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Abstract

This study aimed to investigate the efficacy of silver nanoparticles (AgNPs) synthesized by cold
plasma in inhibiting biofilm formed by Staphylococcus epidermidis both phenotypically and
genotypically. The resultant AgNPs were characterized by using different parameters, color change, X-
ray diffraction (XRD), zeta potential, feld emission scanning electron microscopy (FE-SEM), Fourier
transform infrared (FTIR) spectroscopy, and transmission electron microscopy (TEM) methods.
Moreover, their efficacy in inhibiting S. epidermidis biofilm was studied by the microtiter plate
method. The results revealed that cold plasma succeeded in the synthesis of AgNPs with a size range
of 10-20 nm. Markedly, the present findings indicated a significant decrease (P < 005) in the intensity
of all tested biofilm alongside the down-regulation of accumulation-associated protein (aap) and At/E
in the presence of AgNPs as compared with non-treated cells. In conclusion, AgNPs synthesized by
cold plasma acted as antibiofilm agents and could be used for pharmaceutical applications.
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Introduction

The primary mode of growth for the microorganisms
on the skin is through the formation of biofilms,
which help to
community and provide beneficial effects for both

stabilize the resident microbial

local and systemic host immunity [1]. Biofilms serve
as a survival strategy by shielding the embedded cells
from harsh environmental conditions, such as
antimicrobials or immune-mediated clearance like
phagocytosis [2]. Swolana, et al. [3] stated that the

establishment of biofilm into three major steps:

adhesion, maturation, and dispersion (Fig. 1).
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Fig. 1 Steps of biofilm formation in Staphylococci species.

The primary constituents of the staphylococcal
biofilm matrix are polysaccharides, in particular,

https://www.sciopen.com/journal/2150-5578


mailto:nisreenka_phys@csw.uobaghdad.edu.iq
https://doi.org/10.26599/NBE.2023.9290042

102

Nano Biomed. Eng., 2024, 16(1)

polysaccharide intercellular adhesin (PIA), but can
also include proteins like accumulation-associated
protein (aap) and extracellular DNA [4]. According
to Rohde, et al. [5], some strains of Staphylococcus
epidermidis that are incapable of producing PIA can
still create biofilms that rely on aap which has two
domains (A and B) and is attached to the cell wall.
Bacterial adhesion to epithelial cells and plastic
surfaces is mediated by the A domain, while the B
domain promotes cell-cell accumulation and biofilm
formation when the A domain is broken down [6, 7].
Studies conducted on S. epidermidis is wild-type and
an isogenic Az/E mutant showed that the majority of
the extracellular DNA was generated by the autolysin
AtIE in both S. epidermidis cultures and biofilms.
According to the findings, extracellular DNA in
S. epidermidis populations is produced when At#/E
lyses a portion of the bacteria, and the extracellular
DNA helps the remaining population build biofilms
[8]. The biofilm produced by S. epidermidis exhibits
a higher degree of antibiotic tolerance, and therefore,
therapy 1is necessary to
effectively combat clinical isolates from infections
related to catheters [9-11].

combination antibiotic

Scientists are actively searching for alternative
compounds to counteract the growing resistance to
antibiotics caused by the formation of biofilms.
Among these silver
(AgNPs) are widely recognized for their ability to
combat bacterial cells. The effectiveness of AgNPs in
inhibiting bacterial growth and preventing biofilm

formation varies depending on factors such as their

compounds, nanoparticles

shape, concentration, and size.

Biomaterials in human medical care have included
metal-based nanoparticles with anti-oxidant and
antibacterial capabilities [12]. The distinctive
biological, physical, and chemical characteristics
exhibited by AgNPs in contrast to their larger-scale
corresponding item have captured the attention and
interest of numerous researchers and scholars [13].
AgNPs are widely used because of their potent
antimicrobial action against both bacteria and fungi
[14]. In light of the significant rise in biological and
bacterial threats, particularly in sectors related to
human consumption such as food, food packaging,
and water, scientists are driven to create innovative
inorganic nanoparticle substances with antibacterial
properties. These substances are intended to be both
user-friendly and devoid of any adverse side effects
[15-17]. A discovery by scientists shows promise in

the battle against antibiotic resistance by using a laser
to trigger the bactericidal activity of AgNPs. Due to
its significant interaction with light, it might be
developed as a medicine delivery method [18].

