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Objective(s): The current study aimed to investigate the control and treatment of biofilm-producing 
isolates of Pseudomonas aeruginosa using silicon nanoparticles (SiNPs). 
Materials and Methods: Biofilm-producing isolates of P. aeruginosa were recovered from various 
food samples and identified through fluorescent green colony formation on selective and differential 
media, as well as the amplification of oprI and oprL genes. Tube methods, Congo-red agar method, 
and scanning electron microscopy (SEM) were used to study biofilm phenotypes. The effect of SiNPs 
was evaluated by broth dilution assay.
Results: The biofilm assay revealed that these isolates formed biofilms on glass surfaces within 72 hr 
of incubation. Scanning electron micrographs showed that the biofilm communities were composed 
of multicellular clusters of P. aeruginosa encased in matrix material. However, these isolates were 
unable to form biofilms on SiNPs-coated surfaces. The results showed that the planktonic isolates of 
P. aeruginosa were comparatively sensitive to the antibacterial properties of SiNPs, with minimum 
inhibitory concentration (MIC) ranging from 100 to 200 µg/ml. Contrarily, the biofilms were found 
to be 500 times more tolerant to the highest concentration of SiNPs (MIC of 500 µg/ml) and were 
more resistant. Under static conditions, the sedimentation of SiNPs resulted in their ineffectiveness. 
However, under shaking conditions, the biofilms were effectively dispersed and the cells were lysed. 
The results showed that SiNPs were effective against both the planktonic and the metabolically 
inactive forms of P. aeruginosa.
Conclusion: This study suggests that SiNPs could be a useful tool for preventing the formation of 
biofilms and removing pre-existing biofilms.
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Introduction
Microbial food contamination is a significant issue 

that contributes to ongoing food crises worldwide (1). 
Microorganisms, including bacteria, fungi, and viruses, can 
cause deterioration of food quality, taste, and nutritional 
value (2). This contamination can happen due to inadequate 
handling, processing, packaging, and transportation (1, 2). 
Factors that promote the growth of microorganisms in food 
include inappropriate storage conditions, dirty equipment, 
contaminated raw materials, and poor hygiene practices by 
personnel (3). 

Moreover, improper maintenance of temperature, pH, 
and the use of preservatives can also create conditions that 
favor the growth of microorganisms in food (4). In addition, 
the inherent properties of food products, such as nutrient 
density, water activity, pH, food components, biological 
structures, humidity, and the presence of competing 
microorganisms, can also influence the growth of 

contaminants (5). Microorganisms are capable of producing 
a wide range of spoilage metabolites, such as alcohols, sulfur 
compounds, hydrocarbons, fluorescent pigments, organic 
acids, esters, and carbonyls, that can cause food to become 
unpalatable (6, 7). The consequences of microbial food 
contamination include food-borne illnesses, food waste, 
and economic loss. Diarrhea, dysentery, and typhoid are 
some of the well-known food-borne infections (8). Research 
suggests that every year, one-third of the global population is 
affected by food-borne infections caused by microorganisms 
(9). The most frequently recognized food-borne infections 
are caused by bacterial pathogens such as Escherichia coli, 
Salmonella, Staphylococcus aureus, and Pseudomonas  
aeruginosa (10, 11). These pathogens are capable of growing 
and surviving in a wide range of conditions (9, 10). They can 
be transmitted into food through adhesion to equipment 
surfaces and the hands of food handlers (12). Additionally, 
many pathogens can form biofilms, which provide a means 
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of survival under adverse conditions. Previous studies have 
shown that biofilms are one of the most resistant forms 
of bacterial existence (13, 14). Bacteria have the ability 
to adhere to solid surfaces and protect themselves by 
producing extracellular matrix materials (14). This makes it 
difficult for a variety of antibacterial agents to penetrate the 
matrix, rendering them ineffective (15). Bacteria in biofilm 
communities can persist and persistently contaminate food 
products for extended periods of time (13-15). This makes 
bacteria that produce biofilms a significant challenge for the 
food industry (16).

