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Purpose: Biofilm-related infections, especially those associated with medical devices like catheters, pose significant clinical 
challenges due to their resistance to conventional treatments. This study investigates a green chemistry-based approach to synthesize 
silver nanoparticles (AgNPs) stabilized with trans-cinnamaldehyde (t-CA) and evaluates their potential for combating microbial 
biofilms and based on novel mechanism of action.
Methods: Silver nanoparticles (t-CA-AgNPs) were synthesized using t-CA as both a reducing and stabilizing agent. The NPs were 
then thoroughly characterized using UV-Vis spectroscopy, X-ray diffraction (XRD), electron microscopy (TEM, SEM, STEM), and 
dynamic light scattering (DLS). We evaluated its antimicrobial potential against the most prevalence biofilm-forming pathogens 
including Pseudomonas aeruginosa, Escherichia coli and Candida albicans using minimal inhibitory concentration (MIC) and 
minimal bactericidal concentration (MBC) assays. Moreover, we investigated the mechanism of action of t-CA-AgNPs underlying 
biofilm inhibition. Biofilm formation and structure were verified by SEM imagining.
Results: DLS analysis confirmed that t-CA-AgNPs had an average particle diameter of 2.5 nm, coupled with a notably negative zeta 
potential (−45 mV), indicative of good colloidal stability. t-CA-AgNPs displayed potent antimicrobial properties, with MIC values 
ranging from 26 to 412 µg/mL and MBC values from 103 to 825 µg/mL. Biofilm formation inhibitory properties reached 88.74% of 
inhibition for P. aeruginosa and 70.60% for E. coli. Moreover, we found potent metal ion-chelating capabilities, importantly, in 
binding and reducing ferrous ions, the crucial factor of biofilm formation. Furthermore, t-CA-AgNPs substantially impaired biofilm 
development on catheter surfaces, underscoring their robust antibiofilm potential.
Conclusion: Presented here t-CA-AgNPs exhibit significant antimicrobial and antibiofilm activity. By effectively targeting critical 
elements in biofilm formation, such as ferrous ions, coupled with antimicrobial potential of both active compounds, these green- 
synthesized NPs have potential applications in significantly improving the safety and effectiveness of medical devices. However, 
further studies are needed to ensure their efficacy in clinical use.
Keywords: cinnamaldehyde, biofilm, AgNPs, silver nanoparticles, antimicrobial, green synthesis, iron uptake

Introduction
Antibiotic resistance is a significant global health concern. As a result, bacterial infections become harder to treat, 
potentially leading to more severe illnesses, prolonged hospital stays, and even death.1 This problem is amplified by the 
multicellular, difficult-to-treat structures produced by microorganisms.2 Biofilms are hot-spots for the emergence of 
resistant mutants, genetic transfer of mobile elements and a source of antimicrobial tolerance.3 The formation and 
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maintenance of biofilms are highly dependent on environmental cues, among which iron availability plays a pivotal role.4 

Iron is essential for bacterial metabolism, redox balance, and virulence factor expression. However, within the host, iron 
is tightly regulated and sequestered by proteins such as transferrin and lactoferrin, creating an iron-limited environment, 
and host nutritional immunity, that pathogens must overcome to establish infection.4,5 Thus, the development of novel 
antibiofilm agents is of critical importance.2,6

In this context, nanoparticles (NPs), due to their unique physicochemical properties, hold potential in a wide range of 
applications, including targeted drug delivery, diagnostic imaging, and as antimicrobial agents.7,8 This diverse range of 
characteristics empowers nanoparticles to fulfill a multitude of roles across various fields and industries.9 Silver 
nanoparticles (AgNPs) have emerged as potent antimicrobial agents due to their broad-spectrum activity and ability to 
target bacterial cells through multiple mechanisms, including membrane disruption, production of reactive oxygen 
species (ROS), and interaction with bacterial DNA. Notably, AgNPs have been successfully employed in medical 
devices, wound dressings, and other biomedical applications to prevent bacterial infections. A detailed analysis of 
nanotechnology-based products indicated that 2000 items containing nano-sized materials, produced by over 600 
companies, are being globally utilized across 32 countries.10 The current global nanomaterials market accounted for 
USD 10.34 billion in 2020 and is anticipated to grow to USD 38.17 billion by 2029 at a compound annual growth rate 
(CAGR) of 17.8% throughout the 2021–2029 period.11

The method used for NP synthesis is crucial, as it dictates the final properties of the nanoparticles, such as size, shape, 
stability, and bioactivity.12–14 A reliable and scalable method is needed to produce NPs in larger quantities, which is 
essential for industrial applications. Consistent and reproducible synthesis processes are vital to ensure that the NPs can 
be reliably manufactured to meet quality and performance standards.9,12,13 Green synthesis of NPs, utilizing biocompa
tible and renewable resources, provides a solution to these concerns due to natural sources like plant extracts, microbes, 
or other bio-based materials.10 Such an approach aims to minimize the use of hazardous chemicals and energy-intensive 
procedures associated with conventional NP synthesis methods.15 However, the green methods are often burdened with 
low throughput or complex procedures, eg based on the growth and development of organisms, which limits scalability.

Trans-cinnamaldehyde (t-CA), a natural compound found predominantly in cinnamon essential oil (EO), is an 
excellent candidate for the purpose of NPs green synthesis due to its biocompatibility and multifunctional 
bioactivity16,17 t-CA (3-phenyl-2-propenal) is derived from the bark of cinnamon trees (Cinnamomum verum or 
Cinnamomum cassia) and valued for its distinctive aromatic flavor and scent.18 This powerful component of EO not 
only imparts the characteristic aroma of cinnamon spice but also offers a unique array of health beneficial properties. 
Among these are its noteworthy antioxidant capabilities, which aid in combating oxidative stress, its potent anti- 
inflammatory attributes that help alleviate various inflammatory conditions,19 and its intriguing potential as an anticancer 
agent, showing promise in the field of cancer prevention and treatment.20 Furthermore, t-CA’s inherent antibacterial 
potency16,21 adds to its versatility, finding utility across the culinary, cosmetic, and agricultural applications. In addition 
to these advantages, t-CA activity has been also demonstrated in NPs composition, either improving stability or 
enhancing their biological properties.22,23

In this study, we present a novel approach for the green synthesis of silver nanoparticles employing t-CA as 
a substrate to produce nanomaterial with desirable physicochemical properties and antimicrobial potential. We investi
gated the antimicrobial and antibiofilm potential of t-CA-AgNPs against clinically relevant pathogens, with a particular 
focus on their novel iron-chelating activity as a mechanism underlying biofilm inhibition.

