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Abstract: S. aureus under the biofilm mode of growth is often related to several nosocomial infections, 

more frequently associated with indwelling medical devices (catheters, prostheses, portacaths or heart 

valves). As a biofilm, the biopolymer matrix provides an excellent growth medium, increasing the toler-

ance to antibiotics and host immune system. To date, the antimicrobial therapy alone is not effective. A 

novel strategy to prevent biofilm formation is based on the interference with the bacterial cell–cell 

communication, a process known as quorum sensing (QS) and mediated by the RNA-III-activating pep-

tide (RAP) and its target protein TRAP (Target of RAP). The RNAIII inhibiting peptide (RIP) is able to 

inhibit S. aureus pathogenesis by disrupting QS mechanism competing with RAP, thus inhibiting the 

phosphorylation of TRAP. This alteration leads to a reduced adhesion and to the inhibition of RNAIII 

synthesis, with the subsequent suppression of toxins synthesis. The present paper will provide an over-

view on the activity and potential applications of RIP as biofilm inhibiting compound, useful in the 

management of S. aureus biofilm infections. Moreover, medicinal chemistry strategies have been exam-

ined to better understand which modifications and/or structure alterations were able to produce new de-

rivatives of this QS inhibitor with an improved antibiofilm activity. 

Keywords: S. aureus Biofilm, Nosocomial infections, Quorum sensing mechanism, Cell-cell communication inhibition, 
RNAIII inhibiting peptide, Structure-activity relationship. 

1. INTRODUCTION 

Bacterial growth is characterized by two life forms, one 
being as single cells and the other being in sessile aggre-
gates, commonly referred to as biofilm. In recent years, the 
biofilm modality of growth was found in several bacterial 
cell settings, often found in close association with surfaces 
and interfaces, in the form of multicellular aggregates [1]. 
These aggregates are normally present in nature, but they can 
also develop human microbial biofilm infections - especially 
related to the utilization of implants or medical devices [2] - 
redefining the description of biofilm in medical field as “a 
coherent cluster of bacterial cells imbedded in a matrix, 
which are more tolerant to most antimicrobials and the host 
defense, than planktonic bacterial cells” [3]. 

Indeed, the biofilm-embedded microorganisms have sev-
eral advantages, such as a broad concentration of environ-
mental nutrients, the ability to evade the clearance mecha-
nisms produced by the host, and also a strong tolerance to 
antimicrobial factors [4, 5].  

In particular, this characteristic is explained through both 
the inability of the antimicrobial molecules to diffuse into 
the polymeric matrix and the alteration of the cellular growth  
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state, with the production of many slow-growing cells that 
are tolerant to high levels of antibiotics [6]. 

It is estimated that over 60% of bacterial infections in 
humans involve biofilm formation [1]. In particular, biofilm 
plays a central role in healthcare-associated infections 
(HAIs), especially those related to the implant of medical 
devices, intravascular and urinary catheters, orthopedic im-
plants or cardiac valves [7]. 

Several studies have shown that, since the end of the '90s, 
the number of HAIs has risen dramatically, estimating that 
there are about 4 million individuals annually which contract 
nosocomial infections in the European hospitals, whereas in 
the corresponding US clinics they are estimated to be be-
tween 2 - 4 million [8, 9]. These results not only have a con-
sequence in the hospitalization cost, estimated around 5 bil-
lion dollars per year, but primarily in the increase in mortal-
ity rate which, in some cases, can reach 35% for the most 
difficult-to-treat infections, such as those originating from 
the heart valves [10, 11]. In particular, among the HAIs bac-
teria, S. aureus is one of the most clinically relevant patho-
gens due to its resistance to antibiotics and the increased use 
of indwelling medical devices [12]. S. aureus biofilms, once 
established, are resistant to the antimicrobial treatments and 
the host response, becoming the etiological agent of many 
recurrent infections. To date, the antimicrobial therapy alone 
is not effective [7]. In conjunction with surgical intervention 
- such as debridement, incision and drainage or the removal 
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indwelling medical device - antimicrobial therapy is often 
prolonged and takes place in the outpatient setting. The ma-
jority of patients with surgically managed biofilm infections 
can be treated orally with one or more antibiotics: β-lactam 
agents, fluoroquinolones, aminoglycosides, glycopeptides 
(vancomycin), linezolid or daptomycin [13, 14]. 

Beside these common approaches, a number of strategies 
have been developed in the last two decades to prevent or 
attenuate the biofilm growth. Preventing attachment of bac-
teria to surfaces can be achieved by the use of antibacterial 
coatings, anti-adhesion surfaces, vaccines [15-17]. On the 
contrary, the treatment or disruption of established biofilms 
can be achieved with matrix degrading enzymes, dispersal 
triggering agents, small-molecule inhibitors or targeting the 
regulatory networks [18-20]. Among the molecules able to 
inhibit the regulatory networks of bacteria, a new approach 
for the reduction of S. aureus biofilm virulence is repre-
sented by the RNAIII inhibiting peptide (RIP) [21]. RIP is 
able to effectively counteract bacterial cell-cell communica-
tion, commonly named as Quorum Sensing (QS), resulting in 
a reduced adhesion of biofilm to surfaces and inhibition of 
toxins and bacterial virulence. 

The present paper provides an overview on the activity 
and potential applications of RIP as biofilm inhibiting com-
pound, useful in the management of S. aureus biofilm infec-
tions. Moreover, medicinal chemistry strategies have been 
highlighted to investigate which modifications and/or 
structural alterations were able to improve the therapeutic 
profile of this QS inhibitor, and at the same time, produce 
new with an improved antibiofilm activity. 

2. S. AUREUS BIOFILM FORMATION 

S. aureus is a Gram-positive, ubiquitous bacterial spe-
cies, able to produce a multilayered biofilm embedded in a 
matrix of extracellular polymeric substance, inside a glyco-
calyx layer, and characterized by an altered phenotype with 
regard to growth, gene expression and protein production 
[22]. 

Four types of subpopulations have been identified into 

the polymeric matrix, different in terms of metabolic charac-

teristics: cells with aerobic metabolism, with fermentative 

metabolism, quiescent (slow growth) or deaths. The meta-

bolic state is largely dependent on the area of the matrix in 

which the cells are present: in the most superficial layer, 

with greater availability of oxygen and nutrients, we will 

find highly metabolically active cells; in the deeper layers, 

where  mainly anoxic environment is present, there will be 

fermentative or quiescent cells [5]. As a microbial biofilm, 

three main phases characterize its formation (Fig. 1). At the 

beginning, free-floating microorganisms adhere to the sur-

face through weak, reversible adhesion via van der Waals 

forces and hydrophobic effects. Subsequently, if the colo-

nists are not immediately separated from the surface, they 

can anchor themselves more permanently using cell adhesion 

structures or proteins, with the subsequent excretion of a 

slimy, polymeric substance that builds the matrix which 

encloses and holds bacteria together, allowing the biofilm 

growth. The final stage of biofilm formation is known as 

detachment or dispersion, and is the stage in which the 

biofilm is established and free-floating bacteria (which turn 

immediately into the planktonic growth phase), or biofilm 

fragments can be released in the surroundings, allowing the 

spread of the infection in different host’s sites [23]. 

