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ABSTRACT: Biofilm-forming bacteria may be 10−1000 times more resistant
to antibiotics than planktonic bacteria and represent about 75% of bacterial
infections in humans. Antibiofilm treatments are scarce, and no effective therapies
have been reported so far. In this context, antibiofilm peptides (ABPs) represent
an exciting class of agents with potent activity against biofilms both in vitro and
in vivo. Moreover, murine models of bacterial biofilm infections have been
used to evaluate the in vivo effectiveness of ABPs. Therefore, here we highlight
the translational potential of ABPs and provide an overview of the different
clinically relevant murine models to assess ABP efficacy, including wound, foreign
body, chronic lung, and oral models of infection. We discuss key challenges to
translate ABPs to the clinic and the pros and cons of the existing murine biofilm
models for reliable assessment of the efficacy of ABPs.
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■ INTRODUCTION

Biofilms are aggregates of microorganisms in which cells are
frequently embedded in a self-produced matrix of extracellular
polymeric substances (EPS) that adhere to each other and/or a
surface.1 Biofilm formation leads to increased resistance of the
aggregate inhabitants to abrupt environmental changes, allowing
them to live under hostile conditions.2 Consequently, biofilm-
forming bacteria may be 10−1000 times more resistant to
antibiotics than planktonic bacteria and represent about 75% of
bacterial infections in humans.3 This resistance may be boosted
by several genetic and phenotypic factors, including admin-
istration of antibiotics at sublethal doses, horizontal resistance
gene transfer, and EPS production.4,5

Althoughmany studies have focused on biofilms, there are still
no antibiotics exclusively developed for this type of infection.6

Antibiotics routinely used for the treatment of planktonic
bacterial infections are also applied against bacterial biofilms,
often leading to antibiofilm therapy failure, as biofilms may be
more tolerant to traditional antibiotic therapy.7 Moreover, biofilm
cells can become recalcitrant, which hinders their eradication and
treatment effectiveness.7 Therefore, new approaches for biofilm
treatment, including organic acids, bacteriophages, and photo-
inactivation, have been extensively studied.8 Moreover, anti-
microbial peptides (AMPs) are promising alternatives for the
treatment of biofilm infections.9−11

Here, we will use the term antibiofilm peptides (ABPs) for all
AMPs that are active against bacterial biofilms.12 ABPs of either
natural or synthetic origin present amphipathic and cationic

characteristics and sequences of less than 50 amino acid
residues. Moreover, apart from preventing biofilm formation,
ABPs have been shown to eradicate preformed biofilms.12,13 It is
also worth noting that some ABPs’ activity is orthogonal versus
biofilms, meaning that they are not active against bacteria in
their planktonic mode of growth. The mechanisms of action of
ABPs have been divided into different groups.14 The most well-
known mechanisms of action include triggering changes in the
bacterial membrane potential and membrane rupture.15 ABPs
can also block cell signaling and communication by interfering
with biofilm-related gene expression.16 The degradation of the
biofilm polysaccharide matrix has also been reported as one of
the mechanisms by which ABPs act on biofilms.17 Moreover,
ABPs have been shown to interfere with the stress response.18

Diverse systems have been adopted to evaluate the antibiofilm
activities of different compounds in vitro, as extensively reviewed
by Coenye andNelis (2010).19 Although numerous studies have
evaluated ABPs in vitro (e.g., microtiter plate-based and flow
displacement biofilm), only a few have reported in vivo strategies
for studying biofilms. Given the relevance of bacterial biofilm
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infections worldwide, here we highlight the translational potential
of ABPs and provide an overview of the different clinically relevant
mouse models available to assess efficacy. This review is divided
by mouse models for accessing ABPs antibiofilm activity, thus
favoring the comparison of lead peptide candidates for each
model and pinpointing methodological differences for a given
animal model and how it can interfere with ABP activities.
Therefore, for all subtopics, we provide a brief description of
each model for evaluating ABPs followed by a detailed description
of the positive and negative outcomes obtained for this class of
antibiofilm agents.
Wound Models. Skin wound models are among the most

commonly used strategies to evaluate antibiofilm compounds
(Table 1). There are two approaches used for the formation of
biofilms in murine skin wounds.20 The first strategy involves
causing skin damage (e.g., scarification/abrasions, pressure-
induced ischemic, surgical excision, or burns) and, subsequently,
infecting the injured region with biofilm-forming bacteria.21 The
second strategy inoculates high-density biofilm-forming bacteria
subcutaneously, leading to the formation of abscesses and
wounds.22 The main clinically relevant bacterial strains used
individually or in consortium in both approaches are Staph-
ylococcus aureus, Staphylococcus epidermidis, and Pseudomonas
aeruginosa.23,24

