View Article Online

View Journal

M) Cneck tor updates

Nanoscale

Accepted Manuscript

This article can be cited before page numbers have been issued, to do this please use: M. Mohan, C.
Takahashi, B. Heidt and A. Q. Shen, Nanoscale, 2024, DOI: 10.1039/D4NR02583K.

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Nanoscale

Accepted Manuscripts are published online shortly after acceptance,
before technical editing, formatting and proof reading. Using this free
service, authors can make their results available to the community, in
citable form, before we publish the edited article. We will replace this
Accepted Manuscript with the edited and formatted Advance Article as
soon asitis available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes to the
text and/or graphics, which may alter content. The journal’s standard
Terms & Conditions and the Ethical guidelines still apply. In no event
o sockre shall the Royal Society of Chemistry be held responsible for any errors
Vo OF CHERIETRY or omissions in this Accepted Manuscript or any consequences arising
from the use of any information it contains.

ROYAL SOCIETY rsc.li/nanoscale
OF CHEMISTRY

(3


http://rsc.li/nanoscale
http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/
https://doi.org/10.1039/d4nr02583k
https://pubs.rsc.org/en/journals/journal/NR
http://crossmark.crossref.org/dialog/?doi=10.1039/D4NR02583K&domain=pdf&date_stamp=2567-08-07

Page 1 of 11

Open Access Article. Published on 07 2567. Downloaded on 29/8/2567 14:10:52.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(ec)

Nanoscale

View Article Online
DOI: 10.1039/D4NR02583K

Enhanced Antibacterial Efficacy; Rapid Analysis of Silver-Decorated Azithromycin-
Infused Soluplus® Nanoparticles Against E. coli and S. epidermidis Biofilms

Jaligam Murali Mohan,? Chisato Takahashi, ** Benjamin Heidt,® and Amy Q. Shen *

Received 00th January 20xx,
Accepted 00th January 20xx

DOI: 10.1039/x0xx00000x

The escalating threat of antibiotic-resistant bacterial biofilms necessitates innovative antimicrobial strategies.
This study introduces silver-decorated, azithromycin- Soluplus® nanoparticles (Ag-AZI-Sol NPs), synthesized via
a controlled emulsion diffusion method to ensure sustained release of antimicrobial silver ions for over six
hours—a critical factor for continuous antibacterial efficacy. The efficacy of these nanoparticles was evaluated
against biofilms formed by Escherichia coli (E. coli) and Staphylococcus epidermidis (S. epidermidis), pathogens
that cause hospital-acquired infections. Concentrations of 5 and 10 pug/mL, Ag-AZI-Sol NPs induced significant
morphological changes within biofilms, disrupting the bacterial extracellular matrix as observed using scanning
electron microscopy (SEM). This disruption peaked between two and six hours, coinciding with damage to
bacterial cells by silver ions. Antibacterial assay measurements and optical density (OD) confirmed a significant
reduction in growth rate among Ag-AZI-Sol NPs treated bacteria compared with controls. Electrochemical
analysis using laser-induced graphene (LIG) and chronoamperometry revealed a decline in current, indicating
an effective antibacterial effect. This innovative biosensing technique makes use of the high conductivity and
huge surface area of LIG to detect changes in bacterial activity quickly and sensitively. Our findings highlight
the potent microbicidal properties of Ag-AZI-Sol NPs and suggest diverse applications from food processing to

medical device coatings.

