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Hybrid nanoparticles designed to exert multiple mechanisms of antibacterial action offer a new approach to
the fight against pathogenic resistant bacteria. In this study, nanomaterials with the dual actions of
antibacterial and anti-biofilm activities were developed using silver nanoparticles (AgNPs) functionalized
with either lactoferrin (LTF) or graphene oxide (GO). AgNPs were synthesized using mushroom waste as
a reducing agent and chitosan (CS) as a stabilizing agent, prior to their surface functionalization with
either GO (AgGO) or LTF (Ag-LTF). The AgNPs exhibited a surface plasmon resonance (SPR) band at
430 nm, as determined by UV-vis spectroscopy, whereas the absorption of AgGO and Ag-LTF occurred
at 402 and 441 nm, respectively. Particle size analysis of AgNPs, AQGO, and Ag-LTF revealed sizes of
1215 4+ 10.5, 354.0 + 1.6, and 130.8 + 1.2 nm, respectively. All AgNPs, Ag-LTF, and AgGO inhibited
selected Gram-positive bacteria and Gram-negative bacteria with comparable antibacterial performance,
as determined by the agar diffusion method. Despite the absence of antibacterial activity by GO and LTF,
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aeruginosa. Moreover, Ag-LTF did not affect cell viability and migration rate of cells, suggesting the non-

DOI: 10.10359/c9ra08680c toxicity of Ag-LTF. In conclusion, AgNPs, Ag-LTF, and AgGO possess antibacterial activity, which may
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Introduction

Many cases of infection are due to biofilm forming microbes, of
which the Gram-positive bacterium Staphylococcus aureus and
the Gram-negative Pseudomonas aeruginosa are the most
common ones." Nowadays, the emergence of antibiotic-
resistant bacteria and the growing incidence of hospital-
acquired bacterial infections has led to the resurgence of
silver nanoparticles (AgNPs). AgNPs, which are between 1 and
100 nm in diameter, have become a focus in the field of research
and subsequently, been commercialized. The ability to exhibit
antibacterial and anti-biofilm activities has also been well
established throughout history.

However, the increasing demand for the development of
AgNPs must be met by a biosynthetic method rather than
a chemical method, to reduce hazardous waste generated. Spent
mushroom substrate (SMS), a compost of mushroom fungi, is
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offer an alternative for future antibacterial agents.

known to synthesize metal nanoparticles.® As the production of
SMS now occurs in excess and it represents a waste manage-
ment problem, therefore, there is a need to find an alternative
use for SMS demand.* Furthermore, the combination of silver
ions with biological compounds is a good approach to reduce
the interaction of silver ions with human cells and to conserve
the antimicrobial properties.

Chitosan, a natural cationic polysaccharide, is used in
metal-chitosan nanocomposites for biomedical applications
owing to its biodegradability and antibacterial properties. Chi-
tosan is also used as a stabilizing agent to protect AgNPs from
agglomeration® and to improve biocompatibility of metal
nanoparticles. Moreover, the addition of chitosan as a reducing
agent to produce AgNPs could enhance antibacterial effect and
produce greater activity compared with pure chitosan.®

Several studies suggested that graphene oxide (GO)
possesses antibacterial activity against many types of microor-
ganisms,”® whereas AgNPs functionalized with GO (AgGO)
exhibit enhanced antibacterial and anti-biofilm properties.***
GO is a sheet of sp>-bonded single-carbon-atom-thick graphene
that has been chemically modified with carboxylic and carbonyl
groups (oxygen functional groups) at the edges of the sheet,
whereas epoxy and hydroxyl groups on the basal plane.*
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Lactoferrin (LTF) is an iron-binding protein that was shown to
exhibit good anti-biofilm activity through the inhibition of
formation and destruction of existing biofilms.*® Therefore, the
functionalization of AgNPs with LTF (Ag-LTF) is expected to
enhance the anti-biofilm activity of AgNPs. The synergistic
effect of both components may prevent the development of
resistance to these new agents by microorganisms.

In present study, AgNPs were prepared using SMS as
a reducing agent and chitosan as a stabilizing agent, with the
addition of GO or LTF to form AgGO and Ag-LTF, respectively.
The antibacterial and anti-biofilm activities of AgNPs, AgGO,
and Ag-LTF against Gram-positive and Gram-negative bacteria
were investigated using different methods, including the
microbroth dilution method and the crystal violet assay.
Furthermore, safety of the nanocomposites on living cells was
assessed by determining the cytotoxicity effect and cell migra-
tion on normal human fibroblast cells (NHFs).

Materials and methods
Materials

SMS of Pleurotus ostreatus (oyster mushroom) was a gift from
Lignas Bio Synergy PIt., Selangor, Malaysia. Silver nitrate
(AgNO;) (ACS reagent grade) was procured from Sigma Aldrich,
Ireland. Human lactoferrin (LTF) was obtained from Sigma-
Aldrich (USA). Low molecular weight (LMW: 50-190 kDa) chi-
tosan, 75-85% deacetylated, was purchased from Sigma Aldrich
(Ireland). Glacial acetic acid (GAA) was purchased from R&M
Chemicals, UK. Distilled water was produced in the laboratory
using Hamilton WCS/85 Cabinet Water Still. GO water disper-
sion (4 mg mL ") was procured from Graphenea (San Sebastian,
Spain).

To determine the antibacterial and anti-biofilm activities,
four bacterial strains (Staphylococcus aureus, Pseudomonas aer-
uginosa, Bacillus sp., and Escherichia coli) were obtained from
Microbiology Laboratory of Faculty Pharmacy, Universiti
Kebangsaan Malaysia. All bacterial strains were maintained in
broth prior to testing. Mueller-Hinton Broth (MHB) and
Mueller-Hinton agar (MHA) were purchased from Difco Labo-
ratory of Becton Dickinson Company, USA. Ciprofloxacin HCI
was purchased from Sigma Aldrich, Ireland. Dulbecco's phos-
phate buffered saline (D-PBS) (—) without calcium chloride and
magnesium chloride was purchased from Nacalai Tesque,
Japan. Crystal violet was obtained from Ajax Finechem Labo-
ratory of Thermo Fisher Scientific, Auckland, New Zealand, and
70% ethanol was procured from J-Kollin Chemicals, UK.