The bacterial inoculum can vary according to the expected
infection severity (Tables 1 and 2), ranging from acute to
chronic. The latter mimics biofilm infections in humans most
accurately.25 Antibiofilm activity is evaluated by bacterial
recovery from the infected wound. The infection site is excised,
macerated, and serially diluted to determine the number of
biofilm-forming bacteria, expressed as colony-forming units
(CFU) per gram (CFU g−1) of tissue.26 Nevertheless, other
approaches have also been used to evaluate ABP effectiveness
(Table 1 and 2), including (i) analyses of the infectious process
and healing through real-time imaging with an in vivo imaging
system (IVIS), along with wound size measurement with the aid
of calipers and photographs;23,27 (ii) histological analysis (e.g.,
hematoxylin eosin) and histochemistry to evaluate the tissue
regeneration process; (iii) analysis of genetic signatures
associated with biofilm formation (e.g., pslD,mucC, and quorum
sensing (QS) related genes); (iv) evaluation of underlying organs
(e.g., liver, lung, kidneys); and (v) evaluation of inflammatory
patterns (e.g., IL-6, IL-10, and TNF-α) (Figure 1).21,23,26,27

Torres et al. (2018)28 reported a skin scarification mouse
model to establish a P. aeruginosa abscess on mice dorsum to
evaluate the anti-infective potential of short AMPs. The authors
did not immunosuppress the mice and focused on evaluating
bacterial load exclusively by applying a single superficial
treatment. After 2 or 4 days, the wounded skin was excised,
and CFU counts were used to evaluate the peptides’ anti-infective
effect. Similar studies were conducted for computationally
designed peptides (Table 2).29−32 More recently, a peptide
named RP557 (Table 2) was shown to effectively eliminate
biofilms in a murine abrasion model infected with methicillin-
resistant S. aureus (MRSA). Only a 0.2% topical dose of RP557
was required to eliminate MRSA biofilms. Moreover, MRSA
demonstrated low resistance to RP557 after several passages
with sublethal concentrations.27

Considering the importance of QS for bacterial biofilms,
Nakagami et al. (2008)21 reported a pressure-induced ischemic
wound rat model using P. aeruginosa. The authors demonstrated
the presence of QS molecules in the infected wounds and
showed QS’s role in P. aeruginosa biofilm wound infections.

Later, Schierle et al. (2009)33 developed a new cutaneous
excision model infected with S. aureus and S. epidermidis
biofilms, in which QS inducers were observed and related to
Staphylococcal biofilm formation, leading to skin re-epithelialization
and healing delay during the infection process. By contrast, S. aureus
or S. epidermidis-infected wounds treated with RNAIII-inhibiting
peptide (RIP) (Table 2) showed accelerated wound healing.33

In terms of polymicrobial biofilm infections, Chung et al.
(2017)23 demonstrated the in vivo antibiofilm activity of DRGN-1
(Table 2), a peptide designed from the peptide VK25. The
polymicrobial biofilm was grown in a polycarbonate filter and
implanted over an incision made on the mouse dorsum. DRGN-1
was administrated topically and reduced themicrobial load (2-log)
at the infection site. It also induced keratinocyte migration to the
injured region, substantially improving the healing process.23

Burn wounds can be colonized by a biofilm, aggravating
healing. Ma et al. (2017)26 evaluatedWRL3 (Table 2), a peptide
that synergized with ceftriaxone against MRSA biofilms in vivo
using a scald-burn wound model. This peptide demonstrated
potent activity, inhibiting biofilm growth, reducing biofilm
biomass, and promoting wound healing.26

Biofilm infections in wound sites are challenging to treat and
usually lead to cutaneous abscess formation. Mansour et al.
(2016)34 used a mouse model to evaluate ABPs’ activity against
MRSA cutaneous abscesses. The peptide DJK-5 (Table 2) was
investigated in systemic (6 or 4 mg kg−1) and cutaneous (3 or
4 mg kg−1) models for MRSA and P. aeruginosa. When
administrated topically, DJK-5 reduced skin damage and
significantly decreased the local bacterial load.34 Although
DJK-5 revealed potent antibiofilm activity, studies have shown
that this peptide can cause tissue damage and inflammation at
1.5 mg mL−1.35 To overcome this obstacle, Kłodzinśka et al.
(2019)35 evaluated the potential of DJK-5 encapsulated within
hyaluronic acid−based nanogels. Similar antibiofilm activities
were reported, and the encapsulated DJK-5 system led to 4-fold
decreased toxicity compared with free DJK-5.35

Kumar et al. (2019)36 also used a cutaneous abscess model to
evaluate the activity of aurein-derived peptides. Among the
molecules evaluated, peptide 73 (Table 2) was 2.2-fold more
efficient at reducing MRSA cutaneous abscesses than its parent
peptide. The in vivo antibiofilm potential was further enhanced
by incorporating cysteine residues to the C-terminus of peptide
73 and performing chirality changes or encapsulating peptide 73
in polymers (e.g., polyethylene glycol (PEG) or hyperbranched
polyglycerol (HPG)).36 This cutaneous abscess model was used
by Pletzer et al. (2018)37 in a high-throughput in vivo study with
the peptidesHHC-10, IDR-1002, IDR-1018, andDJK-5 (Table 2).
The synergistic activity of these peptides in combination with
conventional antibiotics was investigated against ESKAPE
pathogens (Enterococcus faecium, S. aureus, Klebsiella pneumoniae,
Acinetobacter baumannii, P. aeruginosa, and Enterobacter species),
leading to reduced abscess size independent of the mechanism of
action of either antibiotics or ABPs.37