1. Introduction

Bacterial biofilms, complex structures consisting of bacterial
aggregates embedded in an extracellular matrix of proteins and
polysaccharides, pose major challenges in the realms of
medicine and biomedical engineering.2 These biofilms offer
pathogens a multitude of advantages, shielding them from
physical stresses like shear forces, pH changes, antiseptics,
antibiotics, while evading immune detection, thus fostering an
ideal environment for bacterial proliferation.? Eradicating
bacterial biofilms is particularly difficult, posing significant
concerns for medical implants, such as catheters or orthopedic
implants %3, where biofilm formation is prone due to material
properties such as surface charge, surface energy and
hydrophobicity.®

While antibiotics often struggle to reach their full potential,
antibacterial nanoparticles, especially silver nanoparticles (Ag
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NPs) have shown great promises in combating biofilms.” 8 Ag
NPs typically range in size from 1 to 100 nm>9, with large
surface to volume ratio that grants them versatile properties.
Beyond their efficacy against antibiotic-resistant biofilms, Ag
NPs have found applications in diverse fields including optics'?,
medical diagnostics!?13, catalysis 14, anti-cancer therapeutics 1>,
and food packaging?® for enhanced food safety.'7.18

Silver nanoparticles can be synthesized using either bottom-
up or top-down approaches. In the bottom-up method, single
metal ions assemble into larger nanoparticles, while the top-
down method involves reducing larger metal pieces until they
reach nano size.’® The fabrication methods can be categorized
into physical, chemical, and biological methods. Common
physical methods include laser ablation and evaporation-
condensation approaches.’®1® Chemical methods, the most
common approach, involve the reduction and subsequent
aggregation of metal salts, exemplified by techniques like the
Brust-Shiffrin method.'%1° Biological methods utilize living cells
and their natural reducing agents to create nanoparticles,
avoiding many hazardous components of physical and chemical
fabrication.1%1% Despite their intriguing properties, Ag NPs can
be unstable, prone to oxidation and aggregation, particularly
under physiological conditions.?%2! Therefore, they must be
stabilized, which can be achieved using surfactants, small
ligands, or bigger molecules such as polymers.?22 Common
stabilizers for Ag NPs include polyethylene glycol, polyvinyl
alcohol, polymethylmethacrylate, as well as biologically derived
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polymers and proteins such as chitosan and bovine serum
albumin.®10

A new type of polymer, polyvinyl caprolactam polyvinyl
acetate polyethylene glycol - graft copolymer, known as
Soluplus (Sol), has been developed to enhance the solubility of
challenging medications. Our previous work demonstrated the
efficacy of Sol as a stabilizer and carrier for Ag NPs.2324 Building
on this, our current research investigates the effects of Ag NPs
and azithromycin (AZI) conjugated with Soluplus on E. coli and
S. epidermidis using scanning electron microscopy, optical
density measurement, and electrochemical studies using laser-
induced graphene (LIG) electrodes. LIG electrodes are created
by using a laser to transform an organic surface into a layer of
highly electrically conductive graphene.?> Specifically, we
evaluated Ag-AZI-Sol NPs efficacy against biofilms of E. coli and
S. epidermidis, observing significant disruption with SEM,
particularly between two and six hours. Electrochemical
analysis using LIG revealed consistent antibacterial action. OD
measurements and assay measurements demonstrated
reduced bacterial growth. These findings highlight the potent
antimicrobial properties of Ag-AZI-Sol NPs and offer valuable
insights into strategies for combating biofilm formation.

2. Experimental Methods

2.1 Materials and Instrumentation

A polyimide sheet (HJA-A4-225um) with 210 x 297 mm of A4 size
with a thickness of 225 um was procured from Hokushin, Japan. LB
broth powder and Agar were purchased from Sigma-Aldrich. E. coli
(ATCC 8739) and S. epidermidis (ATCC 14990) were purchased from
ATCC (American Type Culture Collection). Mill-Q water (18.2 MQ.cm)
was used throughout all the experiments. The silver-decorated AZI-
incorporated Sol nanoparticles (Ag-AZI-Sol NPs) were made with
AgNO; and NaBH,4, which were acquired from Kishida Chemical Co.
and Nacalai Tesque Inc. in Japan. A baclight bacterial viable kit was
procured from (catalog number L-13152; Life Technologies Co.,
Japan). The hydrophilic ionic liquid (1-butyl-3-methylimidazolium
tetrafluoroborate [BMIM][BF,]) for preparation of the SEM sample
was purchased from Kanto Chemical Co., Japan.