Water extraction of SMS (WESMS)

SMS powder (20 g) was soaked in 100 mL of distilled water at
a ratio of 1 : 5 (w/v). The mixture was then stirred continuously
for 30 min at 60 °C using a magnetic stirrer. The solid residues
were then removed from the solution and the solution was
centrifuged at 10 000 rpm (4 °C) for 15 min (Allegra 64R from
Beckman Coulter, Ireland). The supernatant was collected and
filtered using Whatman 150 mm filter paper. The filtered extract
was obtained and made to a final concentration of 0.1 g mL™".

4970 | RSC Adv, 2020, 10, 4969-4983

View Article Online

Paper

The extract was used as a reducing agent for the preparation of
AgNPs.

Constituent analysis of WESMS

The phytochemical constituents of WESMS were analyzed by
liquid chromatography-mass spectrometry (LC-MS) on a Perki-
nElmer Flexar FX-15 UHPLC system coupled to Sciex 3200
hybrid trap triple quadrupole tandem mass spectrometer
(UHPLC-MSMS model https://doi.org//1031491/K, Waltham,
Massachusetts, USA). The extracts were filtered through a 0.45
um nylon syringe filter prior to LC-MS analysis. The separation
was achieved using a Phenomenex Synergy RP C18 column (100
A, 100 mm x 3 pm x 2.0 mm). The run time was approximately
15 min, with a back pressure of approximately 18 000 psi. The
mobile phases comprised (A) 0.1% formic acid in deionized
water and (B) 0.1% formic acid in acetonitrile, and the injection
volume was 20 pL. The MS conditions were set as follows: the
scan was carried out in the mass ranges of 100-1200 and 100-
1500 m/z, with a source temperature of 500 °C in negative and
positive ionization mode. The eluent was split and approxi-
mately 0.8 mL min~ " was introduced into the mass detector.
Analyst® TF 1.5.2 software (Sciex) was used for data acquisition
and analysis.

Preparation of AgNPs

A volume of 5 mL WESMS (0.1 g mL~') was mixed with 1 mL of
0.01 M silver nitrate solution (0.017% w/v). The reaction was
performed at room temperature for 3 days on standing. The
color of the solution turned from yellow into reddish brown and
the reaction was continued until color change was no longer
detected, which indicated the formation of AgNPs.

Functionalization of AgNPs

LTF (Ag-LTF). LTF solution (500 pg mL ') was prepared by
dissolving LTF powder in deionized water. Separately, AgNPs
were suspended in deionized water to obtain a concentration of
500 pg mL~'. An equivalent volume of AgNPs and LTF solution
(10 mL) was added together and agitated, to ensure thorough
mixing.

GO (AgGO). A volume of 4 mL GO suspension (0.64 mg mL ™)
was mixed with an equal volume of AgNPs (500 pg mL ') by
stirring for 15 min using magnetic stirrer (WiseStir MS-MP
Digital Multi-point Magnetic Stirrers). The solution was then
sonicated for 10 min by using an Ultrasonic Cleaner (Branson
3510-DTH) and then stirred for another 15 min. The mixture
was then centrifuged at 13 000 rpm for 15 min using a benchtop
centrifuge (Allegra 64R, Beckman Coulter, Ireland).

Stabilization of AgNPs, Ag-LTF, and AgGO with chitosan
(chitosan-capping)

A volume of 5 mL chitosan solution (0.09% w/v, in 1% GAA) was
added into the AgNPs, Ag-LTF, and AgGO nanocomposites. The
mixtures were sonicated for 10 min, stirred at 500 rpm for 2 h,
and washed three times with distilled water by centrifugation
(15 000 rpm for 15 min) to remove excess unreacted reactants.

This journal is © The Royal Society of Chemistry 2020
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UV-vis spectrophotometry

The formation of chitosan stabilized AgNPs, AgGO and Ag-LTF
as well as GO was analyzed using a UV-vis spectrophotometer
(Shimadzu 180, Centurion Scientific, New Delhi). The scan
range was set at 200-800 nm at a scan speed of 480 mm min .
Baseline correction was conducted by using distilled water as
blank reference. Analysis was conducted on the spectra and
a graph of absorbance versus wavelength was obtained and

recorded.

Particle size, polydispersity index (PDI), and zeta potential

The mean particle size (Z-average), PDI, and zeta potential
(surface charge) of freshly prepared AgNPs, Ag-LTF, and AgGO
were characterized using a Malvern Zetasizer Nano ZS (Malvern
Instruments, UK). All measurements for particle size were per-
formed at 25 °C with a detection of angle of 90°. Samples were
measured in triplicate and the data are presented as mean +
standard deviation (SD).

Morphology analysis

Morphological analysis of AgNPs, AgGO and Ag-LTF was con-
ducted using a transmission electron microscope (TEM) (Phi-
lips, CM12, USA). For the analysis, drops of sample dispersion
were placed on the grid and allowed to dry at room temperature
(25 °C £ 2 °C) for 1 min. The sample was then viewed under
TEM at different magnifications.

Fourier transform infrared spectroscopy (FT-IR) analysis

FTIR analysis of AgNPs, SMS, Ag-LTF, AgGO, GO and LTF were
conducted in the range of 4000-400 cm™ ' by using an FT-IR
spectrophotometer (PerkinElmer 100 Spectrum, Waltham,
MA, USA). The spectra were acquired using 32 scans and
a4 cm " resolution.