Most of the studies mentioned demonstrate that ABPs
operate by decreasing bacterial load and triggering tissue
healing processes.21,28,31,33 Although we focused on describ-
ing studies that exclusively reported antibiofilm activity in vivo,
such studies can be challenging. This may occur due to many
factors, including bacterial load, bacteria inoculation versus
treatment with APBs, and administration route. For instance,
treatment with peptides is often initiated at the same time or
within minutes after bacterial inoculation.34,36 An alternative
that can overcome this issue is the model proposed by Chung
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et al. (2017).23 They used a preformed matrix in bacterial
biofilms that were attached to the wound site and demonstrated
biofilm proliferation. Moreover, in skin abscess models, the
authors demonstrated genetic patterns as the presence of
genes involved in EPS biosynthesis (pslD) and upregulation of
EPS alginate synthesis (mucC) that are present in biofilm
formation.22 These models have assisted the identification of
wound biofilm infection patterns (at the gene level) with greater
representativeness and translational potential for preclinical
tests.
The topical route is the most used and presents the most

effective results when evaluating ABPs in vivo. The systemic
route has also been used;21,23,26,29,34 however, the results obtained
were not as promising as those from topical administration
studies, as ABPs usually present low bloodstream stability,
rendering them inactive.10 As described above and reported
by Kłodzinśka et al. (2019)35 and Kumar et al. (2019),36

nanoencapsulation strategies can improve the bioavailability of
ABPs, favoring the translation of these antibiofilm agents into
the clinic.

■ FOREIGN BODY INFECTION MODEL

Among the most commonly colonized medical devices are
urinary catheters, cardiac pacemakers, dental implants, vascular
prostheses, peritoneal dialysis catheters, stents, intrauterine devices,
contact lenses, and breast implants.38 The presence of a foreign
body significantly increases biofilm formation, as this exogenous
structure offers an ideal surface for bacterial growth. Additionally,
the foreign body can impair defense cells’ functions, including
leukocytes, thus facilitating bacterial adhesion and growth.39

Animal models using foreign bodies can be divided into two
broad groups, the (i) site-specific device models that are inserted
into a given organ or are arranged in similar regions in humans
(e.g., urinary stents, venous catheters, prosthetic implants) and
(ii) subcutaneous device models (e.g., cage tissue, catheters
subcutaneously) (Tables 1 and 2).38 Moreover, it is common to
find studies evaluating ABPs’ stability in body fluids, including
blood, urine, among others, prior to in vivo experiments. These
in vitro assays allow a better understanding of ABPs’ behavior in
different biological conditions, contributing to a more robust

Figure 1.Murine biofilm wound models and proposed ABPs’ modes of action. Biofilm wound models can be obtained by performing lesions on
the animal’s skin using different techniques (e.g., surgical excision, skin scarification, iron-burn, and pressure), followed by the bacterium
inoculum. Moreover, this model can be established by the bacterium’s direct inoculum subcutaneously (e.g., abscess). ABP treatment routes
include topical and systemic administration. ABPs can assist in tissue recovery through mobilizing keratinocytes, stimulating angiogenesis, and
reducing dermonecrosis. They can also display direct bactericidal effects alone or in synergism with antibiotics through membrane-associated
mechanisms or acting intracellularly. ABPs also block cell signaling and communication, thus regulating biofilm-related gene transcription,
impairing biofilm formation. In preformed biofilms, ABPs cause EPS degradation, detaching bacterial cells from surfaces and interfering with
biofilm morphology. Finally, many ABPs act as immunomodulators, avoiding an exacerbated response mediated by cells (e.g., neutrophil and
macrophage), and assisting in recruiting cells (e.g., keratinocytes) that assist wound healing. All figures were made by the authors with a
subscription version of BioRender.com.
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assessment of the possible mechanisms involved in their anti-
biofilm activities in vivo.
Site-Specific Device Models. The abiotic nature of

medical devices favors biofilm proliferation, as a considerably
lower bacterial load is sufficient to colonize these devices,
triggering chronic infections and even systemic infections.40,41

In this model, the bacterial load is injected at the infection site
after the device implantation surgery (e.g., central venous catheters
(CVC), urinary catheter, and stent).42,43 ABPs have been used
alone or in synergy with antibiotics before or after the infection
is established (Tables 1 and 2). The antibiofilm potential of
mono- and combination therapies is measured by bacterial

recovery from the infection site or the portion of the device
where bacteria were attached. Notably, in the case of the urinary
stent case, bacteria can be detected in the urine, whereas in the
CVC model, the peripheral blood can be collected and analyzed
for quantifying bacterial load (Figure 2 A).42,43

Many in vivomodels have been proposed to help approximate
experimental conditions from those found in urinary tract
infections. ABPs have been widely evaluated as alternatives to
combat urinary tract infections. For instance, the activity of
teicoplanin combined with RIP has been assessed against S. aureus
biofilms by coating urinary stents with peptide and surgically
implanting them in the bladder of rats.43

