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b Università del Piemonte Orientale (UPO), Department of Health Sciences, Center for Translational Research on Autoimmune and Allergic Diseases – CAAD, Novara, 
Italy
c Department of Science and Environment, Roskilde University, Roskilde, Denmark
d Institute of Molecular Genetics and Genetic Engineering, University of Belgrade, Vojvode Stepe 444a, 11042 Belgrade, Serbia

A R T I C L E  I N F O

Keywords:
Peptoid
Titanium
Biofilm
Quorum sensing

A B S T R A C T

The emergence of antibiotic resistance has ushered in a post-antibiotic era, highlighting the urgent need for 
alternative, cytocompatible antimicrobial strategies. Among these, antimicrobial peptides (AMPs) are promising 
to overcome antibacterial resistance being at the same time cytocompatible, but they are limited by fast enzy
matic degradation. Peptoids are synthetic and bio-mimetic biomolecules that overcome the limitations of AMPs 
with resistance to proteolytic degradation. This study examined the antibacterial and cytocompatible peptoid 
GN2-Npm9 to reduce the risk of infection in titanium implants. Ti6Al4V samples were chemically pre-treated 
(CT) to favour osteointegration and functionalization. The zeta potential titration curves evidenced a mecha
nism of electrostatic attraction between the peptoid and CT substrate on the functionalized samples (CT_GN2- 
Npm9). XPS analysis and fluorescence microscopy confirmed the presence of the peptoid on CT_GN2-Npm9 and 
evidenced a uniform distribution. The peptoid was released in water with slow kinetics for at least 9 days (HPLC 
analyses). CT and CT_GN2-Npm9 specimens were subjected to biological assays against oral plaque collected 
from patients affected by periodontitis, showing a direct biofilm reduction of 60 % in comparison to CT and a 
specific effect towards pathogens as evidenced by proteomics studies. For investigating the mechanism of biofilm 
prevention, a culture of Pseudomonas aeruginosa was performed by conditioning the culture medium with the 
supernatant from the plaque test. It was observed that the biofilm of P. aeruginosa was significantly reduced due 
to a peptoid’s indirect effect demonstrated by the expression of genes involved in the quorum sensing network 
and elastase gene (lasB) that resulted in down-regulation only by the supernatants from CT-GN2-Npm9 
specimens.

Statement of significance:

This study is a groundbreaking approach to face the risk of 
infection of dental implants by functionalizing Ti6Al4V alloy with 
a synthetic peptoid (GN2-Npm9). Peptoids are promising anti
bacterial candidates with high chemical and biological stability, 
customizable structure, low cytotoxicity, broad-spectrum activity, 
and low resistance development. The significance of this work lies 
in its strategy to target biofilm formation with preventive and 

local action and the achievement of an antimicrobial action 
effective, sustained, and selective for pathogen bacteria (prote
omics studies). An innovative method was implemented to 
investigate the mechanism of action revealing that the peptoid 
strongly interfered with the bacterial quorum sensing. The study 
offers an innovative solution to an unmet clinical need, enhancing 
dental and orthopaedic implants’ safety and longevity.
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1. Introduction

Antimicrobial resistance (AMR) is a pressing global health challenge 
threatening the effectiveness of existing antimicrobial agents, which 
target specific biochemical pathways. AMR increases morbidity, mor
tality, and healthcare costs [1,2]. AMR is a particularly significant issue 
in the case of biomedical implants, where biofilm formation often ne
cessitates explantation and leads to serious clinical complications. This 
is usually the case with dental and orthopaedic titanium implants. 
Addressing AMR requires alternative therapeutic strategies to combat 
resistant pathogens. Even if a wide variety of antimicrobial agents were 
discovered and investigated, the current limits mainly deal with cyto
compatibility, effectiveness when coupled to the surface of implants, 
and development of AMR when an agent becomes of large use (as 
occurred for silver, for instance) [3]

AMPs were considered promising because of the broad spectrum of 
antimicrobial activity and rapid killing mechanism through the disrup
tion of the microbial membrane, which reduces the likelihood of 
developing resistance[4]. The main drawback is the degradation by 
proteases and delivery systems need to protect AMPs and target them to 
the infection site in effective concentrations. They are part of the innate 
immune response and can have immunomodulatory effects but there is a 
risk that they could trigger an immune response in the host.

Peptoids, a class of biomimetic oligomers, have emerged as prom
ising candidates for antimicrobial therapy due to their unique properties 
and versatile applications [5–12]. Unlike peptides, peptoids feature a 
backbone composed of N-substituted glycine units, endowing them with 
unique properties. Peptoids offer several distinct advantages over pep
tides, including enhanced chemical stability, resistance to proteolytic 
degradation, and synthesis via solid-phase methods [13]. These attri
butes make peptoids attractive candidates for drug discovery, molecular 
recognition, and materials design, where precise control over structure 
and function is paramount [14–16]. Additionally, the modular nature of 
peptoid synthesis allows for rapid exploration of diverse chemical 
spaces, facilitating the development of novel compounds with tailored 
properties [15,17,18]. Even in the realm of biomedicine, peptoids have 
garnered significant interest due to their biocompatibility, low immu
nogenicity, and interactions with biological systems [19,20]. Peptoids 
hold promise for applications in drug delivery, where they can enhance 
drug solubility, stability, and targeted delivery to specific tissues or cells 
[21–23]. Moreover, peptoids have demonstrated antimicrobial activity 
against a broad spectrum of pathogens, including bacteria, fungi, and 
viruses, positioning them as potential alternatives to conventional an
tibiotics [24–26].

Despite these advances, there is limited literature on the inhibition of 
biofilm formation through bacterial quorum sensing (QS) quenching 
using peptoids [27,28] QS is a density-dependent communication 
mechanism between bacterial cells, enabling them to coordinate 
behavior by producing and detecting chemical signaling molecules 
known as autoinducers[29] When cell density is high, the intracellular 
concentration of autoinducers increases, exposing bacterial cells to these 
signaling molecules. The autoinducers then pass through bacterial cell 
walls and membranes, triggering changes in gene expression. This pro
cess influences bacterial phenotypic behavior, enhancing pathogenesis, 
biofilm formation, antibiotic resistance, and the production of second
ary metabolites, such as antibiotics [30]

This work aims to build upon previously published studies where a 
chemical surface pre-treatment of Ti6Al4V (CT) was developed for 
fasting osseointegration and favouring surface functionalization[31–35,
35–38]. A peptoid (GN2-Npm9) was already successfully grafted to CT 
samples evidencing cytocompatibility and antibacterial activity in pre
liminary tests against Staphylococcus epidermidis and Escherichia coli 
cultivated on the specimens’ surface as single populations [39]. In this 
research work, the mechanism of surface functionalization, distribution 
of the peptoid on the surface, and kinetics of the release were investi
gated. Moreover, the peptoid’s antibacterial efficacy was validated using 

multi-species oral microbiota isolated from the plaque of patients 
affected by periodontitis [39]. This approach allowed us to test the ef
ficacy of the functionalization in a model much closer to the clinical 
scenario and to understand the specific effect of the peptoid on the 
different populations by proteomics. Lastly, a culture of Pseudomonas 
aeruginosa was performed by conditioning the culture medium with the 
supernatant from the previous test.

2. Materials and methods

2.1. Peptoid synthesis

GN2-Npm9 was synthesized via solid-phase submonomer chemistry 
method Fmoc chemistry and purified by reversed-phase HPLC, as pre
viously described[39]. The product’s identity and purity (>95 %) were 
confirmed by RP-UHPLC-MS analysis.