 One of the biggest challenges in food science is controlling 
and reducing contamination in food products (12). There 
are various strategies used to achieve this goal and improve 
food product quality (17). Among these, nanoparticles 
are the most effective agents for disinfecting various food 
items (18). Nanoparticles with sizes ranging from 1 to 100 
nanometers have been shown to be highly effective in both 
aqueous and solid media (19). Silver (Ag) and gold (Au) 
based nanoparticles are widely used for decontamination 
in the pharmaceutical and food industries due to their 
antimicrobial properties and low toxicity to mammalian 
cells (20). Silica nanoparticles (SiNPs) are also being used 
in food preservation and packaging (21). Previous studies 
have demonstrated that silicon or silica is widely used 
in industrial and biomedical applications (22). Recent 
research has shown that SiNPs are a practical option due 
to their modifiable surface, desirable mechanical properties, 
and relatively non-reactive chemical composition (23). 
Silica NPs are considered a powerful group of nano-
carriers for delivering anti-microbial drugs, due to their 
biocompatibility and porous surface (24). These NPs may 
also be an effective solution for controlling multi-species 
biofilms, they concurrently target and combat numerous 
drug-resistant pathogens. (24, 25). Additionally, SiNPs have 
the advantage of possessing a high level of roughness and 
penetration ability, enabling them to effectively penetrate 
the biofilm and eradicate pathogens more effectively than 
other NPs with lower roughness (24, 25). They are equally 
effective against both vegetative and dormant bacterial 
cells, bacterial fragments, viruses, and fungi (25). SiNPs are 
also used for decontaminating the surfaces of packaging 
equipment (24, 25). Given these benefits, this study was 
designed to assess the efficacy of SiNPs against biofilms of 
P. aeruginosa. 

Materials and Methods
 Isolation and confirmation of bacterial strains

The current study aimed to assess the effect of SiNPs 
on the biofilm of P. aeruginosa. The subject isolates were 
obtained from different samples of spices mix and sweet mix. 
The isolated strains were grown on Pseudomonas Cetrimide 
agar (OXOID, UK) and Pseudomonas Agar Base with CN 
selective supplement (OXOID, UK). After incubation of 24 
hr at 35 °C, fluorescent green colonies appeared. Afterward, a 
polymerase chain reaction (PCR) was run for confirmation. 
Pseudomonas was confirmed by using primers against the 
oprI gene. For the confirmation of P. aeruginosa oprL was 
used (26). The sequences of primers used in the study are 
oprI-F 5-’ATGAACAACGTTCTGAAATTCTCTGCT-3’, 
oprI-R 5’CTTGCGGCTGGCTTTTTCCAG3’, oprL-F 
5-’ATGGAAATGCTGAAATTCGGC-3’, oprL-R-5’CTTCTT 
CAGCTCGACGCGACG3’. The experimental conditions 
included an initial activation at 94 °C for 5 min, followed 

by denaturation at 94 °C for 1 min, annealing at 55 °C for 
1 min, elongation at 72 °C for 1 min, and a final extension 
at 72 °C for 10 min.

Preparation of SiNPs
The synthesis of silicon nanoparticles (SiNPs) was 

conducted based on the method developed by Zulfiqar et 
al. (27). The procedure involved preparing a mixture of 33% 
ammonia and ethanol in a 1:1 ratio (30 ml each). A precursor 
medium was then created by adding 0.5 ml of 25% sodium 
silicate to 7 ml of deionized water. This precursor solution 
was added dropwise to the mixture of ammonia and ethanol. 
Characterization of the SiNPs revealed an average particle 
size of 94±30nm. Energy-Dispersive X-ray Spectroscopy 
(EDX) was employed for additional characterization of the 
synthesized SiNPs. EDX analysis confirmed the presence of 
silicon as the primary element in the SiNPs, validating their 
identity. The technique also provided insights into the purity 
of the nanoparticles by detecting the absence of significant 
impurities or foreign elements.