Figure 2. Foreign body murine models for biofilm infections and proposed ABPs modes of action. (A) Site-specific device model. The most common
devices used to assess ABPs activity include catheter and urinary stents, central venous catheters (CVC), and periprosthetic implants, all surgically
inserted. ABPs can be immobilized on the device’s surface, thus inhibiting biofilm formation for extended periods. This strategy can be used in
association with conventional antibiotics. Some ABPs also inhibit bacterial communication (e.g., QS). Direct bacterial activity is also a common
mechanism (e.g., ABPs alone or in synergism with antibiotics) for inhibiting biofilm formation. In preformed biofilms, ABPs can reduce biofilm
biomass. Furthermore, direct bacterial activity is also a common mechanism. (B) Subcutaneous device models. In these models, biofilm is usually
previously formed in the device (e.g., titanium disc, silicone beads, Dracon graft, and catheter). The infected device is inserted subcutaneously in the
animal (mouse or rat), followed by ABP treatment. ABPs have demonstrated direct antibacterial activity in most cases with bacterial membrane
disruption. The antibiofilm activity has also been achieved via EPS degradation, leading to biofilm dispersion and enabling synergism with antibiotics.
Additionally, ABPs have been shown to penetrate the biofilms through water channels and disperse biofilm cells, followed by direct antibacterial effects.
Immunomodulatory responses have also been observed, including reduced neutrophil migration and cytokine regulation (e.g., TNF-α, MCP1/CCL2
IL-17A, and IL-10). All figures were made by the authors with a subscription version of BioRender.com.
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The use of CVC is also associated with biofilms, aggravating
difficult-to-treat infections.44 Antibiotics become ineffective
against infected CVC because of biofilm attachment to the
device wall.40 Therefore, several studies have used in vivo CVC
models to investigate prospective antibiofilm compounds.45 For
instance, to evaluate the activity of the peptide citropin1.1
(Table 2), Cirioni et al. (2016)42 used a CVC that was inserted
into the jugular vein of rats and advanced to the superior vena
cava. A pretreatment was performed by filling the catheters with
citropin1.1 alone or in combination with antibiotics, followed by
infection with S. aureus. The authors demonstrate that citropin1.1
alone and combined with minocycline and rifampicin reduced
the bacterial load. The authors suggest that citropin1.1 acts by
inhibiting S. aureus adherent cell growth, allowing antibiotics to
act on planktonic bacterial cells, thus inhibiting biofilm formation.42

Similarly, a CVC model in rats was used to evaluate the activity
of the cathelicidin BMAP-28 (Table 2). Catheters pretreated
with BMAP-28 in conjunction with antibiotics (quinupristin/
dalfopristin (Q/D), linezolid, and vancomycin) displayed a
4-log reduction in bacterial load with no observation of
bacteremia.46 Moreover, Ghiselli et al. (2007)47 demonstrated
that, by combining the peptide protegrin IB-367 with linezolid, a
significant decrease in S. aureus and E. faecium bacterial load
(and no bacteremia) was observed.47

Treatment of periprosthetic joint infections is scarce and
usually requires surgical interventions and long-term antibiotic
therapy, presenting high mortality rates.48 A periprosthetic joint
infection mouse model was used to evaluate the activity of
peptide WLBU2 (Table 2) in eliminating implant-associated
biofilms.49 The bacterial load reduction was dose-dependent at
0.01 and 10 mg kg−1. Additionally, this peptide demonstrated
low toxicity and high stability, making it a valuable candidate for
antibiofilm treatment in prosthetic implants.49

Subcutaneous Device Models. Subcutaneous implant
models are widely used in biofilm-related infections and to assess
the efficacy of ABPs, since the surgical incision on the animal’s
back is more accessible than the implantation of local devices.38

Various materials with different textures can be implanted (e.g.,
titanium, silicone, Dacron graft, and catheter), directly influencing
bacterial load recovery and local inflammatory responses.40 In the
foreign body subcutaneous device models, a surgical incision is
made on the back of the animal, where the device is inserted
subcutaneously (Figure 2 B). Most studies using ABPs in the
context of subcutaneous device models evaluate their effects
on preformed biofilms.50−53 Consequently, in these studies, it is
imperative to guarantee that the bacteria are at the mature
biofilm stage prior to treatment.
ABPs can also be immobilized on the device’s surface prior to

the infection and surgery, with the overarching goal of preventing
bacterial attachment and further biofilm formation. Recovered
bacterial counts are typically utilized as a proxy for treatment
effectiveness. However, histological analysis, imaging by IVIS,
scanning microscopy, and inflammatory response detection are
also used as critical parameters in these models (Table 1).50−53

Minardi et al. (2007)50 reported that tachyplesin III-coated
urethral stents were used to eradicate P. aeruginosa infections in
rat subcutaneous pouch models, inhibiting biofilm growth up to
1000 times compared to untreated controls.50 Similarly, Lee
et al. (2019)54 showed that peptideHPA3NT3 (Table 2) reduced
biofilm formation, tissue damage, and toxicity (Table 1). Using
the same model, Ma et al. (2020)53 used a catheter infected with
preformed P. aeruginosa biofilm, which was further inserted
subcutaneously in mice to evaluate the antibiofilm activity of

peptide EC1-17KV (Tables 1 and 2). This same model was
used to demonstrate the antibiofilm potential of ABP 17tF-W
(Tables 1 and 2), a peptide derived from LL-37, on MRSA
biofilms. In addition to combating biofilms, this peptide exhibited
immunomodulatory activity and resistance to proteases.55

