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Coronavirus pandemic has evidenced the importance of creating bioactive materials to mitigate viral infections,
especially in healthcare settings and public places. Advances in antiviral coatings have led to materials with
impressive antiviral performance; however, their application may face health and environmental challenges. Bio-
inspired antimicrobial peptides (AMPs) are suitable building blocks for antimicrobial coatings due to their
versatile design, scalability, and environmentally friendly features. This review presents the advances and op-
portunities on the AMPs to create virucidal coatings. The review first describes the fundamental characteristics of
peptide structure and synthesis, highlighting the recent findings on AMPs and the role of peptide structure
(a-helix, p-sheet, random, and cyclic peptides) on the virucidal mechanism. The following section presents the
advances in AMPs coating on medical devices with a detailed description of the materials coated and the targeted
pathogens. The use of peptides in vaccine formulations is also reported, emphasizing the molecular interaction of
peptides with different viruses and the current clinical stage of each formulation. The role of several materials
(metallic particles, inorganic materials, and synthetic polymers) in the design of antiviral coatings is also pre-
sented, discussing the advantages and the drawbacks of each material. The final section offers future directions

and opportunities for using AMPs on antiviral coatings to prevent viral outbreaks.

1. Introduction

The pandemic of the new coronavirus disease 2019 (COVID-19) has
raised a warning about the easy and rapid spread of viral infections that,
despite all advances in human health care, can result in high morbidity
and mortality. Methods that limit viral contamination have emerged as
an alternative against several microorganisms, preventing new diseases
from becoming a pandemic [1]. Social distancing is one of the most
powerful alternatives to control the spread of viruses. However, the
effectiveness of this method depends on cultural and social behavior,
which proved to be one of the major challenges in mitigating corona-
virus spread. For airborne transmission, other measures such as pro-
tective barriers against droplets and environmental and personal
hygiene have been recommended, although they also depend on the
effectiveness of antiviral products and social collaboration. Nano-
engineered materials are suitable for the prevention of contamination
not only for COVID-19, but also for other viruses that can still be
discovered in the future [2].

Antimicrobial coatings are designed to inactivate or destroy micro-
organisms and can be used in the most diverse devices, whether
biomedical or not. Inanimate surfaces can play a key role in the prolif-
eration of infections in healthcare settings, even if they are constantly
disinfected and considered sterile. Ellingson et al. [3] investigated the
influence of antimicrobial coating application on the surfaces of patient
rooms and common areas in three units of two urban hospitals. The
authors found a 36% reduction in healthcare-associated infections
compared to control, untreated units. In addition, tests with several
strains of bacteria indicated a decrease in CFU (colony forming unit) of
79% and 75% for each hospital investigated. These findings reinforce
those antimicrobial coatings as an option to prevent the dissemination of
new diseases. One recent survey by Markets and Markets™ revealed that
the worldwide market for antimicrobial coatings is estimated to have a
compound annual growth rate of 10.7% between 2020 and 2025,
growing from USD 3.3 billion in 2020 to around USD 5.6 billion in 2025
[4]. Suitable antimicrobial coatings should be able to inactivate or
destroy the microorganism and be considered a non-toxic and
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environmentally friendly alternative. As these requirements are not
usually met for traditional antimicrobial coatings, some of them, based
on inorganic compounds that present cumulative behavior in the envi-
ronment, other options should be sought [5].

Peptide coatings have been widely investigated with a special focus
on antimicrobial peptides (AMPs) and their ability to inhibit growth,
inactivate and kill different microbes. AMPs are potent natural com-
pounds found in the immune system of living organisms. These com-
pounds can also be produced by synthetic routes, allowing the
production of analogs with improved therapeutic properties. Most AMP
coatings studies explore its ability to interact with negatively charged
cell membranes. Other mechanisms of action, such as inhibition of
protein synthesis and stimulation of the host’s defense system, may also
confer the virucidal capacity to several AMPs, contributing to its
application in coatings to prevent the spread of viral diseases [6]. Fig. 1
summarizes the natural occurrence of AMPs and their application to
inactivate various microbes.

Virucidal coatings have recently become an important matter,
mostly focusing on metallic and inorganic materials, such as copper,
silver, zinc, titanium dioxide (TiO3), as well as polymeric and organic
materials, capable of inactivating viruses by contact. However, envi-
ronmental or biocompatibility problems can be associated with these
compounds. Also, the use of virucidal coatings may be limited by several
factors, including non-universal processing methods, reduced efficacy
against different viruses, long contact time for viral inactivation, and
challenges associated with process scalability and cost. AMPs are an
excellent alternative due to their therapeutic efficacy against a wide
range of viruses, as well as the possibility of modifications that allow
them to adjust their cost, biocompatibility, and selectivity features [7].
As this is a topic that is still little investigated, despite the current
knowledge on the virucidal action of several AMPs, this review will
focus on the state-of-the-art using peptides as antiviral therapeutic
agents and their potential use as coating agents for biomedical devices.

2. Peptides

Peptides, commonly obtained by breaking down proteins, are mol-
ecules formed by the condensation of a short number of amino acids,
differing from proteins in their smaller size. Their discovery dates from
the end of the 19th and the beginning of the 20th century, gaining more
attention in recent years with new technologies that have improved
process efficiency and reduced costs on a large production scale. Pep-
tides are usually synthesized in the solid phase (synthetic peptides) or by
chemical or enzymatic digestion of proteins [8,9].

Like proteins, peptides have essential functions in human meta-
bolism and can be classified according to their mode of action as anti-
oxidative, antihypertensive, antimicrobial, antithrombotic, opioid,
immunomodulatory, or mineral binding [10]. Such features are directly
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Fig. 1. Occurrence of antimicrobial peptides and their application to inactivate
disease-related microorganisms.
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linked to their potential as promising biomaterials, either in isolated
form or identified from different sources, with applications in biomed-
ical and food, among other fields [11]. In the food industry, peptides are
often used as nutraceuticals in functional foods (i.e., substances that
present physiological benefits, including nutritional, safety, and thera-
peutic effects) to improve health conditions [12]. In addition, they can
contribute to preventing the oxidation and microbial degradation of
food [10]. Studies also reveal that both animal- [13] and
vegetable-derived [14] peptides can be used for these purposes. Several
studies have evaluated the potential use of peptides as therapeutics as an
alternative to undruggable targets [15] and small drug molecules due to
their ability to bind smooth and flat proteins [16].

Peptides have also been considered as constituents of vaccines, either
as active ingredients or adjuvants. One of the goals is to add small
fragments of the pathogen in the form of peptides to the vaccines, which
are not able to cause disease since they do not correspond to the entire
pathogen, and at the same time, they can induce a controlled immune
response with reduced risk of allergies and autoimmunity [17]. Chauhan
et al. [18] studied a peptide-based vaccine against malaria infection, a
disease caused by Plasmodium falciparum and which has worsened with
the increased resistance of these microorganisms to the drugs in use. The
authors found an excellent immune response in healthy individuals with
the previous contact with P. falciparum. Wang et al. [19] evaluated
peptide-based vaccines to control the spread of pulmonary chlamydial
infections, specifically the psittacosis caused by Chlamydia psittaci. In
vivo tests demonstrated a vaccine with high immunogenicity and robust
immune protection against chlamydial infection.

The capacity of peptides as a cell-penetrating agent has been
explored to target drug delivery [20] and theragnostic medicine, that is,
for simultaneous diagnosis and treatment [21]. Lu et al. [22] evaluated
the use of the synthetic peptide SP90 as a target system for delivering
liposomal drugs to patients with breast cancer. The authors identified
that SP90 can bind to several breast cancer cell lines, recognizing tumor
tissues in patients affected by the disease without binding to normal
human breast cells. Neoplastic cells are more negatively charged than
healthy cells, becoming more susceptible to interacting with cationic
peptides. These peptides allow liposomal drugs to be released on the
target site more efficiently, with better release and penetration of the
drug into the tumor, leading to higher drug accumulation at the intra-
cellular target site and better therapeutic performance. In vivo results
indicated a 3.2-fold reduction in tumor volume by administering the
liposomal anticancer drug doxorubicin associated with SP90, compared
to the non-targeting drug. The peptide properties also make these ma-
terials interesting for tumor-penetrating agents to inhibit the growth of
cancer cells, and are suitable for antitumor therapy or clinical treatment.
This target delivery approach may limit the side effects of conventional
chemotherapy and radiotherapy treatments, improving the target con-
centration of the therapeutic and the penetration into the solid tumor
parenchyma [23].