Briefly, TentaGel-S RAM swelling was carried out in DMF followed 
by deprotection with 20 % piperidine in DMF. Bromoacetic acid (0.6 M 
in DMF) and DIC (1 M in THF) were pre incubated and then added to the 
resin. Reaction proceeded at 40 ◦C for 20–30 minutes with agitation, 
followed by multiple DMF washes. Displacement was carried out with a 
1 M solution of the desired primary amine in NMP or DMF. The reaction 
was carried out at 40 ◦C for 60 minutes. Every step was followed by 
extensive DMF washing. After the final displacement, resin was thor
oughly washed with DMF and DCM, dried, and stored at − 20 ◦C until 
cleavage. Cleavage and side-chain deprotection were achieved using a 
TFA-based cocktail (e.g., 50 % TFA, 45 % DCM with TIPS and water) for 
30 minutes with shaking. The resin was then filtered, rinsed, and the 
solvent was evaporated. The resulting peptoid oil was redissolved and 
analyzed by HPLC-MS. Purification of crude peptoids was performed 
using reverse-phase preparative HPLC (250 × 10 mm, C18 column) with 
a gradient of 15–60 % acetonitrile in water containing 0.1 % TFA. 
Fractions with ≥95 % purity, confirmed by analytical HPLC-MS, were 
pooled, lyophilized, and stored as dry powder at − 20 ◦C.

Fig. 1 shows the structure of the native peptide and the corre
sponding peptoid GN2-Npm9, highlighting the design relationship be
tween the two molecules.

2.2. Sample preparation

The preparation of the samples involved cutting titanium cylindrical 
bars (ASTM B348, Gr5, Titanium Consulting and Trading, Buccinasco, 
Italy) into disks with a diameter of 10 mm and a thickness of approxi
mately 2 mm. The surfaces of the specimens were polished using silicon 
carbide (SiC) abrasive papers of increasing grit sizes, up to 4000 grit. To 
eliminate contaminants, the polished disks underwent cleaning in 
acetone for 5 minutes, followed by two cycles of immersion in ultrapure 
water for 10 minutes each, utilizing an ultrasonic bath. These polished 
samples, designated as MP, were used as controls.

The MP samples were further subjected to a chemical treatment 
using a previously described standard and patented method [40]. In this 
procedure, the samples were immersed in hydrofluoric acid at room 
temperature, followed by thorough washing and treatment with 
hydrogen peroxide. The chemically treated specimens were labeled CT.

2.3. Surface functionalization

Before functionalization, the treated samples were exposed to UV 
irradiation for 1 hour to remove adventitious contaminants, physically 
adsorbed water, and activate the surface. A solution containing PBS and 
GN2-Npm9, at a concentration of 1 mg/ml, was prepared using mag
netic stirring for 5 minutes. The solution was subsequently filtered 
through a sterilized syringe (0.2 nano filter) to avoid bacterial 
contamination. After UV exposure, CT samples were carefully placed on 
a petri dish with a drop of 100 μL of solution on the sample surface, 
making sure that the solution covered the entire surface, and let them 
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dried in incubator at 37 ◦C.

2.4. Surface characterization

2.4.1. XPS
XPS spectra were collected using a monochromatic Al Kα X-ray 

source, with the system operating at a spot size of 100 nanometers. Both 
survey and high-resolution spectra were acquired to enable quantitative 
analysis of surface chemical composition and to determine the chemical 
states of Ti, Al, V, O, C, and N. The spectra were calibrated by refer
encing the C1s peak of hydrocarbons as an internal standard, set at a 
binding energy of 284.80 eV.

2.4.2. Confocal Microscopy
Advanced surface imaging of the functionalized samples was per

formed using a confocal microscope (Zeiss LSM900). This microscope is 
equipped with fluorescence filters, allowing for the detection and 
mapping of the auto-fluorescent peptoid present on the functionalized 
surfaces

2.4.3. Zeta Potential
The Litesizer 500 instrument was utilized to measure the zeta po

tential of the peptoid in an aqueous suspension. The analysis was carried 
out using two cuvettes, each equipped with electrodes to apply an 
electric field to the solution. A peptoid solution with a concentration of 
0.5 mg/mL was prepared, and the zeta potential was determined as a 
function of pH in a 0.001 M KCl electrolyte solution. To obtain the zeta 
potential profile, measurements were performed at pH values of 3, 5, 
6.7, 8, 9, 9.5, and 10. The starting pH was approximately 6.5 and was 
adjusted using either 0.05 M HCl or 0.05 M NaOH..

2.4.4. Release test
The stability of the peptoid adsorbed onto the CT surface was 

assessed through a time-dependent release test conducted in an aqueous 
medium. For this purpose, 3 CT_GN2-Npm9 samples were used, each 
immersed in 2 mL of water. The samples were positioned inside tubes 
with the treated surface facing upward, and the release of the peptoid 
was analyzed at specific intervals: 3 hours, 24 hours, 48 hours, 5 days, 
and 9 days. During the experiment, the tubes were maintained at a 
constant temperature of 37 ◦C. After each time interval, the sample was 
transferred to a new container with fresh water to continue the release 
process. The total release was determined by summing the concentra
tions recorded at each interval.

2.4.5. High Performance Liquid Chromatography coupled to mass 
spectrometry (HPLC-MS)

A stock solution of GN2-Npm9 peptoid was prepared in MilliQ water 
at a concentration of 2.0 mg/mL. This stock solution was then diluted in 
water to create a series of calibration standards covering 0.781 to 12.5 
µg/mL concentration range. Standard curve and release test samples, 
taken in triplicate, were filtered through 0.22 µm and analyzed without 
further processing. The HPLC conditions were set as follows: Reverse 

Phase Chromatography C18 Kinetex column with 100 × 2.1 mm di
mensions and 2.6 µm particle size (Phenomenex) was used. The mobile 
phase consisted of a Water and Acetonitrile mixture (90:10, v:v) with 0.1 
% Trifluoracetic acid (TFA) (solvent A), and Acetonitrile with 0.1 % TFA 
(solvent B). The system was equilibrated running solvent A, at 0.5 mL/ 
min, for 2 minutes. The gradient was set to 0 %-5 % B from 0 to 2.5 
minutes, 5 %-65 % B from 2.5 to 8.5 minutes, 65 %-100 % B from 8.5 to 
10 minutes, constant at 100 % B from 10 to 11 minutes, 100 %-0 % B 
from 11 to 12.5 minutes. The flow rate was set to 0.5 mL/min, the in
jection volume to 15 µL, and the column temperature to 40 ◦C. 
Reequilibration was performed at 0 % B for 3 minutes at 0.7 mL/min 
flow rate. Between every sample, a blank was run to ensure no residual 
signal from previous analysis. For the MS parameters, a Thermo LTQ 
mass spectrometer with electrospray ionization (ESI) in positive mode 
was used. The capillary temperature was set to 350 ◦C and the spray 
voltage to 2.2 kV. The sheath gas flow rate was adjusted to 35 arb and 
the auxiliary gas flow rate to 10 arb. The scan range was m/z 330-2000, 
with a resolution of 140.000 at m/z 330, an AGC target of 3e4, and a 
maximum injection time of 200 ms. Qualitative analysis was focused on 
the GN2-Npm9 ions MH+1 (1477.85 m/z), MH+2 (739.43 m/z), MH+3 
(493.29 m/z), and MH+4 (370.22 m/z), eluted between 4.5 and 5.5 
minutes. Sample detection aiming peak integration and quantification 
was made with a photo-diode array detector registering full UV-visible 
absorption spectra (200 to 800 nm). For that matter, chromatograms 
were generated by integrating the signal around 280 ± 2 nm, corre
sponding to the absorption of the four tryptamine residues of GN2- 
Npm9.