Materials and Methods
Materials
Ultra pure water (ddH2O Milli-q) from MilliQ pure water system (Merck Millipore, Germany) was used for synthesis 
experiments. The following substrates were used to NPs production: t-CA (97%, C80687, Sigma, Germany), analytical 
grade silver nitrate (AgNO3, POCH, Avantor Performance Materials, Poland). pH adjustment was provided using 
analytical grade sodium hydroxide (NaOH, POCH, Avantor Performance Materials, Poland). Other relevant chemicals 
and microbiological broths have been indicated in the respective method descriptions below.
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Methods
Green Synthesis of Silver Nanoparticles
The NPs synthesis was essentially conducted as described previously,24,25 with some modifications. Briefly, the process 
of synthesis of t-CA-AgNP was conducted in a dark condition. Initially, 100 mL of water adjusted to pH 12 (NaOH) and 
then heated to 90°C. Next, t-CA (97%, C80687, Sigma, Germany) was then added to the solution to a final concentration 
of 0.5 mM. Following this, 500 μL of 0.1 M AgNO3 water solution (ddH2O) was carefully introduced dropwise into the 
mixture under constant stirring for 5 minutes to ensure thorough mixing and reaction. The resulting t-CA-AgNP solution 
was left to stabilize overnight at room temperature. The solution was then centrifuged at 2500 rpm, 20°C for 12 hours 
(Centrifuge 5810 R, Eppendorf, Germany) and stored at room temperature in a dark place.

t-CA-AgNPs Formation Monitoring
The formation of AgNPs and their optical properties of were analyzed spectrophotometrically using a UV-vis 
BioSpectrometer Kinetic instrument (Eppendorf, Germany). 10 nm Silver Nanospheres (nanoComposix, USA), 
0.02 mg/mL stabilized on PVP was used as a standard material according to calibration curve. To measure the 
hydrodynamic diameter (HD), polydispersity (PDI) and potential charge of the t-CA-AgNPs suspensions, A Zetasizer 
Nano ZS (Malvern Panalytical, UK) was used.26 The t-CA-AgNPs suspensions were diluted 1:100 with distilled water, 
sonicated for 15 min, and then transferred into U-type tubes before measurement with the Zetasizer at 25 °C.

XRD Analysis
The structural analysis of the synthesized AgNPs was conducted using the powder X-ray diffraction technique with the 
Xpert PRO-MPD (Panalytical, UK) diffractometer, equipped with a copper anticathode (λ Kα = 1.542 Å). The AgNP 
sample, which had been subjected to an air-drying process, was distributed in an even layer on a zero-background 
specimen silicon holder. Measurements were carried out in the 2θ angle range from 20 to 100 degrees, with a step size of 
0.02 degrees and a scanning speed of 2.7 degrees per second. The size of the AgNP crystallites was further determined 
based on the Scherrer equation:

Where k is the shape factor (for spherical structures, k=0.9); λ is the wavelength of the X-ray radiation (λ = 0.1542 nm); 
β is the experimental and theoretical (instrumental) full width at half maximum (FWHM) of the reflection occurring at 
angle θ. The analysis was performed for main five Bragg’s reflections related to Ag.

Microscopic Evaluation
The electron microscopy method was employed to obtain information about the size, shape and dispersion of AgNPs. 
Scanning transmission electron microscopy (STEM) and scanning electron microscopy (SEM) analysis have been 
performed using Zeiss GeminiSem 500. t-CA-AgNPs were deposited on the grid and dried before the use.

FT-IR Spectroscopic Analysis
FT-IR spectra were recorded with wave numbers ranging from 400 to 4000 cm−1 for the t-CA-AgNPs, using IFS66 
(Bruker, USA) spectrometer on KBr (pellet form) to record the IR spectra.

Determining of Interactions of t-CA-NPs with Metal Ions
Colorimetric detection was performed according to the procedure published by Hwa Kyung Sung et al.27 Briefly, at room 
temperature a solution of t-CA-AgNPs (0.0185 mg/mL in ultrapure water) was prepared. Metal ion stock solutions (Cu2+, 
Mn2+, Fe³2+, Ca2+ in chloride form, and Zn2+ from sulfate monohydrate; trace metals grade, Sigma-Aldrich, Germany) 
were freshly prepared in ultrapure water. Aliquots (10µL) of the ion solutions (range of concentrations) were added 
stepwise to the 1mL t-CA-AgNPs suspension while gently mixing. After 5 min incubation at room temperature, the 
absorbance spectra were recorded using a BioSpectrometer (Eppendorf, Germany). Control measurements were per
formed for ion solutions without nanoparticles under identical conditions.
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Ferric Reducing Antioxidant Ability (FRAP) Assay
The antioxidant capacity of the synthesized nanoparticles was evaluated using the Ferric Reducing Antioxidant Power 
(FRAP) assay based on Benzie and Strain with modifications.28 A working solution was prepared by mixing 300 mM 
acetate buffer (pH 3.6), 10 mM ferric 2,4,6-tripyridyl-s-triazine (TPTZ, Supleco INC, USA), dissolved in 40 mM 
hydrochloric acid (HCl, POCH, Avantor Performance Materials, Poland), and 20 mM ferric chloride solution in a 10:1:1 
ratio. Calibration curve was established with concentrations ranging from 100 to 1000 µM. For the assay, 100 µL of each 
sample or standard was mixed with 900 µL of the FRAP working solution and incubated 30 minutes in the dark at room 
temperature. The absorbance of the reaction mixtures was measured at 593 nm using a plate reader (Enspire, 
PerkinElmer, USA). Antioxidant capacity was calculated by interpolating the absorbance values of the samples against 
the standard curve. All experiments were performed in triplicate for accuracy. Negative controls were included to account 
for baseline readings.