Peptides have also been anchored to biosensors to improve disease
marker detection, helping in early diagnosis and treatment. The pres-
ence of peptides may also improve the antifouling performance of the
biosensor, preventing the adsorption of unwanted elements that may
hinder the biosensor performance [24]. Studies have also used peptides
as radiolabeled components for medical images [25,26], surfactants [27,
28], and catalysts [29,30], to name few applications. For this review,
antimicrobial activity is the main focus and, therefore, will be described
in detail in the next sessions. We will also present, in session 3, the action
of peptides as antiviral vaccine agents. Although this is probably not the
main mechanism to be explored when using peptides in virucide coat-
ings, it is still essential to provide a broad perspective of the specific
abilities of peptides as antiviral agents.

3. Use of antiviral peptides as therapeutic or vaccine agents

Viruses can be divided into DNA and RNA viruses according to the
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genetic material they encapsulate. They can also be divided into
enveloped, which have a lipid membrane around the viral particle, and
non-enveloped ones. This feature directly influences the mechanism of
viral entry into host cells and their resistance to antiviral agents.
Generally, both viruses can enter host cells through receptor-mediated
endocytosis, involving carbohydrates, proteins, or lipid molecules. In
enveloped viruses, this process occurs by fusing both viral and cell
membranes, whereas non-enveloped viruses invade the cell by pene-
tration, and the viral genome is delivered to the cell’s cytoplasm. In the
lytic cycle, this process is followed by the viral genome replication,
production of virions, and cell lysis, releasing a viral progeny that will
infect other host cells [31].

The first antiviral drug was developed in 1963, and since then, some
other antiviral therapeutics have been developed to prevent viral in-
fections. Amantadine is one example of an antiviral drug currently used
against RNA viruses for the treatment and prevention of Influenza A.
Acyclovir is another example of an antiviral drug that is effective against
several DNA viruses, such as types 1 and 2 of herpes simplex, shingles
virus, Epstein-Barr virus, and cytomegalovirus. Vidarabine is also an
antiviral drug used against the herpes virus. Additional examples of
antiviral drugs include idoxuridine and trifluridine, for external use in
case of herpes infections in the eyes (keratitis), and zidovudine, an an-
tiretroviral drug clinically active against HIV-1. One interesting feature
of these therapeutics is their possible use for more than one type of in-
fectious disease, suggesting that approved antiviral drugs could be used
off-label to treat multiple emerging viral infections [32,33].

It is remarkable that, even in the face of the countless existing viral
diseases (chickenpox, rubella, polio, smallpox, measles, among others),
the existence of drug therapies capable of fighting them is still limited,
and those that exist may cause strong side effects to patients, such as the
case of zidovudine, associated with hematologic toxicity, anemia, neu-
tropenia, headache and gastrointestinal intolerance [34]. This scenario,
coupled with all the favorable aspects of AMPs, reinforces the impor-
tance of investigating peptides as antiviral therapeutic agents. The drugs
mentioned above increase the cell resistance to the virus by suppressing
the adsorption of the virus on the cell surface, preventing the viral
diffusion into the cell, or causing the deproteinization of the viral par-
ticles [33]. Understanding these mechanisms at the molecular level is
essential to the rational design of AMPs for therapeutic applications. The
use of these peptides could also reduce drawbacks associated with
increasing viral resistance and the emergence of new viral epidemics
[35].

The use of peptides as a therapeutic agent was evaluated for the
severe acute respiratory syndrome (SARS) caused by a coronavirus
(CoV), aiming at different stages of the virus entry into the host cell. The
spike (S) protein of the coronavirus, responsible for its entry into the
cell, is divided into two portions: the S1 subunit, which has binding sites
to the SARS-CoV cell receptor, angiotensin-converting enzyme 2 (ACE2),
and the S2 subunit, responsible for the conformational changes that
result in the fusion of the membrane and viral envelope. Ho et al. [36]
obtained 14 small 12-residue peptides derived from S protein to assess
their ability to inhibit the binding between S protein and the ACE2 re-
ceptor. The best result was obtained for the peptide SP-10 (STSQKSI-
VAYTM), with a secondary structure of p-sheet and half-maximal
inhibitory concentration (ICsp) of (1.88 + 0.52) nM. This peptide also
effectively blocked SARS-CoV S protein in Vero E6 cells in vitro. In turn,
Yuan et al. [37] focused on blocking the SARS-CoV conformational
change using a six-helix bundle peptide, inhibiting the viral fusion.
Because the S2 subunit is composed of two regions of heptad repeats,
HR1 and HR2, the authors developed 25 peptides that overlap these
regions and can bind to HR1 or HR2, exposed after virus binding to the
receptor, and block the conformational change of the virus. The HR1-1
peptide (NGIGVTQNVLYENQKQIANQFNKAISQIQESLTTTSTA), located
in the HR1 region, and HR2-18 peptide (IQKEIDRLNE-
VAKNLNESLIDLQELGK), in the HR2 region, were the only ones that
presented antiviral activity, with the 50% effective concentration (ECs)
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of 3.68 and 5.22 pM, respectively, according to in vitro assays with the
wild-type SARS-CoV.

Like coronaviruses, several other viruses have an envelope in their
structure and enter the host cell by membrane fusion. This mechanism
applies to the smallpox virus, influenza virus, HIV, flavivirus (dengue,
ebola, Zika), and arbovirus. Developing ways to inhibit typical stages of
these viruses’ life cycle may be more effective than focusing on indi-
vidual viruses or specific target proteins, making it possible to obtain
broad-spectrum antivirals [38]. In the human immunodeficiency virus
type 1 (HIV-1) case, the envelope is formed by the glycoproteins gp160.
This unit is divided into the gp120 subunit, responsible for binding to
the CD4 receptor, and the gp41 subunit, which undergoes a conforma-
tional change, fusing the cell membrane. Conventional HIV-1 drugs act
by inhibiting one of the two viral-specific enzymes (reverse transcriptase
or protease). This feature brings disadvantages such as patient intoler-
ance or the development of virological failure due to incomplete viral
suppression, or the emergence of resistant virus strains. Kilby et al. [39]
demonstrated that T20, a synthetic peptide with 36 amino acids, can
inhibit the conformational changes of gp41, both in vitro and in vivo.
HIV-1 disease was the first to have an approved commercial peptide
antiviral from T20, enfuvirtide (Fuzeon™), in 2003 [40].