The present work aimed to test the impact of
AgNPs prepared by plasma jets on S. epidermidis
biofilm phenotypically and genotypically by
investigating their effect on two biofilm-associated

genes: aap and AItE.

Experimental

Synthesis of silver nitrite aqueous solution

For the preparation of 1 mmol/L aqueous solution,
0.008 493 5 g of AgNO; was dissolved in 50 mL of
deionized water, thereafter, the solution was agitated
gently to attain homogeneity.

Synthesis of AgNPs by microjet plasma
technique

The generation of AgNPs requires the application of a
high voltage, often in the range of 10 kV, This causes
the aqueous solution of (AgNO;) and the capillaries
to become plasma. The assistance provided by the
high-energy and ionically charged electrons (Ar) in
the plasma results in a current of the order of a few
milliampere-seconds (mA) flowing through the
system. After the discharge has been turned on for a
few minutes, the solutions will begin to take on a
colour that may best be described as reddish-orange.
It was thought that a duration of three minutes would
be sufficient for each concentration. After that, an
imprint was made in the coloured solution using a
marking device. Afterwards, the device was removed.

A spectrophotometer with a wavelength range of
200-1 100 nm was used to learn more about the
nanoparticles, the samples’ UV—Visible (UV—Vis)
absorption spectra were captured. Researchers used X-
ray diffraction (XRD), zeta potential, Fourier
infrared (FTIR) spectroscopy, field
emission scanning electron microscopy (FE-SEM),
microscopy (TEM)
methods to characterize the synthetic AgNPs.

transform

and transmission electron

Estimation of minimal inhibitory
concentration of AgNPs against S.
epidermidis

The minimal inhibitory concentration (MIC) of
AgNPs was determined by employing the broth
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microdilution technique described by the Clinical and
Laboratory Standards Institute [19]. Briefly, double
serial concentrations of AgNPs (3.125, 6.25, 12.5, 25,
50, and 100 pg/mL) were prepared and placed in
wells of flat bottom 96 well microtiter plates. Then,
10 pL of overnight diluted S. epidermidis suspension,
adjusted to a 0.5 MacFarland turbidity standard, was
added into all wells. Moreover, negative and positive
controls were prepared as well.

Biofilm formation assay

S. epidermidis isolates were raised for 24 h at 37 °C
in tryptic soy broth (TSB), then the inoculum
concentration was adjusted to 1 x 10*-2 x 10* CFU/mL
using McFarland standard No. pL 0.5. This inoculum
was divided into an aliquot of 200 pL, which was
then put in three wells of a sterile 96-well microtiter
plate and incubated for 24 h at 37 °C. After
incubation, the liquid growth medium was carefully
removed by inverting the plate and tapping it on a
clean paper towel to remove any non-adherent cells.
Thereafter, the wells were washed with sterile
phosphate-buffered saline (PBS), to remove any
remaining non-adherent cells and to prepare the
biofilm for staining. A volume of 200 pL. of methanol
was applied into each well for 10 min and washed as
previously mentioned. Afterwards, each well received
200 pL of 0.1% crystal violet, which was incubated
there for 15 min at room temperature. The wash step
was repeated three times. The plate was left for
drying on a clean paper towel. Subsequently, For
10 min, 200 puL of 33% glacial acetic acid was added
to each well. Finally, the absorbance of the stained
biofilm was measured using a microplate reader at
600 nm. The amount of biofilm formed can be
quantified by calculating the mean absorbance of the
wells. The cut-off value (ODc) was calculated after
the measurement of the biofilm-forming capacity for
the study isolates alongside the negative controls.
Nevertheless, ODc can be defined as triple standard
deviations (SD) plus the negative control mean OD:
for each microtiter plate, the ODc value was
separately determined. It was presented as zero when
a negative value was obtained, whereas the positive
values indicated biofilm formation.