Antimicrobial activity of SiNPs
The antimicrobial activity of SiNPs against  subject 

isolates of P. aeruginosa was performed by the standard 
broth dilution method [CLSI M07-A8] (28). A serial two-
fold dilution of SiNPs in concentrations ranging from 5 
µg/ml to 1000 µg/ml was adjusted in tryptone soya broth 
(TSB). The overnight culture of P. aeruginosa was adjusted 
to 106 CFU/ml and 0.1 ml inoculated in TSB followed by 
incubation at 35 °C. After 24 hr of incubation, the growth 
was monitored and the MIC of SiNPs was noted. 

Biofilm assay 
The biofilm formation was examined according to the 

standard tube method. Briefly, overnight cultures (0.1 ml) 
of P. aeruginosa were inoculated into 100 ml TSB flasks 
(pH=7.0) and incubated at 35 °C for 24, 48, 72, and 96 hr. 
Sterile rectangular glass slides measuring approximately 25 
mm x 75 mm with smooth, flat surfaces were then placed 
in each flask with the lower half submerged in broth. After 
incubation, these slides were collected and washed twice 
with phosphate buffer saline and stained with crystal violet 
as described earlier by O’Toole [24].  The cell-bound crystal 
violet was dissolved in 33% acetic acid, and biofilm thickness 
was measured in terms of optical density (OD) at 570 nm.  
The two glass slides in TSB without P. aeruginosa were used 
as negative control (29).

Exposure of biofilms to SiNPs
The sterilization process for the SiNPs involved exposure 

to ultraviolet light. One milligram per milliliter of the SiNPs 
was placed in a sterile glass tube and exposed to UV radiation 
for 3 hr to ensure sterility. In order to assess the impact of 
SiNPs on biofilm formation, glass slides were used as a 
substrate, as previously mentioned. The biofilm was allowed 
to establish with a density of approximately OD 0.97 up to 96 
hr and exposed to SiNPs for 48 hr at concentrations ranging 
from 100 µg/ml to 1000 µg/ml. The slides were examined 
at multiple intervals, starting with the first observation at 
0 hr and concluding with the final observation after 48 hr. 
After the incubation period, the slides were gently removed 
and washed three times with 0.2 ml of phosphate buffer 
saline (PBS, pH 7.2) to eliminate debris and unbound cells. 
The slides were then placed back into fresh TSB flasks and 
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incubated for an additional 24 hr at 35 °C, during which 
the growth was monitored. The absence of turbidity in the 
TSB flask, in the presence of the corresponding dose of 
SiNPs, was considered as the MIC. This indicated that the 
concentration of SiNPs used was sufficient to inhibit the 
growth of the biofilms. For the quantification of viable cells, 
a slide was collected from the flask and immersed in 1 ml of 
phosphate buffer saline (PBS). The slide was then subjected 
to vortexing at 500 rpm for 1 min to dislodge the cells from 
the slide surface. From this suspension, 1 ml was carefully 
poured onto a plate containing Tryptone Soy Agar (TSA) 
medium. The TSA plates were subsequently incubated for 
24–48 hr at 35 °C, allowing the viable cells to grow and form 
visible colonies. After the incubation period, the colonies 
were counted to determine the number of viable cells 
present on the slide.

Additionally, to simulate different environmental 
conditions, the biofilm-exposed slides were incubated both 
in a static environment and in a shaking incubator set at 200 
RPM. To monitor the progression of biofilm formation and 
SiNPs’ effects over time, the slides were collected at specific 
intervals: 30 min, 1 hr, 1.5 hr, 2 hr, 3 hr, 4 hr, 6 hr, 12 hr, 
18 hr, 24 hr, 36 hr, and 48 hr. Before any measurements 
were taken, the slides were carefully washed with distilled 
water to remove any potential interference. To visualize and 
quantify the thickness of the biofilm, the stained crystal 
violet method was employed. After washing, the stained 
biofilm on the glass slides was examined, and the thickness 
of the biofilm was determined by measuring the optical 
density at 570 nm, offering insights into the growth and 
development of the biofilm under the influence of SiNPs.