Chen et al. (2016)51 described the activity of the ABPmelamine
(Table 2) as a titanium coating agent in a subcutaneous infection
mouse model. The titanium surface was functionalized via a
series of reactions that yielded a thioether linkage between the
functionalized surface and the sulfhydryl group of melimine. The
AMP-coated material significantly reduced biofilm formation by
P. aeruginosa in both mouse and rat subcutaneous infection
models and reduced the bacterial load by up to 2-log compared
to the uncoated titanium surface (Table 1).
The model with Dacron grafts has also been used to evaluate

ABPs. Soon after the Dacron grafts were pretreated with ABPs,
including RIP, 13-residue dermaseptin derivative (DD13), and
hybrid DD13-RIP, they were inserted in the subcutaneous
pockets. All three peptides reduced the graft’s bacterial load
(from 3 to 4-log), with DD13-RIP demonstrating the best
results (5-log reduction) at a lower dose (10 mg L−1) (Tables 1
and 2). Moreover, these peptides demonstrated synergism with
the antibiotic rifampicin, boosting its activity against resistant
strains.56

Yu et al. (2020)52 demonstrated that supramolecular
coassembly with mesoporous silica nanoparticles improved
delivery of antibiotics and the peptide melittin. This strategy led
to enhanced antibiofilm activity in vitro and in a preformed
biofilmmodel of P. aeruginosa in subcutaneous silicone implants.
Additionally, it prevented tissue damage and inflammation
associatedwith the implant.52Moreover, Ju et al. (2020)57 proposed
a chitosan-polyethylene (CS-PEG) glycol-peptide (LK13 peptide)
conjugate (CS-PEG-LK13) targeting the biofilm water channels
and the negative charge of EPS (Figure 2B). The authors
demonstrate that these characteristics allowed the penetration of
this conjugate into biofilms and, subsequently, increased anti-
bacterial activity compared to the LK13 (Table 2) alone. These
conjugates’ effectiveness was also demonstrated in a murine
model of subcutaneous implantation of silicone sheets infected
with preformed P. aeruginosa biofilms.57

■ RESPIRATORY TRACT CHRONIC INFECTION
MODELS

P. aeruginosa is considered the primary agent responsible for
biofilm lung infection in cystic fibrosis.58,59 The biofilm mode of
growth hinders complete eradication of the infection, leading
to chronic inflammation of the subject’s airways.59 Some ABPs
have been described for their activity in respiratory tract infection
murine models (Tables 1 and 2).
In the CF murine model, bacteria may be inoculated through

instillation, intranasally, or intratracheally.60−62 In these models,
the infection severity is determined by the inoculum and
inoculation frequency of bacteria. The establishment of chronic
pulmonary infection models can be obtained by using bacteria
carriers (e.g., alginate) produced by the bacterial strain itself or
by bacterial incorporation onto agar beads (Table 1). In these
cases, intratracheal instillation is the most appropriate route for
bacterial inoculation.63,64

Some studies also use P. aeruginosa clinical isolates from CF
patients (e.g., bacterial solution) to evaluate the efficacy of ABPs
(Tables 1 and 2). In these models, the time between infection
establishment and the end of the treatment is much shorter than
when bacteria are incorporated into agar, alginate, or silicone.
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This shorter treatment time is because the animals get worse
since the bacteria is directly inoculated, which can progress to
severe acute respiratory syndrome (SARS), leading to animal
death even before the treatment has been effective (Figure 3).
Song et al. (2005)63 reported a rat model in which the ABP

novispirin G10 (Table 2) was administered intratracheally to
treat P. aeruginosa mucoid biofilm lung infection. Compared to
the control groups, the remaining bacteria in the lung between
3 and 5-days postinfection were reduced by 170 to 330 times in
novispirin G10-treated mice (Table 1). Consistent with these
results, in pulmonary pathological analysis, treated animals’ lungs
showed milder lesions and lower cytokine-mediated responses.63

Zhang et al. (2005)60 performed a screening with 150 AMPs
against clinical CF isolates, among which four peptides (HBCM2,
HBCM3, HBCPα-2, and HB71) showed higher antibacterial
and antibiofilm activity (Tables 1 and 2). These peptides were
evaluated in amurine model of pulmonary biofilm infection with
P. aeruginosa. The peptides HBCM2, HBCM3, HBCPα-2, and
HB71 significantly reduced P. aeruginosa counts in the lung.
Additionally, anti-inflammatory responses were also observed
for HBCM2.60 More recently, Martińez et al. (2020)65 described
two peptides, P5 and P6 (Table 2), with antibiofilm activity and
effectiveness in treating pulmonary infection by P. aeruginosa.
Moreover, these peptides also demonstrated anti-inflammatory

Figure 3. Respiratory tract biofilm infection models and proposed ABPs modes’ of action. Respiratory tract biofilm infection models can be obtained
by the incorporation of the bacteria in agar or alginate, which is instilled intratracheally, or a solution containing the biofilm-forming bacteria, which are
inoculated directly into the animals’ nostrils or by inhalation. These models simulate a process similar to cystic fibrosis. In this process, both the innate
and adaptive immune systems promote an exacerbated response mediated by immune cells (e.g., neutrophil, macrophage, dendritic cell, and
lymphocytes), cytokines (e.g., IFN-γ, TNF-α, IL-4, IL-6, IL-17, and IL-10), and chemokines (e.g., CXCL-1 and CXCL-2). Therefore, ABPs have been
used as immunomodulators. Some ABPs regulate the migration of inflammatory cells, including neutrophils, also acting by modulating the cytokine-
mediated inflammatory response and reducing pro-inflammatory cytokines (e.g., IL-6 and TNF-α, IL-1β). These activities may be associated with both
increased survival after treatment with ABPs and reduced lung tissue damage in treated animals. Additionally, these peptides demonstrate potent
antibacterial activity (alone or in synergismwith antibiotics) and antibiofilm, along with LPS neutralization. All figures were made by the authors with a
subscription version of BioRender.com.
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activity and led to reduced pro-inflammatory cytokines in the
lung.65