Another enveloped virus, the Influenza virus, has been widely
studied to obtain peptides that can be used for the treatment or pro-
phylaxis. Still, under the clinical trial, flufirvitide (FF-3) is a 16-amino
acid peptide derived from one hemagglutinin subunit (VEDTKIDLW-
SYNAELL), the envelope glycoprotein responsible for the Influenza virus
entry into the cell. Unlike the peptides presented above, FF-3 does not
appear to interact with the subunit responsible for binding to the re-
ceptor or the one responsible for the cell membrane fusion. FF-3 in-
teracts directly with the cell membrane and affects fusion indirectly
[41]. A similar feature is observed for peptides against the Arenaviruses
family, including several viruses that cause different diseases charac-
terized by hemorrhagic fever (e.g, Lassa virus, Junin virus, Guanarito
virus, and Sabia virus). The study used a model arenavirus, the Pichinde
virus, to obtain the peptide AVP-p (LNLFKKTINGLISDSLVIR) derived
from the glycoprotein envelope’s expression region (GP2). The ICso was
7.0 uM with complete inhibition of viral plaque formation at about
20 uM. The associated mechanism for this peptide involves membrane

Table 1
Peptide drugs under preclinical or clinical studies against enveloped viruses.
Peptide drug Virus Mechanism of Current Reference
pathogen action clinical
phase
Hepalatide HBV Surface antigen Phase II Chaudhuri
(HbsAg) clinical et al. [43]
blockers trial
IM862 / SCV- HCV Immune Phase II Jenssen [44]
07 stimulation on clinical
Th1 cells trial
Adaptavir HIV Entry inhibition =~ Phase II Stanley and
HBV clinical Yamamoto
trial [45]
Aviptadil SARS-CoV Interleukin-6 Phase III Yamamoto
2 inhibition clinical et al. [46]
trial
Sifuvirtide HIV Fusion Phase III Cao et al. [47]
inhibition clinical
trial
Zadaxin HBV Immune FDA Naylor [48]
(Thymosin « HCV response approved
1) stimulation
Boceprevir / HCV Protease FDA/EMA Schinazi et al.
Telaprevir inhibition approved [49]
Hepcludex ™ HDV Entry inhibition =~ FDA/EMA Kang and Syed
(bulevirtide) approved [501

*HDV: Hepatitis D virus; HBV: Hepatitis B virus; SARS-CoV 2: coronavirus of
severe acute respiratory syndrome 2; FDA: The United States Food and Drug
Administration; EMA: European Medicines Agency
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destabilization, triggered by fusion protein binding and endocytosis
[42]. Table 1 lists several peptide drugs under clinical studies against
enveloped viruses and the associated peptide action mechanism.

The use of peptides against non-enveloped viruses is limited, possibly
because most AMPs act during the viral fusion to the cell membrane,
exclusive of enveloped viruses. Few studies report the use of peptides as
a therapy for diseases caused by non-enveloped viruses. Huang et al.
[51] evaluated the effect of the Epinecidin-1 (Epi-1) peptide on the
foot-mouth disease virus (FMDV), a non-enveloped virus belonging to
the Picornaviridiae family. The authors reported an ECsg of (0.6 + 0.1)
ug/mL with remarkable inhibition of virus adsorption to host cells,
moderate inhibition of the post-adsorption step, and little influence on
the cells before contact with the virus. These findings indicate that Epi-1
can inactivate the viral particles or suppress their replication, reducing
infection by FMDV. Another research group developed a 6-amino acid
peptide (LVLQTM) for therapeutic use against two types of
non-enveloped viruses: human rhinoviruses (HRVs) and human
enterovirus 71 (EV-71). In both cases, the peptide inhibited the activity
of protease 2 A, which plays several essential roles during viral repli-
cation, by coupling in the active site of this enzyme. The in vitro assay
with A549 cells and the in vivo assay with mice demonstrated viral
replication inhibition [52,53]. Di Biase et al. [54] proposed the antiviral
use of the lactoferricin peptide (bLfcin), composed of 25 amino acids,
derived from bovine lactoferrin protein (bLf), which has already pre-
sented antiviral results against different enveloped viruses (HSV types 1
and 2, HIV, HCV, among others). The authors evaluated the effect of
bLfcin against Adenoviruses and found that this peptide can inhibit the
antigen synthesis of the virus by binding to negatively charged cell
glycosaminoglycans. The antiviral action of bLfcin occurs by competing
with viruses for these binding sites on the cell surface.

Despite the extensive development of antiviral drugs in recent de-
cades, the investigation of new antiviral compounds is of interest to
prevent and control the spread of viral diseases or even contribute to
designing more effective vaccines. The ongoing research is necessary
because even viral diseases that do not have specific treatment, such as
measles, polio, and chickenpox, have already vaccines developed and
widely used for their prevention. In this context, peptide-based vaccines
may be an alternative to prevent other viral diseases. Namvar et al. [55]
proposed a peptide-based vaccine to treat existing infections caused by
human papillomavirus (HPV), which in the most dangerous types (HPV
types 16, 18, 31, and 45) are associated with cervical cancer cases in
women. The vaccines currently used for HPV have a prophylactic role;
that is, the vaccine is ineffective in patients who already have the virus,
which can take 10-20 years to manifest. The authors proposed obtaining
peptides based on the early proteins E5 and E7 of HPV, which play an
essential role in the cell cycle, replication, and transcription of the viral
genome. This strategy enables stimulating the immune system against
cancer development associated with high-risk types of HPV. The authors
found that the E5-type 18 (SPATAFTVYVFCFLL) and E7-type 45
(TLQEIVLHLEPQNELDPVDLL) peptides presented the best results for
inducing the production of IFN-y, an essential cytokine in intracellular
immunity against HPV infection.

Immunoinformatic approaches have also been used to determine
potential vaccine peptides against viruses. Khan et al. [56] sought to
determine suitable peptides for protective vaccination against the Ebola
virus (EBOV), an enveloped virus of the Filoviridae family, responsible
for causing fatal hemorrhagic fevers in humans and non-human pri-
mates, with a mortality rate that can reach up to 90%. Prasasty et al.
[57], in turn, intended to establish potential peptides for vaccines
against the Zika virus (ZIKV), an also enveloped virus in the Flaviviridae
family, and that can cause Zika disease, fever, and other severe prob-
lems, such as microcephaly, and Guillain-Barré syndrome. Both studies
reported the identification of peptides that can target both T cells, due to
the high effectiveness of CD8 + T cells in producing cellular immune
responses, and B cells, responsible for the humoral immune response.
Atsmon et al. [58] also presented the results of a clinical trial in humans
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of the peptide-based vaccine Multimeric-001, developed to protect
against Influenza A and B virus strains, regardless of mutations. The
success of such a vaccine can completely change the influenza vacci-
nation scenario, either by reducing the need for annual vaccinations or
improving the immune response in more vulnerable people. The authors
describe that the vaccine is well-tolerated, without significant side ef-
fects, and that although it does not contain any influenza viruses or viral
proteins, the vaccine can induce specific immunity, mediated by the
complement mechanism. Firbas et al. [59] also presented the clinical
trial results for a peptide-based vaccine (IC41) against HCV. The treat-
ment was also well-tolerated with reports of minor local reactions.
Immunogenicity has been proven for groups that received different
doses of IC41, with the highest rates of immune response and greater
robustness obtained for the groups with the highest doses and vaccines.

Traditional therapies or vaccines present disadvantages that make
peptides a critical factor in treating and preventing viral diseases.
Conventional viral drugs are rare and, when they exist, can present
limited efficacy or cause serious side effects. Regarding vaccines, the use
of the attenuated or inactivated pathogen itself can result in additional
safety concerns and processing costs, as well as social resistance against
vaccination. The constant genetic mutations of a virus can also reduce
the efficiency of vaccines worldwide. Overall, peptides make it possible
to eliminate such limitations by promoting a more effective, specific,
and long-lasting immune response, with less cost and side effects [56].

Besides the application of peptides as agents for therapies and vac-
cines, there is also room for using them as antimicrobial, including
virucidal agents.

4. Antimicrobial activity of peptides

AMPs are amphiphilic compounds that are positively ionizable and
can be isolated from several eukaryotic organisms, including insects,
plants, amphibians, mammals, fish, and birds. These peptides are pro-
duced as part of organisms’ first line of defense constitutively or induced
by infectious stimuli. AMPs can bind to microbes through non-specific
interactions with lipid membranes, damaging or destabilizing them
and promoting rapid inactivation with less chance of developing resis-
tance [60,61].