Epilog CO, laser (Fusion Pro-48) with power 120W (100%) and
laser engraving speed of 4.2 m/s (100%) was procured from Epilog
Lasers USA. The laser microscope (Keyence VK-X100 series) was
purchased from Keyence Corporation, USA. Four-point probe was
purchased from Ossila Ltd, UK. Portable potentiostat (Sensit BT) was
procured from Palmsens BV, Netherlands. An incubator shaker
(Innova 42) was purchased from Eppendorf. UV spectrophotometer
(UV-1800) was purchased from Shimadzu corporation. Scanning
electron microscopy (SEM) analysis was performed using JSM 7900F
and field emission SEM (FE-SEM) was performed using JXA-8530FA
from JEOL Co., Japan. Zetasizer Nano (ZS90) was procured from
Malvern Instruments Ltd., Malvern, UK.

2.2 Bacteria Culture Protocol

2| J. Name., 2012, 00, 1-3

The ATCC's (American Type Culture Collection) guidelines. were
followed in cultivating the bacteria. Luria-Bextanii(kB)oanedieo5aais
prepared in 200 ml of DI water by mixing 4 grams of agar and 3.6
grams of LB broth. After plating the bacterial strains (E. coli and S.
epidermidis) onto an agar plate, they were kept at 37 °C overnight to
grow. Single cultures were then added to aliquots of LB broth and
allowed to grow overnight at 37 °C on a shaker.

2.3 Ag-AZl-Sol particle synthesis

The synthesized Ag-AZI-Sol NPs consist of “Sol" an amphiphilic
material capable of trapping drug molecules. The Ag-AZI-Sol NPs are
silver-decorated, azithromycin-incorporated (AZI) nanoparticles
synthesized using Soluplus® as the carrier material. These
nanoparticles have a core-shell structure, with azithromycin
encapsulated within a polymeric matrix, while silver ions are
intercalated on the surface and prevent agglomeration, as shown in
Fig. 1a.

The Ag-AZI-Sol NPs were prepared using the emulsion solvent
diffusion method. 26 Initially, Sol NPs (70 mg) were dispersed in
purified water (100 mL), followed by the addition of AgNO; solution
(1 mg/mL, 1 mL). The mixture underwent vortex stirring and an
additional 30 min at 150 rpm. NaBH, (30 mg) was then added, mixed
for 1 min, and stirred for 2 h at 1000 rpm. Subsequently, the mixture
was dialyzed using a semipermeable membrane. The resulting
dispersion was freeze-dried.

Ag A7l S particles
Shell (hydrophilic)

[] Drug (AZI)

[ ] Ag NPs

Core (hydrophobic)

Fig. 1: Schematic representation of Ag-AZI-Sol NPs.

2.4 Quantification of silver ions release

Atomic absorption spectroscopy was employed to quantify Ag ion
release for a given time duration. Previous investigations examined
Ag ions release up to 120 minutes, while our study extends the
analysis to 360 minutes. Fig. 2 illustrates the kinetics of released
silver ions over time, depicting rapid release within the initial 5
minutes, gradually increasing over time. Approximately 5% of Agions
were released within the first 5 minutes, followed by a gradual rise
to 35% at the 360-minute mark. This prolonged-release suggests the
potential of Ag-AZI-Sol NPs for sustained antibacterial activity.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 2: Percentage of silver ion release from Ag-AZI-Sol particles over
various time intervals (in minutes).

The particle size and zeta potential of the plain Sol and Ag-AZI-
Sol NPs were determined and tabulated in Table 1.