Attachment
Growning

Microcolony
Mature
Biofilm

Detachment/Dispersal
agr activation

Surface Adhesins
Surface Interactions

Exopolysaccharide Production
Protein-Protein Interaction  

Fig. (1). Biofilm modality of growth on solid surface or animal 

tissue. 

In the case of S. aureus, the virulence and the ability to 
develop pathologies in the host are given by the production 
of exotoxins such as proteases, enterotoxins, hemolysins and 
the toxic shock syndrome toxin (TSST1). These molecules 
play also a fundamental role in the survival of the bacterial 
cells. The aforementioned exotoxins are not produced during 
the entire life cycle of the microorganism, but only in the 
post-exponential growth phase. For cells associated in 
biofilm, the production of exotoxins occurs during the last 
stages of biofilm development, when cells are found in large 
numbers and at a high density [12]. 

3. MECHANISM OF S. AUREUS QUORUM SENSING 
COMMUNICATION 

During the conversion from the free floating mode of 

growth to the biofilm modality, there is a process of signal-

ing between bacterial cells thanks to the continuous ex-

change of numerous chemical messengers. 

In S. aureus two main mechanisms of QS have been rec-
ognized, QS1 and QS2, both essential for the production of 
toxins and the transition from a fluctuating to a sessile form 
and vice versa [24]. In particular, the RNAIII-activating pep-
tide (RAP) is the autoinducer of QS mechanisms. RAP is a 
277 amino acids protein that induces the phosphorylation of 
TRAP, its target protein and master regulator of S. aureus 
pathogenesis (Fig. 2). TRAP is a 21 kDa protein that is his-
tidine-phosphorylated in the presence of RAP [24]. TRAP 
expression is constitutive, but its phosphorylation is regu-
lated by RAP and reaches the peak of phosphorylation in the 
mid-exponential phase of growth. In particular, QS1 consists 
of the activation of the TRAP receptor by the auto-inducer 
protein RAP, produced by bacterial cells. When the RAP 
reaches a threshold concentration, it activates its own TRAP 
receptor, inducing phosphorylation on a histidine residue. 
The activation of TRAP occurs in the initial exponential 
growth phase, when the bacteria are at a low concentration 
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within the biofilm. The phosphorylation of TRAP receptor is 
followed by the induction to the production of adhesion pro-
teins, leading to a growth of the bacterial population and the 
passage of new cells from the fluctuating form to the sessile 
form [25]. The phosphorylation of TRAP also leads to 
trigger the QS2 mechanism, based on the activation of the 
gene locus agr. The agr system encodes two divergently 
transcribed transcripts, RNAII and RNAIII, promoted by the 
P2 and P3 promoters, respectively, which are mainly active 
during the mid-exponential growth phase of the bacteria 
[26]. In particular, the activation at the level of the P2 pro-
moter induces the transcription of RNAII, a polycistronic 
transcript composed of 4 Open Reading Frames (ORFs): 
agrA, agrB, agrC and agrD. The agrA and agrC genes en-
code a classical two-component signal transduction pathway 
composed of the AgrC signal receptor and the AgrA re-
sponse regulator. The agrD gene product is a pro-peptide 
that is processed and secreted through AgrB, which is an 
integral membrane protein. The protein produced is the 
Autoinducing Peptide (AIP), which is able to bind and acti-
vate the phosphorylation of AgrC [27]. The phosphorylation 
cascade involves the phosphorylation of AgrA, leading to the 
up-regulation of RNAIII synthesis. The latter is a trans-
acting RNA, which regulate several mRNAs at the post-
transcriptional level. This transcript acts as an mRNA that 
encodes several peptides, and more important, it controls the 
switch between the early expression of surface proteins and 
the late expression of several exotoxins, acting as a regulator 
in the production of bacterial toxins and surface adhesive 
proteins [28, 29]. In particular, RNAIII represses the synthe-
sis of membrane proteins that favor adhesion to the surface 
during the mid-exponential phase, such as protein A and 
fibronectin-binding proteins, generating an initial detach-
ment of cells from the site and the return to the fluctuating 
form. On the contrary, during the post-exponential phase, it 
stimulates the production of toxins such as enterotoxins B, 
C, D and E (Staphylococcal Enterotoxins type B, C, D, E, or 
SEB, SEC, SED and SEE), hemolysins α and β, Toxic shock 
syndrome toxin 1 (TSST-1), thus leading to the onset of 
virulence [30, 31]. The two QS phases are connected to each 
other and are phase-dependent: once AIP is made in the mid-

exponential phase of growth, it indirectly down-regulates the 
phosphorylation of TRAP. This is reflected in the production 
of adhesion proteins induced by TRAP, leading to their re-
duction, and at the same time, encouraging the return from 
the sessile to the fluctuating form. The QS mechanisms, 
therefore, act to avoid a biofilm overcrowding, which could 
lead to nutrient deficiency for the entire population, as well 
as to promote the dissemination in different districts of the 
host organism [32]. In this wide panel, QS mechanisms can 
be inhibited using the selective TRAP receptor inhibitor RIP. 
Competing with RAP for the receptor binding, RIP leads to 
the blockade of the QS mechanisms, thus interfering with the 
various phases of biofilm formation and the development of 
the virulence [33]. 

4. RIP STRUCTURE AND MECHANISM OF ACTION 

RAP is a 277 amino acids protein, containing the NH2-

terminal sequence IKKYKPITN, ortholog of the ribosomal 

protein L2 and one of the peptides involved in the QS proc-

ess [34]. The RIP peptide is an heptapeptide isolated initially 

from the supernatant of cultures of S. xylosus, with the amino 

acid sequence identified as YSPXTNF, where X may repre-

sent a residue of W or C [33]. Subsequently the isolation, in 

1998 Balaban et al. determined that the optimal amino acid 

sequence was YSPWTNF [17]. The authors synthesized and 

tested the new RIP peptide for its ability to interfere with the 

RNAIII production in vitro, demonstrating that the inhibiting 

capacity was comparably to the native RIP. 

Moreover, Gov et al. in 2001 developed the definitive 
synthetic RIP structure, with the amino acids sequence 
YSPWTNF and the terminal –COOH portion in the amide 
form (Fig. 3) [33]. The resulting synthetized RIP was equally 
active if compared with the native peptide. Furthermore, it 
was soluble in water, could inhibit the RNAIII synthesis at 5 
µg per 106 S. aureus cells and it was stable at high tempera-
tures. Notably, the structural similarities with the terminal -
NH2 portion of RAP are probably responsible for the ability 
of RIP to bind the TRAP receptor and antagonize the action 
of RAP [21]. The antagonist effect on the TRAP receptor 
leads to the inhibition of phosphorylation on the histidine 
residue, interrupting the QS mechanisms upstream. In fact, 
the failure to activate TRAP does not lead to the induction of 
the agr gene through the P2 promoter, causing the absence of 
the four agr A, B, C and D factors and thus blocking the 
QS1. The lack of production of the agr factors leads to a 
blockage of the QS2, with the consequent failure to induce 
RNAIII. By interfering with these mechanisms, RIP causes 
in the cell an opposite response compared to the physiologi-
cal bacterial behavior. In fact, during the initial-exponential 
phase, RIP stops the production of adhesion proteins, avoid-
ing in this way that the cells adhere to the surfaces and form 
populations able to develop biofilms. Moreover, several 
studies showed that RIP globally decreases the adhesion of 
bacterial cells to surfaces also during the mid-exponential 
phase [35]. RIP also has an effect on the events occurring 
during the post-exponential phase, such as the production of 
exotoxins, avoiding the onset of diseases related to the mi-
croorganism [32]. The molecular mechanisms through which 
RIP disrupts the QS transmission sequences activated by the 
TRAP-RAP mechanism have been confirmed in several 
studies. 