The cyclic peptide ZY4 (Table 2) described by Mwangi et al.
(2019)66 demonstrated in vitro and in vivo effectiveness, high
stability in plasma, and prolonged half-life. Additionally, this
peptide inhibited MDR P. aeruginosa biofilm formation.66 The
pulmonary infection model with MDR P. aeruginosa was used
to evaluate ZY4 in vivo. Bacteria were inoculated intranasally,
and the treatment was carried out intravenously. The authors
observed that ZY4 reduced 90% of the lungs’ bacterial load
at a concentration of 8 mg kg−1 (Table 1). Similarly, Chen
et al. (2017)67 reported the in vivo therapeutic efficacy of the
Esc(1−21)-1c peptides (Table 2) against P. aeruginosa-induced
pulmonary infection in a mouse model after a single, low-dose
intratracheal instillation. The authors also showed that the
peptides reduced the lung bacterial burden by 2-log, with a
concomitant reduction in leukocyte recruitment and attenuated
inflammatory response.
Here, we described the use of WLBU2 to treat biofilm-

associated periprosthetic implant infections. WLBU2 has also
been used to treat P. aeruginosa infections in a murine model of
pulmonary infection. This peptide reduces pulmonary bacterial
load and inflammation, with a single dose of 0.05 mg kg−1

instilled directly into the animals’ lungs (Table 1). Additionally,
this peptide is effective against bacteremia induced by P. aeruginosa
in vivo. Recently, it was demonstrated the structural optimization
of WLBU2 by D-amino acids insertion, thus improving this
peptide’s stability and reducing its toxicity in vivo.68

K. pneumoniae can also form a biofilm in tissues such as the
lungs.69 Additionally, this bacterium is widely found in respiratory
devices (e.g., mechanical ventilation system),70 resulting in
pulmonary infections in the lower respiratory tract. In a study by
Guilhen et al. (2019),71 a robust murine pneumonia model was
established, revealing that free-floating bacteria dispersed from
K. pneumoniae biofilms are associated with this bacterium
colonization capacity, also compromising the host’s immune
system.71

In this context, a murine model of pneumonia was used
to assess the ABP’s activity, IK8L (Table 2).72 In that study,
the authors monitored the pulmonary infection evolution with
bioluminescent bacteria instillation. Moreover, the antibiofilm
effect of IK8L was accessed over time using a biphotonic imaging
(Caliper’s Xenogen IVIS XRII optical imaging technology)
system. IK8L inhibited biofilm formation and modulated the
inflammatory response mediated by inflammatory cytokines (e.g.,
TNF-α, IL-6, and IL-1β) in the bronchoalveolar fluid (Table 1).
Furthermore, IK8L interferedwith signaling proteins (e.g., STAT3,
JAK2, and ERK1/2) that regulate IL-6, significantly reducing the
animal’s mortality.72

■ ORAL INFECTIONS MODELS
Dental caries is formed by diverse biofilms from pathogenic and
commensal microorganisms. This disease is driven by diet and
microbiota−matrix interactions that occur on the oral surface.73

Moreover, ABPs have been explored as potent oral therapeutic
agents.74,75

Dental caries is commonly reproduced in animal models using
recently weaned rats (Figure 4A). To establish a dental infection,
previous treatment with antibiotics is necessary to eliminate the
existing microbiome. Subsequently, the animals are fed with
cariogenic diets and, in parallel, they receive the bacteria
orally (e.g., Streptococcus mutans) in a period of 5−7 days,
daily.76,77 The infection can be confirmed by sowing oral

samples. The topical treatment with the peptides is carried out
on the teeth, daily, for 30−45 days. At the end of the experiment,
the animals’ mandibles and molars are excised to determine the
carious lesions. Scanning electron microscopy analyses are also
used in some studies (Table 1).76−78

Recently, the dental caries model described above was used to
evaluate the LN-7 peptide (Table 2).78 This peptide is derived
from two bacteriocins, called reutericin 6 and/or gassericin A,
which had known antibacterial and antibiofilm activities in vitro.
In animal models, LN-7 was capable of significantly reducing
dental injuries, at 32 μM, by efficiently suppressing the devel-
opment of dental caries promoted by S. mutans biofilms.78

Similarly, the ABP GH12 (Table 2) has been reported for its
potent antibacterial activity and antibiofilm activities, also reducing
EPS and lactic acid in vitro.79−81 This peptide (at 8 mg L−1),
when evaluated in a caries animal model infected with S. mutans
not only reduced the incidence but also the severity of caries in
rats (Table 1).82 More recently, this same ABP was evaluated at
a higher dose (64mg L−1), leading to the regulation of the dental
plaque microbiota. It was observed that the abundance of
commensal species was positively regulated, whereas cariogenic
bacteria were negatively regulated. In addition, more accurate
analyses, including the assessment of sulcal caries and dental
surface, revealed that such damages were controlled by GH12
under cariogenic conditions.83