Obtained chromatograms were analyzed using the software Freestyle 
version 1.8 (Thermo Fisher Scientific) by integrating the UV abortption 
signal of all GN2-Npm9 for each different sample. The standard curve 
was used to determine the concentration of GN2-Npm9 peptoid in the 
samples, taken in triplicate, ensuring that the sample concentrations fell 
within the range of the calibration curve.

2.5. Biological evaluation

2.5.1. Oral plaque collection
Dental plaque samples from 3 patients with periodontitis were 

collected at the Dental Clinic of the Maggiore Hospital in Novara using a 
non-invasive and non-surgical procedure, following the patient’s 
informed consent according to the World Medical Association Declara
tion of Helsinki[41] The dental plaques were obtained by gently 
scraping the supra-gingival regions of premolars or molars with sterile 
Gracey curettes [42,43]. The collected samples were transferred under 
aseptic conditions to the Laboratory of Tissue Engineering and 
Biomedical Evaluation (INNOVATION Lab) at the University of Pie
monte Orientale, Novara, Italy. The plaques were immediately cultured 
in tubes containing 30 mL of cooked meat medium (CMM, Merck, 
Darmstadt, Germany) and incubated under anaerobic conditions (Baker 
Ruskinn Concept 400 Workstations) at 37 ◦C. The bacteria were used 
immediately after reaching the exponential growth phase to preserve 
the original bacterial population. The collected plaques were then 

Fig. 1. Chemical structures of the native peptide (left) and the corresponding peptoid GN2-Npm9 (right). The peptoid was rationally designed based on the native 
peptide backbone, with substitution of side chains via solid-phase submonomer synthesis to enhance stability and bioactivity.
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divided into two parts for different experiments: 1) Direct contact with 
the samples (MP, CT, and CT_GN2-Npm9) to evaluate biofilm formation 
of oral plaque on the samples’ surfaces (will be explained in Section 
2.4.2); 2) Filtration through a 0.22 µm filter to remove bacterial strains, 
followed by immersion of the samples in 1 mL of the filtrate and incu
bation for 24 hours. This step allowed the release of the peptoid 
GN2-Npm9 from the CT_ GN2-Npm9. The resulting filtrate included the 
released peptoids, was referred to as ‘conditioned supernatants’, and 
was used to evaluate the indirect effect of the peptoids against 
P. aeruginosa MMA68 (will be explained in Section 2.4.4).

2.5.2. Specimens’ infection and biofilm formation by oral microbiota
After 24 hours of cultivation in cooked meat broth and reaching the 

exponential phase, the plaque bacterial suspension was adjusted to a 
final concentration of 1 × 105 CFU (colony-forming unit)/mL (corre
sponding to an optical density of 0.001 at 600 nm using a spectropho
tometer) and used to directly infect the specimens by adding 300 µL for 
each disk. After 24 hours of incubation under anaerobic conditions, 
samples were rinsed with a sterile phosphate-buffered saline (PBS), to 
eliminate bacteria not genetically predisposed to biofilm formation. The 
metabolic activity of the surface-adhered bacteria (biofilm) was evalu
ated using the AlamarBlue colorimetric assay (ready-to-use solution, 
Thermo Fisher Scientific, Milan, Italy). Briefly, a solution of AlamarBlue 
reagent (0.0015 % in PBS) was added to each sample and incubated in 
the dark at 37 ◦C for 4 hours. Following incubation, 100 µL of metab
olized AlamarBlue reagent was transferred to a black 96-well plate, and 
fluorescence signals were measured using a spectrophotometer (Spark, 
Tecan Trading AG, Mannedorf, Switzerland) with an excitation wave
length of 530 nm and an emission wavelength of 590 nm. Results were 
reported as Relative Fluorescent Units (RFU). Additionally, the 
morphology of the surface-adhered bacteria and biofilm aggregates was 
visualized using Scanning Electron Microscopy (SEM, JSM-IT500, Jeol, 
Japan). Samples were fixed overnight with 2.5 % glutaraldehyde at 4 ◦C 
and dehydrated through an ethanol gradient (70 %, 90 % for 1 hour 
each, and 100 % for 2 hours). They were then air-dried with hexame
thyldisilazane, coated with a conductive gold layer using a smart coater 
(Jeol, Japan), mounted onto metal stubs, and observed by SEM.

In addition to measuring the metabolic activity of the surface- 
adhered bacteria and visualization of bacterial aggregates (biofilm) 
using SEM which demonstrated general changes in biofilm formation on 
the samples’ surfaces, proteomics analysis was applied to specifically 
determine which bacterial strains in the multi-species dental plague are 
vulnerable to the peptoid, GN2-Npm9. The following section explains 
the proteomics technique.

2.5.3. Proteomics analysis
The phyla and species colonizing the specimens’ surfaces were 

identified using proteomics, as previously described [42]. Briefly, pro
teins were extracted using a lysis buffer (8 M urea and Tris-HCl) and 
sonication (six cycles, 27 % amplitude, 10 seconds per cycle on ice). The 
protein concentration was assessed using Bradford reagent (Merck, 
Italy), ensuring 80 μg of protein per sample. Protein reduction was 
performed by adding 15 μL trifluoroethanol (TFE, 99 %) and 2.5 μL of 
dithiothreitol (200 mM), followed by incubation at 60 ◦C for 30 minutes. 
Proteins were then digested overnight at 37 ◦C with trypsin, supple
mented with 10 μL of iodoacetamide (IAM, 200 mM; Merck) for cysteine 
blocking. The digested samples were air-dried using a speed vacuum. 
Proteomics analysis was carried out using an Ultra-High-Performance 
Liquid Chromatography (UHPLC Vanquish system, from Thermo Sci
entific) coupled with an Orbitrap Q-Exactive Plus (Thermo Fisher Sci
entific). Peptides were separated on a reverse-phase column (Accucore 
RP-MS, 100 × 2.1 mm, 2.6 μm particle size) at 40 ◦C with a 0.2 
mL/min flow rate. Mass spectra were analyzed using Mascot v.2.4 
(Matrix Science Inc., Boston, USA) with a 10 ppm mass tolerance and a 
0.1 Da MS/MS tolerance. Peptide charge states of 2þ, 3þ, and 4þ were 
considered on monoisotopic mass. The Human Oral Microbiome 

Database V3 was applied for the analysis (false discovery rate = 1 %), 
and peptides were mapped to their respective taxa using the Unipept 
database.

2.5.4. Biofilm formation by Pseudomonas aeruginosa MMA83 in the 
conditioned supernatant

This experiment evaluated the potential of peptoids released from 
the CT_GN2-Npm9 samples to inhibit biofilm formation via QS 
quenching against a single-species bacterial strain. A multi-drug- 
resistant clinical isolate, Pseudomonas aeruginosa MMA83 (Military 
Medical Academy; Belgrade, Serbia) was selected for this study. The 
isolation process for this strain has been detailed in a previous publi
cation[44]. Generally, P. aeruginosa is a Gram-negative pathogenic 
bacterium with well-characterized QS systems at the genetic levels, 
which play a critical role in its pathogenicity, including biofilm forma
tion and antibiotic resistance[30] Since P. aeruginosa MMA83 was not 
directly in contact with the samples’ surfaces, this experiment was 
referred to as an ‘indirect assay’.