 

Fig. (2). Proposed S. aureus QS mechanism and toxin production 

via TRAP-RAP interaction and agr regulation. 
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Fig. (3). Native RIP and its derivative synthetic structure, with R = 

W and the terminal -COOH portion in the amide form (circle). 

In particular, Vieira-da-Motta et al. assessed this effect 
by observing the RIP influence on both enterotoxin A, B, C, 
D, and E, and on hemolysin α and β [36]. For the measure-
ment of enterotoxins, the supernatant deriving from the cen-
trifugation of bacterial cultures treated with RIP or with 
DMSO was analyzed, and the quantification was performed 
with a visual immunoassay. A reduction of SEB production 
of 89.8% was observed, 25.4% for SEC, 12.8% for SED, 
44.8% for the SEE. On the other hand, there was no reduc-
tion of the SEA toxin, confirming the fact that it is not an 
agr-dependent toxin produced. To evaluate the hemolytic 
activity reduction of S. aureus in the presence of RIP, the 
same authors produced cultures enriched with and without 
the QS inhibitor. After centrifugation, the supernatant with 
the hemolysins produced by the bacterium was taken from 
these cultures. Different supernatants were placed into 96-
well plates, then rabbit erythrocytes were added and incu-
bated. The healthy cells were left to sediment and the super-
natant was analyzed through UV spectroscopy (λ = 405 nm) 
to measure the optical density (OD) of the residual hemoglo-
bin. It was observed that treatment with RIP led to a decrease 
of 86% in hemolytic activity compared to control cells. 

Balaban et al. incubated three different S. aureus cultures 
in a buffer containing 32P labeled phosphate groups, which 
was used by bacteria to phosphorylate the TRAP receptor in 
the event of its activation [24]. The presence of the radioac-
tive atom allowed the observation of the receptor activation 
during the analysis. The three cultures differ in the presence 
of RAP, RIP or blank buffer. After incubation, the cells were 
analyzed in SDS-PAGE and the presence of the TRAP-P 
receptor observed by autoradiography. The observation 
showed that the lane derived from bacterial cultures incu-
bated in buffer without RAP or RIP and the lane derived 

from cells incubated with RAP expressed a high density 
band, corresponding to a protein of 21.5 kDa, the phosphory-
lated TRAP receptor. The most intense band was detected on 
the RAP lane, with respect to the control, confirming that 
RAP stimulates the phosphorylation, while the absence of 
any bands on the RIP lane confirmed that the heptapeptide 
inhibits the phosphorylation of TRAP. In the same study, the 
authors investigated the competitive inhibition mechanism of 
RIP to the RAP-TRAP system. Also, in this case, the pres-
ence of radioactively labeled TRAP-P was evaluated by 
SDS-PAGE and observed by autoradiography. Six cultures 
of the same strain of S. aureus were prepared with different 
buffers. In the first culture, RAP (50 μL) was added to the 
buffer, in the second saline without RAP or RIP, in the third 
only RIP (50 μL), in the fourth, fifth and sixth 50 μL of RAP 
were added, with the addition of decreasing doses of RIP 
(50, 25, 12.5 μL, respectively). It was possible to notice that 
in the culture which presented 50 μL of RIP and 50 μL of 
RAP, there was no phosphorylation of TRAP, due to the 
inhibition by  RIP which cancels the effect of RAP present 
into the buffer. Competitive antagonism was established by 
the minimal presence of TRAP-P in those cultures with a 
lower concentration of RIP, confirming that the inhibition of 
the receptor is dose-dependent. 

Gov et al. assessed the block of the production of RNAII 
and RNAIII mediated by RIP [33]. Wild-type S. aureus cells 
were incubated with RAP or Phosphate Buffer Saline (PBS) 
for 40 min or with RIP or control buffer for 2.5 h. Subse-
quently, bacterial cells were collected, RNA purified and 
northern blotted. RNAII was detected by hybridizing the 
membrane with RNAII-specific radiolabeled DNA followed 
by hybridization with RNAIII-specific radiolabeled DNA, 
and the membrane autoradiographed. Compared to the con-
trol, the absence in the synthesis of RNAII and RNAIII was 
observed in bacteria treated with RIP. 

4.1 RIP In Vitro and In Vivo Studies 

Several studies were performed both in vitro and in vivo 
to demonstrate the efficacy of RIP in the bacterial cells re-
duction related to difficult-to-treat infections caused by S. 
aureus biofilm. 

Giacometti et al. tried to evaluate the preventive effect of 

RIP against MSSA (Methicillin-susceptible S. aureus) and 

MRSA (Methicillin-resistant S. aureus) infections due to the 

biofilm formation on implantable devices [37]. For the ex-

periments, a subcutaneous pocket was made on adult male 

Wistar rats. A 1 cm
2
 sterile collagen-sealed Dacron graft was 

aseptically implanted into the pocket. Immediately prior to 

implantation, the Dacron grafts were soaked for 20 min in a 

sterile solution of 10 μg/mL of RIP. Part of the animal 

groups received solutions containing also antibiotics includ-

ing levofloxacin, rifampin, quinopristine-dalfopristin, and 

mupirocin (Table 1). This group of implants were used to 

evaluate the effect of local antibiotic prophylaxis on the for-

mation of bacterial biofilms in the presence of antibiotic 

alone or with RIP, in order to estimate a possible synergistic 

effect. In addition to local prophylaxis, systemic prophylaxis 

and its effect on bacterial colonization were also evaluated. 

Antibiotics used for this type of prophylaxis were cefazolin, 
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imipenem, teicoplanin and levofloxacin which were adminis-

tered intraperitoneally 30 minutes before the implantation. In 

this way, it was also possible to observe the synergistic ef-

fects between RIP and the parenteral antibiotic prophylaxis. 

Once the rat skin pockets were closed by skin clips, a saline 

solution containing MSSA or MRSA was inoculated. The 

measurement of the bacterial concentration present on the 

implant took place after 7 days from the graft implantation. 