Colorimetric Ferrozine-Based Assay
The ability of nanoparticles to chelate and reduce Fe ions was assessed using a modified FerroZine assay described by 
Jian Gong,29 with dithiothreitol (DTT, Sigma Aldrich, Germany) as a reducing agent. A 1 mM FerroZine (sodium 
4-[3-(2-pyridinyl)-5-(4-sulfophenyl)-1,2,4-triazin-6-yl]benzenesulfonate, Fluorochem, UK) solution was prepared in a 50 
mM acetate buffer (pH 4.5) and stored in the dark at 4°C. FeCl3 and FeSO4 solutions (0.2–40 µM) were prepared to 
generate calibration curves. FeCl3 was reduced to Fe2+ using DTT (final concentration: 20 mM) after 20 minutes of 
incubation. For the assay, 100 µL of Fe3+ solution was mixed in Eppendorf tubes with either 50 µL of t-CA-AgNP (in 
range of concentrations), 50 µL of deionized water (negative control), 50 µL of acetate buffer was added to each sample, 
followed by incubation at room temperature for 30 minutes. Samples were then centrifuged (13,000 RPM, 20 minutes), 
and DTT was added to the supernatant from t-CA-AgNPs, and to FeCl3 samples to ensure complete Fe3+ reduction. Next, 
200 µL of FerroZine solution was added to the samples, and the mixture was incubated for 10 minutes before measuring 
absorbance at 562 nm using a microplate reader (Enspire, PerkinElmer, USA). Chelation efficiency was calculated using 
the formula:

Microorganisms Growth Conditions
All microbial strains were plated on solid LB medium (Sigma-Aldrich, Germany) supplemented with 1.5% agar (Sigma- 
Aldrich, Germany) from the −80°C stock collection of our laboratory and incubated at 37°C for 20 hours. If liquid 
culture was required, the bacteria were incubated in LB Lennox (Sigma-Aldrich, Germany) broth at 37°C with shaking at 
150 rpm, unless experimental conditions necessitated otherwise. All strains used in this study have been listed in 
Table S1.

Determination of MIC and MBC
The minimum inhibitory concentration (MIC) has been determined using the guidelines set forth by the British Society 
for Antimicrobial Chemotherapy (BSAC). A bacterial inoculum of approximately 106 colony-forming units per milliliter 
(CFU/mL) was tested against a range of compound concentrations spanning from 0.00644 to 1.64972 mg/mL. After 
20 hours of incubation, all mixtures were plated onto LA medium to determine the number of CFU/mL, which allowed 
for the accurate determination of the MIC and minimum bactericidal concentration (MBC) values.

Quantification of the Bacterial Biofilm Biomass Reduction
To investigate the effect of t-CA-AgNPs on biofilm formation, overnight bacterial cultures were first diluted 1:100 in 
a fresh LA medium. Then, 100μL of the diluted inoculum was transferred to a sterile 96-well microtiter plate and 
incubated at 37°C for 48 hours, with t-CA-AgNPs added before the incubation period (t = 0). Once the bacteria had 
formed a biofilm, the culture medium was removed from the wells, and the biofilm was carefully washed with phosphate- 
buffered saline (PBS) to remove any unattached bacteria. The plate was then fixed by drying at 60°C for 1 hour. To stain 

https://doi.org/10.2147/NSA.S542528                                                                                                                                                                                                                                                                                                                                                                                                                                       Nanotechnology, Science and Applications 2025:18 390

Strzelecki et al                                                                                                                                                                      

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com/article/supplementary_file/542528/542528%20Revised%20%2509Supplementary%20Materials.docx


the biofilm, a 1% crystal violet solution was added to each well and left for 30 minutes. The excess crystal violet was 
removed by washing the plate with distilled water, and the plate was allowed to dry at room temperature. To extract the 
bound crystal violet, 33% acetic acid was added to each well, and the amount of 100μL crystal violet extracted from the 
biofilm was quantified by measuring the absorbance at 570 nm using an Enspire microplate reader (PerkinElmer, USA).

Cell Viability Assay
To assess the viability of bacteria in a culture, the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay 
(MTT) was performed. Overnight cultures of bacteria were first diluted 1:100 in LB medium and then transferred to a 96- 
well microtiter plate, which was then incubated at 37°C for 48 hours. After the incubation period, the medium was 
carefully removed, and fresh medium containing 0.1% MTT reagent in PBS was added to each well. The plate was then 
incubated for 2 hours at 37°C to allow the MTT reagent to be metabolized by viable cells. To solubilize the formazan 
crystals produced by viable cells, DMSO was added to each well, and the absorbance of each well was measured using 
an Enspire microplate reader, with the wavelength set to 570 nm.

Estimation of Biofilm Mass in Sterile Catheters
The experiment was conducted based on the protocol by Borowicz et al30 with slight modifications. Bacteria were 
cultured at 25°C in YESCA medium (1 g/L yeast extract (Biomaxima, Poland) and 10 g/l casamino acids (Difco, USA) 
with shaking at 120 rpm overnight. The culture was then diluted to achieve a turbidity level of 4 McFarland units. The 
prepared suspension was further diluted at a ratio of 1:100. Sterile Nelaton Catheters (Unomedical, UK) were cut into 
10 cm fragments and connected to a syringe. The bacterial inoculum was then drawn into the syringe, ensuring that the 
final volume did not exceed 3 mL. The experimental sample consisted of bacteria inoculum with AgNPs at 
a concentration of 1 MIC and tubes preincubated with t-CA-AgNPs (70°C for 24h) prior to experiment. The positive 
control was represented by bacteria inoculum without additional factors, while the negative control consisted of syringe 
with sterile broth and the one with the addition of AgNPs. After introducing the appropriate mixture of the tested 
substances into the syringe, they were tightly sealed under sterile conditions. The prepared samples were incubated for 
72 hours at 25°C. After this time, the catheters were opened and rinsed with 20 mL of distilled water. After rinsing, a 1% 
solution of crystal violet was introduced and incubated at room temperature for 20 minutes. Then, the catheters were 
rinsed with distilled water until the unbound crystal violet was removed, and the catheters were photographed. 
Subsequently, a 33% solution of acetic acid in a volume of 2 mL was introduced into the catheters, and they were 
incubated under the same conditions. The absorbance of the solutions was then evaluated spectrophotometrically 
(BioSpectrometer, Eppendorf, Germany) at a wavelength of 570 nm.