Before the experiment, a fresh subculture of P. aeruginosa MMA83 
was prepared by cultivating the strain in Muller-Hinton Broth (MHB, 
Bio-Rad Laboratories, France) and incubating it at 37 ◦C for 24 hours. 
Subsequently, 900 µL of the bacterial suspension, (1 × 105 CFU/mL) was 
added to the wells of a 24-well plate containing sterile coverslips. Then, 
100 µL of the ‘conditioned supernatants’ (explained in Section 2.4.1) 
was added to each well (supernatant: MHB ratio = 1:10). Bacterial cells 
cultivated on the coverslips without the addition of the ‘conditioned 
supernatant’ served as control samples and were labeled as ‘POLY’. After 
24 hours of incubation, biofilm formation on the coverslips was assessed 
using fluorescence microscopy (ZEISS Axioscope 5, Germany, 2000 ×
magnification). The coverslips were gently rinsed with PBS to remove 
planktonic bacterial cells, and the attached biofilm was stained using the 
LIVE/DEADTM BacLightTM Bacterial Viability Kits (Thermo Fisher Sci
entific, Milan, Italy). The fluorescence intensity of the obtained micro
graphs was analyzed using Fiji, an open-source distribution of the 
ImageJ software designed for biological image analysis (40 new). The 
images were converted to grayscale, and the fluorescence intensity was 
quantified by calculating the mean gray value, defined as the sum of the 
gray values of all pixels within the selected area divided by the total 
number of pixels.

In addition to counting the viable and attached bacterial cells on the 
coverslips, the QS-quenching effect of the released peptoids against 
P. aeruginosa MMA83 was analyzed using real-time quantitative poly
merase chain reaction (RT-qPCR).

2.5.6. RT-qPCR
Three major interconnected QS systems play critical roles in the 

pathogenicity of P. aeruginosa by regulating its virulence genes: the las 
system (responsible for producing enzymes such as elastases and pro
teases), the rhl system (which produces pyocyanin and other secondary 
metabolites), and the pgs system (involved in iron acquisition and 
oxidative stress response)[45,46]. These QS systems are highly inter
connected and do not function independently[47]. Table 1 provides a 
list of genes corresponding to these QS systems that were analyzed in 
this experiment.

RNA isolation from P. aeruginosa MMA83, which was exposed to the 
collected ‘conditioned supernatants’ from the samples (MP, CT, and 
CT_GN2-Npm9) and from POLY (bacteria cultivated without superna
tant as the control), was performed using the RNeasy Mini Kit (Qiagen, 
Germany) following the manufacturer’s instructions. The isolated RNA 
was purified from residual DNA using a DNA-freeTM DNA Removal Kit 
(Thermo Fisher Scientific, Milan, Italy). The concentration and purity of 
the isolated RNA were assessed using the BioSpec-nano instrument 
(Shimadzu, Kyoto, Japan). Following the manufacturer’s protocol, 
reverse transcription was performed using the RevertAid RT Reverse 
Transcription Kit (Thermo Fisher Scientific, Milan, Italy). The mixture 
for real-time quantification contained 2 × qPCR Universal Mix (Nippon 
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Genetics, Dueren, Germany), FastGene IC Green, appropriate primers, 
cDNA, and bidestilled water. The primers for the selected genes are 
detailed in Table 1. qRT-PCR analysis was conducted using the 7500 
Real-Time PCR System (Applied Biosystems, Waltham, MA, USA) under 
the following reaction conditions: initial denaturation at 95 ◦C for 2 
minutes, followed by 40 cycles of denaturation at 95 ◦C for 5 seconds 
and annealing/elongation at 60 ◦C for 32 seconds. The rpsL gene was 
used as an endogenous control to normalize the obtained data using the 
2− ΔΔCt method [48]. Changes in the relative mRNA levels of the 
analyzing genes were determined compared to POLY as the control 
sample. All analyses were performed in triplicate and repeated three 
times.

2.6. Statistical analysis of data

For antimicrobial tests, 10 samples of each type were analyzed. 
Statistical analysis was conducted using SPSS software (v.20.0, IBM, 
USA). The normality and homogeneity of variance were confirmed using 
Shapiro-Wilk’s and Levene’s tests, respectively. Differences between 
groups were analyzed using the one-way ANOVA, followed by Tukey’s 
post-hoc test. Statistical significance was set at p-value < 0.05 and is 
indicated by an asterisk (*).

3. Results and discussion

3.1. Surface characterizations

3.1.1. XPS
To understand the chemical modifications induced by the function

alization process, XPS analyses were performed to evaluate the surface 
composition of the specimens. This characterization is essential to 
confirm the presence and nature of the peptoid layer on the titanium 
substrate and to assess the chemical environment of key elements.

Table 2 illustrates the surface composition of the specimens, denoted 

by the atomic percentage of the elements. A notable concentration of 
oxygen was detected in the CT sample, indicative of an oxide layer 
formation on its surface during the chemical pre-treatment. Further
more, a considerable reduction in titanium content in CT_GN2-Npm9 
corroborated the existence of a functionalized layer atop the sample, 
limiting the beam penetration into the titanium substrate. Carbon on the 
CT sample was due to unavoidable atmospheric contamination. 
Conversely, a doubled amount of carbon in the functionalized sample, in 
contrast to the CT sample, was attributable to the organic peptoid pre
sent on the surface. Accordingly, the nitrogen percentage experienced a 
notable augmentation in the functionalized sample due to the afore
mentioned organic peptoid. Instead, the nitrogen percentage on the 
surface of the CT sample, primarily resulting from adventitious con
taminations, was exceedingly low and hence negligible.

High-resolution spectra were acquired for carbon and oxygen in each 
sample; nitrogen’s high-resolution spectra were exclusively obtained for 
the functionalized sample, given the negligible atomic percentage of 
nitrogen in the CT sample. In the carbon region (Fig. 2a), a predominant 
peak at 284.8 eV is discernible, attributed to C-C and C-H bonds, which 
was due to incidental carbon contamination on CT [51]. These chemical 
bonds are also evident in CT_GN2-Npm9, ascribed to the peptoid chain 
adhering to the surface. On CT, contributions at 286 eV and 289 eV can 
respectively be assigned to the C-O-C bond and carbonates [52]. A peak 
associated with carbonates in the CT specimen may be attributed to 
impurities. In the carbon spectrum of the CT_GN2-Npm9 specimen, the 
principal peak at around 284,8 is linked exclusively to carbon atoms 
bonded to other carbon or hydrogen atoms, identifiable within the 
peptoid skeleton. The peak at 286.2 eV corresponds to sp2 carbon bound 
to nitrogen, =C-NH, which is located within the aromatic ring of 
tryptophan-like residues. The peaks at 286.7 eV and 288 eV are attrib
uted to carbon in the N-C-COOH bonds, which are found in the peptoid 
structure (Fig. 2c) and the double bond of the carboxylic group, 
respectively. The spectrum also shows a π-π* satellite at 292.7 eV, 
indicating the presence of aromatic rings and sp2 carbon, consistent 
with the chemical structure of tryptophan-like residues [53].