Anti-bacterial assays

Inoculum preparation by growth method. Four types of
bacterial strains (S. aureus, P. aeruginosa, E. coli, and Bacillus
sp.) were cultured on the plate containing MHA using the agar
streak method, and then incubated overnight at 37 °C. Inocu-
lums were prepared by using a sterile loop to aseptically transfer
4-5 colonies of the same morphological type into a centrifuge
tube containing 5 mL MHB. The bacterial suspension was
incubated overnight to allow the bacteria to grow. After 24 h, the
turbidity was adjusted spectrophotometrically (UV-vis Shi-
madzu 180 spectrophotometer) to an absorbance of 0.08-0.1 at
625 nm. This provided a standardized microbial suspension of
1-2 x 10® CFU mL " for all bacterial strains.

Agar well diffusion test. The antibacterial test was conducted
using the agar diffusion method. A concentration of 1-2 x 10°
CFU mL™" for each bacterial strain culture was prepared and
spread on the dried surface of a MHA plate by using sterile
cotton swab. The swabbing step was repeated twice, with the
plate rotated approximately 60° each time to ensure an even
distribution of the inoculum. Multiple wells of 6 mm were made
in the agar plate by using sterile 1 mL pipette tips.

This journal is © The Royal Society of Chemistry 2020
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In this experiment, ciprofloxacin HCl and distilled water
were used as the positive and negative controls, respectively. For
sample testing, approximately 70 uL of uncapped AgNPs, chi-
tosan stabilized (AgNPs, Ag-LTF and AgGO), LTF, and GO was
loaded into separate wells by using a micropipette. The lid was
then placed onto the plate and the plate was sealed with par-
afilm to avoid contamination. The plates were incubated at
37 °C for 24 h in an incubator (Memmert, Schwabach, Ger-
many). The diameter of zone of inhibition (mm) was measured
using an electronic digital Vernier caliper (Mitutoyo Absolute,
Digimatic, Japan). The measurements were made in triplicate.

Microbroth dilution method. This method was used to
determine minimum inhibitory concentration (MIC) values.
Serial dilutions were performed from a starting concentration
of 1 mg mL~" of uncapped AgNPs, chitosan-stabilized nano-
composites (AgNPs, Ag-LTF, AgGO), and GO. After the serial
dilution, a bacterial suspension of 1-2 x 10°® CFU mL ™' was
prepared. Subsequently, 100 pL of each type of bacterial strains
was dispensed into each well of 96-well plate and treated with
a 100 pL of sample. Ciprofloxacin HCI and broth were used as
the positive and negative controls, respectively. In addition,
broth with bacteria was used as an organism growth control and
distilled water was used as the environmental control. The
plates were incubated at 37 °C overnight. The antibacterial test
measured the presence of sedimentation or cloudy appearance.
The lowest concentration at which no visible growth occurred
was noted to be the MIC value of the samples.

Anti-biofilm potential. To determine the efficacy of samples
in inhibiting biofilm formation, crystal violet assay was used. A
sterile 96-well microtiter plate was filled with bacterial
suspensions of the test strains and incubated overnight at
37 °C. After the incubation, the content of each well was gently
removed by aspirating 150 pL using a multipipette and blotted
forcefully onto paper towels three times to remove remaining
liquid while preserving the biofilm on the bottom of wells. Each
well was then washed twice with 200 pL PBS to remove free-
flowing planktonic cells. The plate was left to air dry for
30 min. Then, the test wells containing adhered biofilm were
treated with 100 pL of LTF, GO and chitosan-stabilized AgNPs,
Ag-LTF and AgGO. Control wells were incubated with 100 uL of
distilled water. The plates were then incubated overnight at
37 °C. After incubation, the content was removed as described
above and 200 pL crystal violet solution (0.2%) was added and
after 5 min, the well was washed, and then blotted as before to
ensure excess staining compounds were removed. The plate was
then left to air dry for 15 min prior to the addition of 200 pL 70%
ethanol to solubilize the crystal violet. The absorbance at
570 nm was measured using a microplate spectrophotometer
(Thermo Scientific Multiskan GO). The values recorded were
used to indicate the attachment of bacteria to the surface of well
wall for the development of biofilms. The percentage of biofilm
inhibition was calculated from the following equation:

% biofilm inhibition :

control ODs;y nm — treatment ODs;p nm
control ODs;y nm

x 100%
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Scanning electron microscopy (SEM). P. aeruginosa was
grown for 24 h and the concentration was adjusted to 0.5
McFarland standards prior to seeding into 6-well plate. Each
well was covered with a glass coverslip and the plate was incu-
bated at 37 °C for 24 h to promote biofilm formation. The
unattached bacterial cells and media were drained out gently by
pipetting. The wells were washed with pre-warmed sterile PBS
(37 °C) and the washing step was repeated at least three times.
Biofilm formed was attached to the wall of well and the surface
of glass piece. Ag-LTF, ciprofloxacin (125 pug mL ™" as positive
control) and MHB were added into the wells, followed by
incubation at 37 °C for 24 h. After incubation, the glass piece
was washed with sterile PBS several times before fixing with 3%
v/v glutaraldehyde in 0.1 M PBS (pH 7.4), followed by two
washes with 0.1 M PBS. The biofilms were post-fixed with 1% w/
v osmium tetroxide (OsO,4) in 0.1 M PBS (pH 7.4) for 1 h, fol-
lowed by three washes with PBS. Biofilms were then dehydrated
individually in a graded series of ethanol solutions (30, 50, 70,
80, 90, and 100% v/v) for 10 min at 4 °C. The coverslips were
then dried with a critical point drier and sputter coated with
a palladium-gold thin film prior to viewing under a SEM (Carl
Zeiss Merlin Compact-Germany).