Effect of SiNPs; scanning electron microscopy (SEM) and 
energy-dispersive x-ray spectroscopy (EDX)

SEM in conjunction with EDX was employed to conduct 
a comprehensive examination of the biofilm’s structure 
and to definitively verify the elemental composition of the 
SiNPs.  Biofilm-positive slides were divided into 4 mm 
sections, washed with distilled water to remove debris, 
and negatively stained with 2% uranyl acetate for 30 sec. 
Dehydration was carried out with absolute ethanol, initially 
at 50% for 30 min, followed by 75% for 30 min, and 95% 
for 30 min. The samples were then coated with platinum 
by the auto-fine coater (JEC-3000FC) at a 20-mA current 
in a vacuum for 30 sec. Images were obtained using a JSM 
IT 100 JEOL. The electron microscope utilized a tungsten 
electron beam source under high vacuum conditions for 
high-resolution imaging, capturing images at varying 

electron voltages (5 to 20 KV) depending on the sample, 
with a working distance of 5–10 mm from the pole piece, 
and acquiring images using a Secondary Electron detector 
(SEI). The sterilized nanoparticles were carefully mounted 
on SEM stubs using adhesive tape and uniformly coated 
with carbon (JEOL-EC-32010CC). The samples were placed 
in the sample chamber of the SEM-EDS (JEOL JSM-IT 100, 
Japan) and scanned under different magnifications, ranging 
from ×6000 to ×8000, at a voltage of 20 kV, as previously 
recommended (29).

Biofilm formation on SiNPs coated glass slides
The glass slides were cleaned with acetone for 10  min 

with ultra-sonication and dried. The SiNPs (5 mg/ml) were 
deposited onto the glass slides by spray coating and then 
the film was desiccated under oven heat at 150 °C for 1 hr.  
The intensity of SiNPs film and surface characterization was 
confirmed by SEM.  These slides were placed in 100 ml TSB 
broth and inoculated with biofilm-producer P. aeruginosa. 
These tubes were incubated at 35 °C for 96 hr. The plain 
glass slides were used as the negative control. The OD of 
biofilms was recorded after 24, 48, 72, and 96 hr. The slides 
were washed with de-ionized distilled water and stained 
with crystal violet. The biofilm thickness was measured in 
terms of OD at 570 nm (29).

Results
A total of ten P. aeruginosa isolates were selected for 

this study based on their ability to form biofilms. These 
isolates were obtained from various food samples and 
identified using characteristic fluorescent green colonies 
on Pseudomonas Cetrimide agar and Pseudomonas Agar 
Base with CN selective supplement (both from OXOID, 
UK). Confirmation of the isolates was performed using an 
oxidase test and amplification of the oprI and oprL genes 
through PCR (Supplement 1).

Characteristics and antimicrobial activity of SiNPs
EDX  and SEM were employed to characterize the 

SiNPs. The analysis revealed that the SiNPs had an average 
particle size of 94±30 nm. They exhibited a spherical shape 
and a smooth surface. The particles showed minimal size 
variation, with a range of ±30 nm. The antibacterial assay 
results showed that P. aeruginosa in its planktonic form 
was susceptible to SiNPs, with a MIC ranging from 100 to 
200 µg/ml for most isolates (Figure 1). However, biofilm 
formations were highly resistant, displaying a 5-fold increase 

 

  Figure 1. Comparison of MIC of SiNPs against pre-biofilm and biofilm stages of Pseudomonas  aeruginosa
This figure illustrates the comparison of SiNPs' MIC against both pre-biofilm and biofilm stages of P. aeruginosa. The MIC for biofilms was determined to be 
500 µg/ml, while the pre-biofilm MIC ranged between 150 µg/ml and 200 µg/ml.
MIC: Minimum inhibitory concentration; SiNPs: Silicon nanoparticles
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in tolerance with a MIC of 500 µg/ml.
The data demonstrate that mature biofilms of P. 

aeruginosa exhibit a higher level of resistance compared 
to their planktonic counterparts. The MIC values for the 
planktonic stage were 100 µg/ml, 150 µg/ml, and 200 µg/
ml. However, after adopting the biofilm lifestyle, the isolates 
showed increased resistance to SiNPs, with MIC values of 
500 µg/ml (Figures 1 & 2).

