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Abstract

Graphene oxide (GO)-silver nanoparticle (AgNP) nanocomposites are widely stud-
ied for their antimicrobial synergy. In this study, the antibacterial activity of GO—
AgNP nanocomposites prepared with poly(diallyldimethylammonium chloride)
(PDDA) as a stabilizing linker was investigated. The composites were character-
ized by UV—Vis spectroscopy, FTIR, zeta potential analysis, XRD, TGA, and MP-
AES. GO-PDDA—-AgNPs exhibited a strong surface plasmon resonance band at
~420 nm, new C-H stretching bands at 2865-3012 cm™ from PDDA, and a high
positive zeta potential (+57.5 mV) compared to bare GO (—40 mV), confirming
successful functionalization and improved colloidal stability. Antibacterial activity
was evaluated against E. coli and S. aureus using disk diffusion assays, growth
curves, and MIC determination. GO and AgNPs alone showed no inhibition at
concentrations up to 20 pug/mL, whereas PDDA alone produced inhibition zones
of 6-11.5 mm against S. aureus (2.5-100 pg/mL) and induced selective bacterial
aggregation. The minimum inhibitory concentration (MIC) of PDDA was between
6.25 and 12.5 pg/mL for S. aureus and between 25 and 50 pg/mL for E. coli,
indicating greater potency toward Gram-positive bacteria. The GO-PDDA-AgNP
composite inhibited S. aureus with zones of 8.5-10 mm at 10-20 pg/mL, while no
significant inhibition was observed for E. coli at the tested concentrations. Molecu-
lar docking simulations examining interactions between PDDA and quorum-sensing
regulatory proteins AgrA in S. aureus and LsrR in E. coli predicted higher binding
affinity to AgrA (=5.11 kcal/mol) than LsrR (=3.76 kcal/mol). While in vitro assays
using a Chromobacterium violaceum CV026 biosensor showed no inhibition of
AHL-mediated signalling, it should be noted that this model differs mechanisti-
cally from the Gram-positive agr system, leaving the predicted AgrA interaction as
a potential target for future investigation. Ultimately, this study demonstrated that
PDDA is the primary antibacterial component of the GO-PDDA-AgNP compos-
ite, exhibiting potent activity against Gram-positive bacteria through a mechanism
involving selective bacterial aggregation.
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Introduction

Advances in nanotechnology, particularly the ability to engineer nanomaterials with
specific sizes and shapes, hold promise for the development of novel antibacterial
agents. Noble metals [1] and metal oxide-based nanomaterials [2], such as Ag, Au,
ZnO, TiO2, Cu20 nanoparticles (NPs), and their nanohybrids, have been exten-
sively studied due to their potent antimicrobial properties [3—6]. Among these, silver
nanoparticles (AgNPs) are promising because of their unique physical and chemical
properties, their high surface-area-to-volume ratio, which enhances their interaction
with microbial membranes [7].

AgNPs have proven effective against multidrug-resistant microorganisms where
antibiotics have failed, demonstrating efficacy against both Gram-negative and
Gram-positive bacteria. The actions of AgNPs are attributed to diverse mechanisms,
including generation of reactive oxygen species (ROS), ion release, DNA damage,
inhibition of protein synthesis, and modulation of microbial signal transduction
pathways, ultimately leading to microbial cell death [4, 8, 9]. Beyond antibacterial
effects, nanotechnology-based strategies, including AgNPs, have been explored for
antiviral applications, acting at different levels of the complex viral invasion, repli-
cation, and immune evasion mechanisms [10]. Graphene oxide (GO)-based nano-
composites incorporating metal oxides such as ZnO, in common with AgNPs, have
broad-spectrum antimicrobial activities against both Gram-positive and Gram-neg-
ative pathogens, including drug-resistant strains, which highlights the versatility of
graphene-based platforms in combating microbial infections [11].

Despite the promise of AgNPs as antimicrobial agents, drawbacks to their use
include their low stability in aqueous solutions, which induces spontaneous aggrega-
tion and reduces their surface area and antimicrobial activity [12, 13]. This limitation
can be addressed by using GO as a dispersing carrier. GO, a single plane of carbon
atoms arranged in a hexagonal lattice, with oxygen-containing groups (e.g., epoxy,
hydroxyl, carboxyl), offers excellent hydrophilicity, defect sites, and colloidal stabil-
ity in water [14—16]. Graphene-supported silver nanoparticle systems show consis-
tent improvements in activity compared to the individual components, and reduce
the minimum inhibitory concentration (MIC) of phosphomolybdic acid (PMo) from
3920 pg/mL to 512 pg/mL when combined with reduced GO (PMo/RGO), and the
MIC is further reduced to 256 pg/mL with the addition of AgNP [17]. Green-synthe-
sized rGO/AgNP nanocomposites have further demonstrated that combining rGO
with AgNPs improves stability and yields enhanced biological activity, including
notable antitumor effects, underscoring the synergistic potential of such hybrid sys-
tems [18]. Moreover, optimization of synthesis conditions, including the silver nitrate
concentration, pH, and temperature, is critical for maximizing the antimicrobial effi-
cacy of rGO/AgNP nanocomposites, with optimized systems exhibiting superior per-
formance against a range of clinically relevant pathogens [19].
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To further enhance stability and function of metal NP complexes, polymers are
often employed as linkers. Among these, poly(diallyldimethylammonium chloride)
(PDDA) is attractive due to its permanent cationic charge, biocompatibility, and non-
toxic profile [20, 21]. PDDA adsorbs onto the GO structure through its m-orbitals,
thereby preserving the electronic structure of GO [22], and consequently its hydro-
philicity, contributes to good chemical stability, and high mechanical strength. These
properties make it an ideal platform for stabilizing AgNPs. The use of PDDA as a
surface modifier in Ag/rGO systems has been demonstrated across diverse applica-
tions for instance, in functional textile fabrication, PDDA modification significantly
improves the adhesion, uniformity, and overall performance of Ag/rGO coatings,
resulting in nanocomposites with superior electrical, antistatic, and electromagnetic
shielding properties [23]. Synthesis conditions also play a critical role in defining
nanoparticle stability and functionality. Ultrasound-assisted methods, for instance,
have been shown to greatly improve AgNP dispersion and enhance the electrical and
rheological properties of colloidal systems [24]. Several studies have successfully
used PDDA in the synthesis of GO-AgNP composites. Du et al. [25] synthesized
GO-AgNP nanocomposites using PDDA as a linker through an interfacial electro-
static self-assembly method. GO (negative) was functionalized with PDDA (posi-
tive) via electrostatic interactions and resulted in the stable incorporation of AgNPs,
and a stronger antiviral activity compared to AgNPs and GO alone. Similarly, Zhu
et al. [26] demonstrated that GO-AgNP composites, assembled using PDDA as a
linker, exhibited enhanced colloidal stability, photo-stability, and antibacterial activ-
ity against E. coli, and B. subtilis, compared to AgNPs alone.