CAS Assay for Iron Chelation
A modified Chrome Azurol S (CAS) assay based on31,32 was used to examine the iron-chelating ability. The CAS dye 
solution was prepared by dissolving Chrome Azurol S (POL-AURA, Polska) to final concentration of 2 mM in deionized 
water, followed by the addition of a FeCl3 solution (10 µM in 10 mM HCl) and a 10 mM hexadecyltrimethylammonium 
bromide (HDTMA, Sigma-Aldrich, Germany) solution in a 1:1:1 ratio. The final CAS dye solution was stored at 4°C. 
Then, 100 µL of CAS dye solution was mixed with 100 µL of tested compound. Controls included a negative control 
(CAS dye without nanoparticles) and a positive control (CAS dye with EDTA). Samples were incubated at RT for 
5 hours. Samples were centrifuged (13000 rpm, 20 minutes) to make sure that nanoparticles do not affect the final results. 
Color change was visually assessed, and absorbance at 630 nm was measured using Enspire microplate reader 
(PerkinElmer, USA). Iron chelation activity (%) was calculated using the formula:

where Ar is the absorbance of the negative control, and As is the absorbance of the sample. The experiment was 
conducted in triplicate, and results were analyzed to determine nanoparticle iron depletion.
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Statistical Analysis
T-test has been used for data analysis with normal distribution and equal variances, the Welch correction for unequal 
variances, and the U Mann–Whitney test for data without normal distribution. All differences between groups marked * - 
P ≤ 0.05, ** - P ≤ 0.01, *** - P ≤ 0.001, **** - P ≤ 0.0001. All experiments have been performed at least in triplicates.

Results and Discussion
t-CA-AgNPs Synthesis and Characterization
The use of phenolic extracts in the green synthesis of AgNPs offers an eco-friendly and sustainable alternative to 
traditional chemical methods.24,25 These extracts act as reducing and stabilizing agents, leveraging their natural 
antioxidant properties to promote nanoparticle formation.25,33 In this study, the plant secondary metabolite t-CA was 
successfully employed to synthesize AgNPs. The occurrence of NPs synthesis has been indicated by the change of color 
of the reaction mixture from transparent and colorless to dark orange. Next, the synthesis of t-CA-AgNPs was confirmed 
by UV–visible spectral analysis, showing a characteristic surface plasmon resonance peak at 411 nm (Figure 1A). The 
most effective synthesis was achieved under alkaline conditions (pH 12) at 90 °C. It was in line with other green 
synthesis studies where the bark extracts were used.34,35 However, in our method the pure compound is used to formulate 
NPs instead of a crude extract, which may have favorable consequences for reproducibility and further application. t-CA- 
AgNPs formation was further confirmed in more detailed analysis. DLS analysis confirmed a narrow size distribution 
with a mean particle size of 2.61 nm (SD = 0.67 nm, PDI = 28.3%, xc = 2.5), with 99.1% of particles within this fraction, 
indicating uniformity of the synthesized nanoparticles (Figure 1B). The zeta potential distribution revealed a high 
negative surface charge, with a peak at –45 mV (mean = –41.8 mV, SD = 2.6 mV), which indicates strong electrostatic 
repulsion between particles (Figure 1C). Noteworthy, no significant change in UV-vis spectra has been observed at least 
for the 6 months (Figure S1), which is in line with the zeta potential observations. Stability of nanomaterials is 
considered as critical for maintaining effectiveness and consistent antibacterial activity, particularly in complex environ
ments such as blood or tissue, where aggregation could otherwise reduce efficacy.

Then, atomic and molecular structure was determined by a powder X-Ray diffraction (pXRD). Small size of the NPs 
is reflected by substantial broadening of the XRD reflections. Figure 2A presents the pXRD pattern of the AgNP sample 
along with LeBail analysis conducted using the FullProf package.36 The solid red line represents the theoretical XRD 
spectrum fitted to the experimental results, which are depicted by blue dots. Expected positions of Bragg reflections are 
marked with vertical lines, and Miller indices are placed above their corresponding diffraction reflections. The solid line 
at the bottom of the figure illustrates the difference between the model and the experimental results. LeBail analysis 
indicates that the broad reflections originate from the same phase with Fm-3m symmetry, for which the estimated lattice 
constant is a = 0.40888(7) nm. This is in very good agreement with literature data for metallic silver: a = 0.408626(4) 
nm,37 0.40862.38 Narrow reflections of relatively low intensity, marked on the diffractogram with vertical arrows, stem 

Figure 1 The physicochemical characteristics of t-CA-AgNPs. (A) The UV-vis spectra of t-CA-AgNPs after centrifugation and dilution 1:1000 - peak at 411nm (red dashed 
line), (B) Size and distribution according to Dynamic Light Scattering analysis, (C) Zeta potential distribution spectra.
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from an unknown phase. The analysis was performed for five reflections visible on the diffractogram (Figure 2A), and the 
calculated average crystallite diameter was 5.8 ± 0.5 nm. In summary, powder X-ray diffraction technique confirmed that 
the obtained material is a nanocrystalline form of silver with a diameter of approximately 5.8 nm.