Regarding the oxygen spectrum, on CT, the peak corresponding to 
acid OH (approximately 530.7 eV) exhibited greater prominence 
compared with the basic OH (approximately 531.6 eV). This result 
confirmed the distinctive signal exhibited by CT samples, characterized 
by acidic OH groups present on the surface after the chemical pre- 
treatment [38]. Additionally, the peak at approximately 533 eV corre
sponds to physisorbed water [54]. The oxygen region of the spectrum of 
the CT_GN2-Npm9 sample was analyzed with three components. The 
peak at approximately 531.7 eV corresponds to the doubly bonded ox
ygen in the carboxyl group (O=C), while the peaks at 530.4 eV and 
530.7 eV can be ascribed, respectively, to Ti-O and Ti-OH acid [55]. The 
signal associated with the Ti-O bond decreased in concordance with the 
presence of a functionalized layer. Additionally, the negligible presence 
of the peak attributed to the C-O bond in CT_GN2-Npm9 agreed with the 
absence of this bond in the peptoid’s skeletal structure. The 
high-resolution nitrogen spectrum exhibits two discernible peaks, as 
illustrated in Fig. 2b. In the context of peptoids, the initial peak, char
acterized by a lower binding energy of approximately 400 eV, is 
attributed to primary amines (nitrogen within the C-NH2 group). 
Conversely, the subsequent peak, observed at 401.5 eV, corresponds to 
secondary amines (C-NH)[53,55].(Fig. 2c). The peak around 401.8 eV 
was attributed to NH4

+ groups. This peak indicates the presence of an 
electrostatic interaction between the surface and the peptoid [55,56].

Overall, these results confirm the successful functionalization of the 
titanium surface with the GN2-Npm9 peptoid. The changes in elemental 
composition and chemical bonding demonstrate the presence of an 
organic layer, which is expected to influence the surface properties and 
biological interactions of the material.

3.1.2. Confocal microscopy
Unequivocally, fluorescence microscopy revealed the consistent 

Table 1 
List of the primers used in this work.

Gene Primer 
name

Sequence (5′-3′) Length 
(bp)

Source

lasI lasI_Fw GCGTGCTCAAGTGTTCAAGG 125 [49]
lasI_Rev GGGCTTCAGGAGTATCTTCCTGG

lasR lasR_Fw CTGTGGATGCTCAAGGACTAC 133 [49]
lasR_Rev AACTGGTCTTGCCGATGG

rhlI rhlI_Fw CCATCCGCAAACCCGCTACATC 151 [49]
rhlI_Rev CTCCCAGACCGACGGATCGCTCGGC

rhlR rhlR_Fw GGGCGTGTTCGCCGTCCTGG 143 [49]
rhlR_Rev GGTATCGCTCCAGCCAGGCCTTG

pqsA pqs_Fw GACCGGCTGTATTCGATTC 74 [49]
pqs_Rev GCTGAACCAGGGAAAGAAC

mvfR mvfR_Fw GTCGGGACGGCTACAAGGTCG 121 [50]
mvfR_Rev GATTGCGCGGACCCTTGTTGAG

pqsH pqsH_Fw AGGCGAACGAGGGTATTCCT 149 [43]
pqsH_Rev TCAGTGGGAATCGCCCTG

lasB lasB_Fw CGCAGCGTGGAGAACGCCTA 183 [43]
lasB_Rev GTCGGAGAACGCTTCGTTCA

phzM phzM_Fw CCGCGACATGGTGCTGTTCTA 170 [43]
phzM_Rev TTCATCGCCAGCAGGAAGCG

rhlC rhlC_Fw TTCCTGCCGGCCATCCATCTCG 139 [43]
rhlC_Rev AAGTGGCCGAGGCGCTGGTAG

rpsL rpsL_Fw GCAACTATCAACCAGCTGGTG 231 [49]
rpsL_Rev GCTGTGCTCTTGCAGGTTGTG

Table 2 
Atomic percentage of the elements detected on the surface of the samples CT and 
CT_GN2-Npm9.

O[%] C[%] Ti[%] N[%]

CT 55.4 26 14.8 3.8
CT_GN2-Npm9 30.8 51.5 8.2 9.4
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presence of red fluorescence spots distributed across CT_GN2-Npm9, 
providing compelling evidence of successful functionalization with the 
bioactive peptoid. In contrast, CT displayed no detectable fluorescence, 

except for certain straight lines attributed to imperfect specimen 
polishing.

As depicted in Fig. 3, the presence of some aggregates signifies a lack 

Fig. 2. High-Resolution spectra of a) Carbon, b) Oxygen, c) GN2-Npm9 structure and Nitrogen for CT_GN2-Npm9.

Fig. 3. Fluorescence microscopy images of CT and CT_GN2Npm9.
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of uniform distribution of the peptoid on CT_GN2-Npm9. It agrees with 
the zeta potential titration curve of the functionalized specimen made in 
a previous work, which showed that the surface of the sample was not 
completely covered by the peptoid [39]

3.1.3. Zeta potential
The zeta potential titration curve of the GN2-Npm9 peptoid sus

pension exhibited distinctive features (Fig. 4). At acidic pH values, it 
showed a high positive zeta potential, which gradually decreased as the 
pH increased, although it remained positive across the entire pH range 
analyzed. The isoelectric point (IEP) was observed at approximately pH 
9.5. This persistent positive charge was attributed to the presence of 
lysine residues, which carry a stable positive charge, while other com
ponents, such as the hydrophobic and apolar tryptophan-like residues, 
had minimal impact on the zeta potential.

The behavior of the zeta potential curve can be explained by exam
ining the chemical structure and composition of the analogous peptide. 
Lysine residues, which are the positively charged elements of the pep
tide, have an IEP of 9.7, with pKa values of 2.2 for the alpha carboxylic 
group, 8.9 for the ammonium group, and 10.5 for the side chain [57]. In 
contrast, the other peptide component displays an IEP of 5.9, with pKa 
values of 2.5 for the alpha carboxylic group and 9.4 for the ammonium 
group. Additionally, the tryptophan-like residue is characterized by a 
hydrophobic and apolar side chain.

The combination of lysine and tryptophan-like residues in the for
mation of polypeptides results in an expected isoelectric point around 
pH 10. As the peptide chain lengthens, this IEP is anticipated to shift to 
higher values. This shift occurs independently of side chain rearrange
ment, as the incorporation of additional peptide units reduces the 
availability of carboxylic groups for deprotonation through peptide 
bonding. Concurrently, the number of lysine side chains increases, 
remaining fully available for protonation, thereby maintaining the 
observed zeta potential characteristics. For each pH value, three inde
pendent measurements were performed, and the standard deviation was 
reported to ensure statistical reliability.

3.1.4. HPLC
Fig. 5 shows the results of the release test of the peptoid in water. As 

can be observed, the release increased steadily and controllably, with an 
initial release after 3 hours.

This trend appears to be very interesting for the antibacterial action 
of the peptide. The link between the release of an antibacterial agent and 
its antibacterial capacity lies in the kinetics of release and the effective 
concentration of the antibacterial agent in the surrounding environ
ment. Essentially, the antibacterial capacity of a compound depends on 

its ability to be released effectively and maintain a sufficiently high 
concentration to counteract bacterial growth and proliferation. 
Controlled and consistent release can promote greater antibacterial ef
ficacy over time, whereas insufficient release may fail to maintain an 
adequate concentration to exert a significant effect on bacteria [58].

Unfortunately, it was not possible to quantify the amount of peptoid 
originally grafted and retained by the metal surface after the release test 
by a direct and validated method at this stage of the research. A further 
investigation will be performed to clarify if the remaining amount is still 
suitable to prevent antimicrobial activity at the different steps of the 
release. What we can assess is that chemisorption was able to overcome 
the limit of 24-48 h for the release of antibacterial agents, which is 
usually reported for physisorption.