Poly(diallyldimethylammonium chloride) has been extensively utilized in vari-
ous nanomaterial systems beyond GO—AgNP composites. Its pronounced cationic
charge facilitates its application in water purification, antimicrobial coatings, and as
a stabilizing agent in nanoparticle formulations [27, 28]. Notably, PDDA itself pos-
sesses inherent antibacterial properties. For instance, Sanches et al., documented sig-
nificant antimicrobial activity of free PDDA in comparison with PDDA immobilized
in nanoparticles [29]. Furthermore, PDDA has been utilized in the functionalization
of gold nanoparticles for biosensor platforms. Yu et al. showed that PDDA-capped
AuNPs on graphene/multi-walled carbon nanotube composites provide a favourable
surface for enzyme immobilization, allowing direct electron transfer for glucose
detection [30]. More recently, PDDA has been employed as a functional linker in
AuNP-rGO nanocomposites for electrochemical sensing applications, further con-
firming its versatility as a stabilizing and structurally directing agent across a range of
nanomaterial fabrication contexts [31]. These findings underscore the role of PDDA
not only as a stabilising agent but also as a bioactive polymer, providing the basis for
understanding its contribution in GO-AgNP systems.

The successful incorporation of PDDA into the fabrication of GO-AgNP nano-
composites is typically confirmed by a high, positive zeta potential and enhanced col-
loidal stability [32]. This observation points to a relevant but underexplored aspect:
the potential retention of PDDA’s antimicrobial activity within such nanocomposites.
Free PDDA is known to exhibit strong antibacterial effects, and previous work has
shown that this activity may diminish when introduced into other systems, such as
PMMA nanoparticles [29]. To the best of our knowledge, this aspect has not been
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explored in GO—AgNP-based composites, where PDDA serves as a linker and may
influence the overall biological performance of the composite. In this context, the
present study aimed to elucidate the specific contribution of PDDA to the antibacte-
rial activity of GO-PDDA-Ag nanocomposites. To achieve this, GO-PDDA-AgNP
nanocomposites were prepared and characterized using physicochemical techniques,
including UV-Vis spectrophotometry, FTIR spectroscopy, size distribution analysis,
polydispersity index, and zeta potential measurements. The antibacterial character-
istics were analysed using qualitative (zone of inhibition) and quantitative (bacte-
rial growth curve, MIC) methods with gram-negative (E. coli) and gram-positive
(S. aureus) bacteria. To investigate the origin of the antimicrobial activity of PDDA,
which possesses a high cationic charge, we tested the hypothesis that its mechanism
of action may involve disruption of quorum-sensing (QS) pathways. Proteins from
QS networks, that govern biofilm formation, virulence, and antibiotic resistance [33,
34] through autoinducers and their regulatory proteins [35, 36] were analysed by in
silico molecular docking studies and in vitro assays with a Chromobacterium viola-
ceum CV026 biosensor.

Materials and methods
Materials

A highly concentrated aqueous dispersion of graphene oxide (GO, 5 mg/mL, Carbon,
> 46%, Oxygen, < 46%, and flake size of 0.5-5 um) was purchased from the Gra-
phene Supermarket (SKU-HCGO-W-175; Graphene Supermarket, New York, NY,
USA). Silver nanoparticles (AgNPs) with a particle size of 40 nm (TEM) and a con-
centration of 0.02 mg/mL in an aqueous buffer containing sodium citrate as a stabi-
lizer (product number 730785), were obtained from Sigma-Aldrich (Madrid, Spain).
Poly(diallyldimethylammonium chloride) (PDDA), available as a 35% solution in
water, was also purchased from Sigma-Aldrich.

Preparation of graphene oxide-silver nanoparticle nanohybrids (GO-PDDA-
AgNPs)

GO-AgNP nanohybrids were prepared following the electrostatic self-assembly
method described by Zhu et al. [26], with minor modifications. Specifically, commer-
cially available AgNPs (40 nm, 0.02 mg/mL) were used in place of synthesized parti-
cles, and the GO—PDDA conjugate was prepared by mixing 1 mL of GO (4.0 mg/mL)
with 0.8 mL of PDDA (10 mg/mL), adjusting the pH to 6.5 (NaOH: 1.0 M solution).
The mixture was subjected to ultrasonic treatment (20 kHz, 130 W, Pulse 15:15, 80%
amplitude) for 10 min and the excess PDDA was removed by three centrifugation
steps of 13,000 rpm, for 10 min. The resulting GO-PDDA was mixed with 500 puL
of AgNPs (0.02 mg/mL) using sonication (20 kHz, 130 W for 1 min). The resulting
material was recovered by centrifugation (5,000 rpm, 1 min) and was redispersed in
water for experiments (Fig. 1).
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Fig. 1 A scheme illustrating the main steps for the preparation of Graphene Oxide—PDDA-Silver
Nanoparticle Nanohybrids. The synthesis process of GO-PDDA-AgNP nanohybrids was achieved
by mixing 1 mL of GO solution (4.0 mg/mL) with 0.8 mL of PDDA solution (10 mg/mL) and adjusting
the pH to 6.5 using NaOH. After mixing, the reaction was exposed to ultrasound for 10 min in pulse
mode (Pulse 15:15, amplitude 80%). Following sonication, the mixture was centrifuged at 13,000 rpm
for 10 min to remove excess PDDA. The GO-PDDA product (150 uL) was mixed with AgNPs (500
pL, 0.02 mg/mL) and exposed to ultrasound for 1 min. The final mixture was centrifuged at 5,000 rpm
for 3 min before use in subsequent experiments

To evaluate the effect of the PDDA concentration on the antibacterial activity of
the nanocomposite, a second formulation was prepared using a diluted PDDA solu-
tion (1.25 pg/mL), a level at which PDDA alone exhibited no antibacterial effect.
This control formulation, labelled GO-PDDA*-AgNPs, was synthesized following
the same procedure used for the primary formulation.

Physicochemical characterization

The UV-visible absorption spectra of GO, PDDA, AgNPs, GO-PDDA-AgNPs and
GO-PDDA*-AgNPs were measured using a BioTek spectrometer (Synergy 4 Hybrid,
Model S4AMLFTAD) in scanning mode across the wavelength range of 200-800 nm.
The measurements were carried out using a UV-compatible 96-well plate with a con-
cave bottom to ensure accurate absorbance readings. Each sample was analysed in
triplicate to ensure reproducibility.

A Fourier transform infrared spectrometer (Nicolet iN10 MX FT-IR Microscope
IR, Thermo Scientific, USA) was used to analyse the GO, AgNPs, GO-PDDA,
GO-PDDA-AgNPs and GO-PDDA*-AgNPs. For analysis, each sample was trans-
ferred to a slide, which was introduced into the reading station of a micro-FTIR and
FTIR spectra were captured in the attenuated total reflectance (ATR) mode with a
wavenumber range of 700 to 4000 cm™'. ATR-FTIR spectroscopy was used rather
than transmission FTIR spectroscopy because the composite was analysed in its solid
state and since the ATR component offers a cost-effective, relatively fast and nonde-
structive approach [37].

Nanoparticle size and the polydispersion index (PDI) were determined using
dynamic light scattering (DLS), and the zeta potential was measured using laser Dop-
pler anemometry (Zetasizer Nano ZS, Malvern Instruments, UK). To prepare the
samples, 20 pL of GO, AgNPs, GO-PDDA, GO-PDDA-AgNPs and GO-PDDA*-
AgNPs were diluted in 1 mL of ultrapure water (pH 6.5). All measurements were
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conducted at 25 °C, and three replicates were performed. All data were generated and
acquired using the instrument software.