Table 1: Particle size and Zeta potential of the plain Sol NPs and
Ag-AZI-Sol NPs (n=3)

Condition Plain Sol Ag-AZI-Sol

Average diameter 543+3.6 134.3+5.6
(nm)

Zeta potential -189+0.5 -13.1+0.5
(mV)

2.5 Fabrication of LIG electrodes

Recent studies have revealed the remarkable antibacterial
properties of graphene and its composite materials, exhibiting
heightened toxicity against various bacteria, including gram-positive
and gram-negative bacteria.?’?8 Traditional graphene synthesis
methods are tedious and complicated to develop. Recent
advancements have shown that graphene layers can be efficiently
produced on polyimide sheets using CO, and blue lasers, a technique
known as Laser Induced Graphene (LIG).?® LIG offers superior
properties such as high conductivity, large surface area, and intrinsic
charge carrier characteristics, making it highly suitable for diverse
sensor applications.3° As the name implies, LIG employs a laser to
convert an organic surface into a highly conductive graphene layer.
While polyimide is a typical substrate, LIG has exhibited versatility by
working on various organic materials, from cloth to food products
like potatoes and coconuts.3! Its exceptional attributes and
straightforward fabrication process render LIG particularly appealing
for biosensing applications.

In this work, we developed a straightforward, affordable, and
compact miniaturized LIG electrochemical platform for antibacterial
studies. Using CorelDRAW software, electrodes were designed with
dimensions 20 mm x 1 mm (length x width). The electrode design
was saved in portable document format (.pdf) and transferred to a
CO, laser. We varied the power and speed of the laser according to
different combinations, as detailed in Table 2, to create highly
conductive electrodes. The maximum power (120W) and laser speed
(4.2 m/s) of the CO, laser is set at 100%. The percentage setting

This journal is © The Royal Society of Chemistry 20xx
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allows users to adjust the power and speed of the lasey according to
the specific requirements of their engraving 883k 10.1039/D4NR02583K

Table 2: Conductivity of LIG electrodes by varying power and speed

of CO, laser
Power Speed Thickness Resistivity = Conductivity

(%) (%) (um) (mQ.m) (S/m)
10.0 117.8 7.9 125.1

10.0 7.5 93.7 3.8 262.3
5.0 75.8 1.8 543.4
2.5 66.4 698.5 1430.0
10.0 99.8 8.4 117.6
7.5 99.3 6.4 164.1

7 5.0 106.1 33 297.1
2.5 124.3 13 752.8
10.0 58.0 7.2 138.6
7.5 60.0 4.2 234.2

>0 5.0 57.9 2.4 400.5
2.5 76.0 1.4 712.4
10.0 - - -
7.5 - - -

2.5
5.0 - - -
2.5 76.0 3.1 314.2

The resulting LIG electrodes exhibited a porous nature and non-
uniform thickness. The average thickness of LIG was determined
using a laser microscope and recorded in Table 2. Subsequently, the
conductivity of the LIG was measured using the Ossila four-point
probe, and the corresponding values are listed in Table 2. Data
shown in Table 2 revealed that LIG formation did not occur at lower
power levels (2.5%) with speeds of 10%, 7.5%, and 5%. However,
conductivity values gradually increased for power level 10% with
speeds of 10%, 7.5%, 5%, and 2.5%, indicating that higher power and
lower speeds were optimal for developing highly conductive
electrodes. Notably, the highest conductivity of 1430 S/m was
achieved with a power level of 10% and speed of 2.5%.

Fig. 3: SEM images of LIG obtained at a laser power of 10 % (12W) and
speed of 2.5 % (0.105 m/s).

This optimal parameters (power 10%, speed 2.5%) of the CO,
laser were used to fabricate the three-electrode system, resulting in
morphological structures as depicted in Fig. 3. Prior to laser
engraving, polyimide sheets were precleaned with Isopropanol. The
miniaturized electrochemical platform is assembled following the

J. Name., 2013, 00, 1-3 | 3
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sequential steps illustrated in Fig. 4a-c. An overview of the complete
setup is shown in Fig. 4d. In the electrode configuration, one
electrodes was modified with Ag/AgCl ink to serve as the reference
electrode, while the remaining two bare LIG electrodes functioned
as counter and working electrodes. A consistent sample volume of
100 pL was maintained throughout the electrochemical
investigations.