3.2. Biological characterization

3.2.1. In situ oral plaque prevention
As reported in the authors’ previous publication,[39] CT doped with 

the synthesized peptoid, GN2-Npm9, (CT_GN2-Npm9) provided a cyto
compatible surface for human bone marrow mesenchymal stem cells 
(hMSC) to attach and spread without showing any toxicity when 
compared to untreated CT and Ti64 (control samples). However, a sig
nificant reduction in the metabolic activity and the viability of both 
Gram-positive (Staphylococcus epidermidis) and Gram-negative (Escher
ichia coli) bacterial strains was observed on the CT_GN2-Npm9 relative 
to CT and Ti64[39].This study aimed to broaden the application of the 
peptoid GN2-Npm9 by investigating its impact on the biofilm formation 
of both single-strain and multi-species bacteria, specifically by disrupt
ing intracellular communication or QS systems.

This experiment is a more clinically relevant approach, in which a 
multi-species bacterial community was obtained from the oral plaque of 
patients suffering from periodontitis.

As demonstrated by Abusleme et al.[59] by the 16s sequencing, such 
conditions lead to a defined microbiota that is different from physio
logical and mild-pathological conditions (gingivitis) due to the relevant 
percentage of pathogenic species over commensal ones. Firstly, we 
directly infected the surface of the control (MP), microtopography (CT) 
and microtopography-doped with peptoid (CT_GN2-Nmp9) specimens 
in order to verify if the presence of the peptoid was effective in reducing 
the colonization of the plaque (schematized in Fig. 6a). As reported in 
Fig. 6b, the metabolic activity of the plaque cultivated onto the control 
MP was significantly higher in comparison to both CT and 

Fig. 4. Zeta potential titration curve of GN2-Npm9 in PBS solution. The peptoid 
shows a high positive zeta potential at acidic pH, which gradually decreases 
with increasing pH but remains positive across the entire explored range. The 
isoelectric point is observed above pH 9.5, reflecting the stable positive charge 
from lysine residues.

Fig. 5. Release test of peptoid in PBS, concentration measured through HPLC- 
MS over time. 
Area under the curve was used to determine the release concentration using 
Reverse Phase Chromatography(C18 Kinetex, 100 × 2.1 mm x 2.6 µm (Phe
nomenex). The samples were run on a 5-65 % b gradient with water /aceto
nitrile mobile phase (90:10, v:v) with 0.1 % Trifluoracetic acid (TFA) (solvent 
A), and Acetonitrile with 0.1 % TFA (solvent B) for 12.5 minutes, flow rate 0.5 
ml/min.
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CT_GN2-Npm9 ones (p<0.05, indicated by #). Moreover, a further sig
nificant difference was observed by comparing the CT and the 
CT_GN2-Npm9 specimens to each other (p<0.05, indicated by §), thus 
confirming the bioactivity of the peptoid. As previously reported by the 
Authors [60,61], the presence of the CT surface treatment represents a 
first “physical” obstacle for bacteria due to the evidence that the 
microstructure reduces the anchorage points in the early adhesion 
phase, as well as the needle-like structures cause bacterial death due to 
irreversible membranes’ damages. This explains the statistically signif
icant difference between the MP control and the CT samples. The further 
doping with the peptoid introduced a second bioactive antibacterial 
agent that can efficiently bind bacterial membranes in a broad-spectrum 
manner (both Gram positive and Gram negative), causing irreversible 
damage [62]. The viability of the plaque bacteria on CT specimens was 
reduced by about 30 % on the MP specimens and by about 61 % on the 
CT_GN2-Nmp9 specimens, as summarized in Fig. 6c. Then, SEM imaging 
was used to confirm the metabolic results; images are reported in 
Fig. 6d. A dense layer of bacteria, aggregated into biofilm-like 3D 
structures, was visible on the MP control surfaces. A significative 

reduction of the surface colonization degree was noticed on CT (the few 
aggregates are highlighted by the red box). Differently, only a few single 
colonies were noticed on CT_GN2-Nmp9 specimens (highlighted by the 
red box) and no biofilm-like were found colonizing these surfaces.

To the best of our knowledge, this work is the first to report the 
potential of CT_GN2-Nmp9 in preventing bacterial colonization onto 
implantable metallic surfaces. Therefore, a detailed investigation of the 
surface doping effect on bacterial phyla and species was conducted using 
the proteomics technique to verify the peptoids’ specific action. A 
comparison between the CT and the CT_GN2-Nmp9 samples was applied 
to focus on the peptoid’s activity. Results are reported in Fig. 6e and f. 
Interestingly, a clear shift in the bacterial population was observed, 
suggesting that the peptoid may have a specific activity beyond its 
previously demonstrated killing effect. When phyla were investigated, 
the presence of the peptoid reduced Fusobacteria by >50 % (from 8.4 to 
4 %) and almost eradicated the Bacteroidetes (from 1,20 to 0,1 %). This 
is a very promising finding as the Fusobacteria phylum includes oral- 
relevant pathogens such as Fusobacterium nucleatum which is respon
sible for oral infections, gastrointestinal disorders, and other severe 

Fig. 6. Peptoid’s antibacterial activity using oral plaque from periodontitis. (a) the metabolic activity of plaque bacteria was significantly reduced by the peptoid 
(CT_GN2-Nmp9) over both CT and MP controls (p < 0.05, indicated by # and §, respectively), (b) thus decreasing the viability of >60 % in comparison to MP 
controls. (d) SEM images confirmed the presence of biofilm-like aggregates onto MP and CT specimens (in the red box), while the deposition of single colonies onto 
CT_GN2-Nmp9 specimens. Finally, proteomics revealed the ability of the peptoid to almost eradicate the Fusobacteria phylum (e) and of the Fusobacterium 
nucleatum specie (f) in comparison to the CT ones. Bars represent means dev.st., replicates n = 6.
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conditions[63]. As a confirmation, the proteomic analysis of the bacte
rial species (Fig. 6f) confirmed that the Fusobacterium nucleatum was 
almost completely eradicated (<0,1 %, indicated by the red arrow) by 
the presence of the peptoid, while it was still present in the CT samples 
(about 4 %).

Even though further experiments in more relevant conditions (such 
as saliva pre-treatment) must be conducted, it can be hypothesized that 
CT_GN2-Nmp9 specimens represent a promising candidate for bio
functional coating for implantable metallic materials aimed at dentistry 
applications.

3.2.2. Indirect effect towards P. aeruginosa Biofilm formation
After demonstrating the ability of the grafted peptoid to prevent the 

in-situ formation of biofilm from a multi-species oral plaque microbiota 
isolate, this study moved to evaluate in detail the effect of the peptoid 
GN2-Npm9 on QS quenching against a bacterial strain. Communication 
in multi-species bacteria (oral plaque) is much more elaborated than in a 
single bacterial strain because some strains of bacteria can produce 
autoinducers that affect other species. Additionally, distinguishing the 
different QS systems in multi-species bacteria was too complicated [64]. 
As a model single strain, P. aeruginosa MMA83–a clinical, 
multi-drug-resistant bacterium isolated from a patient–was chosen due 
to its well-characterized QS systems and main concerns in 
nosocomial-related disease,[65].