Biofilm formation
P. aeruginosa was allowed to form biofilm on a glass 

surface and after 96 hr of incubation at 35 °C, a solid 
and substantial biofilm consortium was observed with 
an optical density of 0.97 (Figure 2). Scanning electron 
micrographs further confirmed the formation of a multi-
layered structure of the biofilm consortium, covered with an 
extracellular matrix (Figure 5). The isolates selected for this 
study were based on the intensity of their biofilm formation, 
with optical densities less than 0.95.
Effect of SiNPs on multi-layered biofilms

The mature biofilm consortia were developed after 
96 hr of incubation with an average optical density (OD) 
of 0.97. The biofilm consortia were highly organized and 
strongly adhered to the surface, making them challenging 
to disperse. This was confirmed through the application of 
a vortexer and sonicator. The biofilm-positive slides were 
vortexed at a speed of 500 RPM for 2 min and sonicated 
for 30 min using a 40 kHz sonicator. A minor reduction 
in biofilm density was observed, with the average initial 
OD of 0.97 decreasing to 0.91 and 0.87 after vortexing 
and sonication, respectively. However, exposure to 500 µg/
ml SiNPs resulted in significant dispersion of these highly 
organized and strong biofilm consortia of P. aeruginosa. The 
slides were placed in 100 ml PBS with 500 µg/ml SiNPs and 
incubated at 35 °C. One flask was placed in a static position, 
while the other was placed in a shaker at 200 RPM. Initially, 
the established biofilm consortia were exposed to 500 µg/ml 
of SiNPs for 30 sec. However, no change in biofilm intensity 
was noticed at this stage (Figure 3). The gradual increase 
in exposure time with 500 µg/ml of SiNPs resulted in the 

 

  Figure 2.  MIC of Pseudomonas  aeruginosa biofilm formation over time
The graph illustrates the progression of the biofilm thickness of P. aeruginosa over time. After 96 hr of incubation, the biofilm transitions from an early, weak stage to a mature, 
dense state. The OD measurement of the biofilm (sessile cells) was recorded after 96 hr of incubation, exceeding 95. In contrast, at 24 hr, the biofilms were significantly weaker 
with an OD measurement of less than 36.
MIC: Minimum inhibitory concentration; OD: Optical density

 

  Figure 3. The graph shows the effect of SiNPs (500 µg/ml) on Pseudomonas aeruginosa population/CFU with exposure time and shaking at 200 rpm
The biofilm was densely populated, but after exposure to SiNPs, a gradual decrease in cell numbers was observed, with most cells being eliminated after 48 hr of incubation. The 
initial CFU count was measured at 5.7x108. Following exposure to a concentration of 500 µg/ml, the CFU count exhibited a gradual reduction over a 48-hr period, reaching a 
final count of 2.9x102.
SiNPs: Silicon nanoparticles; CFU: Colony forming units 
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gradual destruction of biofilm consortia (Figure 3). The 
biofilm OD was recorded after 30 min, 1 hr, 1.5 hr, 2 hr, 3 hr, 
4 hr, 6 hr, 12 hr, 18 hr, 24 hr, and 48 hr (Figure 3). The results 
showed a gradual reduction in biofilm OD. After 1 hr, a 29% 
reduction in biofilm OD was recorded. A 1.5-hour exposure 
to SiNPs resulted in a 30% dispersion of the consortia. The 
biofilm was wiped out by 58% in 4 hr and 79% in 12 hr with 
500 µg/ml of SiNPs. After 24 hr of exposure to SiNPs, 87% 
of the biofilm consortia were dispersed from the surface 
of the glass slides. More than 90% of the biofilms were 
removed after 48 hr of treatment with SiNPs under shaking 
conditions at 200 rpm (Figure 3). 