Cytotoxicity studies

AlamarBlue® assay. Fibroblasts play significant roles in the
normal wound-healing process, including the breakdown of
fibrin clot, wound contraction and laying down of new extra-
cellular matrix (ECM) components such as collagen. In this
study, HDFs (Tissue Engineering Centre, UKM Medical Centre,
Kuala Lumpur, Malaysia) were cultured in DMEM at a seeding
density of 2 x 10* per well. The HDFs were supplemented with
10% FBS, 1% antibiotic (penicillin and streptomycin) and 1%
GlutaMAX™, All cells were maintained at 37 °C in humidified
5% CO,/95% air atmosphere. Cells were incubated with Ag-LTF
at different concentrations (16, 32, 62.5 and 125 pg mL ') for
24, 48 and 72 h. The cells treated with medium only were used
as control. After 24, 48 and 72 h incubation of cells with
samples, a final dilution of 1/10 per cell volume alamarBlue™
reagent (Invitrogen, USA) was added to the treated cells, fol-
lowed by incubation for 4 h prior to analysis. The absorbance of
each sample at 570 and 600 nm was measured using a spectro-
photometer reader (BioTek, PowerWave XS, USA). Cell viability
of all the samples was determined using the following equation:

As0-600) Of treated cells

100
A(s0-600) of control cells

Cell viability (%) =

LIVE/DEAD® Cell Viability Assay. This assay was carried out
to evaluate the functional status of cells by detecting cyto-
plasmic esterase activity using the LIVE/DEAD™ Viability/
Cytotoxicity kit for mammalian cells (Invitrogen). The kit
contains calcein, which fluoresces green in living cells and
ethidium bromide which fluoresces red in dead cells. Briefly,
HDFs were plated at the same seeding density and maintained
as above prior to treatment with samples. The cells were treated
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with Ag-LTF for 24 h. Subsequently, the cells were rinsed with
DBPS, followed by observation using a Nikon A1R fluorescence
microscope (Nikon, Japan) after 30 min of incubation at 37 °C
with 5% CO,.

Cell migration assay. The migration rate of HDFs was
determined via scratch assay to ensure the nanocomposites
would not interfere with the cell migration, a process that is
important for wound healing. HDFs were seeded in 12-well
plate (Greiner Bio-One, USA) and incubated at 37 °C in
humidified 5% CO,/95% air atmosphere until confluence.
Confluent HDFs monolayer at the middle of each well was
scratched with a sterile pipette tip. The culture was removed,
and the cells were rinsed with DPBS (Sigma-Aldrich) and then
treated with Ag-LTF at concentration of 32 and 62.5 ug mL™".
Cells without treatment were used as control. Live imaging was
performed using Nikon AIR-AI confocal microscope to capture
images at 20 min intervals and the cell migration rate was
calculated as follows:

Cell migration rate =

measurement at 0 h — measurement at 72 h
72 h

Statistical analysis

The obtained data are presented as the mean + standard
deviation (SD). The data were analyzed by ONE-way ANOVA
followed by Tukey's post hoc test. Analyses were computed using
GraphPad Prism 6. Values of p < 0.05 was considered to indicate
a statistically significant difference between the samples tested.

Results and discussion
Preparation mechanism

The phytochemical analysis using LC-MS revealed the presence
of fatty acids derivatives and phenolic compounds in WESMS
(Fig. 1(A)). As shown in previous studies, these constituents
(Fig. 1(B)), such as decanoic acid derivatives and vanillic
acid®™' could act as reducing agents in the biosynthesis of
AgNPs.

Formation and characterization of AgNPs, Ag-LTF, and AgGO

The color of reaction mixture changed from yellowish to
reddish-brown, indicated the formation of AgNPs (Fig. 2(A)).
The color change resulted from the excitation of surface plas-
mon vibrations in the nanoparticles."”” The biomolecules in the
SMS extract reduced the silver ions into AgNPs. The formation
of AgNPs was confirmed by the characteristic plasmon reso-
nance band at 430 nm (Fig. 2(B(a))). It is reported that the
absorption for wavelength ranges above 400 nm is due to the
longitudinal plasmon vibrations.”' In addition, spherical
nanoparticles were observed at a peak of approximately 420-
450 nm, which was confirmed by TEM analysis (Fig. 3) and
a previous study.?

This journal is © The Royal Society of Chemistry 2020
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1: Vanillic acid 5.21 137.21

2: 15,16-dihydroxy-9Z,12Z-octadecadienoic acid 10.40 311.45

3: Decanoic acid derivative 10.70 325.50

4: 15,16-dihydroxy-9Z,12Z-octadecadienoic acid 11.01 339.57

derivative

Fig.1 Liquid chromatography-mass spectrometry (LC-MS) analysis of constituents in WESMS (A) and (B) identified compounds found in WESMS.

For the AgGO, the GO suspension was added into the AgNPs
solution. This formed a GO nanocomposite impregnated with
biosynthesized AgNPs via an ex situ process (AgGO). The UV-vis
absorption spectrum of the raw GO sample showed a charac-
teristic band at 223 nm, which indicated the electronic w—m*
transitions of C-C aromatic bonds.** The absorbance of AgGO
was attributed to the surface plasmon resonance peak at
402 nm of AgNPs (Fig. 2(B(c))). This phenomenon occurred
when the incident light interacted with the valence electrons in
the outer band of AgNPs, leading to the oscillation of electrons
along with the frequency of the electromagnetic source.” This
indicated the presence of AgNPs in the AgGO nanocomposite,
which was similar to the results of a previous study.”® Finally,
the absorption spectrum of Ag-LTF was measured at 441 nm
(Fig. 2(B(c))); as the wavelength was above 400 nm and this
confirmed the presence of AgNPs.