CO, Laser

LIG
Polyimide electrodes
sheet

Reference electrode
Working electrode
Counter electrode
a b c

LIG Device

Portable
Potentiostat

Fig. 4: (a) Bare polyimide sheet. (b) Epilog laser to engrave the polyimide
sheet to form the electrodes. (c) Electrode modified with the Ag/AgCl ink
acting as a reference electrode. (d) Snapshot of the setup.

3. Results and discussion

3.1 Morphological changes in bacteria induced by Ag-AZI-
Sol NPs treatment

The mechanism of Ag-AZI-Sol NPs penetrating the bacterial
membrane is multifaceted.3? Initially, Ag ions are released from the
nanoparticles, interacting with the bacterial outer membrane and
compromising its integrity through electrostatic interactions.33 This
disruption facilitates the penetration of Ag ions into the bacterial cell
through passive diffusion or active transport mechanisms.343% Once
inside, Ag ions target cellular components, leading to dysfunction
and cell death. Additionally, the presence of azithromycin (AZI) may
enhance antimicrobial activity.3®

Gram-positive bacteria Gram-negative bacteria

I8 Rlbnsome. Suppression of
Ag AZI Sol :./. Generation of « P i i
-

nanoparticle: = Ros - L
AgAZl ians Interact with

(]
etabolic passageway]|
e . 5@% ¥ i
roteins and
-

system with

DNA s

Inner layer ® Inner layer
N -

Outer layer

Quter layer

Fig. 5: Interaction of Ag-AZI-Sol NPs with gram-positive and negative
bacteria cell membrane.
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This mechanism involves membrane disruption, . intracellular
penetration, and interference with celluld?GprocéssesPAitiRrately
inhibiting bacterial growth.3” The impact of released Ag ions on the
bacterial outer membrane, disrupting its properties, is depicted in
Fig. 5, illustrating microbial inhibition against both S. epidermidis
(gram-positive) and E. coli (gram-negative).

Ag AZI
Soluplus ™
~. AgAZI
Soluplus
__ AgAzI
s':lguﬁlzlis" = soluplus
Ag AZ|
Soluplus
~,
>, AgAZI
Soluplus
—”’ : .
AgAZI~" . S5 Ag AZI
Soluplus kil

Fig.6: SEM images of S. epidermidis with 5 ug/mL of Ag-AZI-Sol NPs after
(a-b) 2 hours and (c-d) 6 hours.

Sol is an amphiphilic polymer known for its adhesive properties
toward bacterial cells. When combined with Ag-AZI, it enhances their
collective ability to induce cellular damage. Previous studies have
noted the surfactant effects of Sol NPs on bacterial cells. 383° The
antibacterial activity of Ag-AZI-Sol operates through inhibition of
bacterial protein synthesis by binding to the 50S ribosomal subunit.
Additionally, Ag-AZI-Sol NPs release silver ions, which are the primary
contributors to bacterial inactivation. Initially, silver ions damage the
bacterial cell membrane, followed by subsequent damage to DNA,
proteins, and enzymes.

SEM analysis was employed to investigate morphological and
structural alterations in bacterial cells following treatment with Ag-
AZI-Sol NPs. Prior to SEM analysis, samples were treated with a

This journal is © The Royal Society of Chemistry 20xx
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hydrophilic ionic liquid, enhancing conductivity and facilitating clear 3.2  Antibacterial assay studies

imaging of biological samples.®%41 This method has been
demonstrated to provide high-resolution images suitable for
biological analysis. E. coli and S. epidermidis biofilms were grown in
a 24-well plate. After forming the biofilms, Ag-AZI-Sol NP suspensions
(5 and 10 mg/mL) in a medium were added to each well. After the
nanoparticle treatment, the cells were incubated for 2 h and 6 h at

37 °C under 0.5% CO,.