In comparison, the slides placed in a static position were 
comparatively resistant to the effects of SiNPs and showed 
a slower but steady increase in the density of the biofilm 
consortia (Figure 4). For example, the average OD of the 
biofilm consortia was 0.97 at the initial exposure time, 0.99 
after 12 hr, and 1.01 after 24 hr. Further analysis of the buffer 
indicated that the SiNPs settled at the bottom of the flask 
within a minute without disturbing the bacteria attached 
to the slide surface in the biofilm consortia (Figure 5). The 
population analysis assay revealed a similar trend in cell 
count. Initially, the count of P. aeruginosa cells in the biofilm 
consortia was 5.7x108 colony-forming units CFU/cm2, and no 
significant reduction was observed after 30 min of exposure 
to 500 µg/ml SiNPs under shaking conditions. However, a 
noticeable decrease was seen after 1 hr of exposure (Figure 3).
Biofilm formation on SiNPs coated slides

The SiNPs coated slides were used to provide a solid base 
for biofilm formation. The comparative analysis revealed 
that all the subject isolates of P. aeruginosa effectively 
produced biofilm. However, these isolates were unable to 
adopt the biofilm lifestyle on SiNPs coated slides. The mean 
OD of biofilms for all 10 isolates on the glass slide was 0.97 
(Figure 6). On the contrary, the mean OD on SiNPs coated 
slides was 0.24 after 96 hr of incubation.  Furthermore, the 

 

  Figure 4. Effect of SiNPs (500 µg/ml) on the biofilm population of Pseudomonas aeruginosa in static conditions is shown in this figure
The results indicate that SiNPs were not effective in these conditions and the cell population gradually increased over time. The initial CFU count was recorded as 7.0×108. After a 
12-hr exposure to 500 µg/ml SiNPs under static conditions, the CFU count slightly increased to 8.9×108.
SiNPs: Silicon nanoparticles; CFU: Colony forming units  

  

Figure 5. Scanning electron micrograph of Pseudomonas aeruginosa 
biofilm on glass slides
The images show cellular aggregates of the biofilm, which are held together by 
extracellular matrix material. The thickness and structure of the biofilm can be 
observed through these SEM images.

 

  

SiNPs coating on Glass surface 

P. aeruginosa cells attached to slide 

Figure 6. Scanning electron micrograph of biofilm on SiNPs-coated slides
The images show the absence of cellular aggregates and extracellular matrix material on the SiNPs-coated surfaces after 96 hr of incubation with Pseudomonas aeruginosa.
SiNPs: Silicon nanoparticles
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spot assay indicated a zone of inhibition around these SiNPs 
coated slides (Supplement 2).

Penetration of SiNPs inside the biofilm consortia
The SiNPs were not able to penetrate the consortia under 

static conditions. As a result, the biofilm OD increased 
even in the presence of 500 µg/ml of SiNPs. Conversely, 
in shaking conditions at 200 rpm, the SiNPs were able to 
cross the extracellular matrix material and penetrate the 
consortia. The cells on the surface and in the middle of the 
consortia were lysed and dispersed, and the population 
analysis assay showed that most of the cells were unable to 

survive. The cells at the lower base of the consortia were 
strongly attached to the glass surface. Scanning electron 
micrographs revealed that SiNPs exterminated these cells 
by creating a stoma in the cell wall. The scanning electron 
micrographs also indicated that SiNPs adhered to the cells’ 
surface and ruptured the cell wall (Figure 7 a & b). The 
results demonstrated that shaking at 200 rpm facilitated 
the penetration of SiNPs into the matrix, leading to cell 
lysis within the consortia. Scanning electron micrographs 
revealed that remnants of deceased cells remained firmly 
attached to the surfaces (Figure 8). 