Regarding their molecular conformation, AMPs are usually divided
according to their structure into a-helix, f-sheet, unstructured (i.e., those
that do not present any spatial conformation), or cyclic peptides. The
class of a-helix AMPs is one of the most studied. These peptides usually
present alanine, leucine, and lysine residues that stabilize the a-helix,
which have random conformation in aqueous solutions and helical
conformation after contact with cell membranes. p-sheet AMPs present
in their structure proline, glycine, tryptophan, arginine, or histidine
with about two to ten cysteine residues forming up to five disulfide
bridges. Unstructured AMPs are flexible or extended, generally linear,
and composed of rare amino acids. Cyclic peptides acquire this struc-
ture, in general, by forming one or more disulfide bonds [62], leading to
high resistance against different microorganisms, such as bacteria, vi-
ruses, fungi, and protozoa. Table 2 presents a collection of studies that
investigated the antimicrobial activity of AMPs against various
microorganisms.

As previously mentioned, the antimicrobial property of peptides can
be used to prevent the proliferation of unwanted microorganisms in food
to improve shelf-life. Um et al. [85] developed food-grade gels based on
anionic biopolymers (alginate and pectin) in order to enrich cationic
peptides from milk hydrolysates to improve the antimicrobial activity of
these peptides. As a result, 60:40 pectin:alginate mixtures loaded with
peptides present antimicrobial effects against eight types of bacterial
strains, whereas the unfractionated hydrolyzate had an effect against
only one of them. Velivelli et al. [86] also explored the antimicrobial
activity of peptides formulations sprayed in crops to prevent gray mold
disease caused by the fungus Botrytis cinerea. The authors found that
both tomato and tobacco plants treated with NCR044, a peptide
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Table 2
The activity of antimicrobial peptides against different microbe groups. AMPs were grouped according to their origin in nature (plants, animals, bacteria, fungi,
others).
Peptide Peptide sequence Type of Species Inhibitory Reference
microbe concentration
Plants
DYDD Asp-Tyr-Asp-Asp Bacteria E. coli 18,075 pg/mL' Liu et al.
M. albicans 4519 pg/mL! [63]
DDDY Asp-Asp-Asp-Tyr P. aeruginosa 36,150 pug/mL!
CMC-based AMPMs Not reported Bacteria S. aureus 8500 pg/mL" Zhang et al.[64]
Acacia catechu extract Not reported Virus Dengue virus 0.18 pug/mL Panya et al.[65]
(DENV)
Legl RIKTVTSFDLPALRFLKL Bacteria E. coli 130 pg/mL! Heymich et al.
B. subtilis 30 pg/mL! [66]
Leg2 RIKTVTSFDLPALRWLKL E. coli 130 pg/mL!
B. subtilis 30 pg/mL!
Capsicum annuum L LRDSSNSKPASDAAP-QHVTLTSNR Fungi F. lateritium - Dos Santos et al.
peptides [671
F. oxysporum -
F. solani -
Kalata B1 Not reported Virus Human immunodeficiency virus (HIV) - Nawae et al.[68]
Yodha SMLLLFFLGTISLSLCQ-DDQERC Virus Zika virus (ZIKV) 0.052 }Jg/mL2 Lee et al.
[69]
Animals
Ovotransferrin-pl2 AGLAPYKLKPIA Bacteria E. coli 32 pg/mL! Ma et al.
S. aureus 32 pug/mL! [70]
Mouse cathelicidin ISRLAGLLRKGGEKIGEKLK- Virus Enterovirus 71 (EV71) - Yu et al.
KIGQKIKNFFQKLVPQPE [71]
Nk-lysin EGVKSKLNIVCNEIGLLKSL-CRKFVNSHIW Protozoa P. dicentrarchi - Lama et al.
[72]
Virus Spring viremia of carp virus (SVCV) 24.69 pg/mL? Falco et al.
[731]
Thanatin(S) GSKKPVPIIYCNRRSGKC-QRM Fungi G. cichoracearum - Wu et al.
[74]
Urumin IPLRGAFINGRWDSQCHRF-SNGAIACA Virus H1 hemagglutinin (HA)-bearing human 11.25 pg/mL> Holthausen et al.
influenza A virus [75]
Melittin NH2-GIGAVLKVLTTGLPAL-ISWIKRKRQQ- Bacteria S. enteritidis 32 pg/mL! Moridi et al.[76]
CONH2
Bac8¢ RIWVIWRR-NH2 Fungi C. albicans 7.46 ug/mL * Lee and Lee
M. furfur 29.59 pg/mL (771
Bacteria
Gramicidin A VGALAVVVWLWLWLW Bacteria E. coli > 128 pg/le Meikle et al.[78]
S. aureus > 128 pg/mL}
Fengycin Not reported Fungi R. variabilis 6.59 pg/mL! Kulimushi et al.
[79]
Surfactin analog (SLP5) Palmityl-L-Glu-L-Val-D-Leu-L-Asp-D-Leu Virus Porcine epidemic diarrhea virus (PEDV) - Yuan et al.[80]
Actinonin Not reported Bacteria S. Typhimurium 0.768 pg/mL! Jung et al.[81]
V. vulnificus 0.192 pg/mL}
Fungi
Alamethicin UPUAUAQUVUGLUP-VUUEQFol Bacteria E. coli > 128 ug/mL1 Meikle et al.[78]
S. aureus 32 pg/mL!
su2 KREHGQHCEF Virus HIV 50 pg/mL? Wang et al.[82]
Others
TGH1 TWEMVSGKKKNGVVLMIK Bacteria V. parahaemolyticus 12.5 pg/mL} Yang et al.[83]
EC1-17KV GWWRRTVKKVRNAVRKV Fungi C. albicans 64 ;,lg/rnL1 Ma L et al.[84]
C. neoformans 16 pg/mL}

IMIC: Minimal inhibitory concentration; 2IC50: Half-maximal inhibitory concentration

obtained from the legume Medicago truncatula, significantly reduced the
gray mold disease in the crops and their post-harvest products.

Several biomedical applications also explore the antimicrobial
properties of different peptides. Bacitracin is an example of a commer-
cially available peptide produced by Bacillus subtilis and is known for its
antibiotic effect. Chan et al. [87] evaluated the topical use of
peptide-based formulations on surgical skin incisions after cardiac sur-
gery as a prophylactic measure to prevent sternal wound infections,
considered one of the most severe issues of this medical procedure.
Sousa et al. [88] assessed the antimicrobial activity and the immuno-
modulatory potential of synthetic peptides, both pure and associated
with the ciprofloxacin antibiotic, aiming at the application in revascu-
larization of the dental pulp, a therapy used in the trauma of immature
permanent teeth. The developed AMPs were efficient against Staphylo-
coccus aureus and Enterococcus faecalis bacteria strains, commonly
associated with dental infections, especially the peptide IDR-1002,

which presented in conjunction with ciprofloxacin promising immuno-
modulatory results. He et al. [89] also studied the anticancer cell activity
of the LHH1 peptide (AFALIAGALYRIFHRR), obtained from the genome
of bacteria Lactobacillus casei HZ1. The authors found that LHH1, an
AMP highly effective against Gram-positive bacteria, presented high
anticancer activity. Although its inhibitory effect against cancer cells
C666-1, MGC803, and HCT116 (ICso = 18.27, 31.55, and 40.83 pM,
respectively) is lower than those obtained for the positive study control,
melittin (ICsg = 9.62, 7.08 and 12.17 pM, respectively), the hemolytic
and cytotoxic properties are significantly superior for AMPs, both
essential features for the safe use of LHH1 as a therapeutic agent.
Additional clinical applications of AMPs involve their use in vaccines to
prevent diseases that plague the world population, mainly due to the
safety in the production process, good immune target, and few side ef-
fects. Huang et al. [90] reported the use of the AMP epinecidin (Epi-1) in
a vaccine against the Japanese encephalitis virus (JEV). Epi-1 was
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administered alone and co-injected with inactivated JEV, resulting in
modulation of the immune response in both cases and superior to the
traditional formalin-inactivated JEV vaccine. Li et al. [91] also devel-
oped a vaccine from a mixture of synthetic AMP, KLKL5KLK, and com-
bined DNA, aiming at immunization against Mycobacterium tuberculosis.
The mixed vaccine resulted in greater protection than the combined
DNA or the BCG vaccines (Bacillus Calmette Guérin), indicating that the
AMP used is an excellent adjuvant capable of improving and prolonging
the immune response against M. tuberculosis.