AgNPs effect on biofilm formation

A similar method addressed the biofilm formation
was followed. However, tryptic soy broth containing
AgNPs at 2MIC of each isolate was used. All plates
were cultivated for a duration of 24 h at a temperature

of 37 °C. Following the completion of well washing,
staining, and subsequent reading at 600 nm, positive
controls were also conducted. This required the
addition of 200 pL of a brand-new, 0.5 McFarland
standard-compatible bacterial culture devoid of

AgNPs.

Gene expression of aap and At/IE genes by
RT-qPCR

The gene expression of aap and At/E genes was
measured before and after treatment with the AgNPs
(at %2MIC) for each isolate, as follows:

RNA Extraction

The RNA was extracted with TRIzol™ reagent
(Invitrogen, USA) according to the manufacturer’s
instructions and the concentration and purity were
measured using the Qubit 4 (ThermoFisher®, USA).
cDNA was synthesized using ProtoScript® First
Strand cDNA Synthesis Kit(NEB, UK). The resultant
cDNA was quantified by using Qubit™ dsDNA H.S.
Assay Kit (ThermoFisher®, USA).

Quantitative RT-qPCR

Quantitative detection was based on Syber Green’s
fluorescence power. The reaction mixture was
composed of the following components, with their
quantities as shown in Table 1. After that, the real-
time PCR program was set up using the specified

thermocycling protocol as shown in Table 2.

Table 1 RT-qPCR component

Reacatant Volume (pL)
Luna Universal qPCR Master Mix 10
Forward primer (10 umol/L) 1
Reverse primer (10 pmol/L) 1
Template cDNA (ng/pL) 5
Nuclease-free water 3

Table 2 Thermocycling protocol and conditions

Step Temperature (°C) Time Number of cycles
Initial denaturation 95 60 s 1
Denaturation 95 15s
45
Extension 60 30s
Melt curve 60-95 40 min 1

The analysis of gene expression follows the Livak
formula. Following the normalization of these results
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to the rpoB gene’s expression, the following results
were obtained:

Fold change = 274¢ (D)
AACt = ACt(Treatment) ACt(Control) 2)

ACt = Ct of target gene — Ct of a housekeeping gene (3)

Results

UV-Vis spectroscopy

It is one of the methods that is used the most often in
the process of identifying a broad variety of
substances, including ions of transition metals,
chemical compounds, and biological molecules. The
colour of the silver colloidal solutions goes from
being colourless to a yellowish colour, which is the
first proof that a synthesis process has occurred. The
first step in the process of characterizing AgNPs and
their oxides consisted of doing a UV-Vis
examination. It was noted that the highest absorption
occurred at 404 nm, which is where the maximum
absorption represents the surface plasmon resonance
of AgNPs (Fig. 2). In the context of UV-Vis
spectroscopy analysis of silver (Ag) nanoparticles, the
presence of a distinct peak preceding the 400 nm
wavelength range can be ascribed to the occurrence of
surface plasmon resonance (SPR) phenomena. When
examining Ag nanoparticles, it is commonly observed
that the hump generally leads to a change toward
shorter wavelengths, known as a blue shift, rather
than a shift toward longer wavelengths, known as a
redshift. As a result of the phenomenon known as
SPR: The optical
nanoparticles are characterized by the collective
oscillation of their conduction electrons in response to

characteristics of  silver

input electromagnetic radiation, notably within the
UV-Vis range. The term used to describe this
occurrence is surface plasmon resonance. Strong
absorption of light happens when the frequency (or
energy) of incident photons aligns with the natural
frequency of electron oscillations. The phenomenon
of a blue shift is frequently observed in the context of
SPR in silver nanoparticles. A blue shift refers to the
phenomenon when the absorption peak of a material
shifts towards shorter wavelengths, indicating higher
energy levels, in comparison to the anticipated
wavelength for bulk form. The
phenomenon of blue shift arises due to the impact of
nanoparticle size and shape on the wavelength of

silver in its

SPR. The energy SPR peaks of smaller nanoparticles
exhibit greater values, resulting in a phenomenon
known as a blue shift in comparison to bulk silver. As
shrink, the
phenomenon of collective electron oscillations takes

the dimensions of nanoparticles
place at higher frequencies, which are associated
with shorter wavelengths. The morphology of
nanoparticles can potentially exert an influence on the
wavelength of SPR. As an illustration, it has been
observed that
somewhat distinct SPR wavelength in comparison to

spherical nanoparticles exhibit a

alternative geometries, such as nanorods or nanostars.