As it is possible to see in Table 1, RIP treatment alone 
showed a reduction of the bacterial inoculum in both the 
experiments if compared to the untreated grafts, but the inhi-
bition was not sufficient to completely eradicate the infec-
tion. It was possible to notice how the association of RIP 
with the antibiotics expressed better effect if compared to the 
use of single antibiotic or RIP alone. Best results were 
achieved  by the use of the RIP associated with systemic 
teicoplanin, local mupirocin and local quinupristine-
dalfopristine used as prophylaxis. In combination with these 
antibiotics, RIP was able to achieve 100% inhibition. Car-
bapenems (imipenem), cephalosporins (cefazolin), and qui-
nolones (levofloxacin) were less effective, but the addition 
of RIP strongly increased their inhibition potentials. The 
most relevant fact was that the antibiotic-RIP association 
was also active on MRSA strains, which are more difficult to 
eradicate with conventional therapies than the more sensitive 
MSSA. Moreover, the incapacity of RIP alone to remove S. 
aureus biofilm infection was also an indication that the in-
teraction is only at the QS level, and the intervention of the 
host immune system or an antibiotic therapy may be neces-
sary to complete the protocol for the eradication. 

To assess the action of RIP in single therapy, Balaban  
et al. in 2007 evaluated the peptide as an anti-biofilm agent 
against S. aureus in a multiple dose therapy [38]. Moreover, 
in the same studies, the action was also observed in associa-
tion with teicoplanin. For the experiments, the bacterial con-
tamination was evaluated applying the protocol mentioned 
before, using the skin pocket implants covered with collagen 
and inserted subcutaneously on rat models. The initial con-
tamination of the implant was caused by the inoculation of a 
bacterial culture, while RIP therapy involved an intraperito-
neal administration, in order to evaluate the effect of the sys-
temic circulation. Several RIP protocols were applied: 0 (un-
treated), 10, 20 and 30 mg/kg of body weight, administrated 
once a day, for 1, 4 or 7 days. Furthermore, the administra-
tion of the above-mentioned doses occurred immediately 
after the inoculation of the bacterial cells or after 2 days; the 
evaluation of the bacterial number took place at day 10, after 
removal of the implant and the CFU (Colony Forming Units) 
counts. The intraperitoneal route was also chosen for the 
combined RIP/teicoplanin treatment. In particular, the study 
of a possible synergism between RIP and teicoplanin was 
carried out treating individuals for 7 days, starting from the 
3

rd
 day after the inoculation of the microorganisms, with a 

daily dose of 10 mg/kg for RIP and 3 mg/kg for teicoplanin. 
For some animals, the implant was removed on day 3, in 
order to confirm the presence of biofilm before starting the 
therapy. Results showed that treatment of rats with RIP was 
most effective when RIP was administered in multiple doses, 
with suggestions of dose- and duration-dependent effects on 
biofilm reduction. It was confirmed also that RIP treatment, 

when it is combined with antibiotics like teicoplanin, results 
in augmented activity compared to the activity of both agents 
alone. These results provide encouraging support for the 
further evaluation of RIP as a therapeutic agent for device-
associated infections, including those caused by drug-
resistant strains. 

Bacterial biofilms create problems regarding the chronic-
ity of wounds or skin ulcerations, since many of them do not 
respond to the common treatments available on the market. 
The resistance that biofilm gives to bacterial cells is the 
cause of their persistence on the infected wounds and their 
difficult eradication with consequent healing. 

Simonetti et al. tested the effect of RIP on these types of 
wounds infected with S. aureus cells, in order to verify the 
possible effect on the bacterial reduction [39]. Groups of 
animals were treated with RIP, teicoplanin or with the medi-
cal device Allevyn

®
, a particular type of dressing applied to 

the wound. To evaluate any synergistic effects, the three 
therapies were also combined with each others. A mouse 
model of surgical wound infection was used to investigate 
the efficacy of drug-free and RIP-soaked Allevyn

®
 compared 

to that of parenteral administration of teicoplanin. After 24 
hours from the inoculum of S. aureus colonies animals re-
ceived the following therapies: Allevyn

®
 without RIP re-

placed every 2 days; Allevyn
®

 containing 20 μg of RIP re-
placed every 2 days; teicoplanin intraperitoneally, given 
once a day for 7 days (7 mg/kg of body weight); combina-
tion of Allevyn

®
 and teicoplanin therapy; combination of 

therapy with Allevyn
®

 enriched with RIP and teicoplanin. At 
the end of the therapy cycles, animals were sacrificed and the 
skin portion containing the incision was homogenized in 
buffer and subjected to CFU counts by the method of subse-
quent dilutions. RIP did not demonstrate any in vitro activity 
as expected by its mechanism of action (minimum inhibitory 
concentration or MIC > 256 mg/L). The highest inhibition of 
bacterial load was obtained in the group that received RIP-
soaked Allevyn

®
 and intraperitoneal teicoplanin (13 

CFU/mL), underlying the contribution that RIP has as a 
strong QS reducing agent which  can be administered as  
common antibiotic therapies.    

In another study, Schierle et al. presented a novel murine 
cutaneous wound system that directly demonstrates delayed 
re-epithelialization caused by the presence of S. aureus 
biofilm [40]. In particular, full-thickness excisional punch 
wounds were created through the skin down to the pannicu-
lus carnosus, and the wound contraction was prevented by 
the use of a flexible external splint. This technique allowed 
to evaluate the wounds re-epithelialization grade and observe 
the course of the infection in the presence of S. aureus 
biofilm, avoiding wounds contraction. Animals were divided 
into three groups: the first received topically on the wound 
infected 0.1 mL of a 1 mg/mL of RIP solution; the second 
group received topical oxacillin at a concentration of 10 
mg/L; the last group did not receive any treatment. The 
therapies were provided into a single administration the third 
day from the bacteria inoculation. Results showed that 
wound re-epithelialization was significantly delayed by bac-
terial biofilm. Compared to the uninfected mice, in which re-
epithelialization is completed at day 9, animals infected 
showed a more slow healing kinetics. Treatment with oxacil-
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Table 1. Summary of experimental results derived from the RIP treatments in combination with local and systemic antibiotic 

profilaxis. 

Bacterial Concentration�

(log CFU/mL) + SD�Antibiotic 

MRSA MSSA 

Route of Administration 

Control 7.73 ± 0.11 7.49 ± 0.07 / 

RIP 4.58 ± 0.09 4.64 ± 0.06 Local 

Cefazolin 7.49 ± 0.04 5.64 ± 0.25 IP 

Cefazolin + RIP 4.40 ± 0.09 3.40 ± 0.13 IP 

Teicoplanin 2.90 ± 0.05 1.93 ± 0.03 IP 

Teicoplanin + RIP <1 <1 IP 

Imipenem 4.91 ± 0.19 3.89 ± 0.12 IP 

Imipenem + RIP 3.84 ± 0.09 2.86 ± 0.09 IP 

Levofloxacin 5.84 ± 0.13 4.59 ± 0.16 IP 

Levofloxacin + RIP 4.68 ± 0.06 3.69 ± 0.08 IP 

Mupirocin 2.91 ± 0.16 2.84 ± 0.17 Local 

Mupirocin + RIP <1 <1 Local 

Rifampin 4.85 ± 0.15 4.92 ± 0.14 Local 

Rifampin + RIP 2.96 ± 0.09 3.57 ± 0.04 Local 

Quinupristin-Dalfopristin 1.68 ± 0.08 1.64 ± 0.19 Local 

Quinupristin-Dalfopristin + RIP <1 <1 Local 

Levofloxacin 5.9 ± 0.15 4.89 ± 0.14 Local 

Levofloxacin + RIP 4.18 ± 0.19 3.93 ± 0.09 Local 

Local: Local antibiotic prophylaxis. 