The antimicrobial action of peptides is an ongoing subject and has
already been evaluated by several authors for different types of mi-
crobes. For example, AMPs, which tend to form amphipathic structures,
can interact with the cell wall of bacteria and fungi, destroying their
structure. After the cell wall, these peptides can bind to the phospholipid
bilayer of microbial membranes by electrostatic interactions. In
contrast, the hydrophobic terminals of AMPs interact with the hydro-
phobic core of the bilayer membrane, changing their structure and
causing a loss of membrane integrity. Also, AMPs hydrophilic terminals
connect with each other, forming channels through which intracellular
material leaks and, consequently, causes cell death [63,84]. Cell mem-
brane integrity tests are performed with propidium iodide (PI), a fluo-
rescent dye that binds to DNA but cannot enter living cells. When the cell
membrane is compromised, PI can access the cell’s inner structure,
emitting fluorescence [70].

The literature also reports the antimicrobial activity of plant-derived
AMPs. Liu et al. [63] evaluated the mechanism of antibacterial action of
two types of peptides extracted from the orchid variety Dendrobium
aphyllum. The peptides Asp-Tyr-Asp-Asp (DYDD) and Asp-Asp-Asp-Tyr
(DDDY) with the same amino acid composition but different se-
quences were evaluated against Escherichia coli, Pseudomonas aeruginosa,
and Monilia albicans. Fluorescence tests indicate that both DYDD and
DDDY damage the outer membranes of these bacteria, with different
levels of membrane permeability according to the species. DYDD is also
effective against E. coli membranes, whereas DDDY protects from
P. aeruginosa and M. albicans. The same trend is observed for the cyto-
plasmic membrane; however, in this case, none of the peptides is
effective against M. albicans. Another factor that helps to understand the
bactericidal mechanism and the membrane permeability is the K* ions,
which are important to maintain the balance of the osmotic pressure of
the cell and proteins. These ions only cross the membranes with the
assistance of transmembrane transporters under normal circumstances.
In the study, the bacteria strains tested presented increased leakage of
both K* ions and proteins, corroborating the damage to their mem-
branes. The authors concluded that DYDD interacts through electrostatic
forces with the cell membranes, forming pores that leak cell compounds,
leading to cell death. DDDY, on the other hand, binds through van der
Waals forces to membrane moieties and causes cell membrane frag-
mentation. Velivelli et al. [86] evaluated the antifungal mechanism of
the peptide NCR044 (MQRVKNMTETLKFVYILILFIFIFLVLMVCDS), ob-
tained from legumes of M. truncatula, on the plant fungal pathogen
B. cinerea, since this material had already reported positive results
against the human fungal pathogen Candida albicans. The authors
observed the permeabilization of the plasma membrane in 30 min, with
a peak reached in 120 min. However, although NCR044 does not cause
sufficient permeabilization to promote cell lysis, spores resume their
growth at the end of the peptide treatment, acting as a potent inhibitor
of the fungus germination. The authors also evaluated reactive oxygen
species (ROS) production by spores and germlings, leading to cell death
due to apoptosis or necrosis. ROS production was detected only in
germlings, indicating oxidative stress by ROS in these structures rather
than in spores.

Animal-based peptides have also been investigated for antimicrobial
applications. Ma et al. [70] evaluated the bactericidal action of an
egg-derived peptide from the hydrolysate of ovotransferrin, called
OVTpl2. When treated with this peptide, the S. aureus strain reduces
from 96% to 5.4% of cells after contact with twice the minimal
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inhibitory concentration. The authors also found that in just 60 min, the
outer bacterial membrane had already been damaged, indicating a rapid
effect of the peptide on the membrane integrity. In addition, the increase
in fluorescence due to the concentration of OVTpl2 suggests that the
cytoplasmic membranes were also disrupted. Ma L et al. [84] also used
several peptides from EeCentrocin 1, a component of the sea urchin
Echinus esculentus. Besides visualizing the bactericidal effect in trans-
mission electron microscopy analysis, indicating the presence of pores in
the cell wall and membrane, leaks of cellular components, and loss of the
bacterial structure of P. aeruginosa, the authors also evaluated the
antimicrobial effect against C. albicans. As in the case of bacteria, the
disruption of the cell membrane and an increase in its permeability were
also observed in fungi strain, indicating the insertion of the peptide in
the lipid bilayer. The presence of the peptides inhibited the germination
of the blastopore and the formation of the germ tube of C. albicans,
compromising the formation of hyphae by negatively regulating their
gene expression. The alternation between yeasts, pseudohyphae, and
hyphae was interrupted, reducing the virulence of the fungus.

Whilst most studies previously reported on bacteria and fungus
present the contact and releasing killing mechanism from AMP action on
their outer membranes, some specific peptides can act on a virus itself or
its host, a fundamental piece for its replication. When the action of the
peptides is on the virus, they can be considered virucidal since they have
as their main target the proteins of these microorganisms. Moreover, the
various steps in the virus life cycle can be the target of the AMPs viru-
cidal action, such as the virus’ entry, synthesis, or assembly, with
emphasis on inhibiting entry as an excellent antiviral strategy [1].
Despite the different virucidal targets, it is challenging to relate the
virucidal capacity of peptides to their secondary structures. As the
mechanism involved in the virucidal action of the peptide is specific to
each case, this has been the subject of studies by several authors [61]
and remains a big field to be explored.

Panya et al. [65] obtained peptides from the extract of the medicinal
plant Acacia catechu and evaluated their activity against the dengue
virus (DENV). When contacting the peptides with DENV in the pre-
treatment, coinfection, and post-infection, the authors concluded that
the virucidal action occurs predominantly in the early steps of viral
entry. Although in the mentioned study the virucidal mechanism has not
been elucidated, the same research group has previously obtained
peptides specifically designed for the hydrophobic pocket of the DENV
envelope I protein, a region that directly affects the entry of the virus
into the host cells. By impairing the protein-protein interaction on the
virus surface through peptides that mimic part of the protein’s structure,
the stability of the virus can be affected, inhibiting its entry into the host
cell [92,93].

Yuan et al. [80] developed ten lipopeptides analogous to surfactin,
produced by the bacterium Bacillus subtilis, to evaluate the AMPs effect
on the porcine epidemic diarrhea virus (PEDV). In a previous report, the
research group established that surfactin’s viral activity occurs by
inhibiting the fusion between viral and cell membranes, a fundamental
step for enveloped viruses to invade host cells, but with limited appli-
cation due to high surfactin cytotoxicity [94]. Among the compounds
developed, SLP5 was the most promising surfactin analog, with equiv-
alent antiviral effect and a substantial reduction in hemolytic activity.
Compared to surfactin, SLP5 has a linear structure, one additional
carboxyl group in the C-terminal of the peptide, and two fewer hydro-
phobic amino acids, which reduces the cost of synthesis and has little
effect on antiviral activity.