 

  
Figure 7. (a & b) Scanning electron micrographs showing the presence of SiNPs surrounding  Pseudomonas aeruginosa cells, and the formation of micro-
pores in nearby cells. (c &d) The EDS spectra are confirming the presence of SiNPs
SiNPs: Silicon nanoparticles; EDS: Energy-dispersive X-ray spectroscopy

 

 

Shells of dead cells attached to slide surface 

after treatment with SiNPs.  

Figure 8: SEM image of dead cells attached to the surface after exposure to SiNPs
The cells, which were located at the lower base of the biofilm consortia, have died but remain adhered to the surface
SEM: Scanning Electron Microscopy; SiNPs: Silicon nanoparticles
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Discussion
Biofilm is a highly resistant state of bacterial life that is 

often adopted by bacteria in response to harsh environments 
(30, 31). It is a survival strategy that enables bacteria to 
nullify the toxic effects of antibacterial agents, predators, 
invaders, and starvation (32). Biofilms are widely prevalent 
in clinical settings and food processing units and are found 
wherever bacteria exist. Despite efforts to control biofilms 
using different antibacterial agents such as AgNPs, SeNPs, 
ascorbic acid, and fatty acids, they are still a persistent 
problem (33). In this study, a new approach was taken 
to control biofilms of P. aeruginosa using SiNPs. Results 
showed that SiNPs were effective against both planktonic 
and biofilm phenotypes of P. aeruginosa. The planktonic 
population was sensitive to low concentrations of SiNPs, 
but the biofilm population was resistant and able to survive 
even at the highest concentration of SiNPs. The effectiveness 
of SiNPs against the biofilm of P. aeruginosa is supported by 
the findings of Smirnov et al. (34). The scanning electron 
micrographs revealed that these particles adhered to the 
surface of bacteria and created pores in the cell walls (Figure 
7). The SiNPs were effective against both the vegetative and 
metabolically inactive cells, with the vegetative cells being 
more sensitive. However, the metabolically inactive or slow-
growing population, found mostly at the base of the biofilm 
consortia, was more resistant and persisted for a longer time 
(14, 29). Previous research has shown that biofilm consortia 
can harbor multiple phenotypes including planktonic, 
slow-growing, and metabolically inactive or persister 
cells, and conventional drugs are often unable to control 
or disperse these phenotypes (14). However, the SiNPs 
effectively reached the lower base of the biofilm consortia 
and penetrated the persister and metabolically inactive cells 
of P. aeruginosa (Figure 6). The use of SiNPs as antibacterial 
agents has a unique advantage over traditional drugs. 
Many drugs are unable to penetrate the protective layer 
of extracellular matrix material that surrounds biofilms, 
making them ineffective against the bacterial populations 
within (34, 35). However, the SiNPs were found to be able to 
cross this barrier and effectively target all phenotypes within 
the biofilm consortia, including the pre-existing biofilms of 
P. aeruginosa in this study (Figures 6 & 7).

Initially, the effectiveness of the SiNPs was limited by their 
tendency to sediment in static conditions. To overcome this, 
the pre-existing biofilm slides were exposed to the SiNPs 
in a shaking incubator set at 200 rpm, which prevented 
sedimentation and kept the particles in a floating state. The 
SiNPs were able to penetrate the biofilms and disperse the 
consortia. They not only penetrated but remained within the 
consortia, targeting and dispersing the pre-existing biofilms 
in a short period of time. Previous studies have shown 
that metabolically inactive and slow-growing phenotypes 
within biofilm consortia are more hydrophobic (14, 36, 
37). Despite this, the SiNPs were still effective against these 
populations, demonstrating their potential as a valuable 
tool in controlling biofilms. Therefore, these metabolically 
inactive and slow-growing phenotypes are highly adhesive 
and persist for a long time in a dormant state. According 
to a study by Wang et al. (11), hydrophobic particles 
easily penetrate bacteria, while hydrophilic particles are 
trapped outside the extracellular matrix materials.  The 
SiNPs exhibited high stability in aqueous media (28) and 
effectively targeted metabolically inactive, slow-growing, 
and planktonic P. aeruginosa. Upon adherence, SiNPs 

created pores in the cell wall and membrane, leading to 
cytoplasmic content leakage and cell lysis (Figure 7).