Particle size, PDI, and zeta potential

The particle size of different nanocomposites was measured by
dynamic light scattering (DLS) technique and the results are
presented in Table 1. The particle size of chitosan-stabilized
AgNPs (121.5 £+ 10.5 nm) was significantly larger (as in Table
1) than the uncapped AgNPs (83.0 £+ 22.2 nm), indicating the
successful coating of chitosan on their surface (p < 0.05). The
uncapped AgNPs were prepared using 0.1% w/v WESMS as the
particle size was inversely proportional to WESMS concentra-
tion. The particle size was ranged between 80 and 500 nm by
varying WESMS concentration from 0.1 to 0.2% w/v and it

This journal is © The Royal Society of Chemistry 2020

remained unchanged after reducing to 0.05% w/v (data is not
shown). In contrast, the particle size of surface functionalized
nanocomposites with LTF (Ag-LTF) was unchanged when the
nanocomposites were capped with chitosan (113.2 £+ 0.7 to
132.4 + 3.21 nm). However, the particle size of AgGO was larger,
even prior to capping with chitosan and significantly increased
after capping (324.5 & 0.50 to 354.5 £ 1.55 nm, respectively, p <
0.05). This was expected owing to the large size of GO (308 + 86
nm). The analysis of the uniformity of these nanocomposites
showed that PDI values were in the range of 0.24 £ 0.01 to 0.50
+ 0.01, indicating a moderate dispersity with a narrow size
distribution.*

The resultant AgNPs had a negative zeta potential (—9.96 =+
1.53 to —11.56 &+ 1.50 mV) and, when capped with chitosan, had
a positive surface charge (+52.76 + 1.26 to +60.8 + 1.25 mV),
which was attributed to the presence of protonated amino
groups in the structure of chitosan. The surface of GO is nega-
tively charged due to ionization of functional groups like
carboxylic acid and phenolic hydroxyl groups that attributed to
the negative charge of AgGO. Ionization of similar functional
groups may also explain the negative charge of Ag-LTF. The
higher zeta potential value of -chitosan-stabilized nano-
composites indicated the electrostatic stability of the system.**
These results also suggested that chitosan was an efficient
capping agent to stabilize the nanocomposites and provided
a strong positive charge that ensured the particles were kept
away from each other, which reduced the tendency for AgNPs to
aggregate.
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Fig. 2
AgNPs (a), AgGO (b) and Ag-LTF (c).

Morphology

The morphology of AgNPs appeared to be spherical, as shown in
Fig. 3. The particle size of AgNPs, chitosan-stabilized AgNPs,
AgGO and Ag-LTF ranged from 4 to 15 nm, 7 to 14 nm, 9 to 24
and 10 to 35 nm, respectively, similar to those reported previ-
ously (5-50 nm).** The particles capped with chitosan were well
dispersed, with no obvious aggregates observed. In contrast,
uncapped AgNPs were moderately dispersed, with some aggre-
gates present. The particle size measured by DLS was larger
than by TEM. This observation commonly occurs because DLS
is a more sensitive method that can measure large and small
particles as well as aggregates in a solution, whereas TEM may
measure certain particles only due to possibility of biasness
during sample preparation.?® In addition, in this study, the use
of chitosan as a capping agent may have increased the hydro-
dynamic diameter relative to the size of the inorganic core, as
shown previously.””

4974 | RSC Adv, 2020, 10, 4969-4983

Wavelength, nm

(A) Colour changes in the reaction mixture of SMS and silver (Ag) solution from yellow (a) to reddish-brown (b) and (B) UV-vis spectrum of

FT-IR analysis

FT-IR analysis was conducted to identify the possible chemical
interactions for the formation of AgNPs synthesized using
WESMS and chitosan (Fig. 4(A)). The broad absorption band
between 3500-3000 cm ™' corresponded to the overlap of O-H
and N-H stretching vibrations for chitosan,* whereas the band
at 1638 cm™ " appears to be the residual N-acetyl group (C=0
stretching of amide I). In contrast, the broad band at 3352 cm ™"
corresponds to the OH-stretching of the alcohols and phenols
in WESMS, as the constituent analysis revealed that phenolic
compounds were also present (Fig. 1). Moreover, the bands at
2234 and 1636 cm ' corresponded to the C=N and C=O0
stretching of the nitrile and amide, respectively, owing to the
presence of proteins in SMS.*® Similarly, the FTIR spectrum of
biosynthesized AgNPs showed a broad absorption band
between 3309 and 1639 cm ™', which corresponded to N-H and
O-H stretching, as well as the intramolecular vibrations. The
presence of WESMS and the chitosan coating on the AgNPs

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 TEM image of AgNPs (a), chitosan-stabilized AgNPs (b), AgGO
(c) and Ag-LTF (d) at 60kx, 100kx, and 310kx respectively.

contributed to the well-stabilized nanocomposites.** Such
modifications of band have been reported previously with
different extracts and these modifications were shown to be
influenced by the constituent biomolecules.’"*?

The FT-IR spectra of AgGO, GO, LTF and Ag-LTF are shown
in Fig. 4(B). The bands at 2097 and 1740 cm ' indicate the
presence of the O-C=0 and C=O functional groups in GO,
and the band at 1996 cm ™" corresponded to C-H bending of
aromatic compounds. The bands at 1367 and 1221 cm ™" were
attributed to the presence of C-OH, and the band at 1067 cm ™"
corresponded to the C-O (epoxy) groups of GO.* Apart from
a band at 2097 cm ™', the AgGO spectrum showed the elimi-
nation of bands at 1996, 1738, 1221, and 1067 cm™*, which
indicated the interaction between Ag" and carboxylate groups
on the edge of the GO sheets. These interactions might involve
the formation of a coordination bond, simple electrostatic
attraction, and the reduction of GO.** The appearance of
bands at 3296 and 1638 cm ™" indicated the presence of chi-
tosan after capping.