Another study involves antiviral peptides derived from L. vannamei
hemocyanin against the white spot syndrome virus (WSSV), a pathogen
that significantly affects several shrimp species. The animals were
challenged with WSSV and, by contact, five peptides derived from he-
mocyanin were identified in the shrimp sera, emphasizing LvHcL48,
documented as the most sensitive and most strongly expressed under
WSSV infection. In vitro and in vivo assays indicate that the presence of
LvHcL48 can attenuate WSSV gene transcription and inhibit its
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replication through direct interaction with the virus’ abundant envelope

protein, VP28, disrupting intact viruses and, consequently, mitigating its — = — Tg = Tj 3
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carp virus (SVCV). The authors evaluated the interaction between
Nkl171-100 and phosphatidylserine (PS), a compound found in mem-
branes, directly linked to the virus-cell interaction. The biophysical
characterization demonstrated that Nkl71-100 enters the PS membrane
bilayer, leading to cell leakage. Tests with SVCV indicated that the
peptide interacts with PS, inhibiting viral binding in host cells and fusing
viral and cell membranes. Because PS is essential for replicating several
viruses, Nk171-100 can find many antiviral applications. Holthausen
et al. [75] studied the action of the frog peptide urumin against H1
hemagglutinin-bearing human influenza A virus (H1 HA), demon-
strating the high specificity of urumin for a protein on the H1 HA cell
surface. Antiviral peptides act on influenza viruses in one of three ways:
(i) interference with viral polymerase and viral replication inhibition;
(ii) rupture of the membrane by electrostatic interactions; (iii) and
interaction with hemagglutinin (HA) to block viral fusion and entry. In
this case, urumin does not follow any of these expected mechanisms,
confirming its specificity when the peptide binds to the conserved stalk
region of the H1 HA, leading to viral destruction through the combi-
nation of conformational changes in HA and electrostatic forces on the
membrane. Another frog-derived peptide, Yodha, was evaluated against
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virucidal coatings [7]. Antiviral surfaces and coatings can be of natural
or artificial origin, prepared by physical-chemical modification of sur-
faces, or even bioinspired, acting against viruses directly, indirectly, or
by inactivating moieties on the surface of viral particles [108]. These
materials include plant extracts, metallic ions/oxides, and polymers, as
indicated in Fig. 2 [7,105].

Pyankov et al. [106] evaluated the antiviral activity of natural oils
extracted from Tea Trees and Eucalyptus against the influenza virus
captured by the surface of conventional filters in heating, ventilation,
and air conditioning systems. The authors found that both oils lead to
antiviral activity under the conditions studied, contributing to filtration
efficiency and reducing the risk of re-aerosolization of pathogens back
into the ambient. Catel-Ferreira et al. [107] also used natural material,
polyphenol (a secondary metabolite produced by plants), as an antiviral
agent for coatings of commercial non-woven cellulose layers (Kimber-
ly-Clark®). When applied to the commercial surgical mask, such as
cellulose layers, these compounds work as efficient virucidal cleaning
wipes and a better and more efficient antiviral filter, replacing the
original inner layer. Natural compounds can be interesting virucidal
agents because they are environmentally friendly, biodegradable, and
present low to medium toxicity, enabling their use on public surfaces.
These materials also have well-defined and relatively simple extraction
methods, which facilitates their scaling. The major disadvantage of
natural compounds is the low availability of certain plants, making their
extracts more expensive [108].

Artificial coatings are the most studied materials for antiviral ap-
plications, covering the different materials mentioned above. Metallic
and inorganic materials deserve to be highlighted because of their
antimicrobial properties known since ancient times. Common metallic-
based materials include copper, silver, zinc, and others less explored,
such as gold [7]. The advantages of metallic compounds include supe-
rior stability, well-developed preparation technologies, and a control-
lable substrate/coating interface [108]. Copper action was evaluated by
Hutasoit et al. [109]. The authors deposited a copper-based coating by
spray to an in-use steel surface, widely used in access doors in public
places. The coating was effective against SARS-CoV-2, inactivating up to
96% of the virus in 2 h. The coating performance was higher than the
49% inactivation obtained for the non-coating stainless steel. This
formulation can be applied to any existing steel surface, eliminating the
need to prepare copper surfaces. Silver, copper oxide (CuO), and zinc
oxide (ZnO) nanoparticle coatings were compared using substrates like
glass, a flat solid, and porous filter media such as FFP3 filter and fiber-
glass filter. Particle-based coatings were applied using the flame aerosol
deposition technique. The best result against SARS-CoV-2 was obtained
for the silver coatings, with a 98% reduction in viral load in 2 h, fol-
lowed by copper with 76% reduction, and zinc with little significant
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Fig. 2. Materials used to produce antiviral coatings.
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action on the stability of the virus [110]. The major drawbacks of
metallic-based materials are the high costs for some metals and the
environmental and health issues associated with their application and
disposal [108].

Surface-reactive materials can exert direct action on viruses, such as
the metal ions mentioned above, or indirect action, in which free radi-
cals are generated when in contact with moisture or light, capable of
inactivating such microorganisms. For example, TiO, reacts with
moisture in visible light to form hydrogen peroxide, a potent antimi-
crobial agent [108]. Park et al. [111] evaluated the efficiency of flat
glass surfaces coated with fluorinated TiO, against human noroviruses
and other surrogates (bacteriophage MS2, feline calicivirus, and murine
norovirus). The authors found that oxidative damage can reduce the
viral load in all cases studied. The fluorination of TiO5 accelerated the
release of hydroxyl radicals from the surface, increasing the exposure of
viruses to oxidizing agents and eliminating them quickly. This material
also promotes singlet oxygen production, which reacts with proteins,
effectively inactivating the viruses. Graphene was also evaluated as an
antiviral coating for polypropylene mask air filters. Laboratory tests
simulated the contact of people wearing a 3-layer mask (middle layer
with functionalized graphene) with aerosol droplets from the speech/-
cough/sneeze of other people with high, moderate, low, or null viral
loads of SARS-CoV-2. The results indicated that the viral RNA titers in
the incident spray loaded with virus and in the outer layer of the mask
filter were similar and high, whereas the middle layer (with function-
alized graphene) and the inner layer were null. These results illustrate
the efficacy of graphene in mitigating viral transmission [112]. Zhong
et al. [113] recently also reported the development of nonwoven masks
containing a graphene layer that presents self-cleaning properties. Be-
sides creating a superhydrophobic surface, the authors report that the
few-graphene layer also presents a photothermal response when
exposed to sunlight which can inactivate viral particles and offer addi-
tional protection against pathogens.

Polymeric and organic materials are also used in antiviral coatings.
Several polymeric coatings take advantage of the positive charge in the
polycations to attract the negative charge inherent to viral particles,
interacting with their genetic material or protein structure to inactivate
them [7]. N-alkylated polyethylenimines (N-alkylated PEIs) comprise a
class of polycations widely used against the most diverse types of vi-
ruses. N,N-dodecyl methyl polyethylenimines present excellent antiviral
capacity as a coating on glass or polyethylene slides against influenza
virus [114,115], poliovirus, and rotavirus [116], HSV-1 and HSV-2
[117] and HIV [118]. N, N-dodecyl methyl polyurethane is another
polycation evaluated for the same purpose. This material was applied as
a coating on polyethylene slides and tested against influenza virus
(enveloped) and poliovirus (non-enveloped), inactivating only the
enveloped virus. These findings suggest that the elimination of polio-
viruses by N-alkylated PEIs occurs through an adsorptive disinfection
mechanism, without involving the interaction with the viruses and
consequent inactivation, as occurs with enveloped influenza virus. In the
case of the polyurethane derivative, polioviruses cannot chemically
interact, maintaining their viral activity [119].

Surfactants have also been studied as components of antiviral coat-
ings. Cano-Vicent et al. [120] developed face masks made of polymeric
non-woven fabrics coated with solidified hand soap, aiming to take
advantage of the disinfection property of this compound commonly used
with water. The product developed is efficient against SARS-CoV-2,
eliminating 100% of the viruses after 1 min of contact. No cytotoxic
effects were reported when the product was used as an inner layer of a
5-layer mask. Colnago et al. [121] used a widely available dishwasher
detergent to produce films that can be applied to inanimate surfaces to
promote a virucidal action. Tests against avian coronavirus on plastic
surfaces indicated that this coating mitigates the viral activity on treated
surfaces compared to untreated ones, remaining stable and active for
hours or days. For both the hand soap and the dishwashing detergent,
the virucidal action is associated with the presence of surfactants
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capable of denaturing both the envelope and the viral capsid proteins.