The change in mass of the NPs was determined by thermogravimetric analyses
(TGA) using a PerkinElmer TGA 7 instrument over a temperature range of 30-700 °C
at a heating rate of 10 °C.min ! under a continuous nitrogen flow. The mass scale was
calibrated using a certified 100 mg reference weight, and the temperature calibra-
tion was carried out using the Curie transition temperatures of alumel (427.35 K)
and high-purity nickel (628.45 K), in accordance with PerkinElmer standard refer-
ence materials. To assess the internal atomic structure, phase purity, crystallinity, and
crystal size of NPs, powder X-ray diffraction (XRD) patterns were obtained using a
Bruker D8 Advance diffractometer equipped with Ni-filtered Cu Ka radiation and a
1D LynxEye detector and scanning over the 20 range of 5°-60°.

The quantification of silver within the GO-PDDA-AgNP composite was conducted
by filtration of the nanocomposite reaction products using a 13 mm PTFE hydropho-
bic syringe filter (0.2 um, Labfil, Cat. No. C0000610). To determine the amount of
free AgNPs not integrated within the nanocomposite the filtrate was measured using
a Microwave Plasma—Atomic Emission Spectrometer (MP-AES, Agilent 4200) at an
analytical wavelength of 328.068 nm. Calibration standards, ranging from 0.039 pg/
mL to 10 ug/mL, were prepared from a 1000 pg/mL Ag stock solution (Merck).

Evaluation of nanocomposite antibacterial activity

In the present study the antibacterial activity of the nanocomposites and individual
reagents used for their fabrication (GO-PDDA, and GO-PDDA-AgNPs, PDDA)
were determined using gram-negative (Escherichia coli, E. coli DSM 1077) and
gram-positive (Staphylococcus aureus, S. aureus C48) bacteria. The antibacterial
activity of the nanocomposites and PDDA alone was investigated using the disk dif-
fusion method and the growth curve method [38, 39]. Before analysis the bacterial
strains were cultured on Mueller-Hinton (MH) agar plates in an incubator overnight
at 37 °C. A single colony was inoculated into 5 mL of MH broth and grown overnight
at 37 °C under constant agitation (150 rpm) in an incubator. The bacterial cultures
prepared were then used in disk diffusion and growth curve assays. Control assays
were also performed to assess the intrinsic antibacterial activity of GO and AgNPs.
GO was tested at concentrations up to 4.0 mg/mL, corresponding to that of the stock
solution used in the synthesis, and AgNPs (20 pg/mL) were tested at concentrations
higher than those present in the final nanocomposite.

Disk Diffusion Method: The bacterial inoculum of E. coli or S. aureus was
adjusted to an optical density (ODgy ) Of 0.3. Using a sterilized cotton bud, the
cultures were swabbed evenly on the MH agar plates. Subsequently, a fixed volume
of 10 uL of an aqueous suspension of AgNPs, GO, PDDA, and GO-PDDA-Ag, nano-
composite at concentrations of, 10, 15 and 20 pg/mL, were dropped onto the plates.
For PDDA, serial dilutions with the following concentrations: 100 pg/mL, 10 pg/mL,
5 ug/mL, 2.5 ng/mL and 1.25 pg/mL were all tested. Additionally, 10 uL of PBS was
used as a negative control. The plates were left for several minutes to allow the test
suspensions to soak in and were then incubated overnight at 37 °C in an incubator.
The inhibitory effect of the test suspensions on the bacterial growth was determined
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by measuring the diameter of the inhibition zone (mm). All experiments were carried
out in triplicate.

Bacterial Growth Inhibition Assay: The overnight cultures of E. coli and S.
aureus were diluted to 1:5 in MH broth, and the ODy ,,,, Was adjusted to 0.1 to
standardise the initial bacterial concentration. Then, 20 pL of this adjusted culture
was used to inoculate 96-well plates. Each well contained 170 uL of MH broth and
10 pL of an aqueous suspension of AgNPs, GO, and GO-PDDA-Ag nanocomposite
at concentrations of 10, 15, or 20 pg/mL. To test the antibacterial activity of PDDA,
bacterial growth was assessed using the same set-up outlined above but using 10
puL and testing serial dilutions at 100 pg/mL, 10 pg/mL, 5 pg/mL, 2.5 ug/mL and
1.25 pg/mL. All bacterial growth inhibition assays included bacteria in MH broth
without the addition of nanoparticles (positive control to monitor growth) or uninoc-
ulated MH broth to confirm the absence of bacterial contamination. Bacterial growth
inhibition assays were carried out in triplicate wells (technical replicates) for each
treatment, and the assay was repeated in three independent trials. Bacterial growth
was monitored hourly across fourteen hours by measuring ODg,,, Using a Synergy
Neo2 Hybrid Multi-Mode Multiplate Reader (Biotech, USA).

Resazurin microdilution assay for minimum inhibitory concentration deter-
mination: The minimum inhibitory concentration (MIC) of PDDA against E. coli
and S. aureus was assessed utilizing the resazurin microdilution method [40] in a
sterile 96-well microplate (Sarstedt, Germany). Overnight bacterial cultures were
diluted at a ratio of 1:5 in MH broth (MHB), and the ODsoo nm was adjusted to 0.1 to
standardize the initial bacterial concentration. Each well contained 170 pL of MHB,
10 pL of PDDA solution at the desired concentration, and 20 pL of the bacterial
inoculum. Serial dilutions of PDDA were prepared to obtain final concentrations of
100, 50, 25, 12.5, 6.25 and 3.12 pg/mL. Control wells included E. coli or S. aureus
without PDDA, or MHB alone as a sterility control. Additionally, three wells con-
taining MHB with PDDA but without bacterial inoculum were included to verify the
absence of any interference from PDDA in the assay. Plates were incubated at 37 °C
for 24 h, followed by the addition of 10 uL of resazurin solution (AlamarBlue™,
Invitrogen™, Cat. No. DAL1025) to each well. The plates were then incubated for
an additional 2—4 h until color development. A change in colour from blue to pink
indicated bacterial growth, whereas the persistence of the blue color indicated growth
inhibition [40]. The MIC was defined as the lowest concentration of PDDA that pre-
vented the color change. Each assay was performed in triplicate, and two independent
experiments were conducted to confirm the reproducibility of the assay.

Study of bacterial aggregation The results of the S. aureus growth curves in the pres-
ence of PDDA were indicative of bacterial aggregation. This was confirmed by plac-
ing two microliters of each of the test samples on a glass slide and staining them with
Gram stain. The stained cells were then captured in black-and-white digital images
using a Leica DM IL microscope coupled to a Visicam PRO 20 C digital camera.
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Molecular docking analysis

Molecular docking studies were conducted to complement the in vitro experimen-
tal results and identify the putative source of the antibacterial activity. The studies
modelled the interactions between PDDA and key bacterial proteins. Specifically,
QS-regulated proteins and novel targets of emerging anti-infective strategies, the
transcription factors AgrA in S. aureus [41] and LsrR in E. coli were analysed
[42]. Additionally, ciprofloxacin (Compound CID: 2764), a known antibiotic, was
included as a reference ligand in the modelling studies and to provide a benchmark
for antibacterial efficacy and a point of comparison for the binding interactions and
affinities of PDDA.