IP: Intraperitoneal antibiotic prophylaxis. 

 

lin did not lead benefits to the skin regeneration, keeping the 
kinetics of re-epithelialization substantially similar to that of 
individuals not treated. The treatment of biofilm infected 
wounds with RIP was able to eradicate biofilm colonization 
and restore the normal wound healing kinetics. Significantly, 
wounds re-epithelialized more rapidly when treated with RIP 
if compared with untreated controls (day 7 epithelial gap: 1.1 
mm vs. 2.4 mm, respectively). 

Balaban et al. examined whether RIP reduces adherence 
of S. aureus to host cells and  dialysis catheter polymers in 
vitro [41]. For the adherence test, HaCat human skin kerati-
nocytes or human epithelial HEp-2 cells were incubated with 
labeled S. aureus with or without RIP, whereas for the poly-
mer test, S. aureus strains were grown on polystyrene wells 
in the presence or absence of RIP. Results showed that the 
heptapeptide decreased bacterial adherence to human cells as 
well as the attachment to polymeric material, demonstrating 
the potential role of RIP in the reduction of bacterial adhe-
sion and the number of adherent S. aureus cells. 

Domenico et al. assessed the combination efficacy of RIP 
and bismuth ethanedithiol (BisEDT), a new generation of 

bismuth agents with a greater antibacterial activity [42]. Ex-
perimental studies were conducted by the use of the rat graft 
model applied in the study mentioned before [36]. The 
authors included a control group, a contaminated group, and 
different groups that received RIP, BisEDT, rifampin, 
BisEDT and rifampin, RIP and rifampin, BisEDT and RIP-
soaked grafts, respectively. Before implantation, the graft 
segments were soaked for 30 min in 0.1 mg/L of BisEDT, 10 
mg/L of RIP, or 10 mg/L of rifampin, alone or in combina-
tion therapy. Results showed a modest adherent bacterial 
reduction among RIP-treated groups and BisEDT treated 
animals, while RIP–rifampin or BisEDT–rifampin treatment 
showed a higher reduction of  S. aureus cells on the graft if 
compared with the control group. Finally, the groups treated 
with the BisEDT–RIP combination showed the minimal 
quantitative cultures of S. aureus. Moreover, among the re-
sistant strains, the only combined therapy that was signifi-
cantly better than single-agent therapy was BisEDT–RIP. 
Another positive indication was that none of the agents ex-
hibited any toxicity and no animals died or had clinical evi-
dence of drug-related adverse effects. 
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Cirioni et al. tested the efficacy of RIP, ciprofloxacin, 
imipenem, and vancomycin into an in vitro susceptibility test 
on planktonic S. aureus and its biofilms mode of growth 
[43]. Moreover, the same authors assessed the treatment of 
central venous catheters infections (CVC), using a silastic 
catheter inserted into the jugular vein and advanced into the 
superior vena cava of adult rats. The rat CVC–associated 
infection model included a control group (no CVC infection) 
and a contaminated group that did not receive any antibiotic 
prophylaxis. There werealso a contaminated group that re-
ceived CVCs filled with 0.1 mL of RIP at 1 mg/mL and con-
taminated groups that received RIP-filled CVCs or no RIP-
filled CVCs plus ciprofloxacin, imipenem, or vancomycin. 
Regarding the in vitro susceptibility test, the activity of the 
three antibiotics against the biofilm was at least 2-fold lower 
than that against the freely growing planktonic cells, but 
when bacterial cells were first treated with RIP and then with 
antibiotics, no difference in MICs and MBCs (Minimum 
Bactericidal Concentration) against planktonic cells was ob-
served, but MICs and MBCs against biofilms were drasti-
cally reduced. RIP alone did not show any microbicidal or 
microbiostatic activity, as it was expected on the basis of its 
mechanism of action. The rat CVC–associated infection 
model exhibited similar results, in which vancomycin, cipro-
floxacin, and imipenem exerted only a weak antimicrobial 
activity, with results not significantly different when com-
pared with the untreated controls. In contrast, when the 
catheters were impregnated with RIP, catheter/venous tissues 
showed a significant reduction of the bacterial biofilm. This 
is an ulterior confirmation that RIP could be a potent and 
useful tool for the eradication of S. aureus biofilm into a 
synergistic action with different antibiotics: the peptide is 
able to disrupt the QS mechanism and disturb the biofilm 
formation, in this way, antibiotics may have  better access to 
the bacterial cells, exerting their bactericidal activity. 

4.2. Use of RIP to Treat Human Chronic Wound Infec-
tions 

In literature, there are two cases of application of RIP in 
order to treat difficult chronic wound infections in patients 
which were unresponsive to the ordinary antibiotic treat-
ments, in order to demonstrate the potential power of RIP in 
clinical application for controlling biofilm-based infectious 
diseases [44]. 

In particular, the first case reported a man with severe pe-
ripheral vascular disease and diabetes mellitus sustained mi-
nor trauma to his right little toe. MRSA and several other 
bacterial strains were found in his minor diabetic foot ulcer. 
Over the next 6 months, the patient had aggressive conserva-
tive wound care, but despite the therapies, there was a con-
tinual dying back into the forefoot. Perfusion and oxygena-
tion studies showed that there were adequate blood flow and 
oxygenation of the tissues for healing, but the wound was 
getting worse constantly. An extensive osteomyelitis across 
the forefoot was compared within 4 months, and after 7 
months with different therapies, the foot was clearly worsen-
ing. Since the patient refused the major limb amputation, 
after the 8th month, a gel preparation of RIP at 1.7 µg/mL 
was applied topically to the wound on a daily basis, followed 
by the continued use of cubicin 4 mg/kg for 3 weeks. By that 
time, the wound had shown significant improvement. After 3 

weeks, the antibiotic was stopped, but the RIP gel was con-
tinued for 3 months with steady improvement. After that, 
Apligraf

®
 wound therapy was instituted every 2–4 weeks for 

the next 8 months to completed healing. This case demon-
strated that RIP as a topical therapy, used in combination 
with intravenous antibiotics, was able to stop the biofilm that 
was slowly eroding through the foot. 

A second case regarded a man with severe insulin-
dependent diabetes mellitus presented with a hot, swollen 
left foot. He was febrile and hypotensive and was immedi-
ately admitted to the hospital for intravenous antibiotics and 
surgical management of his left foot. The patient refused the 
surgical amputation of the left lower extremity, even if se-
vere osteomyelitis was compromising the tarsal and metatar-
sals. The organisms cultured were MRSA and group D en-
terococci. The patient was given  cubicin 6 mg/kg without 
any appreciable improvements. He was administered with  
outpatient therapy with daily cubicin 6 mg/kg and was in-
jected with RIP in the tarsal area (25 mg/5 mL). This injec-
tion was done on a daily basis for three weeks. The local 
wound care consisted of the daily removal of any debride-
ment and necrotic material, followed by the topical applica-
tion of lactoferrin, xylitol, and RIP 1.7 μg/mL. After 1 week, 
the wound was much improved and the foot edema and 
erythema completely resolved within 10 days.  