0.30 | ——AgNPs

< e

& [ ]

S O
:

Absorbance (a.u.)
(=]
[

0.10
0.05
0 1 1 1 1
400 600 800 1 000
Wavelength (nm)

Fig. 2 UV—Vis spectrum absorption of AgNPs prepared by
cold plasma in the range of 300—1 100 nm

XRD analysis

Through the use of X-ray diffraction pattern analysis,
it was discovered that the sample of AgNPs that had
been exposed to the standard conditions possessed a
crystalline Crystallographic structure,
preferred orientation, and grain
characterized by this method. XRD examination
performed on Ag nanoparticles revealed a series of
Bragg reflection peaks at 20 of 38.31°, 44.49°,
64.61°, and 77.53°, as shown in Fig. 3. These figures
represent, successively, the crystal facets of the (111),

structure.
size were all
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Fig. 3 XRD pattern of AgNPs prepared by cold plasma
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(200), (220), and (311) planes of the face-centred
cubic structure of silver.

Following the conventional diffraction pattern of
JCPDS No. 89-3722, the findings of the XRD
experiment demonstrated unequivocally that the
AgNPs that were produced by the reduction of Ag”
ions have a crystalline structure. Using the Debye-
Scherrer equation [20], one can determine the typical
particle size of the AgNPs that were produced by the
cold plasma method:

D = kA/(BcosH) @)

where S is the Full-Width at Half-Maximum
measured in radians, k is the crystallite shape factor a
good approximation is 0.9, 4 is X-ray wavelength,
and 6 is Bragg’s angel. It was found that the average
size was approximately 12 nm for AgNPs (Table 3).

Table 3 The structural and geometric parameters of AgNPs

. Position d-spacing FWHM Crystalline
Nanoparticles hk .
P ) (A%) ) (ki) size (nm)
38.31 2.01 0.476 111 17.58
44.49 1.89 0.536 200 15.12
Ag
64.61 1.35 0.557 220 14.54
77.53 1.19 0.61 311 12.44

Zeta Potential of AgNPs

The stability of the AgNPs was performed by using
zeta potential analysis. Zeta potential values reveal
information regarding the surface charge and stability
of the synthesized AgNPs. Figure 4 depicted the zeta
potential value of the colloidal solution of AgNPs to
be —11.60 mV which is indicative of their small size
and high stability.

1.0
09 |
0.8
0.7 |
0.6
051
0.4
031
021
0.1

Intensity (a.u.)

—150 -100 =50 0 50 100 150 200
Zeta potential (mV)
Fig. 4 Graph result for Zeta potential of AgNPs prepared by

cold plasma.

FE-SEM analysis of AgNPs

By wusing FE-SEM analysis, one can gather

information such as the grain size and shape. The
surface morphology of the cold plasma-synthesized
AgNPs with 0.01 molarity concentrations of silver
nitrate obtained is indicated in the FE-SEM image
depicted in Fig. 5. The FE-SEM images of the AgNPs
demonstrate their granular nano-sized range and
uniform distribution, characterized by spherical-
shaped particles that are agglomerated.

Fig. 5 FE- SEM image of AgNPs prepared by cold plasma
with nanoscale 200 nm

TEM analysis of AgNPs

To analyze the size, shape, and morphology of the
AgNPs synthesized through cold plasma, TEM was
utilized. The obtained image, as depicted in Fig. 6,
clearly indicated that the particle size of AgNPs
ranged from 10 to 20 nm. The presence of larger
AgNPs could potentially be attributed to the
aggregation of the smaller nanoparticles, which may
have occurred during the TEM measurements. These
results proved that the particles have a spherical
shape and non-uniform distribution (monodispersed)
without any important agglomeration.