View Article Online
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LTF exhibits absorption bands at 3709 cm ™" (N-H stretch-
ing), 2351 cm ™', 2103 cm™ " (C-H bending), and 1741 cm ™" (C-
O stretching). The absorption band observed at 1641 cm ™,
which corresponded to the absorption band of amide I, was
assigned to the stretching vibration of histidine. The bands at
1369 and 1219 cm ™' were assigned to aspartic acid (in the
presence of metal ions) and tyrosine.*® The addition of LTF to
AgNPs reduced (2351 and 2103 cm™ ') and eliminated (2351,
2103, 1741, 1641, 1369 and 1219 cm ') certain absorption
bands. However, the bands at 3709 and 1641 cm™' were
slightly shifted (to 3728 and 1638 cm ', respectively). Similar
to AgGO, the appearance of a broad band between 3500 and
3000 cm ™' that corresponded to the overlap of N-H and O-H
stretching indicated the presence of chitosan in the
nanocomposites.

Antibacterial activity

In this study, the agar well diffusion and microbroth dilution
tests were used to determine the antibacterial activity of nano-
composites and their individual components (Table 2 and
Fig. 5). Uncapped AgNPs and chitosan-stabilized nano-
composites (AgNPs, Ag-LTF, and AgGO) exhibited antibacterial
activity, whereas GO and LTF exerted no antibacterial effects. A
similar result was reported by De Faria et al.,>** who showed no
inhibition for all bacterial strains tested for GO. A more recent
study showed that GO caused a minor damage to bacteria,
owing to its negative charge that could not interact well with the
bacterial membrane.?” However, other contrasting findings re-
ported that GO could inhibit bacteria in a concentration-
dependent manner.***° These contradictory findings may be
attributable to the different physiochemical characteristics for
each particular nanoparticle formulation. Physiochemical
characteristics, such as the size and thickness of the sheets,
oxidation ratio and dispersibility will depend on the source
compounds and the oxidation and exfoliation processes.*

In general, all nanocomposites showed comparable anti-
bacterial activities against Gram-positive and Gram-negative
bacteria. Unexpectedly, these nanocomposites were more
effective against P. aeruginosa and the activity was higher than
the positive control. The antibacterial activities of AgNPs have
been well established.'”***> Studies have reported that the
antibacterial effects are due to the electrostatic attraction

Table 1 The effect of chitosan capping or stabilization on the mean particle size, PDI and zeta potential of different nanocomposites n = 3

Particle size (nm) + SD PDI + SD Zeta potential (mV) + SD

Without capping with chitosan

AgNPs 83.0 +22.2 0.35 £ 0.05 —11.23 £ 0.74

Ag-LTF 113.2 £ 0.7 0.32 + 0.01 —9.96 + 1.53

AgGO 3245 £ 1.6 0.46 £ 0.11 —11.56 £ 1.50

Capping with chitosan

AgNPs 121.5 £+ 10.5 0.29 + 0.04 +60.83 £ 1.25

Ag-LTF 1324 £ 3.2 0.24 £ 0.01 +55.13 £ 0.86

AgGO 354.5 £ 1.6 0.50 £ 0.01 +52.76 £ 1.26

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 FTIR analysis of different nanocomposites and their single components: (A) chitosan stabilized AgNPs and (B) surface functionalized

AgNPs capped with chitosan.

Table 2 Inhibition zone (mm) o

f different nanocomposites against S. aureus, P. aeruginosa, E. coli and Bacillus sp., n = 3¢

Zone of inhibition (mm)

Sample (1 mg mL™") S. aureus Bacillus sp. P. aeruginosa E. coli
Uncapped AgNPs *12.5 £ 0.2 *10.7 £ 0.8 123 £ 1.1 *9.5 + 0.6
AgNPs *12.9 + 0.1 *12.8 £ 0.6 *13.0 £ 1.1 *13.4 £ 0.3
AgGO *12.0 £ 0.0 *12.2 £ 0.3 *13.0 £ 0.8 *13.1 £ 0.4
Ag-LTF *13.5 £ 0.9 *11.9 £ 1.0 129 +1.3 *14.0 £ 1.2
GO — — — —

LTF — — — —

Positive control 28.0 + 1.0 28.3 £ 1.1 10.7 £ 0.3 36.7 £ 0.6
WESMS — — — —

“ Positive control - ciprofloxacin; “—

4976 | RSC Adv, 2020, 10, 4969-4983

” zone of inhibition of bacteria unsubstantiated; “*” statistically different from the positive control (p < 0.05).
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Fig. 5 Zone inhibition of AgNPs, AgGO and Ag-LTF and their single components as determined by agar well diffusion method against selected

bacterial strains.

between positively charged Ag" ions and the negatively charged
cell membrane of microorganisms.*

Other mechanisms proposed involved the uptake of free Ag"
ions, followed by depletion of ATP production and DNA repli-
cation, the generation of reactive oxygen species (ROS), and the
direct damage of AgNPs to cell membranes.** Silver nano-
clusters packed with daptomycin was developed as a new
strategy to combat infection.*” In this study, ultra-small AgNPs
were conjugated with daptomycin through an amide linkage.

AgNPs were demonstrated to generate ROS, which in turn
oxidized the bacteria lipid bilayer and caused further damage to
the cell membrane, allowing more nanoclusters to enter the
bacteria and leading to their high killing effect.

Moreover, owing to the physical difference between Gram-
positive and Gram-negative bacteria, in which the former
bacteria has a thicker peptidoglycan layer at the outer cell,
many studies have reported that AgNPs demonstrated greater
antibacterial properties against thinner layer of Gram-

IConcentration

Bacillus sp.
(ug/mL)

S. aureus

.....