To evaluate the indirect effect of the GN2-Npm9 released from 
CT_GN2-Npm9 on bacterial biofilm formation, the ‘conditioned super
natants’ were collected after 24 hours of contact with the samples (MP, 
CT, CT_GN2-Npm9, and POLY; as explained in Section 2.4.1). These 
supernatants were diluted at a ratio of 1:10 with MHB culture medium 
and used to cultivate P. aeruginosa MMA83 (Fig. 7a). Fluorescence mi
croscopy was employed to evaluate the biofilm formation, using the 
LIVE/DEAD fluorescent dye to stain bacteria. The results showed a 
pronounced effect of the supernatant from the CT_GN2-Npm9 sample on 
P. aeruginosa MMA83 biofilm formation compared to the MP, CT, and 
POLY (Fig. 7b). The fluorescent images indicated that only a sporadic 
number of viable bacteria attached to the coverslips were exposed to the 
supernatant containing released GN2-Npm9 from the CT_GN2-Npm9. In 
contrast, a thick biofilm layer was evident on the coverslips exposed to 
the supernatant from MP, CT, and POLY samples. This biofilm layer, 

characterized by a high intensity of green fluorescence indicating viable 
bacteria, highlighted the limited impact of these control supernatants on 
biofilm formation (Fig. 7b). Quantitative analysis of fluorescence in
tensity indicated the following values: MP (43.86 ± 0.06), CT (38.53 ±
0.06), Ti6Al4V (19.10 ± 1.52), POLY (29.19 ± 1.45), and CT_GN2- 
Nmp9 (13.61 ± 3.06). Compared to the control, the CT_GN2-Nmp9- 
conditioned medium led to an approximately 69 % reduction in fluo
rescence intensity, further confirming its inhibitory effect. Unlike the 
dense biofilm-like aggregates observed in the controls, the CT_GN2- 
Nmp9-conditioned medium yielded mostly single, randomly distrib
uted bacterial colonies. Thereby disrupting biofilm aggregation. These 
findings underscore the dual anti-biofilm potential of the grafted pep
toid: direct inhibition of biofilm formation on modified surfaces and 
indirect suppression of biofilm-promoting factors released by 
P. aeruginosa. The strong inhibitory effects demonstrated by fluores
cence intensity measurements highlight the clinical potential of 
CT_GN2-Nmp9 in mitigating biofilm-associated infections.

To investigate the mechanism by which P. aeruginosa biofilm 
development was significantly inhibited by the supernatants from the 
CT_GN2-Npm9, the expression of key QS system genes (las, rhl, and pqs) 
was assessed using qRT-PCR. Table 1 presents a comprehensive list of 
the genes analyzed in this study. These three QS systems are highly 
interconnected and one system can regulate the other systems; for 
instance, the las system regulates both rhl and pqs, while the pqs system 
is linked to rhl[66]. The genes lasI, rhlI, and pqsA encode autoinducer 
molecules in the respective las, rhl, and pqs systems. These autoinducers 
transfer through the bacterial membrane and bind to receptor molecules 
(lasR, rhlR, and mvfR). The resulting complexes act as transcriptional 
regulators of downstream genes, such as pqsH (enhances the production 
of autoinducers in the pqs system), lasB (increases elastase production), 
phzM (regulates pyocyanin modifying genes), rhlC (encodes rhamno
syltransferase involved in di-rhamnolipid production), rpsL (improve 
streptomycin resistance) [67–71].

Fig. 8 presents the indirect effect of GN2-Npm9 released from 
CT_GN2-Npm9 on the expression of autoinducers and receptor mole
cules in the three QS systems. The data revealed that the rhl and pqs 
systems are more susceptible to the peptoid than the las system. A sta
tistically significant reduction (p < 0.05 indicated by *) in mRNA 
expression of rhlI (25 %) and rhlR (35 %) was observed in the 

Fig. 7. The effect of supernatant of different Ti-based surfaces (MP, CT_GN2-Npm9, CT) and POLY on biofilm formation of multidrug-resistant clinical isolate P. 
aeruginosa MMA83. (a) schematic explanation of collecting the ‘conditioned supernatants’; (b) fluorescence micrographs of the MMA83 biofilm (2000 ×
magnification).
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supernatants from CT_GN2-Npm9 in comparison to the MMA83 (con
trol), CT, and POLY samples. A more pronounced suppression for the pqs 
system was detected, with reductions in mRNA levels of 45 % (pqsA), 
>97 % (pqsH), and 55 % (mvfR). These changes were statistically sig
nificant at p < 0.01 (indicated by **). Interestingly, the reduction in 
gene expression for pqs system, particularly pqsH, occurred across all 
collected supernatants, independent of the presence of the peptoid- 
grafted surfaces. This suggests an additional, non-specific influence on 
the pqs system that warrants further investigation (Fig. 8).

Then, the effect of the collected supernatants on the expression of 
functional genes regulating the behavior of P. aeruginosa MMA83 was 
evaluated by measuring the mRNA levels of phzM, rhlC, and lasB genes 
(Fig. 9). The lasB gene, which regulates elastase synthesis–a critical 
factor for biofilm maturation [72]– showed a significant reduction in 
expression of the lasB gene by 40 % when exposed to the supernatants 
from CT_GN2-Npm9. CT and POLY supernatants caused reductions of 40 
and 30 % in the relative mRNA levels of lasB gene, respectively. In 
contrast, the MP supernatant exhibited no detectable reduction in lasB 
expression. No statistically significant reduction in the relative mRNA 
levels of phzM (regulates pyocyanin modifying genes), rhlC (encodes 
rhamnosyltransferase involved in di-rhamnolipid production) was 
observed in any of the supernatant-treated samples (Fig. 9).

Notably, the observed reduction in lasB elastase gene expression in 
the CT_GN2-Npm9 supernatant-treated MMA83 cannot be solely 
attributed to a reduction in QS, because RT-qPCR results did not 
demonstrate downregulation of the las system gene expression, which is 
a principal regulator of lasB gene expression [72]. However, it is 
important to acknowledge that lasB expression is not regulated solely by 
the las system. The rhl and pqs systems also play significant roles in their 
regulation [73]. This finding highlights the complex interplay between 

QS systems in controlling gene expression related to biofilm formation 
and virulence in P. aeruginosa.

The release profile of the peptoid by CT_GN2-Npm9, as shown in 
Fig. 5, is characterized by a rapid and sustained release starting from the 
early timepoints. This continuous elution from the surface over time 
plausibly contributes to the observed anti-quorum sensing and anti
biofilm effects. The released peptoid, when used to condition the culture 
medium for 24 hours of P. aeruginosa incubation, exhibited remarkable 
inhibitory effects on biofilm formation, and Fig. 10 shows a schematic 
representation of the proposed mechanism of GN2-Npm9-mediated QS 
inhibition. The hypothetical mechanism is that peptoid, GN2-Npm9, 
downregulates the genes encoding autoinducers and their receptors 
(mvfR, pqsH, pqsA, rhlR, and rhlI) in P. aeruginosa, which in turn leads to 
decreased expression of the elastase gene (lasB), a key contributor to 
biofilm formation in this strain These findings align with previously 
reported data [74,75].

Considering the poor penetration of antibiotics into biofilms and the 
easy spread of antimicrobial resistance genes between bacteria within 
the biofilm [76], preventing biofilm formation may increase the sus
ceptibility of P. aeruginosa to antibiotics or phages. These results indicate 
that peptoids could be promising agents to prevent bacterial coloniza
tion of medical implants and impair the quorum sensing signaling 
network of pathogenic bacteria.

Furthermore, it has to be kept in mind that the QS signaling network 
of P. aeruginosa operates within a complex, multilayered hierarchy that 
includes interconnected signaling mechanisms that control gene 
expression in intricate ways, the full regulation of which is still unknown 
[77]. Few studies have explored the ability of peptoids to mimic auto
inducers and disrupt QS systems in bacteria[27]. For instance, McBrayer 
et al., (2022) reported that a hybrid peptoid-protein analog gelatinase 

Fig. 8. The effect of the ‘conditioned supernatants’ collected from different Ti-based surfaces (MP, CT_GN2-Npm9, CT) and POLY on relative mRNA level of genes 
encoding autoinducer molecules and receptors in the three QS systems (las, rhl, and pqs) of P. aeruginosa MMA83. *p < 0.05, **p < 0.01, ***p < 0.001.