In our previous study?, S. epidermidis cells were found to display
circular 3D structures with a diameter of 1 um. The extracellular
polymeric substance (EPS), composed of polysaccharides, plays a
crucial role in biofilm formation. Following treatment with a
concentration of 5 ug/mL of Ag-AZI-Sol NPs for 2 hours, as shown in
Fig 6a, the particles infiltrated the bacterial cells while the EPS film
began to deteriorate. Ag-Sol NPs adhered to the bacterial cell
boundary, inducing alterations in cell morphology. After 6 hours of
treatment, as depicted in Fig 6b, the Ag-AZI-Sol NPs were clearly
observed between bacterial cells, causing significant changes in cell
morphology. Cells became non-circular and flat with no discernible
cell division, and the EPS structure completely faded.

Next, investigations were carried out using a higher
concentration of 10 pg/mL of Ag-AZI-Sol NPs on S. epidermidis after
2 hours (Fig. 6¢) and 6 hours (Fig. 6d). Comparable results were
observed, although the bacterial cells tended to flatten at the higher
10 pg/mL concentration.

5 pg/mL, 6 hour

5 pg/mL, 2 hour

L

.. AgAZI

_ AgAzl
Sol NPs

Sol NPs

Biofilm Damage P

10 pg/mL, 2 hour

. AgAZl
Sol NPs

Ag AZI
SolNPs

Fig.7: SEM images of oli with 5 pug/mL of Ag-AZI-Sol NPs (a-b) after 2
hours (c-d) 6 hours.

\

Examinations were also conducted on E. coli treated with 5 pg/mL of
Ag-AZI-Sol NPs. Fig. 7a illustrates the cell structure after 2 hours of
treatment, depicting Ag-AZI-Sol NPs attached to the biofilms while
the EPS film remained largely intact. However, after 6 hours of
treatment, as shown in Fig. 7b, the E. coli bacterial cells were visibly
damaged, with Ag-AZI-Sol NPs adhering to them.

Furthermore, the effects on E. coli were examined using a higher
concentration of 10 pug/mL of Ag-AZI-Sol NPs after 2 hours (Fig. 7c)
and 6 hours (Fig. 7d). Partially damaged bacterial cells were observed
after 2 hours of treatment, with a noticeable flattening of the cells
observed after 6 hours.

This journal is © The Royal Society of Chemistry 20xx
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Antibacterial assays were performed using the LIVE/DEAD

BacLight bacterial viability kit. Biofilms of E. coli and S. epidermidis
were grown in a 24-well plate using LB medium, washed with purified
water, and then treated with Sol NPs, Ag-AZI-Sol NPs, Ag NPs, and
Ag-Sol-NPs for 2 hours. To examine the effects of different dosing
times, Ag-AZI-Sol NPs were also applied for 0, 30, 120, 240, and 360
minutes. The detailed procedure is described elsewhere.*?

Fluorescence was measured using a multimode detector
(DTX880, Beckman Coulter Co., USA). Three wells were measured per
sample, and each measurement was repeated three times. The
excitation/emission wavelengths were 488/535 nm (green) for SYTO
9 and 485/625 nm (red) for propidium iodide. The ratio of green to
red fluorescence was compared with a standard viability cell line to
determine the percentage of viable cells.

The equation obtained from the standard viability cell line was
used to calculate the percentage of viable cells after various
treatments (n=3). Variance equality between the two populations
was assessed using an F-test %4, followed by a two-sample t-test with
equal variances. #° In the case of E. coli, the antibacterial effect was
less pronounced compared to S. epidermidis (Fig. 8a-d). At a dose of
5 ug/mL of Ag-AZI-Sol NPs for 2 hours, more than 60% of live bacterial
cells remained viable (Fig. 8a-b). SEM results revealed a persistent
thick EPS film after this treatment duration. However, a greater
antibacterial effect was observed with longer treatment durations
and higher concentrations (Fig. 8c-d).

The antibacterial assay results demonstrated the potent
antibacterial activity of Ag-AZI-Sol NPs against S. epidermidis biofilms
(Fig. 9a-d). After 2 hours of treatment with 5 ug/mL of Ag-AZI-Sol
NPs, only a small percentage of live bacterial cells remained viable,
as depicted in Fig. 9a-b. SEM analysis corroborated these findings,
showing the reduction of EPS and flattening of bacterial cells in

bacterial morphology.

