimicrobial Peptides
Against Trauma-Related Cutaneous Invasive Fungal Wound Infections. Journal of
Fungi 6, 184.

Wu, G., Wu, H., Fan, X., Zhao, R., Li, X., Wang, S., Ma, Y., Shen, Z., & Xi, T. (2010). Selective
toxicity of antimicrobial peptide S-thanatin on bacteria. Peptides 31, 1669–1673.

Xie, Z., Aphale, N. V., Kadapure, T. D., Wadajkar, A. S., Orr, S., Gyawali, D., ... Yang, J. (2015).
Design of antimicrobial peptides conjugated biodegradable citric acid derived
hydrogels for wound healing. Journal of Biomedical Materials Research Part A 103,
3907–3918.

Yadav, S. C., Kumari, A., & Yadav, R. (2011). Development of peptide and protein
nanotherapeutics by nanoencapsulation and nanobioconjugation. Peptides 32,
173–187.

Yager, D. R., Chen, S. M., Ward, S. I., Olutoye, O. O., Diegelmann, R. F., & Kelman Cohen, I.
(1997). Ability of chronic wound fluids to degrade peptide growth factors is associ-
ated with increased levels of elastase activity and diminished levels of proteinase in-
hibitors. Wound Repair and Regeneration 5, 23–32.

Yaghmur, A., & Mu, H. (2021). Recent advances in drug delivery applications of
cubosomes, hexosomes, and solid lipid nanoparticles. Acta Pharmaceutica Sinica B
11(4), 871–885.

Yan, X., Fang, W. -W., Xue, J., Sun, T. -C., Dong, L., Zha, Z., Qian, H., Song, Y. -H., Zhang, M., &
Gong, X. (2019). Thermoresponsive in situ forming hydrogel with sol–gel irreversibil-
ity for effective methicillin-resistant staphylococcus aureus infected wound healing.
ACS Nano 13, 10074–10084.

Yang, D., Chen, Q., Schmidt, A. P., Anderson, G. M., Wang, J. M., Wooters, J., ... Chertov, O.
(2000). LL-37, the neutrophil granule–and epithelial cell–derived cathelicidin, utilizes
formyl peptide receptor–like 1 (FPRL1) as a receptor to chemoattract human
23

View publication statsView publication stats
peripheral blood neutrophils, monocytes, and T cells. The Journal of Experimental
Medicine 192, 1069–1074.

Yang, F., Murugan, R., Wang, S., & Ramakrishna, S. (2005). Electrospinning of nano/micro
scale poly (L-lactic acid) aligned fibers and their potential in neural tissue engineer-
ing. Biomaterials 26, 2603–2610.

Yang, L., Harroun, T. A., Weiss, T. M., Ding, L., & Huang, H.W. (2001). Barrel-stavemodel or
toroidal model? A case study on melittin pores. Biophysical Journal 81, 1475–1485.

Yang, M., Tang, M., Ma, X., Yang, L., He, J., Peng, X., Guo, G., Zhou, L., Luo, N., & Yuan, Z.
(2015). AP-57/C10orf99 is a new type of mutifunctional antimicrobial peptide.
Biochemical and Biophysical Research Communications 457, 347–352.

Yeaman, M. R., & Yount, N. Y. (2003). Mechanisms of antimicrobial peptide action and re-
sistance. Pharmacological Reviews 55, 27–55.

Yousry, C., Elkheshen, S. A., El-Laithy, H. M., Essam, T., & Fahmy, R. H. (2017). Studying the
influence of formulation and process variables on Vancomycin-loaded polymeric
nanoparticles as potential carrier for enhanced ophthalmic delivery. European Journal
of Pharmaceutical Sciences 100, 142–154.

Zackular, J. P., Chazin, W. J., & Skaar, E. P. (2015). Nutritional immunity: S100 proteins at
the host-pathogen interface. Journal of Biological Chemistry 290, 18991–18998.

Zhang, Y., Zhao, H., Yu, G. -Y., Liu, X. -D., Shen, J. -H., Lee, W. -H., & Zhang, Y. (2010).
Structure–function relationship of king cobra cathelicidin. Peptides 31, 1488–1493.

Zhao, F., Lan, X. -Q., Du, Y., Chen, P. -Y., Zhao, J., Zhao, F., Lee, W. -H., & Zhang, Y. (2018).
King cobra peptide OH-CATH30 as a potential candidate drug through clinic drug-
resistant isolates. Zoological Research 39, 87.

Zheng, Y., Liu, W., Chen, Y., Li, C., Jiang, H., & Wang, X. (2019). Conjugating gold
nanoclusters and antimicrobial peptides: From aggregation-induced emission to an-
tibacterial synergy. Journal of Colloid and Interface Science 546, 1–10.

Zhong, G., Cheng, J., Liang, Z. C., Xu, L., Lou,W., Bao, C., ... Fan,W. (2017). Short synthetic β-
sheet antimicrobial peptides for the treatment of multidrug-resistant pseudomonas
aeruginosa burn wound infections. Advanced Healthcare Materials 6, 1601134.

Zhou, C., Li, P., Qi, X., Sharif, A. R. M., Poon, Y. F., Cao, Y., ... Chan-Park, M. B. (2011). A
photopolymerized antimicrobial hydrogel coating derived from epsilon-poly-L-ly-
sine. Biomaterials 32, 2704–2712.

Zhu, S., & Gao, B. (2013). Evolutionary origin of β-defensins. Developmental & Comparative
Immunology 39, 79–84.

http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1515
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1515
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1515
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1520
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1520
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1525
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1525
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1525
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1530
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1530
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1535
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1535
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1535
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1540
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1540
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1545
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1545
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1545
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1550
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1550
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1550
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1555
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1555
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1555
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1560
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1560
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1560
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1565
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1565
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1565
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1570
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1570
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1570
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1570
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1575
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1575
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1575
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1580
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1580
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1585
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1585
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1590
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1590
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1595
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1595
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1595
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1595
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1600
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1600
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1605
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1610
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1610
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1615
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1615
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1615
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1620
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1620
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1620
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1625
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1625
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1625
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1630
http://refhub.elsevier.com/S0163-7258(21)00192-3/rf1630
https://www.researchgate.net/publication/354898357

	Antimicrobial peptides – Unleashing their therapeutic potential using nanotechnology
	1. Introduction
	2. AMPs in the human skin host defense response: defensins and cathelicidins
	3. Immunomodulatory actions of AMPs
	4. Cellular toxicity and selectivity of AMPs
	5. AMPs in wound infections and their mechanisms of action
	6. Wound healing process and role of AMPs
	7. Novel nanocarrier delivery strategies with AMPs and their significance
	7.1. Gold nanoparticles (AuNPs)
	7.2. Polymeric carriers and formulations
	7.2.1. Chitosan nanoparticles (CHNPs)
	7.2.2. Poly (lactic-co-glycolic acid) nanoparticles (PLGA NPs)

	7.3. Wafer formations
	7.3.1. Hydrogel formulations and microgels
	7.3.2. Electrospun fibers (nanofibers)

	7.4. Lipid carriers
	7.4.1. Solid lipid nanoparticles (SLNs) and lipid vesicles
	7.4.2. Liquid crystalline nanoparticles


	8. Conclusions and future perspectives
	Declaration of Competing Interest
	Acknowledgements
	References