Given the above, the development of antimicrobial and, more spe-
cifically, antiviral coatings have driven a substantial interest in the ac-
ademic setting. Advances in this topic can reduce pathogen
dissemination. However, the need to meet environmental and safety
criteria and create materials that become globally available during an
infectious disease outbreak reinforces the importance of investigating
the performance of antiviral materials, including promising yet little
explored AMPs.

6. Use of peptides in active coatings for biomedical devices

Surfaces capable of controlling cellular responses, such as cell pro-
liferation, dissemination, differentiation, and attachment, are of interest
for biomedical applications. Such control is necessary for implantable
devices, biosensors, cell culture tools, drug delivery systems, as well as
regenerative medicine [122]. The use of peptides as coating agents in
biomedical devices has gained increased attention in materials science.
Peptides are generally immobilized on the substrate surface by physical
or chemical methods. Physical methods include the direct adsorption of
peptides on the device’s surface or the self-assembly deposition by the
layer-by-layer (LbL) technique. Functional films are deposited on the
substrate by alternate adsorption of polycations and polyanion species.
Another approach is the incorporation of peptides onto a material, such
as a polymer. Chemically, the immobilization of peptides can occur via
covalent bonds between the substrate and the peptides [123].

Several studies report using devices coated with peptides to target
applications that include cell adhesion, antimicrobial activity, and se-
lective attachment of peptides onto cells. Mohanty et al. [124] devel-
oped peptide-coated nanoparticles to improve their diffusive transport
through solid tumors for therapeutic applications. The synthetic peptide
P4, with CKPGDGGPC sequence, improves the transport (more rapid)
and the uptake of nanoparticles in tumors in in vitro tests, compared to
both the negative control and other traditional coatings, such as poly
(ethylene) glycol (PEG).

Peptide cell adhesion is also relevant for designing biomedical im-
plants, such as dental and medical applications. The attachment of cells
to the surface of the materials usually occurs by the adsorption of cell
proteins on the device surface, which start to dictate the superficial
characteristics of the material. Functional coatings can lead to specific
cell responses to control the interactions between the cells and the
implant, as is the case of peptides [122]. Clauder et al. [125] were
concerned with the insufficient endothelization of cardiovascular de-
vices after surgical interventions to implant prosthetic valves or stents.
Recent studies have evaluated the use of biopolymers, such as poly-
caprolactone (PCL), to prepare these devices due to their biodegradable
features. However, their use may be limited by their low capacity for cell
adhesion, which can lead to thrombosis or intimal hyperplasia, leading
to implant failure. The use of peptide coatings on the surface can
improve cell-surface interaction, serving as a scaffold and a cell acti-
vation modulator. In this context, the authors developed a mussel-based
peptide coating surface with integrin and proteoglycan binding sites to
improve endothelization. This coating led to enhanced cell adhesion
compared to other materials, such as hydrophilized PCL-co-lactide,
glass, and polystyrene, in addition to the survival of endothelial cells
in static and fluidic conditions.

The application of peptide coatings on surfaces was also evaluated in
TiOy implants, widely used due to their biocompatibility, corrosion
resistance, and the ability to anchor proteins. The success of the bone
implant is directly linked to its interaction with cell membranes, which
can be improved, for example, by adding peptides that can facilitate cell
adhesion. The peptide DapSer, with the sequence PSFSWGGGQQQQQ,
presents a high affinity to TiO,, spontaneously adsorbing to the implant
surface. In vivo tests demonstrated that uncoated implants had cracks
and deformations, cracked bone matrix around the implant, and
osseointegration affected by a narrow gap. Coated implants had the
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opposite behavior, probably due to the high focal adhesion of cells on
the peptide coating, stimulating contact osteogenesis [126].

Neuroprosthetic biosensors, that is, implants with electrodes that can
replace certain nervous functions, are another biomedical device that
demands high levels of surface specificity. The laminin-derived peptide,
CAS-IKVAV-S, was used to coat polyimide electrodes functionalized
with vinyl or amino groups. In general, polyimide electrodes induce
damage to neural tissues and consequent inflammation and immune
system reactions, encapsulating or impairing axonal regrowth. Both
coated electrodes presented morphological and chemical changes that
favor neuronal adhesion, reducing the contamination of fibroblasts on
the substrates [127].

The immobilization of peptides in dental implants was explored by
Fischer et al. [128], aiming to prevent peri-implantitis, a disease that
affects about 20% of implanted patients. Another laminin-derived pep-
tide, LamLG3, induced the formation of a hemidesmosome, a trans-
membrane link between the teeth and the gingiva that prolongs the
implant durability by leading to better healing of the soft tissues around
the biomaterial. Chemical immobilization techniques were evaluated,
with superior biological effects for the non-chemoselective (silanization)
than the chemoselective technique (click chemistry).

In addition to biocompatibility, cell adhesion, and good healing
properties, biomedical devices must not cause the onset of infections in
the patient. Thus, apart from cell adhesion, functional peptide coatings
can be designed to promote antimicrobial protection by inactivating or
destroying pathogenic microorganisms, as described in the previous
section. Table 4 presents studies involving AMPs-coated material and
the antimicrobial activity related to specific pathogens.

In general, the antimicrobial action of peptides present in coatings
occurs by preventing the microbes from anchoring or killing the bacteria
that attach to the surface [143]. One of the most tested materials in this
context is titanium. Zhang et al. [144] designed vancomycin peptide
coatings using the electrospinning technique. In vitro assays evidenced
that this coating is not cytotoxic and can inhibit the growth of S. aureus
bacteria. Besides preventing cell death in-vivo, vancomycin-coated im-
plants also promote the formation of both normal muscle and new bone
tissues, recruiting less inflammatory cells to the implant region. Gevrek
et al. [143] reported the need for a priming layer on titanium implants
before AMPs deposition. The authors applied a copolymer-based film
with reactive thiol handles over the metallic implant, which can con-
jugate with E6 AMP (RRWRIVVIRVRRC) peptide derived from cath-
elicidin. These coatings attracted both Gram-negative (P. aeruginosa)
and Gram-positive (S. aureus) bacteria, killing them by contact and
inhibiting their adhesion to the surface. Buckholtz et al. [145] also
verified the need to apply an alkene-thiol interfacial pre-layer for co-
valent immobilization of AMP Inverse-CysHHC10 in bioceramic com-
posite of calcium aluminum oxide (CaAlO) and hydroxyapatite (HA).
The authors observed increased cell permeability and cell death of E. coli
bacteria by contact with the AMP functionalized surface and inhibiting
bacteria growth in culture. Titanium-based biomaterials were also
studied by Tan et al. [146] to prepare corneal implants. The authors
described that the bactericidal action of immobilized AMP SESB2V
([(RGRKVVRR)2 K]2KK) against P. aeruginosa and S. aureus was 80
times greater than the soluble peptide. However, the action of SESB2V is
more effective against S. aureus bacteria than P. aeruginosa, possibly
because the latter can infiltrate different inflammatory cell tissues close
to the implant. Still, the action on S. aureus is advantageous because this
is one of the main bacteria that cause inflammation in ocular implants.

Besides many studies focused on using AMP-based coatings in
medical implants, these materials are suitable for several other appli-
cations, including wall paints in healthcare settings, clinical and surgical
materials, and bioactive barriers in personal protective equipment
(PPEs). Despite the disinfection and sterilization procedures, the spread
of microbes through these devices is prevalent, which becomes an issue
in healthcare applications. Jeong et al. [136] developed a simple and
cost-effective ~ method to immobilize the AMP SHAP1
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Table 4
Antimicrobial peptides applied in functional coatings against different microbe
groups and their antimicrobial activities.