Uncapped
AgNPS

E. coli

P. aeruginosa
125 62. 8 [1000500250 125 62.532 16 8

Fig. 6 MIC of Ag-LTF, AgNPs, uncapped AgNPs and AgGO against selected bacterial strains as determined by microbroth dilution assay.
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Table 3 Biofilm inhibition against S. aureus and P. aeruginosa for
AgNPs, AgGO, Ag-LTF and GO, n =3

Percent (%) of biofilm inhibition

Sample (125 pg mL ") S. aureus P. aeruginosa
AgNPs 53.8 £ 3.6 34.2 £11.0
AgGO 37.8 £ 6.5 68.5 £ 7.0
Ag-LTF 59.1 £ 5.2 68.4 £ 2.5
GO 0.0 £ 0.0 1.0 £ 1.7
LTF 45.7 £ 6.0 40.2 £ 6.5
Positive control (ciprofloxacin) 54.9 + 16.5 58.2 + 13.7
WESMS — —

negative bacteria.">***” A study by Anthony et al.*®* showed
that biosynthesized AgNPs using pine mushroom (Tricho-
loma matsutake) were more effective in killing Gram-negative
bacteria (E. coli) than Gram-positive bacteria (B. subtilis) as
determined by agar well diffusion method and plate count
technique.

However, the results of this study showed that AgNPs had
similar antibacterial effects against both Gram-positive and
Gram-negative bacteria. This may have been a result of the
addition of chitosan, which enhanced the antibacterial effect
against Gram-positive bacteria. A study by Lima et al.*® reported
that AgNPs made with chitosan exhibited the same potency
towards S. aureus and P. aeruginosa. A few mechanisms have
been postulated, such as the greater susceptibility of Gram-
positive bacteria to the antimicrobial effect of chitosan, or

View Article Online

Paper

a dependence on the bacterial cell membrane composition. The
S. aureus cell membrane consists mainly of negatively charged
phosphatidylglycerol, cardiolipin, and positively charged lysyl-
phosphatidylglycerol (LPG); the latter accounts for 14-38% of
the total phospholipid content, which may make it more
susceptible to the action of chitosan.*®

As the agar well diffusion method is not able to generate MIC
value and it is hard to examine the susceptibility of fastidious
and slow-growing bacteria,* the microbroth dilution assay was
also conducted (Fig. 6). AgNPs and Ag-LTF effectively inhibited
Gram-positive and Gram-negative bacteria, with a MIC value of
32 pg mL~'. For AgGO, the MIC obtained was 125 pg mL
against all bacteria, except for Bacillus sp., in which the lowest
concentration was 250 pg mL~'. The results contradicted
previous studies, which showed a synergistic effect between GO
and AgNPs.** Studies reported that GO was the substrate that
aided the mechanical immobilization,** whereas AgNPs on the
GO sheets killed bacteria.*>** However, a study by Marta et al.,>*
reported that the significant antibacterial activity of AgGO with
chitosan was not related to the enhancement of the effects of
GO, but instead to the unique physical and chemical charac-
teristics of these nanocomposites, which, when applied in
combination, produced a synergistic action to yield a suitable
nanointerface for the interaction with bacteria cells through
a capture and Kkilling process. Furthermore, the relative
amounts of GO and AgNPs need to be balanced.” Hence,
further research is needed to determine the appropriate design
of nanocomposites, in terms of particle size and concentration,
to obtain synergistic antibacterial effects.

Fig.7 SEM micrograph of P. aeruginosa biofilm bacteria at 24 h for untreated ((A) and (B)), after exposure to ciprofloxacin ((c) and (D)) and Ag-LTF

((E) and (F)).
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Fig. 8 (A) Cytotoxicity effects of Ag-LTF on HDFs at different concentrations using alamar®Blue assay and (B) LIVE/DEAD® assay at 200x

magnification, n = 3.* — statistically significant different (p < 0.05); *** — statistically significant different (p < 0.01); ns — non-significant from

control (untreated cells).

Several studies reported that biosynthesized AgNPs dis-
played an obvious size-dependent antibacterial activity. The
activity was enhanced with smaller size particles.>**° A study by
Lu et al.”® compared the biostatic effects of three different sizes
of AgNPs (5, 15 and 55 nm) against five anaerobic oral patho-
genic bacteria (S. mutans, S. sanguis, S. mitis, A. actino-
mycetemcomitans, F. nuceatum and aerobic bacteria E. coli). The
results demonstrated that the antibacterial property depends
on the size of particles which the smallest AgNPs had the
highest activity. In this study, a relationship between particle
size and antibacterial activity could not been seen clearly. This
could be due to the fact that the effect might not be entirely
depending on the particle size. Other factors may play a more

This journal is © The Royal Society of Chemistry 2020

important role, for example, the synergistic action of AgNPs,
chitosan and anti-biofilm agents as one entity.

Anti-biofilm potential

In this study, those nanocomposites capped with chitosan were
tested and the results of biofilm inhibition against S. aureus and
P. aeruginosa are shown in Table 3. All nanocomposites
exhibited anti-biofilm activity and this was attributed to the
ability of chitosan to alter the physical characteristics of
bacterial cells. Many anti-biofilm polysaccharides may involve
in aiding bacterial gene expression as they act as signaling
molecules, resulting in disruption of biofilm or induction of cell

RSC Adv, 2020, 10, 4969-4983 | 4979
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Fig. 9 (A) Migration of HDFs treated with Ag-LTF at 32 and 62.5 ug mL™* for 24, 48 and 72 h; (B) the rate of cell migration of HDFs treated with
Ag-LTF at 32 and 62.5 ng mL ™ after 72 h incubation, n = 3. “ns” — non-significant.

motility for the spreading of cells from biofilms.®*** In addition,
the activity was also attributed to the ability of Ag® ions to
interfere and regulate extracellular polymeric substances (EPS).
For example, a cluster of 15 genes controls the formation of EPS
by P. aeruginosa and the inhibition of proteins by AgNPs can
potentially prevent the synthesis of EPS.®* The inhibition of
proteins can be achieved by the cationic Ag" ion that causes
coagulation of matrix proteins in the biofilm via charge
neutralization.®