Fig. 9. The effect of ‘conditioned supernatants’ collected from different Ti-based surfaces (MP, CT_GN2-Npm9, CT) and POLY on relative mRNA level of functional 
genes of P. aeruginosa MMA83 which regulate bacterial phenotype. **p < 0.01.
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biosynthesis activating pheromone (GBAP), could interfere with the 
Fsr-mediated QS system in Enterococcus faecalis. The Fsr system regu
lates genes related to virulence factors and biofilm formation [78]. 
Several studies have proposed that certain linear and cyclic peptido
mimetics can interfere with QS by mimicking native autoinducing 
peptides (AIPs) and competitively inhibiting their receptors [27,79,80]. 
It was shown that linear peptide-peptoid hybrids can modulate the 
expression of agr-regulated virulence factors in Staphylococcus aureus. 
It is hypothesized that these peptide-peptoid hybrids adopt conforma
tions that mimic AIP-I, thereby interfering with receptor binding and 
subsequent signal transduction (Karathanasi et al., 2018). Additionally, 
other studies have shown that synthetic peptides containing aromatic 
residues such as tryptophan can significantly inhibit QS-regulated 
virulence factors in P. aeruginosa. For example, in the work published 
by Shang and coworkers [81].Trp-containing peptides suppressed the 
expression of genes controlled by both the las and rhl QS systems in a 
dose-dependent manner. Another study further supports the notion that 
synthetic peptides, such as LIVRRK and LIVRHK, can act as potent QS 
inhibitors, significantly reducing virulence factor production in 
P. aeruginosa without necessarily exerting bactericidal effects[82]. 
Taken together, these findings suggest that amphipathic peptoid may 
exert dual activity: disrupting membrane integrity at higher concen
trations, while at sub-inhibitory concentrations, mimicking native QS 
signals to interfere with QS receptor-ligand interactions.

In addition, it is important to note that the interaction of dental 
plaque bacteria incubated with the samples could have a different 
interaction with P. aeruginosa MMA83 that affects quorum sensing and 
virulence factor expression in MMA83. However, the exact mechanisms 
underlying this interaction are not yet known and require further 
investigation. Nonetheless, it is evident that the functionalization of 
chemically pre-treated (rough) titanium alloy with peptoids, owing to 
their anti-quorum sensing and anti-biofilm properties, stands out as the 
most auspicious strategy for advancing the design of innovative medical 
devices when compared to alternative materials.

We can state that this study introduces a significant advancement in 
the field of surface and interface science by demonstrating the successful 
functionalization of a chemically treated titanium alloy (CT) with a 
synthetic peptoid (GN2-Npm9) that confers dual antibacterial proper
ties. The chemisorption mechanism was effective and allowed for a 
sustained release across several days. This can be explained by the high 
density of -OH functional groups with a strong acidic reactivity on the 
treated titanium surface and a positive charge on the peptoid. Unlike 
previous approaches that focus solely on bactericidal effects at the sur
face, this work provides evidence of both direct inhibition of bacterial 
colonization on the material surface and indirect disruption of quorum 

sensing mechanisms, which are essential for coordinated biofilm 
development. Proteomics analysis of oral microbiota provided a strain- 
specific insight into anti-biofilm efficacy in a clinically relevant model.

However, some limitations must be acknowledged. An analytical 
method suitable to quantify the amount of grafted peptoid on the surface 
must be developed. The study was performed in vitro, and while it used 
clinically relevant samples (oral plaque from periodontitis patients), in 
vivo validation remains necessary to confirm biocompatibility and long- 
term efficacy in a dynamic physiological environment. Additionally, 
while the quorum sensing interference was clearly demonstrated in 
P. aeruginosa, the exact molecular mechanism behind peptoid-mediated 
quorum quenching remains to be fully elucidated. Further investigations 
should also explore the response of commensal bacterial species to the 
functionalized surfaces to ensure microbiome balance is maintained.

4. Conclusions

This study successfully demonstrates the effectiveness of the syn
thetic peptoid GN2-Npm9 in enhancing the antibacterial properties of 
chemically treated titanium surfaces (CT_GN2-Npm9). The peptoid was 
effectively adsorbed onto titanium surfaces through electrostatic 
attraction, confirmed by zeta potential titration curves, XPS analysis, 
and fluorescence microscopy. The controlled release of GN2-Npm9 over 
at least nine days underscores its potential for sustained antimicrobial 
action. The peptoid’s effect on the biofilm formation of multi-species 
bacterial strains was evaluated on the clinical dental plaque that was 
directly infected on the samples’ surfaces. In addition to performing 
common analysis, such as the metabolic activity assessment of the 
surface-adhered bacteria and visualization of bacterial aggregates on 
surfaces, the proteomics technique was applied to determine which 
bacterial strains were more vulnerable to the GN2-Npm9. The results 
demonstrated a significant reduction in the metabolic activity and 
bacterial viability of surface-adhered bacteria on the surface of CT_GN2- 
Npm9 samples which was confirmed through visualization by SEM. 
Proteomics analysis showed a noticeable reduction in the phylum of 
Fusobacteria, particularly Fusobacterium nucleatum with > 99 % bio
film formation inhibition, on the CT_GN2-Npm9 samples.

For verification of the QS quenching effect of the peptoids, P. aeru
ginosa MMA83 was selected as a well-studied bacterial model for QS 
systems and their impacts on bacterial pathogenesis. The release of GN2- 
Npm9 during the initial 24 hours was the principle of the experiment of 
biofilm formation inhibition and QS interruption against the P. aerugi
nosa MMA83. The fluorescent staining of bacterial aggregations on the 
coverslip glasses in exposure to the collected supernatant from MP, CT, 
CT_GN2-Npm9, and POLY showed a noticeable reduction in adherence 

Fig. 10. Schematic representation of the proposed mechanisms of the released peptoid, GN2-Npm9, on the QS inhibition and as a result reduction in P. aeruginosa 
biofilm formation on the coverslip surfaces. Green arrows show the normal procedure of QS, and red block arrows demonstrate the effect of peptoid on the QS system.
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of bacteria in the presence of the peptoid released from CT_GN2-Npm9. 
The qRT-PCR results revealed a significant reduction in the mRNA level 
of autoinducers, particularly in rhl (rhlI and rhlR) and pqs (pqsA, pqsH, 
and mvfR) systems, as a result demonstrating a significant reduction in 
the expression (mRNA level) of lasB gene which plays an important role 
in biofilm formation in P. aeruginosa.

This study is among very few numbers of literature focusing on the 
impact of peptoids on the QS systems in bacterial strains and for the first 
time chemically treated titanium (CT) doped with the peptoid utilized 
for biofilm formation inhibition of multi-species oral plaque sample. 
This work is valuable for future research concerning the reduction in 
biofilm formation on the implants’ surfaces with interruption of inter- 
and intra-species communications.

These findings demonstrate how a rationally designed synthetic 
peptoid can be integrated onto a clinically relevant titanium surface, not 
only to reduce microbial colonization but also to modulate bacterial 
communication pathways. Furthermore, the application of comple
mentary surface analyses, combined with proteomic and gene expres
sion studies, provided a detailed mechanistic understanding of the 
material–biofilm interface.
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