Other types of oral pathologies can be associated with biofilm
formation. For example, periodontitis is triggered by an oral
inflammatory dysfunction caused, mainly, by microbial biofilms
formation in the subgingival region.84,85 Biofilm formation in
periodontitis is driven by interactions between different bacteria,
including Porphyromonas gingivalis and oral streptococci species
(e.g., Streptococcus oralis and Streptococcus gordonii).84,86,87

Therefore, in vivo models have been established to mimic peri-
odontitis in mice (Figure 4 B). Infections with periodontitis-
related bacteria (e.g., S. gordonii, P. gingivalis) are performed
orally and can be confirmed by oral sowing or PCR analysis. The
treatment can be carried out topically either for prevention or to
eliminate an established biofilm infection. At the end of the
experiment, the animals are euthanized and the skull is excised
for alveolar bone loss analysis of the maxilla.85,88,89

Some ABPs have been tested in the above-mentioned
periodontitis model (Tables 1 and 2). Numerous studies have
shown that P. gingivalis biofilm formation requires an interaction
with oral streptococci. Based on this, Daep et al. (2006)84

developed a synthetic peptide, denominated BAR (Table 2),
capable of inhibiting P. gingivalis and S. gordonii interaction, thus
preventing biofilm formation in vitro.84 Years later (2011),85

those authors used a periodontitis mouse model in which both
S. gordonii and P. gingivalis were used to simulate oral human
periodontitis.85 As a result, the BAR peptide showed promising
in vivo activity by significantly preventing alveolar bone loss
(Table 1), which is known to be the main consequence in
periodontitis.85

More recently, that same peptide (BAR) was immobilized on
poly(lactic-co-glycolic acid) nanoparticles surface, configuring
nanoparticle−peptide complex BAR-modified NPs (BNPs).89

This nanoformulation led to in vivo antibiofilm potential in a
S. gordonii and P. gingivalis infectionmouse model at lower doses
(0.7 μM) than nonformulated BAR (3.4 μM).89 In addition,
BNPs have been shown to significantly reduce bone loss and IL-17
expression (Table 1),89 an important gingival inflammatory
mediator in P. gingivalis associated infections. Therefore, BNPs
have proved to be strong candidates for the prevention and
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prophylaxis of P. gingivalis biofilms in periodontitis. This nano-
formulation strategy could be applied, for example, for mouth-
washes or gels development.89

Another ABP, namedNal-P-113 (Table 2), has also demonstrated
preventive periodontitis activity in rats’ lower molars. Previous
studies have already demonstrated that Nal-P-113 is stable in
saliva and presents antibacterial and antibiofilm activity.90,91

When evaluated in a periodontitis rat model, this peptide showed
preserved biological potential toward pathogenic bacteria, also
demonstrating anti-inflammatory activity by modulating cytokines
production (IL-1β and TNF-α) and reducing alveolar bone loss
(Table 1).92 Interestingly, in that study,92 biofilm formation was
demonstrated using a 0.2 mm wire inserted in the dentogingival
region of the lower first molars from rats. At the end of the
experiment, this wire was removed and evaluated for biofilm
formation through scanning electron microscopy. This strategy
allowed the evaluation of the direct in vivo antibiofilm properties
of Nal-P-113 against P. gingivalis associated with cocci bacteria
and Bacillus brevis. Additionally, this technique allowed adherent
bacteria recovery in their biofilm state and, through absolute
quantitative real-time PCR analyses, it was possible to quantify

the bacteria.92 The peptide Nal-P-113 has already been submitted
to clinical studies for the treatment of patients with chronic
periodontitis, showing promising results in the inhibition of
periodontal pathogens (e.g., P. gingivalis, Treponema denticola,
Fusobacterium nucleatum, and S. gordonii), also effectively countering
oral biofilms.93

■ CHALLENGES IN TRANSLATING ABPS TO THE
CLINIC

Preclinical studies are enabled by the development of robust
animal models that are clinically significant.94 When it comes to
biofilm infections, it is often difficult to demonstrate biofilm
formation andmaintenance accurately and convincingly. However,
as biofilms are notoriously present in chronic infections, different
animal models have been used to evaluate antibiofilm compounds
in preclinical trials, as described above.95

Most studies with ABPs include basic research and/or proof-
of-concept studies. Consequently, there is a discrepancy between the
volume of published studies and preclinical and clinical trials using
ABPs. Currently (October 2020), according to the Biofilm-active