The docking simulations performed using AutodockTools software [43], provided
insight into the molecular mechanisms underlying the observed antimicrobial effects.
The 3D molecular structures of the two most vital and positively identified bacterial
quorum-sensing proteins were obtained from the Protein Data Bank (PDB) at https:/
/www.rcsb.org under the accession numbers S. aureus AgrA (PDB ID: 4G4K) and E.
coli LstR (PDB ID: 4L5J) [42]. The protein structures were prepared for analysis as
follows [44]: (i) removal of water molecules and co-crystal ligands; (ii) addition of
Kollman charges and polar hydrogens; (iii) generation of a docking grid box (dimen-
sions: 40 A x 40 A x 40 A, with a spacing of 0.375 A) to encompass the active site
[42].

For the ligands, the 3D structures of PDDA were designed and the energy mini-
mized using Avogadro software [45]. Ciprofloxacin’s 3D structure was retrieved
from the PubChem database (Compound CID: 2764) and prepared for docking analy-
sis. The interactions between the ligands (PDDA and ciprofloxacin) and the selected
proteins (AgrA and LsrR) were analyzed using Discovery Studio [46] and visualized
using PyMOL software [47].

Assessment of anti-quorum sensing activity

Anti-quorum sensing activity of PDDA was evaluated using the biosensor bacterial
strain Chromobacterium violaceum CV026, and using a violacein inhibition assay
previously reported [38]. CV026 was streaked onto Luria-Bertani (LB) agar and
incubated at 30 °C for 24 h. A single colony was used to inoculate LB broth, which
was incubated overnight at 30 °C. The resulting culture was adjusted to an ODy, of
1.2, and 5 mL of this suspension was incorporated into 25 mL of molten LB agar.
To induce quorum sensing-dependent pigment production, N-hexanoyl homoserine
lactone (C6-HSL) was added to the medium to a final concentration of 0.4 pg/mL.
The mixture was gently homogenized, poured into sterile Petri dishes, and allowed to
solidify at ambient temperature under aseptic conditions. After solidification, 6 mm
diameter wells were formed using a sterile inverted Pasteur pipette. Each well was
filled with 20 pL of PDDA at different concentration 1.56, 3.12, 6.25, 12.5, 25, and
50 ug/mL. A control plate was prepared by adding 100 puL of phosphate-buffered
saline (PBS) to the medium instead of C6-HSL to serve as a negative control. All
plates were incubated at 30 °C for 24 h. The absence or reduction of violacein pig-
mentation surrounding the wells containing PDDA indicated disruption of AHL-

@ Springer


https://www.rcsb.org
https://www.rcsb.org

Polymer Bulletin (2026) 83:441 Page 90f 29 441

mediated signalling and thus quorum sensing. Experiments were conducted with two
technical replicates per condition and three independent biological replicates.

Results and discussion
Synthesis and characterization of GO-PDDA-Ag nanocomposite

Figure 2 shows the UV-Vis spectra of GO, PDDA, AgNPs, and GO-PDDA-AgNP
nanocomposites with distinct optical profiles. GO was characterized by two promi-
nent features: a sharp peak at 230 nm, attributed to n-* transitions of the aromatic
C-C bonds, and a shoulder at 300 nm due to n-n* transitions of the C=0 bonds, as
previously reported [48]. PDDA exhibited a strong absorption peak at 230 nm, high-
lighting its unique optical properties [49]. The UV-Vis spectrum of the GO-PDDA-
AgNP nanocomposite indicated the presence of AgNPs through the presence of a
peak at approximately 420 nm. This peak was consistent with the outcome of previ-
ous studies, and corresponded to the surface plasmon resonance of AgNPs, confirm-
ing their small, spherical shape and effective distribution on GO [13, 50]. The UV-Vis
spectra of the GO-PDDA*-Ag sample are provided in the Supplementary Informa-
tion (Fig. SI3.¢).

FTIR spectroscopy was conducted to analyse and identify the functional groups
present in the nanomaterials and to investigate the interactions between GO and
AgNPs. The results demonstrated that the FTIR spectrum of GO displayed several
bands, including 1079 cm™! (corresponding to alkoxy C-O), 1427 cm ! (C-OH),
1627 cm™ ! (C=C), 1731 cm ™! (C=0 found in carboxylic acids and carbonyl groups),
and 3405 cm™ ' (-OH) (Fig. 3). These results are consistent with the main functional
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groups previously identified in the structure of GO [51, 52]. The presence of oxygen-
containing functional groups explains the excellent hydrophilicity of GO [53] and
facilitates its modification with functional materials [54]. In addition to the previ-
ously mentioned bands, three new absorption bands were observed at approximately
2865, 2935 and 3012 cm ! in the FTIR spectra of GO-PDDA. These bands indi-
cate the functionalization of graphene oxide with PDDA. Compared to GO, the C=0
(1731 cm™ ") vibration of ~COOH was not observed for GO-PDDA and GO-PDDA-
Ag, probably due to the bond between PDDA and —COOH of GO or the electrostatic
interaction between AgNP and —COOH [55].

The FTIR analysis of GO-PDDA-AgNPs revealed a similar spectrum to GO-
PDDA. However, the intensities of the absorption bands corresponding to the oxygen
functional groups were lower. This change is explained by the linking of the AgNPs
to the oxygen-containing functional groups (i.e., —COOH) that exist in the struc-
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ture of GO most likely through the establishment of a chemical bond or electrostatic
interaction, as has previously been reported [32, 50, 56]. The FTIR spectrum of GO-
PDDA*-Ag is provided in the Supplementary Information (Fig. SI3.b), confirming
the presence of the relevant functional groups, including the characteristic oxygen-
containing bands discussed above.

Zeta potential measures the electrical potential at the slipping plane of nanopar-
ticles in a colloidal system and is commonly used as an indicator of dispersion sta-
bility [57]. The zeta potential, particle size, and polydispersity index (PDI) for GO,
AgNPs, GO-PDDA, and GO-PDDA-AgNPs are presented in Fig. 4. GO exhibited
a strongly negative zeta potential (-40.5 mV), consistent with its surface oxygen-
containing groups (e.g., carboxyl, epoxy, and hydroxyl), and an average particle size
of 4057 nm (PDI: 0.18), likely reflecting sheet aggregation in suspensions. AgNPs
displayed a smaller size (43.28 nm) with a zeta potential of -44 mV and a PDI of
0.35. After modification with the cationic polymer PDDA, GO-PDDA had a positive
surface charge (+63.2 mV) and a reduced average size of 595 nm (PDI: 0.20), indi-
cating improved dispersion. The GO-PDDA-AgNP nanocomposite retained a high
positive surface charge (+57.5 mV) with a size 0of 491.4 nm and a PDI of 0.37, sug-
gesting stable colloidal behaviour and successful PDDA-mediated assembly. These
positive zeta potential values are indicative of strong electrostatic repulsion between
particles, which enhances colloidal stability. A comparison of the obtained values
with previously reported data is shown in Table 1. Consistent with previous studies,
PDDA incorporation significantly shifted the zeta potential from negative to posi-
tive, enhancing both dispersion and potential adhesion to negatively charged bacte-
rial membranes [58, 59].