The injection of RIP in the area of S. aureus biofilm os-
teomyelitis markedly changed the patient’s clinical course 
and led to the resolution of the osteomyelitis as well as heal-
ing of the diabetic foot ulcer. These results clearly demon-
strated that RIP application produced a better resolution of 
chronic biofilm infections, highlighting that the approach of 
direct biofilm suppression may be a valuable medical tool. 

5. RIP Structure-activity Relationship 

The study of molecular structure is highly important in 
medicinal chemistry. It allows investigating which part of 
the structure acts as a pharmacophoric region, and which part 
is possible to modify in order to improve pharmacokinetic 
features or physic-chemical properties, in order to obtain 
better molecules compared to the lead compound [45]. 

Gov et al. in 2001 performed in vitro and in vivo studies 

on several derivatives in order to better understand the struc-

ture and function of RIP and investigate whether amino acids 

modification can improve the QS inactivation [33]. Based on 

the similarity between the NH2-terminal sequence of RAP 

(YKPITN) and the structure of RIP (YSPWTNF-NH2, 1) - 

which is the base of the competitive inhibition of the TRAP 

receptor - the authors synthetized the NH2-terminal deriva-

tive peptides 2-7 (Fig. 4). Moreover, COOH-terminal deriva-

tives 8-10 (Fig. 4) were synthetized to assess the importance 

of the amide terminal group.  All peptides were tested for 

their ability to inhibit RNAIII synthesis in vitro and to inhibit 

S. aureus biofilm in vivo. 

Although RIP was able to inhibit S. aureus biofilm in 
both in vitro and in vivo experiments, all its derivatives were 
able inhibit RNAIII in vitro, but not all inhibited infections 
in vivo. In particular, several RIP derivatives inhibited the 
synthesis of RNAIII in vitro, including 6 by 68%, 3 by 70%, 
8 by 80%, 9 by 88%, and 5, 10, 4, 7 and 2 by 100%. For the 
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in vivo experiments, mice received a subcutaneous dose of 
bacteria to induce local infection, and at the same time re-
ceived a subcutaneous dose of RIP derivatives. Animal 
treated with derivatives 3, 4, 5, 6, 8, and 9 died or presented 
lesions on the injection site after the incubation period, while 
mice treated with 7 and 2 showed no lesion at all and they 
were completely protected. The results of the in vivo and in 
vitro experiments indicate that peptides that were most effec-
tive in suppressing S. aureus also in vivo are peptides 2 and 
7, which contain K and I at positions 2 and 4, respectively. 
Derivative 2 exhibited the highest inhibitory activity in vivo, 
under the experimental conditions tested, but conformational 
studies did not show any particular secondary conformation, 
suggesting that the enhanced inhibitory activity of peptide 2 
may be allowed to the local interactions  with the TRAP re-
ceptor, probably due to the high similarity with the RAP 
terminal sequence YKPITN, in which derivative 2 differs 
only for a more amide-terminal F residue. 
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RIP (1): YSPWTNF-NH2

2: YKPITNF-NH2

3: YSPITNF-NH2

4: YKPWTNF-NH2

5: PWTNF-NH2

6: PITNF-NH2

7: YKPITN-NH2

8: YSPWTNF

9: YSPCTNF

10: YSPCTNFF

11: YKPLTNF-NH2

12: YKPVTNF-NH2

13: CH3CO-YKPVTNF-NH2

14: YKPVTNF-ST-YKPVTNF-NH2

15: CH3CO-YKPVTNF-ST-YKPVTNF-NH2

16: YSPTNF-NH2 

17: ASPWTNF-NH2

18: YAPWTNF-NH2

19: YSAWTNF-NH2

20: YSPATNF-NH2

21: YSPWANF-NH2

22: YSPWTAF-NH2

23: YSPWTNA-NH2

24: YSPW-NH2

25: SPWT-NH2 

26: PWTN-NH2

27: WTNF-NH2

 

Fig. (4). RIP derivative 1 - 27. 

The derivative 2 was tested by Vieira-da-Motta et al. for 
the possible influence on both enterotoxin A, B, C, D, and E, 
and on hemolysin α and β, in the same experiment exposed 
in the RIP structure and mechanism of action section [36]. 
All the results were similar to the originator compound RIP, 
demonstrating the high level of activity of this derivative 
despite the amino acid modifications. 

Starting from derivative 2, Zhou et al. replaced the I resi-
due at position 4 with two others amino acids with similar 
hydrophobicity and structure, V and L, to enhance the in vivo 
activity (derivatives 11 and 12) [46]. They also operated 
terminal modifications or oligomerization of the synthesized 
structures to improve their stability in vitro and in vivo. In 
particular, derivative 13 was prepared by the acetylation of 
the –NH2 terminal group of peptide 12, derivative 14 was 
synthetized by the dimerization of peptide 12 using an S-T 
bridge, and finally derivative 15 resulted in the acetylation of  
the –NH2 terminal of peptide 14. In vitro inhibition of S. 
aureus was assessed by the measurement of the biofilm OD, 
and results showed that derivative 11 expressed a similar 
reduction in the absorption if compared with derivative 2, 
which was better of the originator RIP, indicating that the 

biofilm formation of S. aureus was reduced. Peptide 12 sig-
nificantly decreased the OD compared with RIP, derivative 2 
and 11, whereas among the derivatives with terminal and 
oligomerization modifications, 13 and 14 showed a better 
reduction in biofilm formation than peptide 12. Derivative 
15 was the peptide with the best antibiofilm activity among 
all the derivative tested, highlighting the most significant 
inhibition effect to S. aureus adhesion on polystyrene plates. 

Since peptide 15 demonstrated the best inhibition activity 
in vitro, the authors performed an in vivo evaluation of its 
antibiofilm function in a rat urinary tract infection model. 
The colonization of mice urinary tract was performed 
through an MRSA inoculum, followed by an intraperitoneal 
administration (10 mg/kg) of derivative 12, 15 or vancomy-
cin. The number of bacterial colonies was verified in the 
bladder, kidney, urine, and stent. The bacterial counts de-
creased in the bladder, urine, and kidney in the derivative 12-
treated group, but derivative 15 showed a better biofilm in-
hibitory activity than other derivatives tested, with similar 
results if compared with vancomycin. Bacterial titers in the 
urine, kidney, and bladder of MRSA infected rats were sup-
pressed effectively by peptide 15, and the number of bacteria 
that adhered to the implanted stents was also remarkably 
reduced. These results indicated that the modifications pro-
duced to obtain derivative 15 effectively increased the capac-
ity to reduce intercellular adhesion and accumulation into the 
polymeric matrix, interfering with the MRSA biofilm forma-
tion. 