Figure 4.Oral biofilm infection model and proposed ABPs modes of action. (A) Dental caries infection model. In this model, some important factors
are considered, including the use of newly weaned animals, pretreatment with antibiotics, confirmation of oral microbial depletion, and cariogenic diets
in association with oral S. mutans infection. After the infection is confirmed, the topical treatment with ABPs is initiated. ABPs used in this model have
been capable of preventing and eradicating biofilm-associated caries. ABPs can prevent tooth caries by inhibiting bacteria adherence to the tooth
surface. In addition, ABPs also present direct antibacterial activity, significantly killing cariogenic pathogens before biofilm formation.When it comes to
preformed biofilms, ABPs can interfere with the biofilm’s structure by avoiding EPS synthesis and reducing biofilm biomass. (B) Periodontitis murine
model. Periodontitis mainly consists of inflammation of the periodontium due to biofilm formation. Particularly, S. gordonni and P. gingivalis have been
shown to play a crucial role in this infection. Usually, the primary colonization of S. gordonni is followed by the infection with P. gingivalis, using
carboxymethylcellulose (CMC) as a vehicle. P. gingivalis can also be used alone to induce oral infection. However, in this case, there is a subgingival
thread in the first molars from the mice to allow biofilm formation. ABPs have demonstrated the ability to prevent biofilm formation by acting directly
on free-floating bacteria or eradicating preformed biofilms. ABPs can also modulate cytokines regulation (e.g., IL-17, IL-1β, TNF-α), which
significantly contributes to reducing alveolar bone loss, one of the main aggravating factors associated with periodontitis. All figures were made by the
authors with a subscription version of BioRender.com.
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AMPs Database (BaAMPs), a total of 221 ABPs have shown
antibiofilm potential toward 116 different target microorganisms.
However, none of these ABPs have yet reached advanced clinical
trials. The delay in translating antibiofilm drug candidates into
the clinic was recently reviewed by Rumbaugh et al. (2020),95

revealing that most clinical studies for treating biofilms involve
the repurposing of drugs or combination of FDA-approved drugs.
By searching for antibiofilm preclinical and clinical trials

in ClinicalTrails.gov (filters: bacterial infections; biofilm), only
14 studies were found, none of which involved ABPs. One of the
main limitations when translating ABPs to the clinic is the use of
appropriate in vivo models for preclinical screening. Studies
using ABPs present significant differences among them, most
of which are due to the lack of experimental standardization.96

Such differences include the bacterial load used, which can
widely change the outcome of the study, since the use of a low
bacterial load may lead to false-positive results in the treated
animal group.
Some alternatives have been explored to overcome these

obstacles. Many studies have adopted colorimetric reagents to
monitor and demonstrate biofilm development, including using
bioluminescent bacterial strains.97Moreover, a newbiofilm infection
model of shoulder implants has been reported, in which a
noninvasive tracking of the biofilm was performed through
optical images.98 Additionally, specific biofilm features can be
investigated to confirm their proper establishment, including
Gac regulatory pathways, EPS production, and QS signaling.62

Although previous studies have already demonstrated the
role of extracellular DNA (eDNA) in biofilm formation and
increased resistance to antibiotics,99,100 its role and location
in vivo have not yet been fully clarified.100,101 Recently, trans-
mission electron microscopy in conjunction with laser confocal
scanning was used to evaluate the interactions between
P. aeruginosa biofilms and polymorphonucleated (PMNs) cells,
also shedding light on the role and location of eDNA in a murine
implant model.102 Furthermore, a newmodel of murine keratitis
biofilm was recently established and features such as the
extracellular matrix were identified through fluorescence electron
microscopy and transmission from the animals’ cornea.103

In biofilms associated with chronic infections, a recent work
has reported more robust models to achieve chronicity in
animals.38 Bayes et al. (2016)64 developed a murine model of
pulmonary biofilm infection adapted from agar beads using a
clinical mucoid strain of P. aeruginosa. The authors demon-
strated the transition from transient infection of airways to chronic
infection. The animals were kept for 2 weeks to reproduce some of
the characteristics observed in humans, including variable bacterial
clearance, endobronchial infection, development of antipseudo-
monal antibodies, and low mortality in the acute infection phase.
In addition to these innovative in vivo models, well-established

in situ screening can lead tomore efficient products in vivoby reducing
the unnecessary use of animals.104 Techniques with 3D skin, cell
culture from different tissues, and ex vivomodels can be relevant
alternatives for determining the activity of ABPs against biofilms.9

Taken together, all these techniques contribute to the establishment
of the 3Rs (Replacement, Reduction, andRefinement) aiming at the
welfare of animals with less invasive techniques and the refinement
of techniques to obtain clinically significant results for novel drug
candidates specifically developed for biofilm infections.

■ CONCLUSIONS AND PROSPECTS
The multifactorial nature of biofilm infections and multidrug
resistance poses a significant challenge when developing novel

effective drugs. Therefore, the combination of multifactorial
therapies with improved efficiency is needed. The selection of
robust murine models that accurately mimic biofilm infections
directly and significantly improves any study associated with
ABPs. Indeed, many of these studies fail at the stage of selecting
an appropriate animal model, thus compromising subsequent
preclinical work. Moreover, even if the in vivo model adopted is
adequate and the experiment is well designed, most studies to
date have lacked pharmacokinetics and pharmacodynamics data.
Another limiting factor for translating ABPs to the clinic is their
high cost of synthesis. For preclinical and clinical trials, large
amounts of raw peptide material are needed and, depending on
the candidate and its therapeutic dose, these tests may not be
viable. In summary, although some limitations still need to be
overcome, here we describe the most appropriate and significant
murine models for antibiofilm evaluation of peptide-based drug
candidates and highlight recent advances that have contributed
significantly to the evaluation of the lead ABPs described to
date.
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