Next, The FTIR spectrum was recorded at 4000–400 cm−1, at a resolution of 2 cm−1. The main characteristic peaks 
for t-CA derived NPs were found at 1633, 1488, 1386, 970, 768, 685 cm−1, as presented on Figure 2B. The absorption 
peak at 1633 cm−1 is attributed to the C=C stretching vibrations of conjugated alkenes and aromatic rings, indicating the 
presence of unsaturated hydrocarbon structures derived from t-CA on the surface of the AgNPs. The peak at 1488 cm−1 

corresponds to the aromatic C=C stretching vibrations, confirming the retention of the phenyl ring from t-CA in the NP 
composition. A notable peak at 1362 cm−¹ is assigned to the symmetric stretching vibrations of carboxylate ions (COO−). 
The presence of NaOH in the reaction mixture suggests that t-CA underwent partial oxidation to form cinnamic acid, 
which deprotonated under basic conditions to yield carboxylate ions. This indicates that side reactions occurred during 
the synthesis, leading to the formation of carboxylate groups that may act as dominant capping agents giving the 
molecule a strong negative surface charge. The band observed at 685 cm−1 is associated with metal–oxygen (Ag–O) 
stretching vibrations, suggesting interactions between silver atoms and oxygen-containing functional groups on the NP 
surface. This implies that oxygen atoms from oxidized t-CA or its derivatives eg, cinnamic acid, are coordinating with 
the silver NPs, contributing to their stabilization.

Finally, we observed NPs through different electron microscopy techniques (Figure 3A–C). In the TEM analysis 
(Figure 3A), the NPs appear as dark spots against a lighter background (bright field), showing a relatively uniform size 
distribution. The particles, mostly well-dispersed, are in the range of 10 nm, though some regions exhibit slight 
aggregation. The SEM study (Figure 3B) highlights the surface morphology of the NPs (secondary electrons). The 
particles are more densely packed and aggregated, forming a somewhat continuous layer. The individual particles are less 
distinct compared to the TEM image, but they are still within a similar size range, appearing roughly spherical. In the 
STEM observation (dark field) developed at 10 kV (Figure 3C), the NPs are more clearly defined with higher resolution. 
This technique reveals their spherical shape and shows them forming clusters or chains, indicating some level of 
interaction or assembly. The magnified view further details the internal structure of these particles. Overall, across all 
techniques, the NPs are consistently sized, roughly spherical, and exhibit moderate degrees of aggregation.

A critical advantage of our approach lies in the simplicity and reproducibility of the synthesis method. Unlike many 
green synthesis methods that rely on complex plant extracts, which contain an unpredictable mix of reducing agents, our 

Figure 2 (A) Atomic and molecular structure determined by X-Ray diffraction. The size of AgNP crystals was determined based on the Scherrer equation. The analysis was 
conducted for five Bragg’s reflections visible in the diffractogram (vertical dashes), and the calculated average value of the crystal diameter was 5.8 ± 0.5 nm, minor 
reflections were indicated by black arrows (B) FTIR analysis of AgNO3, t-CA, and t-CA-AgNPs.
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method uses a single, well-defined compound.39 This allows for greater control over the nanoparticle synthesis process, 
leading to uniform particle size, shape, and stability.

Metal Ions Sensing
Functionalized AgNPs are widely used as optical sensors for heavy metal ions in water as well as polluted environmental 
systems.40 In Figure 4A we showed the results of a study designed to detect metal ions like Fe, Mn, Cu, Ca, and Zn by 
synthesized t-CA-AgNPs performed by UV-Vis absorption method. The different colored curves correspond to the 
absorbance spectra of t-CA-AgNPs in the presence of specific metal ions at concentrations as indicated. Absorbance peak 
at 411 nm characteristic for t-CA-AgNPs serves as a reference for evaluating the interactions with the metal ions. The 
introduction of metal ions causes changes in the intensity and position of this peak, indicating interactions between the 
AgNPs and the metal ions. For instance, the presence of copper ions results in a decrease in peak intensity and a slight 
right shift, suggesting aggregation or changes in the NPs’ environment. Similar trends are observed for manganese and 
iron ions, with the iron ions showing the most significant effect, likely indicating strong interaction. Calcium and zinc 
ions also cause a decrease in absorbance and slight shifts, though to a lesser extent. Additionally, we performed the color 
analysis of the solutions to visually confirm the interaction of AgNPs with the different metal ions (Figure 4B). The 

Figure 3 Visual representation of t-CA-AgNPs by (A) Transmission Electron Microscope, bar represents 200 nm (B) scanning electron microscope at 20 kV bar represents 
200 nm, (C) scanning transmission electron microscope at 10 kV (bar represents 100 nm), magnified view with bar representing 10 nm to show exact size and shape of single 
t-CA-AgNPs.

Figure 4 Visual and spectroscopic results of colorimetric detection of metal ions using t-CA-AgNPs. The absorption spectra (A) and corresponding solution colors (B) are 
shown for t-CA-AgNPs in the presence of different metal ions (at concentrations indicated): Cu2+, Mn2+, Fe2+, Ca2+, and Zn2+.
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solutions exhibit distinct color changes that align with the observed spectral shifts, serving as a practical confirmation of 
the colorimetric detection method. Changes in peak intensity suggest that metal ions induce NPs aggregation or alter the 
dielectric environment, which modifies the surface plasmon resonance. Overall, these results demonstrate that t-CA- 
AgNPs can effectively detect certain metal ions through changes in their optical properties, particularly for Fe and Cu 
ions, which show the most pronounced interactions, both spectroscopically and visually.

Antimicrobial Activity of t-CA-AgNPs
Susceptibility Tests
We conducted tests to evaluate the antibacterial efficacy of t-CA-AgNPs using the two-fold microdilution method to 
determine the minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) (Table 1). Both 
constituents, t-CA and silver nitrate, were tested individually in growth inhibition assays at the concentration used for 
nanoparticle synthesis (0.5 mM); however, neither compound exhibited measurable inhibitory effects against the inves
tigated pathogens. The NPs were effective against all tested strains, with MIC values ranging from 0.026 to 0.412 mg/mL 
and MBC values ranging from 0.103 to 0.825 mg/mL. When compared to other natural antibacterial compounds, such as 
essential oils, plant extracts, or naturally derived antimicrobial peptides, the NPs exhibited a competitive or superior 
performance. For instance, many essential oils like tea tree or oregano oil have reported MIC values in the range of 0.05 
to 2 mg/mL,41,42 depending on the bacterial strain, while plant-derived compounds such as flavonoids often show MIC 
values ranging from 0.05 to 1 mg/mL.43,44 C. albicans was the most sensitive to t-CA-AgNPs (MIC: 0.026 mg/mL), 
while E. coli KB17, KB18, and Enterococcus faecalis were the most resistant (MIC: 0.412 mg/mL). Notably, highly 
virulent strains such as S. aureus MRSA and E. coli ESBL required a higher concentration (0.825 mg/mL) to achieve 
MBC, compared to wild-type E. coli (0.412 mg/mL). These results align with literature, which suggest that fungi are 
generally more sensitive to silver NPs.45 The observed effect is likely due to membrane disruption and the release of Ag+ 