3.3 Microorganisms growth analysis using optical

measurements

We examined the impact of Ag-AZI-Sol NPs on bacterial viability,
treating E. coli (gram-negative) and S. epidermidis (gram-positive)
with concentrations of 5 and 10 pg/mL. Upon treatment, Ag-AZI-Sol
NPs promptly released Ag-ions, increasing the release rate over time
(refer to section 2.4). As depicted in Fig. 10b and 11b, Ag-AZI-Sol NPs
exhibited dose-dependent antibacterial activity against E. coli and S.
epidermidis. In Fig. 10b, the growth of E. coli growth with and without
Ag-AZI-Sol NPs is illustrated. The OD values for the control and the
lower concentration (5 pg/mL) remained similar, with a slight
deviation from the control. However, a notable decrease was
observed with the higher concentration (10 pg/mL) of Ag-AZI-Sol
NPs.

J. Name., 2013, 00, 1-3 | 5
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Fig. 8: Percentage of viable E. coli bacterial cells after various treatment (Sol NPs, Ag-AZI-Sol NPs, Ag NPs and Ag-Sol NPs. Ag concentration: (a) 5 pug / mL)
(c) 10 pg / mL for 2 hr. Percentage of viable bacterial cells after Ag-AZI-Sol NPs treatment (Ag concentration: (b) 5 ug / mL) and (d)10 ug / mL for 2 h, 4h
and 6 h respectively. Data are shown as mean £ SD (n=3). ** Significant difference between each treatment (p<0.01).
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Similarly, the influence of Ag-AZI-Sol NPs on S. epidermidis was
assessed using OD measurements (Fig. 11b). Both concentrations (5
and 10 pg/mL) exhibited comparable antibacterial effects up to the
sixth hour. This investigation underscores the significant impact of
Ag-AZI-Sol NPs on microbial growth compared to the control.*®

3.4 LIG-based electrochemical analysis of antibacterial
properties using Ag-AZI-Sol NPs

Since the discovery of laser-induced graphene (LIG), researchers
have been exploring its diverse applications,*”*8 particularly in
antibacterial research.

Singh et al. conducted experimental analysis revealing that LIG,
composed of carbon nanofibers sized between 250 and 750 nm with
micropores ranging from 1 to 25 pm, exhibited remarkable
antibacterial properties, particularly against bacterial proliferation.
Comparative studies between crushed and non-crushed LIG surfaces
highlighted the latter's efficacy in inhibiting biofilm formation,
suggesting that LIG's microporous structure plays a crucial role in
biofilm resistance and bacteria capture. % Another study
demonstrated enhanced antibacterial activity of LIG when doped
with Ag.5%5! Libei et al. developed a face mask using LIG,
demonstrating superior antibacterial capacity against E. coli and S.
epidermidis. Further investigations involved modifying LIG with zinc
oxide (ZnO) and Ag-doped ZnO nanocrystals, revealing significant
antibacterial effectiveness against pathogens such as E. coli and S.
aureus.37°2

~—— 10 pg/mL a
75 - —®—5 pg/mlL
. coll
i 60 -
S
-t
o 451
=
]
30 -
154+— . r ' . . -
0 1 2 3 4 5 6
Time (hr)
1.5
—i— Control b
—— 10 pg/mL
1.2 —8—5 pg/mL

E. coli

0o 1 2 3 4

Time (hr)
Fig. 10: (a) Chronoamperometry readings of E. coli (b) Growth analysis of
E. Coli with the control using the OD measurements.