Balaban et al. in another study performed an interesting 
experiment regarding RIP and the synthetized derivative 16 
(Fig. 4), which presented the loss of W in position 4 [32]. 
They tested the peptides in several models of S. aureus in-
fections, including: keratitis and osteomyelitis (tested in rab-
bits), mastitis (tested in cows) and septic arthritis (tested in 
mice). Bacteria were pre-incubated with the RIP or with car-
rier buffer as a control, to mimic the application of RIP to 
devices (such as catheters or sutures) or during procedures 
(such as surgical procedures) normally associated with 
biofilm infections. For the osteomyelitis model, results 
showed a strong reduction of bone disruption in animals 
treated with RIP compared to the control. The septic arthritis 
model demonstrated that RIP treatment of bacteria reduces 
the frequency and delays the onset of staphylococcal sepsis, 
with a reduction in animals death. RIP and derivative 16 
were used for the keratitis experiment. Rabbits injected with 
bacteria and RIP showed a distinct reduction in pathology  
18 h postinfection, while animals treated with 16 showed no 
reduction in pathology at that time. Finally, with the cow 
mastitis model demonstrated that RIP can effectively prevent 
S. aureus infection protecting animals from the infection 
after the bacteria inoculation. In addition, RIP effectively 
inhibited the occurrence of clinical mastitis which demon-
strated the potential therapeutic values in already infected 
animals. 

An interesting analysis of the RIP structure and the con-
tributions of each single amino acids was performed by Bal-
dassare et al. in 2013, which synthetized a series of peptides 
which differ from the originator due to the presence of a 
residue of A at different positions (Fig. 4, 17-23) [47]. This 
amino acid usually is used to replace other residues since its 
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insertion does not alter the secondary structure of the pep-
tide, which is in any case active. Furthermore, truncated ana-
logues 24-27 were synthetized to evaluate the minimum 
amino acid sequence which may have anti-biofilm activity. 
All the RIP derivatives were synthesized on the solid phase 
using Fmoc chemistry on a rink amide resin. The in vitro 
antimicrobial activity of RIP derivatives 17-27 was tested 
against S. aureus strain Smith adherent cells in comparison 
with daptomycin, used as a reference. Based on the RIP 
mechanism of action, all the derivatives expressed high MIC 
values compared to daptomycin (>128 µg/mL and 4 µg/mL, 
respectively), showing no in vitro killing activities against 
the selected strain. The in vivo studies were assayed in a rat 
model of vascular graft infection, creating a subcutaneous 
pocket on each side of the median line by a 1.5 cm incision. 
Aseptically, the grafts were soaked in a solution of the RIP 
derivatives 17-27 and then implanted into the pockets. Then, 
the pockets were closed by the use of skin clips and bacterial 
colonies were inoculated on the graft surface. After 7 days 
the grafts were explanted, and the results by CFU count 
showed that derivative 21 had a lower activity than RIP, con-
firming that the T residue is essential for the activity. On the 
contrary, substitution of the residues of S in position 2 and F 
in position 7, respectively, resulted in the greater power of 
derivatives 18 and 23, indicating that these amino acids are 
not essential for the activity of RIP. Interestingly the com-
pound 25, a truncated derivative of RIP showed the greatest 
activity compared to all the other compounds synthesized. 

In particular, Cirioni et al. tested derivative 18 to evalu-
ate MIC and MBC against in vitro and in vivo S. aureus 
biofilms models [48]. Using the same technique described 
above, the study included a control group, a contaminated 
group that did not receive any antibiotic prophylaxis and 
three contaminated groups that received intraperitoneal dap-
tomycin, derivative 18-soacked graft, or daptomycin plus 18-
soaked graft, respectively. The in vitro studies showed that 
MIC and MBC values for daptomycin were lower in the 
presence of derivative 18. In vivo results highlighted that 
daptomycin alone showed a strong reduction in bacterial 
CFU, while group treated with derivative 18 showed also 
significant differences in the contaminated group with a re-
duction in bacterial cells number. The drug combination 
showed the lowest bacterial CFU among the treated groups, 
indicating the positive interaction which intervenes between 
derivative 18 and daptomycin. These data could be explained 
considering the capacity of RIP analogs to inhibit the pro-
duction of polymeric matrix and virulence factors in S. 
aureus, thus facilitating the biofilm eradication by the antim-
icrobial agents and the host immune system. 

Simonetti et al. assessed the efficacy of the derivative 23 
and intraperitoneal tigecycline in preventing prosthesis 
biofilm in an animal model of S. aureus infection [49]. In 
vitro and in vivo studies were performed with the same mod-
els described for the derivative 18, with the use of tigecy-
cline instead of daptomycin. In particular, tigecycline 
showed in vitro MIC and MBC values of 8.00 and 16.00 
mg/L, while in the presence of 23, the antibiotic showed 
MIC and MBC four-fold lower (2 mg/L and 4 mg/L, respec-
tively). In vivo model included the rat groups treated with 
tigecycline, which showed a positive bacterial reduction. 
Derivative 23-treated group showed also a good activity 

compared to the contaminated group. A stronger inhibition 
of bacterial growth was observed in rats treated with the 
combination of derivative 23 and tigecycline, with the higher 
CFU reduction among the treated groups. The combination 
proved to be effective in reducing bacterial counts to levels 
comparable with those observed in uninfected animals. 

Finally, the same authors in another study tested the de-
rivative 25 using the same in vivo model described before, 
establishing a wound through the panniculus carnosus on the 
back subcutaneous tissue of each animal, using MRSA and 
MSSA S. aureus strains [50]. After the inoculum of the bac-
terial colonies, treatment was initiated in infected animals 
and intraperitoneal tigecycline (7 mg/Kg) was administered 
daily for 7 days, while topical treatment of derivative 25 was 
applied every 2 days. The administration was realized with 
the Allevyn

®
 foam wound dressing, previously soaked with 

the tetrapeptide. Data analysis showed that, for the MSSA 
strain, treatment with 25 alone had a slight effect, reducing 
the mean bacterial numbers from 3.8 x 109 of the contami-
nated group to 4.9 x 107 CFU/g. Tigecycline had a strong 
effect compared with infected animals. Nevertheless, the 
highest inhibition of infection was achieved in the group that 
received 25-soaked Allevyn

®
 and parenteral tigecycline, re-

ducing the bacterial number to 2.8 x 103 CFU/g. Compara-
ble results were observed for the MRSA strain. In particular, 
25-soaked Allevyn

®
 showed a reduction from 4.5 x 109 of 

the infected control to 3.7 x 108 CFU/g. Tigecycline had a 
strong effect when compared with untreated control. Simi-
larly for the MRSA strain, the highest inhibition of contami-
nation was achieved in the group that received 25-soaked 
Allevyn

®
 and systemic tigecycline, reducing bacterial num-

ber to 4.6 x 103 CFU/g. Further studies also demonstrate that 
derivative 25 acts by favoring wound re-epithelialization, re-
establishing proper healing kinetics. 