Fig. 6 Transmission electron micrograph of AgNPs prepared
by cold plasma with nanoscale 40 nm and 1.0 um

FTIR analysis of AgNPs

The chemical changes in functional groups within a
composite can be revealed through the analysis of
FTIR absorption spectra. Figure 6 depicts the FTIR
analysis of the obtained AgNPs, which proves to be a
useful method for characterizing the surface
chemistry of nanoparticles. The FTIR

displayed in both figures exhibit absorption peaks

spectra

https://www.sciopen.com/journal/2150-5578
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corresponding to stretching vibrations of hydroxyl
(O-H) groups, alkane (C-H) groups, aliphatic amines
(C-0O) groups, and carboxylic acid (C=0) groups,
indicating their presence in the synthesis process of
the nanoparticles as shown in Fig. 7. Additionally, in
both figures, the band below 600 cm™ can be
attributed to the formation of AgNPs and their oxides.

Transmittance (%)

2 ., e *f o,

18
4000 3 600 3200 2800 2400 2000 1600 1200 800 400
Wavenumber (cm™!)

Fig. 7 FTIR absorption spectra of AgNPs prepared by cold
plasma.

AgNPs MIC

The results grouped in Table 4 summarized the MIC
of AgNPs.

Table 4 MIC of AgNPs against Staphylococcus epidermidis

Isolate No. MIC (pg/mL)
SEL 50
SE2 25
SE3 50
SE4 25
SE5 25
SE6 12.5
SE7 25
SES 12.5
SE9 50
SE10 12.5
SEl1 25
SEI2 50
SE13 25
SEl14 12.5
SEI5 50
Effect of AQNPs on Biofilm
The AgNPs significantly reduced the biofilm

intensity as highlighted in Fig. 8 and Table 5.
Gene expression

Data highlighted in Fig. 9 indicated that AgNPs
inhibited the gene expression of aap and A¢/FE

03 P<0.000 1
——
—
0.2 |
a
o
0.1
0 1 1

Before After

Fig. 8 Box plot of biofilm S. epidermidis affected by AgNPs.

Table 5 Influence of AgNPs on biofilm produced by S.
epidermidis isolates

ODgyy = SD
Isolate code P-value
Before treatment After treatment
SE1 0.196 £ 0.06 0.069 +0.05 1.2x107
SE2 0.187 £ 0.041 0.078 £ 0.043 52x10°
SE3 0.225+0.013 0.075 +0.05 0.000 8
SE4 0.206 £ 0.05 0.074 £ 0.021 0.000 6
SE5 0.193+£0.03 0.064 +0.04 33x10°
SE6 0.23 +£0.026 0.073 £0.03 0.008
SE7 0.25+0.053 0.069 +0.097 0.021
SE8 0.198 £ 0.07 0.058 £0.08 2.8x10°
SE9 0.218£0.08 0.063 +0.03 0.000 2
SE10 0.196 £ 0.06 0.068 £ 0.054 0.000 7
SE11 0.199 +0.09 0.056 = 0.06 6.3 %107
SE12 0.244 £ 0.04 0.055 +£0.051 1.4 x10°
SE13 0.252+£0.02 0.075 +0.055 3.9x10°
SE14 0.201 +0.01 0.063 +0.03 3.5x10°
SE15 0.22 +0.02 0.069 +0.09 0.001
12
1.0

Fold change
(=) j=) (=) (=)
SO N )

aap AtIE

Fig. 9 Effect of AgNPs on the gene expression of aap and
AtIE. Error bars represent standard deviation.

Discussion

The characteristic absorption band of AgNPs
typically falls within the range of 350-450 nm. The

https://www.sciopen.com/journal/2150-5578
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asymmetrical and narrow SPR band suggests that the
AgNPs possess a uniform shape and a narrow size
distribution [21-23]. Upon these facts and regarding
the results illustrated in Fig. 2, It was noted that the
highest absorption occurred at 404 nm, which
confirms that the synthesized particles are AgNPs.