A study (38) suggested that the SiNPs adhered to the 
surface of bacteria by forming hydrogen bonds with 
amino acid residues. Smirnov et al. (34) also suggested 
that the presence of single oxygen free radicals and other 
reactive oxygen species on the surface of the SiNPs leads to 
oxidative damage to bacterial membranes and ultimately 
death of the bacterial cell. This is considered a possible and 
probable mechanism of antibacterial action. An interesting 
observation from this study was the strong attachment 
of P. aeruginosa cells to glass slides, even after cell death 
(Figure 8). Our studies on biofilm suggest that the cells 
at the base of the consortia are holding the burden of the 
consortia (39, 40). Therefore, these phenotypes strongly 
adhere to the surface and carry the weight of the consortia 
(39, 40). They are mostly dormant or metabolically inactive 
due to starvation, suffocation, and congestion at the lower 
part of the consortia (14, 39). This study found that these 
phenotypes maintain their adhesion even after the death of 
the consortia (Figure 8). The majority of antibacterial agents 
are unable to target these phenotypes (41). However, the 
SiNPs were found to effectively penetrate the extracellular 
matrix material and disrupt the power-bearing phenotypes 
of the consortia (Figures 6 & 7). This is also supported by 
other studies, which showed that the lower base of biofilms 
is occupied by dead, compromised cells (40, 42). The 
heterogeneous environment and population of biofilms 
make them highly resistant to most antibacterial agents 
(39, 40). In addition, the glass slides coated with SiNPs were 
found to reduce the adhesion of P. aeruginosa to the surface 
(Figure 7).  This makes it a promising option for increasing 
the shelf life of food and enhancing the effectiveness of 
packaging materials. Silicon dioxide nano-materials have 
been authorized for use in food packaging in Europe, as 
silicon has been safely used in food packaging for a long 
time (43, 44). Moreover, these particles are non-leaching 
and stable on the surface for a prolonged period (43). This 
has been validated by the studies of Akhidime et al. (45). 
The findings of the present study, as well as those of previous 
researchers, have shown that SiNPs effectively eliminate 
bacteria from the media. Biofilms are known to be highly 
resistant states of bacterial life, making this a significant 
achievement. In a remarkable achievement, SiNPs 
successfully eradicated the existing P. aeruginosa biofilm 
within 48 hr, which is known for its resilience. This study 
highlighted the efficacy of SiNPs against both free particles 
and coating material, emphasizing the need for additional 
in vitro and in vivo investigations to unlock their potential 
for food preservation.

Conclusion
The findings of the current study indicate two key benefits 

of using silicon dioxide nanoparticles (SiNPs). Firstly, 
they were able to effectively disperse pre-existing biofilms 
of P. aeruginosa. Secondly, coating surfaces with SiNPs 
prevented bacterial adhesion and biofilm formation. The 
stability and efficacy of SiNPs were demonstrated against 
both planktonic and biofilm phenotypes of P. aeruginosa. 
These particles were able to penetrate the complex structure 
of the biofilm consortia and target various phenotypes, 
including planktonic, slow-growing, and dormant cells. 
By binding to the cell surface and creating pores in the cell 
wall and membrane, SiNPs likely killed the target cells. 
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Based on these results, SiNPs show potential as a suitable 
candidate for use in industrial food preservation and 
packaging materials. Further in vitro and in vivo studies are 
recommended to further examine the role of these highly 
effective compounds.
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