A particular derivative developed by Yang and collabora-
tors was created from a random 12-mer phage-displayed 
peptide library based on RAP, in order to select new RAP-
binding peptides able to reduce the QS mechanism [51]. 
Early exponential wild-type S. aureus cells were incubated 
for 90 min together with different positive phage clones, the 
total RNA was extracted, Northern blotted, and detected us-
ing radiolabeled RNAIII specific DNA. Results showed that 
among the developed derivatives 28-36 (Fig. 5), only peptide 
29 and 30 demonstrated significant effects on the inhibition 
of RNAIII. In particular, peptide 30 expressed the higher 
capacity of binding RAP, thus interfering with the TRAP-
RAP mechanism and reducing the QS activation. For this 
promising properties, it was assayed into an in vivo murine 
cutaneous S. aureus infection model. Bacterial cells were 
injected with or without peptide 30 subcutaneously with cy-
todex beads into immunocompetent hairless mice. After 27 h 
post-injection, the size of the lesion was measured. All ani-
mals developed a lesion, but the mean size of lesions in the 
mice treated with peptide 30 was smaller than that in control 
animals, indicating that the derivative was able to actively 
bind RAP also in vivo, thus reducing the biofilm infection. 

The synthesis of codrug derivatives allows to obtain new 
chimeric derivatives with a potentiated efficacy, a synergistic 
action between the two linked molecules which at the same 
time are able to exert their action with different mechanisms 
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[52]. Balaban et al. created a chimeric peptide composed of  
the Dermaseptin Derivative DD13 and RIP (derivative 37, 
Fig. 5) to evaluate the inhibition of bacterial proliferation 
and suppression of QS mechanism in vitro [53]. Moreover, 
the efficacy of derivative 37 in preventing staphylococcal 
infection was assessed in a rat graft infection model with 
MRSA, as previously reported by Cirioni et al. [39]. The 
basis of  this construct was the potential synergistic activity 
of the two-component: inhibition of RNA III synthesis by 
RIP, with  the ability of DD13 to reduce bacterial prolifera-
tion. In vitro results showed that DD13 and derivative 37 
displayed a quasipotent bactericidal activity, with an MIC of 
2 mg/L, whereas RIP was basically inactive. Moreover, pep-
tide 37 efficiently inhibited RNA III synthesis, while DD13 
was totally inactive as expected and RIP appeared to be less 
efficient than the new derivative. In vivo experiments fore-
casted the soaking of the collagen-coated Dacron grafts with 
10, 20, or 50 mg/L of either RIP, DD13 or derivative 37 be-
fore  being implanted in rats. Bacteria were injected into the 
implants, and the implants were removed after a week, with 
the consequential determination of the bacterial load. Results 
demonstrated the high antibiofilm activity profile of the chi-
meric peptide compared to the single components, especially 
at the lower concentration of 10 mg/L in which only derivate 
37 was able to provide a high efficiency in biofilm reduction. 

28: WHWTNWGKTSPA

29: FHWWQTSPAHFS

30: WPFAHWPWQYPR

31: HPWYYSMYWRSP

32: IHPLLLYNYYFG

33: HRNHLMDLSGPH

34: PPYPDFLMQPPH

35: SFPQPLAPAPTI

36: TSVKLELGVTAS

37: ALWKTLLKKVLKAYSPWTNFC-NH2
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Fig. (5). RIP derivative 28 - 38. 

Finally, Kiran et al. performed an interesting screening 
for small molecule non-peptide analogs of RIP using a com-
puter search with the Integrated Scientific Information Sys-
tem (ISIS) software from Elsevier MDL (Hayward, CA) 
against the Available Chemicals Database (ACD), a library 
of 300,000 commercially available small-molecule com-
pounds [54]. Using the RIP as a molecular model, it was 
possible to identify molecules with specific features and re-
gions, called pharmacophores,  that are necessary for the 
recognition of the ligand by a biological macromolecule and 
are responsible for the pharmacological activity [55]. In this 
study, the pharmacophore was defined in terms of distance 
calculation, leading to the discovery of hamamelitannin (38, 
Fig. 5) as a small molecule non-peptide analog of RIP. Ha-
mamelitannin is a natural product found in the bark and the 
leaves of Hamamelis virginiana, and it was tested in both in 
vitro and in vivo S. aureus biofilm model. In vitro results 
showed that hamamelitannin did not affect the bacterial 
growth, whereas it demonstrated to be effective in the com-
petition with RAP, blocking RNAIII and hemolysins produc-
tion, inhibiting cells attachment. Surprisingly, 
hamamelitannin demonstrated to be an excellent inhibitor of 
device-associated infections in vivo. Grafts presoaked with 
30 mg/L of the small drug exhibited no signs of infection, 
even though the animals were challenged with a high 
bacterial concentration. These data confirmed that 

hamamelitannin inhibits staphylococcal virulence by acting 
as a QS inhibitor. 

CONCLUSION 

S. aureus is a clinically relevant pathogen, etiological 
agent of many chronic infections and wound diseases, diffi-
cult to treat and to eradicate when present under the biofilm 
growth modality. A biofilm could be defined as a microbi-
ally-derived sessile community, embedded in a polymeric 
matrix, which allows to increase the nutrients concentration, 
and above all, it confers antimicrobial resistance and protec-
tion from the host immune system. To date, the antimicrobial 
therapy alone is not effective. A new approach for the eradi-
cation of S. aureus biofilm is represented by the disruption 
of the bacterial regulatory network. In particular, S. aureus 
biofilm growth modality is regulated by a bacterial cell-cell 
communication, a process known as QS mechanism and me-
diated by RAP and its target protein TRAP. The well-know 
RIP peptide competes with RAP, thus inhibiting the phos-
phorylation of TRAP and leading to a reduction of bacterial 
cells adhesion and to the inhibition of RNAIII synthesis, 
with the subsequent suppression of toxin synthesis. Medici-
nal chemistry approach was adopted in order to better char-
acterize the structure-activity relationship of the heptapep-
tide, understanding which amino acids or structure modifica-
tions are essential for the blockage of the TRAP-RAP 
mechanism, setting a starting point for the development of 
derivatives with improved antibiofilm activity. Since the 
mechanism of action of RIP is based on inhibition of QS, 
RIP derivatives showed high MIC values compared to the 
antibiotic therapy, showing no in vitro killing. In the case of 
RIP and a large part of RIP derivatives, the best treatment is 
represented by antibiotic prophylaxis combined with the 
interruption of bacterial QS mechanism, demonstrating how 
the peptides can act as a promoter of the drug’s antimicrobial 
action. 

These studies confirm the importance of RIP and its de-
rivatives in the treatment of chronic and nosocomial infec-
tions related to the development of biofilms by resistant 
strains of S. aureus. These peptides could  overcome the 
main causes of therapies failure against the biofilm infec-
tions: the pharmacological resistance of the bacteria and the 
opposition to the host immune system. The possibility to act 
directly on the biofilm formation allows to restore and im-
prove the activity of the antimicrobial agents as well as the 
immune system against the biofilm-embed cells, leading to 
the complete eradication of chronic and complicated S. 
aureus infections. 
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