Peptide Material Antimicrobial Pathogen Reference
activity
Tet-124-G- Polystyrene Partial E. coli Corrales-
BrPh-DOPA- depletion of Urena
G bacteria growth et al.
Tet-124-G- due to cell [129]
BrPh-G membrane
disruption
KLR Polystyrene 100% bacterial E. coli Majhi etal.
killing S. aureus [130]
Chain201D EG4 SAMs Binding and E. coli Monteiro
previously Killing et al.
activated by Contact killing S. aureus [131]
CDI
KYE28 Poly(ethyl Contact killing E. coli Nystrom
acrylate-co- et al.
methacrylic [132]
acid)
KRWWKWWR Silicone Growth E. coli Low et al.
inhibition S. aureus [133]
P. aeruginosa
Melittin Titanium Disruption of MRSA Zarghami
cell wall VRSA etal.
[134]
Nisin Z HDPE Inhibition of S. epidermidis  Paris et al.
bacteria, [135]
adhesion, and
biocidal
property
SHAP1-GS- Slide glass > 96% killing E. coli Jeongetal.
Cys Latex glove activity S. aureus [136]
BrEK Gold Disrupt bacteria ~ MRSA Sheng
nanorods due to etal.
attachment to [137]
the cell
membrane
GL13K Collagen Killing by E. coli Ye et al.
contact S. gordonii [138]
6mer-HNP1 Spider silk Inhibition of E. coli Franco
bacteria MRSA et al.
adhesion [139]
B-Peptide Polyethylene Reduction in C. albicans Raman
biofilm growth et al.
[140]
Indolicidin Gold Inhibition of C. albicans Alteriis
biofilm et al.
formation and [141]
damage of
preformed
mature biofilms
Caspofungin Titanium Inhibition of C. albicans Akhavan
adhesion and et al.
proliferation [142]
due to
interaction with
cell wall

*MRSA: Methicillin-resistant S. aureus; VRSA: Vancomycin-resistant S. aureus;
HDPE: High-density polyethylene

(APKAMKLLKKLLKLQKKGI) on glass slide surfaces and latex gloves,
which are widely used in medical care. The solid supports were func-
tionalized with poly (2,4,6,8-tetravinyl-2,4,6,8-tetramethyl cyclo-
tetrasiloxane) by an initiated chemical vapor deposition (iCVD),
followed by SHAP1 binding to the surface by a cysteine residue (Cys).
The authors observed that the orientation of the peptide affects the
antimicrobial activity surface, with the best results observed for
SHAP1-GS-Cys, which were killed by contact with more than 96% of the
E. coli and S. aureus strains.

Textile materials are also prone to the spread of microorganisms as
textile fibers are formed by a rich content of nutrients that, under
adequate conditions, lead to the spread of pathogens. Due to their broad
application in clinical apparatus, textiles can become a key factor for
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disease transmission through contact with patients and clinical staff.
AMPs deposition on textiles can be crucial for impairing the spread of a
given disease [147]. Cotton is one of the most studied substrates for
AMPs functionalization because of its broad application in medical
textiles. Scapin et al. [148] evaluated the antibacterial activity of
AMP-functionalized cotton fabrics after repeated washes and friction
cycles. Three synthetic peptides analogous to H-Orn-Orn-W-W-NH;
were chemically bound to cotton, which effectively inhibits the growth
of S. epidermidis bacteria. In addition, even after a 30 min treatment with
UV light for sterilization, this peptide coating maintains its antimicro-
bial performance. Orlandin et al. [149] also studied the antimicrobial
activity of cotton-peptide conjugates by producing peptides directly on
the cotton substrate. The authors investigated the peptides bound to
palmitic acid (Pal) with the sequence Pal-X-A-D-A-X, with X varying
among K, H, and R. Under physiological conditions, these amino acids
present positive residues, binding negatively charged bacterial mem-
branes and causing cell death. Peptide variants containing the His
demonstrate an antibacterial effect against S. aureus and E. coli. This
formulation also leads to the best textile coloring results with a lower
degree of yellowing and a higher degree of whiteness, which favors
appropriate staining without undesired color changes.

Nogueira et al. [147] evaluated the conjugation of peptides in
polypropylene (PP), a textile-non-textile commonly used in hospital
garments. PP was grafted with L-cysteine (L-Cys), generating the com-
pound PP-g-SH, subjected to electrospinning, and later cross-linked with
the Cys-LC-LL-37 AMP. Tests with S. aureus and P. aeruginosa indicated
that the cross-linked nanofibers led to a CFU reduction of 99.9999% and
97.41% for the two bacterial strains tested, even after 25 washing cycles.
PP, PP-g-SH, and PP + Cys-LC-LL-37 samples presented low or no
reduction in CFU. These findings demonstrate that the presence of thiol
groups on the surface, associated with the L-Cys residue, does not exert
significative bacteriostatic activity (PP-g-SH), but they are essential for
AMP attachment and consequent bactericidal activity. Aside from the
clinical setting, wool is another fabric that leads to the spread of mi-
croorganisms, resulting in fiber damage and skin irritation. Two AMPs
were applied to the wool fibers to promote antimicrobial features: the
natural peptide Cecropin-B, found in pupae of Hyalophora cecropia, and
the synthetic peptide [Ala5] -Tritrp7, derived from tritrpticin. These
peptides were properly immobilized on the wool fibers after 1-hour
contact, and, even after five washing cycles, they remained attached
to fibers. This functionalization does not cause fiber yellowing, a com-
mon issue in applying other antimicrobial agents. The antibacterial ac-
tion against S. aureus and K. pneumoniae strains resulted in a
bacteriostatic effect, but not bactericidal, with bacterial inhibitions
ranging from 66.74% to 88.65% [150].

This section highlighted several studies involving the antibacterial
activity of peptide coatings, especially in biomedical devices. Despite
the advances in antimicrobial coatings, the lack of studies focused on the
antiviral action of AMPs coatings, as well as the emergence of viral-
related outbreaks, reinforces the importance of investigating AMPs
coatings to prevent virus spread.

7. Future perspectives

The emergence of contagious diseases has increased the demand for
therapeutics and vaccines, evidencing their inherent challenges,
including costs and time. In the case of viral diseases, drugs do not
eliminate the pathogens directly, only preventing them from spreading
among the population. Since viral pathogens depend on the host’s cell
machinery to replicate, few targets remain available for the action of
drugs in the viral replication cycle.

The use of antiviral surfaces and coatings differs slightly from those
widely investigated for antibacterial use, especially due to the difference
in size between these microorganisms, with viruses ranging from 20 to
300 nm, except for some filoviruses that reach up to 1400 nm, whereas
bacteria reaching size in the scale of a few micrometers [108]. During
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the coronavirus pandemic, new scientific approaches have been
described to mitigate coronavirus spread, providing insights to create
advanced antimicrobial coatings. As an enveloped RNA virus,
SARS-COV-2 is extremely sensitive to simple disinfection methods,
having the viral membrane damaged or destroyed by contact with de-
tergents and disinfectants or by the action of specific sterilization
methods such as temperature and UV-light. Peptide-based materials that
bind to viral particles are also suitable for preventing the pathogen’s
interaction with the host cells, preventing viral transmission. These
methods can also be tested against other viruses and adapted to
large-scale wuse, creating alternatives to prevent potential viral
outbreaks.

In this review, several antiviral agents and coatings were presented.
Despite their efficacy on viral inactivation on surfaces, most of these
materials present relevant drawbacks, from safety and environmental
issues to process scalability, limiting their application in everyday life.
Most methods are not universal, and their effectiveness depends on the
virus. Furthermore, prolonged contact time with the pathogen may be
necessary to control the viral transmission [7]. AMPs, known for their
adhesive, selective, and antimicrobial properties will be increasingly
explored to prevent pathogens transmission. As shown in this review,
the mechanisms for AMPs action against viruses are diverse and much
more specific, dependent on the target, and hence, more challenging to
extract a general rule such as a given sequence. The possibility of pro-
ducing specifically designed amino acid sequences and their relatively
affordable processing make these peptides suitable candidates for the
design of advanced agents. Upcoming studies that apply
high-throughput methods for preparing peptide-based materials can
improve the understanding of how individual modifications on amino
acid sequences might affect the virucidal properties of AMPs, creating
on-demand virucidal agents.
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