ions, which bind to cellular components such as proteins and polysaccharides.46 The toxicity of synthesized NPs can be 
actively enhanced by the capping agent, as antibacterial activity of t-CA were broadly reported.16 Moreover, it has been 
reported that NPs of smaller sizes offer a higher surface-area-to-volume ratio, which enhances the interaction between the 
NPs and bacterial cells.47 This increased surface area facilitates more efficient attachment to bacterial cell walls, 
enhancing the bactericidal effect by releasing silver ions and generating reactive oxygen species (ROS). For instance, 
the 2.5 nm t-CA-AgNPs likely owe their strong antibacterial properties to this enhanced surface reactivity. Moreover, the 
antibacterial efficacy of t-CA-AgNPs is consistent with literature on AgNPs, which shows potent activity against both 

Table 1 MIC and MBC Values for Representatives of Gram- 
Negative, Gram-Positive Bacteria and Candida albicans

Strain MIC (mg/mL) MBC (mg/mL)

E. coli MG1655 0.103 0.412

E. coli UTI89 0.240 0.470

E. coli CFT071 0.103 0.240
E. coli ESBL KR45 0.206 0.825

E. coli KB017 0.412 0.825

E. coli KB018 0.412 0.825
S. aureus ATCC 25923 0.052 0.206

S. aureus MRSA RA532 0.206 0.825
P. aeruginosa 6121 0.103 0.240

E. faecalis 773 0.412 0.825

L. monocytogenes BAA 0.206 0.412
C. albicans 222 0.052 0.412

C. albicans ATCC 2091 0.026 0.206

C. albicans 1750 0.026 0.103
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Gram-positive and Gram-negative bacteria.48 The slightly higher MICs observed for antibiotic-resistant strains like 
MRSA and E. coli clinical isolates could be due to their enhanced defense mechanisms, including biofilm formation and 
efflux pumps.49,50

Biofilm Formation
Biofilms are highly resistant to conventional antibiotics due to their protective extracellular matrix, altered metabolic 
state, and enhanced genetic exchange within the bacterial community. Testing antimicrobials on biofilms mimics 
conditions, such as these found in chronic infections and medical device contamination.51 The effect of t-CA-AgNPs 
on biofilm mass formation was assessed using several Gram-negative and Gram-positive bacterial strains (Figures 5A 
and S2). Namely, three E. coli strains were tested: the wild-type MG1655 laboratory strain and two reference 
uropathogenic strains, UTI89 and CFT073, widely known for their potential to cause urinary tract infections (UTI).52 

Pseudomonas aeruginosa 6121 strain was included due to its ability to produce a significant, hard to eradicate biofilm 
mass and its role in nosocomial infections. Additionally, two Gram-positive strains, Staphylococcus aureus (ATCC 
25923) and a clinical isolate of the MRSA variant, were evaluated. Our analysis revealed that E. coli MG1655, S. aureus 
ATCC 25923, and P. aeruginosa 6121 exhibited the highest percentages of biofilm reduction, with decreases of biofilm 
mass by 70.60%, 78.40%, and 88.74%, respectively. Notably, these substantial reductions indicate the strong biofilm- 
inhibiting properties of t-CA-AgNPs across both Gram-negative and Gram-positive bacterial species, including the 
notoriously difficult-to-treat P. aeruginosa. Interestingly, the MRSA strain of S. aureus showed biofilm reduction of 
71.28%, which was not significantly different from the non-MRSA version. This finding implicates a substantial activity 
of t-CA-AgNPs even against resistant strains. For the uropathogenic strains, the E. coli UTI89 exhibited a moderate 
biofilm reduction of 56.11%, whereas the CFT073 strain proved to be the most resilient to t-CA-AgNPs treatment, with 
only a 23.87% reduction in biofilm mass. This notable variation between the UTI89 and CFT073 strains emphasizes the 
heterogeneity of biofilm-forming capacity and susceptibility within uropathogenic E. coli populations. To further 
investigate the efficacy of t-CA-AgNPs against E. coli strains associated with urinary tract infections, we expanded 
the analysis to a larger collection of uropathogenic E. coli52 (UPEC, n=20) (Figure 5B). We observed a significant 
reduction in biofilm mass for the UPEC strains used, with a reduction factor of 0.45 ± 0.20 as shown in Figure 5B. These 
findings reinforce the potential of t-CA-AgNPs as a promising antimicrobial treatment, especially in biofilm-associated 
infections caused by UPEC.