o

5

This journal is © The Royal Society of Chemistry 20xx

Nanoscale

Leveraging these properties, we developed a miniaturized
electrochemical platform employing CO, las@rctechnokogy 4nrqress
antibacterial activity through chronoamperometry measurements.
This platform, integrated with a portable potentiostat, as shown in
Fig. 4d, facilitated real-time monitoring of bacterial activity.
chronoamperometry technique was used to analyze bacterial activity
for 6 hours with the following optimized parameters: applied
potential (Egc) = 0.95 V and run time (t,,,) = 180 seconds. For the
electrochemical experiments, two concentrations of Ag-AZI-Sol NPs,
5 pg/mL and 10 pg/mL were selected, along with E. coli and S.
epidermidis cultures at an optical density of 0.2 OD. The synthesized
Ag-AZI-Sol NPs are dispersed in the freshly prepared LB media. Equal
volumes of the Ag-AZI-Sol NP solution and bacterial culture were
mixed and sonicated for 1 minute. A 100 pL sample of the mixture
was subjected to chronoamperometry testing every hour for up to
six hours. The chronoamperometry parameters, including
equilibrium time (tequilibrium = 0 s€C, Egc = 0.95 V, t interval = 0.1 sec), and
run time (t.,, = 180 sec) were optimized for these experiments. The
initial chronoamperometry reading for both E. coliand S. epidermidis
was measured at 180 sec. Subsequently, the mixture of bacteria and
particles was returned to the incubator to allow bacterial growth in
the presence of Ag-AZI-Sol particles.

304 —8— 10pg/mL a
—&—5 ug/mL
- S. epidermidis
< 25
-
c
@ 20
e
=
¥ ]
15+
o 1 2 3 4 5 6
Time (hr)
1.5 :
—— Control b
—— 10 pg/mL
1.2 4 —&—5pg/mL |
S. epidermidis
a %91
o
0.6
0.3

2 3 a4
Time (hr)

Fig. 11: (a) Chronoamperometry readings of S. epidermidis (b) Growth
analysis of S. epidermidis with the control using the OD measurements.

The corresponding current readings from the chronoamperometry
were recorded hourly until the sixth hour, with the stable currents
for E. coli shown in Fig. 10a and those for S. epidermidis in Fig. 11a.

We observed a declining trend in current values across all
concentrations of Ag-AZI-Sol NPs in the presence of bacteria.
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The highly conductive nature of our laser-induced graphene (LIG)
electrodes, which exhibit a conductivity of 1430 S/m, enhances our
ability to detect subtle changes in current when in contact with
bacteria. The porous structure of the LIG, coupled with its large
surface area, provides numerous active microsites for interfacing
with bacteria such as E. coli and S. epidermidis. Electrostatic
interactions between the LIG and bacterial cell membranes influence
the observed current values: more active bacterial contact correlates
with higher currents, while less active contact results in lower
currents. In the initial two hours, as detailed in section 3.1, the Ag
ions predominantly target the bacterial cell membranes, leading to a
notable decrease in current. Subsequently, the Ag ions penetrate the
cellular interior, disrupting proteins, respiratory functions, and DNA,
which is reflected in the gradual decline in current. This trend
indicates that higher concentrations of Ag-AZI-Sol NPs were more
effective in bacterial inactivation compared to lower concentrations.

Conclusions

The solvent emulsion diffusion method employed in this study
successfully produced Ag-AZI-Sol NPs, characterized by a size range
of 200 nm and the sustained release of Ag ions for up to six hours.
These released Ag ions exhibited potential antibacterial activity
against E. coli and S. epidermidis. SEM analysis provided initial
evidence of the high antibacterial efficacy of Ag-AZI-Sol NPs,
revealing clear morphological changes in microorganisms at
concentrations of 5 and 10 pug/mL. Moreover, as corroborated by
SEM analysis, Ag-AZI-Sol NPs demonstrated the ability to penetrate
the outer cell membrane of microorganisms and remain within the
bacterial cell. Further confirmation was obtained through anti-
bacterial assay, spectrophotometry and electrochemical which
effectively validated the antibacterial efficacy of Ag-AZI-Sol NPs
against gram-negative and gram-positive bacteria. This study
supports the potential application of Ag-AZI-Sol NPs in various
industries, including food processing and medical device
manufacturing, offering promising avenues for combating bacterial
contamination and enhancing product safety.
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