The thermogravimetric profile in Fig. 5a displays the decomposition tempera-
tures of GO-PDDA and GO-PDDA-Ag. The TGA curves of both samples exhibited
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Fig. 4 Stability analysis of GO, AgNPs, GO-PDDA, and GO-PDDA-AgNPs: (a) Average particle
size, showing the distribution and uniformity of particle size of GO, AgNPs, GO-PDDA, and GO-
PDDA-AgNPs. (b) Polydispersity Index (PDI), indicating the uniformity of particle sizes, a lower PDI
(close to 0) reflects a more monodispersed sample (¢) Zeta potential values, representing the surface
charge of each nanoparticle. GO exhibits a negative charge due to its functional groups, and the posi-
tive zeta potential of GO-PDDA and GO-PDDA-AgNPs is attributed to the cationic polymer PDDA.
These zeta potential measurements provide insight into the colloidal stability of the nanoparticles, with
higher absolute values indicating greater stability due to stronger electrostatic repulsion
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Table 1 Comparison of the Zeta Potential of previously reported nanocomposites and the GO, AgNPs,
GO-PDDA, and GO-PDDA-AgNPs prepared in the present study

Zeta Potentials (mV)

Present study Rongtao Zhao et al., 2018 [60] Rongtao
Zhao et al.,
2017 [61]
GO GO-PDDA  AgNPs GO-PDDA-AgNPs GO GO-AgNPs GO-PEI- GO- GO-
AgNPs Ag- PEG-
NPs Ag-
NPs
- 63.2 -44 57.5 -38 384 45.8 - 16.2
40.5 38.4
a) b)
T ) T ] (001)
100 —— GO-PDD. Go

X 0/,
N33l 16.7% . GO-PDDA-AG

7727%  |73.84% (111)  (200)

Go-PDDA-Ag

Intensity (arb. units)
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Fig.5 (a) TGA curves of GO-PDDA and GO-PDDA-Ag. (b) XRD patterns of GO and GO-PDDA-Ag

two main mass-loss regions. In the first region, GO-PDDA showed a gradual weight
loss of ~12.8% below ~420 °C, whereas GO-PDDA-Ag exhibited a slightly higher
mass loss of ~16.7% below ~376 °C. This initial degradation can be linked to the
elimination of physically adsorbed water, the removal of unstable oxygen-containing
functional groups, and the partial breakdown of the PDDA side chains [62—64]. The
second major mass-loss stage occurred between ~420 °C and ~650 °C, during which
GO-PDDA and GO-PDDA-Ag lost approximately 77.27% and 73.84% of their
mass, respectively. This pronounced decline could be linked to the pyrolytic decom-
position of the PDDA backbone and the oxidation-driven degradation of the carbon
framework [62, 63, 65]. Interestingly, the GO-PDDA-Ag nanocomposite presented
a reduction in its thermal decomposition temperature, where the onset of major mass
loss occurred earlier than in GO-PDDA. This behavior indicates that the presence of
Ag nanoparticles facilitates decomposition, likely through enhanced heat transfer,
leading to a lower temperature threshold for thermal degradation [66].

Figure 5b presents the XRD patterns of GO and the GO-PDDA-Ag nanocompos-
ite. The diffractogram of GO (red curve) shows a strong peak at 26~ 10.4°, which cor-
responds to the (001) plane. In contrast, the GO-PDDA-Ag nanocomposite (green
curve) displayed two sharp flections at 260~34° and 45°, assigned to the (111) and
(200) crystallographic planes of metallic silver, which confirmed the anchoring of Ag
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nanoparticles within the GO-PDDA matrix [32, 67]. Additionally, a broad feature
appeared in the 20-25° region, which was associated with the PDDA-coated gra-
phene layers [68]. In contrast, the XRD pattern of the GO-PDDA*-AgNPs (Figure
SI3-a) showed a noticeably weaker signal in the 20-25° region, consistent with the
lower PDDA content in the GO-PDDA* formulation. Quantitative analysis by MP-
AES (Agilent 4200) of the Ag remaining in the filtrate of the nanocomposite reaction
made it possible to infer that the GO-PDDA-AgNP composite contained 5.22 ng/mL
of silver. This analysis confirmed the successful incorporation of silver nanoparticles
into the GO-PDDA matrix.

Antibacterial activity of synthesized nanocomposite GO-PDDA-AgNPs

The Disk Diffusion Method was employed to assess the antimicrobial activity of
the individual components and fabricated test material (GO, AgNPs, PDDA, and
GO-PDDA-AgNPs). In this method, a larger zone of bacterial growth inhibition was
taken to indicate greater sensitivity of the test organism to the treatment, reflecting
its effectiveness. Figures 6 and 7 present the inhibition zones obtained when 10 ul of
the test materials, GO, PDDA, AgNPs, and GO-PDDA-AgNPs, were incubated with
E. coli or S. aureus.

The disk diffusion results revealed that the GO-PDDA-AgNP nanocomposites
exhibited notable antibacterial activity at all tested concentrations (10, 15, and 20 pg/
mL) against the gram-positive bacteria S. aureus, producing inhibition zones of 8.5,
9.0, and 10.0 mm, respectively. This was indicated by the clear growth inhibition
zone observed when the nanocomposite material was applied. No inhibition zones
were detected for any of the test concentrations of the GO-PDDA-AgNP nanocom-
posite with the gram-negative bacteria, E. coli. Similarly, neither GO nor AgNPs
alone provoked growth inhibition of E. coli or S. aureus at the concentrations tested
(10, 15, and 20 pg/mL) (Fig. 6). It is worth noting that the concentrations of AgNPs
(20 pg/mL) tested were higher than those present in the final nanocomposite for-

Fig.6 Antibacterial activity of the synthesized nanocomposite GO-PDDA-AgNPs, GO, and AgNPs
at concentrations of 10 pg/mL, 15 pg/mL, and 20 pg/mL against (a) E. coli and (b) S. aureus. The ex-
periment was performed in triplicate on Mueller—Hinton agar medium at 37 °C and incubated for 24 h

@ Springer



441 Page 14 of 29 Polymer Bulletin (2026) 83:441

PDDA PDDA

Fig.7 Antibacterial activity of PDDA with serial dilutions (100 pg/mL, 10 pg/mL, 5 pg/mL, 2.5 ng/
mL, and 1.25 pg/mL) against (a) E. coli and (b) S. aureus. The experiment was performed in triplicate
on Mueller-Hinton agar medium at 37 °C and incubated for 24 h

mulation, while GO (4.0 mg/mL) was evaluated at the stock solution concentration
(see Supplementary Material, Fig. SI4). The lack of anti-bacterial activity of GO and
AgNPs likely reflects a combination of factors specific to the formulation and assay
conditions used, including the relatively low AgNP dose, surface passivation by
PDDA that limits Ag* release, and interactions with components of the MH medium
that sequester silver ions or limit their and GO bioavailability and activity. These
findings highlight that the antibacterial effects of GO and AgNPs are highly context-
dependent, influenced by particle size, surface chemistry, concentration, medium
composition, and exposure time [13, 69].