Numerous studies have documented the antibiofilm
activity of AgNPs towards human pathogens such as
Klebsiella pneumoniae, Escherichia coli [24], and
S. aureus emphasizing their possibility as surrogate
antibiofilm [25]. The activity of nanoparticles, such
as AgNPs, is influenced by their size and shape, as
smaller sizes result in a larger surface contact area
between AgNPs and microorganisms [26]. The
present work used spherical AgNPs with a diameter
of 10-20 nm (Figs. 4 and 6). Parallel earlier
investigations were carried out and reached various
sizes, of which, Salman, et al. [25] synthesized
AgNPs with a diameter of 20-100 nm using pulsed
laser ablation in liquid. Saleh and Najim [27]
produced AgNPs of different sizes ranging from
74—77 nm using plant extract as a reducing agent.
Recalling the findings depicted in Fig. 4, the stability
of the AgNPs could potentially be attributed to the
intricate composition of the aqueous extracts, which
may have acted as protective coating agents. In
contrast to other documented methods for
synthesizing AgNPs, the current preparations did not
necessitate any supplementary steps for the coating to
ensure the stability of AgNPs and avert their
aggregation.

There have been reports that AgNPs may prevent
bacteria from forming biofilms either by interacting
with the biofilm’s core ingredients or by causing
structural damage to the biofilm itself [28]. The
activity of nanoparticles on microbial cells and the
biofilms they produce may be broken down into two
primary categories. To begin, it causes direct damage
to the cytoplasmic membrane as
components of the cell. Second, the creation of

well as the
reactive oxygen species (ROS) may induce increasing
bacterial membrane permeability and inactivation of
proteins, RNA, and DNA that are already present in
the cells [29]. Moreover, AgNPs may prevent biofilm
formation by quenching bacterial quorum sensing,
thus blocking signals for biofilm formation [30].

The survival of bacterial cells is significantly
compromised by bactericidal activity, which is

attributed to the release of silver ions from

nanoparticles [31]. The mechanism by which they act
against Staphylococci involves causing irreparable
damage to bacterial cells through various means,
including inhibition of bacterial DNA replication,
degradation of bacterial cytoplasmic membranes,
and modification of intracellular adenosine-5'-
triphosphate (ATP) levels [32]. Silver ions have a
great electron-donating  groups
including sulfhydryl, carbonyl, and phosphate groups,
which are frequently present in proteins or cell
membranes. They can also bind to the thiol groups of

attraction for

proteins, changing their three-dimensional structure
and obstructing the active binding sites in the process
[31]. Due to their unique structure and multiple
modes of interaction with bacterial cell membranes,
they possess a distinctive ability to counteract
bacterial growth [33].

Nevertheless, The present investigation suggested
that AgNPs in S
epidermidis (Fig. 8 and Table 5) via down-regulation
of biofilm-associated genes; aap and at/E. To the best
of our knowledge, this is the first report to document
the effect of ANPs on aap and At/E genes of S.
hence, we

inhibited biofilm formation

epidermidis; could not find any

investigations to compare our results with it.

The non-thermal atmospheric pressure plasma
sources that produce a wide array of reactive oxygen
and nitrogen species (RONS) are essential to the
success of this application [34]. Because RONS
created by plasma may alter the chemical makeup of a
liquid, plasma-liquid interactions are a key step in the
production of nanomaterials. The principal forms of
reactive oxygen and nitrogen species (RONS) that are
produced as a result of interactions between plasma
and liquid are hydroxyl radical, hydrogen peroxide,
superoxide, ozone, singlet oxygen, nitric oxide, and
others [35].

The toxicity of AgNPs is influenced by various
factors, including concentration, shape, surface
properties, [36]. Within the field of
dermatology, AgNPs have been found to induce

and size

cytotoxicity in keratinocytes in vitro, and they are
observed to be deposited either in or on the stratum
corneum in vivo [37]. However, it is worth noting
that no acute dermal toxicity was observed at high
[38]. In
which assessed the toxicity of
nanospheres 10 to 20 nm, the
concentration utilized in the current investigation was

concentrations comparison to earlier
investigations,

ranging from
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relatively low.

Conclusions

AgNPs prepared by cold plasm technique reduced the
intensity of all tested biofilms; which was
accompanied by the downregulation of aap and A¢t/E.
Upon that, the current study proposed that the
inhibition of biofilm formation in S. epidermidis was
caused by AgNPs through the suppression of genes
linked to biofilm formation, namely aap and A¢/E.
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