Biocidal Effect on Biofilms
We further assessed the survival of cells within the established biofilm by performing an MTT assay (Figure 5C). 
A significant reduction in cell viability was observed in all tested strains. The most pronounced decrease in cell viability 
was seen in both S. aureus strains, with an 88.46% reduction in the MRSA strain and a 79.52% reduction in the S. aureus 
ATCC strain compared to the untreated group. E. coli MG1655 exhibited a 77.01% decrease in survival. The UTI89 and 
CFT073 strains showed similar decreases, with reductions of 65.04% and 66.72%, respectively. Thus, we conclude that 
t-CA-AgNPs treatment is effective in killing bacteria in formed biofilm, as decreased viability was higher than observed 
mass reduction for CFT073. Notably, P. aeruginosa exhibited the highest survival rate, with a decrease of 44.18% 
compared to untreated cells. The inhibitory effect of AgNPs treatment on bacterial biofilms were recently studied and 
highlight the aspect of biofunctionalization of nanomaterials at surfaces for controlling infections.51 However, the 
mechanism of action underlying AgNPs antimicrobial activity and their molecular targets that lead to the death of 
bacterial cells remain undetermined.14 To attempt that, we used the 2’,7’-dichlorofluorescin diacetate (DCFDA) assay to 
assess ROS production as a potential bactericidal factor, but the treatment with t-CA-AgNPs did not lead to any increase 
in oxidative stress in cells (data not shown). t-CA is widely known for its antioxidant properties, which were previously 
showed by us and others.17,21 On the other hand, we surprisingly found that t-CA-AgNPs has good Ferric Reducing 
Antioxidant Power (FRAP), combined with iron chelating capacity comparable to EDTA, as presented in Figure 6. 
Specifically, the nanoparticles were able to reduce up to 50 µM of ferrous iron at the highest tested concentration 
(12.5 µg/mL), while neither AgNO3 nor t-CA alone exhibited such activity (Figure 6A and S5) (thus data regarding 
AgNO3 and t-CA were not plotted on graph). To further evaluate iron-binding capacity we employed gold standard 
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methods - ferrozine based assay (Figure 6B and S6) and Chrome Azurol S (CAS) assay (Figure 6C) - to assess Fe 
chelation ability of the tested agents.53 In both assays the t-CA-AgNPs have proven to be effective in Fe ions chelation. 
The ability of Fe(III) binding tested in CAS assay showed 50% iron binding activity at 13.3 µg/mL for EDTA and 
13.5 µg/mL for t-CA-AgNPs (Figure 6C). Notably, moderate chelating activity was also observed for t-CA alone, 
although at a much higher concentration of 2.37 mg/mL. Iron metabolism has emerged as a target for antimicrobial 
strategies aiming to disrupt biofilm integrity.54,55 Agents that chelate iron or interfere with microbial iron acquisition 
systems can effectively impair biofilm formation and reduce pathogen viability.56 Natural compounds like vanillin, 

Figure 5 Biofilm mass measured by crystal violet binding in 96-well after a 72 h of incubation at 37°C in a microtiter plate for (A) 20 representatives of UPEC and series of 
(B) Gram-negative and Gram-positive bacteria (C) Survival of bacterial cells in formed biofilm. Statistical differences (Student’s t test) between groups were marked as * - P ≤ 
0.05, ** - P ≤ 0.01, *** - P ≤ 0.001, **** - P ≤ 0.0001.

Figure 6 Iron-reducing and chelating properties of t-CA-AgNPs. (A) Reducing power of t-CA-AgNPs measured by FRAP assay, expressed as µM ferrous equivalents. (B) 
Ferrozine assay showing iron chelation (%) by t-CA-AgNPs (20, 40, 80 µg/mL, marked as green triangle, blue squares, violet circles respectively) in response to increasing 
concentrations of FeCl2 (0.5–10 µM). (C) CAS assay assessing Fe2+ chelation by t-CA-AgNPs (circle), trans-cinnamaldehyde (square), and EDTA (triangle). Dose-dependent 
response curves were plotted, and data presented as means ± SD. All experiments were done in triplicates.
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curcumin, ginkgolic acid, quercetin and many others have been shown to effectively chelate iron and mitigate bacterial 
infection.57–59 As shown in our study, phenolic t-CA exhibits this potential as well (Figure 5C). More importantly, t-CA 
AgNPs derived on its basis exhibited multiply enhanced chelating properties compared to t-CA alone. t-CA is a volatile 
EO with poor water solubility, these features have been improved by formation of NP complex with Ag. The enhanced 
solubility and exhibition of t-CA molecules on Ag0 core may have greatly affected these capacities. Recently, it has been 
proposed to use hybrid nanomaterial based on Myrtus communis extract MC-AgNP to reduce excess iron ions in 
a thalassemia model.60 MC-AgNPs in the form of a colloidal solution demonstrates for chelating power of excess iron 
and improves pathological changes in iron overloaded mice. In another study, natural chelators have been tested to 
overcome P. aeruginosa and S. aureus infections and interfere with their virulence factors expression.61 Potential 
additional effects of iron chelators on impregnated central venous catheters were well described in work by Itoh et al62

Determination of t-CA-AgNPs Antibiofilm Activity in Medical Catheters
Urinary catheters are critical medical devices commonly used to manage urinary retention and incontinence, especially in 
patients with neurological disorders. However, these catheters can also become conduits for microorganisms, facilitating 
their entry into the bladder and disrupting the urinary tract’s innate defense mechanisms. This often leads to catheter- 
associated urinary tract infections (CAUTIs), which are among the most prevalent hospital-acquired infections.63 In 
Figure 7, we assessed the effectiveness of t-CA-AgNPs in preventing biofilm formation on sterile Nelaton catheters, 
focusing specifically on their ability to inhibit microbial cell adhesion and biofilm development on medical devices. This 
evaluation was carried out through two distinct experimental approaches (Figures 7 and S3). In the first one, t-CA-AgNPs 
were directly introduced into the growth medium. This method led to significant reductions in biofilm formation, as 
indicated by the substantial decrease in biofilm mass of various bacterial strains. Notably, E. coli UTI89, E. coli CFT073, 
and P. aeruginosa exhibited reductions in biofilm mass of approximately 93%, underscoring the potent antimicrobial and 
anti-biofilm effects of t-CA-AgNPs in Gram-negative pathogens. Among the Gram-positive strains, the non-MRSA strain 
of S. aureus demonstrated a remarkable biofilm reduction of 91.65%, while the MRSA strain, though more resistant, still 
showed a significant reduction of 77.12%. These results highlight the strong biofilm-inhibitory properties of t-CA- 
AgNPs, even against methicillin-resistant bacteria.

In the second approach, sterile Nelaton catheters were pre-incubated with t-CA-AgNPs (0.103 mg/mL), allowing the 
nanoparticles to coat the catheter surface. The catheters were then air-dried to immobilize the nanoparticles. Even with 
this immobilization technique, we observed a consistent and notable inhibition of biofilm formation for all strains tested 
(Figure 7A). Although the reduction in biofilm mass was somewhat lower compared to the first approach, the differences 
were not statistically significant (p > 0.05), indicating that the immobilized t-CA-AgNPs were still highly effective in 
preventing biofilm formation on catheter surfaces (Figures 7A and S4).