In contrast, serial dilutions (100 ug/mL, 10 pg/mL, 5 pug/mL and 2.5 pg/mL) of
PDDA alone (Fig. 7b) were highly effective against S. aureus, producing inhibition
zones of 11.5, 9.7, 9.5, and 6.0 mm, respectively, even at relatively low concen-
trations (5 pg/mL). At 2.5 pg/mL PDDA, the inhibition zone was weak, and the
application site appeared slightly lighter, indicating limited antibacterial activity. It is
worth noting that the PDDA concentration series tested was significantly lower than
the concentrations used in the nanocomposite solution (around 1.02 mg/mL: 1 mL
GO+0.8 mL PDDA, followed by 150 uL GO-PDDA+500 pL AgNPs). No inhibi-
tion zones were observed at any of the dilutions tested with E. coli, indicating that
PDDA was ineffective (Fig. 7a) and that there was selective inhibition of S. aureus
by PDDA.

The similarity of the antibacterial effect for both the GO—PDDA-AgNP nanocom-
posite and PDDA alone in the disk diffusion assay, and their consistent high positive
surface charge suggests that the antimicrobial activity of the nanocomposite could
be primarily attributable to PDDA. The high positive surface charge conferred by
PDDA has been reported to promote strong electrostatic interactions with negatively
charged bacterial membranes, ultimately leading to membrane disruption [70, 71].
In contrast, GO and AgNPs alone, have negative surface charges, and exhibited no
inhibition zones, likely due to electrostatic repulsion that limited contact with bacte-
rial membranes and therefore their antibacterial efficacy [72]. The selective activity
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of PDDA against S. aureus, but not E. coli, observed in the disk assay, was likely
linked to the structural differences in the bacterial envelopes: Gram-positive bacteria
like S. aureus lack the outer membrane that protects Gram-negative strains such as
E. coli, making them more vulnerable to cationic agents [73, 74]. The increased sus-
ceptibility of S. aureus compared to E. coli in our study is consistent with findings
with other similar nanocomposites. For instance, Bareke et al. (2024) demonstrated
that a copper-based nanospinel ferrite (LiCu-F) completely inactivated S. aureus,
while achieving only approximately 68% inhibition of E. coli under identical condi-
tions [75]. Molecular docking analysis further indicated a stronger binding affinity of
LiCu-F to a protein target in S. aureus than to a target in E. coli and was correlated
with the experimentally observed Gram-specific antibacterial effect.

The heightened sensitivity of S. aureus to PDDA and the GO-PDDA-AgNP com-
posite can be ascribed to molecular interactions with bacterial cell walls. The cationic
groups of PDDA engage in electrostatic interactions with the negatively charged sur-
face of Gram-positive bacteria, leading to membrane disruption and cell lysis [76].
Graphene oxide may further augment this effect by physically enveloping bacterial
cells, while Ag* ions released from AgNPs generate reactive oxygen species (ROS)
that inflict damage on cellular components [77, 78]. Collectively, these mechanisms
may explain the pronounced antibacterial response in S. aureus and the diminished
susceptibility of E. coli, that has an outer membrane that impedes such interactions.
To further investigate the concentration dependence of PDDA’s antimicrobial effect
and define its minimum inhibitory concentration, bacterial growth curve assays were
established across a dilution series. Bacterial growth curves were performed in the
presence of PDDA (100 pg/mL, 10 pg/mL, 5 pg/mL, 2.5 pg/mL and 1.25 pg/mL) at
lower concentrations than that used for the synthesis of the composite. The results are
presented in Fig. 8 using ODg, to assess bacterial growth as a function of the incuba-
tion time. 100 pg/mL and 10 pg/mL concentrations of PDDA completely inhibited
the growth of S. aureus, while for E. coli only the 100 pg/mL concentration of PDDA
completely inhibited growth. To explore the relationship between PDDA concen-
tration and its antibacterial activity, a nanocomposite was prepared using a highly
diluted PDDA solution (1.25 pg/mL), a concentration that does not inhibit bacterial
growth. This nanocomposite formulation, referred to as GO-PDDA*-AgNPs, exhib-
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Fig. 8 Growth curve of E. coli (a) and S. aureus (b) after 24 h of treatment with different solutions
from a serial dilution of PDDA (100 pg/mL, 10 pg/mL, 5 pg/mL, 2.5 pg/mL and 1.25 pg/mL). Bacte-
rial growth kinetics were measured to evaluate the inhibitory effects of PDDA on both Gram-negative
(E. coli) and Gram-positive (S. aureus) bacteria. The highest dilution of PDDA (1.25 pg/mL) did not
have a significant inhibitory effect on bacterial growth for either E. coli or S. aureus
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ited a negative surface charge and showed no antimicrobial effect against S. aureus
or E. coli under the tested conditions. The growth kinetics and zeta potential data
supporting these findings are provided in the Supplementary Information (Figures
SI1 and SI2).

Whilst PDDA is identified as the primary driver of antibacterial activity in the
GO-PDDA-AgNP composite, the GO/AgNP scaffold itself confers several functional
advantages over free PDDA alone. First, PDDA functionalisation of GO dramatically
improved colloidal stability, shifting the zeta potential from —40.5 mV (bare GO) to
+57.5 mV in the final composite, confirming that PDDA is successfully oriented on
the nanocomposite surface to maximise cationic charge exposure and enhance elec-
trostatic interactions with negatively charged bacterial cell walls. This functionalisa-
tion also reduced the hydrodynamic size of GO from 4057 nm to 491.4 nm, ensuring
that PDDA was maintained in a well-dispersed, functionally active state during in
vitro assays. Furthermore, the GO-PDDA framework by modifying the well docu-
mented instability and spontaneous aggregation of AgNPs in aqueous environments,
contributed to the preservation of their bioactive surface area, and explained their
consistent antibacterial performance under the tested conditions.

Minimum inhibitory concentration of PDDA

The antibacterial efficacy of PDDA was further quantified utilizing a resazurin micro-
dilution assay. As illustrated in Fig. 9, a concentration-dependent inhibition of bacte-
rial growth was evident. The assay wells exhibiting bacterial growth demonstrated
a color transition from blue to pink following incubation with resazurin, whereas
wells that retained a blue color indicated the absence of bacterial proliferation. For
E. coli, growth was observed at a PDDA concentration of 25 pg/mL but was absent
at 50 pg/mL, placing the MIC between 25 and 50 ug/mL. For S. aureus, growth
occurred at a PDDA concentration of 6.25 pg/mL but not at 12.5 pg/mL, placing
the MIC between 6.25 and 12.5 pg/mL. Replating at the boundary concentrations
confirmed these endpoints. No colonies were observed at 50 pg/mL for E. coli and
12.5 pg/mL for S. aureus, while growth was present at the next lower dilutions. Con-
trol wells containing MHB alone (sterility control) or MHB with PDDA but devoid of
bacterial inoculum remained blue, confirming the absence of contamination and the
non-interference of PDDA with the indicator dye. These findings indicate that PDDA
possessed significant antibacterial activity against both Gram-negative and Gram-
positive bacterial strains, and that S. aureus was most sensitive.