In this study, Ag-LTF exhibited the strongest anti-biofilm
activity and it was greater than ciprofloxacin, which confirmed
the synergistic effects of AgNPs, LTF, and chitosan when in
nanocomposite formulations. Unexpectedly, the antibiofilm
activity of Ag-LTF and AgGO exhibited greater inhibition of P.
aeruginosa than S. aureus, despite the absence of any anti-

4980 | RSC Adv, 2020, 10, 4969-4983

biofilm effect of GO towards all the bacteria strains tested. A
study by Kulshrestha et al.** reported a similar finding, in which
AgGO nanocomposites were biosynthesized using a flower
extract of Legistromia speciosa (L.) Pers that exhibited better anti-
biofilm activity against Gram-negative than Gram-positive
bacteria. The findings also suggested that AgGO inhibited bio-
film of Gram-negative bacteria by producing ROS while, sup-
pressing the expression of genes involved in biofilm formation
for Gram-positive bacteria.

This has been attributed to different mechanisms, in which
GO hinders the adhesion and penetration the biofilm matrix,*
and the Ag' ion is able to inhibit protein which then disrupts
the synthesis of EPS that build up the biofilm. In this study, the
antimicrobial effect of chitosan could be overwhelmed by the
AgGO, resulting in the greater anti-bacterial effect on Gram-

This journal is © The Royal Society of Chemistry 2020
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negative bacteria. Some advantages of this system have been
proposed. These include the attachment of AgNPs onto the GO
sheet, which may increase the biocompatibility of the material
and decrease the toxicological effects related to metallic nano-
particles. In addition, the immobilization of AgNPs onto GO
sheets may prevent the mobility of nanoparticles and reduce
their agglomeration.®® However, AgNPs inhibited S. aureus to
a greater extent than P. aeruginosa, which was in accordance
with a study by Pérez-Diaz et al.,*” who reported that a chitosan
gel with AgNPs exhibited a stronger effect on methicillin-
resistant S. aureus than on P. aeruginosa.

In this study, the morphology of P. aeruginosa treated with
Ag-LTF was also viewed using SEM. Untreated bacterial cells
and exposed to ciprofloxacin were used as negative and positive
control, respectively. SEM micrographs revealed that biofilm-
produced bacterial cells had damaged and undergone
morphological changes (as indicated by an arrow) after 24 h
exposure to ciprofloxacin and AgLTF as compared to negative
control (Fig. 7). It is well documented that antibiotics can affect
bacteria in ways other than the expected bactericidal action,
including induction of morphological changes.®®* Morpho-
logical dissimilarity of AgNPs was also reported by Patil et al.”®

Cytotoxicity effects and cell migration

Cytotoxic effect of Ag-LTF on HDFs is shown in Fig. 8(A). A
reduction in cell viability was observed as Ag-LTF concentration
was increased from 16 to 125 pg mL™ ' at 24, 48 and 72 h
incubation. The results indicated that the cytotoxicity effect of
Ag-LTF is a dose- and time-dependent due to the loss of cell
viability was also observed after a longer exposure to Ag-LTF
samples. In general, Ag-LTF was non-cytotoxic for up to 24 h
of exposure, even at the highest concentration tested. A study by
Ullah et al® also demonstrated that AgNPs-GO composites
decorated with tobramycin were tolerated by human embryonic
kidney cells (HEK 293 cell line) up to 160 pug mL . Similar
findings were observed for biosynthesized AgGO using a flower
extract of Legistromia speciosa (L.) Pers on HEK 293 cell line. The
AgGO were relatively non-toxic at antibacterial concentration of
these nanoparticles.** Cytotoxic effects of AgNPs on HDFs and
normal human epidermal keratinocytes (NHEK) were reported
previously by which AgNPs were reported to be safe as a topical
agent for wound healing up to 25 pg mL™".7* The cytotoxicity
effects of Ag-LTF was further investigated using LIVE/DEAD™
Cell Viability Assay. The control and cells treated with Ag-LTF
did not show the presence of dead cells (stained red) as
shown in Fig. 8(B). These results are in correspondence with the
results of alamarBlue™ assay, suggesting the non-toxicity of Ag-
LTF after 24 h exposure.

Cell migration is also an important factor in determining any
detrimental effect of a substance on mammalian cells. Thus,
scratch assay was performed to measure the rate of cell migra-
tion of Ag-LTF, in comparison to non-treated cells (indicating
the natural rate of cell migration). After 72 h exposure, the cells
migrated towards the provisional gap as shown in Fig. 9(A). The
migration analysis showed that HDFs treated with Ag-LTF at 32
and 62.5 ug mL™ " had a comparable rate of cell migration as

This journal is © The Royal Society of Chemistry 2020
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compared to the control group, suggesting that Ag-LTF did not
affect the cell migration, therefore may not be causing adverse
effect on the mammalian cells during healing (Fig. 9(B)).

Conclusions

In this study, WESMS was shown to be a potential reducing
agent, and the use of chitosan as a capping or stabilizing agent
did not affect the antibacterial activity of the prepared nano-
composites and, indeed, may even have enhanced the activity.
Chitosan-stabilized Ag-LTF possessed stronger antibacterial
activity against P. aeruginosa and greater anti-biofilm activity
against both Gram-positive and Gram-negative bacteria
compared with the positive control. Despite the better anti-
bacterial properties of AgNPs compared with AgGO, further
optimization of AgGO activity should be considered owing to its
high anti-biofilm activity against Gram-negative bacteria. In
addition, the successful anti-biofilm activity of Ag-LTF and
AgGO against S. aureus and P. aeruginosa was shown, with
greater activity for the latter bacteria by both nanocomposites.
Cytotoxicity studies conducted also showed that the Ag-LTF was
non-toxic and had lower risk to cause adverse effects on the
living cells. These findings also warrant further studies
including mechanism of antibacterial action to ensure their
efficacy for clinical application.
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