Further analysis specifically focused on UPEC strains, as shown in Figure 7B. The average reduction in biofilm mass 
on catheters coated with t-CA-AgNPs was 62.69%, underscoring the potential of these NPs in significantly diminishing 
biofilm formation, even when challenged by highly virulent clinical isolates. This reduction is particularly noteworthy 
considering the recalcitrant nature of biofilms formed by UPEC, a major contributor to CAUTIs. The visual evidence 
presented in Figure 7C supports the quantitative data, demonstrating the effectiveness of t-CA-AgNPs treatment in 
reducing biofilm formation on catheters. The treated catheters show markedly less crystal violet staining, indicating 
significantly less biofilm mass compared to the untreated controls. These findings confirm the ability of the nanoparticles 
to effectively inhibit microbial adhesion and biofilm establishment on medical device surfaces. In recent years, 
comprehensive attempts have been made to address the problems associated with CAUTI.64 The utility of AgNPs 
decorated materials is one of prominent solutions in this filed.65 For instance, Prateeksha et al demonstrated the potential 
of chrysophanol-functionalized silver NPs as anti-adhesive and anti-biofouling coatings for urinary catheters, effectively 
preventing catheter-associated infections.66 The efficacy of impregnated catheters relies on the release of free silver ions 
at antibacterial concentrations from both the internal and external surfaces.67 Despite concerns regarding the potential 
neutralization of silver ions in urine by chloride ions and proteins, several approaches for incorporating silver into 
catheter materials have been explored.65

https://doi.org/10.2147/NSA.S542528                                                                                                                                                                                                                                                                                                                                                                                                                                       Nanotechnology, Science and Applications 2025:18 398

Strzelecki et al                                                                                                                                                                      

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com/article/supplementary_file/542528/542528%20Revised%20%2509Supplementary%20Materials.docx
https://www.dovepress.com/article/supplementary_file/542528/542528%20Revised%20%2509Supplementary%20Materials.docx


The use of bioactive agents like t-CA to produce NPs can impart additional and desirable properties to the materials. 
Herein, we provide a new perspective of green synthesized-AgNPs interactions as a selective ion chelators to mitigate 
microbial viability and biofilm development. It is of particular importance for preventing UPEC infection as these 
bacteria rely on the effective iron acquisition in the iron-limited environment of urine. Compared to traditional AgNP 
systems, the combination of t-CA with AgNPs offers synergistic effect, where AgNPs inherent bioavailability and net 
charge amplifies the bactericidal and anti-biofilm properties of t-CA. This dual action makes t-CA-AgNPs a promising 
candidate for biomedical applications, particularly in biofilm-associated infections where conventional treatments fail. 
The synergistic effect for cinnamon bark extract and AgNPs was previously reported.68–70 For example, Gosh et al 
showed strong bactericidal action against spore forming Bacillus cereus and Clostridium perfringens by combination of 
AgNPs (25–40 nm size) and t-CA.70 Moreover, in their work, Ram et al reported enhanced AgNPs action against MDR 
E. coli strains by entrapping t-CA into NPs composition.69 That entrapment enhanced the efficacy of t-CA and AgNPs 
and was reported to be safe and efficient to treat infection in vivo in G. mellonella.

Despite the promising results presented in this study, further research is needed to fully evaluate the long-term 
stability, biocompatibility, and safety of t-CA-AgNPs through extensive in vivo studies, especially given their potential 
application in medical devices like urinary catheters. Moreover, future research should aim to optimize the dosage and 
delivery methods for clinical applications. While our study demonstrates the substantial reduction in biofilm formation 
achieved with t-CA-AgNPs, translating these findings to clinical settings will require a comprehensive assessment of 
their performance during in vivo studies.

Conclusions
In recent years, green-synthesized nanoparticles have demonstrated diverse bioactivities, including antioxidant, antic
ancer, antimicrobial, antiviral, and anti-inflammatory effects. Among them, silver nanoparticles have gained particular 
attention for applications in drug delivery, diagnostics, and infection control due to their broad-spectrum biological 
activity and eco-friendly profiles. In this study, we specifically aimed to evaluate the antimicrobial and antibiofilm 

Figure 7 Biofilm mass measured by crystal violet binding in Nelaton Catheter (Unomedical) for a (A) series of Gram-negative and Gram-positive bacteria incubated in 
YESCA medium at 25°C (B) UPEC (C) binding of crystal violet by biofilm created by Pseudomonas aeruginosa, (D) Catheters under SEM microscope (left) untreated bacterial 
cells, (right) bacteria after incubation in catheter coated with AgNPs. Damaged cells with cytoplasmic leakage were marked with white arrowheads. Statistical differences 
(Student’s t test) between groups were marked as * - P ≤ 0.05, ** - P ≤ 0.01, *** - P ≤ 0.001.
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potential of t-CA-AgNPs. Our findings clearly demonstrate that this goal was achieved: the t-CA-AgNPs exhibited potent 
bactericidal activity with low MIC and MBC values across both Gram-positive and Gram-negative pathogens and 
significantly reduced biofilm biomass, including on clinically relevant urinary catheters. Interestingly, beyond the 
expected silver-mediated effects, we identified an additional mechanism of action based on iron sequestration, depriving 
bacteria of this key micronutrient required for biofilm formation and persistence. These results confirm that t-CA-AgNPs 
not only possess strong antimicrobial efficacy but also effectively disrupt biofilm development, directly addressing the 
challenge that motivated this study. The promising antiseptic and disinfectant activity observed on catheter surfaces 
highlights their translational potential for medical device protection. However, to fulfil the limitations of the study future 
work should focus on in vivo validation and safety assessment to pave the way for clinical application of this dual-action 
nanomaterial. In addition, the current experiments were performed under controlled laboratory conditions, and factors 
such as long-term stability in complex biological fluids, potential cytotoxicity to host tissues, and scalability of the green 
synthesis process remain to be addressed in subsequent studies.
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