Impact of PDDA on S. aureus aggregation

Interestingly, at 5 pg/mL and 2.5 pg/mL PDDA, S. aureus cultures exhibited ODsoo
values higher than the untreated control (Fig. 8b). This unexpected increase is
unlikely to reflect enhanced bacterial growth but rather suggests a physical effect
such as cell aggregation and sedimentation, which can elevate turbidity readings. To
further investigate this hypothesis, aggregation was evaluated through growth curve
analysis, and by examining the morphology of PDDA-treated S. aureus by micros-
copy. As shown in Fig. 10a, the absorbance values of S. aureus after 14 h in the pres-
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Fig. 9 Resazurin microdilution MIC and agar-spot confirmation of PDDA against E. coli and S. au-
reus. The 96-well microplate shows bacterial growth after exposure to PDDA (3.12-100 pg/mL); pink
indicates growth and blue indicates growth inhibition. Controls include MHB and MHB +PDDA (no
inoculum). Right, Petri dishes show replating from wells at 50, 25, 12.5, and 6.25 pg/mL to verify the
first no-growth concentration (MIC)

ence of different PDDA concentrations, 5 pg/mL and 2.5 pg/mL, were significantly
higher compared to the untreated S. aureus (Control). The increase in OD values at
the 5 pg/mL and 2.5 pg/mL dilutions of PDDA after 14 h was caused by substantial
bacterial aggregation and sedimentation to the bottom of the 96-well plates used for
the assays (Fig. 10b). Bacterial aggregation started in the early exponential growth
phase and may be due to electrostatic interactions facilitated by the cationic nature
of PDDA, which caused the bacteria to cluster together. Examination of the bacteria
by light microscopy (Fig. 10c) confirmed they were aggregated at concentrations of
5 pg/mL and 2.5 pg/mL of PDDA compared to the untreated controls. The results
obtained with PDDA indicated it caused aggregation of S. aureus, which is consistent
with previous studies showing that cationic polymers influence bacterial aggregation
through electrostatic interactions [79]. Similar results were obtained by Zhang et al.
(2017), who reported that the positively charged polymer PFP bound to negatively
charged sites on the surface of S. aureus through electrostatic interactions [80]. In
contrast, E. coli did not exhibit aggregation, likely due to its outer membrane acting
as a barrier to such interactions.

The differential response of Gram-postive and Gram-negative bacteria can be
explained by their distinct cell-wall architecture. S. aureus, like other Gram-positive
bacterium, has a thick peptidoglycan layer (2080 nm) that is densely cross-linked and
predominantly negatively charged due to its contents of teichoic acid. This exposed
anionic surface provides extensive electrostatic contact points for the cationic PDDA

@ Springer



441 Page 18 of 29 Polymer Bulletin (2026) 83:441

a b

[\

LA Untreated

1 -

—_
wn

Absorbance at 600 nm

100 g/mL 10 pg/mL

1.25 ug/mL

Fig. 10 Aggregation of S. aureus caused by PDDA: (a) Absorbance values of S. aureus after 14 h with
different PDDA dilutions (100 pg/mL, 10 ng/mL, 5 pg/mL, 2.5 ng/mL and 1.25 pg/mL); (b) Visual
observation of bacterial growth in 96-well plates at various PDDA dilutions, with the black arrows
indicating the visible mass of aggregated bacteria. The increase in OD at the 2.5 pg/mL and 5 pg/mL
PDDA dilutions is due to significant bacterial aggregation and sedimentation at the bottom of the wells;
(c) Digital images captured from microscopy of untreated S. aureus cells (Control) and S. aureus cells
incubated with serial dilutions of PDDA. Scale bars in the photographs represent 100 um

polymer, facilitating strong binding, charge neutralisation, and subsequent bridging
between adjacent cells to form aggregates [79, 80]. In contrast, E. coli has an outer
membrane composed of lipopolysaccharide (LPS), which shields the thin underlying
peptidoglycan layer (2—7 nm) from direct polymer contact. This hydrophobic and ste-
ric barrier limits the accessibility of PDDA to the inner cell wall, thereby reducing the
extent of charge-mediated bridging and preventing visible aggregation at the concen-
trations tested. The structural differences in the outer membrane of bacteria provides
a mechanistic basis explaining the PDDA-mediated aggregation of Gram-positive
bacteria. Importantly, while aggregation was not observed in E. coli cultures, PDDA
still exhibited moderate growth inhibition at higher concentrations (MIC 25-50 pg/
mL), indicating that the outer membrane constitutes a partial, rather than absolute,
barrier to PDDA’s antibacterial action. This is consistent with the study of Louzao
et al. [79], who showed that cationic polymers at sufficient concentration can disrupt
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bacterial cell envelopes even in Gram-negative species, albeit with lower efficiency
than for Gram-positive organisms.

The results from both the growth inhibition and aggregation assays indicated that
PDDA exhibited the highest antibacterial potency against S. aureus and also induced
bacterial aggregation in S. aureus at sub-inhibitory concentrations. These findings
suggest that PDDA may interact with S. aureus through a more specific mechanism
than simple electrostatic disruption. To further explore this selective effect and gain
molecular-level insights into PDDA’s mode of action, docking simulations were
performed targeting key quorum-sensing regulatory proteins: AgrA in S. aureus and
LsrR in E. coli.

Molecular docking analysis

To investigate the interactions between PDDA and the bacterial proteins AgrA in S.
aureus and LsrR in E. coli, molecular docking studies were performed. Ciprofloxacin,
a well-known antibiotic, was included as a reference ligand to compare its binding
interactions and affinities with those of PDDA. This comparison provided insight into
the docking interactions of these compounds and clarified their potential antibacterial
mechanisms. Table 2 summarizes the binding affinities and amino acid interactions of
ciprofloxacin, PDDA with AgrA (from S. aureus) and LstR (from E. coli).

Molecular docking results revealed that ciprofloxacin exhibited a stronger bind-
ing affinity towards AgrA in S. aureus (-5.37 kcal/mol) with residues Tyr 229, His
227, Glu 226, Phe 203, Gln 179, His 174, Lys 167, Ser 165, and Glu 163 (Fig. 11b).
Additionally, it showed binding affinity towards LsrR in E. coli (-5.06 kcal/mol) with
interactions involving residues Met 109, Val 87, Gln 85, Arg 79, and Glu 75, as
shown in Table 2; Fig. 12b. The docking results aligned with those of Othman et al.
(2023), in the interactions involving ciprofloxacin and the amino acids Tyr 229, His
227, Glu 226, and Glu 163 in the AgrA-binding pocket of S. aureus, as well as Met
109, Val 87, and Glu 75 in the LsrR protein of E. coli [42]. This consistency cor-
roborates the validity of the docking approach and highlights the importance of these
residues in the binding to AgrA and LsrR.

Molecular docking analysis revealed that PDDA exhibited strong binding affini-
ties for AgrA (-5.11 kcal/mol) and LsrR (-3.76 kcal/mol), values that closely aligned

Table 2 Molecular docking scores and amino acid interactions of the bacterial proteins AgrA and LsrR
with PDDA, and Ciprofloxacin

Organism Bacterial PDB  Ligand Binding af- Interaction/Amino acids
protein ID compound finity (kcal/
mol)
S. aureus AgrA 4G4K PDDA -5.11 Tyr229, His227, Glu226, Glul63
Ciprofloxacin -5.37 Tyr229, His227, Glu226,

Phe203, GInl79, His174,
Lys167, Ser165, Glul63

E. coli LsrR 4L5] PDDA -3.76 Met109, Val89, Arg88, Val87,
Glu75, Leu72
Ciprofloxacin -5.06 Met109, Val87, GIn85, Arg79,
Glu75
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Fig. 11 Molecular docking interactions between S. aureus AgrA (PDB ID: 4G4K) and (a) PDDA,
and (b) ciprofloxacin. The protein is represented as an orange surface model, with each docking pose
displayed showing specific interactions in the zoomed-in insets. In (a), PDDA interacts with Glu 226,
Glu 163, His 227, and Tyr 229. In (b), ciprofloxacin forms interactions with residues Glu 226, Gln 179,
His 174, His 227, Glu 163, Ser 165, Lys 167, Phe 203, and Tyr 229

with the binding affinity of ciprofloxacin for these targets. In AgrA, PDDA formed
electrostatic and hydrogen-bond interactions with Glu 163 and Glu 226, and n—alky]l
interactions with Tyr 229 and His 227 (Fig. 11a). Importantly, Tyr 229 has been iden-
tified as a critical binding site for other AgrA inhibitors, such as bumetanide, which
is known to inhibit AgrA through hydrogen bonding with this residue [81]. Addition-
ally, the residue His 227 engages in hydrogen bonding with tryptophan, a molecule
recognized for its antibiofilm properties [82].

In E. coli, PDDA formed electrostatic interactions with Glu 75 and Arg 88, car-
bon—hydrogen bonds with Val 87 and Val 89, and alkyl interactions with Met 109 and
Leu 72 (Fig. 12a). The stronger binding of PDDA to AgrA relative to LsrR correlates
with the observed in vitro antibacterial activity, indicating a more pronounced effi-
cacy against S. aureus. The significant difference in binding strengths indicated that
these QS proteins might contribute to the antibacterial effects of PDDA. Nonetheless,
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Fig. 12 Molecular docking interactions between E. coli LstR (PDB ID: 4L5J) and (a) PDDA, (b) cip-
rofloxacin. The protein is represented as a yellow surface model, with each docking pose displayed to
show specific interactions in the zoomed-in insets. In (a), PDDA forms key interactions with residues
Glu 75, Val 87, Val 89, Leu 72, Arg 88, and Met 109. In (b), ciprofloxacin binds with Arg 79, Gln 85,
Glu 75, Val 87, and Met 109.

other possible mechanisms, such as membrane disruption, or the production of ROS,
cannot be excluded and might act synergistically. Additionally, although ciprofloxa-
cin was used as a reference for docking, it was not experimentally tested in this study.
However, as demonstrated by Othman et al. [42], ciprofloxacin can bind to vari-
ous bacterial targets, including QS regulators like AgrA and LsrR, besides its known
inhibition of DNA gyrase and topoisomerase IV. In this context, PDDA might have
a similar function to antibiotics like ciprofloxacin, as supported by both the docking
results and experimental evidence of their antibacterial properties.

The integration of experimental antibacterial assays and in silico docking studies
aligns with recent research that combines these methodologies to elucidate mech-
anisms of action. Mustafa et al. (2023) developed a dual-function Mg-doped fer-
rite that achieved 83.8% degradation of 2,4,5-trichlorophenol while demonstrating
potent bactericidal activity against E. coli and S. aureus [83]. Notably, they comple-
mented their laboratory experiments with molecular docking simulations to eluci-
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date the interaction between the nanoferrite and bacterial proteins, thereby providing
molecular-level insights into its antimicrobial mechanism. Such studies highlight
the potential of combining experimental and computational approaches to enhance
mechanistic understanding of multifunctional nanomaterials. In a similar vein, our
docking results, which indicated a higher affinity of PDDA for the S. aureus quo-
rum-sensing protein, AgrA, compared to the quorum-sensing protein, LsrR, in E.
coli, offer a plausible molecular explanation for the preferential antibacterial activity
observed in vitro, although further validation is required.

Anti-quorum sensing activity

The anti-quorum sensing (AQS) properties of PDDA were evaluated in vitro using
the biosensor C. violaceum CV026. This biosensor is a relevant tool for evaluat-
ing AQS activity, as it relies on the regulation of the characteristic water-insoluble
pigment, violacein, via the LuxI/LuxR QS system [84]. However, the information
provided by the assay depends on the context, and it was previously reported that
although a gold (I) complex inhibited violacein production, it was unclear if this was
due to true QS inhibition or simply a result of bacterial growth inhibition [38]. In the
present study, PDDA was tested at concentrations ranging from 1.56 to 50 pg/mL,
but none caused loss of the purple violacein colour (Figure SI4), indicating PDDA
was not a QS system inhibitor in the C. violaceum CV026 biosensor (Figure SI4. b).
However, it is important to note that the QS architecture of the Gram-negative C.
violaceum (LuxI/LuxR-type system) is mechanistically distinct from the agr system
of the Gram-positive S. aureus (AIP-mediated signalling via the AgrA response regu-
lator). While the C. violaceum assay relies on the detection of acyl-homoserine lac-
tones (AHLs), our docking studies focused specifically on the AgrA protein, which
has no direct homolog in the C. violaceum pathway. Therefore, while PDDA does
not appear to interfere with AHL-mediated signalling, the potential for interaction
and action via the S. aureus AgrA protein remains a possibility that warrants further
investigation in future studies.

Conclusion

In this study, a GO—PDDA—AgNP nanocomposite was synthesized, and the ori-
gin of its antibacterial activity was investigated. Physicochemical characterization
(UV-Vis, FTIR, zeta potential) confirmed successful PDDA incorporation and the
positive surface charge of the composite. Experimental findings suggested that the
observed antimicrobial effects were predominantly associated with the presence of
PDDA, which exhibited a strong electrostatic interaction with the negatively charged
bacterial membranes. Notably, PDDA induced selective aggregation of S. aureus at
sub-inhibitory concentrations and highlighted a strain-specific response. Based on
these observations, a possible influence of PDDA’s cationic nature on the QS systems
was proposed. To explore this, molecular docking simulations were performed with
PDDA and the QS regulatory proteins AgrA (S. aureus) and LstR (E. coli), which
indicated a higher predicted binding affinity to AgrA than to LsrR. Assessment in
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vitro of the anti-quorum sensing (AQS) properties of PDDA with the biosensor C.
violaceum CV026 yielded inconclusive results and further experimental validation
is required. While the findings clearly demonstrate PDDA’s key role, likely via elec-
trostatic interactions, in the nanocomposite’s antibacterial activity, any specific QS-
related mechanism remains speculative and requires experimental confirmation. This
study underscores the need for rigorous evaluation of the functional contribution of
each component in complex nanocomposites.

Supplementary Information The online version contains supplementary material available at https://doi.
org/10.1007/s00289-026-06477-4.
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